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Summary  
 

This thesis aims at investigating the transport properties of selected mixed ionic-

electronic conductors (MIECs) that can be used as cathode material in solid oxide fuel 

cells (SOFCs). Particular attention is given to the relationships between the transport 

properties, crystal structure and the oxygen nonstoichiometry. Two families of MIECs, 

i.e., perovskite oxides and Ruddlesden-Popper (RP) oxides, are studied. In Chapter 1, 

the basic concept of an SOFC and the materials investigated in this thesis are presented.  

The RP phase Pr2NiO4+δ is subject to decomposition at intermediate temperatures 

(500 – 750 °C), yet it shows excellent electrochemical properties in this temperature 

range. Chapter 2 studies the influence of prolonged annealing at 750 °C on the oxygen 

transport kinetics of Pr2NiO4+δ by performing electrical conductivity relaxation (ECR) 

and oxygen permeation measurements. While post-mortem X-ray diffraction (XRD) 

measurements confirm the partial decomposition of Pr2NiO4+δ to Pr4Ni3O10-δ, PrNiO3-δ, 

NiO and Pr6O11, the values of the surface exchange coefficient (kchem), the chemical 

diffusion coefficient (Dchem) and the oxygen flux are found to increase over 120 h of 

annealing by 1-2 orders of magnitude. The surface exchange kinetics of the 

decomposition products of Pr2NiO4+δ are further investigated by pulse isotopic exchange 

(PIE) measurements. Fast oxygen surface exchange kinetics are observed for Pr4Ni3O10-δ 

and Pr6O11, suggesting that Pr4Ni3O10-δ is a very promising oxygen cathode for SOFCs, 

and that high-performance SOFC cathodes might be prepared by infiltration of Pr6O11. 

The investigations are extended to other and higher order RP nickelates in Chapter 

3. Herein, the thermal evolution of the structure, oxygen stoichiometry, the electrical 

conductivity and the oxygen transport properties of Lnn+1NinO3n+1 (Ln = La, Pr and Nd; 

n = 1, 2 and 3) are studied. Successful consolidation of powders of the investigated n = 2 

and n = 3 members La3Ni2O7-δ, La4Ni3O10-δ, Pr4Ni3O10-δ and Nd4Ni3O10-δ into dense 

ceramics (> 96 %) enables measurement of Dchem of these compositions by ECR 



Summary     

measurements. Corresponding values are being reported for the first time. The ionic 

conductivity, calculated from data of Dchem and the oxygen stoichiometry of the respective 

compositions, is found to decrease with numerical increase of the order parameter n, e.g., 

at 900 °C, La2NiO4+δ (0.0781 S cm-1) > La3Ni2O7-δ (0.0042 S cm-1) > La4Ni3O10-δ (0.0004 

S cm-1). Remarkably, the measured values for kchem exhibited by the RP phases are found 

very similar. A phase transition from low temperature orthorhombic (spacegroup Fmmm) 

or monoclinic (spacegroup P21a) to high temperature tetragonal (spacegroup I4/mmm) is 

observed, except for Pr4Ni3O10-δ and Nd4Ni3O10-δ. Both latter materials show no phase 

transition from room temperature up to 1000 °C, corresponding to the highest 

temperature of the measurements.  Data of electrical conductivity indicates that the 

charge carriers in the RP nickelates have itinerant character. The conductivity is found to 

increase significantly with the order parameter n of the RP phase. 

In Chapters 4-6, the materials under investigation are perovskite oxides. Chapter 4 

studies the influence of the type of alkaline earth metal used as dopant on crystal structure, 

oxygen stoichiometry, electrical conductivity and oxygen transport properties of 

La0.6A0.4FeO3-δ (A = Ca, Sr and Ba). XRD measurements reveal that the symmetry of the 

structure increases with ionic radius of the dopant, which can be linked to the decreased 

cooperative tilting of the BO6 octahedra in the structure. The electrical conductivity of 

La0.6Sr0.4FeO3-δ (LSF64) is found roughly twice as high as those of La0.6Ca0.4FeO3-δ 

(LCF64) and La0.6Ba0.4FeO3-δ (LBF64). Evaluation of the mobility of the charge carriers 

in the materials show that these are intermediate between localized and delocalized. The 

ionic conductivities of the materials are found very close to each other. At 900 °C, the 

ionic conductivity of LCF64 equals 44.6 × 10-3 S cm-1, being only a factor 1.4 lower than 

that of LBF64. The migration enthalpy of oxygen, extracted from the slope of the 

Arrhenius plot of the vacancy diffusion coefficient, is found to decrease in the order 

LCF64 > LSF64 > LBF64.  

Chapter 5 focuses on calcium-substituted lanthanum ferrites, La1-xCaxFeO3-δ (x = 

0.05, 0.10, 0.15, 0.20, 0.30 and 0.40). Owing to the similar ionic radii of Ca2+ and La3+, 

these materials are less prone to surface segregation of the dopant element during SOFC 
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operation compared with the materials obtained using Sr or Ba as dopant. An important 

finding in the work is that the effective migration barrier for oxygen diffusion in La1-

xCaxFeO3-δ decreases with decreasing formation enthalpy of oxygen vacancies. The latter 

is found to depend both on Ca dopant concentration and the oxygen stoichiometry. 

High-temperature XRD measurements reveal a phase transition from low-temperature 

orthorhombic (space group Pbnm) to high-temperature rhombohedral (space group R3�c) 

with a transition temperature, decreasing with increasing Ca content. The nature of the 

charge carriers in the temperature range 650 – 900 °C of the measurements changes from 

localized, for compositions with Ca content below 20%, to partially delocalized for 

compositions with higher Ca contents.  

The perovskite-structured calcium manganite, CaMnO3-δ, exhibits excellent 

chemical stability under reducing environments and fast oxygen transport and, hence, 

holds promise for application as an oxygen storage material in chemical looping 

combustion processes. Chapter 6 explores the effect of partial substitution of Mn by Fe 

and/or Ti of CaMnO3-δ on structure, electrical conductivity and oxygen transport. 

Substitution leads to different phase behaviours. The oxygen transport properties 

evaluated from data of ECR measurements are found to be correlated with the occurrence 

of the phase transitions in the obtained materials. 

Finally, Chapter 7 presents some recommendations and opportunities for further 

research.    
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Samenvatting  
 

Dit proefschrift is gericht op het onderzoek van de transporteigenschappen van 

geselecteerde gemengde ionisch-elektronische geleiders (mixed ionic-electronic conductors, 

MIEC's) die kunnen worden gebruikt als kathodemateriaal in vaste-oxide-

brandstofcellen (solid oxide fuel cells, SOFC's). Bijzondere aandacht gaat uit naar de 

relaties tussen de transporteigenschappen, kristalstructuur en de zuurstof-stoichiometrie. 

Twee families van MIEC's, d.w.z. perovskietoxiden en Ruddlesden-Popper (RP)-oxiden, 

worden bestudeerd. In Hoofdstuk 1 worden het basisconcept van een SOFC en de 

onderzochte materialen in dit proefschrift gepresenteerd. 

De RP-fase Pr2NiO4+δ is onderhevig aan ontleding bij gematigde temperaturen (500 

- 750 °C), maar vertoont uitstekende elektrochemische eigenschappen in dit 

temperatuurbereik. Hoofdstuk 2 bestudeert de invloed van langdurig temperen bij 750 

°C op de kinetiek van zuurstoftransport in Pr2NiO4+δ middels elektrische 

geleidingsrelaxatie (electrical conductivity relaxation, ECR) en zuurstofpermeatie 

metingen. Terwijl postmortale röntgendiffractie (X-ray diffraction, XRD)-metingen de 

gedeeltelijke ontbinding van Pr2NiO4+δ tot Pr4Ni3O10-δ, PrNiO3-δ, NiO en Pr6O11 

bevestigen, nemen de waarden van de oppervlakte-uitwisselingscoëfficiënt (kchem), de 

chemische diffusiecoëfficiënt (Dchem) en de zuurstofflux tijdens 120 uur temperen toe met 

1-2 ordes van grootte. De kinetiek van de oppervlakte-uitwisseling van de 

afbraakproducten van Pr2NiO4+δ wordt verder onderzocht door middel van ‘pulse isotopic 

exchange’ (PIE) -metingen. Er wordt een snelle kinetiek van zuurstofuitwisseling aan het 

oppervlak van Pr4Ni3O10-δ en Pr6O11 waargenomen, hetgeen doet vermoeden dat 

Pr4Ni3O10-δ een veelbelovende zuurstofkathode is voor SOFC's, en dat ‘high-performance’ 

SOFC-kathoden kunnen worden bereid door infiltratie van Pr6O11. 

De onderzoekingen worden uitgebreid naar andere en hogere-orde RP-nikkelaten 

in Hoofdstuk 3. Hierin wordt de thermische evolutie van de structuur, de zuurstof-
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stoichiometrie, de elektrische geleidbaarheid en de zuurstoftransporteigenschappen van 

Lnn+1NinO3n+1 (Ln = La, Pr and Nd; n = 1, 2 and 3) bestudeerd. Succesvolle consolidatie 

van poeders van de onderzochte n = 2 en n = 3 verbindingen La3Ni2O7-δ, La4Ni3O10-δ, 

Pr4Ni3O10-δ en Nd4Ni3O10-δ in dichte keramiek (> 96%) maakt meting van Dchem van deze 

samenstellingen mogelijk middels ECR metingen. Voor het eerst worden 

overeenkomstige waarden gerapporteerd. De ionengeleiding berekend uit gegevens van 

Dchem en de zuurstof-stoichiometrie van de respectievelijke verbindingen neemt toe met 

de ordeparameter n, bijv., bij 900 ° C, La2NiO4+δ (0.0781 S cm-1) > La3Ni2O7-δ (0.0042 S 

cm-1) > La4Ni3O10-δ (0.0004 S cm-1). Opvallend is dat de gemeten waarden voor kchem van 

de RP-fasen zeer vergelijkbaar zijn. Een faseovergang van orthorhombisch (ruimtegroep 

Fmmm) of monoklinisch (ruimtegroep P21a) bij lage temperatuur naar tetragonaal 

(ruimtegroep I4/mmm) bij hoge temperatuur wordt waargenomen, behalve voor 

Pr4Ni3O10-δ and Nd4Ni3O10-δ. Beide laatste materialen vertonen geen faseovergang van 

kamertemperatuur tot 1000 °C, wat overeenkomt met de hoogste temperatuur van de 

metingen. Gegevens over de elektrische geleiding laten zien dat de ladingsdragers in de 

RP-nikkelaten metallisch karakter hebben. De geleiding neemt aanzienlijk toe met de 

orderparameter n van de RP-fase. 

In de hoofdstukken 4-6 worden perovskietoxiden onderzocht. Hoofdstuk 4 

bestudeert de invloed van het type aardalkalimetaal dat als dotering (dopant) gebruikt 

wordt op de kristalstructuur, zuurstofstoichiometrie, elektrische geleiding en 

zuurstoftransporteigenschappen van La0.6A0.4FeO3-δ (A = Ca, Sr and Ba). XRD-metingen 

laten zien dat de symmetrie van de structuur toeneemt met de ionenstraal van het 

doteringsmiddel, wat kan worden gekoppeld aan de afnemende coöperatieve kanteling 

van de BO6-octaëdra in de structuur. De elektrische geleiding van La0.6Sr0.4FeO3-δ 

(LSF64) is ongeveer tweemaal zo hoog als die van La0.6Ca0.4FeO3-δ (LCF64) en 

La0.6Ba0.4FeO3-δ (LBF64). Bepaling van de mobiliteit van de ladingdragers in de 

materialen laat zien dat deze een gedrag vertonen tussen gelokaliseerd en gedelokaliseerd. 

De ionengeleidingsvermogens van de materialen liggen heel dicht bij elkaar. Bij 900 ° C 

is de ionengeleiding van LCF64 gelijk aan 44,6 × 10-3 S cm-1 en slechts een factor 1,4 
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lager dan die van LBF64. De migratie-enthalpie van zuurstof, bepaald uit de helling van 

de Arrhenius-grafiek van de vacature-diffusiecoëfficiënt, neemt af in de volgorde LCF64 

> LSF64 > LBF64. 

Hoofdstuk 5 richt zich op calcium-gesubstitueerde lanthaanferrieten, La1-

xCaxFeO3-δ (x = 0,05, 0,10, 0,15, 0,20, 0,30 en 0,40). Vanwege de vergelijkbare 

ionenstralen van Ca2+ en La3+ zijn deze materialen minder vatbaar voor 

oppervlaktesegregatie van het doteringselement tijdens SOFC-werking in vergelijking 

met de materialen die worden verkregen met Sr of Ba als dotering. Een belangrijke 

bevinding in het onderzoek is dat de effectieve migratiebarrière voor zuurstofdiffusie in 

La1-xCaxFeO3-δ afneemt met afnemende formatie-enthalpie van de zuurstofvacatures. Het 

laatste blijkt zowel af te hangen van de Ca-doteringsconcentratie als van de 

zuurstofstoichiometrie. XRD-metingen bij hoge temperatuur laten een faseovergang zien 

van orthorhombisch (ruimtegroep Pbnm) bij lage temperatuur naar rhombohedrisch 

(ruimtegroep R3�c) bij hoge temperatuur met een overgangstemperatuur, die afneemt met 

toenemend Ca-gehalte. Het karakter van de ladingdragers in het temperatuurgebied 650 

- 900 °C van de metingen verandert van gelokaliseerd, voor samenstellingen met Ca-

gehalte van minder dan 20%, naar gedeeltelijk gedelokaliseerd voor samenstellingen met 

een hoger Ca-gehalte. 

Het perovskiet-gestructureerde calciummanganaat, CaMnO3-δ, vertoont een 

uitstekende chemische stabiliteit onder reducerende omstandigheden en een snel 

zuurstoftransport en is daarom veelbelovend voor toepassing als zuurstofopslagmateriaal 

in chemical looping verbrandingsprocessen. Hoofdstuk 6 onderzoekt het effect van partiële 

substitutie van Mn door Fe en/of Ti in CaMnO3-δ op de structuur, elektrische geleiding 

en zuurstoftransport. Substitutie leidt tot een verschillend fasegedrag. De 

zuurstoftransport-eigenschappen die zijn bepaald op basis van gegevens van ECR-

metingen blijken gecorreleerd te zijn met het optreden van faseovergangen in de 

verkregen materialen. 

Hoofdstuk 7 ten slotte geeft enkele aanbevelingen en mogelijkheden voor verder 

onderzoek. 
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Chapter 1 
Introduction 
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1.1 General introduction 
In the shadow of the potential consequences of global warming, more efforts to 

reduce the emission of CO2 and other greenhouse gases have been commonly agreed by 

the international community. Under the Paris Agreement, the European Union has 

committed to cut the greenhouse gas emission by 2030 by at least 50% below the level in 

the 1990s in order to limit the global temperature rise this century well below 2 °C above 

pre-industrial levels.1-3 Despite that the annual increase of the global fossil CO2 emission 

rate has dropped from 3% in the 2000s to 0.9% in the 2010s, the newest projection from 

the Global Carbon Budget projection4 suggests that the global fossil CO2 emission still 

grows by 0.6% (range from -0.2% to 1.5%) in 2019.5  

 

 
Fig 1.1 — Total worldwide energy consumption per primary energy source. Data adapted from 

Ref. 6 

 

While one of the solutions for reducing the carbon emission is to shift the energy 

structure from fossil fuels to renewable energy sources (such as hydropower, wind and 

solar energy), such changes could take decades to achieve. Historically speaking, it has 

taken approximately 45 years for the market share of a new energy source to increase from 
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1% to 10%, as suggested by the global primary energy consumption in Fig. 1.1.6 By 2017, 

renewable energies, even if one includes modern biofuels and hydropower, take up barely 

5% of the global energy consumption.6 The aim for the near future lies still in utilizing 

the currently available resources in a more efficient way.  

The solid oxide fuel cell (SOFC) is one of the solutions that offers a highly efficient 

chemical-to-electrical conversion and has the capability of utilizing both conventional 

energy sources such as natural gas and renewable energy sources, such as hydrogen and 

syngas.7 This chapter presents a concise introduction to the concept of oxygen ion-

conducting SOFC and materials for SOFC, which is in the scope of this thesis.  

 

1.2 Solid oxide fuel cells 
1.2.1 Introduction 

 
Fig 1.2 — Working scheme of a solid oxide fuel cell. 

 

The SOFC consists of a dense pure ionic conductor as electrolyte with porous 

electrodes (cathode and anode) on both sides, as is shown in Fig. 1.2a. While the fuel is 

fed to the anode side, air is flushed on the cathode side. Gaseous O2 is reduced on the 
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cathode surface by the electrons arriving from the anode side (via the external circuitry) 

to form oxygen ions (O2-). The O2- ions migrate from the cathode side via the electrolyte 

to the anode side of the cell to oxidize the fuel. Traditional SOFCs operate in the 

temperature range 800 – 1000 °C, which is necessary to ensure sufficiently high ionic 

conductivity in the traditional solid oxide electrolyte. Operating at such high 

temperatures, the SOFC faces several drawbacks such as a high degradation rate of the 

cell performance, long start-up and shut-down times, and high fabrication cost of heat-

resistant interconnects and balance-of-plant (BoP) components.8, 9 State-of-the-art 

research focuses on lowering the operating temperature of the SOFC to 500-800 C, 

referred to as the intermediate temperature (IT) range.10-12  

 

1.2.2 Materials for the SOFC  
All components of the SOFC must fulfil several functional and structural 

requirements, such as proper stability (chemical, structural, morphological and 

dimensional), chemical and mechanical compatibility between components, and adequate 

electronic and/or ionic conductivity under operating conditions.13 The electrolyte must 

be dense, ensuring gas tightness between both cell compartments while featuring high 

O2- ionic conductivity and minimal electronic conductivity. Electrodes are required with 

high electronic conductivity in addition to adequate electrocatalytic activity for the 

respective redox reactions.  

 

Electrolyte 

8 mol% yttria-stabilized zirconia (YSZ, Y0.15Zr0.85O1.93) is the commonly used 

electrolyte material due to its adequate ionic conductivity (0.058 S cm-1 at 900 °C) and 

desirable stability at about 900 °C in both oxidizing and reducing atmospheres. In the 

intermediate temperature range, gadolinium doped ceria (GDC) and 

La0.8Sr0.2Ga0.9Mg0.1O3-δ are among the most promising electrolyte materials that have 

been developed. Both materials show excellent ionic conductivity in the temperature 

range 500 – 800 °C.8  
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Anode 

The nickel/yttria-stabilised zirconia (Ni/YSZ) cermet is state-of-the-art anode 

material at this moment. The dispersed nickel particles provide high electrical 

conductivity to the cermet and serve as catalyst for the oxidation of the fuel (e.g. H2). The 

YSZ skeleton provides a mechanically stable structure. Meanwhile, the oxidation reaction 

of fuels extends to highly catalytically active triple-phase boundaries (TPB)14 between the 

fuel gas, Ni and YSZ meet.  

 

Cathode 

The cathode, or the oxygen electrode, is where the oxygen reduction reaction 

(ORR) takes place. In Kröger-Vink notation, it is 

 
1
2

O2(𝑔𝑔) + 2e− +𝑉𝑉𝑂𝑂•• = 𝑂𝑂𝑂𝑂𝑥𝑥 (1.1) 

 

Lowering the operation temperature of the SOFC from 1000 °C to the IT range 

decreases the electrode kinetics and may result in significant interfacial polarization losses. 

This effect is most detrimental for the kinetics of ORR on the cathode side. The most 

commonly used cathode materials for IT-SOFC is the mixed ionic-electronic conductors 

(MIECs), such as La1-xSrxMnO3-δ, La1-xSrxFeO3-δ, La1-xSrxCoyFe1-yO3-δ and La2NiO4+δ. 

Using MIECs as cathode material have shown the potential to reduce polarization losses 

at the cathode.15, 16 The active zone for the ORR is extended beyond the triple-phase 

boundary between cathode, electrolyte and gas atmosphere for the purely electronic-

conducting cathode to the cathode-gas interface for the MIEC-based cathode.15 More 

detailed introduction to the MIECs for the application as cathode are given in the next 

session. 
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1.3 Mixed ionic-electronic conductors 
Mixed ionic-electronic conductors (MIECs) are materials that show significant 

ionic and electronic conductivities. Since Wagner laid the foundations of the theory of 

ambipolar transport,17, 18 many MIECs have been identified and applied in the field of 

sustainable energy production, referring to their targeted application as oxygen transport 

membranes (OTMs), membrane reactors and as electrodes in SOFCs.19-21 Two types of 

mixed ionic-electronic conducting oxides that are widely investigated as cathode for 

SOFCS are presented below.   

1.3.1 Perovskite-type oxides 
Perovskites represent a large group of compounds with the general formula of 

ABO3. A is a large cation, either a rare earth metal, an alkali metal or an alkaline earth 

metal, while B is a relatively smaller cation that is usually a transition metal. Ideally, the 

sum of the valences of A and B cations equals to 6, which leads to several possible 

combinations of the oxidation states of the involved cations, such as AIBVO3, AIIBIVO3 

and AIIIBIIIO3. However, many perovskite oxides exhibit oxygen nonstoichiometry, 

ABO3-δ, where δ denotes the oxygen deficiency (δ > 0) or oxygen excess (δ < 0). The 

perovskite structure can be described as consisting of corner-shared BO6 octahedra with 

the A cation occupying the interstices with a 12-fold coordination by oxygen ions. 

Although the ideal perovskite structure is cubic, as is shown in Fig. 1.3, cation 

displacements lead to tilting of the BO6 octahedra, inducing lower symmetries such as 

orthorhombic, rhombohedral and tetragonal. Glazer22 developed a notation for the 

distortion of the perovskite structure. For example, CaMnO3 goes through a series of 

phase transitions, i.e., orthorhombic (Pnma)  tetragonal (I4/mcm)  cubic (Pm3�m), 

upon increasing the temperature, which is described in Glazer’s notation23 as a-a-c+ (3 tilts) 

 a0a0c- (1 tilts)  a0a0a0 (no tilts). Goldschmidt24 proposed a tolerance factor (t) to 

predict the degree of distortion of the perovskite structure,  

 

𝑡𝑡 =
𝑟𝑟A + 𝑟𝑟B

√2(𝑟𝑟B + 𝑟𝑟O)
(1.1) 
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where ri are the ionic radii of the respective ions i. The ideal cubic perovskite structure 

has a tolerance factor of 0.75 ≤ t ≤ 1.06. Lower values of t lead to a structure that is more 

distorted, hence, with a lower symmetry. 

 

 
 

Fig 1.3 — Ideal cubic structure of perovskite ABO3 

 

One important factor that affects the properties of perovskite oxides is the degree 

of oxygen nonstoichiometry. Oxygen deficiency is most commonly observed and 

determines the magnitude of oxygen ion conduction. The most common approach to 

create oxygen vacancies is by the aliovalent substitution of the A-site cations in the ABO3 

structure. The partial substitution of the A cation by a lower-valence A’ cation is charge 

compensated either by the formation of oxygen vacancies and/or an increase of the 

oxidation state of the B cations. For example, the dissolution reaction of SrO (and Co2O3) 

in LaCoO3 can be expressed as,  

 

2SrO + Co2O3
LaCoO3�⎯⎯⎯⎯� 2SrLa′ + 2CoCox + Vo•• + 5OO

x (1.2) 
 

or 

2SrO + Co2O3 +
1
2

O2(𝑔𝑔)
LaCoO3�⎯⎯⎯⎯� 2SrLa′ + 2CoCo• + 6OO

x (1.3) 
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In the latter case, it is assumed that the formed electron holes are localized on the Co 

cations. The oxygen nonstoichiometry in the perovskite oxidesis not only influenced by 

the degree of aliovalent substitution, but also depends on temperature and oxygen partial 

pressure.  

 

 
Fig 1.4 — During migration in the ABO3 perovskite structure, the oxygen ion passes through the 

‘‘critical triangle’’ formed by one B-site cation (B*) and two A-site cations (A*, A’*). Figure taken 

from Mastrikov et al.25  

 

Oxygen migration in the oxygen-deficient perovskite oxides occurs via the vacancy 

mechanism.26, 27 Upon hopping to a vacant site, the oxygen ion migrates through a “critical 

triangle” formed by one B and two A cations, as shown in Fig. 1.4. Various studies based 

on first-principle calculations have investigated the factors that influence oxygen 

migration in the ABO3 perovskites.25, 27-30 It is believed that factors such as the type and 

size of cations, structure distortion (geometric constraints), charge redistribution in the 

initial and transition state of oxygen migration all play a role in determining the migration 

barrier of oxygen migration.  

Perovskite oxides commonly used as the cathode of SOFCs include, for example, 

La1-xSrxMnO3-δ, La1-xSrxCoO3-δ, La1-xSrxFeO3-δ and La1-xSrxCoyFe1-yO3-δ.20  La1-

xSrxMnO3-δ shows high electrical conductivity and a thermal expansion coefficient that is 

compatible with YSZ.31 However, it suffers from a poor ionic conductivity below 1000 

°C and a poor chemical stability with YSZ above 1100 °C. La1-xSrxCoO3-δ on the other 

hand shows a favorable ionic  conductivity and an excellent electrical conductivity of over 

1000 S cm-1, but it faces severe drawbacks such as a poor phase stability, high cost and an 
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excessively high thermal expansion coefficient.32-36 Finally, La1-xSrxFeO3-δ has an adequate 

electrical conductivity above 150 S cm-1 at 650 – 900 °C, whilst it has a good ionic 

conductivity, high thermal stability up to 1000 °C and good chemical compatibility with 

electrolyte materials like doped CeO2.37-40 The high ionic and electronic conductivity 

exhibited by Co-based perovskite oxides and the high chemical stability of Fe-based 

perovskite oxides has merged into La1-xSrxCoyFe1-yO3-δ, a perovskite-related oxide which 

is widely used as the cathode material in IT-SOFCs.41 

 

1.3.2 Ruddlesden-Popper type nickelates 

 
 

Fig 1.5 — Crystal structure of 1st, 2nd and 3rd order RP oxides with ideal tetragonal I4/mmm 

symmetry. 

 

Ruddlesden-Popper (RP) oxides have a generic formula An+1BnO3n+1 (n ≥ 1). They 

consist of n consecutive perovskite (ABO3) layers alternating with a single rock-salt (AO) 

layer along the crystallographic c-axis. The ideal tetragonal (I4/mmm) unit cells of RP 

phases with n = 1, 2, and 3 are shown in Fig. 1.5. The perovskite structure may be 

considered as the n = ∞ member in the RP series. Like the perovskite oxides, RP oxides 

normally have a rare earth or alkaline earth metal on the A site and a late transition metal 
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on the B site. The RP oxides often crystallize in a structure with a symmetry lower than 

tetragonal due to tilting of the BO6 octahedra.42 The tilting is generally caused by the 

structural strain between the rock-salt and perovskite layers due to the mismatch of bond 

lengths between the Ni-O bond in the ab plane (BO2 layer) and the A-O bond in the 

rock-salt layer.42  

 

Ln2NiO4+δ (Ln = La, Pr and Nd) 

The most critical property of in the first order RP phases Ln2NiO4 (Ln = La, Pr and 

Nd) is their ability to accommodate excess oxygen in the rock-salt layer. Refining the 

structure with an orthorhombic space group (Fmmm), Skinner43 found that at room 

temperature the oxygen excess in La2NiO4+δ is located at the interstitial sites (¼ ¼, z). 

Fig. 1.6 shows the position of the interstitial oxygen ions in orthorhombic La2NiO4.17. 

The distortion of the local structure around interstitial oxygen is omitted in this figure. 

The incorporation of excess oxygen in the rock-layer reduces the mismatch in the 

interlayer of LaO and NiO2 single layer, owing to (1) a decreased Ni-O bond length due 

to partial oxidation of Ni2+ to Ni3+, and (2) an increased La-O bond length caused by the 

increased coordination number of the La3+ ions.44 The BO6 octahedra is found distorted 

due to the Jahn-Teller effect, causing oxygen ions in Ln2NiO4+δ to be distributed among 

apical, equatorial and interstitial sites.  

 



11   Chapter 1 

 
Fig 1.6 — Crystal structure of orthorhombic La2NiO4.17 with interstitial oxygens located in the (¼ 

¼, z) position. 

 

The amount of oxygen overstoichiometry in RP nickelates can be affected by the 

type of rare earth element, temperature and oxygen partial pressure. The oxygen 

overstoichiometry in Pr2NiO4+δ and Nd2NiO4+δ is generally larger than in La2NiO4+δ due 

to the smaller radii of Pr and Nd compared with La, inducing a stronger driving force to 

release the interlayer strain by incorporation of interstitial oxygen.45 Several studies46-49 

have found that the δ value can range from 0 to 0.25 in a stable La2NiO4+δ structure. 

Several publications have summarized the temperature and pO2 dependences of oxygen 

overstoichiometry in Ln2NiO4+δ.50, 51  

Oxygen migration in Ln2NiO4+δ has been investigated by means of molecular 

dynamics (MD) simulation52 and high-temperature neutron diffraction (HT-ND).53-55 

Chroneos et al.52 proposed an interstitialcy mechanism, where an interstitial oxygen 

displaces an apical oxygen ion from the NiO6 octahedra towards an adjacent interstitial 

oxygen, which progressively forms a conduction pathway of oxygen in the ab plane. Fig. 

1.7a virtualizes the migration pathway of oxygen in La2NiO4+δ based on MD simulations. 

The nuclear density distribution calculated by the maximum entropy method (MEM) 

based on HT-ND measurements confirms the results of the simulation, as shown in Fig. 
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1.7b. Due to this interstitialcy mechanism, the conductivity of oxygen in Ln2NiO4+δ is 

highly anisotropic. Isotope exchange depth profile (IEDP) measurements on Ln2NiO4+δ 

show that the tracer diffusion coefficient along the ab plane in these materials is about 3 

orders of magnitude higher than that along the perpendicular (c-axis) direction.56, 57 

 

 
 

Fig 1.7 — (a) Oxygen migration pathway in La2NiO4+δ based on MD simulation at 900 K. From 

Chroneos et al.52 (b) Isosurface of nuclear density at 0.05 fm Å-3 of 
(Pr0.9La0.1)2(Ni0.75Cu0.21Ga0.05)O4+δ determined in situ at 1015.6 °C. Figure taken from Yashima et 

al.58 

 

La3Ni2O7-δ and Ln4Ni3O10-δ (Ln = La, Pr and Nd) 

2nd- and 3rd-order RP nickelates have also been investigated as cathode materials.59-

66 Rather than the oxygen-excess stoichiometries exhibited by 1st-order RP nickelates, the 

higher order RP nickelates are oxygen deficient.67-71 Recent studies point out that 

Ln4Ni3O10-δ (Ln = La, Pr and Nd) adopt a monoclinic structure (P21a) at room 

temperature.71-73 La4Ni3O10-δ transforms from a low-temperature monoclinic structure 

(P21a) to a high-temperature tetragonal phase (I4/mmm) via an intermediate 

orthorhombic phase (Fmmm).73 However, the high-temperature phases of Pr4Ni3O10-δ 

and Nd4Ni3O10-δ remain to be explored. The ionic conductivity of 2nd and 3rd order RP 

nickelates is still unknown which is due, in part, to poor densification behavior of these 

oxides.  
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1.4 Scope of the thesis 
This thesis involves a number of studies on mixed ionic-electronic conducting 

perovskite and perovskite-related oxides. The main emphasis is on correlating crystal 

structure and oxygen non-stoichiometry with the oxygen transport properties exhibited 

by the oxides.  

Ruddlesden-Popper (RP) type oxides are the subject of investigation in chapters 2 

and 3. Chapter 2 investigates the influence of decomposition of Pr2NiO4+δ, at 750 °C, on 

the oxygen permeation flux, oxygen diffusion and surface exchange kinetics. Chapter 3 

investigates the structure, electrical conductivity and oxygen transport properties of 

La2NiO4+δ, Nd2NiO4+δ, La3Ni2O7-δ, La4Ni3O10-δ, Pr4Ni3O10-δ and Nd4Ni3O10-δ. The 

oxygen migration mechanism of the 2nd and 3rd order RP phases is briefly discussed.  

In chapters 4 to 6, the focus is changed to perovskite oxides. Chapter 4 investigates 

the influence of the type of alkaline-earth-metal dopant on crystal structure, electrical 

conductivity and oxygen transport of perovskite-type oxides La0.6A0.4FeO3-δ (A = Ca, Sr 

and Ba). 

Chapter 5 further puts emphasis on perovskite-type oxides La1-xCaxFeO3-δ (x = 0.05, 

0.10, 0.15, 0.20, 0.30 and 0.40). In addition to thermal evolution of crystal structure, 

oxygen nonstoichiometry, electronic and ionic conductivity, and oxygen diffusivity of the 

materials, the correlation between the migration barrier of oxygen in La1-xCaxFeO3-δ with 

dopant concentration and formation enthalpy of oxygen vacancies is explored. Chapter 6 

investigates the structure and oxygen transport properties of perovskite-type CaMnO3-δ 

after partial substitution of the manganese ions with iron and/or titanium. 

Finally, Chapter 7 contains recommendations for future research.  
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CHAPTER 2 
Influence of annealing at intermediate temperature 
on oxygen transport kinetics of Pr2NiO4+δ  

Abstract 

Electrical conductivity relaxation (ECR) and oxygen permeation measurements 

were conducted, at 750 °C, to assess the long-term oxygen transport characteristics of the 

mixed ionic-electronic conducting Pr2NiO4+δ with the K2NiF4 structure. The results show 

that the apparent values for the oxygen diffusion and surface exchange coefficients 

extracted from the data, and the associated oxygen flux increase over 120 h by 1-2 orders 

of magnitude. The results of post-mortem X-ray diffraction analysis of the samples show 

partial to virtually complete decomposition of Pr2NiO4+δ under the conditions of the 

experiments to Pr4Ni3O10+δ, PrNiO3-δ, Pr6O11, and traces of NiO. Pulse 18O-16O isotopic 

exchange (PIE) measurements confirmed fast surface exchange kinetics of the higher-

order Ruddlesden-Popper phase Pr4Ni3O10+δ and Pr6O11 formed upon decomposition. 

Additional factors related to the microstructure, however, need to be considered to 

explain the observations. 
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2.1 Introduction 
Solid oxide fuel cells (SOFCs) offer a highly efficient and clean conversion of 

chemical to electrical energy. A key challenge is to operate SOFCs in the intermediate 

temperature range (500 – 750 °C) while ensuring fast oxygen reduction reaction (ORR) 

kinetics and performance durability. The mixed ionic-electronic conductor Pr2NiO4+δ 

with the K2NiF4 structure attracts much interest for use as cathode.1-7 Its layered structure 

can be described as an intergrowth, consisting of alternating rock-salt PrO and perovskite 

PrNiO3 layers (…|PrO||PrNiO3||PrO||PrNiO3| …), representing the first (n = 1) 

member in the Ruddlesden-Popper (R-P) series: (PrO)(PrNiO3)n. The material exhibits 

oxygen over-stoichiometry with the excess of oxygen accommodated on tetrahedral 

interstitial sites in the rock salt layers. In the homologous series A2NiO4+δ (A = La, Nd, 

Pr), Pr2NiO4+δ exhibits the highest oxygen diffusion and surface exchange coefficients,8, 9 

and the lowest polarization as oxygen electrode in intermediate-temperature SOFC’s.1, 3 

Oxygen transport in these layered compounds is highly anisotropic, and assumed to occur 

by an interstitialcy (push-pull) mechanism between interstitial and apical oxygen sites 

from the NiO6 octahedra.10, 11  

The performance and stability over time of any cathode material is an obvious issue 

considering its projected long-term use in the fuel cell. State-of-the-art cathode materials 

for operation at intermediate temperatures such as La0.6Sr0.4Fe0.8Co0.2O3-δ (LSCF) and 

Sm0.5Sr0.5CoO3-δ (SSC) suffer from strontium surface segregation,12-15 incompatibility 

with the electrolyte16, 17 and vulnerability against exposure to CO2.18 Research has 

reportedly shown instability of Pr2NiO4+δ at intermediate temperatures. Bassat and co-

workers observed full decomposition of the high-temperature tetragonal (HTT) structure 

of Pr2NiO4+δ, after annealing in air for one month in the temperature range 600 - 800°C, 

to the higher order n = 3 R-P phase Pr4Ni3O10+δ, the perovskite phase PrNiO3-δ and 

Pr6O11.19, 20 Actual proportions of the decomposition products were found to depend on 

annealing temperature. Under the same conditions, Pr4Ni3O10+δ and PrNiO3-δ were 

demonstrated to be stable up to one month.19, 20 The observations are consistent with 

earlier reports showing that decomposition of Pr2NiO4+δ in air occurs at temperatures 
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below ~900 °C.4, 21-27 Only after annealing in air at 950 °C the K2NiF4 phase of Pr2NiO4+δ 

is formed again.25, 26 In the present work, long-term electrical conductivity relaxation 

(ECR) and oxygen permeation measurements were conducted to assess the oxygen 

transport characteristics of Pr2NiO4+δ over time at intermediate temperature (750 °C). 

The work is supplemented by measurements of the surface exchange kinetics of the main 

phases formed upon decomposition of Pr2NiO4+δ using pulse 18O-16O isotopic exchange 

(PIE) measurements. 

2.2 Experimental 

2.2.1 Preparation and phase characterisation 

Powders of Pr2NiO4+δ and PrNiO3-δ were prepared via the citrate-nitrate route 

(modified Pechini method),28, 29 whilst Pr4Ni3O10+δ was prepared by the glycine-nitrate 

method.30 Pr6O11 (Aldrich Chem, 99.9%) and Ni(NO3)2.6H2O (Acros Organics, 99%) 

were used as precursors. Prior to being used, Pr6O11 powder was thermally pre-treated at 

900 °C overnight in order to remove water, as the material is known to be hygroscopic. 

The Pr2NiO4+δ powder obtained after auto-combustion was calcined at 1200 °C for 12 h 

in air. Powders of Pr4Ni3O10+δ and PrNiO3-δ were calcined for 48 h under 1 atm oxygen 

at 1000 °C and 850 °C, respectively.  

Intermediate grinding and annealing steps were applied to ensure a good 

homogeneity of the powders. After the final annealing, the Pr2NiO4+δ powder was ball-

milled in ethanol for 4 h to a particle size of about 0.6 µm. After drying, the powder was 

pelletized by uniaxial pressing at 15 MPa, using a 20 mm diameter die. The pellet was 

subsequently sintered at 1350 °C for 4 h in air, using heating and cooling rates of 5 °C 

min-1, to a relative density of about 97% of the theoretical value as measured by 

Archimedes’ method. Further details of the sample preparation for ECR, oxygen 

permeation, and PIE measurements are described below.  

The phase composition of powders and ceramics in this work was checked by X-ray 

diffraction (Bruker D2 PHASER, equipped with a LYNXEYETM detector) using Cu-

Kα radiation (λ= 1.5418 Å). Particle size distributions and Brunauer–Emmett–Teller 
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(BET) surface areas of the powders were determined using the Mastersizer 2000 

(Malvern Instruments) and Gemini VII 2390 (Micromeritics), respectively. 

  

2.2.2 Electrical conductivity relaxation 
Thin rectangular bars of size 12 mm x 6 mm x 0.5 mm were cut out of the sintered 

Pr2NiO4+δ pellets. The largest surfaces of the ceramics were polished using 1 µm grade 

alumina abrasive. The ceramic bars were ultrasonically cleaned in ethanol for 15 min prior 

to use. A four-probe dc technique was used to collect conductivity data. Gold wires, 0.25 

mm in diameter (Alfa Aesar, 99.999%), were attached to each bar end. Two additional 

gold wires were wrapped 0.2-0.4 cm remote from each bar end. Gold paste (MaTeck Co., 

Germany) was used to ensure good electrical contact. Gold paste was also used to cover 

both bar-ends to ensure uniform current distribution. The sample was mounted on a 

holder and placed inside an alumina cell with an internal volume of about 2.6 cm3 for 

measurements.  

The pO2 of the gas streams was adjusted by mixing nitrogen and oxygen, and 

monitored by an oxygen sensor (Systech Model Zr893/4). Two gas flow pathways with 

different pO2 values were maintained in the system, one of which was fed through the 

cell. A computer-controlled 4-way valve was used to rapidly switch between both 

pathways to achieve an instantaneous step change in pO2. The gas flow through the cell 

and current through the sample were maintained at 300 ml min-1 and 500 mA, 

respectively. The flushing time constant calculated assuming idealized continuous-flow 

stirred tank reactor (CSTR) conditions was typically less than 0.1 s.  

ECR measurements were conducted in the range of temperature 550 °C ≤ T ≤ 750 

°C, and during annealing of the sample in synthetic air at 750 °C for 118 h. The transient 

conductivity was measured following oxidation and reduction step changes in pO2 

between 0.1 and 0.21 atm. The long-term annealing experiments were performed on a 

fresh sample. The transient conductivity after each pO2 step change was normalized 

according to Eq. 2.1 and fit to Eqs. 2.2 – 2.4 to obtain the chemical diffusion coefficient 

Dchem, and the surface exchange coefficient kchem. 
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In these equations, g(t) is the normalized conductivity, 𝜎𝜎0  and 𝜎𝜎∞  a are the 

conductivities at time t = 0 and t = ∞, respectively, 𝜏𝜏f is the flushing time constant of the 

reactor, 2bi  is the sample dimension along coordinate i, whilst 𝛽𝛽𝑚𝑚,𝑖𝑖 are the non-zero roots 

of Eq. 2.3. 𝐿𝐿c = 𝐷𝐷chem/𝑘𝑘chem  is the critical length scale below which oxygen surface 

exchange becomes predominant over bulk oxygen diffusion in determining the rate of re-

equilibration after the pO2 step change. Detailed descriptions of the ECR technique and 

the model used for data fitting are given elsewhere.31, 32 

 

2.2.3 Oxygen permeation 
Long-term oxygen permeation through Pr2NiO4+δ was measured at 750°C, using a 

ProboStatTM (NorECs, Norway) cell. To this end, a sintered Pr2NiO4+δ pellet was sized 

to a disc with a diameter of 10 mm and thickness of 0.6 mm. Both sides of the disc were 

polished with 0.25 µm diamond paste. The disc was ultrasonically cleaned in ethanol for 

20 min prior to use. A Duran glass ring was used for sealing of the disc onto a 10 mm 

(OD) alumina tube, at 825 °C. The dwell time was 20 min. Next, the cell was cooled to 

750 °C with a rate of 5 °C min-1. Synthetic air with a flow rate of 100 ml min-1 [STP] 

was used as feed gas, while 10 ml min-1 [STP] of 10% oxygen balanced with helium was 

used as sweep gas. The oxygen permeation flux was measured by on line gas 

chromatography (Agilent M200 Micro Gas Chromatograph) and an oxygen sensor (LC-

450A Toray zirconia oxygen analyzer). The concentration of nitrogen in the effluent of 
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the sweep gas was used to assess the leakage. Corrections for leakage were less than 1 % 

of the oxygen flux. After 128 h of measurement the sample was quenched to room 

temperature, and the side of the membrane exposed to air subjected to XRD analysis. 

 

2.2.4 Pulse isotope exchange 
Powders for PIE measurements were prepared by crushing sintered ceramics. 

Similar to Pr2NiO4+δ as described above, the green pellet of Pr6O11 was sintered at 1350 

°C for 4h in air. Precursor pellets of Pr4Ni3O10+δ and PrNiO3-δ were sintered for 24 h 

under 1 atm oxygen at 950 °C and 850 °C, respectively. These sintering temperatures were 

chosen to avoid decomposition of both materials.29, 30 The PIE measurements were 

performed on the powder fractions passing through a 125-µm mesh sieve, while not 

passing through a 38-µm sieve. The latter was necessary to avoid a significant pressure 

drop in the packed-bed micro-reactor used for the measurements, and a too high 

exchange activity of the powder. Prior to measurements, the powders of Pr4Ni3O10+δ, 

PrNiO3-δ, Pr6O11 were reannealed at 850 °C for 1 h in air, using heating and cooling rates 

of 20 °C min-1, and sieved again with a 125 µm mesh to remove possible agglomerates. 

The powder of Pr2NiO4+δ was re-annealed at a lower temperature of 500 °C to avoid 

partial decomposition. The phase purity of the samples after reannealing was checked by 

X-ray diffraction. The ground powder was loaded in the centre of the quartz tubular 

micro-reactor with an inner diameter of 2 mm. Quartz wool plugs were used to secure 

the packed bed. The length and mass of the packed bed were in the ranges 12.5-14 mm 

and 110-155 mg, respectively. 16O2 mixed with Ar was used as carrier gas, and fed through 

the reactor with a total flow rate of 50 ml min-1 (STP). Gases were dried using 

Chrompack gas clean moisture filters before entering the reactor. Oxygen isotope gas was 

purchased from Cambridge Isotope Laboratories, Inc. (> 97 atom% 18O2).  

A six-port valve with a 500 µl sample loop was used for injection of the 18O2/N2 

pulse into the 16O2/Ar carrier gas, the pulse having the same pO2 as the carrier gas. The 

diluent nitrogen in the pulse was used for internal calibration of the mass spectrometer 
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(Omni Star TM GSD 301 Pfeiffer-Vacuum). The mean residence time of the reactor 

varied between 10 and 30 ms, depending on temperature.  

PIE measurements were performed in the range of temperature 50-600 °C at a pO2 

of 0.21 atm. Prior to measurements, the Pr4Ni3O10+δ, PrNiO3-δ, Pr6O11 powders were pre-

treated in situ in the carrier gas flow at 850°C for 0.5 h to remove possibly adsorbed water 

and CO2, and subsequently cooled to 50°C at a rate of 20°C min-1. For the Pr2NiO4+δ 

powder, the pre-treatment was carried out at 500 °C to avoid partial decomposition.  

Averaged values of the 18O2 and 16O18O effluent fractions of three pulse experiments, at a 

given temperature, were used for calculation of the exchange rates. The reactor was 

equilibrated for 0.5 h at each temperature before data acquisition. The overall surface 

exchange rate, ℜ0 [mol (O) m-2 s-1], was calculated from33  

 

ℜ0 =
2𝐹𝐹m
𝑆𝑆

ln�
𝑓𝑓g,i
18

𝑓𝑓g,e
18� (2.5) 

where 𝑓𝑓g,i
18 and 𝑓𝑓g,e

18 are the 18O isotope fractions in the pulse at the inlet and exit of the 

reactor, respectively, Fm is the O2 molar flow rate through the packed bed, and S is the 

total surface area of the oxide powder. The fraction 𝑓𝑓g18  is calculated from 𝑓𝑓g18 =

0.5𝑓𝑓g34 + 𝑓𝑓g36. The exchange rate ℜ0 can be broken down into the rates of successive steps. 

Assuming a two-step consecutive mechanism for the exchange reaction,  

O2+2( )ad
ℜa⇔ 2Oad (2.6) 

Oad+( )s
ℜi⇔ Os+( )ad  

where Oad is an adsorbed oxygen,  Os an incorporated oxygen,  ( )ad an adsorption site, 

and  ( )s a lattice oxygen vacancy. It follows,34  

ℜ0 =
ℜaℜi

ℜa+ℜi
= 𝑝𝑝ℜa (2.7) 

where ℜa  and ℜi  are the rates of oxygen dissociative adsorption and incorporation, 

respectively. The quantity p is calculated from 
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where 𝑓𝑓g,i
36 and 𝑓𝑓g,e

36 are the 36O2 fractions in the pulse at the inlet and exit of the reactor, 

respectively. More details of the PIE technique and theory are given elsewhere.33, 35, 36  

 

2.3 Results and discussion 

2.3.1 Electrical conductivity relaxation and oxygen permeation  

 

 
 

Figure 2.1 — Temperature dependencies of Dchem and kchem for Pr2NiO4+δ. Published data by 

Sadykov et al.37 are shown for comparison. 

 

ECR measurements were made to determine the chemical diffusion coefficient 

Dchem and the oxygen surface exchange coefficient kchem of Pr2NiO4+δ in the range 550-750 

°C. Corresponding results are plotted in Fig. 2.1, showing good agreement with 

previously published data.37 As in the cited temperature range Pr2NiO4+δ is subject to 

sluggish degradation (see Introduction), measurements were performed in the shortest 
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possible time. About 4 h were needed to complete the measurements. ECR 

measurements during long-term annealing in air at 750 °C were performed on a freshly 

prepared sample. Fig. 2.2 shows typical normalized conductivity transients recorded 

during long-term annealing.  

 

 
 

Figure 2.2 — Normalized conductivity relaxation transients recorded during long-term annealing 

of Pr2NiO4+δ ceramics in air at 750 °C at different annealing times. For clarity reasons, only data 

from oxidation runs are shown. Full lines represent the corresponding curve fits to eqn (1)–(4). 

 

The results make apparent that faster re-equilibration after a pO2 step change is achieved 

with increased time of annealing. Fig. 2.3a displays apparent values of Dchem and kchem 

extracted from both oxidation and reduction runs as a function of the annealing time. 

Both parameters are found to increase with annealing time and level off after almost 80 h 

to values of about 5.0 × 10-7 m2 s-1 and 2.5 × 10-4 m s-1 for Dchem and kchem, respectively.  

These are about one order of magnitude higher than the corresponding initial values. 

XRD analysis of the sample recorded after the long-term anneal treatment at 750 °C (Fig. 

2.4b) and quenched to room temperature confirms partial decomposition of Pr2NiO4+δ 

into the higher order R-P phase Pr4Ni3O10+δ (n = 3), the perovskite phase PrNiO3-δ, 

Pr6O11, and even a trace amount of NiO, which is consistent with previous literature 
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accounts.4, 19, 20, 22-27 The log-log plot of Dchem versus kchem in Fig. 2.3b shows that the 

increases in both parameters with elapsed annealing time are strongly correlated. The 

initial faster increase of kchem than in Dchem, which is reversed after about 30 h of annealing, 

strongly suggests that the growth of new phases in pristine Pr2NiO4+δ during long-term 

annealing is induced at the free, external surface and at grain boundaries in the dense 

ceramic sample. 

 
Figure 2.3 — (a) Dchem and kchem for Pr2NiO4+δ as a function of the annealing time in air at 750 °C. 

(b) log–log plot of kchem versus Dchem. Filled and open symbols represent data from oxidation and 

reduction step changes, respectively. 
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Figure 2.4 — X-ray diffraction patterns of dense Pr2NiO4+δ ceramics recorded (a) before, and (b) 

after long-term ECR, and (c) oxygen permeation experiments. 

 

To confirm the faster oxygen transport kinetics with gradual decomposition of 

Pr2NiO4+δ during long-term annealing in synthetic air at 750 °C, we conducted oxygen 

permeation measurements at conditions resembling those maintained during the long-

term ECR experiments. Fig. 2.5 shows that the rate of oxygen permeation at 750 °C 

increases with the time-on-stream, which finding is obviously consistent with the results 

from ECR experiments. Post-mortem X-ray diffraction measurements confirmed 

virtually complete decomposition of Pr2NiO4+δ after the 128 h lasting permeation test. 

Corresponding results are shown in Fig. 2.4c. Note further that the kinetic data from 

long-term ECR and oxygen permeation measurements, when fit by single exponentials, 

have similar time constants of ~50 h (cf. data in Figs. 2.3a and 2.5). A similar increase of 

the oxygen permeation rate for Pr2NiO4+δ with the time-on-stream was measured at 800 

°C by Kovalevsky et al.25 The time constant was found to be ~15 h, which probably reflects 

the faster decomposition kinetics at the higher operating temperature of 800 °C used in 

the study by Kovalevsky et al.25 The obtained results in the present study are further 
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considered to be consistent with the performance enhancement observed for microtubular 

SOFC’s after 70 h of operation, using Pr2NiO4+δ as the oxygen electrode.5  

 

 
 

Figure 2.5 — Oxygen permeation flux jO2, at 750 °C, as a function of the time-on-stream. Feed 

gas: synthetic air, sweep gas: 10% oxygen balanced with helium. 

 

2.3.2 Pulse isotope exchange 
Pulse isotopic exchange (PIE) measurements were carried out on Pr2NiO4+δ, and on 

phases Pr4Ni3O10+δ, PrNiO3-δ, and Pr6O11 formed during decomposition with the aim to 

acquire a better understanding of the oxygen transport characteristics of the composite 

matrix formed upon partial or complete decomposition of Pr2NiO4+δ. As we previously 

demonstrated a comparatively high polarization resistance when NiO is used as an 

infiltrated electrode in a Gd-doped ceria backbone,38 no PIE measurements were 

performed on  the NiO powder.    

Fig. 2.6 shows the temperature dependences of the oxygen isotope fractions 

measured for each of the materials, while Fig. 2.7 shows the corresponding overall 

exchange rates ℜ0 calculated using Eq. 2.5. The results indicate that at the experimental 

conditions used ℜ0 decreases in the order Pr4Ni3O10+δ > Pr2NiO4+δ > Pr6O11 > PrNiO3-δ. 
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Note further from Fig. 2.7 that at the temperature of 500 °C the exchange rates exhibited 

by Pr2NiO4+δ is about one and a half order of magnitude higher than that for La2NiO4+δ 

measured previously by PIE.35  

 

Figure 2.6 — Oxygen isotope fractions f 36, f 34, and f 32 (18O2, 18O16O, and 16O2) as a function of 

temperature from PIE measurements at pO2 = 0.21 atm; (a) Pr2NiO4+δ, (b) Pr4Ni3O10+δ, (c) PrNiO3-

δ, and (d) Pr6O11. The drawn lines are calculated on the basis of the two-step mechanism (Eq. 2.5) 

for the oxygen exchange reaction. During fitting, constant activation energies for ℜa and ℜi are 

assumed over the range of temperature covered by the experiments. 
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Figure 2.7 — Comparison of exchange rate ℜ0 for Pr2NiO4+δ, Pr4Ni3O10+δ, PrNiO3-δ, and Pr6O11, 

with previously published data for La2NiO4+δ.35 Data from PIE measurements at pO2 = 0.21 atm. 

 

The high exchange rate observed for Pr4Ni3O10+δ prompted us to investigate its 

potential use as a SOFC cathode. The results from this study have been presented 

elsewhere.30 The material exhibits structural stability under air up to a temperature of 

1000 °C. Its electrochemical performance was found outstanding, and compares with that 

previously measured for Pr2NiO4+δ.1, 28 A polarization resistance as low as 0.16 Ωcm2 was 

measured at a temperature of 600 °C, which renders Pr4Ni3O10+δ a very promising oxygen 

electrode.30  

The actual difference between the measured exchange rates of Pr4Ni3O10+δ and 

Pr2NiO4+δ  as shown in Fig. 2.7 is not that large, so that other factors need to be considered 

to reconcile the observed profound increases of the values of Dchem and kchem, and the 

associated oxygen flux. It might be that in the formed composite material during long-

term annealing enhanced oxygen exchange occurs at heterophase boundaries; in many 
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experimental investigations it has been shown these offer fast transport pathways for ionic 

transport.39, 40 Clearly, further work is warranted to investigate the findings in this study. 

A number of authors has demonstrated that surface decoration by infiltration or 

exsolution of Pr6O11 particles into porous scaffolds of, e.g.,  La0.6Ni0.4FeO3 (LNF),41-43   

La0.8Sr0.2MnO3 (LSM)-Gd-doped ceria (GDC),44 PrNi0.5Mn0.5O3 (PNM) - 

La0.6Sr0.4Fe0.8Co0.2O3-δ (LSCF),45 and Fe2NiO4 - Ce0.8Tb0.2O2-δ
 46 dramatically enhances 

the oxygen reduction kinetics. These findings are corroborated by the comparatively high 

surface exchange rate observed in this study for Pr6O11 (Fig. 2.7).  

Throughout the PIE experiments, the temperature and oxygen partial pressure in 

the reactor are fixed. The isotope distribution in the outlet pulse provides information 

about the kinetics of oxygen exchange. A notable feature seen from Figs. 2.6a – 2.6d is 

the occurrence of a maximum in the temperature dependence of the 16O18O fraction. The 

observations can be accounted for by the two-step scheme for oxygen exchange (Eq. 2.6). 

In this scheme, oxygen molecules are dissociatively adsorbed on the surface. 18O atoms 

adsorbed on the surface either recombine with another oxygen atom on the surface and 

desorb back in the gas phase or are incorporated into the oxide. The presence and 

dominance of 16O18O molecules in the gas phase are determined by (i) the isotopic 

composition of the gas phase pulse, i.e. the extent of the isotopic exchange reaction, and 

(ii) the relative rates of dissociative adsorption (ℜa) and that of subsequent incorporation 

(ℜi). If, however, ℜi >> ℜa, formation of 
16O18O occurs less readily.  

As seen from Fig. 2.8, the oxygen surface exchange rates on Pr2NiO4+δ, Pr4Ni3O10+δ, 

and Pr6O11 are predominantly limited by ℜa, while for PrNiO3-δ the exchange rates ℜa 

and ℜi compete with each other in determining the overall surface exchange rate ℜ0. 

Some care needs to be exercised as two-step reaction mechanism (Eq. 2.6) assumes that 

isotopic randomization takes place after dissociative adsorption of the O2 molecule on the 

surface. An alternative two-step mechanism for oxygen exchange, one in which one atom 

of the O2 molecule is immediately incorporated upon adsorption, was recently discussed 

by Yoo et al. 47 : 
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O2+ ( )ad
ℜa′⇔ Oad + Os (2.9) 

Oad+ ( )s
ℜi
′

⇔ Os+ ( )ad  

 

Figure 2.8 — Temperature dependence of the exchange rates ℜ0, ℜa and ℜi for (a) Pr2NiO4+δ, (b) 

Pr4Ni3O10+δ, (c) PrNiO3-δ, and (d) Pr6O11. Data from PIE measurements at pO2 = 0.21 atm.  
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Both two-step reaction mechanisms (5) and (9) yield similar results if the incorporation 

rate is fast relative to that of the adsorption reaction. Ananyev et al.48 recently 

demonstrated oxygen surface exchange of La2NiO4+δ in the temperature range of 600–

800 °C and oxygen partial pressure range of 1.3 × 10-3 –2.5 × 10-3 atm to be limited by 

the incorporation reaction, in agreement with prior results from this laboratory.35 The 

validity of the two-step mechanism was found to be improved by assuming that the rates 

of dissociative adsorption and incorporation are distributed, which was attributed by the 

authors to surface inhomogeneities such as different crystallite orientations. 

 

2.4 Conclusions 

The oxygen transport kinetics of Pr2NiO4+δ were evaluated during prolonged 

annealing at 750 °C, using ECR and oxygen permeation measurements. The apparent 

values obtained for the kinetic parameters Dchem and kchem, and the measured oxygen flux 

increase over 120 h by 1-2 orders of magnitude. Post-mortem X-ray diffraction analysis 

of the samples after the annealing confirms partial to virtually complete decomposition of 

Pr2NiO4+δ into the higher-order Ruddlesden-Popper phase Pr4Ni3O10+δ, the perovskite 

phase PrNiO3-δ, Pr6O11, and traces of NiO. The results from pulse isotopic exchange 

(PIE) measurements reveal fast surface exchange kinetics for Pr4Ni3O10+δ and Pr6O11, 

corroborating previous findings that Pr4Ni3O10+δ is a very promising oxygen electrode, 

and high-performance SOFC cathodes can be prepared by infiltration of Pr6O11. 

Additional factors related to the microstructure, however, need to be considered to 

explain the profound increase of the kinetic parameters during annealing. 
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CHAPTER 3 
Structure, electrical conductivity and oxygen 
transport properties of Ruddlesden-Popper phases 
Lnn+1NinO3n+1 (Ln = La, Pr and Nd; n = 1, 2 and 3) 

Abstract 

Layered Ruddlesden-Popper (RP) lanthanide nickelates, Lnn+1NinO3n+1 (Ln = La, 

Pr and Nd; n = 1, 2 and 3), are considered as potential cathode materials in solid oxide 

fuel cells. In this study, the thermal evolution of the structure, oxygen nonstoichiometry, 

electrical conductivity and oxygen transport properties of La2NiO4+δ, Nd2NiO4+δ, 

La3Ni2O7-δ, La4Ni3O10-δ, Pr4Ni3O10-δ and Nd4Ni3O10-δ are investigated. Phase transitions 

involving a disruption of the cooperative tilting of the perovskite layers in the low-

temperature structure thereby transforming to a more symmetric structure are observed 

in several of the materials upon heating in air. Pr4Ni3O10-δ and Nd4Ni3O10-δ show no phase 

transition from room temperature up to 1000°C. High density ceramics (> 96 %) were 

obtained after sintering at 1300 °C and (for n = 2 and n = 3 members) post-sintering 

annealing at reduced temperatures. Data of electrical conductivity measurements on these 

indicates itinerant behaviour of the charge carriers in the RP nickelates. The increase in 

p-type conductivity with the order n of the RP phase is interpreted as arising from the 

concomitant increase in the formal valence of Ni. The observations can be interpreted in 

terms of a simple energy band scheme, showing that electron holes are formed in the 

𝜎𝜎𝑥𝑥2−𝑦𝑦2 ↑  band upon increasing the oxidation state of Ni. Electrical conductivity 

relaxation measurements reveal remarkable similarity between the surface exchange 

coefficients (kchem) of the different RP phases despite differences in the order parameter n 

and the nature of the lanthanide ion. Calculation of the oxygen self-diffusion coefficients 

(Ds) from the experimental values of the chemical diffusion coefficients (Dchem), using 
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corresponding data of oxygen non-stoichiometry from thermogravimetry measurements, 

show that these are strongly determined by the order parameter n. The value of Ds 

decreases almost one order of magnitude on going from the n = 1 members La2NiO4+δ 

and Nd2NiO4+δ to the n = 2 member La3Ni2O7-δ, and again one order of magnitude on 

going to the n = 3 members La4Ni3O10-δ, Pr4Ni3O10-δ and Nd4Ni3O10-δ. The results are 

interpreted to confirm that oxygen-ion transport in the RP nickelates mainly occurs 

through the migration of oxygen interstitials. 
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3.1 Introduction 
Layered Ruddlesden-Popper (RP) nickelates with the generic formula 

(LnNiO3)nLnO (Ln = La, Pr, Nd; n = 1, 2, 3) attract considerable interest for potential 

application as cathode for intermediate-temperature solid oxide fuel cells (IT-SOFCs).1-

7 Their crystal structures can be viewed as a stacking of one rock-salt LnO layer with a 

finite number (n) of perovskite-type LnNiO3 layers along the principle crystallographic 

axis. 

The n = 1 members with composition Ln2NiO4+δ adopt the K2NiF4-type structure.8-

13 A high concentration of interstitial oxygen is found in the rock-salt layers, which 

accounts for highly anisotropic and fast diffusion of oxygen.14-17 The migration of oxygen 

in the crystal proceeds via an interstitialcy (or push pull) mechanism, whereby the oxygen 

vacancy formed at an apical site by the movement of apical oxygen to an interstitial site is 

filled by a nearby interstitial oxygen.17-19 Excellent thermal stability is found for La2NiO4+δ 

and Nd2NiO4+δ up to 1400 °C in air.20 SOFCs with cathode materials of La2NiO4+δ and 

Nd2NiO4+δ show no degradation in cell performance after hundreds of hours of operation 

at 750 – 800 °C.21, 22 Pr2NiO4+δ, on the other hand, starts to decompose upon annealing 

in air above 580 °C to a mixture consisting of Pr4Ni3O10-δ, PrNiO3-δ and Pr6O11.23-31 

Though apparent oxygen diffusion and surface exchange kinetics are enhanced after 

thermal decomposition,23 a significant degradation of cell performance was observed for 

the SOFC with Pr2NiO4+δ as the cathode after 1000 h of operation at 750 °C.22  

Meanwhile, there is a growing interest in using higher order RP nickelates as 

cathode material. Among the n = 2 members, Ln3Ni3O7-δ (Ln = La, Pr, Nd), so far only 

La3Ni2O7-δ could be prepared in a phase-pure form, while Pr3Ni2O7-δ and Nd3Ni2O7-δ 

have been observed only as disordered intergrowths in corresponding n = 3 members.32 

Several studies have investigated the electrode performance of RP-type lanthanum 

nickelates with controversial results. Using impedance spectroscopy on symmetric cells 

with La0.9Sr0.1Ga0.8Mg0.2O3-δ as electrolyte, Amow et al.33 found the area-specific 

resistance (ASR) in the temperature range 500 – 900 °C following a trend La4Ni3O10-δ < 

La3Ni2O7-δ < La2NiO4+δ. This trend is consistent with that of the cell performance of 
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Lan+1NinO3n+1/SDC/Ni–SDC cell configurations.13 However, such a trend was not 

observed in a comparative study on symmetric cells by Woolley et al.34 Sharma et al.3 

showed that La3Ni2O7-δ would be a better cathode material than La4Ni3O10-δ based on 

ASR data of symmetric cells using GCO (Ce0.9Gd0.1O2-δ) as the electrolyte. Increasing 

the order n of the RP nickelates promotes electrical conductivity and long-term stability 

in the range 600 – 800 °C.4, 13, 33, 35 Apart from material composition, the microstructure 

of the cathodes is found to play a key role in their performance.4, 36  

In this work, the structure, oxygen nonstoichiometry, electrical conductivity and 

oxygen transport of Lnn+1NinO3n+1 (Ln = La, Pr and Nd; n = 1, 2 and 3) are studied. Data 

on oxygen self-diffusion coefficients and ionic conductivities of La3Ni2O7-δ, La4Ni3O10-δ, 

Pr4Ni3O10-δ and Nd4Ni3O10-δ are reported for the first time. Pr2NiO4+δ, Pr3Ni2O7-δ and 

Nd3Ni2O7-δ are excluded from this work as the latter two compositions could not be 

prepared phase-pure, while Pr2NiO4+δ fully decomposes after annealing in air above 580 

°C, as alluded to above.  

 

3.2 Experimental 

3.2.1 Sample preparation 
Powders of Lnn+1NinO3n+1 (Ln = La, Pr, Nd, n = 1, 2, 3) were prepared via a modified 

Pechini method as described elsewhere.37 Stoichiometric amounts of La(NO3)3∙6H2O 

(Alfa Aesar, 99.9%), Pr(NO3)3∙6H2O (Sigma-Aldrich, 99.9%), Nd(NO3)3∙6H2O 

(Sigma-Aldrich, 99.9%) and Ni(NO3)2∙6H2O (Sigma-Aldrich, 99.0-102.0%) were 

dissolved in water followed by the addition of C10H16N2O8 (EDTA, Sigma-Aldrich, 

>99%) and C6H8O7 (citric acid, Alfa Aesar, >99.5%) as chelating agents. The pH of the 

solution was adjusted to 7 using NH3∙H2O solution (Sigma-Aldrich, 30 w/v%). After 

evaporating the water, the foam-like gel reached self-ignition at around 350 °C. The 

obtained raw powders were ground to fine powders and calcined at various conditions as 

shown in Table 3.1. Heating and cooling rates were 2 °C min-1. The obtained phase-pure 

powders were first ball-milled in ethanol using 2 mm ZrO2 balls for 2 days to enhance 



49   Chapter 3 

their sinterability before they were pelletized by uniaxial pressing at 25 MPa. Isostatic 

pressing of pellets was performed at 400 MPa for 2 min. All pellets were sintered at 1300 

°C for 4 h in air, while a post-sintering annealing treatment was applied for La3Ni2O7-δ, 

La4Ni3O10-δ, Pr4Ni3O10-δ and Nd4Ni3O10-δ at conditions listed in Table 3.1. The relative 

density of the pellets obtained was above 96% of their theoretical value as measured by 

Archimedes’ method. 

 

Table 3.1 — Calcination, sintering and post-sintering annealing conditions (i.e., temperature, 

duration and atmosphere) for the different RP nickelates investigated in this study. 

 

 Calcination Sintering 
Post-sintering 

annealing 

La2NiO4+δ 
1100 °C 

4 h 
air 

1300 °C 
4 h 
air 

- 

Nd2NiO4+δ 
1100 °C 

4 h 
air 

1300 °C 
4 h 
air 

- 

La3Ni2O7-δ 
1150 °C 
144 h 

air 

1300 °C 
4 h 
air 

1100 °C 
130 h 

air 

La4Ni3O10-δ 
1050 °C 
132 h 

air 

1300 °C 
4 h 
air 

1050 °C 
230 h 

air 

Pr4Ni3O10-δ 
1000 °C 
125 h 

pure O2 

1300 °C 
4 h 
air 

1000 °C 
110 h 

pure O2 

Nd4Ni3O10-δ 
1000 °C 
125 h 

pure O2 

1300 °C 
4 h 
air 

1000 °C 
170 h 

pure O2 
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3.2.2 Structural characterization 
The phase purity and crystal structure of the prepared powders and annealed dense 

pellets were studied by X-ray diffraction (XRD, D2 PHASER, Bruker) with Cu Kα1 

radiation (𝜆𝜆 = 1.54060 Å) in air. The surfaces of the annealed pellets were polished. Data 

were collected using a step-scan mode in the 2θ range of 20-80° with an increment of 

0.01° and a counting time of 5 s. The thermal evolution of the structures was investigated 

in situ using HT-XRD (D8 Advance, Bruker) from 40 °C to 1000 °C with steps of 50 - 

60 °C below 300 °C and steps of 25 °C at higher temperature. The sample was heated to 

the desired temperature with a heating rate of 25 °C min-1. After a dwell time of 15 min, 

HT-XRD patterns were recorded in the 2θ range of 20-90° with a step size of 0.015° and 

a counting time of 1.3 s. The FullProf software package was used for Rietveld refinements 

of the XRD patterns.38  

 

3.2.3 Thermogravimetric analysis 
Data of oxygen stoichiometry were collected by thermogravimetric analysis (TGA) 

of powders in the pO2 range 0.045 – 0.90 atm between 700 °C and 900 °C with intervals 

of 25 °C, using a Netsch STA F3 Jupiter. Measurements were conducted using 2000 – 

3000 mg of powder. Data were collected at 4.5, 10, 21, 42, and 90% O2 in N2, which 

correspond to values of the pO2 of the gas streams used in the electrical conductivity 

relaxation (ECR) experiments. Heating and cooling rates were 5 °C min-1 and 3 °C min-

1, respectively. At the end of each TGA experiment, the powder was held at 100 °C in 

synthetic air for 3h.  Approximately 30 mg of the powder was subsequently transferred to 

a Metter Toledo 851e TGA system to determine the absolute oxygen stoichiometry of 

the sample by thermal reduction in hydrogen (16% H2/Ar).  

 

3.2.4 Electrical conductivity relaxation 
Samples for ECR measurements were prepared by grinding and cutting the 

obtained dense pellets to planar-sheet-shaped sample bars with approximate dimensions 
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of 12 × 5 × 0.5 mm3. The sample surfaces were polished down to 0.5 μm using diamond 

polishing discs (JZ Primo, Xinhui China). A four-probe DC method was used to collect 

data on electrical conductivity. Two gold wires (Alfa Aesar, 99.999%, ∅ = 0.25 mm) were 

wrapped around the ends of the sample bar for current supply. Two additional gold wires 

were wrapped 1 mm away from the current electrodes to act as the voltage probes. To 

ensure a good contact between the gold wires and the sample, sulfur-free gold paste 

(home-made) was applied to the gaps between the sample surface and the gold wires. 

Finally, the sample was annealed at 950 °C in air for 1 h to sinter the gold paste and to 

thermally cure the polished sample surface.  

The sample was mounted on a holder and placed in an alumina sample containment 

chamber (or reactor). Two gas streams, each of which with a flow rate of 280 ml min-1, 

with a different pO2 were created by mixing dried oxygen and nitrogen in the desired 

ratios using Brooks GF040 mass flow controllers. A pneumatically operated four-way 

valve was used to instantaneously switch between both gas streams so that one of them 

was fed through the reactor. Data on the transient electrical conductivity was collected 

following oxidation and reduction step changes in pO2 between 0.10 and 0.21 atm. 

Measurements were conducted following stepwise cooling from 900 °C to 650 °C with 

intervals of 25 °C, heating/cooling rates of 10 °C min-1 and a dwell time of 60 min at each 

temperature before data acquisition.  

The transient conductivity after each pO2 step change was normalized according to 

Eq. 3.1 and fitted to Eqs. 3.2-3.4 to obtain the chemical diffusion coefficient Dchem and 

the surface exchange coefficient kchem. 

 

𝑔𝑔(𝑡𝑡) =
𝜎𝜎(𝑡𝑡) − 𝜎𝜎0
𝜎𝜎∞ − 𝜎𝜎0

(3.1) 

 

𝑔𝑔(𝑡𝑡) = 1 − � �
2𝐿𝐿𝑖𝑖2

𝛽𝛽𝑚𝑚,𝑖𝑖
2 �𝛽𝛽𝑚𝑚,𝑖𝑖

2 + 𝐿𝐿𝑖𝑖2 + 𝐿𝐿𝑖𝑖�
𝜏𝜏𝑚𝑚,𝑖𝑖

𝜏𝜏𝑚𝑚,𝑖𝑖 − 𝜏𝜏f
�𝑒𝑒

− 𝑡𝑡
𝜏𝜏𝑚𝑚,𝑖𝑖 −

𝜏𝜏𝑓𝑓
𝜏𝜏𝑚𝑚,𝑖𝑖

�𝑒𝑒−
𝑡𝑡
𝜏𝜏f��

∞

𝑚𝑚=1𝑖𝑖=𝑦𝑦,𝑧𝑧

(3.2) 
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𝜏𝜏𝑚𝑚,𝑖𝑖 =
𝑏𝑏𝑖𝑖2

𝐷𝐷chem𝛽𝛽𝑚𝑚,𝑖𝑖
2 (3.3) 

 

𝐿𝐿𝑖𝑖 =
𝑏𝑏𝑖𝑖
𝐿𝐿c

= 𝛽𝛽𝑚𝑚,𝑖𝑖 tan𝛽𝛽𝑚𝑚,𝑖𝑖 (3.4) 

 

In these equations, g(t) is the normalized conductivity, 𝜎𝜎0 and 𝜎𝜎∞ are the conductivities 

𝜎𝜎(𝑡𝑡) at time t = 0 and t = ∞, respectively, 𝜏𝜏f is the flush time, and 2bi is the sample 

dimension along coordinate i, whilst the values of 𝛽𝛽𝑚𝑚,𝑖𝑖 are the non-zero roots of Eq. 3.4. 

𝐿𝐿c = 𝐷𝐷chem/𝑘𝑘chem is the critical thickness below which oxygen surface exchange prevails 

over bulk oxygen diffusion in determining the rate of re-equilibration rate after a pO2 step 

change. The flush time 𝜏𝜏f was calculated from  

 

𝜏𝜏f =
𝑉𝑉r
𝜃𝜃v
𝑇𝑇STP
𝑇𝑇r

(3.5) 

 

which equation assumes perfect mixing of the gas in the sample containment chamber. 

In Eq. 3.5, Vr is the corresponding volume, 𝜃𝜃v the gas flow rate through the chamber, Tr 

the temperature inside the chamber, and TSTP the temperature at standard conditions. 

The small chamber volume (2.58 cm3) and the high gas flow rate (280 ml min-1) ensured 

a flush time between 0.13 s at 900 °C and 0.16 s at 650 °C. Curve fitting of the normalized 

transient conductivity was performed using a non-linear least-square program based on 

the Levenberg-Marquardt algorithm. More detailed descriptions of the ECR technique 

and the model used for data fitting are given elsewhere.39, 40  

 

3.3 Results and discussion 

3.3.1 Synthesis and consolidation  
Calcination, sintering and post-sintering annealing conditions of the different RP 

nickelates investigated in this work are compiled in Table 3.1. The powders obtained 

were calcined in air apart from the powders of Pr4Ni3O10-δ and Nd4Ni3O10-δ, which could 
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only be prepared phase-pure by calcination, at 1000 °C, under flowing oxygen. The latter 

is considered consistent with observations by Vibhu et al.4. Using thermogravimetric 

analysis, these authors showed decomposition of Pr4Ni3O10-δ into Pr2NiO2+δ and NiO 

upon heating (2 °C min-1) under air above 1050 °C, but above 1120 °C when these 

experiments were conducted under oxygen. Note from Table 3.1 that long annealing 

times (125 – 144 h) are required for the n = 2 and n = 3 RP nickelates to obtain phase-

pure powders.  

A sintering temperature of 1300 °C was found necessary to sinter pressed powder 

compacts of the RP nickelates to high density (> 96%). It should be noted that this 

temperature is well above the reported decomposition temperatures of the n = 2 and n = 

3 members La3Ni2O7-δ, La4Ni3O10-δ, Pr4Ni3O10-δ and Nd4Ni3O10-δ.4, 35, 41, 42 The cited 

studies demonstrate that decomposition occurs into the n = 1 member (and NiO) which, 

as expected, has improved sintering behaviour over the n = 2 and n = 3 members. To 

obtain pure phases of La3Ni2O7-δ, La4Ni3O10-δ, Pr4Ni3O10-δ and Nd4Ni3O10-δ, a post-

sintering annealing step was performed at a lower temperature, as indicated in Table 3.1. 

Annealing times between 110 and 230 h were necessary to obtain almost single-phase 

materials. The phase purity of the samples obtained after post-sintering annealing was 

studied by XRD, which is further discussed in the next section. 

 

3.3.2 Crystal structure and phase transitions 
Fig. 3.1 shows the results of Rietveld refinements of the room-temperature XRD 

patterns of the prepared powders. All compositions appear to be single-phase as no 

diffraction peaks of impurity phases can be detected. Refined values of the lattice 

parameters and reliability factors for the different compositions are given in Table 3.2. 

The cell parameters for all compositions are in good agreement with those reported 

previously in literature.5, 10, 41, 43-47 Crystallographic parameters obtained from the Rietveld 

refinements are listed in Table A3.1. Corresponding structures of the RP nickelates are 

shown in Fig. 3.2.  
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Figure 3.1 — Rietveld refinements (black lines) of room temperature XRD powder patterns (red 

crosses) for (a) La2NiO4+δ (Fmmm), (b) Nd2NiO4+δ (Fmmm), (c) La3Ni2O7-δ (Cmmm), (d) 

La4Ni3O10-δ (P21a), (e) Pr4Ni3O10-δ (P21a), and (f) Nd4Ni3O10-δ (P21a). Also shown are the Bragg 

positions (green vertical bars) and the differences between the calculated and observed patterns 

(blue lines). 
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Table 3.2 — Lattice parameters and reliability factors obtained from Rietveld refinements of 

room temperature XRD patterns. 

 La2NiO4+δ Nd2NiO4+δ La3Ni2O7-δ La4Ni3O10-δ Pr4Ni3O10-δ Nd4Ni3O10-δ 

Space 

group 
Fmmm Fmmm Cmmm P21a P21a P21a 

a/ Å 5.4608(7) 5.44647(7) 5.39431(5) 5.4160(1) 5.37556(5) 5.36373(5) 

b/ Å 5.4612(7) 5.377711(7) 5.45002(6) 5.4656(1) 5.46462(6) 5.45221(7) 

c/ Å 12.67758(8) 12.36233(18) 20.5264(2) 27.9750(6) 27.5463(3) 27.4100(3) 

𝜷𝜷/ ° 90 90 90 90.179(1) 90.283(1) 90.292(1) 

V/ Å3 378.098(2) 362.0475(4) 603.4595(3) 828.112(1) 809.1756(5) 801.5767(4) 

Rwp/ % 13.9 11.8 18.1 14.7 12.6 11.0 

Rexp/ % 11.7 8.28 8.77 5.87 7.04 4.48 

RBragg/% 2.37 2.96 7.39 6.57 5.14 3.19 

χ2 1.942 2.025 4.259 6.271 3.203 6.338 

 

 
Figure 3.2 — Unit cells of RP phases Lnn+1NinO3n+1 (Ln = La, Pr, Nd; n = 1, 2, 3) obtained from 

Rietveld refinements of room temperature XRD powder patterns. 

 

The X-ray diffractograms of La2NiO4+δ and Nd2NiO4+δ can be fitted in 

orthorhombic space group Fmmm, which is in good agreement with previous analyses of 

data from synchrotron X-ray powder diffraction (SXRPD)  and neutron powder 

diffraction (NPD) of both materials.10, 44, 45 The XRD pattern of La3Ni2O7-δ can be fitted 
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in orthorhombic space group Cmmm, consistent with results from Mössbauer spectra and 

XRD by Kiselev et al.46 XRD patterns of the n = 3 RP nickelates were fitted using 

monoclinic space group P21a, which is in agreement with results from high-resolution 

SXRPD and NPD.5, 41, 43, 47 The lattice parameters of the n = 3 members are found to 

increase in the order Nd4Ni3O10-δ < Pr4Ni3O10-δ < La4Ni3O10-δ. The corresponding crystal 

structures become more distorted in the reverse order as can be derived from the value of 

the monoclinic angle (β) obtained from the refinements. The degree of structural 

distortion can be linked to the size of the lanthanide ion.32, 48, 49  

 

 

 
 

Figure 3.3 — In situ HT-XRD patterns of Pr4Ni3O10-δ (powder) between 22° and 48° recorded in 

air from 40°C to 1000 °C. The inset shows a magnification of the peaks between 31.8° – 33.5°. 

 

Fig. 3.3 shows the HT-XRD pattern of Pr4Ni3O10-δ recorded in air from 40°C to 

1000 °C. Patterns for the other compositions investigated in this work are shown in Figs. 

A3.1 – A3.5. All compositions are found to be phase-pure, i.e., no impurity peaks are 

observed up to 1000 °C. Fig. 3.4 shows the lattice parameters obtained from refinements 

of the HT-XRD patterns.  
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Figure 3.4 — Lattice parameters (a, b, c) of (a) La2NiO4+δ, (b) Nd2NiO4+δ, (c) La3Ni2O7-δ, (d) 

La4Ni3O10-δ, (e) Pr4Ni3O10-δ and (f) Nd4Ni3O10-δ as a function of temperature. Figs. (d), (e) and (f) 

also show the temperature dependence of the angle 𝛽𝛽 in the structure. 
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The thermal evolution of the structure of the RP nickelates in air is discussed below. In 

several of these, a phase transition is observed, driven by a disruption of the cooperative 

tilting of the NiO6 octahedra in the low-temperature structure transforming to a more 

symmetric structure at elevated temperature.50 It should be noted that the appearance of 

the phase transition may be influenced by the degree of oxygen nonstoichiometry of the 

material under the conditions of the experiment.51, 52 

 

n = 1 RP nickelates 

La2NiO4+δ shows a phase transition from orthorhombic (Fmmm) to tetragonal 

(F4/mmm) at approximately 175 °C, as can be derived from the data in Fig. 3.4a. This 

result is consistent with that found by in situ high-temperature NPD measurements.10, 53 

Due to the relatively small orthorhombic distortion (approximately 0.1% difference 

between cell parameters a and b), separation of the orthorhombic (2 0 0) and (0 2 0) peaks 

is hardly noticeable (see inset of Fig. A3.1).  

The Rietveld refinements of the HT-XRD patterns of Nd2NiO4+δ (Fig. 3.4b) reveal 

a phase transition from orthorhombic (Fmmm) to tetragonal (F4/mmm) at around 550 

°C. This temperature is about 50 °C lower than that evaluated for Nd2NiO4+δ by means 

of HT-XRD by Toyosumi et al.52  

 

n = 2 RP nickelates 

For La3Ni2O7-δ, a gradual merging of the peaks at around 33 ° is observed with 

increasing temperature from 300 °C to 450 °C (Fig. A3.3), suggesting a phase transition 

in this temperature range. The HT-XRD patterns of the high-temperature phase of 

La3Ni2O7-δ can be well-fitted using the tetragonal space group F4/mmm. The results of 

Rietveld refinements of the HT-XRD patterns in Fig. 3.4c confirm an orthorhombic 

(Cmmm) to tetragonal (F4/mmm) phase transition at around 300 °C. A mixture of Cmmm 

and F4/mmm phases is found between 300 °C and 450 °C. The refined weight percentages 

of the two phases at different temperatures are listed in Table 3.3.  
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Table 3.3 — Weight percentages of Cmmm and F4/mmm phases at different temperatures in 

La3Ni2O7-δ from Rietveld refinements of HT-XRD data. 

wt% 300 °C 325 °C 350 °C 375 °C 400 °C 425 °C 450 °C 

Cmmm 97.75 97.28 97.05 53.77 40.73 19.16 7.64 

F4/mmm 2.25 2.72 2.95 46.23 59.27 80.84 92.36 

 

n = 3 RP nickelates 

The results of the refinements of the HT-XRD patterns of La4Ni3O10-δ reveal a 

phase transition from monoclinic (P21a) to tetragonal (F4/mmm) at around 750 °C, as 

shown in Fig. 3.4d. The observed phase transition temperature is found to be in good 

agreement with that reported by Nagell et al.43 

The HT-XRD patterns of Pr4Ni3O10-δ in Fig. A3.3 show no phase transition in the 

experimental temperature region. The (2 0 0) and (0 2 0) peaks are approaching each 

other up the highest temperature of the measurements, confirming that the structure of 

Pr4Ni3O10-δ remains monoclinic (P21a) up to 1000 °C. The refined monoclinic angle 

decreases from 99.25 ° at 40 °C to 90.15 ° at 1000 °C, as shown in Fig. 3.4e.  

Similar to Pr4Ni3O10-δ, the crystal structure of Nd4Ni3O10-δ appears to be monoclinic 

(P21a) in the temperature range 40 – 1000 °C. Corresponding results of the refinements 

of the HT-XRD patterns are shown in Fig. 3.4f. 

 

The phase purity of the sintered samples was checked by XRD. No impurities were 

found in samples La2NiO4+δ and Nd2NiO4+δ.  XRD patterns of consolidated samples 

La3Ni2O7-δ, La4Ni3O10-δ, Pr4Ni3O10-δ and Nd4Ni3O10-δ obtained after post-sintering 

annealing are shown in Fig. 3.5. Rietveld refinements confirm the presence of minor 

impurities in these samples. Corresponding results are listed in Table A3.2. 
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Figure 3.5 — Rietveld refinements (green crosses) of room temperature X-ray diffractograms (black 

lines) of polished dense pellets of (a) La3Ni2O7-δ, (b) La4Ni3O10-δ, (c) Pr4Ni3O10-δ, and (d) 

Nd4Ni3O10-δ after post-sintering annealing (cf. Table 3.1). Minor impurities are found in the pellets 

and their refined weight percentages are indicated in brackets. Bragg positions of the main phases 

and impurities are indicated as vertical bars. 

 

Over 96 wt% of the main phase is obtained after post-sintering annealing. More 
specifically, 2.2 wt% of the n = 1 RP phase is found as impurity in the sintered pellet of 
La3Ni2O7-δ, 1.9 wt% in that of La4Ni3O10-δ and 3.6 wt% in that of Nd4Ni3O10-δ. 4.0 wt% 
of Pr6O11 impurity is found in the Pr4Ni3O10-δ pellet. No evidence of NiO is found in the 
diffractograms, despite that the stoichiometric ratio for the n = 2 and n = 3 RP nickelates 
suggests formation of NiO as by-product of the decomposition reaction into the n = 1 
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member during sintering at 1300 °C. The absence of NiO in the samples after subsequent 
post-sintering annealing to reform the higher-order RP phase may be due either to 
volatility of NiO54-56 or its weaker contribution to scattering compared with that of the 
rare-earth oxides. In none of the sintered samples, evidence was found for preferred 
orientation (i.e., crystallographic texture), suggesting that grains in the sintered materials 
are randomly oriented. Furthermore, to the best of our knowledge, this is the first report 
of sintered bodies of the above-mentioned n = 2 and n = 3 RP nickelates with such a high 
purity (> 96 wt%) and high density (> 96 %). 
 

3.3.3 Oxygen nonstoichiometry  

 
Figure 3.6 — TGA weight loss curve recorded for Nd2NiO4+δ in 16% H2/Ar. The oxygen 

nonstoichiometries as indicated were calculated using the oxide reduced to Nd2O3 and Ni as the 

reference state. 

 

Fig. 3.6 shows data of TGA measurements of Nd2NiO4+δ under reducing 
atmosphere. Similar data were obtained for La2NiO4+δ, La4Ni3O10-δ, Pr4Ni3O10-δ and 
Nd4Ni3O10-δ, and are presented in Figs. A4.6 – A4.9. In agreement with literature reports, 
a two-step reduction process is found for all compositions.4, 32, 57-59  The final 
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decomposition products are assumed to be Ln2O3 and Ni. The decomposition reaction 
can thus be represented as 

 

𝐿𝐿𝐿𝐿𝑛𝑛+1Ni𝑛𝑛O3𝑛𝑛+1±𝛿𝛿 →
𝐿𝐿 + 1

2
𝐿𝐿𝐿𝐿2O3 + 𝐿𝐿Ni +

3𝐿𝐿 − 1 ± 2𝛿𝛿
4

O2 (3.6) 

 
The initial (i.e., room temperature) oxygen nonstoichiometries calculated using the 

oxide reduced in 16% H2/Ar as the reference state are listed in Table 3.4. It should be 
noted that, in general, the oxygen stoichiometry may be influenced by the thermal history 
of the powder. Note further from Table 3.4 that oxygen hyper-stoichiometry is found for 
La2NiO4+δ and Nd2NiO4+δ, while oxygen hypo-stoichiometry is found for all other 
investigated compositions. 

 
Table 3.4 — Oxygen nonstoichiometry (δ) of RP nickelates obtained after cooling in air to room 

temperature and comparison with literature data. 

 La2NiO4+δ Nd2NiO4+δ La3Ni2O7-δ La4Ni3O10-δ Pr4Ni3O10-δ Nd4Ni3O10-δ 

This study 0.16±0.01 0.21±0.02 -- 0.15±0.04 0.21±0.03 0.22±0.03 

From 
literature 

0.15±0.01  
(8, 60) 

0.20±0.01 
(8, 51) 

0.08 
(61) 

0.13 
(62) 

0.15±0.03* 
(32) 

0.15±0.03* 
(41) 

* Cooled in pure oxygen. 

 

A good agreement is obtained between the value of δ for La4Ni3O10-δ with that 
evaluated from data of near-edge X-ray absorption spectroscopy (XANES).62 Somewhat 
larger values of δ are found for Pr4Ni3O10-δ and Nd4Ni3O10-δ in this study when compared 
to corresponding values reported for oxygen-cooled samples.32, 41 Due to unfortunate 
failure of the equipment no TGA experiments were conducted in this study for La3Ni2O7-

δ.   
The pO2 dependence of the oxygen nonstoichiometry was investigated in the range 

of 0.045 – 0.900 atm at temperatures 700 – 900 °C. Corresponding data are shown in 
Fig. 3.7. The corresponding weight loss curves are presented in Figs. A4.10 – A4.14. 
Excellent agreement with literature data is found for La2NiO4+δ and Nd2NiO4+δ,60, 63 as 
demonstrated in Fig. A3.15. 



63   Chapter 3 

 



RP phases Lnn+1NinO3n+1 (Ln = La, Pr and Nd; n = 1, 2 and 3)   64 

Figure 3.7 — Oxygen pressure dependence of the oxygen stoichiometry for (a) La2NiO4+δ, (b) 

Nd2NiO4+δ, (c) La3Ni2O7-δ, (d) La4Ni3O10-δ, (e) Pr4Ni3O10-δ, and (f) Nd4Ni3O10-δ at different 

temperatures. Dotted lines are guides for the eye. 

 

3.3.4 Electrical conductivity 
 

 
Figure 3.8 — (a) Inverse temperature dependence, in air, and (b) pO2 dependence, at 900 °C, of 

the electrical conductivity (𝜎𝜎el) of Lnn+1NinO3n+1 (Ln = La, Pr, Nd; n = 1, 2, 3).* Data for La2NiO4+δ 

and Nd2NiO4+δ from literature are shown for comparison in (a).  
*  Due to instrumental issues, measurements on Pr4Ni3O10-δ were performed over a limited range in pO2. 

 

Arrhenius plots of the electrical conductivity ( 𝜎𝜎el ) of the investigated RP 

Lnn+1NinO3n+1 nickelates, measured in air in the range 650 – 900 °C, are shown in Fig. 

3.8a. As illustrated in this figure, excellent agreement is obtained with published data for 

La2NiO4+δ and Nd2NiO4+δ.12, 64 For La3Ni2O7-δ, La4Ni3O10-δ, Pr4Ni3O10-δ and Nd4Ni3O10-

δ, however, noticeably higher values of 𝜎𝜎el  are found compared with those reported in 
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literature.4, 33, 65, 66 A comparison of data from this study with corresponding data from 

literature, at 750 °C in air, is shown in Table A3.3. The observed discrepancies can be 

explained, in part, by small differences in stoichiometry, but more likely by the much 

higher densities (> 96 %) of the samples used in the present study when compared with 

those used in the cited studies (cf. Table A3.3). Fig. 3.8b shows the pO2 dependence of 

𝜎𝜎el, at 900 °C, in the range 0.01 – 1 atm. For all investigated compositions, 𝜎𝜎el  is found 

to decrease with decreasing pO2, which on the log scale is most pronounced for the n = 1 

RP phases La2NiO4+δ and Nd2NiO4+δ, exhibiting the lowest conductivities. Note further 

from Figs. 3.8a and 3.8b that within the range of temperature and oxygen partial pressure, 

𝜎𝜎el  of Lnn+1NinO3n+1 increases with the order n. 

La2NiO4+δ and Nd2NiO4+δ are typical p-type conductors as confirmed by their 

positive Seebeck coefficients in a wide range of temperature.12, 67 Their electrical 

conductivities display a broad maximum in the range 400 - 450 °C without discontinuous 

changes in the Seebeck coefficients, which is frequently interpreted in terms of a metal-

semiconductor transition.12, 67 This interpretation has been contested by several authors 

as the loss in oxygen occurring at elevated temperature brings about a concomitant 

decrease in the charge carrier density.68, 69 

The strongly correlated charge carriers in the RP nickelates and related transition 

metal oxides may be viewed as intermediate between localized and delocalized. 

Goodenough et al.70, 71 proposed the coexistence of localized and itinerant electrons in 

La2NiO4+δ. The bonding orbitals with 𝜀𝜀g (𝑑𝑑𝑥𝑥2−𝑦𝑦2 ,𝑑𝑑𝑧𝑧2) symmetry are assumed to be split 

by the tetragonal distortion into a localized 𝜎𝜎𝑧𝑧2 orbital and a more delocalized 𝜎𝜎𝑥𝑥2−𝑦𝑦2 

band. Electron-electron correlation leads to further splitting of these into low and high 

spin states, which is more profound for the narrow 𝜎𝜎𝑧𝑧2 orbitals and less for the 𝜎𝜎𝑥𝑥2−𝑦𝑦2 

and the lower in energy 𝜋𝜋𝑡𝑡2g (derived from 𝑑𝑑𝑥𝑥𝑦𝑦,𝑑𝑑𝑥𝑥𝑧𝑧,𝑑𝑑𝑦𝑦𝑧𝑧) bands, as schematically shown 

in Fig. 3.9.  Nakamura et al.12, 67 used this band scheme to account for the electrical 

transport properties of La2-xSrxNiO4+δ  (x = 0, 0.2 0.4) and Nd2-xSrxNiO4+δ (x = 0, 0.2 0.4). 

The electrical conductivity is found to increase significantly upon partial substitution of 

La by Sr. Semi-quantitative analysis of the data of oxygen nonstoichiometry, electrical 
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conductivity and Seebeck coefficients are in support of itinerant behavior of the electrons 

at high temperature in both series. A similar band scheme has been proposed to interpret 

data of electrical conductivity and magnetic susceptibility of La3Ni2O7-δ
61 and Ln4Ni3O10-

δ (Ln = La, Pr, Nd).20 Below, we show that the band scheme in Fig. 3.9 can also be used 

to interpret data of electrical conductivity of phases Lnn+1NinO3n+1, ignoring possible 

hybridization of the nickel 3d of oxygen 2p orbitals with increasing the formal valence of 

Ni and the 3D character of the structure of Lnn+1NinO3n+1 with n as was suggested by 

Zhang and Greenblatt.20 

 

   

Figure 3.9 — (a) Crystal field splitting of the bonding Ni 3d orbitals in Lnn+1NinO3n+1 and (b) the 

corresponding schematic density of states (DOS) vs energy diagram. Due to tetragonal distortion 

of the NiO6 octahedra, the 𝜀𝜀g (𝑑𝑑𝑥𝑥2−𝑦𝑦2 ,𝑑𝑑z2) orbitals are no longer degenerate. Electron-electron 

correlation leads to further splitting into low and high spin states, while band formation leads to 

broadening. Note that the Fermi level EF lowers with the increase of the formal valence of Ni (see 

main text). 
 

In accord with the band scheme shown in Fig. 3.9, the conduction in the RP phases 

Lnn+1NinO3n+1 is metallic like. The 𝜎𝜎𝑥𝑥2−𝑦𝑦2 ↑ band is completely filled with electrons when 
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the formal valence of Ni is +2 (corresponding to a d8 configuration). The higher is the 

formal valence of Ni, the lower is the Fermi level (EF), increasing the density of states 

(DOS) near EF. Noting that only those electrons in a small energy range near EF 

contribute to electrical transport, the electrical conductivity thus increases with an 

increase of the formal valence of Ni.   

As an example, in the temperature range 700 – 900 °C covered by our TGA 

experiments, the Ni formal valence in phases Lan+1NinO3n+1 ranges from 2.217 to 2.168 

for n = 1, from 2.413 to 2.409 for n = 2, and from 2.564 to 2.559 for n = 3. These results 

indicate that under these conditions, the conductivity remains p-type. In accord with the 

proposed band scheme, p-type conductivity persists if there is less than one hole per Ni. 

Only when the Ni formal valence gets higher than 3, the conductivity becomes n-type 

(provided that the 𝜎𝜎𝑥𝑥2−𝑦𝑦2 ↑ does not become hybridized with the O-2p band). A more 

detailed analysis of the electrical conductivity of the RP Lnn+1NinO3n+1 nickelates awaits 

data from high temperature Seebeck and Hall coefficient measurements. 

 

3.3.5 Electrical conductivity relaxation 
 

 
Figure 3.10 — Typical conductivity relaxation profiles of (a) La2NiO4+δ, Nd2NiO4+δ, La3Ni2O7-δ 

and (b) La4Ni3O10-δ, Pr4Ni3O10-δ, Nd4Ni3O10-δ, at 900 °C, after a pO2 step change from 0.10 atm 

to 0.21 atm. Full lines represent the corresponding curve fits to Eqs. 3.2 – 3.4. 
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ECR experiments were conducted for evaluation of the oxygen transport properties 

of the RP nickelates. Fig. 3.10 shows typical normalized conductivity relaxation curves 

recorded, at 900 °C, after a pO2 step change from 0.10 atm to 0.21 atm, along with the 

fitted curves. Note from this figure that slower re-equilibration after the pO2 step change 

occurs for the higher order members. 

Curve fitting allows simultaneous determination of Dchem and kchem, provided that 

fitting is sensitive to both parameters. As a rule of thumb, though, depending on the 

accuracy of the collected data, both parameters can be reliably assessed if the Biot number 

(Bi), defined as 

 

𝐵𝐵𝐵𝐵 =  
𝑙𝑙𝑧𝑧

𝐷𝐷chem 𝑘𝑘chem⁄
(3.7) 

 

where lz is the half-thickness of the sample, lies between 0.03 and 30. Below and above 

this range, equilibration is predominantly controlled by either surface exchange or 

diffusion and, hence, fitting becomes rather insensitive to the value of Dchem and kchem, 

respectively.40 

 

 
Figure 3.11 — Temperature dependence of the Biot number (Bi) of materials investigated in this 

work. As explained in the main text, Biot numbers could not be calculated for Pr4Ni3O10-δ. 
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Figure 3.12 — Arrhenius plots of the (a, b) chemical diffusion coefficient (Dchem), and (c,d) surface 

exchange coefficient (kchem) for La2NiO4+δ, Nd2NiO4+δ, La3Ni2O7-δ, La4Ni3O10-δ, Pr4Ni3O10-δ, 

Nd4Ni3O10-δ. For clarity reasons, data derived from normalized conductivity relaxation curves 

recorded after oxidation (Ox) and reduction (Red) step changes in pO2 (between 0.1 and 0.21 atm) 

are given in separate plots. Error bars are within the symbols. The dashed lines are from linear 

fitting of the data. 
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Fig. 3.11 shows the temperature dependences of the Biot numbers calculated from 

values of Dchem and kchem obtained from fitting of the relaxation curves measured for the 

different RP nickelates. As seen from this figure, the Biot numbers obtained for the n = 

1 and n = 2 members in the series are in the mixed-controlled region. However, those of 

the n = 3 members are significantly higher than 30, deteriorating the accuracy of assessing 

values for kchem. The Biot numbers for Pr4Ni3O10-δ could not be calculated as an accurate 

value of kchem could not be obtained from fitting. 

Fig. 3.12 shows Arrhenius plots of Dchem and kchem of the RP nickelates investigated 

in this work. In general, a fair to good agreement is noted between the values extracted 

from oxidation and reduction step changes in pO2. Values for Dchem of La2NiO4+δ are 

found to be in good agreement with those reported in literature.72 Note further from Figs. 

3.12c and 3.12d that the kchem values of the RP nickelates are surprisingly similar, despite 

the presence of different lanthanide ions, differences in the structural ordering, and, as 

discussed below, the different magnitudes of the oxygen self-diffusion coefficient, and 

associate ionic conductivities, displayed by the RP phases.  

 

Self-diffusion coefficient and ionic conductivity  

Apparent oxygen self-diffusion coefficients (Ds) were calculated from the measured 

values of Dchem, using the relationship,39 

 

𝐷𝐷chem = 𝛾𝛾O𝐷𝐷s (3.8) 
 

where 𝛾𝛾O is the thermodynamic factor. The latter can be calculated from data of oxygen 

stoichiometry, using 

 

𝛾𝛾O =
1
2
∙
𝜕𝜕 ln(𝑝𝑝O2)
𝜕𝜕 ln(𝑐𝑐O) =

3𝐿𝐿 + 1 ± 𝛿𝛿
2

∙
𝜕𝜕 ln(𝑝𝑝O2)

𝜕𝜕(3𝐿𝐿 + 1 ± 𝛿𝛿)
 (3.9) 
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where n is the order of the RP structure and 𝑐𝑐O the oxygen concentration. The inverse 

temperature dependence of 𝛾𝛾O for each of the RP nickelates investigated in this work as 

calculated from the data in Fig. 3.7 is shown in Fig. 3.13. 

 

 
Figure 3.13 — Reciprocal temperature dependences of the thermodynamic factor of oxygen (γO), 

at pO2 = 0.1468 atm, for different RP nickelates. The cited pO2 value corresponds to the logarithmic 

average of the initial and final pO2 used in ECR measurements. 

 

Arrhenius plots of Ds obtained for the different RP nickelates are given in Fig. 

3.14a. Activation energies obtained from least squares fitting of the plots are listed in 

Table 3.5. As seen from Fig. 3.14a, similar values of Ds are found for La2NiO4+δ and 

Nd2NiO4+δ. Fig. 3.14b compares these with those derived from data of tracer diffusion 

experiments. Ignoring possible correlation factors, a good agreement is noted.9, 11 Note 

further from Fig. 3.14b that the Ds values obtained for La2NiO4+δ and Nd2NiO4+δ exceed 

those measured for La0.6Sr0.4Co0.2Fe0.8O3-δ (LSCF)9, 73 and PrBaCo2O5+δ,74 but are almost 

one order of magnitude below those reported for La0.3Sr0.7CoO3-δ.75 Ionic conductivities 

of the RP nickelates calculated from the apparent values of Ds (Fig. 3.14a) using the 

Nernst-Einstein equation are shown in Fig. 3.15.   
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Figure 3.14 — (a) Arrhenius plots of the oxygen self-diffusion coefficient (Ds) of RP nickelates 

investigated in this work, and (b) comparison of Ds measured for La2NiO4+δ and Nd2NiO4+δ with 

the tracer diffusion coefficient (D*) of selected perovskite oxides reported in literature. For clarity 

reasons, only values of Ds (this work) derived from normalized conductivity relaxation curves 

recorded after oxidation step changes in pO2 (from 0.1 atm to 0.21 atm).  

 

Most notable from Fig. 3.14a is the sequence in the magnitude of Ds observed for 

the n = 1, n = 2 and n = 3 members of the RP nickelates, differing almost one order of 

magnitude from each other. The highest values are found for Lnn+1NinO3n+1 with Ln = La, 

Nd and n = 1, and the lowest for Ln = La, Pr, Nd and n = 3. To account for this 

observation, it is first recalled that oxygen migration in the RP structures is believed to 

occur in the rock salt layers via a cooperative interstitialcy mechanism.14, 17-19, 76-80 Second, 

the calculated value of Ds reflects an ensemble property, being averaged over all oxygen 

ions (interstitial, apical and equatorial) in the lattice. As alluded to before, the n = 1 RP 

nickelates are characterised by oxygen hyper-stoichiometries (δ > 0) with high 

concentrations of oxygen interstitials in the rock salt layers, leading to high values for Ds 

and the associated ionic conductivity (𝜎𝜎ion), whilst the n = 2 RP nickelates exhibit oxygen 
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hypo-stoichiometries (δ < 0). The intrinsic disorder in the RP nickelates is of the anti-

Frenkel type, with oxygen vacancies preferably residing on equatorial sites. 14, 81-83 Due to 

the oxygen hypo-stoichiometry, the concentration of oxygen interstitials in the n = 2 RP 

nickelates is expected to be small. Compared to these, the n = 3 members exhibit even 

higher oxygen hypo-stoichiometries, thus further reducing the concentration of oxygen 

interstitials in the rock-salt layers and, hence, values for Ds and 𝜎𝜎ion. It should be noted 

that the above analysis ignores the possible influence of the diffusivity in the grain 

boundaries and, with reference to the anisotropic oxygen ion diffusion in the layered RP 

structures, differences in the spatial distribution of grain orientation and size in the 

polycrystalline samples on the apparent values of Ds and 𝜎𝜎ion.   

 

Table 3.5 — Activation energies (Ea) of Ds for different RP nickelates and corresponding coefficient 

of determination (R2) from linear regression analysis. 

Materials Ea (eV) R2 (-) 

La2NiO4+δ 0.65 ± 0.05 0.95 
Nd2NiO4+δ 0.88 ± 0.04 0.98 
La3Ni2O7-δ 0.80 ± 0.03 0.98 
La4Ni3O10-δ 1.44 ± 0.07 0.98 
Pr4Ni3O10-δ 0.91 ± 0.08 0.95 
Nd4Ni3O10-δ 1.51 ± 0.07 0.98 

 

A molecular dynamics study of oxygen migration in La2-xSrxCoO4±δ for high Sr 

levels (x > 0.8) carried out by Tealdi et al.79 confirmed that oxygen transport in the oxygen 

hyper-stoichiometric La0.8Sr1.2CoO4.1 is via an interstitialcy mechanism, but that in the 

oxygen hypo-stochiometric composition La0.8Sr1.2CoO3.9 mainly occurs through the 

migration of oxygen vacancies within the perovskite layer of the structure. Manthiram et 

al.84 suggested oxygen vacancies to dominate oxygen transport in the higher order RP 

phases La0.3Sr2.7CoFeO7-δ (n = 2) and LaSr3Co1.5Fe1.5O10-δ (n = 3), showing about one 

order of magnitude higher oxygen permeation fluxes than the n = 1 members 

La0.8Sr1.2CoO4+δ and La0.8Sr1.2FeO4+δ. Contrary to these observations, the present results 

give firm evidence that oxygen transport in the RP nickelates is mediated only by oxygen 
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interstitials (via an interstitialcy mechanism), suggesting that oxygen vacancies do not 

contribute to oxygen transport in the n = 2 and n = 3 members despite their oxygen hypo-

stoichiometries (cf. Fig. 3.7). 

 

 
Figure 3.15 — Arrhenius plots of the ionic conductivity (𝜎𝜎ion) of RP nickelates investigated in this 

work. Ionic conductivities were calculated from values of Ds (Fig. 3.14a), using the Nernst-Einstein 

equation. 

 

3.4 Conclusions 

In this work, the thermal evolution of the structure, oxygen nonstoichiometry, 

electrical conductivity and oxygen transport properties of Ruddlesden-Popper (RP) 

lanthanide nickelates Lnn+1NinO3n+1 (Ln = La, Pr and Nd; n = 1, 2 and 3) has been 

investigated. The compositions Pr2NiO4+δ, Pr3Ni2O7-δ and Nd3Ni2O7-δ have been 

excluded from this work for reasons that the material either cannot be prepared phase 

pure (Pr3Ni2O7-δ and Nd3Ni2O7-δ) or fully decomposes already at moderate temperatures 

(Pr2NiO4+δ). Upon heating in air phase transitions, involving changes in the tilting of the 
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NiO6 octahedra, are observed in several of the materials. Pr4Ni3O10-δ and Nd4Ni3O10-δ 

remain monoclinic from room temperature up to 1000°C, showing no observable phase 

transition. 

High density ceramic samples were obtained by sintering at 1300 °C and, for the n 

= 2 and n = 3 members, post-sintering annealing at reduced temperatures. The results of 

electrical conductivity measurements on these samples support itinerant behaviour of the 

charge carriers in the RP nickelates. The increase in the p-type conductivity of the RP 

phases with the order parameter n can be interpreted in terms of a simple energy band 

scheme, showing that electron holes are formed in the 𝜎𝜎𝑥𝑥2−𝑦𝑦2 ↑ band upon increasing the 

oxidation state of Ni.  

The RP phases display remarkable similarity in their values for kchem despite 

differences in structural order and the type of lanthanide ion. Their oxygen self-diffusion 

coefficients, Ds, calculated from corresponding values of Dchem, using data of oxygen non-

stoichiometry, are found to decrease profoundly with the order parameter n. As significant 

oxygen hypo-stoichiometry is found in the higher order RP phases, by contrast with the 

oxygen hyper-stoichiometry found in the n = 1 members, the results indicate that oxygen 

transport in the RP nickelates mainly occurs by mobile oxygen interstitials ions.  
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Appendix A3 

 
Table A3.1 — Structural parameters for different RP nickelates as determined by Rietveld 
refinements of powder XRD data collected at room temperature. 
 

Atom Site x y z B occ 

La2NiO4+δ Fmmm, a = 5.4612(5) Å, b = 5.4607(5) Å, c = 12.6772(1) Å  
La 8i 0 0 0.3609(1) 2.38(4) 1 
Ni 4a 0 0 0 2.7(1) 1 
O1 8e 0.25 0.25 0 1.9(2) 1 
O2 8i 0 0 0.1729(8) 4.5(2) 1 
O3 8f 0.25 0.25 0.25 0.1(1) 0.040 

       
Nd2NiO4+δ Fmmm, a = 5.44647(7) Å, b = 5.37712(7) Å, c = 12.36234(18) Å  

Nd 8i 0 0 0.3592(1) 1.97(4) 1 
Ni 4a 0 0 0 1.9(1) 1 
O1 8e 0.25 0.25 0 1.8(3) 1 
O2 8i 0 0 0.1726(10) 6.6(3) 1 
O3 8f 0.25 0.25 0.25 0.1(1) 0.052 

       
La3Ni2O7-δ Cmmm, a = 5.39491(5) Å, b = 5.45054(5) Å, c = 20.53039(25) Å  

La1 2a 0 0 0 0.1(1) 1 
La2 2c 0 0.5 0.5 0.44(9) 1 
La3 4l 0 0.5 0.3189(2) 0.1(1) 1 
La4 4k 0 0 0.1806(3) 0.8(1) 1 
Ni1 4k 0 0 0.3976(5) 0.9(4) 1 
Ni2 4l 0 0.5 0.0930(5) 0.2(3) 1 
O1 2b 0 0.5 0 21(1) 1 
O2 2d 0 0 0.5 0.1(1) 1 
O3 4k 0 0 0.2861(12) 0.1(1) 1 
O4 4l 0 0.5 0.1704(14) 4.7(9) 1 
O5 8m 0.25 0.25 0.4097(15) 3(1) 1 
O6 8m 0.25 0.25 0.1022(13) 0.7(8) 1 
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Table A3.1 contd. — Structural parameters for different RP nickelates as determined by Rietveld 
refinements of powder XRD data collected at room temperature. 

       

Atom Site x y z B occ 

       La4Ni3O10-δ P21a, a = 5.41585(6) Å, b = 5.46551(6) Å, c = 27.97613(41) Å, 𝜷𝜷 = 90.184(1) 
La1 4e -0.0061(17) 0.0087(19) 0.3015(1) 0.1(1) 1 
La2 4e 0.4803(23) -0.0109(26) 0.8011(2) 3.5(1) 1 
La3 4e -0.0099(22) -0.0036(24) 0.4339(2) 1.2(1) 1 
La4 4e 0.4929(22) -0.0228(23) 0.9289(2) 2.4(2) 1 
Ni1 2a 0 0 0 5.1(8) 1 
Ni2 2b 0 0.5 0.5 3.8(7) 1 
Ni3 4e 0.0036(48) -0.0120(45) 0.1341(4) 1.7(2) 1 
Ni4 4e 0.4840(35) 0.0084(44) 0.6444(3) 0.1(1) 1 
O1 4e 0.301(16) 0.283(16) 0.493(3) 0.1(1) 1 
O2 4e 0.294(13) 0.198(14) 0.992(2) 0.1(1) 1 
O3 4e -0.010(14) 0.019(14) 0.067(1) 0.1(1) 1 
O4 4e 0.510(10) 0.012(14) 0.597(1) 0.1(1) 1 
O5 4e 0.246(15) 0.254(18) 0.136(2) 0.1(1) 1 
O6 4e 0.960(8) 0.014(15) 0.610(1) 0.1(1) 1 
O7 4e 0.020(11) 0.022(16) 0.214(1) 0.1(1) 1 
O8 4e 0.468(10) -0.008(20) 0.697(1) 0.1(1) 1 
O9 4e 0.793(11) 0.184(11) 0.894(1) 0.1(1) 1 

O10 4e 0.223(12) 0.206(12) 0.375(1) 0.1(1) 1 
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Table A3.1 contd. — Structural parameters for different RP nickelates as determined by Rietveld 
refinements of powder XRD data collected at room temperature. 

   

Atom Site x y z B occ 

Pr4Ni3O10-δ P21a, a = 5.37714(7) Å, b = 5.46620(9) Å, c = 27.55933(51) Å, 𝜷𝜷 = 90.236(1) 
Pr1 4e -0.0025(20) 0.0006(42) 0.2998(4) 0.5(1) 1 
Pr2 4e 0.4999(20) 0.0020(43) 0.8010(4) 0.1(1) 1 
Pr3 4e -0.0252(15) 0.0064(46) 0.4321(4) 0.1(1) 1 
Pr4 4e 0.5012(16) 0.0060(47) 0.9306(4) 0.2(1) 1 
Ni1 2a 0 0 0 0.1(1) 1 
Ni2 2b 0 0.5 0.5 0.1(1) 1 
Ni3 4e 0.000(5) 0.011(10) 0.1347(6) 0.1(1) 1 
Ni4 4e 0.4972(47) 0.0002(93) 0.6437(5) 0.1(1) 1 
O1 4e 0.234(22) 0.240(22) 0.516(2) 0.1(1) 1 
O2 4e 0.194(16) 0.285(16) 1.001(4) 0.1(1) 1 
O3 4e -0.003(16) -0.053(20) 0.067(3) 0.1(1) 1 
O4 4e 0.506(15) -0.102(26) 0.575(2) 0.1(1) 1 
O5 4e 0.227(25) 0.288(37) 0.131(3) 0.1(1) 1 
O6 4e 0.736(20) 0.223(18) 0.608(3) 0.1(1) 1 
O7 4e 0.000(19) 0.092(22) 0.214(3) 0.1(1) 1 
O8 4e 0.497(18) 0.070(22) 0.720(3) 0.1(1) 1 
O9 4e 0.753(33) 0.193(44) 0.859(5) 0.1(1) 1 

O10 4e 0.223(12) 0.206(12) 0.357(4) 0.1(1) 1 
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Table A3.1 contd. — Structural parameters for different RP nickelates as determined by Rietveld 
refinements of powder XRD data collected at room temperature. 

       

Atom Site x y z B occ 

Nd4Ni3O10-δ P21a, a = 5.36486(4) Å, b = 5.45342(6) Å, c = 27.41622(32) Å, 𝜷𝜷 = 90.296(1) 
Nd1 4e 0.0016(16) 0.0109(22) 0.2989(2) 0.7(1) 1 
Nd2 4e 0.5019(14) 0.0135(22) 0.8011(2) 0.1(1) 1 
Nd3 4e -0.0346(10) 0.0034(19) 0.4332(2) 0.1(1) 1 
Nd4 4e 0.4893(11) 0.0024(20) 0.9293(2) 0.3(2) 1 
Ni1 2a 0 0 0 0.1(8) 1 
Ni2 2b 0 0.5 0.5 2.2(7) 1 
Ni3 4e 0.0111(33) 0.0114(50) 0.1375(5) 0.1(2) 1 
Ni4 4e 0.4974(30) 0.0107(47) 0.6436(4) 0.3(1) 1 
O1 4e 0.235(16) 0.293(18) 0.510(2) 0.1(1) 1 
O2 4e 0.255(22) 0.234(26) 1.009(2) 0.1(1) 1 
O3 4e -0.047(6) -0.091(9) 0.060(1) 0.1(1) 1 
O4 4e 0.522(7) -0.063(10) 0.576(1) 0.1(1) 1 
O5 4e 0.220(13) 0.248(16) 0.141(1) 0.1(1) 1 
O6 4e 0.728(10) 0.235(9) 0.616(1) 0.1(1) 1 
O7 4e 0.000(10) -0.030(9) 0.211(1) 0.1(1) 1 
O8 4e 0.506(10) 0.097(8) 0.722(1) 0.1(1) 1 
O9 4e 0.741(16) 0.268(16) 0.858(1) 0.1(1) 1 
O10 4e 0.239(10) 0.282(11) 0.340(1) 0.1(1) 1 
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Table A3.2 — Lattice parameters and reliability factors obtained from the Rietveld refinements 

of room temperature XRD patterns of the ECR samples. 

 

 La3Ni2O7-δ La4Ni3O10-δ Pr4Ni3O10-δ Nd4Ni3O10-δ 

Space group Cmmm P21a P21a P21a 

a/ Å 5.4048(2) 5.4144(1) 5.3721(1) 5.3648(1) 

b/ Å 5.4489(2) 5.4586(1) 5.4535(1) 5.4440(1) 

c/ Å 20.493(1) 27.9955(8) 27.576(1) 27.486(1) 

𝜷𝜷/ ° 90 90.247(3) 90.276(3) 90.335(3) 

V/ Å3 603.540(2) 827.410(1) 809.935(1) 802.774(1) 

Rwp/ % 20.5 15.4 16.3 17.7 

Rexp/ % 3.93 3.62 4.64 5.01 

RBragg/% 8.01 7.82 10.3 11.0 

χ2/ - 27.2 15.3 12.3 12.5 

 

 

Table A3.3 Comparison of the electrical conductivity (at 750 °C in air) and sample density of 

La3Ni2O7-δ, La4Ni3O10-δ, Pr4Ni3O10-δ, and Nd4Ni3O10-δ from this work with corresponding data 

reported in literature. 

 

 This work  Literature  

 𝝈𝝈𝐢𝐢𝐢𝐢𝐢𝐢  
(S cm-1) 

Relative density  
(%) 

 𝝈𝝈𝐢𝐢𝐢𝐢𝐢𝐢  
(S cm-1) 

Relative density  
(%) 

Ref. 

La3Ni2O7-δ 241.99 96.8  58.0 58 [33] 
    60.0 Porous [65] 
    51.6 Porous [35] 
    90.0 Porous [13] 

La4Ni3O10-δ 419.15 96.1  89.0 58 [33] 
    93.1 56 [66] 
    89.7 Porous [35] 
    174.9 Porous [13] 

Pr4Ni3O10-δ 322.74 96.4  85.0 70 [4] 
Nd4Ni3O10-δ 375.54 97.3  N.A. N.A.  
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Figure A3.1 — In situ HT-XRD patterns for La2NiO4+δ (powder) between 22° and 48° recorded 

in air from 40°C to 1000 °C, showing a phase transition from orthorhombic Fmmm to tetragonal 

F4/mmm at approx. 175 °C. The inset shows a magnification of the peaks between 30.8° – 33.0°. 

 

 

 
Figure A3.2 — In situ high temperature XRD patterns for Nd2NiO4+δ between 22° and 48° in air, 

showing a phase transition from orthorhombic Fmmm to tetragonal F4/mmm at approx. 750 °C. 

The inset shows a magnification of the peaks between 30.8° – 33.5°. Note the merging of (0 2 0) 

and (2 0 0) peaks in the Fmmm phase to the (1 1 0) peak in the F4/mmm phase. 
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Figure A3.3 — In situ high temperature XRD patterns for La3Ni2O7-δ between 22° and 48° in air, 

showing the transition from orthorhombic Cmmm to tetragonal F4/mmm at approx. 300 °C. The 

inset shows a magnification of the peaks between 31.5° – 33.5°. 

 

 

 
Figure A3.4 — In situ high temperature XRD patterns for La4Ni3O10-δ between 22° and 48° in air, 

showing the transition from monoclinic P21a to tetragonal F4/mmm at approx. 750 °C. The inset 

shows a magnification of the peaks between 31.5° – 33.3°. 
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Figure A3.5 — In situ high temperature XRD patterns for Nd4Ni3O10-δ between 22° and 48° in air. 

The structure remains monoclinic P21a up to 1000 °C. The inset shows a magnification of the peaks 

between 32.1° – 33.7°. 

 

  



91   Chapter 3 

 
Figure A3.6 —Weight loss curve for La2NiO4+δ in 16% H2/Ar. 

 

 

 
Figure A3.7 — Weight loss curve for La4Ni3O10-δ in 16% H2/Ar.  
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Figure A3.8 — Weight loss curve for Pr4Ni3O10-δ in 16% H2/Ar.  

 

 
Figure A3.9 — Weight loss curve for Nd4Ni3O10-δ in 16% H2/Ar.  
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Figure A3.10 — Weight loss curve for La2NiO4+δ on cooling from 900 °C to 700 °C, with intervals 

of 25 °C, at different pO2 values. The reference point was selected after equilibration for 3 h at T = 

100 °C and pO2 = 0.21 bar. The corresponding value (δ = 0.16) was determined by reduction in 

hydrogen (16% H2/Ar). 

 

  

99.6

99.7

99.8

99.9

100.0

Reference point
δ = 0.16

W
ei

gh
t [

%
]

La2NiO4+δ

100

200

300

400

500

600

700

800

900

T 
[°

C]

0 200 400 600 800 1000 1200

0
20
40
60
80 90

46
21

10pO
2 [

%
]

Time [min]

4.5



RP phases Lnn+1NinO3n+1 (Ln = La, Pr and Nd; n = 1, 2 and 3)   94 

 
Figure A3.11 — Weight loss curve for Nd2NiO4+δ on cooling from 900 °C to 700 °C, with intervals 

of 25 °C, at different pO2 values. The reference point was selected after equilibration for 3 h at T = 

100 °C and pO2 = 0.21 bar. The corresponding value (δ = 0.21) was determined by reduction in 

hydrogen (16% H2/Ar). 
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Figure A3.12 — Weight loss curve for La3Ni2O7-δ on cooling from 900 °C to 700 °C, with intervals 

of 25 °C, at different pO2 values. The reference point was selected after equilibration for 3 h at T = 

100 °C and pO2 = 0.21 bar. The corresponding value (δ = 0.08) was determined by reduction in 

hydrogen (16% H2/Ar). 
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Figure A3.13 — Weight loss curve for La4Ni3O10-δ on cooling from 900 °C to 700 °C, with intervals 

of 25 °C, at different pO2 values. The reference point was selected after equilibration for 3 h at T = 

100 °C and pO2 = 0.21 bar. The corresponding value (δ = 0.15) was determined by reduction in 

hydrogen (16% H2/Ar). 
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Figure A3.14 — Weight loss curve for Nd4Ni3O10-δ on cooling from 900 °C to 700 °C, with 

intervals of 25 °C, at different pO2 values. The reference point was selected after equilibration for 3 

h at T = 100 °C and pO2 = 0.21 bar. The corresponding value (δ = 0.15) was determined by reduction 

in hydrogen (16% H2/Ar). 
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Figure A3.15 — Comparison of the temperature dependence of the oxygen stoichiometry 

measured, in air, for (a) La2NiO4+δ and (b) Nd2NiO4+δ with corresponding data reported in 

literature. 
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CHAPTER 4 
Influence of alkaline-earth metal substitution on 
structure, electrical conductivity and oxygen 
transport properties of perovskite-type oxides 
La0.6A0.4FeO3-δ (A = Ca, Sr and Ba)  

Abstract 

Structural evolution, electrical conductivity, oxygen nonstoichiometry and oxygen 

transport properties of perovskite-type oxides La0.6A0.4FeO3-δ (A = Ca, Sr, and Ba) were 

investigated. La0.6Ca0.4FeO3-δ (LCF64) and La0.6Sr0.4FeO3-δ (LSF64) show a phase 

transformation in air at elevated temperature, i.e., from orthorhombic (𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 ) to 

rhombohedral (𝑅𝑅3�𝑐𝑐 ) and from rhombohedral to cubic (𝑃𝑃𝑃𝑃3�𝑃𝑃 ), respectively, while 

La0.6Ba0.4FeO3-δ (LBF64) remains cubic over the entire temperature range from room 

temperature to 1000°C. The different phase behaviour of the solids is interpreted to 

reflect the decreased tendency for octahedral tilting with increasing alkaline-earth-metal 

dopant ion radius. The electrical conductivity of LSF64 is 191 S cm-1 in air at 800 °C, 

decreasing to a value of 114 S cm-1 at a pO2 of 0.01 atm, and found over this pO2 range 

roughly twice as high as those of LCF64 and LBF64. Failure to describe the data of 

electrical conductivity using Holstein’s small polaron theory is briefly discussed. Chemical 

diffusion coefficients and surface exchange coefficients of the materials in the range 650 

– 900 °C were extracted from data of electrical conductivity relaxation. Data of oxygen 

nonstoichiometry was used to calculate the vacancy diffusion coefficients from the 

measured chemical diffusion coefficients. The calculated migration enthalpies are found 

to decrease in the order LCF64 (1.08 ± 0.04 eV) > LSF64 (0.95 ± 0.01 eV) > LBF64 

(0.81 eV ± 0.01 eV).  The estimated ionic conductivities of the materials, at 900 °C, are 

within a factor 1.4. 
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4.1 Introduction 
In the global effort to develop efficient alternatives to fossil fuel combustion for 

energy generation, solid oxide fuel cells (SOFCs) have attracted extensive attention due 

to their high energy conversion efficiency, wide fuel options, and low pollutant emission.1 

To overcome performance degradation, researchers endeavour to lower the operating 

temperature. A key challenge thereby is to improve the performance of the cathode.  

Mixed ionic-electronic conductivity is claimed essential to the cathode to achieve 

high performance.2 To date, mixed conducting acceptor-doped ABO3-type perovskite-

structured oxides like La0.6Sr0.4Co0.2Fe0.8O3-δ (LSCF6428),3,4 La1-xSrxFeO3-δ
5–7 and 

La0.6Sr0.4CoO3-δ (LSC64)8 are being investigated intensively for use as cathode in 

intermediate-temperature SOFCs (IT-SOFCs).9–11 Oxygen migration in these materials 

occurs by the vacancy mechanism. A-site substitution by divalent alkaline-earth metal 

ions thereby serves to create oxygen vacancies and, thus, to enhance ionic 

conductivity.4,12,13   

A few studies have attempted to address the influence of alkaline-earth metal 

substitution on oxygen transport of (Co, Fe)-based perovskite-type oxides. Teraoka et 

al.14 first reported the oxygen permeation rate of La0.6A0.4Co0.8Fe0.2O3-δ to decrease in the 

order Ba > Ca > Sr at 900 °C. A similar sequence was confirmed in a subsequent study on 

La0.4A0.6Co0.2Fe0.8O3-δ by Tsai et al.15 Stevenson et al.,16 on the other hand, found the 

oxygen flux for this series to decrease in the order Sr > Ba > Ca, similar to that observed 

for La0.2A0.8Co0.2Fe0.8O3-δ.17 Oxygen fluxes and ionic conductivities of several mixed-

conducting perovskite oxides reported by different research groups are compiled in Table 

4.1.  

As far as thermal and reduction stability is concerned, cobalt-free materials offer 

better opportunities to develop stable electrodes, irrespective of the relatively high costs 

of cobalt. Among the alkaline-earth metals, ab initio calculations predict that strontium 

and calcium would have the lowest solution energies in LaFeO3.18 Bidrawn et al.19 

reported the oxygen permeation rate of La0.8A0.2FeO3-δ between 650 °C and 800 °C to 

decrease in the following order Sr > Ba > Ca. To the best of our knowledge, no other 
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studies have been conducted on the role of the dopant on oxygen transport of La1-

xAxFeO3-δ. In this study, the influence of the nature of the alkaline-earth metal dopant 

(Ca, Sr, and Ba) on electrical conductivity and oxygen transport of La0.6A0.4FeO3-δ was 

investigated by means of electrical conductivity relaxation (ECR). To enable comparison 

materials with the same alkaline-earth metal dopant concentration were prepared. A 

dopant concentration of 40 mol% was chosen as Price et al.20 reported formation of 

secondary phases in samples La1-xCaxFeO3-δ with higher calcium substitution levels. 

Crystal structure and oxygen non-stoichiometry of the materials were investigated by 

high-temperature X-ray diffraction (HT-XRD) and thermogravimetric analysis (TGA).   

 

Table 4.1 — Oxygen fluxes and ionic conductivities of La1-xAxCo1-yFeyO3-δ (A = Ca, Sr, Ba; x = 

0.2, 0.4, 0.6, 0.8; y = 0, 0.2, 0.8) reported in the open literature. 

Materials Thickness (cm) 
𝒋𝒋𝐎𝐎𝟐𝟐  (T (°C)) 

(cm3/cm-2 min-1) 
𝝈𝝈𝐢𝐢𝐢𝐢𝐢𝐢 

(cm s-1) Ref. 

La0.6Ca0.4Co0.8Fe0.2O3-δ 0.2 1.80 (900 °C) - 14 

La0.6Sr0.4Co0.8Fe0.2O3-δ 0.2 0.62 (900 °C) -  

La0.6Ba0.4Co0.8Fe0.2O3-δ 0.2 2.11 (900 °C) -  

La0.4Ca0.6Co0.2Fe0.8O3-δ 0.055 0.19 (900 °C) - 15 

La0.4Sr0.6Co0.2Fe0.8O3-δ 0.055 0.11 (900 °C) -  

La0.4Ba0.6Co0.2Fe0.8O3-δ 0.055 0.72 (900 °C) -  

La0.4Ca0.6Co0.2Fe0.8O3-δ 0.2 0.07 (900 °C) 0.03 (900 °C) 16 

La0.4Sr0.6Co0.2Fe0.8O3-δ 0.2 0.55 (900 °C) 0.40 (900 °C)  

La0.4Ba0.6Co0.2Fe0.8O3-δ 0.2 0.45 (900 °C) 0.33 (900 °C)  

La0.2Ca0.8Co0.2Fe0.8O3-δ 0.1 0.12 (950 °C) - 17 

La0.2Sr0.8Co0.2Fe0.8O3-δ 0.2 0.81 (950 °C) -  

La0.2Ba0.8Co0.2Fe0.8O3-δ 0.2 0.40 (950 °C) -  

La0.8Ca0.2FeO3-δ 0.3 - 0.0008 (800 °C) 19 

La0.8Sr0.2FeO3-δ 0.3 - 0.0045 (800 °C)  

La0.8Ba0.2FeO3-δ 0.3 - 0.0019 (800 °C)  
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4.2 Experimental 

4.2.1 Sample preparation  
Powders of La0.60A0.40FeO3-δ (A = Ca, Sr, and Ba) were prepared via a modified 

Pechini method as described elsewhere.21 Stoichiometric amounts of La(NO3)3∙6H2O 

(Alfa Aesar, 99.9%), Ca(NO3)2∙4H2O (Sigma-Aldrich, 99%), Sr(NO3)2 (Sigma-Aldrich, 

≥99%), Ba(NO3)2 (Sigma-Aldrich, ≥99%), and Fe(NO3)3∙9H2O (Sigma-Aldrich, ≥ 98%) 

were dissolved in water followed by the addition of C10H16N2O8 (EDTA, Sigma-Aldrich, 

>99%) and C6H8O7 (citric acid, Alfa Aesar, >99.5%) as chelating agents. The pH of the 

solution was adjusted to 7 using concentrated NH4OH (Sigma-Aldrich, 30 w/v%). After 

evaporation of the water, the foam-like gel reached self-ignition at around 350 °C. The 

obtained raw ashes were calcined at 900 °C for 5 h, using heating/cooling rates of 5 °C 

min-1. Powders were pelletized by uniaxial pressing at 25 MPa followed by isostatic 

pressing at 400 MPa for 2 min. Subsequently, the pellets were sintered at 1100 - 1150 °C 

for 5 h in air with a heating/cooling rate of 2 °C min-1. The relative density of the pellets 

was above 94% of their theoretical value as measured by Archimedes’ method 

 

4.2.2 X-ray diffraction 
Calcined powders were studied by room-temperature X-ray diffraction (XRD, D2 

PHASER, Bruker) with Cu-Kα1 radiation ( λ = 1.54060 Å). Data were collected in the 
step-scan mode over the 2𝜃𝜃 range 20-90 °C with a step size of 0.01° and a counting time 
of 8 s. The thermal evolution of the structure was investigated using high-temperature 
X-ray diffraction (HT-XRD, D8 Advance, Bruker) in air in the range 600 – 1000 °C 
with 25 °C intervals. The sample was heated to the desired temperature with a heating 
rate of 25 °C min-1, followed by a dwell of 5 min to ensure equilibration. XRD patterns 
were recorded in the 2𝜃𝜃 range of 20 – 90° with a step size of 0.015° and a counting time 
of 1.3 s. The FullProf software package was used for Rietveld refinements of the 
patterns.22  
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4.2.3 Oxygen nonstoichiometry 
The oxygen nonstoichiometry of La0.60A0.40FeO3-δ (A = Ca, Sr, and Ba) was 

determined by thermogravimetric analysis (TGA, Netsch STA F3 Jupiter). Data were 

collected upon cooling from 900 °C to 650 °C, with intervals of 25 °C and a dwell time 

of 60 min at each temperature before the start of the measurements. The measurements 

were conducted in oxygen-nitrogen mixtures containing 4.5%, 10%, 21%, 42% or 90% of 

O2, which values correspond to those of the gas streams used in the electrical conductivity 

relaxation experiments (see below). Prior to data collection, the powder was heated under 

4.5% O2 to 900 °C, with a heating rate of 20 °C min-1 and a dwell time of at least 2.5 h, 

to remove impurities like adsorbed water and CO2. The dwell time after a pO2 step at 

each measurement temperature was 10 min. Following prior studies on La1-xSrxFeO3-δ (0 

≤ x ≤ 0.6),23 all compositions were considered to be stochiometric (δ = 0) at a pO2 of 0.21 

atm below 150 °C.  

 

4.2.4 Electrical conductivity relaxation 
Samples for ECR measurements were prepared by grinding and cutting the 

obtained dense pellets to planar sheet-shaped samples with approximate dimensions 12 × 

5 × 0.5 mm3. The sample surface was polished using diamond polishing discs (JZ Primo, 

Xinhui China) down to 0.5 μm. A four-probe DC method was used to collect data of 

electrical conductivity. Two gold wires (Alfa Aesar, 99.999%, Ø = 0.25 mm) were 

wrapped around both ends of the sample for current supply. Two additional gold wires 

were wrapped 1 mm remote from the current electrodes to act as voltage probes. To 

ensure good contact between the gold wires and the sample, sulphur-free gold paste 

(home-made) was applied on the sample surface directly underneath the gold wires. 

Finally, the sample was annealed at 950 °C in air for 1 h to sinter the gold paste and 

thermally cure the polished sample surface.  

The sample was mounted on a holder and placed in an alumina sample containment 

chamber (or reactor). Two gas streams, each of which with a flow rate of 280 ml min-1 
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and with a different pO2, were created by mixing dried oxygen and nitrogen in the desired 

ratios using Brooks GF040 mass flow controllers. A pneumatically operated four-way 

valve was used to instantaneously switch between both gas streams so that one of them 

was fed through the reactor. Data of the transient electrical conductivity was collected 

following oxidation and reduction step changes in pO2 between 0.10 and 0.21 atm. 

Measurements were conducted following stepwise cooling from 900 °C to 650 °C with 

intervals of 25 °C, heating and cooling rates of 10 °C min-1 and a dwell time of 60 min at 

each temperature before data acquisition.  

The transient conductivity after each pO2 step change was normalized according to 

Eq. 4.1 and fitted to Eqs. 4.2 – 4.4 to obtain the chemical diffusion coefficient Dchem and 

the surface exchange coefficient kchem. 

 

𝑔𝑔(𝑡𝑡) =
𝜎𝜎(𝑡𝑡) − 𝜎𝜎0
𝜎𝜎∞ − 𝜎𝜎0

(4.1) 
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(4.2) 

𝜏𝜏𝑚𝑚,𝑖𝑖 =
𝑏𝑏𝑖𝑖2

𝐷𝐷chem𝛽𝛽𝑚𝑚,𝑖𝑖
2 (4.3) 

𝐿𝐿𝑖𝑖 =
𝑏𝑏𝑖𝑖
𝐿𝐿c

= 𝛽𝛽𝑚𝑚,𝑖𝑖 tan𝛽𝛽𝑚𝑚,𝑖𝑖 (4.4) 

In these equations, g(t) is the normalized conductivity, 𝜎𝜎0  and 𝜎𝜎∞  are the 

conductivities 𝜎𝜎(𝑡𝑡) at time t = 0 and t = ∞, respectively, 𝜏𝜏f is the flush time, 2bi is the 

sample dimension along coordinate i, whilst 𝛽𝛽𝑚𝑚,𝑖𝑖 are the non-zero roots of Eq. 4.4. 𝐿𝐿c =

𝐷𝐷chem/𝑘𝑘chem is the critical thickness below which oxygen surface exchange prevails over 

bulk oxygen diffusion in determining the rate of re-equilibration after a pO2 step change. 

The flush time 𝜏𝜏f was calculated from  

 

𝜏𝜏f =
𝑉𝑉r
𝜃𝜃v
𝑇𝑇STP
𝑇𝑇r

(4.5) 
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which equation assumes perfect mixing of the gas in the sample containment chamber. 

In Eq. 4.5, Vr is the corresponding volume, 𝜃𝜃v the gas flow rate through the chamber, Tr 

the temperature inside the chamber, and TSTP the temperature at standard conditions. 

The small chamber volume (2.58 cm3) and high gas flow rate (280 ml min-1) used ensured 

a flush time between 0.13 s at 900 °C and 0.16 s at 650 °C. Curve fitting of the normalized 

transient conductivity was performed using a non-linear least-squares program based on 

the Levenberg-Marquardt algorithm. More detailed descriptions of the ECR technique 

and the model used for data fitting are given elsewhere.24,25 

 

4.3 Results and discussion 

4.3.1 Crystal structure and phase transition 
 

Table 4.2 — Space group, lattice parameters and reliability factors obtained from the Rietveld 

refinements of room temperature XRD diffractograms of LCF64, LSF64 and LBF64. The lattice 

parameters for the rhombohedral (𝑅𝑅3�𝑐𝑐) structure of LSF64 are listed in hexagonal settings. The 

numbers in parentheses denote standard deviations in units of the least significant digits. 

 La0.6Ca0.4FeO3-δ La0.6Sr0.4FeO3-δ La0.6Ba0.4FeO3-δ 

Space group 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 𝑅𝑅3�𝑐𝑐 𝑃𝑃𝑃𝑃3�𝑃𝑃 
a/ Å 5.5138(1) 5.5226(1) 3.93652(2) 
b/ Å 7.7574(1) 5.5226(1) 3.93652(2) 
c/ Å 5.4896(1) 13.4462(3) 3.93652(2) 

V/ Å3 234.8064(2) 355.1558(2) 61.0014(1) 
Rwp/ % 5.49 7.55 6.03 

RBragg/% 1.79 1.01 1.042 
χ2 4.78 2.55 3.545 

 

Fig. 4.1 shows the room temperature XRD patterns of LCF64, LSF64 and LBF64 

recorded in air. The corresponding structural parameters and reliability factors from 

Rietveld refinements are listed in Table 4.2. No impurity peaks are found in the patterns, 

suggesting that all three compositions are single phase. The pattern obtained for LCF64 
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could be fitted with an orthorhombic structure (space group Pnma) with cell parameters 

a = 5.4962(2) Å, b = 7.7658(2) Å and c = 5.5018(2) Å, which is in excellent agreement 

with a = 5.4941 Å, b = 7.7736 Å and c = 5.5083 Å reported by Hung et al.26 LSF64 adopts 

a rhombohedral  structure (space group  𝑅𝑅3�𝑐𝑐) with cell parameters a = 5.5228(1) Å and c 

= 13.4471(3) Å (hexagonal representation), in good agreement with a = 5.5272(2) Å and 

c = 13.4408(4) Å reported by Yang et al.27 LBF64 appears to be cubic (space group 

𝑃𝑃𝑃𝑃3�𝑃𝑃) with a = 3.93652(2) Å, matching precisely the value a = 3.93652(9) Å found for 

La0.5Ba0.5FeO3-δ reported by Ecija et al.28 

 

 
Figure 4.1 — Measured (red symbols) and calculated (black line) of room temperature XRD 

powder patterns of LCF64, LSF64 and LBF64. Bragg peaks and the residual plots are given under 

the patterns. 
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Figure 4.2 — Lattice parameters for (a) LCF64, (b) LSF64, (c) LBF64 as a function of temperature 

from Rietveld refinements of HT-XRD patterns recorded in air. Pseudo-cubic cell parameters are 

given for the orthorhombic (𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃) structures, calculated using 𝑃𝑃 = 𝑃𝑃ortho/√2, 𝑏𝑏 = 𝑏𝑏ortho/2 and 

𝑐𝑐 = 𝑐𝑐ortho/√2 . For the cubic (𝑃𝑃𝑃𝑃3�𝑃𝑃) and rhombohedral (𝑅𝑅3�𝑐𝑐) structures 𝑃𝑃 = 𝑏𝑏 = 𝑐𝑐 ≡ 𝑃𝑃. 

 

HT-XRD patterns of LCF64, LSF64 and LBF64 are shown in Fig. A4.1. Pseudo-

cubic lattice parameters obtained from Rietveld refinements of the HT-XRD patterns of 

LCF64, LSF64 and LBF64 are shown in Fig. 4.2. Price et al.20 verified the occurrence of 

a phase transition sequence in LCF64, i.e., from orthorhombic (space group Pnma) to 

rhombohedral (space group 𝑅𝑅3�𝑐𝑐) at 602 °C to cubic (space group 𝑃𝑃𝑃𝑃3�𝑃𝑃) at about 1100 

°C, on the basis of data of differential scanning calorimetry (DSC) and HT-XRD. Our 
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study confirms that LCF64 remains orthorhombic until ~600 °C, consistent with the 

results obtained by Price et al. 20 However, our refinements yield a mixture of 

orthorhombic and rhombohedral phases above ~625 °C, i.e., from 3.89% rhombohedral 

at 625 °C to 15.79% at 700 °C, transforming into a pure rhombohedral phase above 725 

°C. The rhombohedral angle decreases from 60.29 ° at 625 °C to 60.09 ° at 1000 °C, 

suggesting that at a slightly higher temperature the cubic phase is formed. Fig. 4.2b shows 

the occurrence of a rhombohedral-to-cubic phase transition in LSF64 at around 850°C, 

which is in agreement with previous results obtained by Fossdal et al.29 LBF64 adopts a 

cubic structure (space group 𝑃𝑃𝑃𝑃3�𝑃𝑃) throughout the measured temperature range, as 

shown in Fig. 4.2c. The temperature dependences of the Fe-O-Fe angles and Fe-O bond 

lengths obtained from the Rietveld refinements are plotted in Fig. A4.2. 

The crystal symmetry of the room-temperature structure is found to decrease in the 

order LBF64, LSF64 and LCF64, i.e., from cubic to rhombohedral to orthorhombic, 

respectively, following the decrease in the magnitude of the radii of the alkaline-earth-

metal dopant ions: Ba2+ (XII) = 1.61 Å > Sr2+ (XII) = 1.44 Å > Ca2+ (XII) = 1.34 Å, where 

the number between brackets designates the coordination number. Ionic radii were taken 

from Shannon.30  The observed lowering in symmetry is believed to result from 

cooperative tilting of BO6 octahedra, which is the most commonly observed distortion in 

perovskite structures. The tendency for distortion of the ABO3 perovskite structure is 

generally rationalized by the Goldschmidt tolerance factor 𝑡𝑡 = (𝑟𝑟A + 𝑟𝑟O) √2(𝑟𝑟B + 𝑟𝑟O)⁄ ,31 

where 𝑟𝑟A, 𝑟𝑟B and 𝑟𝑟O are the ionic radii of the involved ions. The ideal cubic structure is 

formed for t = 1, when the A and O2− ions are matching in size to form cubic close-packed 

layers, while the B cations fit into the interstices formed by the O2- ions to give an array 

of corner-shared BO6 octahedra. For t < 1, the BO6 octahedra cooperatively tilt to 

accommodate the mismatch, thereby forming less symmetric rhombohedral or 

orthorhombic structures.32,33 The orthorhombic 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 structure, in Glazer’s notation34 

denoted by a-a-c+, as adopted by LCF64 is one of the most common perovskite structures 

with a three-tilt system.35,36 Upon decreasing the size of the earth-alkaline cation, the out-

of-phase rotation (-) along the [001] direction of the pseudo-cubic cell changes to an in-
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phase rotation (-) for LSF64, expressed in Glazer’s notation by a-a-c- (space group 𝑅𝑅3�𝑐𝑐), 

and to the no-tilt system a0a0a0 (space group 𝑃𝑃𝑃𝑃3�𝑃𝑃) for LBF64. Note from Figs. 4.2a 

and 4.2b that similar structural changes are induced in LCF64 and LSF64 upon 

increasing temperature. 

 

4.3.2 Oxygen content 

 
Figure 4.3 — Oxygen stoichiometry of (a) LCF64, (b) LSF64 and (c) LBF64 as a function of 

log(pO2) at different temperatures. Dashed lines are drawn to guide the eye. 

-1.4 -1.2 -1.0 -0.8 -0.6 -0.4 -0.2 0.0
2.88

2.90

2.92

2.94

2.96

2.98

3.00

LCF64

3-
δ 

[−
]

log(pO2 [atm])

(a)

 800 °C
 775 °C
 750 °C
 725 °C

 900 °C
 875 °C
 850 °C
 825 °C

 700 °C
 675 °C
 650 °C

0.1 1

pO2 [atm]

-1.4 -1.2 -1.0 -0.8 -0.6 -0.4 -0.2 0.0
2.88

2.90

2.92

2.94

2.96

2.98

3.00

(b)

LSF64

3-
δ 

[−
]

log(pO2 [atm])

 900 °C
 875 °C
 850 °C
 825 °C

 800 °C
 775 °C
 750 °C
 725 °C

 700 °C
 675 °C
 650 °C

0.1 1

pO2 [atm]

-1.4 -1.2 -1.0 -0.8 -0.6 -0.4 -0.2 0.0
2.88

2.90

2.92

2.94

2.96

2.98

3.00

LBF64

(c)

3-
δ 

[−
]

log(pO2 [bar])

 900 °C
 875 °C
 850 °C
 825 °C

 800 °C
 775 °C
 750 °C
 725 °C

 700 °C
 675 °C
 650 °C

0.1 1

pO2 [bar]



111   Chapter 4 

The oxygen stoichiometry (3-δ) in LCF64, LSF64 and LBF64 as a function of 

oxygen partial pressure and temperature was investigated by thermogravimetry. A typical 

measurement scheme is shown in Fig. A4.3. Corresponding data obtained at different 

temperatures is shown in Fig. 4.3. For completeness, plots of log(δ) vs log(pO2) at 

different temperatures for each of the compositions are given in Fig. A4.4. As can be 

inferred from the data of Fig. 4.3, the oxygen content in the experimental range of 

temperature and oxygen partial pressure tends to increase in the order LBF64 < LSF64 < 

LCF64. Good agreement was obtained between the results of this study for LSF64 and 

corresponding data measured at 800 °C and 900 °C by Kuhn et al.37 as demonstrated in 

Fig. A4.5. To the best of our knowledge, no data of oxygen stoichiometry has been 

reported for LCF64 and LBF64. Kharton et al.38 measured the pO2 dependence of the 

oxygen contents of La0.5Sr0.5FeO3-δ and La0.5Ba0.5FeO3-δ, at 950 °C, yielding trends similar 

to those found in Fig. 4.3.  

 

4.3.3 Electrical conductivity 
Figs. 4.4a and A4.6a show that over the entire experimental range of temperature 

and oxygen partial pressure, the electrical conductivity of LSF64 is roughly twice as high 

as those of LBF64 and LCF64. At 800 °C, the conductivity of LSF64 in air is 191 S cm-

1, to be compared with values of 91 S cm-1 and 93 S cm-1 measured under these conditions 

for LCF64 and LBF64, respectively. Excellent agreement is found between the results 

for LSF64 from this study and data reported by Søgaard et al.,39 as demonstrated in Fig. 

4.4a.  
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Figure 4.4 — Arrhenius plots of the (a) electrical conductivity, (b) defect concentration [FeFe• ] and 

(c) mobility of electron-holes, at pO2 = 0.21 atm, for LCF64, LSF64 and LBF64. The dashed lines 

through the data points are drawn to guide the eye. The horizontal line in Fig. 4.4b represents the 

[FeFe• ] concentration when electronic compensation is predominant, noting that all three materials 

have the same concentration of the alkaline-earth dopant (cf. Eq. 4.7) 
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The electrical conductivity in La1-xAxFeO3-δ (A = Ca, Sr, Ba) and related perovskite 

oxides is commonly interpreted on the basis of hopping of small polarons.26,40–42 Under 

oxidizing atmospheres, the conductivity can be expressed as,26,43 

 

𝜎𝜎el = 𝑝𝑝 �
𝑁𝑁A
𝑉𝑉m
� 𝑒𝑒𝜇𝜇h (4.6) 

 

where 𝑝𝑝 and 𝜇𝜇h are the concentration and mobility of electron holes, respectively, 𝑁𝑁A is 

Avogadro’s number, 𝑉𝑉m  is the molar volume, and e is the electronic charge. Both 

parameters p and 𝜇𝜇p are considered to be thermally activated.  

The partial substitution of lanthanum in La1-xAxFeO3-δ (A = Ca, Sr, Ba) by divalent 

alkaline-earth ions is charge compensated by the formation of electron holes and/or 

oxygen vacancies, the limiting cases being referred to as electronic and ionic 

compensation, respectively. Assuming oxygen vacancies to be doubly ionized, the reduced 

charge neutrality condition can be written as, in Kröger-Vink notation,44 

 

[ALa
′ ] = 2[VO••] + [FeFe• ] (4.7) 

 

where [FeFe• ] ≡ 𝑝𝑝 represents the concentration of p-type charge carriers. Eq. 4.7 lacks n-

type charge carriers, FeFe′ , arising as a result of the charge disproportionation reaction, 

 

FeFe×  ⇌ FeFe′ + FeFe•  (4.8) 
 

and which become dominant under reducing atmospheres. In the case of structural A- 

and B-site deficiency, also vacancies VLa′′′ and VFe′′′ need to be taken into account. Using 

Eq. 4.7 and data of oxygen stoichiometry (Fig. 4.3), the concentration of FeFe•  in phases 

LCF64, LSF64 and LBF64 may be calculated. Corresponding data are shown in Figs. 

4.4b and A4.6b from which figures it can be inferred that under the conditions covered 

by the experiments electronic compensation dominates over ionic compensation. The 

lowest electron-hole concentration is found in LBF64, indicating that in this material the 
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relative contribution of the ionic compensation mechanism is higher than those in LCF64 

and LSF64. In all three phases, the concentration [FeFe• ] is found to decrease and, hence, 

ionic compensation appears to become more dominant, with increasing temperature and 

decreasing oxygen partial pressure.  

Electrical mobilities of the electron holes calculated using Eq. 4.6 plotted as a 

function of inverse temperature and log(pO2) are presented in Figs. 4.4c and A4.6c, 

respectively. Below, we have analysed the inverse temperature dependence of the electron-

hole mobility in terms of Holstein’s generalized small polaron model (in which the initial 

and final states are treated on equal footing), considering both adiabatic and non-

adiabatic hopping.46 – 48 In the adiabatic case,46 the charge carrier is able to hop to an 

adjacent vacant site, once an energy coincidence occurs. The corresponding mobility of 

electron holes is given by 

 

𝜇𝜇h = (1 − [FeFe• ])
3
2
𝑒𝑒𝑃𝑃2𝜈𝜈0
𝑘𝑘B

1
𝑇𝑇

exp�−
1
2𝑊𝑊p − 𝐽𝐽
𝑘𝑘B𝑇𝑇

� (4.9) 

 

where a is the hopping distance, 𝜈𝜈0 is the frequency of optical phonons, 𝑊𝑊p is the polaron 

binding energy, J is the kinetic energy of the polaron, and 𝑘𝑘B is the Boltzmann constant. 

The factor of 3/2 takes into account the fact that the polaron moves in a three-

dimensional lattice.46 The factor of (1 − [FeFe• ]) takes into account the site-blocking 

effect, the probability that the adjacent site to which the polaron hops may already be 

occupied.48 In the non-adiabatic case,45 the polaron misses coincidence events as it moves 

too slowly, lowering the net hopping rate. In this case, the mobility of electron holes is 

given by 

 

𝜇𝜇h = (1 − [FeFe• ])
3
2
𝑒𝑒𝑃𝑃2𝜈𝜈0
𝑘𝑘B

𝜋𝜋𝐽𝐽2

ℎ
�

2𝜋𝜋
𝑊𝑊p𝑘𝑘B

�
1/2 1

𝑇𝑇3/2 exp�−
1
2𝑊𝑊p

𝑘𝑘B𝑇𝑇
� (4.10) 

 



115   Chapter 4 

where h is the Planck constant. In the adiabatic regime, the plot of 𝑙𝑙𝑃𝑃{𝜇𝜇h𝑇𝑇/(1 − [FeFe• ])} 

vs  1000/𝑇𝑇 should give a straight line with activation energy 𝐸𝐸a =  1
2
𝑊𝑊p − 𝐽𝐽; in the non-

adiabatic regime, the plot of 𝑙𝑙𝑃𝑃�𝜇𝜇h𝑇𝑇3/2/(1 − [FeFe• ])� vs  1000/𝑇𝑇 should give a straight 

line with activation energy 𝐸𝐸a =  1
2
𝑊𝑊p.  

 

 

 

Figure 4.5 — Plots of (a) ln{𝜇𝜇h𝑇𝑇/(1 − [FeFe• ])} vs 1000/𝑇𝑇 (adiabatic case) and (b) ln�𝜇𝜇h𝑇𝑇3/2/

(1 − [FeFe• ])� vs 1000/𝑇𝑇 (non-adiabatic case), at pO2 = 0.21 atm. The dotted lines are drawn to 

guide the eye.  

 

Corresponding plots are shown in Fig. 4.5. The plots obtained for LCF64 and 

LSF64 exhibit a double slope behaviour. At lower temperatures the curves for both 

materials can be interpreted in a way as characteristic for small polaron conduction (i.e., 

small polarons have a thermally activated mobility), but at higher temperatures the curves 

show a negative slope. For LBF64, the apparent activation energy of the mobility is 

estimated at a value of 0.039 ± 0.002 eV in the non-adiabatic case, while it tends to nearly 

zero in the adiabatic case. Our results are consistent with those obtained in a study by 

Patrakeev et al.49 who found an activation energy for the carrier mobility in La1-xSrxFeO3-
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δ of about 0.4 eV and 0.2 eV for x = 1.0 and x = 0.7, respectively, while tending to values 

near to zero in the oxides with x ≤ 0.5. The low activation energies that may be inferred 

from the data in Figs. 4.6a and 4.6b may be compared with the approximate values 0.04 

- 0.14 eV derived from  𝑙𝑙𝑃𝑃{𝜎𝜎𝑇𝑇} versus  1000/𝑇𝑇 plots for La0.8Sr0.2Co1-yFeyO3-δ  (0 ≤ y ≤ 

1).50 It is obvious from the above analysis that other factors need to be considered to 

account for the observations.  

Inspection of the data in Figs. 4.4 and 4.5 suggests that the electrical mobility is 

correlated with the electron hole concentration in phases LCF64, LSF64 and LBF64. 

The observed trend deduced is that the electrical mobility is suppressed with decreasing 

the electron hole concentration, [FeFe• ], which is contrary to what is expected from the 

site-blocking term, (1 − [FeFe• ]), in Eqs. 4.9 and 4.10. In view of Eq. 4.7, the electron 

hole concentration on its turn is correlated with the concentration of oxygen vacancies.  

 

 
Figure 4.6 — Mobility of electron-holes, at 800 °C and 900 °C, as a function of oxygen content for 

LCF64, LSF64 and LBF64. 
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Fig. 4.6 shows that the hopping mobility decreases with increasing the oxygen 

nonstoichiometry of phases LCF64, LSF64 and LBF64. Similar observations have been 

reported for La1-xSrxFeO3-δ (0.1 ≤ x ≤ 1).49 Noting that the direct overlap between 

neighbouring Fe 3d orbitals in the La0.6A0.4FeO3-δ (A = Ca, Sr, and Ba) perovskite 

structure is negligible, the polaron hopping between two adjacent Fe cations is brought 

about by the overlapping O 2p orbitals of the bridging oxygen ion, which is known as the 

Zener double-exchange mechanism.51 Disruption of the Fe4+–O–Fe3+ migration pathways 

due to the presence of oxygen vacancies thus may affect the hopping mobility. The 

probability that an oxygen vacancy blocks the migration pathway scales with (1 −  𝛿𝛿/3). 

The corresponding values for this parameter for each of the materials under the given 

experimental conditions are, however, too close to unity to have a significant impact on 

the effective hopping mobility. Electrostatic interactions between the electron holes and 

oxygen vacancies or formation of delocalized states may further affect the hopping 

mobility. X-ray absorption spectroscopy and density functional theory studies indicate 

that the electron holes in La1-xSrxFeO3-δ and La1-xCaxFeO3-δ have mixed Fe 3d and O 2p 

band character and, hence, are delocalized at least to some extent.51–58 This would comply 

with the observed low-to-zero activation energies of the carrier mobility in phases 

LCF64, LSF64 and LBF64 (cf. Fig. 4.5). This argument is, however, in contrast with 

results from angle-resolved photo emission spectroscopy, suggesting a strong localisation 

of the electron holes in La0.6Sr0.4FeO3-δ.59 Clearly, more research is warranted to clarify 

the nature of the charge carriers in La1-xAxFeO3-δ (A = Ca, Sr, Ba). 

 

4.3.4 Electrical conductivity relaxation 

Chemical diffusion and surface exchange coefficients 

In this study, the ECR method was used for evaluation of the oxygen transport 

properties of LCF64, LSF64 and LBF64. Typical fits to the normalized conductivity 

relaxation curves following oxidation and reduction step changes in pO2 are shown in Fig. 

4.7. In general, the curves from oxidation and reduction runs may slightly differ due to 



La0.6A0.4FeO3-δ (A = Ca, Sr and Ba)   118 

the pO2 dependence of oxygen transport. This asymmetry will be influenced by the mean 

pO2 and the magnitude of the pO2 step size. Curve fitting allows simultaneous 

determination of the chemical diffusion coefficient Dchem and the surface exchange 

coefficient kchem provided that fitting is sensitive to both parameters. If the smallest 

dimension of the sample is much lower than the ratio Dchem/kchem, the fitting will be 

insensitive to Dchem. Conversely, if the sample dimensions are much lower than 

Dchem/kchem, curve fitting will be insensitive to kchem. Accordingly, one may define a Biot 

number (𝐵𝐵𝐵𝐵),  

 

𝐵𝐵𝐵𝐵 =  
𝑙𝑙𝑧𝑧

𝐷𝐷chem 𝑘𝑘chem⁄
(4.11) 

 

where 𝑙𝑙𝑧𝑧 is the half thickness of the sample. 

 
Figure 4.8 — Normalized conductivity curves obtained for LCF64 following step changes in pO2 
between 0.1 and 0.21 atm at 700 °C. The solid lines show the least-square fits to Eqns. 4.2 – 4.4. 
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predominantly controlled by diffusion; if 𝐵𝐵𝐵𝐵 ≤ 0.03,  then the relaxation is said to 

predominantly controlled by surface exchange.25 In the intermediate region, 0.03 ≤ 𝐵𝐵𝐵𝐵 ≤

30, both diffusion and surface exchange determine the relaxation. The bounds are linked 

to the accuracy of curve fitting, i.e., only in the mixed controlled region both Dchem and 

kchem can be most reliably assessed. A plot of the Biot number against temperature 

obtained from fitting data of ECR measurements of LCF64, LSF64 and LBF64 is shown 

in Fig. 4.8. Note from Eq. 4.11 that the Biot number can only be calculated if both Dchem 

and kchem are obtained from curve fitting. Dchem and kchem may exhibit different pO2 

dependencies. Therefore, in addition to varying the sample dimension lz, the 

measurements can be performed at different oxygen partial pressure to improve the 

sensitivity of fitting to either Dchem or kchem. 

 

 
Figure 4.8 — Temperature dependence of the Biot number (Bi) for LCF64, LSF64 and LBF64. 
Error bars are within the symbols. 
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Figure 4.9 — Arrhenius plots of the (a, b) surface exchange coefficient, kchem, and (c,d) chemical 
diffusion coefficient, Dchem, for LCF64, LSF64 and LBF64. For clarity, data from oxidation (Ox) 
and reduction (Red) runs are given in separate plots. Error bars are within the symbols. The dashed 
lines are from linear fitting of the data. 

 

Arrhenius plots of Dchem and kchem of LCF64, LSF64 and LBF64 derived from the 

data of ECR measurements are shown in Fig. 4.9. The corresponding apparent activation 

energies are listed in Table A4.2. The Dchem values of the different materials show 

remarkable agreement with an average activation energy close to 93 kJ mol-1. It is further 
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noted from Fig. 4.9d that the values obtained for LSF64 are in good agreement with 

previously reported results.24,39  The values of kchem of the different materials are found to 

be within similar range above 850 °C. Below this temperature, however, a different 

activation energy for kchem is apparent for LCF64 when compared with those found for 

LSF64 and LBF64 for which behaviour we lack a definite explanation (cf. Table A4.2). 

In general, the surface exchange rate on oxide surfaces may be highly influenced by, e.g., 

surface enrichment due to segregation, surface impurities and grain size. No attempt was 

made in this study to relate the elemental surface composition and morphology to the 

observed surface exchange rates exhibited by the samples. 

 

Oxygen self-diffusion and vacancy-diffusion coefficients 

The oxygen self-diffusion coefficients, Ds, and oxygen vacancy-diffusion 

coefficients, Dv, for phases LCF64, LSF64 and LBF64 were evaluated from the measured 

values of Dchem, using the relationships 𝐷𝐷chem = 𝛾𝛾O𝐷𝐷s = 𝛾𝛾v𝐷𝐷v,24 where 𝛾𝛾O and 𝛾𝛾v are the 

thermodynamic factors, defined as 

 

𝛾𝛾O =
1
2
∙
𝜕𝜕 ln(𝑝𝑝O2)
𝜕𝜕 ln(𝑐𝑐O) =

3 − 𝛿𝛿
2

∙
𝜕𝜕 ln(𝑝𝑝O2)
𝜕𝜕(3 − 𝛿𝛿)

(4.12) 

𝛾𝛾v = −
1
2
∙
𝜕𝜕 ln(𝑝𝑝O2)
𝜕𝜕 ln(𝑐𝑐v) = −

𝛿𝛿
2
∙
𝜕𝜕 ln(𝑝𝑝O2)

𝜕𝜕𝛿𝛿
=

𝛿𝛿
3 − 𝛿𝛿

𝛾𝛾O (4.13) 

 

Herein, 𝑐𝑐O  (= (3 − 𝛿𝛿)/𝑉𝑉m) and 𝑐𝑐v (=  𝛿𝛿/𝑉𝑉m) are the concentrations of oxygen ions and 
vacancies in the lattice. The thermodynamic factors can be derived from corresponding 
data of the oxygen non-stoichiometry (Fig. 4.3) and are given for the different phases in 
Fig. A4.7. Arrhenius plots of the calculated values of Ds and Dv for the different materials 
are shown in Fig. 4.10, while the activation energies extracted from these are listed in 
Tables A4.3 and 4.3, respectively. 
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Figure 4.11 — Arrhenius plots of the (a) self-diffusion coefficient, Ds, and (b) vacancy-diffusion 
coefficient, Dv, at pO2 = 0.147 atm, for LCF64, LSF64 and LBF64. The specified pO2 corresponds 
to the logarithmic average of the initial and final values of the pO2 step change during ECR 
experiments. For clarity, only data of oxidations runs are shown in both figures. Error bars are 
within the symbols. The drawn lines are from linear fitting of the data. Also shown in (a) are values 
of Ds for La0.9Sr0.1FeO3-δ (LSF91) and La0.75Sr0.25FeO3-δ (LSF7525), at pO2 = 0.65 atm,60 calculated 
from data of isotopic exchange depth profiling (IEDP), and for La0.5Sr0.5FeO3-δ (LSF55) and 
SrFeO3-δ (SF), at pO2 = 0.05 atm, from data of ECR.61 

 

Fig. 4.10a shows that over the temperature range 650 – 900 °C almost similar values 

of Ds are observed for LCF64 and LSF64. Slightly higher values are found for LBF64; 

the difference is a factor of about 3 at 650 °C, which has reduced to a factor 1.2 at 900 °C 

due to a slightly lower activation energy of 106 ± 1 kJ mol-1 compared with values of 138 

± 2 kJ mol-1 and 146 ± 1 kJ mol-1 observed for LCF64 and LSF64, respectively. Also 

shown in in this figure are values of Ds for other compositions in the series for La1-

xSrxFeO3-δ from literature,60,61 demonstrating the expected increase of Ds with increasing 

the alkaline-earth metal dopant concentration and the consistency with the results from 

this study. Ionic conductivities of phases LCF64, LSF64, and LBF64, calculated using 

the Nernst-Einstein equation, 
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𝜎𝜎𝑖𝑖𝑖𝑖𝑖𝑖 =
4𝑒𝑒2𝑁𝑁𝐴𝐴𝑐𝑐𝑂𝑂 𝐷𝐷𝑠𝑠

𝑘𝑘𝐵𝐵𝑇𝑇
=

4𝑒𝑒2𝑁𝑁𝐴𝐴𝑐𝑐𝑣𝑣𝐷𝐷𝑣𝑣
𝑘𝑘𝐵𝐵𝑇𝑇

(4.14) 

 

are given in Fig. 4.11. As the total concentration of oxygen ions remains virtually 

constant, the trend in ionic conductivity among the different materials is the same as that 

observed for Ds (cf. Fig. 4.9a). Fig. 4.10b shows that the values of Dv of phases LCF64, 

LSF64 and LBF64 in the experimental temperature range are very similar, which further 

indicates that the higher ionic conductivities and self-diffusion coefficients observed for 

LBF64 relative to corresponding values for LCF64 and LSF64 at similar conditions are 

mainly due to the higher concentration oxygen vacancies in the former material. The 

observed trend among the ionic conductivities of LCF64, LSF64 and LBF64 differs from 

that previously reported for La0.8A0.2FeO3-δ (A =Ca, Sr, Ba) by Bidrawn et al.19 (see Fig. 

4.11). Estimating the ionic conductivity from data of oxygen permeation measurements 

performed in the range 650 – 800 °C, these authors showed that La0.8Sr0.2FeO3-δ (LSF82) 

exhibits the highest ionic conductivities, followed by La0.8Ba0.2FeO3-δ (LBF82) and 

La0.8Ca0.2FeO3-δ (LCF82). The different trend may - at least at first glance - be due to a 

different alkaline-earth metal dopant concentration used in the study by Bidrawn et al.19 

However, estimates of the ionic conductivity from data of oxygen permeation may be 

erroneous in case of – and ignoring - partial rate limitations by the surface exchange 

reactions.62 There is some evidence for the latter when the comparison of ionic 

conductivities in Fig. 4.11 is extended to include data for La0.9Ca0.1FeO3-δ  (LCF91) and 

La0.8Ca0.2FeO3-δ (LCF82) as derived from data of ECR experiments by Berger et al.63,64  

Clearly, more work is required to resolve the apparent discrepancies between the results 

of different studies. 
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Figure 4.11 — Arrhenius plots of the ionic conductivity of LCF64, LSF64 and LBF64, at pO2 = 
0.147 atm. The specified pO2 corresponds to the logarithmic average of the initial and final values 
of the pO2 step change during ECR experiments. Lines are drawn to guide the eye. Data taken 
from literature are shown for comparison: La0.5Sr0.5FeO3-δ (LSF55),38 La0.5Ba0.5FeO3-δ (LBF55),38 
La0.8Ca0.2FeO3-δ (LCF82 (a)),19 La0.8Sr0.2FeO3-δ (LSF82),19 La0.8Ba0.2FeO3-δ (LBF82),19 
La0.8Ca0.2FeO3-δ (LCF82 (b)),63 La0.9Ca0.1FeO3-δ (LCF91).64 

 

The type of alkaline-earth metal ion within the experimental temperature range 
appears to have little impact on the oxygen vacancy mobility. The calculated average 
migration enthalpies, however, show a clear trend, decreasing in the order LCF (1.08 ± 
0.04 eV) > LSF64 (0.95 ± 0.01 eV) > LBF64 (0.81 ± 0.01 eV) (cf. Table 4.3). Oxygen 
migration in the perovskite structure is known to occur via an energetic saddle point 
defined as the triangle formed by one B site cation and two A site cations between two 
adjacent OA4B2 octahedra.65 From a purely ionic point of view, the observed lowering in 
migration enthalpy in the series is expected from the trend in polarizability,  
𝛼𝛼Ba2+ > 𝛼𝛼Sr2+ > 𝛼𝛼Ca2+ ,66 and on the basis of the size of the involved alkaline-earth metal 

ions, 𝑟𝑟Ba2+(1.61 Å) > 𝑟𝑟Sr2+ (1.44 Å) > 𝑟𝑟Ca2+ (1.34 Å), which will be of influence to the 
open space in the critical triangle. The quoted radii are taken from Shannon’s 
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compilation.30 It is, however, likely that also other factors govern the migration barrier. 
Recent calculations on the formation and migration of oxygen vacancies in the series of 
(La,Sr)(Co,Fe)O3-δ and (Ba,Sr)(Co,Fe)O3-δ perovskites based on density functional 
theory suggest that it is the charge transfer from the migrating ion to the transition metal 
ion in the transition state and the local cation configuration in the critical triangle 
(containing, e.g., 0, 1 or 2 Sr2+ ions) that would determine the energetic barrier.67,68 

 

Table 4.3 – Migration enthalpies (ΔHm) of LCF64, LSF64 and LBF64 extracted from data of ECR 

experiments, following pO2 step changes 0.21 → 0.1 atm (Red) and 0.1 → 0.21 atm (Ox). 

Materials 

Migration enthalpy 

Reduction Oxidation 

ΔHm (eV) ΔHm (eV) 

La0.6Ca0.4FeO3-δ 1.11 ± 0.03 1.05 ± 0.03 

La0.6Sr0.4FeO3-δ 0.94 ± 0.01 0.96 ± 0.01 

La0.6Ba0.4FeO3-δ 0.80 ± 0.01 0.82 ± 0.01 

 

4.4 Conclusions 

It is demonstrated in this study that LCF64 and LSF64 adopt slightly-distorted 

perovskite structures at room temperature to become ideal cubic (space group 𝑃𝑃𝑃𝑃3�𝑃𝑃) at 

elevated temperatures. LBF64 adopts a cubic perovskite structure from room temperature 

up to 1000 °C. The different phase behaviour observed for the three compositions is 

suggested to be linked to the decreased tendency for tilting of the FeO6 octahedra with 

increasing radius of the alkaline-earth-metal dopant ion.  

Among the series LCF64, LSF64 and LBF64, the highest electrical conductivities 

in the temperature range 650 – 900 °C are found for LSF64. In air at 800 °C, the electrical 

conductivity of LSF64 is 191 S cm-1, decreasing to a value of 114 S cm-1 at a pO2 of 0.01 

atm, and found over the latter pO2 range roughly twice as high as those of LCF64 and 

LBF64. Unlike commonly suggested in literature, the temperature dependences of the 
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electrical conductivities of the doped ferrite perovskite compositions could not be 

described by Holstein’s small polaron theory. It is suggested that partial delocalization 

may change the nature of electronic conduction in these materials. Further research is 

required to elucidate this finding.  

A most important finding of our work is that the ionic conductivities of LCF64 and 

LSF64 as derived from data of electrical conductivity relaxation experiments in the 

temperature range 650 – 900 °C are high and notably similar. At 900 °C, the ionic 

conductivity of LCF64 is 0.045 S cm-1, only a factor 1.2 lower than found for LBF64. 

Noting that in general Ca-substituted materials are less vulnerable towards carbonation 

upon exposure to CO2 as compared to substitution by Sr or Ba, this observation renders 

LCF64 a very promising cathode for use in IT-SOFCs.  
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Appendix A4 

 
Table A4.1 — Structural data of LCF64, LSF64 and LBF64 from Rietveld refinements of room-
temperature XRD data. The numbers in parentheses denote standard deviations in units of the least 
significant digits. 

Atom Site x y z B occ 

La0.6Ca0.4FeO3-δ Pnma, a = 5.5138(1) Å, b = 7.7574(1) Å, c = 5.4896(1) Å  
La 4c 0.0215(1) 0.25 0.9991(12) 0.86(1) 0.6 
Ca 4c 0.0215(1) 0.25 0.9991(12) 0.86(1) 0.4 
Fe 4b 0.5 0 0 1.16(2) 1 
O1 4c 0.2806(15) 0.0142(11) 0.7267(18) 0.09(9) 2 
O2 8d 0.4939(17) 0.25 0.1391(18) 7.0(3) 1 

       
La0.6Sr0.4FeO3-δ 𝑅𝑅3�𝑐𝑐, a = b = 5.52260(6) Å, c = 13.4462(2) Å  

La 4c 0 0 0.25 1.7002(3) 0.6 
Sr 4c 0 0 0.25 1.7002(3) 0.4 
Fe 4b 0.3333 0.6667 0.1667 1.5771(7) 1 
O 4c 0.5468(11) 0 0.25 1.2295(18) 3 

       
La0.6Ba0.4FeO3-δ 𝑃𝑃𝑃𝑃3�𝑃𝑃, a = b = c = 3.92652(2) Å  

La 4c 0 0 0 2.41(2) 0.6 
Ba 4c 0 0 0 2.41(2) 0.4 
Fe 4b 0.5 0.5 0.5 2.28(4) 1 
O 4c 0.5 0.5 0 3.57(9) 3 
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Table A4.2. Activation energies of Dchem and kchem of LCF64, LSF64 and LBF64 extracted from 
data of ECR experiments, following pO2 step changes 0.21 → 0.1 atm (Red) and 0.1 → 0.21 atm 
(Ox). 

 
 
Table A4.3. Activation energies of Ds of LCF64, LSF64 and LBF64 extracted from data of ECR 
experiments, following pO2 step changes 0.21 → 0.1 atm (Red) and 0.1 → 0.21 atm (Ox). 
  

Materials 

Dchem  kchem 

     Red        Ox       Red       Ox 

Ea (kJ mol-1)  Ea (kJ mol-1)   Ea (kJ mol-1)  Ea (kJ mol-1)  

LCF64 98 ± 2  97 ± 1   146 ± 2  144 ± 1  
LSF64 93.6 ± 0.4  93.9 ± 0.4   86 ± 1  82 ± 1  
LBF64 88.8 ± 0.2  89.8 ± 0.4   92 ± 1  83.3 ± 0.7  

Materials 

Ds 

Red Ox 

Ea (kJ mol-1)  Ea (kJ mol-1)  

LCF64 139 ± 2  138 ± 2  
LSF64 143 ± 1  145 ± 1  
LBF64 103 ± 1  106 ± 1  



La0.6A0.4FeO3-δ (A = Ca, Sr and Ba)   134 

 
Figure A4.1 — In situ high temperature XRD patterns for (a) LCF64, (b) LSF64, and (c) recorded 

between 20° and 56° in air. 
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Figure A4.2 — (a) Fe-O-Fe angle and (b) Fe-O bond distance for LCF64, LSF64 and LBF64 
obtained from Rietveld refinements of HT-XRD patterns recorded in ambient air. 

 

 

Figure A4.3 — Typical measurement scheme used for thermogravimetric analysis. 
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Figure A4.4 — Plots of log(δ) vs log(pO2) for (a) LCF64, (b) LSF64 and (c) LBF64 derived from 
data of thermogravimetry. 
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Figure A4.5 — Comparison of the data of oxygen stoichiometry (3-δ) at 800 °C and 900 °C for 
LSF64 from this study with corresponding data obtained by Kuhn et al.37 Lines are drawn to guide 
the eye. 
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Figure A4.5 — pO2 dependence of the (a) electrical conductivity, (b) defect concentration [FeFe• ] 
and (c) mobility of electron-holes, at 800 °C, for LCF64, LSF64 and LBF64. The dashed lines 
through the data points are drawn to guide the eye. The horizontal line in (b) represents the [FeFe• ] 
concentration when electronic compensation is predominant, noting that all three materials have 
the same concentration of the alkaline-earth metal dopant (cf. Eq. 4.7). 
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Figure A4.6 — Inverse temperature dependence of the thermodynamic factor for LCF64, LSF64 
and LBF64 calculated from data of thermogravimetry obtained at pO2 = 0.147 atm. The specified 
pO2 corresponds to the logarithmic average of the initial and final values of the pO2 step change 
during ECR experiments. 
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CHAPTER 5 
Correlating the migration enthalpy of oxygen in 
perovskite-type oxides La1-xCaxFeO3-δ with the 
concentration and formation enthalpy of oxygen 
vacancies  

Abstract 

Structural evolution, electrical conductivity, oxygen nonstoichiometry and oxygen 

transport properties of perovskite-type oxides La1-xCaxFeO3-δ (x = 0.05, 0.10, 0.15, 0.20, 

0.30 and 0.40) are investigated. All investigated compositions exhibit, under ambient air, 

a phase transition from room-temperature orthorhombic (space group 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 ) to a 

slightly distorted cubic structure (space group 𝑅𝑅3�𝑐𝑐 ) at elevated temperature. The 

transition temperature is found to decrease gradually from 900 °C for x = 0.05 to 625 °C 

for x = 0.40. Analysis of the data of oxygen nonstoichiometry obtained by 

thermogravimetry shows that under the given experimental conditions the Ca dopant is 

predominantly compensated by formation of electron holes rather than by oxygen 

vacancies.  Maximum electrical conductivity under air is found for the composition with 

x = 0.30 (123 S cm-1 at 650 °C). Analysis of the temperature dependence of the mobility 

of the electron holes in terms of Emin-Holstein’s theory indicates that small polaron 

theory fails for the compositions with high Ca contents x = 0.30 and x = 0.40. This is 

tentatively explained by the increased delocalization of charge carriers with increasing Ca 

dopant concentration. The oxygen transport properties of La1-xCaxFeO3-δ in the range 

650 – 900 °C are evaluated using the electrical conductivity relaxation (ECR) technique. 

Combined with data of oxygen non-stoichiometry, the obtained results enable calculation 

of the oxygen vacancy diffusion coefficient and associated ionic conductivity. Both 

parameters increase with increasing Ca content in La1-xCaxFeO3-δ, while it is found that 
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the effective migration barrier for oxygen diffusion decreases with decreasing oxygen 

vacancy formation enthalpy.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

__________________________ 

This chapter has been submitted to Journal of Material Chemistry A as: J. Song, S. Zhu, D. 

Ning and H. J. M. Bouwmeester; Correlating the migration enthalpy of oxygen in perovskite-type 

oxides La1-xCaxFeO3-δ with the concentration and formation enthalpy of oxygen vacancies, 2020. 
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5.1 Introduction 
Mixed ionic-electronic conducting oxides are extensively investigated for potential 

application as air electrode in reversible solid oxide cells (RSOCs) that can be operated 

either as a solid oxide fuel cell (SOFC) or as a solid electrolyte electrolysis cell (SOEC).1–

3 The most popular electrodes considered to date are the perovskite-structured oxides 

La0.6Sr0.4CoO3-δ (LSC) and La0.6Sr0.4Co0.2Fe0.8O3-δ (LSCF), though many other 

compositions and structure types are currently being investigated.4   Oxygen ion transport 

in these oxides is mediated via a vacancy mechanism. A-site substitution of trivalent 

lanthanum with divalent strontium in the ABO3 perovskite oxides serves to create oxygen 

vacancies and, hence, to enhance oxygen ionic conductivity. A drawback in the case of 

above compositions is the clear mismatch between the ionic radii of host and dopant ions, 

La3+(XII) = 1.36 Å and Sr2+ (XII) = 1.44 Å, which is believed to be the cause of segregation 

of Sr2+ ions to the grain boundaries and to the surface. The latter has a detrimental effect 

on the surface oxygen exchange kinetics.5–8 Apart from this, the long-term 

thermodynamic stability of materials under actual operating conditions is an issue. The 

poor stability of cobalt-containing perovskites under reducing atmospheres, reactivity 

towards commonly used electrolytes and - last but not least - the high price of cobalt have 

urged researchers to explore cobalt-free mixed conducting electrodes with high 

electrocatalytic activity.9–11        

In recent studies by Berger et al.,12,13, La0.8Ca0.2FeO3-δ (LCF82) has been put 

forward as a promising electrode for RSOCs. The choice for calcium (Ca2+ (XII) = 1.34 

Å) rather than strontium not only reduces the mismatch between host and dopant ions, 

but also the lower basicity of Ca2+ compared to that of Sr2+ ions reduces vulnerability 

towards carbonation and, hence, surface degradation upon contact with CO2. The 

thermal expansion coefficient of LCF82 is found in perfect match with that of state-of-

the-art electrolytes,12 whereas the material shows electrical conductivities in usual ranges 

of temperature and oxygen partial pressure (pO2) in excess of 100 S cm-1, which is often 

regarded as the threshold value for use as electrode.14 It is further found that LCF82 
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exhibits high surface exchange and chemical diffusion coefficients with values exceeding 

those of state-of-the-art materials like LSC and LSCF.12   

In our preceding work, investigating the influence of the earth-alkaline-metal 

dopant on structure, electrical and oxygen transport of La0.6A0.4FeO3-δ (A =Ca, Sr, Ba), 

we found that the kinetic parameters for La0.6Ca0.4FeO3-δ (LCF64) resemble those of 

La0.6Sr0.4FeO3-δ (LSF64). Compared to extensive reports in literature on structure, 

electrical conductivity and oxygen transport properties of La1-xSrxFeO3-δ (LSF),15–20 only 

a few reports are available on selected compositions in the series La1-xCaxFeO3-δ.12,21,22 

This prompted us to conduct a more systematic study. In this study, the electrical 

conductivity and oxygen transport properties of La1-xCaxFeO3-δ (x = 0.05, 0.10, 0.15, 0.20, 

0.30 and 0.40) are investigated by means of electrical conductivity relaxation (ECR). 

Thermal evolution of the crystal structure and oxygen nonstoichiometry of the materials 

are investigated by high-temperature X-ray diffraction (HT-XRD) and 

thermogravimetric analysis (TGA).    

 

5.2 Experimental 

5.2.1 Sample preparation  
Powders of La1-xCaxFeO3-δ (x = 0.05, 0.10, 0.15, 0.20, 0.30 and 0.40) were prepared 

via a modified Pechini method, as described elsewhere.23 Stoichiometric amounts of 

La(NO3)3∙6H2O (Alfa Aesar, 99.9%), Ca(NO3)2∙4H2O (Sigma-Aldrich, 99%) and 

Fe(NO3)3∙9H2O (Sigma-Aldrich, ≥ 98%) were dissolved in water followed by the 

addition of C10H16N2O8 (EDTA, Sigma-Aldrich, >99%) and C6H8O7 (citric acid, Alfa 

Aesar, >99.5%) as chelating agents. The pH of the solution was adjusted to 7 using 

concentrated NH4OH (Sigma-Aldrich, 30 w/v%). After evaporation of the water, the 

foam-like gel reached self-ignition at around 350 °C. The obtained raw ashes were 

calcined at 900 °C for 5 h, using heating/cooling rates of 5 °C min-1. The chemical 

composition of the powders was checked by X-ray fluorescence (XRF) using a Philips 

PW1480 apparatus. The obtained powders were pelletized by uniaxial pressing at 25 MPa 
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followed by isostatic pressing at 400 MPa for 2 min. Subsequently, the pellets were 

sintered at 1120 °C for 5 h in air with heating/cooling rates of 2 °C min-1. The relative 

density of the pellets was above 94% of their theoretical value as measured by Archimedes’ 

method. 

 

5.2.2 Characterization 
The calcined powders were studied by room-temperature X-ray diffraction (XRD, 

D2 PHASER, Bruker) with Cu Kα1 radiation (λ = 1.54060 Å) in air. Data were collected 

in a step-scan mode over the 2𝜃𝜃 range 20-90 °C with a step size of 0.01° and a counting 

time of 8 s. The thermal evolution of the structures was investigated using high-

temperature X-ray diffraction (HT-XRD, D8 Advance, Bruker) in air from 600 °C to 

1000 °C with 25 °C intervals. The sample was heated to the desired temperature with a 

heating rate of 25 °C min-1, followed by a dwell of 15 min to ensure equilibration. XRD 

patterns were recorded in the 2𝜃𝜃 range of 20 – 90° with a step size of 0.015° and a counting 

time of 1.3 s. The FullProf software package was used for Rietveld refinements of the 

patterns.24  

The oxygen nonstoichiometry of the samples was determined by thermogravimetric 

analysis (TGA, Netsch STA F3 Jupiter). Data were collected during cooling from 900 

°C to 650 °C, with intervals of 25 °C and a dwell time of 30 min at each temperature 

before data acquisition. The measurements were conducted in oxygen-nitrogen mixtures 

containing either 4.5%, 10%, 21%, 42% or 90% of O2, corresponding to the pO2 values 

maintained during ECR experiments (see below). Prior to data collection, the powder 

was heated under 4.5% O2 to 900 °C, with a heating rate of 20 °C min-1 and a dwell time 

of at least 2.5 h, in order to remove impurities like adsorbed water and CO2. Following 

prior studies on La1-xSrxFeO3-δ (0 ≤ x ≤ 0.6),16 all compositions in the present study were 

considered to be stochiometric (δ = 0) at a pO2 of 0.21 atm below 150 °C.  

Samples for electrical conductivity relaxation (ECR) measurements were prepared 

by grinding and cutting dense sintered pellets to planar-sheet shaped samples with 

approximate dimensions 12 × 5 × 0.5 mm3. The sample surface was polished using 
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diamond polishing discs (JZ Primo, Xinhui China) down to 0.5 μm. A four-probe DC 

method was used to collect data of electrical conductivity. Two gold wires (Alfa Aesar, 

99.999%, Ø = 0.25 mm) were wrapped around both ends of the sample for current supply. 

Two additional gold wires were wrapped 1 mm remote from the current electrodes to act 

as voltage probes. To ensure good contact between the gold wires and the sample, 

sulphur-free gold paste (home-made) was applied on the sample surface directly 

underneath the gold wires. Finally, the sample was annealed at 950 °C in air for 1 h to 

sinter the gold paste and thermally cure the polished sample surface.  Data of the transient 

electrical conductivity was collected following oxidation and reduction step changes in 

pO2 between 0.100 and 0.210 bar. Measurements were conducted following stepwise 

cooling from 900 °C to 650 °C with intervals of 25 °C, heating/cooling rates of 10 °C 

min-1 and a dwell time of 60 min at each temperature before data acquisition. The 

chemical diffusion coefficient Dchem and the surface exchange coefficient kchem were 

determined by fitting the transient conductivity to the appropriate solution of Fick’s 

second law using a non-linear least-squares program based on the Levenberg-Marquardt 

algorithm. Detailed descriptions of the ECR technique and the model used for data 

fitting are given elsewhere.18,25  

 

5.3 Results and discussion 

5.3.1 Crystal structure  
Fig. 5.1 shows the room temperature XRD patterns of La1-xCaxFeO3-δ (x = 0.05, 

0.10, 0.15, 0.20, 0.30 and 0.40). All patterns could be fitted using orthorhombic space 

group 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 . Corresponding lattice parameters and reliability factors from Rietveld 

refinements are listed in Table 5.1. Other structural parameters obtained from the 

refinements are listed in Table A5.1. No impurity peaks are found in the patterns, 

suggesting that all compositions are single phase. The chemical composition of the 

powders appeared to be in good agreement with the intended nominal composition as 

was checked by XRF (see Fig. A5.1). 
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Figure 5.1 — Measured (red symbols) and calculated (black lines) of XRD powder patterns of La1-

xCaxFeO3-δ for (a) x = 0.05, (b) x = 0.10, (c) x = 0.15, (d) x = 0.20, (e) x = 0.30 and (f) x = 0.40.  

Data were recorded at room temperature in ambient air. The calculated positions of Bragg peaks 

and the residual plots are given under the patterns. 

 

Table 5.1 — Lattice parameters and reliability factors obtained from the Rietveld refinement of 

room-temperature XRD diffractograms of LCF64, LCF73, LCF82, LCF8515, LCF91 and 

LCF9505. 

 x = 0.05 x = 0.10 x = 0.15 x = 0.20 x = 0.30 x = 0.40 

a/ Å 5.54765(4) 5.54089(11) 5.52984(11) 5.52167(15) 5.50262(10) 5.48822(12) 
b/ Å 5.55664(3) 5.54966(8) 5.54068(9) 5.53475(13) 5.52552(9) 5.51710(15) 
c/ Å 7.84294(5) 7.83187(13) 7.81634(14) 7.80452(19) 7.77789(13) 7.75721(17) 

V/ Å3 241.769(2) 240.831(4) 239.485(4) 238.514(5) 236.486(4) 234.881(4) 
Rwp/ % 4.96 6.33 7.33 7.19 5.72 6.29 
Rexp/ % 1.99 4.55 4.89 4.06 2.41 2.52 
RBragg/% 1.275 1.769 1.868 2.050 1.875 2.237 

χ2 6.22 1.93 2.25 3.14 5.65 6.23 
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As is shown in Fig. 5.2, the lattice parameters show a clear negative dependence on 

Ca content, which suggests at first glance formation of Fe4+ (0.585 Å (XI)) as the primary 

compensating defect, noting that the Fe4+ ion has a smaller radius than Fe3+ (0.645 Å (XI) 

- high spin). The degree of electronic versus ionic compensation of the Ca dopant in La1-

xCaxFeO3-δ is further discussed below. The quoted ionic radii are taken from Shannon’s 

compilation.26 In general, a good agreement is found between the lattice parameters from 

this study and those of similar compositions reported by Price et al.21    

 

 
Figure 5.2 — Lattice parameters of La1-xCaxFeO3-δ as a function of x from Rietveld refinements of 

room temperature XRD powder patterns (cf. Fig. 5.1). Orthorhombic (𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃) lattice parameters 

for LCF phases are presented as pseudo-cubic lattice parameters, calculated using 𝑃𝑃 = 𝑃𝑃ortho/√2, 

𝑃𝑃 = 𝑃𝑃ortho/2 and 𝑐𝑐 = 𝑐𝑐ortho/√2 . 
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Figure 5.3 — Lattice parameters of La1-xCaxFeO3-δ for (a) x = 0.05, (b) x = 0.10, (c) x = 0.15, (d) x 

= 0.20, (e) x = 0.30 and (f) x = 0.40 as a function of temperature from Rietveld refinements of HT-

XRD patterns recorded in ambient air. For the orthorhombic (𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃) structure pseudo-cubic 

lattice parameters are given, calculated using 𝑃𝑃 = 𝑃𝑃ortho/√2, 𝑃𝑃 = 𝑃𝑃ortho/2 and 𝑐𝑐 = 𝑐𝑐ortho/√2 . 

For the rhombohedral (𝑅𝑅3�𝑐𝑐) structure,  𝑃𝑃 = 𝑃𝑃 = 𝑐𝑐 ≡ 𝑃𝑃. 
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Table 5.2 — Comparison of the transition temperature of the orthorhombic-to-rhombohedral 

phase transition in La1-xCaxFeO3-δ from HTXRD (this study) with that estimated using differential 

scanning calorimetry (DSC) by Price et al.21 

 x = 0.05 x = 0.10 x = 0.15 x = 0.20 x = 0.30 x = 0.40 

This work 900°C 825°C 775°C 775°C 725°C 625°C 

Price et al. 31 - 834°C - 738°C 688°C 602°C 

  

The temperature dependences of the pseudo-cubic lattice parameters obtained from 

Rietveld refinements of the HT-XRD patterns of samples La1-xCaxFeO3-δ are listed in 

Fig. 5.3. These give evidence of a structural phase transition from orthorhombic to 

rhombohedral (space group 𝑅𝑅3�𝑐𝑐), i.e., a slightly distorted cubic structure, occurring in all 

of the investigated compositions. The degree of distortion is found to decrease with 

temperature and Ca content. For example, at 1000 °C, the rhombohedral angle decreases 

in the order x = 0.05 (60.31°) > x = 0.10  (60.28°) > x = 0.15  (60.24°) > x = 0.20  (60.19°) 

> x = 0.30 (60.11°) > x =0.40 (60.09°), noting that the value of 60° corresponds to ideal 

cubic symmetry. The observed transition temperatures are listed in Table 5.2 and 

compared, as far as available, with those  found using differential scanning calorimetry 

(DSC) by Price et al.21 The lowering of the transition temperature with Ca content can 

be explained by the concomitant decrease of the deformation of the perovskite structure.  

 

5.3.2 Oxygen nonstoichiometry and thermodynamic factor 
The oxygen nonstoichiometry (δ) of La1-xCaxFeO3-δ was investigated as a function 

of temperature and pO2 by thermogravimetric analysis. A typical measurement scheme is 
shown in Fig. A5.2. Corresponding data plotted as a function of pO2, at different 
temperatures, for each of the compositions are shown in Fig. 5.4. As can be inferred from 
these figures, δ, at a given temperature and pO2, increases with increasing Ca mole 
fraction.  
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Figure 5.4 — Oxygen stoichiometry (3-δ) of La1-xCaxFeO3-δ for (a) x = 0.05, (b) x = 0.10, (c) x = 

0.15, (d) x = 0.20, (e) x = 0.30 and (f) x = 0.40 as a function of log(pO2) at different temperatures. 

Dashed lines are drawn to guide the eye. 

 
Starting point in our discussion of the defect chemistry of La1-xCaxFeO3-δ was the 

model developed by Mizusaki et al. 15–17 for La1-xSrxFeO3-δ. Assuming localized and non-
interacting defects, the oxidation reaction is described, in Kröger-Vink notation, as 

 
O2 + 2VO••  + 4FeFe× ⇆ 2OO

× + 4FeFe•  (5.1) 
 

with the equilibrium constant, 
 

𝐾𝐾𝑜𝑜𝑜𝑜 =  
[𝑂𝑂𝑂𝑂×]2[𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹• ]4

𝑝𝑝𝑂𝑂2[𝑉𝑉𝑂𝑂••]2[𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹× ]4 (5.2) 

 
Under oxidizing conditions, VO••  coexists with FeFe• , which is reflected in the reduced 
charge neutrality equation corresponding to this region, which reads  
 

[CaLa′ ] = 2[VO••] + [FeFe• ] (5.3) 
 
showing that the partial substitution of La3+ ions by Ca2+ is charge compensated by the 
formation of localized electron holes FeFe•  (Fe4+) and oxygen vacancies VO•• . Eq. 5.3 
ignores the presence of localized electrons  FeFe′  (Fe2+), arising from disproportionation 
of two Fe3+ ions in Fe2+ and Fe4+,  
 

FeFe×  ⇌ FeFe′ + FeFe• (5.4) 
 

which electronic defects become predominant under reducing conditions, and that of 
structural vacancies on lanthanum ( VLa′′′ ) and iron ( VFe′′′ ) sites. Using Eq. 5.3, the 
concentration of FeFe•  in La1-xCaxFeO3-δ at a given temperature and pO2 can be calculated 
from corresponding data of oxygen nonstoichiometry (cf. Fig. 5.4). Fig. 5.5 shows the 
results of such calculations for pO2 = 0.1 atm and pO2 = 1 atm, at 800 °C, from which 
figure it can be inferred that under the given experimental conditions in each of the 
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compositions electronic compensation of the Ca dopant dominates over ionic 
compensation. 

 
Figure 5.5 —  Electron hole concentration ([FeFe• ]) in La1-xCaxFeO3-δ as a function of x, at 800 °C, 

at pO2 = 0.1 atm and pO2 = 1 atm. The dotted lines are drawn to guide the eye. The dashed line 

denotes the limiting case of electronic compensation of the Ca dopant. The blue and beige areas 

represent an artistic view of the degrees of electronic and ionic compensation, at pO2 = 0.1 atm. 

Note that the degree of electronic compensation increases at the expense of ionic compensation 

upon increasing the pO2 from 0.1 atm to 1 atm. 

 
The use of the mass action equation (Eq. 5.2) to describe the equilibrium between 

oxygen in the gas phase and oxygen in the oxide relies on the assumption that the oxygen 
incorporation energetics is independent of the concentration of involved point defects, 
which are further taken to be randomly distributed among available lattice sites. The 
validity of this assumption in the experimental window may be checked by estimating the 
standard enthalpy change of the reaction 5.1, ∆𝐻𝐻ox0 , at different concentrations of oxygen 
vacancies, using the Van ‘t Hoff equation,  

 
𝜕𝜕

𝜕𝜕1/𝑇𝑇
𝑙𝑙𝑃𝑃𝐾𝐾ox = −  

∆𝐻𝐻ox0

𝑅𝑅𝑇𝑇
�
𝛿𝛿,𝑇𝑇

(5.5) 
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Figure 5.6 —  (a) Van ‘t Hoff plots for La0.7Ca0.3FeO3-δ used for evaluation of the enthalpy (∆𝐻𝐻ox0 ) 

and entropy (∆𝑆𝑆ox0 ) of oxidation (reaction 1) at given values of δ, (b) ∆𝐻𝐻ox0  vs δ and (c) ∆𝑆𝑆ox0  vs δ for 

La1-xCaxFeO3-δ. 
 
Assuming that ∆𝐻𝐻ox0  is independent of temperature, its value can be extracted from the 
slope of the plot of 𝑙𝑙𝑃𝑃𝐾𝐾ox versus inverse temperature,  
 

𝑙𝑙𝑃𝑃𝐾𝐾ox =  −
∆𝐻𝐻ox0

𝑅𝑅𝑇𝑇
+
∆𝑆𝑆ox0

𝑅𝑅
(5.6) 

 
while the intercept provides the standard entropy of the reaction, ∆𝑆𝑆ox0 . Typical Van ‘t 
Hoff plots are shown in Fig. 5.6a. Fig. 5.6b shows that, for a given Ca dopant 
concentration x in the series La1-xCaxFeO3-δ, ∆𝐻𝐻ox0   becomes more exothermic with 
increasing 𝛿𝛿 , while Fig. 5.6c shows that, at fixed value of 𝛿𝛿 , ∆𝐻𝐻ox0  becomes more 
endothermic (less exothermic) with increasing x. Interpreted in terms of the reverse of 
reaction 5.1, these results show that the energetic cost of formation of oxygen vacancies 
is higher at higher oxygen nonstoichiometry, while smaller, at fixed 𝛿𝛿, if La is partly 
substituted by Ca. The observations may be related, e.g. to an increase in the oxygen bond 
strength with increasing oxygen nonstoichiometry (due to the concomitant increase in 
the average oxidation state of the transition metal cation), a decrease in the oxygen bond 
strength with Ca content (Ca – O bonds are weaker than La – O bonds) and/or changes 
in the electronic structure. First principle calculations indeed confirm that the oxygen 
vacancy formation energy, 𝐸𝐸v (=  −1/2∆𝐻𝐻ox0 ) is significantly lowered with alkaline-earth 
metal dopant concentrations in La1-xSrxFeO3-δ

27 and La1-xCaxFeO3-δ
28, which is in line 

with the results shown in Fig. 5.6c. Both cited studies show that the electron holes 
induced by Sr or Ca substitution have significant O 2p character as has been confirmed 
by experimental studies using X-ray adsorption spectroscopy.29 These findings suggest 
that the electron holes in both series of oxides are (at least, to some extent) delocalized 
due to which the mass action law is expected to break down.30 Nonideal thermodynamic 
behavior of the defects as observed for La1-xCaxFeO3-δ in this study has also been reported 
for a number of related perovskite oxides, including La1-xBaxCo1-yFeyO3-δ,31 La1-xSrxCo1-

yFeyO3-δ,32 SrCo0.8Fe0.2O3-δ,33 and La1-xSrxCoO3-δ.30,34 These and present findings are, 
however, in contrast with data of high-temperature drop calorimetry and 
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thermogravimetry on La1-xSrxFeO3-δ.16,17,35 In these studies, ∆𝐻𝐻ox0  for La1-xSrxFeO3-δ is 
found virtually independent of the oxygen nonstoichiometry at an average value of -200 
± 50 kJ mol-1 for 0 ≤ x ≤ 0.5 and at -140 ± 30 kJ mol-1 for 0.5 ≤ x ≤ 1.0. Corresponding 
changes with x within the specified ranges are found to be within experimental error. 
Further work is required to understand the nonideal energetics of the defect species in 
La1-xCaxFeO3-δ. 
 

5.3.3 Electrical conductivity 
Fig. 5.7a shows Arrhenius plots of the total electrical conductivity in air of the 

different compositions La1-xCaxFeO3-δ. The conductivity includes both ionic and 

electronic contributions. Since under the given experimental conditions electron holes are 

the predominant charge carriers (cf. Fig. 5.4) and their mobility will be much higher than 

that of oxygen vacancies, it can safely be assumed that the contribution of ionic 

conductivity to the total electrical conductivity is negligible.  

Previous studies have suggested that electrical conduction in La1-xAxFeO3 (A = Ca, 

Sr) at elevated temperatures occurs by p-type small polaron hopping,15,19,36  and can be 

expressed as  

𝜎𝜎el = 𝑝𝑝 �
𝑁𝑁A
𝑉𝑉m
� 𝐹𝐹𝜇𝜇h (5.7) 

where 𝑝𝑝 ≡ [FeFe• ] and 𝜇𝜇h are the concentration (mole fraction) and mobility of electron 

holes, respectively, 𝑁𝑁A  is Avogadro’s number, 𝑉𝑉m  is the molar volume, and e is the 

electronic charge. The charge carrier concentration p as a function of temperature for each 

composition La1-xCaxFeO3-δ was determined from corresponding data of oxygen 

nonstoichiometry, while the mobility 𝜇𝜇h  was calculated with the help of Eq. 5.7. 

Arrhenius plots of both parameters for the different compositions La1-xCaxFeO3-δ are 

shown in Figs. 5.7b and 5.7c, respectively. Fig. 5.7a shows that the electrical conductivity 

of La1-xCaxFeO3-δ, at 650 °C, increases with Ca mole fraction up to a value of 123 S cm-1  

for x = 0.3. The results displayed in Fig. 5.7b make clear that this increase can be 

attributed to the concomitant increase in the charge carrier concentration. 
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Figure 5.7 — Arrhenius plots of the (a) electrical conductivity (𝜎𝜎el), (b) concentration of electron 

holes ([FeFe• ]) and (c) mobility of electron holes (𝜇𝜇h) for La1-xCaxFeO3-δ, at pO2 = 0.21 atm. The 

dashed lines are drawn to guide the eye. 
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The lowering of electrical conductivity on going from composition x = 0.3 to x = 0.4 (cf. 

Fig. 5.7a) is caused by the decreasing mobility, which is found much lower for x = 0.40 

than for x = 0.30. The observed decrease of the electrical conductivity with temperature 

for both compositions x = 0.30 and x = 0.40 (cf. Fig. 5.7a) can be attributed to a lowering 

of both the concentration and mobility of the charge carriers with increasing temperature. 

To discriminate between adiabatic and non-adiabatic regimes of small polaron 

hopping, we have analyzed the electrical mobility in terms of Emin-Holstein’s theory.37–

39 In the event of coincidence of local distortions of initial and final states, the 

temperature-dependent mobility in this theory is given by  

 

𝜇𝜇h = (1 − [FeFe• ]) 
3
2
𝐹𝐹𝑃𝑃2𝜈𝜈0
𝑘𝑘B

 
1
𝑇𝑇

 exp�−
1
2𝑊𝑊p − 𝐽𝐽
𝑘𝑘B𝑇𝑇

� (5.8) 

 

where a is the hopping distance, 𝜈𝜈0 is the frequency of optical phonons, 𝑊𝑊p is the polaron 

binding energy, J is the kinetic energy of the polaron, and 𝑘𝑘B is Boltzmann’s constant. 

The factor of 3/2 takes into account the fact that the polaron moves in a three-

dimensional lattice.39 The factor of (1 − [FeFe• ]) takes into account the probability that 

the adjacent site to which the polaron hops may already be occupied.40 Accordingly, the 

plot of 𝑙𝑙𝑃𝑃{𝜇𝜇h𝑇𝑇/(1 − [FeFe• ])}  vs  1000/𝑇𝑇  should give a straight line with activation 

energy 𝐸𝐸a =  1
2
𝑊𝑊p − 𝐽𝐽 in the adiabatic regime. In the non-adiabatic regime,37 the charge 

carrier moves too slowly to adjust to rapid lattice fluctuations and, hence, misses such 

‘coincidence events’, lowering the net hopping rate. The mobility of electron holes is then 

given by 

 

𝜇𝜇h = (1 − [FeFe• ]) 
3
2
𝐹𝐹𝑃𝑃2𝜈𝜈0
𝑘𝑘B

 
𝜋𝜋𝐽𝐽2

ℎ
�

2𝜋𝜋
𝑊𝑊p𝑘𝑘B

�
1/2

 
1

𝑇𝑇3/2  exp�−
1
2𝑊𝑊p

𝑘𝑘B𝑇𝑇
� (5.9) 

 

where h is Planck’s constant. In this case, the plot of 𝑙𝑙𝑃𝑃�𝜇𝜇h𝑇𝑇3/2/(1 − [FeFe• ])� vs 1000/𝑇𝑇 

should give a straight line with activation energy 𝐸𝐸a =  1
2
𝑊𝑊p.   
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Figure 5.8 — Plots of (a) ln{𝜇𝜇h𝑇𝑇/(1 − [FeFe• ])}  vs 1000/𝑇𝑇  (adiabatic regime) and (b) 

ln�𝜇𝜇h𝑇𝑇3/2/(1 − [FeFe• ])� vs 1000/𝑇𝑇 (non-adiabatic regime) for La1-xCaxFeO3-δ at pO2 = 0.21 atm. 

The dashed lines are drawn to guide the eye. 
 

Figs. 5.8a and 5.8b show corresponding data fitted to each model. The equations for the 

linear relationships along with the coefficients of determination (R2) are presented in 

Table 5.3. Both models fit the data for compositions x = 0.05, 0.10, 0.15 and 0.20 

reasonably well. Based on the results, however, it is difficult to substantiate either model. 

Comparison of the obtained R2 values indicates a slight favor for the non-adiabatic model. 

Clear departures from linear relationships are, however, obtained for compositions x = 

0.30 and 0.40. 

 

Table 5.3 — Linear equations used to fit ln{𝜇𝜇h𝑇𝑇/(1 − [FeFe• ])} vs 1000/𝑇𝑇 (adiabatic regime) and 

ln�𝜇𝜇h𝑇𝑇3/2/(1 − [FeFe• ])� vs 1000/𝑇𝑇 (non-adiabatic regime) plots as shown in Figs. 5.8a and 5.8b, 

respectively, along with the coefficients of determination (R2). 
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 Adiabatic Non-adiabatic 

 ln{μhT/(1-[FeFe• ])}  R2 ln{μhT3/2/(1-[FeFe• ])}  R2 

x = 0.05 −1526.50/𝑇𝑇 + 6.72 0.99957 −2045.87/𝑇𝑇 + 10.68 0.99959 

x = 0.10 −1409.57/𝑇𝑇 + 6.84 0.99884 −1943.11/𝑇𝑇 + 10.82 0.99917 

x = 0.15 −1253.09/𝑇𝑇 + 6.65 0.99881 −1766.98/𝑇𝑇 + 10.64 0.99907 

x = 0.20 −977.47/𝑇𝑇 + 6.33 0.99333 −1496.84/𝑇𝑇 + 10.29 0.99821 

 

Fig. A5.3a shows the pO2 dependence of the electrical conductivity of La1-

xCaxFeO3-δ, at 800 °C. For all compositions, it is found that the calculated electron hole 

mobility is suppressed by decreasing pO2, suggesting that the presence of oxygen vacancies 

highly influences the apparent mobility, e.g., by disruption of Fe4+–O–Fe3+ migration 

pathways, oxygen vacancies acting as traps or as scattering centres for the electrons (Fig. 

A5.3b and Fig. A5.4). 

Above, we have analyzed the apparent hole mobility in La1-xCaxFeO3-δ in terms of 

hopping of small polarons, which is a thermally activated process. As seen from Fig. 5.7c, 

the apparent hole mobility in the compositions with x = 0.30 and 0.40 is rather found to 

decrease with increasing temperature. As alluded to before, several studies based on 

density functional theory and X-ray adsorption spectroscopy have revealed that the Fe 3d 

and O 2p states in La1-xAxFeO3-δ (A = Ca, Sr) and related perovskites are hybridized to 

some degree. The extent of hybridisation is proposed to increase with the oxidation state 

of the transition metal ion,41 causing increased delocalisation of the charge carriers. 

Clearly, more research is warranted to clarify the nature of the charge carriers in these 

solids. 
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5.3.4 Electrical conductivity relaxation 

 

 
Figure 5.9 — Typical normalized conductivity curves following a step change in pO2 from 0.100 to 

0.215 atm at different temperatures. Data shown were obtained for La0.8Ca0.2FeO3-δ. The solid lines 

show the least-square fitting to the model equations. Corresponding values of Dchem and kchem 

obtained from fitting are listed. 

 

The oxygen transport properties of phases La1-xCaxFeO3-δ were evaluated using the 

ECR technique. It is recalled that measurements were conducted using small pO2 steps, 

i.e., between 0.100 and 0.215 atm, ensuring conditions close to equilibrium. Fig. 5.9 

shows normalized conductivity relaxation curves for a given sample obtained for oxidation 

steps at different temperatures along with the respective fits to the theoretical model. It 

can be seen that the time needed to reach equilibrium is longer as the temperature is 

reduced. Curve fitting allows simultaneous determination of the chemical diffusion 

coefficient, Dchem, and the surface exchange coefficient, kchem, provided that fitting is 

sensitive to both parameters. Both parameters can be most reliably assessed from fitting 
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if the sample length is close to Dchem /kchem, as parameterized by the Biot number (Bi).42 

This number represents the ratio between the characteristic times for diffusion, 

𝜏𝜏diff =  𝑙𝑙z2 𝐷𝐷chem⁄ , and that for surface exchange, 𝜏𝜏exch = 𝑙𝑙z 𝑘𝑘chem⁄ , 𝑙𝑙𝑧𝑧  being the half-

thickness of the sample, 

 

𝐵𝐵𝐵𝐵 =
𝜏𝜏exch
𝜏𝜏diff

=  
𝑙𝑙𝑧𝑧

𝐷𝐷chem 𝑘𝑘chem⁄
(5.10) 

 

Dchem and kchem can be most reliably assessed in the ‘mixed-controlled’ region. This 

confidence region is, however, determined by the accuracy of the measurements. A plot 

of the Biot number against temperature obtained from fitting of the conductivity 

relaxation curves as acquired for the series of La1-xCaxFeO3-δ is shown in Fig. 5.10. Note 

from Eq. 5.10 that the Biot number can only be calculated if both Dchem and kchem are 

obtained from curve fitting. 

 

 
Figure 5.10 — Temperature dependence of the Biot number (Bi) for La1-xCaxFeO3-δ. Error bars 

are within the size of the symbols. Following Den Otter et al.,Ref  the mixed-controlled region is 

found for 0.03 ≤ 𝐵𝐵𝐵𝐵 ≤ 30. 
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Figure 5.11 — Arrhenius plots of the (a) chemical diffusion coefficient (Dchem) and (b) surface 
exchange coefficient (kchem) for La1-xCaxFeO3-δ (0.100 ↔ 0.215 atm). Filled and open symbols 
represent data of oxidation and reduction step changes, respectively (for data from this study only). 
Error bars are within the size of the symbols. The dashed lines are from linear fitting of the data. 
Data for La0.9Ca0.1FeO3-δ (0.10 ↔  0.15 atm),22 La0.8Ca0.2FeO3-δ (0.10 ↔  0.15 atm),12 and 
La0.58Sr0.4Co0.2Fe0.8O3-δ (LSCF6428; 0.20 ↔ 0.40 atm)43 from the cited literature are shown for 
comparison. The pressure range between parenthesis denotes the step change in pO2 used in the 
ECR measurements. 

 

Arrhenius plots of Dchem and kchem for the different La1-xCaxFeO3-δ compositions are 

shown in Fig. 5.11a and 5.11b, respectively. There is no significant difference between 

the results from oxidation and reductions runs. Obtained values of Dchem for x = 0.10 and 

x = 0.20 are in good agreement with corresponding values reported by Berger et al.12,22 

(Fig. 5.9a). The agreement is less good comparing values of kchem for x = 0.20 with those 

reported by Berger et al.12 (Fig. 5.11b). This may at least partly be due to the difficulty in 

determining kchem as the materials exhibit exceptionally high surface exchange rates, as was 
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noted before by Berger et al.22 In the present study, values of kchem could only be accurately 

assessed from the relaxation curves for compositions x = 0.15, x = 0.20, x = 0.30 and x = 

0.40. Note from Fig. 5.9b that all these compositions show higher surface exchange rates 

than state-of-the-art La0.58Sr0.4Co0.2Fe0.8O3-δ (LSCF).43 Recent research has learned that 

the surface exchange rate on oxide surfaces may be highly influenced by, e.g., surface 

enrichment due to segregation, surface impurities and grain size.5,6,43 The high exchange 

rates found for La1-xCaxFeO3-δ deserve more focused research, but this is considered 

beyond the scope of this work. 

Apart from x = 0.05, the temperature dependences of Dchem of compositions La1-

xCaxFeO3-δ exhibit non-Arrhenius behavior (Fig. 5.11a). The variation in slope with 

temperature is linked with the existence regions of the orthorhombic (space group 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃) 

and rhombohedral (space group 𝑅𝑅3�𝑐𝑐) phases as may be inferred by comparing the data in 

Fig. 5.11a with the structural data shown in Fig. 5.3. Apparent activation energies of 

Dchem in both temperature regions deduced from the data in Fig. 5.11a are listed in Table 

A5.2. Note from this table that significantly higher activation energies are found in the 

temperature region of the orthorhombic phase. As Dchem is a lumped parameter, the 

different activation energies in both temperature regions may either have a kinetic or a 

thermodynamic origin.  

 

5.3.5 Ionic conductivity and oxygen diffusivity 
To further analyze the influence of Ca substitution on the oxygen transport 

properties of La1-xCaxFeO3-δ, the oxygen self-diffusion coefficient, DS, and vacancy 

diffusion coefficient, Dv, of the different compositions were calculated. Ds was calculated, 

using the relationship18   

 

𝐷𝐷chem = 𝛾𝛾O𝐷𝐷s (5.11) 
 

where 𝛾𝛾O is the thermodynamic factor, defined as 
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𝛾𝛾O =
1
2
∙
𝜕𝜕 ln(𝑝𝑝O2)
𝜕𝜕 ln(𝑐𝑐O) =

3 − 𝛿𝛿
2

∙
𝜕𝜕 ln(𝑝𝑝O2)
𝜕𝜕(3 − 𝛿𝛿)

(5.12) 

 

and where 𝑐𝑐O  (= (3 − 𝛿𝛿)/𝑉𝑉m) is the oxygen concentration, while DV was calculated 

within the random walk diffusion theory framework, using the jump balance,44 

 

  𝑐𝑐O ∙ 𝐷𝐷s =  𝑐𝑐v ∙ 𝐷𝐷v (5.13) 
 

where 𝑐𝑐v (=  𝛿𝛿/𝑉𝑉m) is the oxygen vacancy concentration.  

  
Figure 5.12 — Arrhenius plots of the (a) oxygen self-diffusion coefficient (Ds) and (b) oxygen 

vacancy diffusion coefficient (Dv) for La1-xCaxFeO3-δ, at pO2 = 0.147 atm. The filled and open 

symbols represent the data of oxidation and reduction step changes, respectively. Error bars are 

within the size of the symbols. The drawn lines are from linear fitting of the data. The specified 

pO2 corresponds to the logarithmic average of the step change in pO2 (0.100 ↔ 0.215 atm) used in 

the ECR measurements. 

 

The temperature dependences of 𝛾𝛾O, at pO2 = 0.147 atm, for the different compositions 

La1-xCaxFeO3-δ investigated in this work are given in Fig. A5.4, noting that the specified 
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pO2 corresponds to the logarithmic average of the pO2 step change (0.100 ↔ 0.215 atm) 

used in the ECR experiments. Arrhenius plots of Ds and Dv are shown in Figs. 5.12a and 

5.12b, respectively. Both plots are highly linear with coefficients of determination (R2) 

close to unity, which confirms not only that the observed non-Arrhenius behavior of Dchem 

(see previous section) has a sole thermodynamic origin, but also that the orthorhombic-

to-rhombohedral phase transition has negligible influence on the diffusivity of oxygen in 

La1-xCaxFeO3-δ. Calculated activation energies of Ds and Dv are listed in Table A5.3 and 

Table A5.4, respectively. For both parameters, good agreement is noted between the 

values deduced from data of oxidation and reductions runs.  

 

 
Figure 5.13 — Arrhenius plots of the calculated ionic conductivity (𝜎𝜎ion) for La1-xCaxFeO3-δ, at 

pO2 = 0.147 atm. Lines are drawn to guide the eye. The specified pO2 corresponds to the logarithmic 

average of the step change in pO2 (0.100 ↔ 0.215 atm) used in the ECR measurements. 
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Figure 5.14 — (a) Oxygen vacancy diffusion coefficient (Dv) and (b) migration energy (Em) as a 

function of x in La1-xCaxFeO3-δ as derived from data presented in Fig. 5.12b. 

 

Fig. 5.13 shows Arrhenius plots of the ionic conductivity, 𝜎𝜎ion, of La1-xCaxFeO3-δ 

calculated using the Nernst-Einstein equation,  
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𝜎𝜎ion =
4𝐹𝐹2𝑁𝑁A𝑐𝑐O 𝐷𝐷s

𝑘𝑘B𝑇𝑇
=

4𝐹𝐹2𝑁𝑁A𝑐𝑐v𝐷𝐷v
𝑘𝑘B𝑇𝑇

(5.14) 

 

The obtained results clearly reveal that the isothermal value of 𝜎𝜎ion increases with the 

mole fraction x of the Ca dopant. At least, in part, this is due to concomitant increases in 

the concentration of oxygen vacancies as can be inferred from the data presented in Fig. 

5.4. In part, however, this is also due to the concomitant increases in DV with increasing 

Ca content as is shown in Fig. 5.14a. The results in this figure demonstrate that DV at 

fixed temperature increases profoundly with Ca content to reach an almost constant value 

at x ≥ 0.20. The observed behavior is consistent with the concomitant decrease in the 

oxygen migration barrier, Em, with increasing x in La1-xCaxFeO3-δ as shown in Fig. 5.14b. 

Em is found to decrease from 1.72 ± 0.02 eV for x = 0.05 to an average value of 1.08 ± 

0.03 eV for x = 0.40 (cf. Table A5.4). The observed migration barriers at small values of 

x are distinctly larger than those reported for single crystals of La1-xSrxCoO3-δ (77 ± 21 kJ 

mol-1 (x = 0), 79 ± 25 kJ mol-1 (x = 0.1))45  and La1-xSrxFeO3-δ (74 ± 24 kJ mol-1 (x = 0), 79 

± 25 kJ mol-1 (x = 0.1), 114 ± 23 kJ mol-1 (x = 0.25) by Ishigaki et al.45  

The motion of oxygen ions through the oxide lattice is described by an activated 

hopping process and involves the breaking of cations bonds with oxygen and electron 

transfer from oxygen to the adjacent transition metal or the Fermi level (i.e., resembling 

the process of oxygen vacancy formation) and migration along the minimum energy 

pathway to the next nearest-neighbor site, thereby migrating through a critical A2B 

triangle (formed by two A cations and one B cation). Many researchers have attempted 

to correlate the experimentally observed migration barriers with various descriptors, like 

the free lattice volume, oxygen bond strength, lattice distortion, critical radius, etc.46–49  

Using ab initio methods, Mayeshiba and Morgan50 found that descriptors like the O p-

band center energy and oxygen vacancy formation energy correlate well with the oxygen 

migration barrier for a group of over 40 perovskite oxides. Both descriptors are related to 

the metal-oxygen bond strength, which obviously raises the question whether one of the 

used descriptors is redundant. The O p-band center energy (which is defined as the 
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centroid of the projected density of states (PDOS) relative to the Fermi level) is found to 

correlate well with the oxygen vacancy formation enthalpy, which suggests that electronic 

contributions are highly important to oxygen vacancy formation in perovskite oxides.50–53  

 

 
Figure 5.15 — Migration energy (Em) vs oxygen vacancy formation energy (Ev). Em was evaluated 

at constant pO2 (from data presented in Fig. 5.12b), while Ev was evaluated at constant oxygen 

nonstoichiometry (from data presented in Fig. 5.6b), at δ = 0.003 and at δ = 0.013. 

 

Assuming that all oxygen sites are equivalent, random walk theory of diffusion 

predicts that the vacancy diffusivity Dv is directly proportional to the fraction of occupied 

sites and, hence, to the oxygen concentration 𝑐𝑐O which, for small values of the oxygen 

vacancy concentration 𝑐𝑐V , is virtually constant.54 For this reason, measured activation 

energies of Dv are commonly interpreted as the migration energy (Em), assuming that all 

other atomistic parameters, including the characteristic lattice frequency and hopping 

distance, remain constant with changes in 𝑐𝑐v. Fig. 5.15 shows the migration barriers thus 

obtained for La1-xCaxFeO3-δ (Table A5.4) plotted against the oxygen vacancy formation 

energies, 𝐸𝐸v, at two different values of 𝛿𝛿, as evaluated from corresponding Van ‘t Hoff 

plots (cf. Fig. 5.6b). Both curves exhibit a trend similar to that observed for the group of 
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perovskite oxides by Mayeshiba and Morgan50 in the sense that the migration barrier in 

La1-xCaxFeO3-δ is found to decrease with decreasing 𝐸𝐸V. As discussed in Section 3.2, 

values of 𝐸𝐸v  for La1-xCaxFeO3-δ depend both on x and 𝛿𝛿. A more detailed analysis of the 

correlation between Em and 𝐸𝐸v in La1-xCaxFeO3-δ must therefore await evaluation of the 

migration barriers in compositions La1-xCaxFeO3-δ as a function of both x and 𝛿𝛿. 

 

5.4 Conclusions 

In this work, we have shown that:  

(i) Perovskite-type oxides La1-xCaxFeO3-δ (x = 0.05, 0.10, 0.15, 0.20, 0.30 and 0.40) 

exhibit a phase transition, under ambient air, from room-temperature orthorhombic 

(space group 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃) to a slightly distorted cubic structure (space group 𝑅𝑅3�𝑐𝑐) at 

elevated temperature. The transition temperature decreases gradually from 900 °C 

for x = 0.05 to 625 °C for x = 0.40. 

 

The combined data of thermogravimetry, electrical conductivity and electrical 

conductivity relaxation measurements on La1-xCaxFeO3-δ reveal that:  

(ii) The Ca dopant is predominantly compensated by the formation of electron holes 

(electronic compensation) rather than by oxygen vacancies (ionic compensation). 

The enthalpy of oxidation is found to decrease with increasing oxygen 

nonstoichiometry δ, while it becomes more endothermic (less exothermic), at 

constant δ, with increasing x. 

(iii) Maximum electrical conductivity of value 123 S cm-1 at 650 °C is found, under air, 

for x = 0.30. The temperature dependence of the calculated mobility of electron 

holes x = 0.10, 0.15, 0.15 and 0.20 is found to be in accordance with Emin-

Holstein’s theory (adiabatic and non-adiabatic regimes), but fails for the 

compositions with high Ca contents x = 0.30 and x = 0.40. This is tentatively 

explained by the increased delocalization of charge carriers with increasing the Ca 

dopant concentration.  



171   Chapter 5 

(iv) The effective migration barrier for oxygen diffusion in La1-xCaxFeO3-δ decreases 

with decreasing oxygen vacancy formation enthalpy (less negative enthalpy of 

oxidation). The latter is found to depend both on Ca content and the level of oxygen 

nonstoichiometry. The ionic conductivity increases with increasing Ca content in 

La1-xCaxFeO3-δ due to the resultant increases in oxygen nonstoichiometry and 

vacancy diffusivity.  
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Appendix A5 

Table A5.1 — Structural data of La1-xCaxFeO3-δ from Rietveld refinements of room-temperature 

XRD data. The numbers in parentheses denote standard deviations in units of the least significant 

digits. 

 

Atom Site x y z B occ 

x = 0.05 Pnma, a = 5.54765(4) Å, b = 5.55665(3) Å, c = 7.84294(5) Å  
La 4c 0.9934(2) 0.02818(7) 0.25 0.67(1) 0.475 
Ca 4c 0.9934(2) 0.02818(7) 0.25 0.67(1) 0.025 
Fe 4b 0 0.5 0 0.47(1) 0.5 
O1 8d 0.7178(11) 0.2798(11) 0.0340(9) 1.1(1) 1 
O2 4c 0.0784(20) 0.4879(7) 0.25 2.5(2) 0.5 

       
x = 0.10 Pnma, a = 5.5408(1) Å, b = 5.54966(8) Å, c = 7.8318(1) Å  

La 4c 0.9940(5) 0.0268(1) 0.25 0.80(1) 0.45 
Ca 4c 0.9940(5) 0.0268(1) 0.25 0.80(1) 0.05 
Fe 4b 0 0.5 0 0.61(2) 0.5 
O1 8d 0.7167(24) 0.2755(25) 0.0283(18) 0.8(2) 1 
O2 4c 0.0948(40) 0.4896(18) 0.25 4.2(5) 0.5 

       
x = 0.15 Pbnm, a = 5.5298(1) Å, b = 5.54268(9) Å, c = 7.8163(1) Å  

La 4c 0.9938(6) 0.0256(1) 0.25 0.69(2) 0.4 
Ca 4c 0.9938(6) 0.0256(1) 0.25 0.69(2) 0.1 
Fe 4b 0 0.5 0 0.46(3) 0.5 
O1 8d 0.7193(20) 0.2770(21) 0.0352(16) 0.4(2) 1 
O2 4c 0.0794(39) 0.4898(14) 0.25 4.3(5) 0.5 

       
x = 0.20 Pbnm, a = 5.5216(1) Å, b = 5.5347(1) Å, c = 7.8045(1) Å  

La 4c 0.9948(8) 0.0240(1) 0.25 0.84(2) 0.4 
Ca 4c 0.9948(8) 0.0240(1) 0.25s 0.84(2) 0.1 
Fe 4b 0 0.5 0 0.56(3) 0.5 
O1 8d 0.7216(31) 0.2782(29) 0.0232(21) 0.2(2) 1 
O2 4c 0.1092(37) 0.4927(21) 0.25 4.9(5) 0.5 
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Table A5.1 contd — Structural data of La1-xCaxFeO3-δ from Rietveld refinements of room-

temperature XRD data. The numbers in parentheses denote standard deviations in units of the 

least significant digits. 

 

Atom Site x y z B occ 

x = 0.30 Pbnm, a = 5.5026(1) Å, b = 5.52552(9) Å, c = 7.7778(1) Å  
La 4c 0.9950(5) 0.0216(1) 0.25 0.75(1) 0.35 
Ca 4c 0.9950(5) 0.0216(1) 0.25 0.75(1) 0.15 
Fe 4b 0 0.5 0 0.61(1) 0.5 
O1 8d 0.7234(18) 0.2835(15) 0.0148(12) 0.15(9) 1 
O2 4c 0.1179(20) 0.5012(14) 0.25 5.7(3) 0.5 

       
x = 0.40 Pbnm, a = 5.4882(1) Å, b = 5.5171(1) Å, c = 7.7572(1) Å  

La 4c 0.9991(12) 0.0215(1) 0.25 0.86(1) 0.3 
Ca 4c 0.9991(12) 0.0215(1) 0.25 0.86(1) 0.2 
Fe 4b 0 0.5 0 1.16(2) 0.5 
O1 8d 0.7267(18) 0.2806(15) 0.0142(11) 0.09(9) 1 
O2 4c 0.1391(18) 0.4939(17) 0.25 7.0(3) 0.5 
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Table A5.2 — Activation energies of the chemical diffusion coefficient (Dchem) for La1-xCaxFeO3-δ 

derived from different temperature regions (designated by the space groups; cf. Fig. 5.3) in 

corresponding Arrhenius plots (Fig. 5.10a).  Data are given for both oxidation (Ox) and reductions 

(Red) runs. 

 

 

 

 

 

 

 

 

Table A5.3 — Activation energies of the oxygen self-diffusion coefficient (Ds) for La1-xCaxFeO3-δ 

derived from Arrhenius plots (Fig. 5.11a) along with the corresponding coefficients of 

determination (R2) of the linear fitting. Data are given for both oxidation (Ox) and reductions (Red) 

runs. 

 

 

  

x 

Ea (eV) 

Red Ox 

Pbnm 𝑹𝑹𝟑𝟑�𝒄𝒄 Pbnm 𝑹𝑹𝟑𝟑�𝒄𝒄 
0.05 1.80±0.02 - 1.80±0.02 - 
0.10 1.46±0.02 1.05±0.07 1.45±0.02 1.04±0.07 
0.15 1.40±0.02 0.97±0.04 1.42±0.03 0.96±0.04 
0.20 1.12±0.01 0.75±0.01 1.17±0.01 0.75±0.01 
0.30 1.53±0.01 0.98±0.01 1.40±0.04 0.95±0.01 
0.40 - 1.09±0.02 - 1.02±0.02 

x 

Red Ox 

Ea 
(eV) 

R2 
(-) 

Ea 
(eV) 

R2 

(-) 

0.05 1.92±0.03 0.998 1.93±0.03 0.997 
0.10 1.68±0.01 0.999 1.66±0.01 0.999 

0.15 1.77±0.02 0.999 1.75±0.02 0.999 

0.20 1.47±0.01 0.998 1.48±0.02 0.998 
0.30 1.57±0.02 0.998 1.51±0.01 0.999 
0.40 1.50±0.02 0.997 1.43±0.02 0.997 
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Table A5.4 — Activation energies of the oxygen vacancy diffusion coefficient (Dv) for La1-

xCaxFeO3-δ derived from Arrhenius plots (Fig. 5.11b) along with the corresponding coefficients of 

determination (R2) of the linear fitting. Data are given for both oxidation (Ox) and reductions (Red) 

runs. 

 

 

  x 

Red  Ox 

ΔHm 
(eV) 

R2 
(-) 

 ΔHm 
(eV) 

R2 
(-) 

0.05 1.72±0.02 0.998  1.72±0.03 0.997 
0.10 1.44±0.02 0.998  1.43±0.02 0.998 
0.15 1.41±0.02 0.998  1.39±0.02 0.998 
0.20 1.18±0.03 0.994  1.20±0.03 0.993 
0.30 1.17±0.02 0.997  1.15±0.02 0.997 
0.40 1.11±0.03 0.994  1.05±0.03 0.992 
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Figure A5.1 — Measured composition (by XRF analysis) vs nominal composition for samples La1-

xCaxFeO3-δ; (a) La content and (b) Ca content. 

 

 

Figure A5.2 — Typical measurement scheme used for thermogravimetric analysis. Data shown are 
for La1-xCaxFeO3-δ (x = 0.20). 
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Figure A5.3 — pO2 dependence of the (a) electrical conductivity (𝜎𝜎el) and (b) electrical mobility 
(𝜇𝜇h) for La1-xCaxFeO3-δ at 800 °C. The dashed lines are drawn to guide the eye. 
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Figure A5.4 — Mobility of electron holes (𝜇𝜇h), at 800 °C, for La1-xCaxFeO3-δ as a function of 
oxygen content (3 − 𝛿𝛿). The dashed lines are drawn to guide the eye. 

 

  



La1-xCaxFeO3-δ (x = 0.05, 0.1, 0.15, 0.2, 0.3 and 0.4)  184 

 

Figure A5.5 — Inverse temperature dependence of the thermodynamic factor for La1-xCaxFeO3-δ, 
at pO2 = 0.147 atm, calculated from data of thermogravimetry (cf. Fig. 5.4). The specified pO2 

corresponds to the logarithmic average of the step change in pO2 (0.10 ↔ 0.215 atm) used in the 
ECR measurements. 
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CHAPTER 6 
Structure, electrical conductivity and oxygen 
transport properties of perovskite -type oxides 
CaMn1x-yTixFeyO3-δ 

Abstract 

Calcium manganite-based perovskite-type oxides hold promise for application in 
chemical looping combustion processes and oxygen transport membranes. In this study, 
we have investigated the structure, electrical conductivity and oxygen transport properties 
of perovskite-type oxides CaMn1-x-yTixFeyO3-δ. Distinct from previous work, data of 
high-temperature X-ray diffraction (HT-XRD) in the temperature range 600-1000 °C 
(with intervals of 25 °C) demonstrates that CaMnO3-δ (CM) transforms from 
orthorhombic to a mixture of orthorhombic and tetragonal phases between 875°C and 
900 °C. The Rietveld refinements show formation of a pure tetragonal phase at 975 °C 
and of a pure cubic phase at 1000 °C. Partial substitution of manganese by iron and/or 
titanium to yield CaMn0.875Ti0.125O3-δ (CMT), CaMn0.85Fe0.15O3-δ (CMF) or 
CaMn0.725Ti0.125Fe0.15O3-δ (CMTF) leads to different phase behaviours. While CMT 
remains orthorhombic up to the highest temperature covered by the HT-XRD 
experiments, CMF and CMTF undergo an orthorhombic →  tetragonal →  cubic 
sequence of phase transitions. Electrical conductivity relaxation measurements are 
conducted to determine the chemical diffusion coefficient (Dchem) and the surface 
exchange coefficient (kchem) of the materials. The results demonstrate that oxygen 
transport is hindered in the tetragonal phase, when occurring, which is attributed to a 
possible ordering of oxygen vacancies. The small polaron electrical conductivity of CM 
in the cited temperature range is lowered upon partial manganese substitution, by about 
10% for CMF and up to half an order of magnitude for CMT and CMTF. 
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6.1 Introduction 
Chemical looping combustion (CLC) is a combustion technology for power and 

heat generation integrated with CO2 capture.1-6 The gaseous fuel is oxidized by lattice 

oxygen from a solid oxide, typically a transition metal-containing oxide. The oxygen 

carrier material (OCM) is circulated between the fuel reactor and an adjacent air reactor, 

where it is re-oxidized by air for the next cycle. The combustion reaction produces CO2 

and H2O, which can easily be separated by condensation, hence producing a pure CO2 

stream. CLC technology is conceptually linked to membrane-based oxyfuel combustion, 

where oxygen is supplied to the fuel by an oxygen transport membrane (OTM), separating 

oxygen from air.7-10 Both applications rely on solid oxides (referring to the OCM and 

OTM materials), showing fast oxygen transport kinetics and reliable operation in 

atmospheres containing CO2, SO2, and/or water. 

Calcium manganite, in which 12.5 mol% of manganese is substituted by titanium, 

was shown to hold promise for CLC applications.11-13 Recently, we demonstrated an 

improved performance for CaMn0.875−xTi0.125FexO3−δ.14 The partial co-substitution of 

manganese by titanium and iron enhances both the oxygen storage capacity and release 

kinetics and lowers the degradation rate. Optimal performance was found for the 

composition with 15 mol% iron.14 Asymmetric OTM membranes based on 

CaMn0.25Ti0.6Fe0.15O3-δ operated in CO2-containing atmospheres showed a stable oxygen 

flux over a period of 6 months, without significant degradation.15 In the present study, we 

have determined the evolution of structure and oxygen transport properties of CaMnO3-

δ (CM), CaMn0.875Ti0.125O3-δ (CMT), CaMn0.85Fe0.15O3-δ (CMF), and 

CaMn0.725Ti0.125Fe0.15O3-δ (CMTF) with temperature, using high-temperature X-ray 

diffraction, differential thermal analysis, thermogravimetry and electrical conductivity 

relaxation measurements. 



CaMn1x-yTixFeyO3-δ   188 

6.2 Experimental 

6.2.1 Powder synthesis and sintering 
Powders of CM, CMT, CMF and CMTF were synthesized as described 

elsewhere.4 The powders were milled in ethanol for 30 min using a planetary ball mill 

(Retsch PM 100) with a 150 mm diameter zirconia bowl and 5 mm zirconia balls operated 

at 250 rpm. The powder was dried and sieved, and the fraction below 45 μm was uniaxially 

pressed into a pellet, which was further compacted using a cold isostatic press at 400 MPa. 

Further densification was achieved by the following procedure: the green pellet was placed 

onto a platinum foil inside a tubular furnace and heated (200 K h-1) under a flow of 2% 

H2 in nitrogen up to ~800 °C. Upon reaching that temperature, the atmosphere was 

changed to a flow of pure nitrogen, and the sample further heated with an unchanged rate 

until the sintering temperature was reached (1450 °C for CM and CMT, 1400 °C for 

CMF and CMTF), followed by a dwell of 12 h at this temperature.16  Subsequently, the 

sample was cooled at a rate of 5 °C min-1 to 1250 °C, at which the gas flow was changed 

to 10% oxygen in nitrogen. The sample was kept for 6 h at the temperature of 1250˚C, 

and subsequently slowly cooled down at 1 °C min-1 to room temperature in order to avoid 

formation of cracks. Dense ceramic pellets were obtained with relative densities in excess 

of 99%, as measured by Archimedes’ method. 

  

6.2.2 X-ray diffraction 
Room temperature X-ray powder diffraction (XRD) measurements were performed 

on a Rigaku SmartLab X-Ray Diffractometer in Bragg-Brentano mode (Cu Kα 

radiation). Finely ground and sieved powder (<90 μm) was dispersed onto the sample 

holder and data was collected from 15 to 60° with a step size of 0.02° and 0.5° per minute 

min scanning speed. For high temperature X-ray diffraction measurements (HT-XRD) 

measurements, a Rigaku Ultima IV instrument with CuKα radiation generated at 40 kV 

and 40 mA was employed. The powder samples were heated to 975 ˚C under a 30 ml 

min-1 flow of synthetic air. XRD patterns were recorded from 975 ˚C or 1000 ˚C down to 
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600 ˚C with 25 °C intervals. At each temperature the sample was allowed to equilibrate 

for 10 min. Data were acquired in the 2θ range 10-75° with a step size of 0.02° and a scan 

speed of 1 °C min-1. The Full Prof software package was used for Rietveld refinements of 

the patterns.17 Room temperature XRD patterns of sintered ceramic bodies were recorded 

on a Bruker D2 Phaser instrument with Cu-Kα radiation (λ = 1.54184 Å). 

 

6.2.3 Thermal analysis 
Differential thermal analysis (DTA) and thermogravimetric analysis (TGA) data 

were collected on a Netzsch STA 449 F3 Jupiter instrument. Prior to experiments, the 

samples held in alumina crucibles were heated to 1000 °C under a synthetic air flow to 

remove any adsorbed species. After a dwell of 30 min at this temperature, the sample was 

cooled to 100 °C. For DTA experiments, about 50 mg of powder was used. 

Measurements were performed in the range 100 – 1000°C, with heating and cooling rates 

of 10 °C min-1. Data were corrected for the instrumental background obtained by 

recording data for an empty crucible under the same conditions. Throughout the 

experiments, the flow rate was kept constant at 100 ml min-1.  

For determining accurately changes in the oxygen stoichiometry of the samples, 

TGA experiments were conducted using about 175 mg of powder. Data were collected 

during cooling from 1000 to 650 °C, with intervals of 25 °C, at 4.5, 10, 21, 42 and 90% 

O2 in N2, maintaining a total flow rate of 200 ml min-1 (STP). Heating and cooling rates 

were set at 10 °C min-1. The chosen partial pressures of oxygen correspond with those 

used in the electrical conductivity relaxation (ECR) experiments. At each temperature 

and oxygen partial pressure, the sample was allowed to equilibrate. Dwell stages were 30 

min in the range 1000-775 °C, 45 min at 750 and 725 °C, 60 min at 700 and 675°C, and 

90 min at 650 °C. The measured mass was corrected for the buoyancy effect by subtracting 

the data for an empty crucible under the same conditions. 
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6.2.4 Electrical conductivity and conductivity relaxation 
measurements 

Thin rectangular bars with approximate dimensions 12 × 6 × 0.5 mm3 were cut out 

of the sintered sample pellets, and the two largest surfaces polished until a mirror-like 

finish was obtained. The final thicknesses of the samples were 0.64 mm, 0.57 mm, 0.47 

mm and 0.46 mm for CM, CMT, CMF, and CMTF, respectively. A four-probe dc 

method was used to collect data of electrical conductivity. To this end two gold wires 

(Alfa Aesar, 99.999%, 0.25 mm in diameter and approximately 4 cm in length) were 

wrapped around the sample close to the bar ends to serve as current leads. Two additional 

gold wires were wrapped around the sample, about 2 mm remote from the previously 

fixed electrodes, as voltage probes. Prior to mounting, four indents were cut using a 

diamond blade along each long side of the sample for fixing of the electrodes. Sulphur-

free gold paste (MaTeck GmbH, Jülich, Germany) was applied to improve electrical 

contact between electrodes and sample. Finally, the sample was thermally treated in air 

to sinter the gold paste, using a chamber furnace at a temperature of 950 °C. Heating and 

cooling rates throughout the experiments were set at 1 °C min-1. 

The sample was suspended above an alumina rod functioning as sample holder by 

tightly wrapping the sample electrodes around the Au wires of the sample holder. Care 

was taken that gas could flow freely around the sample. The sample holder was slid into 

the Al2O3 reactor with a diameter of 12 mm, thereby confining the sample to a chamber 

with volume of 2.58 cm3. Using a gas flow rate of 280 ml min-1 and assuming a 

continuously ideally stirred tank reactor, the small reactor volume ensures a flush time 

between 0.13 s at 925 °C and 0.16 s at 650 °C. A K-type thermocouple was placed a few 

millimetres beneath the sample and used to continuously monitor the temperature. Two 

parallel gas streams, each with a total flow rate of 280 ml min-1, with different pO2 values 

(between 0.01 and 1 atm) were created by mixing dried oxygen and nitrogen in the desired 

ratios using Brooks GF040 mass flow controllers. One of the streams was led through the 

reactor and, subsequently, through an oxygen sensor (Systech Zr893/4). A pneumatically-

operated four-way valve was utilised to rapidly switch between both gas streams to achieve 
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an instantaneous change in pO2. A Keithley 2400 SourceMeter® was used to provide a 

current of 30-100 mA through the sample, the magnitude depending on the sample 

conductivity. Another instrument of the same type was used to measure the voltage over 

the sample with a sampling rate of about 10 Hz. 

The sample was heated to 925 °C under a 280 ml min-1 flow of synthetic air (pO2 = 

0.21 atm). Electrical conductivity relaxation (ECR) measurements were performed after 

step changes in pO2 between 0.147 to 0.215 atm. It was assumed that equilibrium was 

reached after a time of 15τc, where τc is the characteristic time when the transient 

conductivity is fitted to a regular exponential function of the elapsed time. A series of five 

oxidation and reduction steps was performed for each temperature in the range 925 - 650 

°C. The temperature was changed step wise, with intervals of 25 °C. To check the 

reproducibility, the same series of oxidation and reduction steps was repeated by 

increasing the temperature back to 925 °C and measuring again at each 25 °C interval. 

The series of measurements was set up with a custom-made LabVIEW program, which 

was also used for data acquisition. Data of the electrical conductivity of the samples was 

collected at each temperature.  

The transient conductivity after each pO2 step change was normalized according to 

Eq. 6.1. Normalized data were cut off at 10τc and fitted to Eqs. 6.2-6.4 to obtain the 

chemical diffusion coefficient Dchem and the surface exchange coefficient kchem. 

 

𝑔𝑔(𝑡𝑡) =
𝜎𝜎(𝑡𝑡) − 𝜎𝜎0
𝜎𝜎∞ − 𝜎𝜎0

(6.1) 

𝑔𝑔(𝑡𝑡) = 1 − � �
2𝐿𝐿𝑖𝑖2

𝛽𝛽𝑚𝑚,𝑖𝑖
2 �𝛽𝛽𝑚𝑚,𝑖𝑖

2 + 𝐿𝐿𝑖𝑖2 + 𝐿𝐿𝑖𝑖�
𝜏𝜏𝑚𝑚,𝑖𝑖

𝜏𝜏𝑚𝑚,𝑖𝑖 − 𝜏𝜏f
�𝑒𝑒

− 𝑡𝑡
𝜏𝜏𝑚𝑚,𝑖𝑖 −

𝜏𝜏𝑓𝑓
𝜏𝜏𝑚𝑚,𝑖𝑖

�𝑒𝑒−
𝑡𝑡
𝜏𝜏f��

∞

𝑚𝑚=1𝑖𝑖=𝑦𝑦,𝑧𝑧

(6.2) 

𝜏𝜏𝑚𝑚,𝑖𝑖 =
𝑏𝑏𝑖𝑖2

𝐷𝐷chem𝛽𝛽𝑚𝑚,𝑖𝑖
2 (6.3) 

𝐿𝐿𝑖𝑖 =
𝑏𝑏𝑖𝑖
𝐿𝐿c

= 𝛽𝛽𝑚𝑚,𝑖𝑖 tan𝛽𝛽𝑚𝑚,𝑖𝑖 (6.4) 
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In these equations, g(t) is the normalized conductivity, 𝜎𝜎0 and 𝜎𝜎∞ are the conductivities 

𝜎𝜎(𝑡𝑡) at time t = 0 and t = ∞, respectively, 𝜏𝜏f the flush time constant of the reactor, and 2bi 

the sample dimension along coordinate i, whilst 𝛽𝛽𝑚𝑚,𝑖𝑖 are the non-zero roots of Eq. 6.4. 

The critical thickness 𝐿𝐿c = 𝐷𝐷chem/𝑘𝑘chem is the critical thickness below which oxygen 

surface exchange prevails over bulk oxygen diffusion in determining the rate of re-

equilibration rate after a pO2 step change. The flush time 𝜏𝜏f was calculated from 

𝜏𝜏f =
𝑉𝑉r
𝜃𝜃v
𝑇𝑇STP
𝑇𝑇r

(6.5) 

in which Vr is the volume (2.58 cm3) of the chamber in which the sample is located, 𝜃𝜃v 

the gas flow rate through the reactor, Tr the temperature in the reactor, and TSTP the 

temperature at standard conditions. Dchem and kchem, together with t0, were fitted using a 

non-linear least-squares program based on the Levenberg-Marquardt algorithm. To 

prevent finding local minima in the fitting routine, initial estimates for the fitting 

parameters were calculated, using 

𝐷𝐷𝑖𝑖nit ≈
𝑏𝑏z2

𝜏𝜏c
(6.6) 

𝑘𝑘init ≈
𝑏𝑏z
𝜏𝜏c

(6.7) 

where Dinit and kinit are the initial values for the fitting parameters Dchem and kchem, 

respectively, and bz is half the sample thickness, noting that bz << bx, by. Eq. 6.6 assumes 

that diffusion governs the relaxation, while Eq. 6.7 assumes that surface exchange governs 

the relaxation. The intersection between the tangent line of the conductivity before the 

pO2 step and that of the conductivities between g = 0.005 and g = 0.05 served as the initial 

value for the parameter t0. Values of Dchem and kchem obtained from fitting data of at least 

three subsequent reduction steps were averaged. Additonal descriptions of the ECR 

technique and the model used for data fitting are given elsewhere.18, 19 
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6.3 Results and discussion 

6.3.1 Structure and phase stability  
 

Table 6.1 —Structural parameters and reliability factors obtained from Rietveld refinements of 

room temperature XRD patterns. The numbers in parentheses denote standard deviations in units 

of the least significant digits. 

 
a 

[Å] 

b 

[Å] 

c 

[Å] 

V 

[Å3] 

RBragg 

[%] 

Rwp 

[%] 

𝜒𝜒2 

[-] 

CM 5.2803(2) 7.4527(3) 5.2639(2) 207.154(2) 3.382 14.62 1.42 

CMT 5.2965(5) 7.4754(9) 5.2779(5) 208.982(4) 4.972 16.90 1.25 

CMF 5.2964(1) 7.4778(2) 5.2835(1) 209.263(1) 5.878 15.20 1.51 

CMTF 5.3138(7) 7.4970(6) 5.3002(5) 211. 154(4) 3.709 15.30 1.14 

  

Room temperature XRD powder diffractograms of CM, CMT, CMF and CMTF 

are shown in Fig. 6.1. The corresponding structural parameters and reliability factors 

obtained from Rietveld refinements in the orthorhombic space group Pnma are listed in 

Table 6.1. Analysis reveals that all four compositions are single phase. The cell parameters 

obtained for CM are found to be in good agreement with a = 5.281(1) Å, b = 7.453(1) Å 

and c = 5.266(1) Å reported by Leonidova et al.20, a = 5.274(3) Å, b = 7.467(5) Å and c = 

5.277(2) Å by Rørmark et al.21, and a = 5.282 Å, b = 7.452 Å and c = 5.265 Å by Taguchi 

et al.22 The small differences between the obtained data in each of these studies and the 

current study might be related to a different oxygen stoichiometry of the samples, 

depending on the atmosphere and cooling rate. Analysis of the room temperature XRD 

patterns of sintered ceramic bodies of CM, CMT, CMF and CMTF revealed no 

apparent differences with those of the corresponding powders displayed in Fig. 6.1. 

Fig. A6.1 shows the HT-XRD patterns of CM recorded in air on cooling from 

1000 °C to 600 °C. On the basis of a combined DTA and HT-XRD (at room 

temperature, 900 °C and 920 °C) study, Taguchi et al.22 proposed a phase transition 

sequence for CM from orthorhombic (𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃) to tetragonal (𝐼𝐼4/𝑃𝑃𝑚𝑚𝑃𝑃) at 896 °C, and 
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from tetragonal to cubic (𝑃𝑃𝑃𝑃3�𝑃𝑃) at 913 °C. In subsequent thermal analysis studies,21, 23 

the two sequential peaks observed in this temperature region were assigned to these phase 

transitions. Pseudo-cubic lattice parameters obtained from Rietveld refinements of the 

HT-XRD patterns recorded for CM (with intervals of 25 °C) in this study are given in 

Fig. 6.2a. Our results reveal that CM remains orthorhombic up to 875 °C. Refinements 

of the patterns obtained in the range 900-950 °C yield a mixture of orthorhombic and 

tetragonal phases.  

 

 
 

Figure 6.1 — Measured (red symbols) and calculated (black line) XRD patterns for CM, CMT, 

CMF and CMTF at room temperature. Bragg positions and the residual plot are indicated. Extra 

peaks attributed to copper Kβ are labeled with a star (*). 
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Only at 975 °C a pure tetragonal phase, and at 1000 °C a pure cubic phase is obtained. 

Results from DTA carried out in this study as shown in Fig. 6.3a confirm the presence 

of two sequential endothermic phase transitions on heating of CM in air, albeit that the 

second peak is significantly less distinct than observed in some of the above-cited 

studies.21-23 There are only small discrepancies between the onset temperatures found in 

this study (903 °C and 921 °C) and those reported by Taguchi et al.22 (896 °C and 913 

°C) and Rørmark et al.21 (904 °C and 923 °C). 

 
 

Figure 6.2 — Pseudo cubic lattice parameters as a function of temperature for (a) CM, (b) CMT, 

(c) CMF, and (d) CMFT. Lattice parameters were calculated, using  𝑃𝑃c = 𝑃𝑃ortho/√2 , 

𝑏𝑏c = 𝑏𝑏ortho/√2  and 𝑃𝑃c = 𝑚𝑚ortho/2  for the orthorhombic ( 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 ) structure, and  

 𝑃𝑃c = 𝑏𝑏c = 𝑃𝑃tetra/√2  and 𝑚𝑚c = 𝑚𝑚tetra/2  for the tetragonal (𝐼𝐼4/𝑃𝑃𝑚𝑚𝑃𝑃 ) structure. For the cubic 

(𝑃𝑃𝑃𝑃3�𝑃𝑃) structure 𝑃𝑃c = 𝑏𝑏c = 𝑚𝑚c =  𝑃𝑃cubic. 

(a) (b) 

(c) (d) 
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Figure 6.3 — DTA curves for (a) CM, (b) CMT, (c) CMF, and (d) CMTF recorded under heating 

and cooling in synthetic air. The insets in (a) and (b) show magnified regions around the 

endothermic phase transitions occurring upon heating in CM and CMT, respectively. 

 

Lattice parameters from Rietveld refinements of the HT-XRD patterns for CMT 

are given in Fig. 6.2b. The DTA curve recorded for this material is shown in Fig. 6.3b, 

from which it is obvious that the endothermic phase transitions observed on heating of 

CM are shifted to slightly higher temperatures (927 °C and 942 °C) in CMT. The 

Rietveld refinements for CMT, however, do not give evidence for a phase transition in 

this material. The HT-XRD patterns can be indexed orthorhombic up to the maximum 

temperature of 1000 °C covered by the experiments (see Fig. 6.2b). The refinements of 

the HT-XRD patterns for CMF and CMTF (see Fig. 6.2c and Fig. 6.2d, respectively) 

show an orthorhombic →  tetragonal →  cubic sequence of transitions occurring upon 
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heating of both materials, which is consistent with that found for parent CM by Taguchi 

et al.22; the indexing of the patterns is found compatible with space groups 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 , 

𝐼𝐼4/𝑃𝑃𝑚𝑚𝑃𝑃  and 𝑃𝑃𝑃𝑃3�𝑃𝑃 , respectively. The same sequence of phase transitions has been 

reported for CaFexTi1-xO3-δ.24, 25 Structural parameters and reliability factors obtained 

from typical Rietveld refinements for every space group of CMF and CMTF are given in 

Table A6.1 and Table A6.2, respectively. The DTA curves recorded for CMF and 

CMTF are shown in Fig. 6.3c and Fig. 6.3d, respectively. No peaks can be discerned, 

indicating that the structural transitions in both materials are continuous.  

 

6.3.2 Oxygen nonstoichiometry 
Although data of high-temperature neutron diffraction could resolve apparent 

ambiguities, the temperature-induced phase transitions as observed in CM, CMF and 

CMTF are believed to result from cooperative tilting of BO6 octahedra, which is the most 

commonly observed distortion in perovskite structures.26, 27 The orthorhombic 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 

structure, in Glazer’s notation28, 29 denoted by a-a-c+, is one of the most common perovskite 

variants with a three-tilt system.26, 27 With increasing temperature, materials with this 

structure lose their tilts via a series of transitions, ending up with the ideal cubic 𝑃𝑃𝑃𝑃3�𝑃𝑃 

structure, in which there are no tilts (a0a0a0).30 Several authors have discussed that the 

sequence of structural phase transitions in parent CM is influenced by the degree of 

oxygen nonstoichiometry exhibited by the material.20, 21 From the pO2-T- δ phase 

diagram of CM published by Leonidova et al.20 it may be inferred that the intermediate 

tetragonal 𝐼𝐼4/𝑃𝑃𝑚𝑚𝑃𝑃  structure with tilt configuration a0a0c- is absent at ideal oxygen 

stoichiometry. Results of density functional theory (DFT) calculations indicate that the 

phase may appear as a result of ordering of oxygen vacancies.30  
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Figure 6.4 — TGA of CM, CMT, CMF and CMTF during heating and cooling in synthetic air 

at 10 °C min-1. The inset shows a magnification of the temperature region where phase transitions 

occur in CM and CMT. 

 

The temperature and oxygen partial pressure dependence of the oxygen 

nonstoichiometry of CM, CMT, CMF and CMTF in this work was studied by TGA. 

Fig. 6.4 shows the corresponding weight changes as a function of temperature during 

heating in synthetic air (pO2 = 0.21 atm). The weight changes are found reversible on 

heating and cooling (not shown). Oxygen loss for CMF and CMTF starts around 350-

400 °C, while for CM and CMT oxygen is not released below about 650 °C. The degree 

of oxygen nonstoichiometry at equal temperatures is notably more pronounced for the 

former two materials, which is ascribed to the presence of the more reducible iron cations.  
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Figure 6.5 — Oxygen stoichiometry (3-δ) at different temperatures for (a) CM, (b) CMT, (c) 

CMF) and (d) CMTF calculated from data of TGA. Dashed lines are drawn to guide the eye. 

 

The inset in Fig. 6.4 shows that the slope of the temperature dependence of the 

weight change in both CM and CMT changes slightly after the apparent phase 

transitions occurring in both materials. For CM, this observation is consistent with the 

phase diagram published by Leonidova et al.20. The observed onset temperatures, 902°C 

and 927°C for CM and 921°C and 950°C for CMT, are in fair agreement with the 

corresponding results from DTA (see Fig. 6.3).  
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As shown by Leonidova et al.20 and Rørmark et al.21, the phase transition 

temperatures in CM decrease with increasing oxygen deficiency. It is therefore postulated 

here that the lower transition temperatures observed for CMF and CMTF (cf. Figs. 6.2c 

and 6.2d, respectively) compared to those reported for CM by, e.g., Taguchi et al.22 might 

be related to the comparatively high oxygen deficiencies exhibited by the former two 

materials. This further suggests that the transition temperatures can be tuned by the 

degree of manganese substitution. Additional research is required to demonstrate our 

hypothesis.  

The oxygen stoichiometry (3-δ) as a function of log (pO2) for the different materials 

is presented in Fig. 6.5. The corresponding TGA measurements were performed to 

support analysis of data obtained from ECR measurements as will be discussed below. 

For the evaluation it was assumed that δ = 0 at room temperature. 

 
Figure 6.6 — Total electrical conductivity as a function of temperature measured at pO2 = 0.21 

atm. 
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6.3.3 Electrical conductivity 
Fig. 6.6 shows the temperature dependences of the electrical conductivity of the 

investigated materials in this study as a function of temperature at pO2 = 0.21 atm. The 

conductivity of CM, CMF and CMTF show Arrhenius behaviour with activation 

energies in the range 80 – 92 kJ mol-1. For CMT, a change in activation energy is apparent 

at about 875 °C. 

Electrical conductivity in undoped CM is due to the formation of small polarons, 

which migrate via thermally activated hopping.24, 25 Charge disproportionation, involving 

the transfer of an electron between adjacent Mn4+ ions, 

 

2MnMnx = MnMn′ + MnMn∙ (6.8) 
 

leads to the formation of localized electrons Mn3+ (MnMn′ ) and electron holes Mn5+ 

(MnMn∙ ) that are trapped by local lattice distortions due to electron-phonon coupling: 

these are the n-and p-type small polarons, respectively. Throughout this paper standard 

Kröger-Vink notation is used to describe defect chemical reactions. The negative sign of 

the Seebeck coefficient confirms that the n-type polarons are the dominant charge carriers 

in CM.20, 31 The p-type polaronic charge carriers in CM appear to be effectively 

immobile.20 The electrical conductivity in CM is thus expected to obey: 𝜎𝜎 ∝

[MnMn′ ][MnMnx ], the latter denoting the product of the number of charge carriers and the 

number of sites to which they can hop. Since variations in [MnMnx ] are very small,32 the 

conductivity is thus essentially governed by the concentration of Mn3+ cations ([MnMn′ ]). 

In addition to reaction (8), their concentration is affected by the exchange of oxygen 

between the gas phase and the oxide, 

 

O2(g) + 2 VO∙∙ + 4 MnMn′ = 2 Oo
x + 4 MnMnx (6.9) 

 

and by aliovalent doping. Charge neutrality requirements predict that acceptor doping, 

e.g. Fe3+ substituted for Mn4+ (FeMn′ ) will lower the electrical conductivity, which is accord 
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with the observation that the electrical conductivity decreases on going from CM to CMF 

(Fig. 6.6). Such an explanation is also consistent with the increase in electrical 

conductivity observed upon donor doping of CM with Nb5+.33 It is further seen from Fig. 

6.6 that the electrical conductivity of CM drops almost half an order of magnitude after 

the isovalent substitution of Mn4+ with Ti4+ ions, suggesting that it is the mobility of the 

n-type small polarons that is highly affected by the titanium substitution. A detailed 

study, however, is required to substantiate this conclusion and to provide further insights 

in the mechanism of electrical conduction in these solids. Additional investigations are 

also required to clarify the origin of the change in activation energy of the electrical 

conductivity found for CMT at about 875 °C (Fig. 6.6). 

 

 
Figure 6.7 — Normalized conductivity curves for CMT. Data are acquired from 925 to 650 °C, 

with 25 °C intervals, after a pO2 step change from 0.215 to 0.146 atm. 

 

6.3.4 Electrical conductivity relaxation 
The oxygen transport properties of CM, CMT, CMF and CMTF were evaluated 

by ECR experiments. Normalized conductivity curves acquired from 925 to 650 °C after 

a pO2 step change from 0.215 to 0.146 atm for CMT are shown in Fig. 6.7. Excellent 
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reproducibility was found during heating and cooling experiments. Similar results were 

obtained for the other compositions. In general, faster re-equilibration times after a pO2 

step change are obtained with increase of temperature, although it should be noted that 

in the specific case of CMT (as can be inferred from Fig. 6.7) and that of CM (not shown) 

the re-equilibration times at the highest temperatures are observed to increase again with 

further increase of temperature. 

 

Measurement accuracy 

 
Figure 6.8 — Biot number (𝐵𝐵𝐵𝐵) as a function of temperature. Error bars indicate the standard error 

calculated based on averaging at least three experiments per temperature. Following Den Otter et 

al.8  the mixed-controlled region is found for 0.03 ≤ 𝐵𝐵𝐵𝐵 ≤ 30. 

 

A typical fit and associated error colour map obtained from fitting of the data of a 

single relaxation experiment are shown in Fig. A6.2. Analysis of experimental data allows 

simultaneous determination of Dchem and kchem provided that both processes contribute in 

a quantifiable manner to the overall relaxation process. The latter is constrained by the 

accuracy of measurements, e.g., the noise of data, but also by the extent to which the re-
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equilibration after a pO2 step change is determined by diffusion and by surface exchange. 

A useful quantity in this respect is 𝑏𝑏𝑧𝑧/𝐿𝐿𝑐𝑐 =  𝑏𝑏𝑧𝑧𝑘𝑘chem/𝐷𝐷chem (cf. Eq. 6.4, noting that 

𝑏𝑏𝑧𝑧 ≪ 𝑏𝑏𝑥𝑥,𝑏𝑏𝑦𝑦 ), which can be identified with the Biot number (Bi) commonly used in 

analysis of  

 
 

Figure 6.9 — Inverse temperature dependence of the chemical diffusion coefficient (Dchem) and the 

surface exchange coefficient (kchem ) for (a) CM, (b) CMT, (c) CMF, and (d) CMTF. Dashed lines 

serve as a guide to the eye. The filled and open symbols represent the data of oxidation and reduction 

step changes, respectively. The structures occurring in the different temperature regions are 

designated by their space groups. The vertical dashed lines denote by approximation the 

temperatures at which the phase transitions occur. 

 

10-11

10-10

10-9

CMTFCMF

CMT

D ch
em

 [m
2  s-1

]

Dchem Ox Red(a)

I4/mcm
+Pnma Pnma CM

950 900 850 800 750 700 650 600

T [°C]

Dchem  Ox  Red(b)

950 900 850 800 750 700 650 600

10-6

10-5

10-4

Pnma

kchem  Ox  Red

k ch
em

 [m
 s-1

]

T [°C]

0.8 0.9 1.0 1.1

10-11

10-10

10-9

I4/mcm Pnma

D ch
em

 [m
2  s-1

]

1000/T [K-1]

Dchem  Ox  Red(c)

Pm3m

kchem  Ox  Red

0.8 0.9 1.0 1.1

I4/mcmPm3m

1000/T [K-1]

Dchem  Ox  Red(d)

Pnma

10-6

10-5

10-4

kchem  Ox  Red

k ch
em

 [m
 s-1

]



205   Chapter 6 

mass transport, and which parameter represents the ratio between two characteristic  

times: 𝑏𝑏𝑧𝑧2/𝐷𝐷chem for diffusion and 𝑏𝑏𝑧𝑧/𝑘𝑘chem for surface exchange. A Biot plot for the data 

obtained in this study is given in Fig. 6.8, showing that for given thicknesses and 

conditions (see the experimental section) oxygen transport in CMT, CMF and CMTF 

over the entire range in temperature is in the mixed controlled region (0.03 ≤ 𝐵𝐵𝐵𝐵 ≤

30),17 whereas that of CM is in the diffusion-controlled region. Over a large range in 

temperature it was not possible to extract values of 𝑘𝑘chem  for CM from the data of 

experiments. 

 

Chemical diffusion and surface exchange coefficients 

Arrhenius plots of Dchem and kchem derived from the data of ECR measurements on 

CM, CMT, CMF and CMTF are shown in Fig. 6.9. A reasonable to good agreement of 

the values extracted from data of oxidation and reduction runs is obtained, suggesting that 

at given experimental conditions the constancy of Dchem and kchem over the applied pO2 

step change as assumed in the fitting procedure is satisfied accordingly.18 Fig. 6.9 shows 

that the Arrhenius plots of Dchem and kchem for all four compositions studied are subject to 

significant curvature. The curvature of the plots appears to be highly similar for both 

parameters, which holds for CMT, CMF and CMTF, suggesting that for each of these 

materials Dchem and kchem are strongly correlated. Other authors have arrived at similar 

conclusions on the basis of studies on different materials. For example, see Refs. 34-37. 

A similar statement cannot be made for CM since, as was mentioned above, accurate 

values for kchem for CM could not be obtained from the fitting procedure. 

 

Oxygen self-diffusion and vacancy diffusion coefficients 

To further analyse the data, the oxygen self-diffusion coefficients, 𝐷𝐷s , and the 

oxygen vacancy diffusion coefficients, 𝐷𝐷V , for CM, CMT, CMF and CMTF were 

evaluated from the measured values of Dchem, using the relationships 

 
𝐷𝐷chem = 𝛾𝛾O𝐷𝐷S (6.10) 
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𝐷𝐷chem = 𝛾𝛾V𝐷𝐷V (6.11) 
 

where 𝛾𝛾O  and 𝛾𝛾V  are the thermodynamic factors,8  

 
Figure 6.10 — Inverse temperature dependence of the oxygen self-diffusion coefficient (𝐷𝐷s) for (a) 

CM, (b) CMT, (c) CMF, and (d) CMTF. Dashed lines serve as a guide to the eye. The filled and 

open symbols represent the data of oxidation and reduction step changes, respectively. The 

structures occurring in the different temperature regions are designated by their space groups. The 

vertical dashed lines denote by approximation the temperatures at which the phase transitions occur. 
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𝛾𝛾V = −
1
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2
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(6.13) 

 

 
 

Figure 6.11 — Inverse temperature dependence of the oxygen vacancy coefficient (𝐷𝐷V) for (a) CM, 

(b) CMT, (c) CMF, and (d) CMTF. Dashed lines serve as a guide to the eye. The filled and open 

symbols represent the data of oxidation and reduction step changes, respectively. The structures 

occurring in the different temperature regions are designated by their space groups. The vertical 

dashed lines denote by approximation the temperatures at which the phase transitions occur. 
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four compositions are given in Fig. 6.10 and Fig. 6.11, respectively. The results reveal 

that for CMT (Fig. 6.10b and Fig. 6.11b) both parameters show Arrhenius behaviour 

over the entire range in temperature covered by the experiments. For CM (Fig. 6.10a and 

Fig. 6.11a), the linear behaviour extends up to 875 °C, above which temperature the 

material transforms partially from orthorhombic (𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃) to a mixture of orthorhombic 

(𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃) and tetragonal (𝐼𝐼4/𝑃𝑃𝑚𝑚𝑃𝑃) phases. The high values observed for the average 

activation energies of 𝐷𝐷S, 240 ± 19 kJ mol-1 and 275 ± 15 kJ mol-1 for CM and CMT, 

respectively, confirms that there are very few oxygen vacancies in both materials. The 

latter is reflected in the much lower activation energies found for 𝐷𝐷V  of both 

compositions, 75 ± 17 kJ mol-1 and 113 ± 16 kJ mol-1 for CM and CMT, respectively. 

The temperature dependences of 𝐷𝐷S (Fig. 6.10c and Fig. 6.10d, respectively) and 

𝐷𝐷V  (Fig. 6.11c and Fig. 6.11d, respectively) for CMF and CMTF show significant 

departures from linear Arrhenius behaviour. For both compositions, the log(𝐷𝐷S) vs 1/T 

and log(𝐷𝐷V) vs 1/T plots show a reverse S-shape, i.e., the log(𝐷𝐷S) and log(𝐷𝐷V) values 

levelling off in the intermediate temperature region, while increasing again at higher 

temperatures. The different temperature regions can be clearly linked to the 

orthorhombic → tetragonal → cubic transformations occurring in both materials.  

Overall, the results in this study suggest that oxygen transport in the tetragonal 

𝐼𝐼4/𝑃𝑃𝑚𝑚𝑃𝑃 phase, which occurs in CM, CMF and CMTF, and possibly also in CMT at 

higher temperatures than those covered by the present investigations, is reduced, e.g., by 

(partial) ordering of oxygen vacancies. The latter would be consistent with the results of 

recent DFT calculations on the parent phase CM by Klarbring and Simak,30 in which the 

authors show that it is unlikely that the tetragonal phase appears as a result of a purely 

displacive mechanism, but rather may appear as a result of an ordering of oxygen 

vacancies. Further structural investigations using high-temperature neutron diffraction 

would be required to confirm these findings. 
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6.4 Conclusions 

The present study reveals that CaMnO3-δ (CM) transforms from orthorhombic to 

a mixture of orthorhombic and tetragonal phases at temperatures exceeding ~875 °C. The 

Rietveld refinements yield formation of a pure tetragonal phase at 975 °C and of a pure 

cubic phase at 1000 °C. It is further found that in the temperature range 600-1000 °C 

CaMn0.85Fe0.15O3-δ (CMF) and CaMn0.725Ti0.125Fe0.15O3-δ (CMTF) undergo a sequence 

of phase transitions from orthorhombic to tetragonal to cubic. CaMn0.875Ti0.125O3-δ 

(CMT) is found to remain orthorhombic up to highest temperatures covered by the HT-

XRD experiments. The small polaron hopping conductivity of CM is reduced by partial 

manganese substitution with iron and/or titanium. Distinct departures of the temperature 

dependences of the oxygen self-diffusion and oxygen vacancy diffusion coefficients for 

CM, CMF and CMFT from Arrhenius-type of behaviour are interpreted to reflect 

reduced oxygen transport in the tetragonal phases occurring in these materials. The latter 

is consistent with recent results of DFT calculations on the parent phase CM showing 

that the tetragonal phase may appear as a result of an ordering of oxygen vacancies. 
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Appendix A6 

 

Table A6.1 — Representative structural parameters for the phases of CMF. The numbers in 

parentheses denote standard deviations in units of the least significant digits. 

Atom Site x y z Uiso 

30 °C (𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷): a = 5.2969(1) Å, b = 7.4763(2) Å, c = 5.2827(1) Å  
Ca 4c 0.0310(9) 0.25 -0.011(2) 0.002(1) 

Mn,Fe 4b 0 0 0.5 0.00(3) 
O1 4c 0.493(2) 0.25 0.053(3) 0.00(1) 
O2 8d 0.268(4) 0.031(3) 0.692(3) 0.038(7) 

      
800 °C (𝑰𝑰𝑰𝑰/𝑷𝑷𝒎𝒎𝑷𝑷): a = b = 5.3475(3) Å, c = 7.5609(7) Å 

 

 
Ca 4b 0 0.5 0.25 0.005(1) 

Mn,Fe 4c 0 0 0 0.0(2) 
O1 4a 0 0 0.25 0.00(7) 
O2 8h 0.221(2) 0.721(2) 0 0.099(5) 

      
900 °C (𝑷𝑷𝑷𝑷𝟑𝟑�𝑷𝑷): a = b = c = 3.7886(5) Å 

 

 
Ca 1a 0 0 0 0.005(1) 

Mn,Fe 1b 0.5 0.5 0.5 0.0(9) 
O 3d 0.5 0.5 0 0.058(2) 

 

Note: The reliability factors for the three structural refinements are: 30 °C (𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃): Rwp = 4.861% 

and χ2 = 2.84; 800 °C (𝐼𝐼4/𝑃𝑃𝑚𝑚𝑃𝑃): Rwp = 4.529% and χ2 = 2.07; 900 °C (𝑃𝑃𝑃𝑃3�𝑃𝑃): Rwp = 4.855% and 

χ2 = 2.93. 
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Table A6.2 — Representative structural parameters for the phases of CMTF. The numbers in 

parentheses denote standard deviations in units of the least significant digits. 

Atom Site x y z Uiso 

30 °C (𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷): a = 5.3187(1) Å, b = 7.5062(3) Å, c = 5.3049(1) Å  
Ca 4c 0.0274(8) 0.25 -0.004(3) 0.009(1) 

Mn,Fe 4b 0 0 0.5 0.00(5) 
O1 4c 0.490(2) 0.25 0.066(5) 0.015(8) 
O2 8d 0.285(2) 0.034(2) 0.710(3) 0.021(5) 

      
800 °C (𝑰𝑰𝑰𝑰/𝑷𝑷𝒎𝒎𝑷𝑷): a = b = 5.3653(2) Å, c = 7.58325(4) Å 

 

 
Ca 4b 0 0.5 0.25 0.010(1) 

Mn,Fe 4c 0 0 0 0.000(5) 
O1 4a 0 0 0.25 0.00(1) 
O2 8h 0.221(2) 0.721(2) 0 0.081(9) 

      
900 °C (𝑷𝑷𝑷𝑷𝟑𝟑�𝑷𝑷): a = b = c = 3.7988(4)Å 

 

 
Ca 1a 0 0 0 0.003(1) 

Mn,Fe 1b 0.5 0.5 0.5 0.00(2) 
O 3d 0.5 0.5 0 0.058(2) 

 

Note: The reliability factors for the three structural refinements are: 30 °C (𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃): Rwp = 3.950 

% and χ2 = 2.23; 800 °C (𝐼𝐼4/𝑃𝑃𝑚𝑚𝑃𝑃): Rwp = 3.905% and χ2 = 1.71; 900 °C (𝑃𝑃𝑃𝑃3�𝑃𝑃): Rwp = 4.416% 

and χ2 = 2.03. 
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Figure A6.1 — HT-XRD patterns of CM recorded in air on cooling from 975 °C to 600 °C. Stars 

denote regions in which aberrations of the instrument are known to be present. 
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Figure A6.2 — (a) Normalized conductivity curve for CMF, obtained at 775 °C after a pO2 step 

change from 0.146 to 0.215 atm. The solid blue line represents the non-linear least squares fit to 

Eqs. 6.2-6.4, and the residual is shown by the grey dots. (b) Corresponding error plot, in which the 

most probable values for Dchem and kchem correspond with the highest value of 1/χ2. 
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7.1 Introduction 
This chapter contains some recommendations for future research based on the 

understanding and knowledge acquired from the research as described in this thesis. 

 

7.2 Surface exchange kinetics 

In the application of intermediate-temperature solid oxide fuel cells (IT-SOFCs), 

the sluggishness of the oxygen reduction reaction (ORR) on the cathode side is widely 

recognised as a bottleneck. For an MIEC-based cathode, multiple factors can affect the 

ORR kinetics such as surface exchange, surface diffusion, charge transfer, surface 

segregation, etc.1-4 The focus of this thesis has been mainly on evaluating the electronic 

and ionic transport properties and correlating these with the structure and oxygen 

nonstoichiometry of the materials.  

In this thesis, the surface exchange kinetics of the synthesized materials, i.e. 

perovskite and Ruddlesden-Popper (RP) oxides, have been investigated mainly using the 

electrical conductivity relaxation (ECR) technique. The ECR technique is an effective 

tool to evaluate the chemical surface exchange coefficient (kchem), which is an apparent 

parameter for the rate of overall oxygen surface exchange.  Oxygen surface exchange is 

known to involve several elementary steps, such as adsorption, charge transfer, 

dissociation and incorporation. Each of these steps can be the rate-determining step. 

Therefore, a more detailed understanding of the surface exchange kinetics will assist 

researchers to improve the cathode performance.  

The reliability of kchem extracted from data of ECR measurements highly depends 

on the Biot number (Bi). When the value of Bi is much larger than 30, evaluation of kchem 

is subject to significant error. Chapter 3 shows that 2nd and 3rd order RP phases have low 

chemical diffusion coefficients (Dchem), deteriorating the reliability of kchem obtained from 

the experiments.  

Pulse isotope exchange (PIE) is a powerful technique to evaluate the surface 

exchange kinetics.5 The samples for PIE measurements are in the form of powders with 
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a grain diameter of several μm. For this reason, bulk diffusion is no longer the rate-

determining factor, allowing reliable extraction of the surface exchange coefficient. Based 

on a two-step model, oxygen dissociative adsorption can be distinguished from oxygen 

incorporation in the oxide bulk, giving additional insight into the kinetics of oxygen 

surface exchange. It is therefore recommended to use the PIE technique for evaluation of 

the surface exchange kinetics of 2nd and 3rd order RP phases.   

  

7.3 Influence of the cation segregation on the surface 

Alkaline earth metal substituted lanthanum ferrites and cobaltites have been widely 

studied as the cathode material for IT-SOFCs. One of the primary concerns of materials 

such as La0.6Sr0.4Co0.2Fe0.8O3-δ (LSCF) is their susceptibility to surface passivation by 

formation of insulating secondary phases at the surface, which causes a reduction in the 

cell performance. To date, it is widely recognized that the surfaces of Sr-containing 

perovskites suffer from segregation of Sr,6-10 which serves as an aliovalent dopant to 

improve ionic and electronic conductivity. Segregation of dopant cations is also found at 

the surface of perovskites such as La1-xCaxMnO3-δ and Ba0.5Sr0.5Co0.8Fe0.2O3-δ. Currently, 

it is still unclear which factors govern surface segregation. Therefore, it is recommended 

to conduct a comparative study on the influence of the type of alkaline earth metal on 

secondary phase formation at the surface of Ca-, Sr- and Ba-substituted lanthanum 

ferrites in a controlled atmosphere. The surface exchange coefficients of selected 

compositions can be evaluated in situ during long-term annealing by ECR and the 

chemical composition at the surface can be studied post-mortem by low energy ion 

spectroscopy (LEIS) and X-ray photoelectron spectroscopy (XPS). 

 

7.4 Oxygen permeation of Ca-containing perovskites 

Apart from application as the electrode for SOFCs, MIECs can also be used as an 

oxygen transport membrane (OTM). Measurement of the oxygen permeation rate of a 
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material under different conditions is important to evaluate its performance as OTM. 

Many applications of OTMs, such as extraction of pure oxygen from air, oxyfuel 

combustion and carbon capture, involve exposure of the membranes to CO2 containing 

atmospheres. It is obvious that alkaline earth containing materials are prone to 

carbonation when being exposed to CO2.11, 12 By replacing Sr by Ca, the oxides are less 

vulnerable to CO2 due to the lower alkalinity of Ca when compared to Sr. Chapters 5 and 

6 have introduced two type of Sr-free perovskites, i.e. La1-xCaxFeO3-δ and CaMn1-x-

yTixFeyO3-δ. Conducting oxygen permeation measurements on these materials can give 

valuable insight to their potential as OTM. 

 

7.5 Oxygen migration mechanism in 2nd and 3rd order RP 
phases 

Oxygen migration in 1st order RP phases exhibiting a hyper-stoichiometry of oxygen 

has been widely studied. It is believed that the oxygen ion migrates in the rock salt layer 

via an interstitialcy mechanism.13, 14 However, the oxygen migration mechanism in 2nd and 

3rd order RP phases is still unclear. The results obtained in Chapter 3 suggest interstitialcy 

diffusion as the main mechanism of oxygen diffusion in the investigated 2nd and 3rd order 

RP phases, but direct evidence is lacking. By analyzing data of high-temperature neutron 

powder diffraction (HT-NPD) using combined Rietveld refinement and the maximum 

entropy method (MEM), Yashima et al.15, 16 have calculated the nuclear density 

distribution of oxygen in (Pr0.9La0.1)2(Ni0.74Cu0.21Ga0.05)O4+δ (Fig. 7.1). The results 

indicate infinitely connected two-dimensional diffusion pathways of oxygen in the rock 

salt layer, confirming the interstitialcy migration mechanism in this material. Hence, 

applying such a method to 2nd and 3rd order RP phases will greatly enhance our 

understanding of the oxygen migration mechanism in these materials.  
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Figure 7.1 — Isosurface of the nuclear density (at 0.05 fm Å-3) of 

(Pr0.9La0.1)2(Ni0.74Cu0.21Ga0.05)O4+δ determined in situ by high-temperature neutron powder 

diffraction at 1015.6 °C. Figure taken from Yashima et al.15   
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