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Summary 

This thesis focuses on the investigation of the structure, transport properties and 

electrochemical performance of selected triple electronic-ionic conducting (H+, O2-, e-) 

oxides. The aim is to identify suitable materials to be used as air electrode in protonic 

ceramic cells, which are key devices in the global energy transition process. Triple 

conducting oxides are considered promising candidates for use as air electrode, owing 

to their high electrochemical activity towards the oxygen reduction reaction and water 

dissociation reaction when operated at intermediate to low temperatures 

(700  – 500 °C). The present work mainly focuses on two material systems: iron-doped 

barium zirconates BaZr1-xFexO3-δ and barium-doped lanthanum cobaltites La1-xBaxCoO3-δ, 

both of which adopt a perovskite structure and both are reported to exhibit excellent 

electrochemical performance as air electrode. 

Chapter 1 describes the aims and motivation of the research, and addresses basic 

principles of protonic ceramic cells and triple conducting oxides. 

In Chapter 2, the crystal structure, oxygen non-stoichiometry, and the electron 

and oxygen ion transport properties of BaZr1-xFexO3-δ (0.1 ≤ x ≤ 0.5) are studied. Under 

the oxidizing conditions of the experiments, the presence of ferric cations (Fe3+) in the 

structure is predominantly charge compensated by the formation of oxygen vacancies. 

The partial molar enthalpy of oxygen and the standard entropy of oxidation are both 

found to depend on the level of oxygen non-stoichiometry δ. The oxygen vacancy 

formation enthalpy decreases rapidly with increasing x. Data of electrical conductivity 

and electrical conductivity relaxation measurements show that both electronic and 

oxygen ionic conductivity in BaZr1-xFexO3-δ are subject to a percolation mechanism. The 

oxygen migration energy is found to correlate with the oxygen vacancy formation 

enthalpy. BaZr0.5Fe0.5O3-δ is identified as the composition with the best mixed 

ionic-electronic transport properties in the series. 

Chapter 3 focuses on crystal structure, oxygen non-stoichiometry, electron and 
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oxygen ion transport properties of La1-xCaxFeO3-δ (0.05 ≤ x ≤ 0.4). The calcium dopant is 

predominantly charge compensated by electron holes rather than by oxygen vacancies. 

A phase transition from orthorhombic (space group Pbnm) to rhombohedral (space 

group �3�� ) is observed, the transition temperature decreasing with increasing Ca 

content. Analysis of the temperature dependence of the mobility of electron holes 

indicates that small polaron theory fails for the compositions with high Ca contents 

x = 0.30 and x = 0.40, which is attributed to the delocalization of the electron holes. The 

oxygen migration energy decreases and the oxygen ion conductivity increases with 

increasing Ca content. The oxygen migration energy appears correlated with the oxygen 

vacancy formation energy. 

The perovskite-type oxide La0.5Ba0.5CoO3-δ is a high-performance air electrode for 

protonic ceramic cells. Surprisingly, both its electrical and ionic conductivity in literature 

show a large scatter, which I attribute to the co-existence of tetragonal La0.5Ba0.5CoO3-δ 

and the double perovskite phase LaBaCo2O6-δ. In Chapter 4, the phase transformation 

behavior, oxygen non-stoichiometry, electrical conductivity, and oxygen transport 

properties of La0.5Ba0.5CoO3-δ are studied. A long-term post-sintering annealing route is 

proposed to improve the phase purity of the ceramic sample. The chemical diffusion 

coefficient and surface exchange coefficient of oxygen are extracted from data of 

electrical conductivity relaxation measurements and are reported for the first time. The 

electrical and ionic conductivities at 500 °C at an oxygen partial pressure of 0.21 bar are 

as high as 1240 S·cm-1 and 0.001 S·cm-1, respectively, demonstrating that La0.5Ba0.5CoO3-δ 

is an excellent mixed ionic-electronic conductor. Analysis of the oxygen 

non-stoichiometry data indicates that within the experimental window of this study 

both the ideal solution model and the itinerant electron model are not suitable to 

describe the defect chemistry of La0.5Ba0.5CoO3-δ. 

Chapter 5 continues towards investigation of the electrode performances of 

La1-xBaxCoO3-δ (0.3 ≤ x ≤ 0.7). In addition, the hydration properties of La0.5Ba0.5CoO3-δ 

are evaluated by thermogravimetry. Data from these measurements show that the 

proton concentration in La0.5Ba0.5CoO3-δ is negligibly small, from which it is inferred that 

the material exhibits low proton conductivity under typical operating conditions of 
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protonic ceramic cells. Cathode reaction models for pure electronic conducting and 

mixed ionic-electronic conducting electrodes applied to proton conducting electrolytes 

are proposed, enabling calculation of the order of the exchange current density with 

respect to oxygen and water. Based on the analysis of data of electrochemical 

impedance spectroscopy, the electrode kinetics of La0.5Ba0.5CoO3-δ is found to be 

controlled by two elementary reaction steps, which are influenced by electrode 

porosity, temperature, gas atmosphere and substitution of barium by strontium. 

Evaluation of the electrode polarization resistances indicates in the investigated series 

La0.4Ba0.6CoO3-δ is the best-performing electrode with an area specific resistance as low 

as 1 Ω·cm2 at 600 °C, and at a pO2 of 0.21 bar and a pH2O of 0.03 bar, under open circuit 

conditions. No degradation of the performance is observed during annealing over 120 h. 

The story moves on in Chapter 6, where the hydration properties and the 

electrochemical performance of BaZr0.5Fe0.5O3-δ are investigated. The proton 

concentration in the oxide increases from 0.31 ± 0.03 mol% to 0.66 ± 0.03 mol% when, 

at a pO2 of 0.21 bar and a pH2O of 0.06 bar, the temperature decreases from 700 °C to 

350 °C. The decrease in proton concentration is mainly contributed by the hydration 

reaction. Both the electron hole and proton concentrations are found to affect the 

standard enthalpy and entropy of the hydration reaction. The obtained impedance 

spectra are analyzed by equivalent circuit fitting and by transforming the data to the 

time domain for obtaining a distribution function of relaxation times. The results show 

that in essence two reaction steps determine the rate of the oxygen reduction reaction 

at the surface of the BaZr0.5Fe0.5O3-δ electrode, these reaction steps being characterized 

by different time constants. Under open circuit conditions, and at a pO2 of 0.21 bar and 

a pH2O of 0.03 bar, an electrode area specific resistance of 1.22 Ω·cm2 is found at 500 

°C, showing that BaZr0.5Fe0.5O3-δ is a very promising candidate for use as air electrode in 

protonic ceramic cells. 

In Chapter 7, the oxygen ion and proton transport properties of La5.4WO11.1-δ are 

investigated by means of electrical conductivity relaxation measurements. The 

investigations show that the magnitude of the applied current significantly affects the 

data of electrical conductivity and electrical conductivity relaxation experiments. An 
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apparent two-fold relaxation behavior is observed at low currents even under dry 

conditions. This remarkable behavior is attributed to the partially ionic blocking gold 

electrodes used in the investigations. The research further shows that the use of 

electrodes with poor reversibility in conductivity and conductivity relaxation 

measurements on mixed ionic-electronic conducting oxides with prevailing ionic 

conduction, which includes many of the highly investigated proton conducting oxides, 

may lead to erroneous results and interpretations. 

Finally, some recommendations for future research on the development of air 

electrodes are given in Chapter 8. 

 



Samenvatting 

Dit proefschrift richt zich op het onderzoek naar de structuur, 

transporteigenschappen en elektrochemische performance van geselecteerde triple 

ionisch-elektronisch geleidende (H+, O2-, e- ) oxiden. Het doel is om geschikte materialen 

te identificeren die kunnen worden gebruikt als luchtelektrode in protonische 

keramische cellen, die van belang zijn in het wereldwijde energietransitieproces. Triple-

geleidende oxiden worden beschouwd als veelbelovende kandidaten voor gebruik als 

luchtelektrode vanwege hun hoge elektrochemische activiteit voor de 

zuurstofreductiereactie en de waterdissociatiereactie bij toepassing bij gematigde tot 

lage temperaturen (500 – 700 °C). Het huidge onderzoek richt zich voornamelijk op twee 

materiaalsystemen: ijzer-gedoteerde bariumzirkonaten BaZr1-xFex O3-δ en barium-

gedoteerde lanthaankobaltaten La1-xBaxCoO3-δ, die beide een perovskietstructuur 

aannemen en waarvan wordt beweerd dat zij beide een uitstekende elektrochemische 

performance vertonen als luchtelektrode. 

Hoofdstuk 1 beschrijft de doelstellingen en motivatie van het onderzoek, en 

behandelt de basisprincipes van protonische keramische cellen en triple-geleidende 

oxiden. 

In Hoofdstuk 2 worden de kristalstructuur, zuurstof niet-stoichiometrie, en de 

elektronen- en zuurstofionentransporteigenschappen van BaZr1-xFexO3-δ (0.1 ≤ x ≤ 0.5) 

bestudeerd. Onder de oxiderende omstandigheden waarbij de experimenten zijn 

uitgevoerd  wordt de aanwezigheid van ferri-kationen (Fe3+) in de structuur 

voornamelijk gecompenseerd door de vorming van zuurstofvacatures. De partiële 

molaire enthalpie van zuurstof en de standaardentropie van oxidatie blijken beide af te 

hangen van het niveau van de zuurstof niet-stoichiometrie. De vormingsenthalpie van 

zuurstofvacatures neemt snel af met toenemende x. Gegevens van de elektrische 

geleiding en elektrische geleidingsrelaxatiemetingen laten zien dat zowel de elektronen- 

als de zuurstofionengeleiding in BaZr1-xFexO3-δ onderhevig zijn aan een 
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percolatiemechanisme. De zuurstofmigratie-energie blijkt te correleren met de 

enthalpie van de vorming van zuurstofvacatures. BaZr0.5Fe0.5O3-δ wordt geïdentificeerd 

als de samenstelling met de beste gemengd ionische-elektronische 

transporteigenschappen in de reeks. 

Hoofdstuk 3 richt zich op de kristalstructuur, zuurstof niet-stoichiometrie en de 

elektronen- en zuurstofionentransporteigenschappen van La1-xCaxFeO3-δ (0.05 ≤ x ≤ 0.4). 

De calciumdotering wordt voornamelijk gecompenseerd door elektronengaten in plaats 

van door zuurstofvacatures. Een faseovergang van orthorhombisch (ruimtegroep Pbnm) 

naar rhomboëdrisch (ruimtegroep �3��) wordt waargenomen, waarbij de overgangs-

temperatuur afneemt met toenemend Ca-gehalte. Analyse van de temperatuur-

afhankelijkheid van de mobiliteit van elektronengaten geeft aan dat de kleine 

polarontheorie faalt voor de composities met hoge Ca-gehaltes x = 0,30 en x = 0,40, wat 

wordt toegeschreven aan de delokalisatie van de elektronengaten. De zuurstofmigratie-

energie neemt af en de geleidbaarheid van zuurstofionen neemt toe met toenemend 

Ca-gehalte. De zuurstofmigratie-energie lijkt gecorreleerd met de vormingsenthalpie 

van zuurstofvacatures. 

Het perovskiet-type oxide La0.5Ba0.5CoO3-δ is een hoogwaardige luchtelektrode 

voor protonische keramische cellen. Verrassend genoeg vertonen zowel de elektrische 

als de ionische geleidbaarheid in de literatuur een grote spreiding, die ik toeschrijf aan 

het naast elkaar bestaan van tetragonaal La0.5Ba0.5CoO3-δ en de dubbele perovskietfase 

LaBaCo2O6-δ.. In Hoofdstuk 4 worden het fasetransformatie-gedrag, de zuurstof niet-

stoichiometrie, elektrische geleidbaarheid en zuurstoftransporteigenschappen van 

La0.5Ba0.5CoO3-δ bestudeerd. Een langdurige warmetebehandeling na het sinteren wordt 

voorgesteld om de fasezuiverheid van het keramische monster te verbeteren. De 

chemische diffusiecoëfficiënt en de oppervlakte-uitwisselingscoëfficiënt van zuurstof 

worden gehaald uit gegevens van relaxatiemetingen van de elektrische geleiding en 

worden voor het eerst gerapporteerd. De elektrische en ionische geleidbaarheid bij 500 

°C bij een partiële zuurstofdruk van 0,21 bar zijn respectievelijk 1240 S·cm-1 en 0,001 

S·cm-1, wat aantoont dat La0.5Ba0.5CoO3-δ een uitstekende gemengde ionische-

elektronische geleider is. Analyse van de zuurstof niet-stoichiometriegegevens geeft aan 
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dat onder de gegeven experimentele omstandigheden zowel het ‘ideal solution model’ 

als het ‘itinerant electron model’ niet geschikt zijn om de defectchemie van 

La0.5Ba0.5CoO3-δ beschrijven . 

Hoofdstuk 5 gaat verder met het onderzoek naar de elektrodeprestaties van 

La1-xBaxCoO3-δ (0.3 ≤  x ≤  0.7). Aanvullend worden de hydratatie-eigenschappen van 

La0.5Ba0.5CoO3-δ bepaald door middel van thermogravimetrie. Gegevens van deze laatste 

metingen laten zien dat de protonconcentratie in La0.5Ba0.5CoO3-δ verwaarloosbaar klein 

is, waaruit geconcludeerd wordt dat het materiaal een lage protongeleiding vertoont 

onder typische bedrijfsomstandigheden van protonische keramische cellen.. 

Kathodereactiemodellen voor zuiver elektronisch geleidende en gemengd ionisch-

elektronisch geleidende elektroden aangebracht op protongeleidende elektrolyten 

worden voorgesteld, waarmee de orde van de uitwisselingsstroomdichtheid met 

betrekking tot zuurstof en water kan worden berekend. Gebaseerd op de analyse van 

gegevens van elektrochemische impedantiespectroscopie, blijkt de elektrodekinetiek 

van La0.5Ba0.5CoO3-δ te worden gecontroleerd door twee elementaire reactiestappen, die 

worden beïnvloed door de elektrodeporositeit, temperatuur, gasatmosfeer en 

substitutie van barium door strontium. Evaluatie van de elektrode-

polarisatieweerstanden laat zien dat in de onderzochte reeks La0.4Ba0.6CoO3-δ de 

elektrode is met de beste performance met een oppervlaktespecifieke weerstand van 

slechts 1 Ω·cm 2 bij 600 °C, en bij een pO2 van 0,21 bar en een pH2O van 0,03 bar, onder 

open circuit-omstandigheden. Bij verhitting gedurende 120 uur wordt geen 

verslechtering van de performance waargenomen. 

Het verhaal gaat verder in Hoofdstuk 6 , waar de hydratatie-eigenschappen en de 

elektrochemische performance van BaZr0.5Fe0.5O3-δ worden onderzocht. De 

protonenconcentratie in het oxide neemt toe van 0,31 ± 0,03 mol% tot 0,66 ± 0,03 mol% 

wanneer, bij een pO2 van 0,21 bar en een pH2O van 0,06 bar, de temperatuur afneemt 

van 700 °C naar 350 °C . De afname in de protonenconcentratie wordt voornamelijk 

veroorzaakt door de hydratatiereactie. Zowel de elektronengaten- als 

protonenconcentraties blijken de standaard enthalpie en entropie van de 

hydratatiereactie te beïnvloeden. De verkregen impedantiespectra worden 
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geanalyseerd door modellering met een equivalent vervangingscircuit en door de 

gegevens te transformeren naar de tijdsdomein om een distributiefunctie van 

relaxatietijden te verkrijgen. De resultaten laten zien dat in essentie twee 

reactiestappen de snelheid van de zuurstofreductiereactie aan het oppervlak van de 

BaZr0.5Fe0.5O3-δ elektrode bepalen, waarbij beide reactiestappen worden gekenmerkt 

door verschillende tijdconstanten. Onder open circuit-omstandigheden, en bij een pO2 

van 0,21 bar en een pH2O van 0,03 bar, wordt bij 500 °C een oppervlak-specifieke 

weerstand voor de elektrode van 1,22 Ω·cm2 gevonden, wat aantoont dat BaZr0.5Fe0.5O3-

δ een veelbelovende kandidaat is voor gebruik als luchtelektrode in protonische 

keramische cellen. 

In Hoofdstuk 7 worden de zuurstofionen- en protonentransporteigenschappen 

van La5.4WO11.1-δ onderzocht door middel van elektrische geleidingsrelaxatiemetingen. 

Het onderzoek laat zien dat de grootte van de toegepaste stroom de gegevens van 

elektrische geleiding en elektrische geleidingsrelaxatiemetingen significant beïnvloedt. 

Een schijnbaar tweevoudig relaxatiegedrag wordt waargenomen bij lage stromen, zelfs 

onder droge omstandigheden. Dit opmerkelijke gedrag wordt toegeschreven aan de in 

het onderzoek gebruikte gedeeltelijk ionenblokkerende goudelektroden. Het onderzoek 

laat verder zien dat het gebruik van elektroden met een slechte reversibiliteit bij 

metingen van het elektrische geleidingsvermogen en geleidingsrelaxatiemetingen van 

gemengd ionen-elektronen geleidende oxiden met overheersende ionengeleiding, 

waaronder zeer veel onderzochte protongeleidende oxiden vallen, kan leiden tot 

foutieve resultaten en interpretaties. 

Tot slot worden in Hoofdstuk 8 enkele aanbevelingen gegeven voor verder 

onderzoek naar de ontwikkeling van luchtelektroden. 

 



CHAPTER 1 

Introduction 

Abstract 

This chapter presents an overview of the global energy consumption and the 

socio-economic impact of renewable energies. The basic principle, material 

development and the current progress of protonic ceramic fuel cells are discussed. The 

motivations and scope of this thesis are presented. 
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1.1 Global energy consumption and electricity production 

1.1.1 General introduction 

The use of energy is reflected in many aspects of human activities, such as 

electricity, heating, manufacturing, transportation and industrial production. The 

energy consumption is synchronized with the level of human development and 

determines the quality of our lives. With the growing of emerging economies and 

modern technologies, the global energy consumption has been growing exponentially 

since 1950, as shown in Fig. 1.1. At the present, the major global energy sources are 

fossil fuels (natural gas, oil, coal), while the renewable energy sources only account for 

a small portion of the total primary energy consumption. 

 

Figure 1.1 — Global direct primary energy consumption from 1800 to 2019. Inefficiencies in fossil 

fuel production are not taken into account[1]. Data are adapted from the cited reference. 

 

Electricity, as a secondary energy source, is essential to our development and 

economy. In 2015, 18% of the total global primary energy consumption was used for the 

production of electricity[2], but only 20% of the consumption originated from renewable 

energy sources[2]. The use of fossil fuels for generation of electricity in power plants lead 

to the emission of large amounts of CO2 into the atmosphere, of which the 

concentration has risen from 280 ppm in 1750 to 420 ppm in 2020[3,4]. CO2 and other 
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greenhouse gases are held responsible for the global temperature rise and resultant 

climate changes, including the rise of the sea-level and the occurrence of extreme 

weather. It is therefore an international consensus to urgently reduce the emission of 

CO2 and exploit clean energy sources for electricity production. According to the 

perspectives from the International Renewable Energy Agency (IRENA)[5], electricity 

would become the central energy source by 2050. The electricity consumption will be 

more than double compared to the current usage, and the contribution from 

renewables and nuclear power will reach approximately 86% of the total electricity 

generation[5]. 

Carbon neutrality refers to achieving a balance between emission of CO2 and its 

removal from the atmosphere. By 2020, 44 countries have pledged to reach a net-zero 

carbon emission before 2050[6]. Though fossil fuels continued to increase its share in 

global energy consumption in recent years, its peak demand is expected to be reached 

around 2027[7]. In the meantime, renewable energies, especially wind and solar power[8], 

are developing rapidly, as shown in Fig. 1.2. The increase in share is triggered by the 

lowering of their cost. Over the past 10 years, the cost of electricity generation from 

wind and solar energy has fallen dramatically[9]. According to estimations by 

Bloomberg[10], the global levelized cost of electricity (LCOE) from photovoltaics and 

onshore wind power decreased by 85% and 60%, respectively, from 2009 to 2019 . The 

cost of offshore wind power also declines rapidly, and has fallen alone by 60% from 2015 

to 2019[10]. For example, In China 2020, the benchmark LCOE from photovoltaics is at 

$38 per MWh, competitive with that of coal-fired power plants running at a cost of $35 

per MWh[11]. The lower levelized cost is due to higher installed capacity. In a global 

perspective, China, Europe, India and the United States have been taken the leading 

endeavor to scale-up the energy production from wind and solar (Fig. 1.3). 
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Figure 1.2 — Global renewable energy generation from 1965 to 2019[12]. Data are adapted from 

the cited reference. 

 

 

Figure 1.3 — Cumulative installed capacity of a) wind energy, and b) solar energy in China, Europe, 

India and United States[8]. Data are adapted from the cited reference. 

 

Currently, the critical issues of scaling-up the wind and solar energy, and possibly 

other zero-carbon power generation technologies, are no longer whether they are cost-

competitive with fossil fuels, but the challenges faced by the electrical grid to accept a 

high proportion of electricity from renewable energy sources. Due to the nature of the 

electrical grid, it has little capacity for electricity storage. A consistent and reliable 

electricity source is necessary to maintain a stable output to meet the electric demand. 
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However, renewable energies are often intermittent, e.g., wind and solar energy are 

accessible only when the wind is blowing, or the sun is shining. In addition, 

environmental fluctuations such as clouds and typhoons make it more difficult for the 

electrical grid to adjust to the disruptions. 

A solution to counter the intermittency of renewable energies is to chemically 

store the energy. Fuel cells and electrolyzers allow conversion between chemical and 

electrical energy. Their advantages are (i) high efficiency, (ii) flexible choice of fuels, such 

as hydrogen and syngas, and (iii) flexibility of operation, from stationary to portable 

devices and from industrial to household uses[13–15]. The combination of water 

electrolysis with renewable energy sources in particular is attractive, since the 

intermittent energy can be chemically stored in hydrogen, which is a powerful and clean 

energy carrier[16]. The schematic diagram of the “hydrogen cycle” is shown in Fig. 1.4[17]. 

The produced hydrogen can be collected using pipelines and stored in tankers in a large 

quantity. Its conversion to electricity by fuel cells is flexible to meet any peak energy 

demand. Most importantly, the production, transportation and conversion of hydrogen 

through fuel cells and electrolyzers do not produce greenhouse gases (excl. H2O). 

 

Figure 1.4 — Schematic diagram of a combined hydrogen-fuel cell system. The figure is reprinted 

from Brauns et al.[17] with MDPI open access permission. 
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1.2 Protonic ceramic fuel cells (PCFCs) 

1.2.1 Basic principles 

A typical ceramic fuel cell consists of an ion-conducting electrolyte, sandwiched 

between two electrodes, referred to as anode (fuel electrode) and cathode (air 

electrode), for oxidation of the fuel and reduction of oxygen, respectively. Fuel cells are 

categorized into the type of electrolyte they employ. A solid oxide fuel cell (SOFC) 

employs an oxygen ion-conducting solid electrolyte while a protonic ceramic fuel cell 

(PCFC) employs a proton conductor as an electrolyte. When operated in the reverse (i.e., 

electrolysis) mode, these are referred to as solid oxide electrolysis cell (SOEC) and 

proton ceramic electrolysis cell (PCEC), respectively. 

Traditional yttria-stabilized zirconia (YSZ)-based SOFCs operate at high 

temperatures (800 – 1000 °C), imposing quite some challenges with regard to the 

long-term durability of materials[18]. Switching the electrolyte to gadolinium-doped ceria 

(GDC) lowers the operating temperature down to 500 °C. Further lowering of the 

operating temperature is rather challenging due to the high activation energy of oxygen 

ion migration in oxide lattices (0.7 – 1 eV)[19,20]. Proton conduction in proton conductors 

exhibits a much lower activation energy (~ 0.5 eV), enabling proton-conducting solid 

electrolytes attractive for use in low-temperature fuel cell applications[21]. Another 

advantage of PCFCs is, when hydrogen is used as the fuel, water is formed as a product 

at the cathode. The dilution of fuel is avoided, and complete utilization of hydrogen is 

enabled. 

  

1.2.2 Electrolyte materials  

The development of proton-conducting electrolytes went through three stages. In 

the ‘80s and ‘90s, Iwahara et al.[22,23] reported protonic conduction in A(Zr,B)O3 and 

A(Ce,B)O3 (A = Ca, Sr, Ba, and B = In, Sc, Y, Yb). The zirconate-based materials are stable 

under steam, CO2 and reducing conditions, but the proton conductivity is rather low. 

Oppositely, the cerate-based materials have higher proton conductivity but are not 

stable. The decomposition of BaCeO3 in steam[24] and its vulnerability to CO2 and SO2 
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limit its use as an electrolyte[25,26]. To compromise between conductivity and stability, 

BaZrO3-BaCeO3 solid solutions with possible dopants In, Sc, and Y were proposed in the 

early 2000s[25,27,28]. It was found that solid solutions BaZrO3-BaCeO3 with higher Zr 

contents are more stable, while those with higher Ce contents exhibit higher 

conductivities. To date, a widely used electrolyte is BaCe0.7Zr0.1Y0.2O3-δ (BCZY712)[29–32]. It 

shows a high conductivity, 1 × 10-2 S·cm-1 at 500 °C[33], and good stability against H2 and 

H2O, but is vulnerable to CO2 and sulfur[34,35]. BCZY712 decomposes when it is exposed 

to 3% CO2 at 600 °C for 3 h[36]. This fact restricts its use to wet H2 as a fuel since carbon-

containing fuels lead to formation of product CO2. Its conductivity exceeds that of well-

known oxygen ion-conducting solid electrolytes such as gadolinium-doped ceria (GDC), 

yttria-stabilized zirconia (YSZ) and La0.8Sr0.2Ga0.8Mg0.2O3-δ (LSGM) at temperatures below 

550 °C[33], rendering  proton-conducting electrolytes very promising for use in low-

temperature fuel cell operations. In 2009, Yang et al.[37] reported that 

BaCe0.7Zr0.1Y0.1Yb0.1O3-δ (BCZYYb) has a higher conductivity (2 × 10-2 S·cm-1 at 500 °C) than 

BCZY712 and is resistive to hydrocarbon coking, sulfur and CO2 poisoning. Therefore, 

BCZYYb has become the most popular composition among proton-conducting 

electrolytes. It is worth emphasizing that by simply replacing 10 mol% Y by Yb, the 

chemical stability of BCZY712 is surprisingly enhanced. The material is found stable in 

50% CO2 at 750 °C for 300 h[37]. Recently, aiming to further improve the CO2 resistance 

of BCZYYb, the optimal Zr content was found to be 0.4[38,39]. The proton conductivity of 

BaCe0.4Zr0.4Y0.1Yb0.1O3-δ is found to be 2 × 10-2 S·cm-1 at 500 °C, without any noticeable 

decomposition in 100% CO2 for 12 h[38]. 

Apart from perovskite-type oxides, various hydrated oxides have been found to 

exhibit proton conductivity, such as WO3·2H2O[40], ZrO2·nH2O[41], La2Ce2O7
[42], Ba2In2O5

[43] 

and even GDC[44] and YSZ[44]. These materials are more attractive in the low temperature 

regime (< 300 °C), where their conductivities are higher than barium cerate or zirconate-

based compositions, e.g., 1×10-2 S·cm-1 at 150 °C for WO3·2H2O[40], 7×10-3 S·cm-1 at 

300 °C for Ba2In2O5
[43]. Application-wise they can be used as electrolytes for proton-

exchange membrane fuel cells (PEM-FCs), though currently no high-performance PCFC 

electrodes are known in this temperature window. 
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1.2.3 Fuel electrodes 

The anode in the fuel cell mode serves as the cathode when the cell assembly 

operates in the electrolysis mode. To identify the electrode more easily, the one exposed 

to the fuel or where the fuel is generated is referred to as the fuel electrode. Most fuel 

electrodes are usually made of a porous composite between Ni and the 

proton-conducting electrolyte. The scaffold of the electrolyte phase provides a 

mechanically stable framework, while the Ni particles form an electronic conducting 

network. The electrode reaction occurs at active reaction sites located in the vicinity of 

the gas-Ni-electrolyte triple-phase boundary (TPB). The total length of the TPB therefore 

determines the electrochemical performance of the composite electrode. Owing to the 

high catalytic activity of Ni, the voltage loss at the fuel electrode is commonly minor. For 

example, Pers et al.[45] reported the electrode polarization resistance (Rp) of the 

Ni-BCZYYb electrode (60 : 40 wt. ratio of precursors NiO : BCZYYb) under pure hydrogen 

to be as low as 0.049 Ω·cm2 at 600 °C. The Ni content and electrode porosity are two 

important parameters determining the performance. As reported by Essoumhi et al.[46], 

increasing the NiO loading from 50 to 60 wt.%  lowers the Rp from 0.32 to 0.06 Ω·cm2 at 

600 °C. The enhancement is expected to be linked to percolativity of the Ni network and 

the increase in electrode porosity with higher Ni content[46]. Nowadays, a 60 : 40 wt. 

ratio of NiO : electrolyte is the standard recipe for the preparation of a fuel electrode. 

 

1.2.4 Air electrodes 

The electrochemical performance of PCFCs is mainly limited by the high voltage 

losses at the air electrode, where either the oxygen reduction reaction (ORR) or, when 

operating in the electrolysis mode, the water dissociation reaction (WDR) takes place[47]. 

Taking the ORR reaction as an example, the O2 molecules are first adsorbed and 

dissociated on the electrode surface. Subsequently, electrons are transferred to 

adsorbed intermediates to form O2-, which is followed by a reaction with protons to form 

the product H2O. The overall electrode reaction reads, 

O� + 4H� + 4e� ⇄ 2H�O (1.1) 
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Whether or not the electrode is also proton conductive appears decisive to its 

electrochemical performance. Conventional mixed ionic and electronic conductors 

(MIECs) such as La0.6Sr0.4Co0.2Fe0.8O3-δ (LSCF) and Ba0.5Sr0.5Co0.2Fe0.8O3-δ (BSCF) have a 

poor electrode performance[48,49]. Since the latter materials do not conduct protons, the 

electrode reaction is limited to the immediate vicinity of the TPB lines at the 

electrolyte/electrode interface. Another challenge of the widely used lanthanide-based 

MIECs, e.g., LaCoO3-δ and LaFeO3-δ, as air electrode is the occurrence of an interfacial 

reaction with BaZrO3. Formation of La2Zr2O7 phase is observed after mixing LaMnO3-δ, 

La2NiO4+δ, LaCoO3-δ and LaFeO3-δ with BaZrO3 and subsequent heating to 1100 °C[50]. 

La2Zr2O7 is detrimental to the electrode performance due to its poor proton 

conductivity. 

Motivated by the aim to extend the total TPB length, various composites between 

proton-conducting electrolytes and MIECs have been developed, e.g., 

LSCF-BaCe0.9Yb0.1O3-δ (BCYb)[51], LSCF-SrCe0.9Yb0.1O3-δ (SCYb)[51], BSCF-BCZY712[32] and 

Sm0.5Sr0.5CoO3-δ (SSC)-BCZY712[52]. These composites achieve much higher performances 

than single phase MIECs, indicating that the introduction of the proton-conducting 

phase into the air electrode would be critical. In fact, it has been claimed that the rate-

limiting step in these electrodes is the dissociative adsorption of oxygen molecules, 

rather than proton-related transport processes[51,52]. 

Triple-conducting (H+, O2-, e-) oxides (TCOs) are considered as ideal candidates for 

the PCFC air electrode since they extend the active reaction zone to the entire electrode 

surface. In order to utilize the entire surface, the electrode should exhibit high partial 

conductivities of the mobile charge carriers. However, this is difficult to achieve in a 

single-phase material. To date, only a few TCOs have been reported, including 

BaCo0.4Fe0.4Zr0.1Y0.1O3-δ
[53], PrBa0.5Sr0.5Co1.5Fe0.5O5+δ

[38], BaGd0.8La0.2Co2O6−δ
[54], 

SrEu2Fe1.8Co0.2O7−δ
[55] and BaFe0.5Sn0.2Bi0.3O3-δ

[56]. One thing they have in common is that 

they contain basic earth-alkaline metals Ba and/or Sr at the A-site, which serves to 

improve their hydration properties.  

With the endeavors during the last two decades towards material design and 

optimization, the performance of PCFCs and PCECs has been dramatically improved, as 
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can be judged from the data presented in Table 1.1. As illustrated in the often-cited 

figure by Duan et al.[53] in 2015 (Fig. 1.5), the newly developed PCFCs based on BCZYYb 

electrolyte using BCFZY as air electrode outperform conventional SOFCs and PCFCs in 

the intermediate-to-low temperature range. In recent years, innovation has continued 

to new performance records. Cell stacks[57] and tubular cells[58,59] have been developed 

and commercial models have been analyzed[60]. 

 

Table 1.1 — Cell configurations and electrochemical characteristics of PCFCs/PCECs. The number 

between parenthesis is the electrolyte thickness. The operation mode is designated as FC (fuel 

cell), EC (electrolysis) or RSOC (reversible solid oxide cell). Pmax is the peak power density. The 

acronyms used for different compositions are explained below the table. 

Cell configurations 
(Fuel electrode|Electrolyte (μm)|air 

electrode) 

Mode Pmax 
(mW·cm-2) 

T 
(°C) 

Year Ref. 

Pt| BCG20 (500)|Pt FC 230 800 1992 [61] 
Ni-BCG20| BCG20 (50)|LSC55-BCG20 FC 355 700 2006 [62] 

Pt| BCY20 (500)|Ag FC 10 500 2007 [63] 
Ni-BCY10| BCY10 (40)|BSCF5582 FC 550 700 2008 [64] 

Pt|BCY20 (1000)|LSCF6428-BCYb10 FC 50 700 2009 [51] 
Ni-BCZY712|BCZY712 (25)|BCNF811-BCZY712 FC 413 700 2009 [65] 
Ni-BCZY712|BCZY712 (20)|BSFC5582-BCZY712 FC 190 600 2010 [66] 

Ni-BCZY712|BCZY712 (60)|BCPY442 FC 270 700 2011 [67] 
Ni-BCZY532|BCZY532 (20)|BZC64 RSOC 350 700 2012 [68] 

Ni-BCZY712|BCZY712 (35)|LSFC6491 FC 412 700 2013 [69] 
Ni-BCZY712|BCZY712 (50)|SFM-BCZY712 FC 396 800 2014 [70] 

Ni-BCZYYb|BCZYYb7111 (-)|BCFZY FC 455 500 2015 [53] 
Ni-BCZY712|BCZY712 (12)|PBC2-BCZY712-GDC FC 540 600 2016 [71] 

Ni-BCZY811|BCZY811 (9)|SSC55-BCZY811 FC 370 600 2017 [72] 
Ni-BCZYYb4411|BZCYYb4411 (15)|PBSCF FC 548 500 2018 [38] 
Ni-BCZY712|BCZY712 (15)|SEFC-BCZY712 RSOC 562 700 2018 [55] 

Ni-BCZYYb|BCZYYb7111 (16)|BCCY FC 319 500 2019 [73] 

Ni-BCZY271|BCZY271 (30, tube) |BGLC-BCZY271 EC 
I = 0.1 A·cm-2 

(1.29V) 
600 2019 [58] 

Ni-SCZY451|BCZY(54)8/9 (12)|LBC55 EC 
I = 0.5 A·cm-2 

(1.40V) 
600 2020 [74] 

Ni-BCZYYb| BCZYYb7111 (10, tube)|BCFZY FC 520 600 2021 [59] 
 

BCG20: BaCe0.8Gd0.2O3-δ, BCY20: BaCe0.8Y0.2O3-δ, LSC55: La0.5Sr0.5CoO3-δ, BCY10: BaCe0.9Y0.1O3-δ, BSCF5582: 

Ba0.5Sr0.5Co0.8Fe0.2O3-δ, LSCF6428: La0.6Sr0.4Co0.2Fe0.8O3-δ, BCYb10: BaCe0.8Yb0.2O3-δ, BCNF811: 

BaCo0.8Nb0.1Fe0.1O3-δ, BCZY712: BaCe0.7Zr0.1Y0.2O3-δ, BSFC5582: Ba0.5Sr0.5Fe0.8Cu0.2O3-δ, BCPY442: 
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BaCe0.4Pr0.4Y0.2O3-δ, BZC64: BaZr0.6Co0.4O3-δ, LSFC6491: La0.6Sr0.4Fe0.9Cr0.1O3-δ, SFM: Sr2Fe1.5Mo0.5O6-δ, 

BCZYYb7111: BaCe0.7Zr0.1Y0.1Yb0.1O3-δ, BCFZY: BaCo0.4Fe0.4Zr0.1Y0.1O3-δ, PBC2: PrBaCo2O5+δ, SSC55: 

Sm0.5Sr0.5CoO3-δ, PBSCF: PrBa0.5Sr0.5Co1.5Fe0.5O5+δ, SEFC: SrEu2Fe1.8Co0.2O7−δ, BCCY: BaCo0.7(Ce0.8Y0.2)0.3O3-δ, BGLC: 

BaGd0.8La0.2Co2O6−δ, LBC55: La0.5Ba0.5CoO3-δ, SCZY451: SrCe0.4Zr0.5Y0.1O3-δ , BCZY(54)8/9: BaZr0.44Ce0.36Y0.2O3-δ . 

 

 

Figure 1.5 — Performance of first-generation (YSZ-based) SOFCs, second-generation (SDC, GDC 

and LSGM-based) SOFCs, and BCZY-based PCFCs compared with 

Ni-BCZYYb7111|BCZYYb7111|BCFZY. The figure is taken from Duan et al.[53], reprinted with 

permission from AAAS for use in a thesis. 

 

1.3 Triple conducting oxides (TCOs) 

1.3.1 Hydration 

In this thesis, TCOs refer to those oxides targeted as air electrodes for PCFCs, which 

are typically operated in wet air and in the temperature range of 500 – 700 °C. Protons 

are incorporated via the hydration reaction (Wagner mechanism[75]), written in 

Kröger-Vink notation as 

H�O + V�
∙∙ + O�

× ⇄ 2OH�
∙ (1.2) 

Thus, oxygen vacancies ( V�
∙∙) are a prerequisite to hydration. However, the proton 

concentration [OH�
∙ ] in oxides may vary largely. The electrolyte BZY10 is fully hydrated 

below 300 °C in 0.023 bar pH2O (all oxygen vacancies are occupied by hydroxyl groups), 

while it is 50% hydrated at 600 °C[21]. On the other hand, a proton concentration as low 
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as 2×10-5 (corresponding to filling up 0.01% of the amount of oxygen vacancies) has been 

reported for SrTi0.5Fe0.5O3-δ at 400 °C in 0.023 bar pH2O[76]. 

The equilibrium constant for the quasi-chemical hydration reaction is 

������ =  
[OH�

∙ ]�

�H�O[V�
∙∙][O�

×]
(1.3) 

The temperature dependence of ������is, as always, given through 

∆������
� = ∆������

� − �∆������
�  = −��ln�������� (1.4) 

where ∆������
� , ∆������

�  and  ∆������
�  are the Gibbs energy, enthalpy and entropy of 

the hydration reaction, respectively. The lower the ∆������
� , the higher ������  and 

[OH�
∙ ] . Zohourian et al.[77] found that ∆������

�  distinctly differs between proton-

conducting electrolytes and TCOs. At 700 K, the ∆������
�  of BCY10 and BZY10 are -45 and 

-18 kJ·mol-1, respectively, leading to a high level of hydration. However, ∆������
�  of TCOs 

such as BCFZY, Ba0.95La0.05FeO3-δ (BLF), Ba0.5Sr0.5FeO3-δ (BSF) and Ba0.95La0.05Fe0.8Zn0.2O3-δ 

(BLFZ), are in the range of 15 – 50 kJ·mol-1. Only a small amount of oxygen vacancies are 

filled up by hydroxyl groups in these TCOs. The authors attribute this to the presence of 

electron holes in the TCOs, which are detrimental for the incorporation of protons due 

to columbic interactions[77]. The thermodynamic analysis has shown that the presence 

of Ba is crucial for hydration. Accordingly, much lower values of ∆������
�  are found for 

Ba-containing perovskites when compared to those containing Sr[77]. 

 

1.3.2 Proton migration 

It is widely accepted that proton migration in perovskite oxides occurs via a 

Grotthuss mechanism. It is conceived that a proton interacts with the electron density 

of nearby oxygen ions, reorientates around the bonded oxygen site, and hops to an 

adjacent oxygen site. In an ABO3 perovskite, the proton migration pathway is believed 

to be at the edge of the BO6 octahedron, where the O-H bond is exchanged between 

adjacent oxygen sites via either intra- or inter-octahedral motion[78]. Several theoretical 

studies have calculated migration barriers by density functional theory (DFT). Wang 

et al.[79] studied proton migration barriers in BaZr0.75Co0.25O3-δ. Along different plausible 



Page | 13   Chapter 1 

proton migration pathways, migration barriers in the range 0.53 – 0.63 eV were found, 

which values were found to be higher than those in parent BaZrO3 (0.14 – 0.25 eV). 

Muñoz-García et al.[80] calculated migration barriers in the range 0.19 – 0.24 eV for 

BaZr0.75Fe0.25O3-δ and BaZr0.75Mn0.25O3-δ, slightly smaller than those calculated by the 

authors for BaZrO3 (0.27 eV). The lower migration energies in the doped materials 

relative to parent BaZrO3 were attributed to a favorable lattice distortion induced by the 

dopant ions[80]. For the Ruddlesden-Popper phase Sr3Fe2O7−δ, migration barriers were 

calculated to be in the range 0.28 – 0.62 eV, with distinctly lower migration barriers 

within the perovskite layer than in the rock salt layer[81].  

The proton migration energy in pure BaZrO3 obtained from DFT calculations is 

found to be smaller than experimental data (~ 0.5 eV)[21]. This is attributed to the proton-

trapping effect, which assumes that protons are trapped at the negatively-charged 

acceptor dopants due to electrostatic interactions[82–84]. At low dopant concentrations, 

trapping results in an increase in migration energy and, hence, in a decrease in proton 

mobility. At high dopant concentrations, a “nanoscale percolation pathway” is formed 

through the dopant network, which is believed to result in a decrease of the migration 

energy and, hence, enhancing the proton mobility. According to the simulations carried 

out by Draber et al.[84], the percolation threshold is approximately x = 0.2 in BaZr1-xYxO3-δ. 

It has also been suggested that at high dopant concentrations, dopant ordering and 

pairing are beneficial for proton conduction[83,84]. 
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1.4 Scope of this thesis 

The major aim of this thesis is to identify, characterize and test air electrodes with 

high performance for use in PCFCs/PCECs. Proton conducting BaZrO3 doped with 

transition metals like Co[68], Fe[85] or mixed Co/Fe[86] is considered as a promising air 

electrode.  In general, however, the effects of transition metal doping on the transport 

and thermodynamic properties of BaZrO3 and the associated electrochemical 

performance are poorly studied. Corresponding investigations on selected compositions 

in the series of Fe-doped BaZrO3 are presented in Chapters 2 and 6. The selection of this 

system was inspired by the work of Kim et al.[87,88], in which the authors showed that Fe 

doping induces electronic and oxygen ion conductivity in BaZrO3. 

Alternatively, well-known MIECs can be applied as PCFC/PCEC air electrodes. As 

mentioned above, MIECs like LSCF and BSCF perform poorly as air electrodes. There are, 

however, a few exceptions. Electrochemical characterizations performed on the layered 

double perovskite oxides GdBaCo2O5+δ
[89] (GBC2), PrBaCo2O5+δ

[90] (PBC2), 

PrBaCo2-xTaxO5+δ
[91] (PBCT) and Ba1−xGd0.8La0.2+xCo2O5+δ

[92,93] (BGLC) have shown these are 

promising air electrodes. Several researchers claim significant proton conductivity in 

double perovskites cobaltites (REBaCo2O5+δ, RE = Pr, La, Gd, Nd…)[48,94,95], though others 

have shown that several double perovskites cobaltites do not hydrate (PrBaCo2O5+δ, 

GdBaCo2O5+δ, LaBaCo2O5+δ)[96–98]. Accordingly, the concentration of protons in these 

solids is expected to be negligible[96–98]. In this thesis, detailed investigations are carried 

out towards the related perovskite oxide La0.5Ba0.5CoO3-δ (LBC55), which transforms to 

the double perovskite LaBaCo2O5+δ (LBC2) at high temperature. Structure, oxygen non-

stoichiometry, transport properties, hydration properties and electrode performance of 

LBC55 are investigated and discussed in Chapters 4 and 5. 

The electrical conductivity relaxation (ECR) technique is widely used for the 

characterization of the oxygen and proton transport properties of MIECs and TCOs. The 

shape of the relaxation curve after a pO2 or pH2O step-change depends on kinetic rate 

parameters, like the surface exchange and diffusion coefficients,  and the concentrations 

and mobilities of the involved charge carriers[99]. In the case of TCOs, a pH2O step-change 
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may result in a two-fold non-monotonic relaxation profile[100,101] as a result of decoupled 

proton and oxygen transport. In orienting experiments, it was found that in addition to 

the abovementioned parameters, the value of the applied DC current plays an important 

role in conductivity relaxation experiments on proton-conducting La5.4WO12-δ. A 

systematic study towards the origin of this phenomenon is presented in Chapter 7. 

 Chapter 3 investigates the crystal structure, oxygen non-stoichiometry, 

conductivity and oxygen diffusivity of perovskite-type oxides La1-xCaxFeO3-δ (x = 0.05, 

0.10, 0.15, 0.20, 0.30 and 0.40). 

 Chapter 8 gives a summary of the results presented in this thesis and 

recommendations for future research. 
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CHAPTER 2 

Electrical and oxygen transport in perovskite-type 
oxides BaZr1-xFexO3-δ (x = 0.1 – 0.5) 

Abstract 

Investigations on BaZr1-xFexO3-δ (0.1 ≤ x ≤ 0.5) have been carried towards the effect 

of partial substitution of Zr by Fe on material’s ionic and electronic transport properties, 

and the underlying defect chemistry. Room-temperature X-ray powder diffraction 

patterns (measured in the range 0.05 ≤ x ≤ 0.8) can be indexed within cubic space group 

Pm3�m. Thermogravimetric analysis reveals that Fe substitution is predominantly charge 

compensated by oxygen vacancies. In the range 0.2 ≤ x ≤ 0.5, the estimated values for 

the partial molar enthalpy of oxygen, ∆ℎ�, and the standard entropy of oxidation, ∆���
° , 

exhibit slight dependencies on δ, while for x = 0.1 both parameters are found to increase 

rapidly with increasing δ. The variation in ∆ℎ� with δ is attributed to defect interactions, 

which causes a non-linear behavior of the van ’t Hoff plots for all investigated 

BaZr1-xFexO3-δ compositions. The mean value of the oxygen vacancy formation enthalpy, 

∆ℎ� (=  −∆ℎ�) , under the conditions of the experiments in this study is found to 

decrease rapidly with x, which is consistent with the weaker Fe-O bond strength relative 

to that of Zr-O. 

Data from electrical conductivity and electrical conductivity relaxation 

measurements make apparent that the small-polaron electronic conductivity and the 

ionic conductivity in BaZr1-xFexO3-δ are both subject to a percolation conduction 

mechanism. The percolation thresholds are found near x = 0.25, being close to the 

known bond percolation threshold for a cubic lattice, at which composition it is found 

that the electrical mobilities and the oxygen vacancy diffusion coefficients extracted 

from the experimental data increase rapidly with x. In agreement with data of density 
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functional theory calculations from literature, the oxygen migration energy is found to 

correlate with the oxygen vacancy formation enthalpy. 
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2.1 Introduction 

Over the past few decades, ceramic fuel cells have attracted increasing attention 

owing to their highly efficient energy conversion between chemicals and electricity[1–3]. 

The flexible choice of fuels and the possibility to operate in both fuel cell and electrolysis 

modes make ceramic fuel cells ideally suited for energy conversion and storage. There 

are two types of ceramic fuel cells, categorized by the type of electrolyte used for ion 

transport: oxygen-ion conducting solid oxide fuel cells (SOFCs) and proton-conducting 

ceramic fuel cells (PCFCs). A critical demand for the development of ceramic fuel cells is 

to lower their operating temperature to below 700 °C, enhancing the durability of cell 

components and facilitating the use of low-cost interconnectors. In this respect, PCFCs 

are more promising due to the higher ionic conductivity of proton-conducting 

electrolytes at relatively low temperatures compared to their oxygen ion conducting 

counterparts used in SOFCs[4–7].  

The electrochemical performance of PCFCs is mainly limited by high polarization 

losses at the air electrode, where either the oxygen reduction reaction (ORR) or, when 

operating in the electrolysis mode, the water dissociation reaction (WDR) takes place[8]. 

Conventional mixed oxygen ionic and electronic conductors (MIECs) such as 

La0.6Sr0.4Co0.2Fe0.8O3-δ and Ba0.5Sr0.5Co0.8Fe0.2O3-δ have a poor electrode performance[9,10]. 

Since these materials do not conduct protons, the electrode reaction is limited to the 

immediate vicinity of the triple-phase boundary (TPB) lines. Triple-conducting (H+, O2-, 

e-) oxides (TCOs) on the other hand allow transport of protons through the bulk of the 

material. Thus, TCOs extend the active reaction zone to the entire electrode surface, 

rendering them attractive for use as electrodes in PCFCs. Significant enhanced 

performance has been demonstrated using TCO materials like BaCo0.4Fe0.4Zr0.1Y0.1O3-δ
[11], 

PrBa0.5Sr0.5Co1.5Fe0.5O5+δ
[12], BaGd0.8La0.2Co2O6−δ

[13], SrEu2Fe1.8Co0.2O7−δ
[14] and 

BaFe0.5Sn0.2Bi0.3O3-δ
[15] as air electrodes in PCFCs. 

A possible strategy to develop TCOs is to dope proton-conducting electrolyte 

materials like BaZrO3 and BaCeO3 with late transition metals (e.g., Fe, Co and Mn)[16–19]. 

The aim is to induce electrical and oxygen ion conductivity in the host materials while 

preserving their proton conductivity. Rao et al.[17] fabricated a BaCe0.5Zr0.3Y0.2O3-δ-based 
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PCEC using BaZr0.6Co0.4O3-δ as the air electrode, obtaining an electrolysis current density 

of -935 mA∙cm-2 at 1.5 V, 700 °C. Wu et al.[18] reported high-performance PCFCs using 

BaFe0.6Zr0.2Y0.2O3-δ as the cathode. Muñoz-García et al.[19] performed spin-polarized 

Kohn-Sham density functional theory (DFT) calculations on the hydration behavior of 

BaZr0.75Mn0.25O3-δ and BaZr0.75Fe0.25O3-δ. The calculations make clear that the oxygen 

vacancy formation energy, hydration energy and proton migration energy are lowered 

upon doping BaZrO3 with Mn or Fe. We have performed a systematic investigation 

towards the effect of partial substitution of Fe for Zr on the crystal structure, oxygen 

nonstoichiometry, electronic and ionic transport properties of BaZrO3. In this paper, we 

focus on the properties of the materials under dry conditions. Proton transport and 

electrochemical properties of BaZr1-xFexO3-δ (x = 0.05 – 0.5) will be presented in a 

forthcoming paper. 

 

2.2 Experimental 

2.2.1 Sample preparation and phase analysis 

Powders of BaZr1-xFexO3-δ (BZF) with x = 0.05, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8 

(denoted as BZF9505, BZF91, BZF82, BZF73, BZF64, BZF55, BZF46, BZF37 and BZF28, 

respectively), were synthesized via the auto-combustion method. Ba(NO3)2 (Sigma-

Aldrich, >99%), ZrO(NO3)2∙xH2O (x = 6, Sigma-Aldrich, >99%), Fe(NO3)3∙9H2O (Sigma-

Aldrich, >98%) were used as precursors, while C10H16N2O8 (EDTA, Sigma-Aldrich, >99%) 

and C6H8O7 (citric acid, Alfa Aesar, >99.5%) were used as chelating agents and NH4NO3 

(Sigma-Aldrich, >98%) as the oxidant. The precursors, chelating agents and oxidant in 

the desired proportions were dissolved in water. The citric acid : EDTA : total metal molar 

ratio was maintained at 1.5 : 1 : 1. Following Jain et al.[20], the elemental stoichiometric 

coefficient or equivalence ratio, ��, representing the actual molar ratio of oxidizer to 

reducing (fuel) elements in the redox reaction mixture relative to the stoichiometric 

ratio was set to 1.25. If �� = 0, the combustion is stoichiometric, and if it is > 1, the 

combustion is fuel lean. For a fuel rich composition, gaseous oxygen is required to 

achieve complete combustion. The pH of the obtained solution was adjusted to 7 using 
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NH3∙H2O (Sigma-Aldrich, 28% (wt/vol)). The precursor solution was heated on a ceramic 

hot plate, set to 350 °C, until a vigorously boiling gel was obtained. The foam-like 

powders obtained after auto-combustion were calcined at either 1000 °C or 1100 °C for 

5 h in ambient air. A detailed description of the synthesis route is given elsewhere[21]. 

The as-synthesized powders were ball-milled using zirconia beads in ethanol for 48 h 

and subsequently dried on a hot plate at 80 °C. The particle size distribution (D50 = 0.6 

µm) of the powders was measured using a Mastersizer 2000 (Malvern Panalytical, UK). 

Powders were uniaxially pressed into discs, followed by cold isostatic pressing at 4000 

bar for 10 min. The obtained discs were sintered at temperatures between 1300 and 

1450 °C for 10 h in ambient air. Their density was measured using Archimedes’ method. 

The phase composition of the as-synthesized powders was checked by X-Ray powder 

diffraction (Bruker D2 PHASER, USA) using Cu-Kα radiation (λ = 1.5418 Å). Data were 

acquired in the 2θ range of 20 – 80 °C with a step size of 0.02° and a counting time of 

2 s. Rietveld refinements of the obtained XRD patterns were performed using the 

FullProf software[22]. 

  

2.2.2 Thermogravimetric analysis (TGA)  

The oxygen nonstoichiometry of the BZF compositions was investigated as a 

function of temperature and pO2 using a Netzsch STA 449 F3 apparatus (Netzsch GmbH 

& Co., Germany). Prior to experiments, the sample powders were annealed ex-situ at 

1200 °C for 3 h in ambient air and cooled to room temperature at a rate of 2 °C∙min-1 to 

remove any adsorbed water and/or CO2 that may have accumulated on the sample 

surface during storage. For all measurements, the sample mass was around 1 g. Weight 

changes were recorded during cooling from 900 to 250 °C, with intervals of 25 °C 

between 900 – 650 °C and of 50 °C between 600 – 250 °C, in 0.01, 0.045, 0.10, 0.21, 0.46 

and 0.90 bar O2 (balanced by N2). The ramp rate was 3 °C∙min-1, with isothermal dwelling 

times varying between 15 and 35 min. The stoichiometry after reduction in N2 (pO2 = 

2 × 10-6 bar), at 1100 °C, assumed to be BaZr1-xFexO3-x/2, was taken as the reference 

stoichiometry. 
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H2 reduction experiments were conducted for BZF55 using a NETZSCH STA 449F1 

apparatus (Netzsch GmbH & Co., Germany). Approximately 1 g of powders were fired at 

900 °C in 19% O2/Ar for 3 h, followed by purging the TGA chamber with Ar for 2 h. H2 

reduction experiments were carried out by switching the purge gas to 4% H2/Ar, at either 

900 °C or 1000 °C, with an isothermal dwell time of 10 h. Heating and cooling rates were 

5 °C∙min-1. 

 

2.2.3 Electrical conductivity relaxation (ECR) measurements 

Thin rectangular bars were cut out of sintered pellets of the BZF compositions 

using a cutting machine (Secotom 50, Struers, Denmark). The obtained bars were ground 

by abrasive plates and subsequently polished (JZ Primo, Xinhui, China) to final 

dimensions 12 × 5 × 0.5 mm3, using polishing plates with a mesh size from 15 down to 

0.5 µm. Electrical conductivity data were collected by a four-probe DC method using two 

Keithley 2400 source meters. Gold wires (Alfa Aesar, 0.25 mm in diameter, 99.999%) 

were wrapped around both bar ends for current supply. Two additional gold wires were 

wrapped 1 mm remote from the current electrodes to act as voltage probes. Homemade 

S/Bi/Pb-free gold paste was used to ensure good adhesion between the gold wires and 

the sample surface. Prior to measurements, the sample was in situ annealed at 900 °C 

for 1 h in synthetic air to establish a proper adhesion between the gold wires and the 

sample surface. ECR experiments were performed using a homemade apparatus. Two 

O2/N2 gas streams having a different pO2, each with a flow rate of 280 ml min-1, were 

created by mixing dried oxygen and nitrogen gas in the desired ratio using mass flow 

controllers (GF40, Brooks, USA). Two pneumatic four-way valves were used to allow 

rapid switching between both gas streams, one of them being fed through the reactor. 

ECR experiments were conducted on selected BZF compositions in the range of 

450 – 900 °C with 50 °C intervals, using oxidation and reduction step changes in pO2 

between 0.215 and 0.464 bar. The conductivity relaxation data were analyzed using a 

custom-made Matlab program. The oxygen chemical diffusion coefficient, Dchem, and the 

surface exchange coefficient, kchem, were extracted simultaneously by fitting the 
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transient conductivity to the appropriate analytical solution of Fick’s second law. A 

detailed description of the ECR apparatus and fitting method can be found 

elsewhere[23,24]. Data of electrical conductivity was acquired in the temperature range 

400 – 900 °C and pO2 range 0.01 – 0.464 bar. An isothermal dwell time between 0.5 – 5 h 

was applied prior to data acquisition. 

 

2.3 Results and discussion 

2.3.1 Structure and phase analysis 

 

Figure 2.1 — (a) Cubic lattice parameter a as a function of x in BaZr1-xFexO3-δ obtained from 

Rietveld refinements. Data for BaZrO3 [PDF06-0399] and BaFeO2.88 [PDF20-0127] are taken from 

the International Centre for Diffraction Data (ICDD) database[25]. (b) Normalized XRD spectra of 

different BZF compositions zoomed in at 2θ range 29 – 32 °. 

 

Powder XRD patterns and corresponding Rietveld refinements of as-synthesized 

BaZr1-xFexO3-δ (x = 0.05 – 0.8) powders are shown in Fig. A2.1. All patterns can be fitted 

within cubic space group Pm3�m. Corresponding reliability factors (Rp, Rwp and χ2) are 

listed in Table A2.1. No diffraction peaks of secondary phases are observed though some 

tailing of the diffraction peaks to higher angles is observed. This is found most prominent 

in the spectra of the compositions with higher Fe contents and is illustrated in Fig. 2.1b 

for the reflection in the 2θ range 29 – 32 °. A similar observation was made by Kim 

et al.[26] for the x = 0.8 sample in an XRD study of BaZr1-xFexO3-δ (x = 0.1, 0.2, 0.3, 0.8), 



Page | 28   Chapter 2 

which authors attributed the tailing to the co-existence of tetragonal (space group 

P4/mmm) and cubic (space group Pm 3� m) phases with slightly different oxygen 

nonstoichiometries. No attempt was made in our study to perform Rietveld refinements 

of mixtures of tetragonal and cubic phases. 

The cubic lattice parameter, a, of the BZF compositions obtained from refinements 

is plotted as a function of Fe content in Fig. 2.1a. Corresponding data for BaZrO3 [PDF06-

0399] and BaFeO2.88 [PDF20-0127][25] (taken from the International Centre for Diffraction 

Data (ICDD) database) are included for comparison. The lattice parameter is found to 

decrease with increasing Fe substitution, which can be attributed to the smaller ionic 

radii of Fe4+ (0.585 Å, VI)  and Fe3+ (high spin, 0.645 Å, VI) relative to that of Zr4+ (0.72 Å, 

VI)[27]. The observed positive departure from Vegard’s law at high Fe contents may be 

explained by a higher Fe4+ concentration relative to that of Fe3+ with increasing x 

(Table A2.2). A similar non-linear dependence of the cubic lattice parameter on Fe 

content in BaZr1-xFexO3-δ was reported by Kim et al.[26]. 

 

2.3.2 Oxygen nonstoichiometry 

TGA experiments were conducted to investigate the oxygen non-stoichiometry of 

the BZF compositions. A typical measurement scheme of BZF55 is shown in Fig. A2.2. 

Note from this figure that mass equilibration is found to be fast even at a temperature 

as low as 250 °C. As mentioned in the experimental section, the stoichiometry of BZF 

after reduction in N2 (pO2 = 2 × 10-6 bar), at 1100 °C, assumed to be BaZr1-xFexO3-x/2, was 

taken as reference stoichiometry, following similar studies on related perovskite oxides 

Ba0.5Sr0.5Ti0.65Fe0.35O3-δ
[28] and SrTi0.5Fe0.5O3-δ

[29]. Attempts to measure the reference 

stoichiometry by reduction of BZF55 in 4% H2/Ar at either 900 °C or 1000 °C failed as 

stable end products could not be obtained after exposure for 10 h (Fig. A2.3). Therefore, 

this approach was abandoned for the other BZF compositions.  

Data of oxygen stoichiometry (3 - δ) of BZF55 in the temperature range 250 – 

900 °C and pO2 range 0.01 – 0.90 bar is plotted in Fig. 2.2. Figures for the other 

compositions investigated in this study are shown in Fig. A2.4.  As can be inferred from 
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these figures, the value of δ at a given temperature and pO2 increases with increasing x 

in BaZr1-xFexO3-δ.  

 

Figure 2.2 — Temperature dependence of the oxygen content (3−δ) of BZF55 at different values 

of pO2. The error in δ is estimated at ± 0.0001 and is within the size of the symbols. The dashed 

lines are drawn to guide the eye. 

 

The dissolution of Fe2O3 in BaZrO3 can be written, in Kröger-Vink notation, as 

2BaO +  Fe�O�

������
�⎯⎯⎯� 2Ba��

× + 2Fe��
� + V�

∙∙ + 5O�
× (2.1) 

Under the oxidizing conditions (pO2 = 0.01 – 0.9 bar) used in this study, the electron 

holes are preferably localized on the dopant cation, forming Fe4+ (Fe��
× ), as has been 

confirmed by DFT calculations[30]. Their formation can be represented by the defect 

chemical reaction (i.e., oxygenation reaction) as 

1

2
O� + V�

∙∙ + 2Fe��
� ⇄ O�

× + 2Fe��
× (2.2) 

Under the assumption of an ideal solution of random non-interacting defects, the 

corresponding equilibrium constant, ���, can be written as  

��� =
[O�

×] [Fe��
× ]�

�O�

�
� [V�

∙∙] [Fe��
� ]�

(2.3) 

Ignoring the possible formation of electrons, assumed to be localized on Fe sites 
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(denoted as Fe��
�� ) and arising from charge disproportionation of two Fe3+ (Fe��

� ) ions, 

2 Fe��
�  ⇄ Fe��

× + Fe��
��  (2.4) 

the charge neutrality condition can be simplified to 

[Fe��
� ] = 2[V�

∙∙] (2.5) 

while the mass balance for Fe in the oxide reduces to 

� = [Fe��
� ] + [Fe��

� ] (2.6) 

The value of ��� at a given temperature and pO2 can be calculated from corresponding 

data of the oxygen nonstoichiometry. Fig. 2.3 shows log (���) vs. 1 �⁄   for BZF55, known 

as the van ’t Hoff plot, at different values of pO2. The linearity of the plots in the 

temperature range of 750 – 900 °C is consistent with the assumption of ideal solution 

behavior (with the enthalpy of oxidation, ∆���
° , independent of the oxygen 

nonstoichiometry). However, departures from linearity are observed at lower 

temperatures, which become more pronounced with increasing pO2. Similar results are 

obtained for the other compositions investigated in this work as given in Fig. A2.5. To 

gain insight into the observed departure from ideal solution behavior, the relative partial 

molar enthalpy, ∆ℎ�, and entropy, ∆��, of oxygen were determined at different oxygen 

nonstoichiometries.  

 

Figure 2.3 — van ’t Hoff plots for BZF55 at different values of pO2. The dashed lines are drawn to 

guide the eye. 
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Data of oxygen stoichiometry as a function of temperature at different values of 

pO2, as presented in Figs. 2.2 and A2.4, allow calculation of the chemical potential of 

oxygen, ∆��, relative to that in equilibrium with gaseous oxygen at 1 bar 

∆�� = �� −
1

2
���

� =
��

2
ln�O� (2.7) 

where ���

�  is the chemical potential of oxygen in the standard state. Defining ∆ℎ� and 

∆�� relative to the standard state by the equation 

∆�� = ∆ℎ� − �∆�� (2.8) 

it follows, using the Gibbs-Helmholtz equations, 

∆ℎ� = �
� �

∆��

�
�

� �
1
�

�
�

�

=
�

2
�

�ln(�O�)

� �
1
�

�
�

�

(2.9) 

∆�� = �
�∆��

� �
�

�
= −

�

2
�

�(�ln(�O�))

��
�

�

(2.10) 

The change in partial molar entropy, ∆��, with δ was analyzed, using the relationship   

∆�� = ∆���
° + ��(conf) (2.11) 

where ��(conf) is the partial configurational entropy and ∆���
°  the standard entropy of 

oxidation. Ignoring possible contributions from the entropy of spins, ��(conf)  was 

calculated assuming a random distribution of Fe4+ (Fe��
× ) on Fe sites and of oxygen 

vacancies on the oxygen sub-lattice, 

�(conf) = �� ���
(���)!

(2���)! ���(� − 2�)�!
+ ��

(3��)!

���(3 − �)�! (���)!
� (2.12) 

where ��  is the Boltzmann constant and ��  is Avogadro’s constant. The partial 

configurational entropy is defined by 

��(conf) =
��(conf)

�(3 − �)
= −

��(conf)

��
(2.13) 

From Eqs. (2.12) and (2.13), while using Stirling’s approximation and the relationship 

� = ���� (where � is the ideal gas constant), it follows    

��(conf) = 2��� �
2�

� − 2�
� + ��� �

�

3 − �
� (2.14) 

Plots of ln(�O�) vs. 1 �⁄   and  �ln(�O�) vs. � for BZF55 at different δ values are 

shown in Figs. 2.4a and b respectively, while Figs. 2.4c and d respectively show ∆ℎ� and 
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∆��  extracted from the slopes of these plots plotted against δ. Fig. 2.4d also shows 

values of ��(conf)  and ∆���
°  calculated using Eqs. (2.11) and (2.14). The non-

configurational term, ∆���
° , may have contributions from vibrational, electronic or 

magnetic origin28]. Both ∆ℎ� and ∆���
°  exhibit slight dependencies on δ. The negative 

value observed for ∆ℎ� indicates that the oxygen incorporation reaction is exothermic. 

The oxidation reaction, however, becomes less exothermic when δ decreases, which 

accounts for departures of the ideal solution model at the lowest temperatures and at 

the highest values of pO2 covered by our experiments (see Fig. 2.3). It is postulated that 

the variation of ∆ℎ� with δ is due to defect interactions as has been proposed to account 

for the non-ideal solution behavior of defects in related perovskite oxides 

La1-xSrxCo1-yFeyO3-δ
[31], La1-xSrxCoO3-δ

[32], La1-xCaxFeO3-δ
[33]

 and SrTi1-xFexO3-δ [34].  

 

Figure 2.4 — (a) pO2 vs. 1000/T and (b) RTln(pO2) vs. T for BZF55 at different values of the oxygen 

nonstoichiometry parameter δ as indicated in both graphs. The drawn lines are obtained from 

linear fitting of the data. Oxygen nonstoichiometry dependence of (c) the partial molar enthalpy 

of oxygen ∆ℎ�, and (d) the partial molar entropy of oxygen ∆�� (black squares), the partial molar 
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configurational entropy of oxygen ��(conf) (blue triangles), and the standard oxidation entropy 

∆���
�  (red circles). Lines in (c) and (d) are drawn to guide the eye. 

 

Corresponding results for the other BZF compositions investigated in this work are 

presented in Figs. A2.6 – A2.9. The obtained values of ∆ℎ� and ∆���
°  as a function of � 

for all BZF compositions investigated are plotted in Figs. 2.5a and b, respectively, from 

which it is clear that in the range 0.2 ≤ x ≤ 0.5 both parameters exhibit slight 

dependencies on δ.  In the calculations it was assumed that the defects remain randomly 

distributed. The latter may not hold for BZF91 (x = 0.1) for which it is found that both 

∆ℎ� and  ∆���
°  increase rapidly with increasing δ.  It is further seen from Fig. 2.5a that 

for compositions x = 0.2 and x = 0.3 the value of ∆ℎ� decreases sharply when � 

approaches � 2⁄ . This is attributed on account of the charge disproportionation reaction 

(Eq. (2.4)). It may be noted that in the region � ≪ �/2 the predominant valence states 

of iron are Fe4+ and Fe3+, which is in accord with Eq. (2.6), while for � ≫ �/2 these are 

Fe3+ and Fe2+. No attempts were undertaken to refine the calculations. 

 

Figure 2.5 — Oxygen nonstoichiometry δ dependence of (a) the partial molar enthalpy of oxygen 

∆ℎ�, and (b) the standard oxidation entropy ∆���
�  for different BZF compositions. The grey curves 

denote the trend in the data. 

 

The mean oxygen vacancy formation enthalpy, ∆ℎ�
���, is plotted as a function of x in 

BaZr1-xFexO3-δ in Fig. 2.6. The value of ∆ℎ�
��� was obtained by averaging the values of 

∆ℎ� (=  −∆ℎ�) over the experimental range of � (see Fig. 2.5). Also shown in Fig. 2.6 
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are data for BaZrO3 (� = 0)[19], BaZr0.75Fe0.25O3-δ (� = 0.125)[19] and BaFeO3-δ (� = 0.125)[35] 

from DFT calculations, where the cited oxygen non-stoichiometry depends on the size 

of the unit cell used in the calculations. The energetic cost to remove one oxygen ion 

from the lattice to form an oxygen vacancy (V�
∙∙) in un-doped BaZrO3 is comparatively 

high, which is attributed to the strong Zr-O bond. The bond strength of Fe-O is much less 

and, hence, vacancy formation becomes easier once Fe is introduced in the lattice. 

Fig. 2.6 shows that upon doping BaZrO3 with 10 mol% of Fe, ∆ℎ� decreases sharply from 

~650 kJ∙mol-1 to 117 ± 13 kJ∙mol-1 and becomes almost constant close to a value of 

60 kJ∙mol-1 for compositions x ≥ 0.3.   

 

Figure 2.6 — Mean oxygen vacancy formation enthalpy ∆ℎ�
��� as a function of x in BaZr1-xFexO3-δ. 

∆ℎ�
���  refers to the average value of ∆ℎ� (=  −∆ℎ�)  in the experimental range of oxygen 

nonstoichiometry δ (see Fig. 2.5). Also shown are literature data from DFT calculations[19,35]. The 

dashed line is drawn to guide the eye. 

 

2.3.3 Electrical conductivity 

Arrhenius plots of the total conductivity, σtot, in dry air for different BZF 

compositions are shown in Fig. 2.7a.  Activation energies extracted from the slopes of 

these lines are listed in the inset of the figure. With increasing Fe substitution, the 

apparent activation energy is found to decrease, while the conductivity at given 

temperature increases. Under the given experimental conditions, the ionic contribution 
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to the total conductivity can be neglected. (The ionic conductivity of compositions BZF 

is discussed in Section 3.5.) Assuming p-type small polaron hopping conduction, the 

electronic conductivity can be expressed as[36], 

�� =
[Fe��

� ]

��
��� (2.15) 

where [Fe��
� ] is the concentration of localized electron holes, �� is the unit cell volume, 

� is the elementary charge and ��  is the mobility of electron holes. Following Emin-

Holstein’s theory[37,38], the temperature dependence of the hole mobility, in the 

adiabatic regime, is given by 

�� = [Fe��
� ] ∙

3�����

2��
∙

1

�
∙ exp (−

1
2

�� − �

���
) (2.16) 

where �  is the hopping distance, ��  is the frequency of optical phonons, ��  is the 

polaron binding energy and �  is the kinetic energy of the polaron. The factor 3 2⁄  

accounts for the fact that the polaron migrates in a three-dimensional lattice, while the 

prefactor [Fe��
� ] represents the fraction of sites to which the polaron can hop, thereby 

excluding hopping to  Zr��
×  and Fe��

×  sites. In accord with Eq. (2.16), a plot of 

ln(���/[Fe��
� ])  vs. 1000/�  should give a straight line. Corresponding plots for the 

different BZF compositions are shown in Fig. 2.8a. Note that the term, ���/[Fe��
� ], 

decreases with decreasing x albeit that the line for x = 0.1 is found to deviate from this 

trend. The effective hopping energy or migration energy barrier,  �� =
�

�
�� − � , 

extracted from the slopes of the lines displays a gradual, inverse “S”-shaped decrease 

with x, as is shown in Fig. 2.8c. This behavior as well as the profound increase in σtot 

(Fig. 2.7b) and that in the reduced mobility ��/[Fe��
� ] (Fig. 2.8b) with increasing x (at 

fixed oxygen partial pressure and temperature) are indicative of percolative behavior of 

electronic transport in the BZF compositions. The results indicate a percolation 

threshold near x = 0.25, which corresponds with the bond percolation threshold for a 

cubic lattice[39]. Our finding of a percolation mechanism for the electronic conductivity 

in Fe-doped BaZrO3 is consistent with experimental results reported by Kim et al.[40,41] 

and supported by DFT calculations performed by Marthinsen et al.[30].  
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Figure 2.7 — Electrical conductivity of BZF compositions. (a) σtot vs. 1000/T at pO2 = 0.215 bar. The 

dashed lines are fits to Arrhenius behavior. The inset lists the activation energies. (b) σtot vs. x in 

BaZr1-xFexO3-δ at different temperatures at pO2 = 0.215 bar. The inset shows the corresponding 

changes in the concentration of electron holes ([Fe��
� ]) at each temperature. The dashed lines ae 

a guide to the eye. (c)  σtot vs. log(pO2) at T = 750 °C.  The dashed lines are from linear fitting of the 

data. The inset lists the slopes of the lines. In each of the plots shown, the error bars are within 

the size of the symbols. 

 

Fig. 2.7c shows the electrical conductivity of BZF (x = 0.1 – 0.5), at 750 °C, as a 

function of pO2. The conductivity of all BZF compositions investigated shows a power-

law dependence on pO2 with exponent close to 1 4⁄ . These results indicate that under 

the given experimental conditions the predominant valence state of the iron cations in 

BZF is 3+. In accord with Eq. (2.5), Fe3+ (Fe��
� ) ions are charge compensated by the 

formation of oxygen vacancies ( V�
∙∙) . A pO2

1/4 dependence of the electron hole 

conductivity results if [Fe��
× ] ≪ [Fe��

� ], as may be derived from Eqs. (2.3 – 2.6, 2.15 and 
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2.16). At conditions similar to those used in the present study, a pO2
1/4 dependence of 

the electron hole conductivity was also found in the related perovskite oxides 

Ba0.5Sr0.5Ti0.65Fe0.35O3-δ
[28], SrTi0.65Fe0.35O3-δ

[29] and BaFe0.7Zr0.2Y0.1O3–δ
[42]. 

 

 

Figure 2.8 — Influence of temperature T and composition x in BaZr1-xFexO3-δ on electrical mobility 

�� at pO2 = 0.215 bar. (a) ���/[Fe��
� ] vs. 1000/T. The dashed lines are fits to Arrhenius behavior. 

The inset lists the activation energies. (b) ��/[Fe��
� ] vs. x at T = 500 °C, and (c) �� vs. x. Values of 

�� =
�

�
�� − �  (see main text) are those listed in the inset of (a). In both (b) and (c), the dashed 

lines are drawn to guide the eye. 
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2.3.4 Electrical conductivity relaxation (ECR) 

 
Figure 2.9 — Temperature dependence of (a) the chemical diffusion coefficient Dchem and (b) the 

surface exchange coefficient kchem of BZF. The dashed lines are fits to Arrhenius behavior. The 

insets list corresponding activation energies. Data from ECR measurements following step changes 

in pO2 between 0.215 and 0.464 bar. Filled and open symbols represent data from oxidation and 

reduction runs, respectively. Data for La0.6Sr0.4Co0.2Fe0.8O3-δ (LSCF6428)[43] are shown for 

comparison. 

 

The ECR technique was employed to investigate the oxygen transport properties 

of the BZF compositions. Arrhenius plots of Dchem and kchem of the BZF compositions 

obtained from curve fitting of the conductivity relaxation curves are shown in Figs. 2.9a 

and b, respectively. A good agreement is noted between the resultant values from 

oxidation and reduction runs. Activation energies extracted from the slopes of the lines 

are listed in the insets of both figures.  

Curve fitting allows simultaneous determination of Dchem and kchem, provided that 

the sample length is close enough to the critical length scale, �� ( = ����� �����)⁄ , as 

parameterized by the Biot number (��)[44]. This number reflects the ratio between the 

characteristic time for diffusion, ����� ≈  ��
� �����⁄ , and that for surface exchange, 
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����� ≈ �� �����⁄ , 

�� =  
�����

�����
=  

��

����� �����⁄
=

��

��

(2.17) 

where �� is the half-thickness of the sample. Following Den Otter et al.[24],  the mixed-

controlled regime is (somewhat arbitrarily) defined for 0.03 ≤ �� ≤ 30. Below and above 

this region, equilibration is predominantly controlled by surface exchange and diffusion, 

respectively, noting that �� can only be calculated if both Dchem and kchem are obtained 

from curve fitting. As seen from Fig. A2.10, the calculated values for �� for BZF64 are 

close to the upper bound of the mixed-controlled regime, i.e., close to the diffusion-

limited regime. Under the conditions covered by the experiments all other BZF 

compositions investigated were found to exhibit predominantly diffusion-limited 

kinetics. Values of kchem could not be evaluated reliably from curve fitting of data 

obtained for BZF91 and BZF55. 

As seen from Figs. 2.9a and b, both Dchem and kchem increase with increasing Fe 

content in BZF, which comes along with a decrease in the associated activation energy 

of both parameters. This observation supports the concept that both parameters are 

correlated as has been found in several studies on acceptor-doped perovskite oxides 

and fluorite oxides[45–47]. The values of kchem for BZF73 and BZF64, and those of Dchem for 

BZF64 and BZF55 obtained in this study are higher than the corresponding values 

reported for the state-of-the-art mixed conductor La0.6Sr0.4Co0.2Fe0.8O3-δ (LSCF6428)[43]. 

Clearly, the results from this study indicate that substitution of Fe for Zr promotes the 

oxygen transport kinetics in BaZrO3. At 700 °C, Dchem of BZF55 is 1.64 × 10-9 m2∙s-1 (values 

of Dchem for BZF compositions with higher Fe contents were not measured in this study), 

while the corresponding value reported for BaFe0.95Zr0.05O3-δ is 3.27 × 10-8 m2∙s-1[48], 

suggesting that the observed trend is continuous up to a high Fe content in BZF. 

 

2.3.5 Ionic conductivity and oxygen diffusivity  

To further analyze the substitution of Fe for Zr on oxygen transport kinetics, the 

oxygen self-diffusion coefficient (��), the oxygen vacancy diffusion coefficient (��) and 

ionic conductivity (��) of the different BZF compositions were evaluated. The value of 
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�� was calculated using the relationship[49] 

����� = �� ∙ �� (2.18) 

where �� is the thermodynamic factor of oxygen, defined as 

�� =
1

R�
∙

���

���
=

1

2

�ln(�O�)

�ln(��)
(2.19) 

and where �� (= (3 − �)/��) is the oxygen concentration in the oxide. The oxygen 

ionic conductivity was calculated using the Nernst-Einstein equation, 

�� =
4����

���
∙ ���� (2.20) 

while the value of �� was calculated using the jump balance between oxygen ions and 

vacancies, 

�� ∙ �� = �� ∙ �� (2.21) 

where �� (= �/��)  is the vacancy concentration.  

Arrhenius plots of �� and �� of BZF compositions are presented in Figs. 2.10a and 

b, respectively. Values of ����� obtained from oxidation runs (Fig. 2.9a) were used for 

calculations, while the thermodynamic factor was calculated from data of oxygen 

nonstoichiometry (Figs. 2.2 and A2.4). Both �� and �� increase strongly with increasing 

Fe substitution. As is shown in Fig. 2.10c, the value calculated for �� is found to increase 

almost 3 orders of magnitude on going from x = 0.1 to 0.5. This is unlike observations in 

related acceptor-doped perovskite-type oxides, where the value of �� varies very little 

from material to material, and is found almost independent of composition[46,50]. The 

present findings are attributed to a percolation mechanism of ionic conductivity in BZF, 

taking in consideration that oxygen sites adjacent to Zr ions block pathways for transport 

of oxygen vacancies due to strong Zr-O bonds. A percolative network of oxygen sites will 

thus be formed only above a critical Fe content.     
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Figure 2.10 — Temperature dependence of (a) the oxygen self-diffusion coefficient Ds, (b) the 

oxygen ion conductivity �� and (c) the oxygen vacancy-diffusion coefficient Dv for different BZF 

compositions. The dashed lines are fits to Arrhenius behavior. The insets list corresponding 

activation energies. Data were extracted from results of ECR measurements, following step 

changes in pO2 from 0.215 bar to 0.464 bar. Error bars are within the size of the symbols. In (c) 

data for La0.6Ba0.4FeO3-δ (LBF64)[51], Ba0.5Sr0.5FeO3-δ(BSF55)[52], and Ba0.5Sr0.5Co0.8Fe0.2O3-δ 

(BSCF5582)[52] from the cited literature are given for comparison. 

 

Oxygen transport in the ABO3 perovskite oxides proceeds via a vacancy diffusion 

mechanism, as is illustrated in Fig. 2.11. The oxygen ions are in an octahedral 

coordination by 4 A cations and 2 B cations, OA4B2. When an oxygen ion hops to an 

adjacent site, it must pass a critical A2B triangle formed by two A cations and one B 

cation. The hopping can only be successful if the destination site is vacant. In view of the 

jump balance (Eq. (2.21)), the hopping of oxygen ions may also be conceived as the 

hopping of oxygen vacancies. If we take it that oxygen sites adjacent to Zr ions block 

pathways for transport, a mobile oxygen vacancy in BZF, being coordinated by 4 Ba 

cations and 2 Fe cations, VOBa4Fe2 (where VO designates an oxygen vacancy), can hop 

only to an adjacent oxygen site, OBa4FeB, if the second B-cation of the latter site is also 

a Fe cation. Noting that the occupancy of Fe cations on the B-site sub-lattice equals x, 

�� is thus expected to be linearly related to x. Figs. 2.12a and b show the calculated ionic 

conductivity (��) and the reduced vacancy diffusion coefficient ( ��/�), respectively, 
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plotted against the composition x. The observed sharp increases in both quantities at 

around x = 0.25 is considered consistent with a percolation mechanism for oxygen 

transport in BZF. Note further that both quantities exhibit the same trend with x as those 

seen for the electrical conductivity (����) and reduced electrical mobility (��/[Fe��
� ]) as 

displayed in Figs. 2.7b and 2.8b, respectively. The inset in Fig. 2.12a clarifies that the 

observed increase in ionic conductivity with increasing Fe content mainly results from 

the associated increase in �� rather than that it results from the increase in the oxygen 

nonstoichiometry �. 

 

Figure 2.11 — Schematics of the vacancy diffusion mechanism in ABO3 perovskite oxides. The 

oxygen ions are in octahedral coordination OA4B2. Noting that in BaZr1-xFexO3-δ (BZF) A = Ba and B 

= Zr/Fe, activated hopping of the oxygen ions to adjacent vacant sites in BZF is believed to occur 

only if the oxygen ions retain coordination OBa4Fe2. 

 

 

 



Page | 43   Chapter 2 

 

Figure 2.12 — (a) Oxygen ion conductivity σO, and (b) reduced vacancy diffusion coefficient ��/� 

as a function of x in BaZr1-xFexO3-δ at different temperatures at pO2 = 0.464 bar. The inset in (a) 

shows the corresponding changes in oxygen nonstoichiometry �. Dashed lines are drawn to guide 

the eye. 

 

Using ab-initio methods, Mayeshiba and Morgan[53] found that the oxygen vacancy 

formation enthalpy, ∆ℎ�, correlates well with the oxygen migration barrier, Em, for a 

group of over 40 perovskite type oxides. The correlation can be understood by noting 

that the energy of breaking of cation bonds with oxygen contributes to both parameters. 

As a matter of fact, a correlation of oxygen transport with metal-oxygen bond strength 

has been proposed several times in the literature[53–56]. The apparent correlation 

between the oxygen vacancy formation enthalpy and the average O p-band center 

energy (defined as the energy of the centroid of the projected density of states (PDOS) 

of the bulk O 2p band relative to the Fermi level) as observed by Mayeshiba and 

Morgan[53] indicates that electronic contributions are highly important to the oxygen 

vacancy formation enthalpy in perovskite oxides. Fig. 2.13 shows that the oxygen 

migration energy Em decreases with increase Fe content, while Fig. 2.14 further 

demonstrates that the correlation between Em and ∆ℎ� also holds for compositions BZF. 

The mean value of the oxygen vacancy formation energy, ∆ℎ�
���, plotted in the figure was 

obtained, as mentioned above, by averaging the values of ∆ℎ� (=  −∆ℎ�)  over the 

experimental range of � (see Fig. 2.5). Values of Em were calculated from the slopes of 

Arrhenius plots of �� (Fig. 2.10c) obtained from data of ECR measurements with a step 
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change in pO2 from 0.215 bar to 0.464 bar (oxidation runs). Noting that the 

concentration of oxygen vacancies, �� , is a function of temperature, it is implicitly 

assumed that atomistic parameters like the characteristic lattice frequency and hopping 

distance, of influence on the value of �� , are not much affected by changes in 

temperature.  

 
Figure 2.13 — Oxygen migration energy Em as a function of x in BaZr1-xFexO3-δ at pO2 = 0.464 bar. 

Values of �� are those listed in the inset of Fig. 2.10c. Error bars are within the size of the symbols. 

 

 

Figure 2.14 — Oxygen migration energy Em vs. mean oxygen vacancy formation enthalpy ∆ℎ�
���. ∆ℎ�

���  

refers to the average value of ∆ℎ� (=  −∆ℎ�)  in the experimental range of oxygen 

nonstoichiometry δ (see Fig. 2.5). The dashed line is drawn to guide the eye. 
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2.4 Conclusions 

In this study, the influence of substitution of Fe for Zr on oxygen ionic and 

electronic transport in BaZr1-xFexO3-δ (0.1 ≤ x ≤ 0.5) has been investigated. Room-

temperature XRD patterns (measured in the range 0.05 ≤ x ≤ 0.8) can be indexed within 

cubic space group Pm3�m. Thermogravimetric analysis reveals that Fe substitution at the 

conditions covered by the experiments is predominantly charge compensated by oxygen 

vacancies. The partial molar enthalpy of oxygen,  ∆ℎ� , and the standard entropy of 

oxidation,  ∆���
° , in the range 0.2 ≤ x ≤ 0.5 exhibit slight dependencies on δ. It is 

postulated that the variation of ∆ℎ�  with δ is due to defect interactions. In the 

calculations it is assumed that the defects remain randomly distributed. The latter may 

not hold for BZF91 (x = 0.1) where it is found that both ∆ℎ� and  ∆���
°  increase rapidly 

with increasing δ. The average value of the oxygen vacancy formation enthalpy, ∆ℎ� (=

 −∆ℎ�), is found to decrease rapidly with x, which is consistent with the weaker Fe-O 

bond strength relative to that of Zr-O. The results indicate a limited validity of the mass 

action law in the ranges of temperature and oxygen partial pressure covered 

experimentally, which is further apparent from the non-linear van ’t Hoff plots for all 

BZF compositions investigated.   

Measurements of electrical conductivity and electrical conductivity relaxation 

measurements, in conjunction with data of oxygen nonstoichiometry, make clear that 

the small-polaron electronic conductivity and the ionic conductivity in BaZr1-xFexO3-δ are 

both subject to a percolation conduction mechanism. The percolation thresholds in both 

cases are near x = 0.25, where the electrical mobility and the oxygen vacancy diffusion 

coefficient are found to increase rapidly with increasing x. The observed percolation 

thresholds correspond with the known bond percolation threshold for a cubic lattice. In 

conformity with data of DFT calculations from literature, the migration energy estimated 

from Arrhenius plots of the oxygen vacancy diffusion coefficients is found to correlate 

with the oxygen vacancy formation enthalpy. 
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Appendix A2 

 

 

  
 

Figure A2.1 — Measured (red symbols) and calculated (black lines) room temperature XRD spectra 

of BaZr1-xFexO3-δ (x = 0.05 - 0.8). Bragg positions and the residual plots are given under the 

patterns. Structural parameters and reliability factors from Rietveld refinements are given in the 

insets (See also Table A2.1). 
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Figure A2.2 — Thermogravimetric weight loss curves for BZF55 on cooling (a) from 900 °C to 650 

°C with intervals of 25 °C, and (b) from 600 °C to 250 °C with intervals of 50 °C. At each 

temperature, the pO2 was stepwise changed in the range, in (a) from pO2  = 0.45 bar to  pO2 = 0.90 

bar, and in (b) from pO2  = 0.01 bar to  pO2  = 0.90 bar. 

 

 
Figure A2.3 — Thermogravimetric weight loss curves for BZF55 (I) upon heating from room 

temperature to 900 °C in pO2 = 0.19 bar, (II) during dwelling at 900 °C in pO2 = 0.19 bar, (III) during 

dwelling at 900 °C in Ar, (IV) during dwelling at 900 °C (black curve) and 1000°C (red curve) in 4% 

H2/Ar, and (V) during cooling to room temperature in Ar. 
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Figure A2.4 — Temperature dependence of the oxygen content (3−δ) of (a) BZF91, (b) BZF82, (c) 

BZF73 and (d) BZF64 at different values of pO2. The error in δ is estimated at ± 0.0001 and is within 

the size of the symbols. The dashed lines are drawn to guide the eye. 
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Figure A2.5 — van ’t Hoff plots for (a) BZF64, (b) BZF73, (c) BZF82 and (d) BZF91 at different values 

of pO2. The dashed lines are drawn to guide the eye. 
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Figure A2.6 — (a) pO2 vs. 1000/T and (b) RTln(pO2) vs. T for BZF64 at different values of the oxygen 

nonstoichiometry δ as indicated in both graphs. The drawn lines are obtained from linear fitting 

of the data. Oxygen nonstoichiometry dependence of (c) the partial molar enthalpy of oxygen 

∆ℎ� , and (d) the partial molar entropy of oxygen ∆��  (black squares), the partial molar 

configurational entropy of oxygen ��(conf) (blue triangles), and the standard oxidation entropy 

∆���
�  (red circles). Lines in (c) and (d) are drawn to guide the eye. 
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Figure A2.7 — (a) pO2 vs. 1000/T and (b) RTln(pO2) vs. T for BZF73 at different values of the oxygen 

nonstoichiometry δ as indicated in both graphs. The drawn lines are obtained from linear fitting 

of the data. Oxygen nonstoichiometry dependence of (c) the partial molar enthalpy of oxygen 

∆ℎ� , and (d) the partial molar entropy of oxygen ∆��  (black squares), the partial molar 

configurational entropy of oxygen ��(conf) (blue triangles), and the standard oxidation entropy 

∆���
�  (red circles). Lines in (c) and (d) are drawn to guide the eye. 
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Figure A2.8 — (a) pO2 vs. 1000/T and (b) RTln(pO2) vs. T for BZF82 at different values of the oxygen 

nonstoichiometry δ as indicated in both graphs. The drawn lines are obtained from linear fitting 

of the data. Oxygen nonstoichiometry dependence of (c) the partial molar enthalpy of oxygen 

∆ℎ� , and (d) the partial molar entropy of oxygen ∆��  (black squares), the partial molar 

configurational entropy of oxygen ��(conf) (blue triangles), and the standard oxidation entropy 

∆���
�  (red circles). Lines in (c) and (d) are drawn to guide the eye. 
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Figure A2.9 — (a) pO2 vs. 1000/T and (b) RTln(pO2) vs. T for BZF91 at different values of the oxygen 

nonstoichiometry δ as indicated in both graphs. The drawn lines are obtained from linear fitting 

of the data. Oxygen nonstoichiometry dependence of (c) the partial molar enthalpy of oxygen 

∆ℎ� , and (d) the partial molar entropy of oxygen ∆��  (black squares), the partial molar 

configurational entropy of oxygen ��(conf) (blue triangles), and the standard oxidation entropy 

∆���
�  (red circles). Lines in (c) and (d) are drawn to guide the eye. 
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Figure A2.10 — Temperature dependence of the Biot number (Bi) for BZF64, BZF73 and BZF82. 

The error bars are within the size of the symbols. Biot numbers could not be calculated for BZF91 

and BZF55. 

 

 

Table A2.1 — Lattice parameters and reliability factors from Rietveld refinements of room 

temperature XRD patterns of BaZr1-xFexO3-δ in space group Pm3�m. The numbers in parentheses 

denote the standard deviations in units of the least significant digits. 

 
 
 
 
 
 
 

x 0.05 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 

a / Å 4.1889
8(11) 

4.1865
2(7) 

4.1745
0(8) 

4.1645
7(7) 

4.1543
1(7) 

4.1372
9(10) 

4.1130
0(23) 

4.0885
6(24) 

4.0669
8(14) 

V / Å3 73.503 
(3) 

73.380 
(2) 

72.746 
(2) 

72.229 
(2) 

71.696 
(2) 

70.819 
(3) 

69.579 
(7) 

68.346 
(7) 

67.269 
(4) 

Rp / % 6.44 6.22 7.87 9.26 6.18 11.3 11.2 13.3 11.5 

Rwp/ % 6.83 6.42 7.32 8.97 6.41 9.24 9.8 11.9 9.08 

χ2 / % 3.04 2.62 2.77 5.69 3.18 2.91 1.85 3.11 1.84 
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Table A2.2 — Average valence state of Fe in BaZr1-xFexO3-δ calculated from data of oxygen 

non-stoichiometry at 150 °C in air. 

x Average Fe valence 

0.1 +3.581 

0.2 +3.370 

0.3 +3.481 

0.4 +3.559 

0.5 +3.564 

 



CHAPTER 3 

Defect chemistry and transport properties of 
perovskite-type oxides La1−xCaxFeO3−δ  

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 ����) to 

rhombohedral (space group �3��) 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 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 the effective migration barrier for 

oxygen diffusion decreases with decreasing oxygen vacancy formation enthalpy. 
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This chapter has been published as: J. Song, S. Zhu, D. Ning and H. J. M. Bouwmeester, Defect 

chemistry and transport properties of perovskite-type oxides La1−xCaxFeO3−δ, Journal of Material 

Chemistry A, 2021, 9, 974-989. 
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3.1 Introduction 

Mixed ionic-electronic conducting oxides are extensively investigated for potential 

application as air electrodes in reversible solid oxide cells (RSOCs) that can be operated 

either as solid oxide fuel cells (SOFCs) or as solid oxide electrolysis cells (SOECs)[1–3]. The 

most popular electrodes considered to date are the perovskite-structured oxides 

La0.6Sr0.4CoO3-δ (LSC64) and La0.6Sr0.4Co0.2Fe0.8O3-δ (LSCF6428), 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 

exhibits high surface exchange and chemical diffusion coefficients with values exceeding 

those of state-of-the-art materials like LSC64[12].   
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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)[15]. Compared to extensive reports in literature on structure, 

electrical conductivity and oxygen transport properties of La1-xSrxFeO3-δ (LSF)[16–21], only 

a few reports are available on selected compositions in the series La1-xCaxFeO3-δ
[12,22,23]. 

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).    

 

3.2 Experimental 

3.2.1 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[24]. 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 %(wt/vol)). 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 250 bar followed by isostatic pressing at 

4000 bar 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. 
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3.2.2 Characterization 

The calcined powders were studied by room-temperature X-ray diffraction (XRD, 

D2 PHASER, Bruker, USA) with Cu Kα1 radiation ( = 1.54060 Å) in air. Data were 

collected in a step-scan mode over the 2� 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, USA) 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 2� 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[25].  

The oxygen nonstoichiometry of the samples was determined by 

thermogravimetric analysis (TGA, Netsch STA F3 Jupiter, Germany). 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)[17], all 

compositions in the present study were considered to be stochiometric (δ = 0) at a pO2 

of 0.21 bar 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 

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 
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the sample, sulphur-free gold paste (homemade) 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 0.10 and 0.21 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[19,26]. 

 

3.3 Results and discussion 

3.3.1 Crystal structure  

Fig. 3.1 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 

����.  Corresponding lattice parameters and reliability factors from Rietveld 

refinements are listed in Table 3.1. Other structural parameters obtained from the 

refinements are listed in Table A3.1. 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. A3.1). 
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Figure 3.1 — 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. Data for x = 0.40 were taken from our previous 

study[15]. 

 

Table 3.1 — Lattice parameters and reliability factors obtained from Rietveld refinements of room 

temperature XRD diffractograms of La1-xCaxFeO3-δ (space group Pbnm). The numbers in 

parentheses denote standard deviations in units of the least significant digits. 

 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. 3.2, 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[27]. In general, a good agreement is found between the lattice 

parameters from this study and those of similar compositions reported by Price et al.[22].    

 

 
Figure 3.2 — Lattice parameters of La1-xCaxFeO3-δ as a function of x from Rietveld refinements of 

room temperature XRD powder patterns (cf. Fig. 3.1). Orthorhombic (����) lattice parameters 

for LCF phases are presented as pseudo-cubic lattice parameters, calculated using � = ������/√2, 

� = ������/√2  and � = ������/2 . 
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Figure 3.3 — 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 (����) structure pseudo-cubic lattice 

parameters are given, calculated using � = ������/√2, � = ������/√2  and � = ������/2. For the 

rhombohedral (�3��) structure,  � = � = � ≡ �. Data for x = 0.40 were taken from our previous 

study[15]. 
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Table 3.2 — 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.[22]. 

 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.[22] - 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. 3.3. These give evidence of a structural phase transition from orthorhombic to 

rhombohedral (space group �3��), 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 3.2 

and compared, as far as available, with those  found using differential scanning 

calorimetry (DSC) by Price et al.[22]. The lowering of the transition temperature with Ca 

content can be explained by the concomitant decrease of the deformation of the 

perovskite structure.  

 

3.3.2 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. A3.2. Corresponding data plotted as a function of pO2, at different 

temperatures, for each of the compositions are shown in Fig. 3.4. 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 3.4 — 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. Data for x = 0.40 were taken from our previous study[15]. 
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Starting point in our discussion of the defect chemistry of La1-xCaxFeO3-δ is the 

model developed by Mizusaki et al. [16–18] for La1-xSrxFeO3-δ. Assuming localized and non-

interacting defects, the oxidation reaction is described, in Kröger-Vink notation, as 

O� + 2V�
••  + 4Fe��

× ⇆ 2O�
× + 4Fe��

• (3.1) 

with equilibrium constant in the ideal solution approximation 

��� =  
[O�

×]�[Fe��
• ]�

�O�[V�
••]�[Fe��

× ]�
(3.2) 

Under oxidizing conditions, V�
••  coexists with Fe��

• , which is reflected in the reduced 

charge neutrality equation corresponding to this region, which reads  

[Ca��
� ] = 2[V�

••] + [Fe��
• ] (3.3) 

showing that the partial substitution of La3+ ions by Ca2+ is charge compensated by the 

formation of localized electron holes Fe��
•  (Fe4+) and oxygen vacancies V�

•• . Eq. (3.3) 

ignores the presence of localized electrons  Fe��
�  (Fe2+), arising from disproportionation 

of two Fe3+ ions in Fe2+ and Fe4+,  

2 Fe��
×  ⇌ Fe��

� + Fe��
•  (3.4) 

which electronic defects become predominant under reducing conditions, and that of 

structural vacancies on lanthanum ( V��
��� ) and iron ( V��

��� ) sites. Using Eq. (3.3), the 

concentration of Fe��
•  in La1-xCaxFeO3-δ at a given temperature and pO2 can be calculated 

from corresponding data of oxygen nonstoichiometry (cf. Fig. 3.4). Fig. 3.5 shows the 

results of such calculations for pO2 = 0.1 bar and pO2 = 1 bar, at 800 °C, from which figure 

it can be inferred that under the given experimental conditions in each of the 

compositions electronic compensation of the Ca dopant dominates over ionic 

compensation. 
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Figure 3.5 —  Electron hole concentration ([Fe��
• ]) in La1-xCaxFeO3-δ as a function of x, at 800 °C, 

at pO2 = 0.1 bar and pO2 = 1 bar. 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 bar. 

Note that the degree of electronic compensation increases at the expense of ionic compensation 

upon increasing the pO2 from 0.1 bar to 1 bar. 

 
The use of Eq. (3.2) 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 range of the measurements can be checked by 

estimating the standard enthalpy change (∆���
� ) involved in the oxidation reaction 

(Eq. (3.1)). The relationship between the standard free Gibbs energy change (∆���
� ) and 

the equilibrium constant (���) is 

∆���
� = ∆���

� − �∆���
� = −��ln(���) (3.5) 
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where ∆���
�  is the standard reaction entropy change of the reaction and R is the 

universal gas constant. Assuming that ∆���
�  is independent of temperature, ∆���

�  can 

be calculated from the slope of ln(���) vs 1/�, according to 

ln(���) =  −
∆���

�

��
+

∆���
�

�
(3.6) 

which is known as the van ’t Hoff equation, while ∆���
�  is calculated from the intercept. 

ln(���) vs 1/� plots, at constant pO2, for La0.7Ca0.3FeO3-δ are shown in Fig. 3.6a. The 

observed non-linearity and the observation that different plots are obtained at different 

pO2 values indicate that ��� is a non-ideal equilibrium constant. Fig. 3.6b shows ln(���) 

vs. 1/�  plots, at constant � , for La0.7Ca0.3FeO3-δ. Distinct from those presented in 

Fig. 3.6a, linear plots are obtained, with slopes that are a function of �.  Similar results 

were obtained for the other compositions investigated in this work. Values of ∆���
�  and 

∆���
�  extracted from ln(���) vs 1/� plots , at constant �, for the different compositions 

La1-xCaxFeO3-δ are shown in Fig. 3.6c and Fig. 3.6d, respectively. Fig. 3.6c shows that for 

a given Ca dopant concentration x in the series La1-xCaxFeO3-δ, ∆���
�  becomes more 

exothermic with increasing �,  while at a fixed value of �,  ∆���
�  becomes more 

endothermic (less exothermic) with increasing x.  

The isotherms in Fig. 3.4 allow evaluation of the chemical potential of oxygen 

relative to that in equilibrium with gaseous O2 at 1 bar  

∆�� =  
��

2
ln(�O�) (3.7) 

The partial molar enthalpy of oxygen, ∆ℎ�, and the partial molar entropy of oxygen, 

∆��, can be deduced from ln(�O�) vs 1/� (or equivalent) plots, at constant �, according 

to 

ln(�O�) =  
∆ℎ�

2��
−

∆��

2�
(3.8) 

Typical plots and resultant values of ∆ℎ� and ∆�� for compositions La1-xCaxFeO3-δ are 

shown in Fig. A3.3. In view of Eq. (3.3), i.e., ignoring charge disproportionation (Eq. (3.4)), 

the slopes of ln(���) vs 1/� at constant � relate to those derived from ln(�O�) vs 1/� 

plots. It follows 

∆ℎ� =  
1

2
∆���

� �
�

(3.9) 
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The partial molar entropy can be represented as  

∆�� = ∆��
� − ����� (3.10) 

where ∆��
�  and �����  are the non-configurational and configurational contributions, 

respectively. Analysis of the data of ∆��  obtained for the different compositions 

La1-xCaxFeO3-δ, as shown in Fig. A3.3d, indicates that significant departures occur from 

the ideal solution approximation, in which it is assumed that the configurational 

contribution to the entropy of the oxygen incorporation reaction (Eq. (3.1)) is due to a 

random distribution of oxygen vacancies on the O sublattice and that of localized 

electron holes on the Fe sublattice. That is, the configurational contribution departs 

from the ideal form  ����� = �(3 − �)/ �� ∙ �(� − 2�)/ �1 − (� − 2�)��
�

 (cf. Eq. (3.2)).  

A more proper analysis awaits data of oxygen nonstoichiometry of compositions 

La1-xCaxFeO3-δ over more extended ranges in oxygen partial pressure and temperature 

than investigated in this study.  

Regarded in terms of the reverse of Eq. (3.1), i.e., the oxygen reduction reaction, 

the present results show that the energetic cost of formation of oxygen vacancies in 

La1-xCaxFeO3-δ is higher at higher oxygen nonstoichiometry, while smaller, at fixed �, if 

La is partly substituted by Ca. These 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,  ∆ℎ� (=  −∆ℎ� = −1/

2∆���
� )  is significantly lowered with alkaline-earth metal dopant concentrations in 

La1-xSrxFeO3-δ
[28] and La1-xCaxFeO3-δ

[29], which is in line with the results shown in Fig. 3.6c. 

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 

absorption spectroscopy[30]. 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[31]. Non-ideal thermodynamic behavior of the defects as 

observed for La1-xCaxFeO3-δ in this study has also been reported for a number of related 
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perovskite oxides, including Ba1-xSrxFeO3-δ (x = 0, 0.5)[32,33], (Ba0.5Sr0.5)1.04Co0.8Fe0.2O3-δ
[32], 

Ba0.5Sr0.5Co0.4Fe0.6O3-δ
[32], La0.4Sr0.6Co1-yFeyO3-δ ( y = 0.2, 0.4)[34], SrCo0.8Fe0.2O3-δ

[35], and 

La1-xSrxCoO3-δ (0.1  x  0.7)[31,36]. These and present findings are, however, in contrast 

with data of high-temperature drop calorimetry and thermogravimetry on 

La1-xSrxFeO3-δ
[17,18,37]. In these studies, ∆���

�  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 non-ideal energetics of the defect species in La1-xCaxFeO3-δ. 
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Figure 3.6 — van ’t Hoff plots of ��� for La0.7Ca0.3FeO3-δ at (a) constant pO2 and (b) constant δ. (c) 

Enthalpy ( ∆���
� ) and (d) entropy ( ∆���

� ) of oxidation (reaction 1) at given values of x in 

La1-xCaxFeO3-δ as a function of δ. Data in (c) and (d) were extracted from ln(���) vs 1/� plots, at 

constant �. 

 

3.3.3 Electrical conductivity 

Fig. 3.7a 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. 3.4) 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[16,20,38],  and can be 

expressed as  

��� = � �
��

��
� ��� (3.11) 

where � ≡ [Fe��
• ] and �� are the concentration (mole fraction) and mobility of electron 

holes, respectively, ��  is Avogadro’s number, ��  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 ��  was calculated with the help of Eq. (3.11). 
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Arrhenius plots of both parameters for the different compositions La1-xCaxFeO3-δ are 

shown in Fig. 3.7b and 3.7c, respectively. Fig. 3.7a 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. 3.7b make clear that this increase can be 

attributed to the concomitant increase in the charge carrier concentration. The lowering 

of electrical conductivity on going from composition x = 0.3 to x = 0.4 (cf. Fig. 3.7a) 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. 3.7a) 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[39–41]. In the event of coincidence of local distortions of initial and final states, the 

temperature-dependent mobility in this theory is given by  

�� = (1 − [Fe��
• ]) 

3

2

�����

��
 
1

�
 exp �−

1
2

�� − �

���
� (3.12) 

where a is the hopping distance, ��  is the frequency of optical phonons, ��  is the 

polaron binding energy, J is the kinetic energy of the polaron, and �� is Boltzmann’s 

constant. The factor of 3/2 takes into account the fact that the polaron moves in a three-

dimensional lattice[41]. The factor of (1 − [Fe��
• ]) takes into account the probability that 

the adjacent site to which the polaron hops may already be occupied[42]. Accordingly, 

the plot of ��{���/(1 − [Fe��
• ])} vs  1000/� should give a straight line with activation 

energy �� =  
�

�
�� − �  in the adiabatic regime. In the non-adiabatic regime[39], 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 

�� = (1 − [Fe��
• ])

3

2

�����

��
 
���

ℎ
�

2�

����
�

�/�
1

��/�
 exp �−

1
2

��

���
� (3.13) 
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where h is Planck’s constant. In this case, the plot of �������/�/(1 − [Fe��
• ])�  vs 

1000/�  should give a straight line with activation energy �� =  
�

�
�� .  Fig. 3.8a and 

Fig. 3.8b show corresponding data fitted to each model. The equations for the linear 

relationships along with the coefficients of determination (R2) are presented in Table 

3.3. 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.   

Fig. A3.4a 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. A3.4b and Fig. A3.5). 

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. 3.7c, 

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[43], 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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Figure 3.7 — Arrhenius plots of the (a) electrical conductivity (���), (b) concentration of electron 

holes ([Fe��
• ]) and (c) mobility of electron holes (��) for La1-xCaxFeO3-δ, at pO2 = 0.21 bar. The 

dashed lines are drawn to guide the eye. 
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Figure 3.8 — Plots of (a) ln{���/(1 − [Fe��

• ])} vs 1000/� (adiabatic regime) and (b) ln�����/�/

(1 − [Fe��
• ])� vs 1000/� (non-adiabatic regime) for La1-xCaxFeO3-δ at pO2 = 0.21 bar. The dashed 

lines are drawn to guide the eye. 

 

 

Table 3.3 — Linear equations used to fit ln{���/(1 − [Fe��
• ])} vs 1/�  (adiabatic regime) and 

ln�����/�/(1 − [Fe��
• ])� vs 1000/� (non-adiabatic regime) plots as shown in Figs. 3.8a and 3.8b, 

respectively, along with the coefficients of determination (R2). 

 

 Adiabatic Non-adiabatic 

 ln{μhT/(1-[Fe��
• ])}  R2 ln{μhT3/2/(1-[Fe��

• ])}  R2 

x = 0.05 −1526.50/T + 6.72 0.99957 −2045.87/� + 10.68 0.99959 

x = 0.10 −1409.57/T + 6.84 0.99884 −1943.11/� + 10.82 0.99917 

x = 0.15 −1253.09/T + 6.65 0.99881 −1766.98/� + 10.64 0.99907 
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3.3.4 Electrical conductivity relaxation 

 

 
Figure 3.9 — Typical normalized conductivity curves following a step change in pO2 from 0.100 to 

0.215 bar 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 bar, ensuring conditions close to equilibrium. Fig. 3.9 

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 if the sample length is close to Dchem/kchem, as 

parameterized by the Biot number (Bi)[44]. This number represents the ratio between the 
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characteristic times for diffusion, ����� =  ��
� �����⁄ , and that for surface exchange, 

����� = �� �����⁄ , �� being the half-thickness of the sample, 

�� =
�����

�����
=  

��

����� �����⁄
(3.14) 

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. 3.10. Note 

from Eq. (3.14) that the Biot number can only be calculated if both Dchem and kchem are 

obtained from curve fitting. 

 

 
Figure 3.10 — 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.[25], the mixed-controlled region is found 

for 0.03 ≤ �� ≤ 30. 
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Figure 3.11 — Arrhenius plots of the (a) chemical diffusion coefficient (Dchem) and (b) surface 

exchange coefficient (kchem) for La1-xCaxFeO3-δ (0.100 ↔  0.215 bar). 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 bar)[23], La0.8Ca0.2FeO3-δ (0.10 ↔  0.15 bar)[12], and 

La0.58Sr0.4Co0.2Fe0.8O3-δ (LSCF6428; 0.20 ↔ 0.40 bar)[45] from the cited literature are shown for 

comparison. The pressure range between brackets 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. 3.11a and 3.11b, 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.[12,23] 

(Fig. 3.9a). The agreement is less good comparing values of kchem for x = 0.20 with those 

reported by Berger et al.[12] (Fig. 3.11b). This may at least partly be due to the difficulty 

in determining kchem as the materials exhibit exceptionally high surface exchange rates, 

as was noted before by Berger et al.[23] 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. 3.9b that all these compositions show higher surface 
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exchange rates than state-of-the-art La0.58Sr0.4Co0.2Fe0.8O3-δ (LSCF6428)[45]. 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[5,6,45]. 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. 3.11a). The variation in slope with 

temperature is linked with the existence regions of the orthorhombic (space group 

����) and rhombohedral (space group �3��) phases as may be inferred by comparing 

the data in Fig. 3.11a with the structural data shown in Fig. 3.3. Apparent activation 

energies of Dchem in both temperature regions deduced from the data in Fig. 3.11a are 

listed in Table A3.2. 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.  

 

3.3.5 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 relationship[19]   

����� = ���� (3.15) 

where �� is the thermodynamic factor, defined as 

�� =
1

2
∙

� ln(�O�)

� ln(��)
=

3 − �

2
∙

� ln(�O�)

�(3 − �)
(3.16) 

and where ��  (= (3 − �)/��) is the oxygen concentration, while DV was calculated 

within the random walk diffusion theory framework, using the jump balance[46],  

  �� ∙ �� =  �� ∙ �� (3.17) 

where �� (=  �/��) is the oxygen vacancy concentration.  
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Figure 3.12 — 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 bar. 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 bar) used in the 

ECR measurements. 

 

The temperature dependences of �� , at pO2 = 0.147 bar, for the different 

compositions La1-xCaxFeO3-δ investigated in this work are given in Fig. A3.6, noting that 

the specified pO2 corresponds to the logarithmic average of the pO2 step change (0.100 

↔ 0.215 bar) used in the ECR experiments. Arrhenius plots of Ds and Dv are shown in 

Fig. 3.12a and Fig. 3.12b, 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 A3.3 and Table A3.4, respectively. For both parameters, good 

agreement is noted between the values deduced from data of oxidation and reductions 
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runs. Values of DV for La1-xCaxFeO3-δ from this study are compared with literature data 

for La1-xCaxFeO3-δ (x = 0.1, 0.2)[12,23], La1-xSrxFeO3-δ (x = 0.1, 0.25, 0.5)[47,48], La1-xSrxCoO3-δ 

(x = 0.2, 0.5)[49] and La0.6Sr0.4Co0.2Fe0.8O3-δ
[50] in Fig. A3.7. This comparison shows that the 

differences in the values of DV are relatively small, reinforcing the concept that in order 

to have high ionic conductivities in these perovskite-structured materials, the oxygen 

vacancy concentration must be high, as has been recognized previously by Mizusaki[51] 

and Kilner[52].  

 

 
Figure 3.13 — Arrhenius plots of the calculated ionic conductivity (����) for La1-xCaxFeO3-δ, at pO2 

= 0.147 bar. 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 bar) used in the ECR measurements. 
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Figure 3.14 — (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. 3.12b. 

 

Fig. 3.13 shows Arrhenius plots of the ionic conductivity, ����, of La1-xCaxFeO3-δ 
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���� =
4������ ��

���
=

4��������

���
(3.18) 

The obtained results clearly reveal that the isothermal value of ���� increases with 

the mole fraction x of the Ca dopant. This is due to the increase in the concentration of 

oxygen vacancies with x in La1-xCaxFeO3-δ as can be inferred from the data presented in 

Fig. 3.4, but at least in part due to the concomitant increase in DV as is shown in 

Fig. 3.14a. The results in the latter figure demonstrate that DV at fixed temperature 

increases 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. 3.14b. 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 A3.4). 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))[47]  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.[47]. 

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 partial 

charge 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.[53–56].  Using ab initio methods, Mayeshiba and Morgan[57] 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 centroid of the projected density of states (PDOS) 

relative to the Fermi level) is found to correlate well with the oxygen vacancy formation 
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enthalpy, which suggests that electronic contributions are highly important to oxygen 

vacancy formation in perovskite oxides[57–60].  

 

 
Figure 3.15 — Migration energy (Em) vs oxygen vacancy formation energy (∆ℎ�). Em was evaluated 

at constant pO2 (extracted from data presented in Fig. 3.12b), while ∆ℎ�  = −1/2∆���
�  was 

evaluated at constant oxygen nonstoichiometry (extracted from data presented in Fig. 3.6c), at δ 

= 0.003 and at δ = 0.013. Data presented by open symbols were obtained by extrapolation. 
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in La1-xCaxFeO3-δ is found to decrease with decreasing ∆ℎ�. As discussed in Section 3.3.2, 

values of ∆ℎ� for La1-xCaxFeO3-δ depend both on x and �. A more detailed analysis of the 

correlation between Em and ∆ℎ� in La1-xCaxFeO3-δ must therefore await evaluation of the 

migration barriers in compositions La1-xCaxFeO3-δ as a function of both x and �. 

 

3.4 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 ����) to a rhombohedral (space group �3��), i.e., 

 a slightly distorted cubic, structure 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.  

(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 
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 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 A3 

Table A3.1 — 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 A3.2 — Activation energies of the chemical diffusion coefficient (Dchem) for La1-xCaxFeO3-δ 

derived from different temperature regions (designated by the space groups; cf. Fig. 3.3) in 

corresponding Arrhenius plots (Fig. 3.10a).  Data are given for both oxidation (Ox) and reductions 

(Red) runs. 

 

 

 

 

 

 

 

 

Table A3.3 — Activation energies of the oxygen self-diffusion coefficient (Ds) for La1-xCaxFeO3-δ 

derived from Arrhenius plots (Fig. 3.11a) 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 ���� Pbnm ���� 

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 A3.4 — Activation energies of the oxygen vacancy diffusion coefficient (Dv) for La1-xCaxFeO3-δ 

derived from Arrhenius plots (Fig. 3.11b) 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 A3.1 — Measured composition (by XRF analysis) vs nominal composition for samples 

La1-xCaxFeO3-δ; (a) La content and (b) Ca content. 

 

 

Figure A3.2 — Typical measurement scheme used for thermogravimetric analysis. Data shown are 

for La1-xCaxFeO3-δ (x = 0.20). 
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Figure A3.3 — pO2 dependence of the (a) electrical conductivity (���) and (b) electrical mobility 

(��) for La1-xCaxFeO3-δ at 800 °C. The dashed lines are drawn to guide the eye. 
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Figure A3.4 — Mobility of electron holes (��), at 800 °C, for La1-xCaxFeO3-δ as a function of oxygen 

content (3 − �). The dashed lines are drawn to guide the eye. 
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Figure A3.5 — Inverse temperature dependence of the thermodynamic factor for La1-xCaxFeO3-δ, 

at pO2 = 0.147 bar, calculated from data of thermogravimetry (cf. Fig. 3.4). The specified pO2 

corresponds to the logarithmic average of the step change in pO2 (0.10 ↔ 0.215 bar) used in the 

ECR measurements. 
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CHAPTER 4 

Defect chemistry and oxygen transport properties of 
La0.5Ba0.5CoO3-δ 

Abstract 

The phase composition, oxygen nonstoichiometry, electrical and oxygen transport 

properties of the mixed ionic-electronic conducting perovskite oxide La0.5Ba0.5CoO3-δ are 

investigated in the ranges of temperature 350 - 900 °C and of oxygen partial pressure 

0.01 - 0.9 bar. Mixed phase behavior of cubic A-site cation-disordered La0.5Ba0.5CoO3-δ 

and tetragonal A-site cation-ordered double perovskite LaBaCo2O6-δ is found in as-

quenched samples after annealing at elevated temperatures. The phase fraction of the 

double perovskite phase, reaching a value 25 mol% after annealing in air at 1150 °C, can 

be reduced by subsequent annealing at lower temperatures, though the time scale of 

the phase transformation is much longer in ceramics than in powders. The observed 

dependences of the partial molar enthalpy ∆ℎ� and entropy of oxidation ∆���
�  on the 

oxygen nonstoichiometry parameter � indicate that the ideal solution model and the 

itinerant electron model are both invalid to describe the defect chemistry of 

La0.5Ba0.5CoO3-δ in the experimental window of this study. In addition to measurement 

of the electrical conductivity, values for the chemical diffusion coefficient Dchem and 

surface exchange coefficient kchem are extracted from data of electrical conductivity 

relaxation measurements. The results demonstrate that La0.5Ba0.5CoO3-δ is among the 

materials with the highest electronic and ionic transport properties. 
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4.1 Introduction 

Mixed ionic and electronic conductors (MIECs) have been recognized as suitable 

air electrodes for use in solid oxide fuel cells (SOFCs) and solid oxide electrolysis cells 

(SOECs). Among numerous MIECs, the alkaline-earth metal (Sr, Ba) doped LaCoO3-δ 

perovskite-type oxides have attracted intensive attention, owing to their high ionic and 

electronic conductivities[1–3]. Excellent electrode performance has been obtained using 

either pure La1-xSrxCoO3-δ or La1-xBaxCoO3-δ
[4–7], or after infiltration into 

La0.58Sr0.4Co0.2Fe0.8O3-δ or Gd-doped CeO2 backbone structures[8–10]. In addition to their 

use as cathode materials in SOFCs, several groups have achieved high electrochemical 

performance using La0.5Ba0.5CoO3-δ as air electrode in protonic ceramic fuel cells 

(PCFCs)[11–15], though isotope labelling experiments followed by time-of-flight secondary 

ion mass spectrometry depth profiling (TOF-SIMS) have revealed that the material 

shows negligible hydration behavior[14].  

La0.5Ba0.5CoO3-δ (LBC55) is known to exhibit a phase transformation from A-site 

cation-disordered single perovskite to the layered A-site cation-ordered double 

perovskite phase LaBaCo2O6-δ
[16–19]. The transition is driven by a high oxygen vacancy 

concentration at high temperatures and low oxygen partial pressures. Malyshkin et al.[19] 

proposed a tentative phase diagram on the basis of data from in-situ high-temperature 

X-ray diffraction, thermogravimetric and coulometric titration experiments as a function 

of oxygen partial pressure (pO2). The authors observed a complex domain-textured 

co-existence region of both phases, at 1000 °C, in the range 10-1.5 bar < pO2 < 10-2.65 bar. 

While the pure double perovskite phase is found at lower pO2 values, diffuse shoulder 

peaks assigned to the double perovskite phase are already apparent in diffraction 

patterns of powder samples annealed at 1000 °C in air for 10 h[19]. At 1100 °C, the critical 

oxygen content, 3-δ, for obtaining A-site ordering in La0.5Ba0.5CoO3-δ was found to be 

2.63[19].  

A few literature studies have reported on the oxygen transport properties of 

La1-xBaxCoO3-δ. Rupp et al.[5] studied the impedance of thin-film La0.6Ba0.4CoO3-δ and 

La0.6Sr0.4CoO3-δ electrodes. In the temperature range of 460 - 600 °C, the oxygen surface 

exchange rate of La0.6Ba0.4CoO3-δ is found a factor of 3 higher than that of La0.6Sr0.4CoO3-δ. 
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The ionic conductivity of La0.5Ba0.5CoO3-δ, at 700 °C, estimated from data of oxygen 

permeation[20] and Hebb-Wagner[21] measurements are 0.005 S·cm-1 and 0.003 S·cm-1, 

respectively. Chen et al.[22] visualized the bulk oxygen diffusional pathway in 

La0.4Ba0.6CoO3-δ from neutron diffraction data using the maximum-entropy method 

(MEM). The oxygen diffusivity in La0.4Ba0.6CoO3-δ is found distinctly higher than that in 

La0.6Sr0.4CoO3-δ. This is attributed by the authors to higher values for the oxygen vacancy 

concentration and atomic displacement parameters, and a less constrained pathway for 

oxygen diffusion in La0.4Ba0.6CoO3-δ as compared to corresponding characteristics for 

La0.6Sr0.4CoO3-δ, though the comparative analysis of oxygen transport in both materials 

is somewhat frustrated by the fact that both have different earth-alkaline dopant 

concentrations.  

In this work, the phase transformation behavior, oxygen non-stoichiometry, 

electrical conductivity, and oxygen transport properties of La0.5Ba0.5CoO3-δ are studied 

by combined X-Ray diffraction (XRD), thermogravimetric analysis (TGA) and electrical 

conductivity relaxation (ECR) measurements. The oxygen surface exchange coefficient 

(kchem) and chemical diffusion coefficient (Dchem) are extracted from data of ECR 

measurements and are compared with values obtained for La0.5Sr0.5CoO3-δ. 

 

4.2 Experimental 

4.2.1 Sample preparation and phase analysis 

La0.5Ba0.5CoO3-δ powder was synthesized via solid state reaction. La2O3 (Sigma-

Aldrich, 99.9%) powder was heated at 900 °C overnight in ambient air before use. 

Stoichiometric amounts of La2O3, BaCO3 (Sigma-Aldrich, 99%) and Co3O4 (Sigma-Aldrich, 

99.5%) precursors were mixed and ball-milled using 1 mm zirconia beads in ethanol for 

at least 24 h and subsequently dried on a hot plate at 80 °C. The obtained mixture was 

calcined at 1150 °C for 5 h in ambient air and slowly cooled to room temperature. The 

calcined powder was crushed manually using a mortar and pestle, followed by 

ball-milling and drying again using the above procedure. If not specified differently, 

heating and cooling rates in this work are 3 °C·min-1. 
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La0.5Sr0.5CoO3-δ powder was synthesized via the auto-combustion method. 

La(NO3)3·6H2O (Alfa Aesar, 99.9%), Sr(NO3)2 (Sigma-Aldrich, ≥99%) and Co(NO3)2·6H2O 

(Sigma-Aldrich, ≥98%) were dissolved in the appropriate ratio in water. C10H16N2O8 

(EDTA, Sigma-Aldrich, >99%) and C6H8O7 (citric acid, Alfa Aesar, >99.5%) were added to 

the solution as chelating agents and NH4NO3 (Sigma-Aldrich, >98%) was added as a fuel. 

The pH of the solution was adjusted to 7 using NH3·H2O (Sigma-Aldrich, 28 (wt/vol)%). 

Water was evaporated by heating the solution on a hot plate to 100 °C. The remaining 

gel was ignited by heating to about 350 °C. The obtained powders were calcined at 

1000 °C for 5 h in ambient air. The as-synthesized powder was ball-milled and dried as 

described above. 

La0.5Ba0.5CoO3-δ pellets were prepared by solid state reactive sintering. Powders of 

La2O3, BaCO3 and Co3O4 were mixed in the stoichiometric ratio and ball-milled for at 

least 24 h in ethanol. After drying, the powder mixture was pelletized by uniaxial 

pressing, followed by cold isostatic pressing at 4000 bar for 10 min. The green pellets 

were sintered at 1150 °C for 12 h in flowing oxygen (20 ml·min-1). La0.5Sr0.5CoO3-δ pellets 

were prepared from the as-synthesized powder, using the same pressing procedure as 

described above. The obtained pellets were sintered at 1200 °C for 10 h in ambient air. 

A relative density higher than 92% and 97% was achieved for La0.5Ba0.5CoO3-δ and 

La0.5Sr0.5CoO3-δ, respectively. For electrical conductivity relaxation (ECR) measurements, 

rectangular bars were cut from the sintered pellets using a cutting machine (Struers, 

Denmark) and subsequently ground and polished by abrasive plates (JZ Primo, Xinhui, 

China).  

To investigate the influence of temperature and long-term annealing on phase 

composition, a portion of the as-synthesized La0.5Ba0.5CoO3-δ powder was heated at 

1150 °C for 12 h in ambient air and quenched to room temperature by directly removing 

the sample from the furnace. Another portion was first heated at 1150 °C for 12 h in 

ambient air, cooled to 975 °C and subsequently annealed at this temperature for 100 h, 

followed by quenching to room temperature in the same way.  

The phase purity and structure of as-synthesized powder and quenched powder 

were studied by X-Ray diffraction (XRD, D2 PHASER, Bruker, USA) experiments using 
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Cu-Kα radiation (λ = 1.5418 Å). Data were recorded in the 2θ range of 20 – 80 ° with a 

step size of 0.02° and a counting time of 2 s. Rietveld refinements of the obtained XRD 

spectra were performed using the Fullprof software[23]. 

  

4.2.2 Thermogravimetric analysis (TGA)  

The oxygen non-stoichiometry of La0.5Ba0.5CoO3-δ was determined by 

thermogravimetric analysis (TGA) using a Netzsch STA 449 F3 apparatus (Netzsch GmbH 

& Co., Germany). Approximately 1 g of sample powder was used. Measurements were 

conducted in O2/N2 mixtures. The total gas flow rate was 200 mL·min-1. 

Thermogravimetric data were recorded upon cooling from 900 °C to 350 °C, with 

intervals of 25 °C between 500 – 700 °C and of 50 °C outside this range. At each 

temperature step, data were acquired at pO2 values of 0.01, 0.045, 0.10, 0.21, 0.46 and 

0.90 bar. A dwelling time of 15 – 40 min was given at each pO2 step. The cooling rate 

was 3 °C·min-1 between 900 – 350 °C. After the measurements at 350 °C, the sample was 

cooled to room temperature at a rate of 1 °C·min-1 in a pO2 of 0.90 bar. The acquired 

oxygen stoichiometry at room temperature was assumed equal to 3 (δ = 0). The 

buoyancy effect was corrected by subtracting a blank curve recorded using an empty 

crucible under the same conditions.  

H2 reduction experiments were conducted using a Netzsch STA 449F1 apparatus 

(Netzsch GmbH & Co., Germany). La0.5Ba0.5CoO3-δ powder was first fired at 900 °C in 19% 

O2/Ar for 3 h, followed by purging the TGA chamber with Ar for 2 h. Subsequently, H2 

was introduced by switching the purge gas to 4% H2/Ar, at either 900 °C or 1000 °C, with 

an isothermal dwell time of 10 h. Heating and cooling rates were 5 °C·min-1. The 

buoyancy effect was corrected by subtraction of a blank measurement curve. 

 

4.2.3 Electrical conductivity relaxation (ECR) measurements 

Electrical conductivity data were acquired by a four-probe DC method. Two gold 

wires (Alfa Aesar, 0.25 mm in diameter, 99.999%) were wrapped around the ends of a 

rectangular ceramic bar, with approximate dimensions 12  5  0.5 mm3, serving as 
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current electrodes. Two additional gold wires were wrapped around the sample a short 

distance away from the current electrodes, serving as the voltage probes. Home-made 

gold paste was painted underneath the wires to ensure a good electrical contact 

between the wires and the sample. After drying the paste at 110 °C, the sample was 

mounted into a home-made ECR reactor of which a detailed description can be found 

elsewhere[24]. The sample was first heated to 800 °C and dwelled for 1 h to sinter the 

gold paste. Conductivity relaxation curves after a pO2 step change from 0.215 to 0.464 

bar (balanced by N2, oxidation runs) and vice versa (reduction runs) were recorded in 

the temperature range of 500 – 700 °C. Both heating and cooling runs were conducted. 

Data were analyzed using a custom-made Matlab program from which the chemical 

diffusion coefficient (Dchem) and surface exchange coefficient (kchem) were obtained 

simultaneously by fitting the transient conductivity to the appropriate analytical solution 

of Fick’s second law. Detailed descriptions of the model and fitting procedure can be 

found elsewhere[24,25]. 

ECR measurements were conducted on polished samples of La0.5Ba0.5CoO3-δ and 

La0.5Sr0.5CoO3-δ, referred to henceforth as ‘as-polished’. In addition, an as-polished 

La0.5Ba0.5CoO3-δ sample was annealed in-situ at 975 °C in pure oxygen for 100 h prior to 

ECR measurements. This sample is henceforth referred to as ‘post-annealed’. The 

electrical conductivity during the annealing treatment was measured to monitor the 

phase transformation of the ordered double perovskite phase LaBaCo2O6-δ to the 

disordered perovskite phase La0.5Ba0.5CoO3-δ. 
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4.3 Results and discussion 

4.3.1 Structure and phase analysis 

 

Figure 4.1 — (a) XRD pattern of as-synthesized La0.5Ba0.5CoO3-δ powder (red dots) and 

corresponding Rietveld refinement (black curve). Bragg positions (green bars) and the fitting 

residual (blue lines) are shown. The space group, lattice parameter and reliability factors (Rp, Rwp, 

χ2) are listed in the inset. b) Normalized XRD patterns of powders quenched from 1150 °C (orange 

curve) and 975 °C (blue curve). The XRD pattern of the powder quenched from 1150 °C is zoomed 

in at 2θ range 38 – 49 °. The XRD pattern of the as-synthesized powder (black curve) is shown for 

comparison. 

 

Fig. 4.1a shows the XRD pattern of as-synthesized La0.5Ba0.5CoO3-δ powder 

(calcined at 1150 °C for 5 h in ambient air and slowly cooled (3 °C·min-1) to room 

temperature) together with the corresponding Rietveld refinement. La0.5Ba0.5CoO3-δ is 

found to adopt the ideal cubic perovskite structure (space group Pm3�m) with lattice 

parameter a = 3.88550(4) Å. The latter is in good agreement with those reported by 

Malyshkin et al.[19] (a = 3.888(6) Å) and Garcés et al.[26] (a = 3.89151(5) Å). Reliability 

factors (Rp, Rwp, χ2) obtained from the Rietveld refinement are listed in the inset of 

Fig. 4.1a.  

As mentioned in the introduction, the single perovskite La0.5Ba0.5CoO3-δ (space 

group Pm 3� m) transforms to a layered cation-ordered double perovskite phase 

LaBaCo2O6-δ (space group P4/mmm) at high temperatures and/or low oxygen partial 
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pressures [16,18,19,26].  Nano-sized domains of the double perovskite phase are found to 

be present after annealing at 1000 °C in air for 10 h[19]. As sintering of La0.5Ba0.5CoO3-δ in 

this study is performed at 1150 °C, X-ray diffraction was performed on a powder sample 

quenched to room temperature after annealing in air at 1150 °C for 12 h. The obtained 

pattern is compared in Fig. 4.1b with (i) that of the powder quenched after subsequent 

cooling from 1150 °C to 975 °C, followed by annealing at this temperature for 100 h, and 

(ii) that of the as-synthesized powder. Diffraction peaks exhibited by both as-quenched 

samples are shifted to lower angles when compared to corresponding reflections in the 

pattern of the as-synthesized powder. This observation can be explained by the lower 

oxygen stoichiometries exhibited by the as-quenched samples and concomitant 

reduction in the valence state of the cobalt ions and, hence, expansion of the lattice 

relative to that of the as-synthetized powder that was slowly cooled to room 

temperature. It is further noted that shoulder peaks left to the Bragg positions are 

apparent in the XRD patterns of the as-quenched samples. For clarity, the inset in 

Fig. 4.1b shows a magnification of the 2θ region of 38 – 49 ° of the XRD pattern of the 

sample quenched from 1150 °C. Our observations are consistent with those reported by 

Malyshkin et al.[19]. Following these authors, the shoulder peaks in the XRD patterns of 

both as-quenched samples are assigned to inclusions of the double perovskite 

LaBaCo2O6-δ phase, which is justified by the two-phase Rietveld refinements of the 

corresponding patterns shown in Fig. A4.1. The intensities of the shoulder peaks are 

notably higher in the XRD pattern of the powder quenched from 1150 °C than in that of 

the powder quenched to room temperature after subsequent annealing at 975 °C for 

100 h, indicating that the content of the LaBaCo2O6-δ phase is reduced by the thermal 

treatment at 975 °C. The refinements yield that the content of LaBaCo2O6-δ is reduced 

from 25 mol% before to 12 mol% after annealing at 975 °C. The absence of shoulder 

peaks in the XRD pattern of the as-synthesized powder indicates that during slow cooling 

(3 °C·min-1) from 1150 °C to room temperature the double perovskite phase LaBaCo2O6-δ 

phase is fully transformed back to the single perovskite La0.5Ba0.5CoO3-δ. 
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4.3.2 Oxygen nonstoichiometry and thermodynamic quantities 

The oxygen non-stoichiometry (δ) of La0.5Ba0.5CoO3-δ was studied by TGA in the 

temperature range of 350 – 900 °C and pO2 range of 0.01 – 0.90 bar. Corresponding 

experimental data are shown in Fig. A4.2. The oxygen stoichiometry at room 

temperature and pO2 of 0.90 bar after slow cooling from 350 °C at 1 °C·min-1 is taken to 

be 3 (δ = 0). To verify this assumption, H2 reduction experiments were performed at 

900 °C and 1000 °C. Corresponding results are shown in Fig. A4.3. At 900 °C, the sample 

mass is found to slowly decrease with time after 10 h, while mass equilibrium is reached 

by reduction at 1000 °C. The results suggest the mass change due to reduction (to La2O3, 

BaO and Co) deviates within 0.1% (corresponding Δδ = 0.015) from that calculated using 

the assumption that δ = 0 at room temperature (see Fig. A4.3). 

 

Figure 4.2 — Oxygen stoichiometry (3−δ) of La0.5Ba0.5CoO3-δ as a function of temperature at 

different values of pO2. The error is within the size of symbols. Dashed lines serve to guide the 

eye. The straight dashed line denotes the value of 3−δ corresponding to an average Co valence of 

3+. 
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Figure 4.3 — van ’t Hoff plots of La0.5Ba0.5CoO3-δ at different values of pO2. The dashed lines are 

drawn to guide the eye. 

 

The oxygen stoichiometry 3-δ as a function of temperature for different values of 

pO2 is plotted in Fig. 4.2. Both δ and the derivative, ∂δ/∂T, are found to increase with 

temperature. This behavior is similar to that observed for La1-xSrxCoO3-δ (x = 0.6[27] and x 

= 0.5[28]). Following Mizusaki et al.[28,29], we first assume an ideal solution behavior of 

involved ionic and electronic defects. In Kröger-Vink notation, the defects in 

La0.5Ba0.5CoO3-δ are Ba��
� , V�

∙∙ , Co��
∙  and Co��

� , denoting the acceptor dopant, the oxygen 

vacancy, and the localized electron hole and electron, respectively. At oxidizing 

conditions, the equilibrium between La0.5Ba0.5CoO3-δ and the gas phase reads, 

1

2
O� + V�

∙∙ + 2Co��
� ⇌ O�

� + 2Co��
∙ (4.1) 

The corresponding equilibrium constant, ���, can be written as 

��� =
(3 − �) ∙ [Co��

∙ ]�

�O�
�/� ∙ � ∙ [Co��

� ]�
(4.2) 

The charge disproportionation reaction of the cobalt ions is given by 

2Co��
� ⇌ Co��

∙ + Co��
� (4.3) 

with equilibrium constant 
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�� =
[Co��

∙ ] ∙ [Co��
� ]

[Co��
� ]�

(4.4) 

The charge neutrality condition reads 

2� + [Co��
∙ ] = [Co��

� ] + [Ba��
� ] (4.5) 

and the site balance for the cobalt ions 

[Co��
∙ ] + [Co��

� ] + [Co��
� ] = 1 (4.6) 

Combining Eqs. (4.2), (4.4), (4.5) and (4.6) gives 

�O�

�
� =

1

2
(−

(3 − �)� �⁄ (2� − [Ba��
� ])

�� �⁄ (2� − [Ba��
� ] + 1)���

� �⁄
+

�
1

���
�

(3 − �)(2� − [Ba��
� ])�

�(2� − [Ba��
� ] + 1)�

� +
��

���

4(3 − �)

�
�

1 − 2� + [Ba��
� ]

2� − [Ba��
� ] + 1

�) (4.7)

 

��� and �� can be obtained by fitting Eq. (4.7) to experimental data of the oxygen non-

stoichiometry (Fig. 4.2). The resultant �� between 800 – 900 °C is found in the range 

1 × 10-3 – 7 × 10-3. At lower temperatures, �� drops below 10-3 and [Co��
� ] below 0.005. 

In the experimental window of pO2, Co��
∙  is found to be the predominant electronic 

defect below 800 °C. Accordingly, Eqs. (4.5) and (4.6) can be simplified to 

2� + [Co��
∙ ] = [Ba��

� ] (4.8) 

[Co��
∙ ] + [Co��

� ] = 1 (4.9) 

��� can be calculated using Eqs. 2, 8 and 9 and is plotted as a function of 1/T in 

Fig. 4.3. It is seen that log(���) varies nonlinearly with inversed temperature and, at 

fixed temperature, with pO2. The departure from the van ’t Hoff equation, ln(���) =

 − Δ���
� ��⁄ + Δ���

� �⁄ , (where Δ���
�  is the enthalpy of oxidation, Δ���

�  is the entropy 

of oxidation, and � is the ideal gas constant), shows the inappropriateness to describe 

the defect equilibria in La0.5Ba0.5CoO3-δ by the ideal solution model.  

An alternative approach to analyze the thermodynamic properties of 

La0.5Ba0.5CoO3-δ is by evaluation of the partial molar properties. The chemical potential 

of oxygen , �� , in La0.5Ba0.5CoO3-δ in equilibrium with the gas phase can be written 

as

�� =
�

�
���

� +
��

�
ln�O� (4.10)

where ���

�  is the chemical potential of O2 at a pO2 of 1 bar and �  is the ideal gas 
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constant. Defining the chemical potential of oxygen, ∆��, relative to that in the standard 

state,

∆�� = �� −
�

�
���

� (4.11)

It follows 

∆�� = ∆ℎ� − �∆�� (4.12)

where ∆ℎ� and ∆�� are the partial molar enthalpy and partial molar entropy of oxygen, 

respectively. Combining Eqs. (4.10), (4.11) and (4.12) yields the Gibbs-Helmholtz 

equations 

∆ℎ� =
�

2

�ln���

�
1
�

|� (4.13) 

∆�� = −
�

2

�(�ln���)

��
|� (4.14) 

Values of ∆ℎ� and ∆��, at a fixed value of �, can be extracted from the slopes of 

ln(pO2) vs. 1000/T (Fig. 4.4a) and Tln(pO2) vs. T (Fig. 4.4b), respectively. Corresponding 

results as a function of � are shown in Figs. 4.4c and 4.4d, respectively. Literature data 

reported by Mizusaki et al. on La0.6Sr0.4FeO3-δ
[29] and La0.5Sr0.5CoO3-δ

[28]
 are plotted for 

comparison. For both La0.5Sr0.5CoO3-δ and La0.5Ba0.5CoO3-δ, it is found that ∆ℎ� decreases 

almost linearly with increasing �,  

∆ℎ� ≈ ∆ℎ�
� − �� (4.15) 

where ∆ℎ�
�  is a constant and �  the proportionality constant. Such behavior is also 

reported for a number of related perovskite oxides[27,28,30,31] and indicates that 

incorporation of oxygen in these oxides becomes more exothermic with increasing �. 

The value of � for La0.5Ba0.5CoO3-δ found in this study is 386 ± 3 kJ·mol-1 to be compared 

with 68 kJ·mol-1 reported for La0.5Ba0.5FeO3-δ
[32], 171 ± 4 kJ·mol-1 for La0.5Sr0.5CoO3-δ 

[28] 

and ≈ 0 for La0.6Sr0.4FeO3-δ
[29]. If the change of ∆ℎ� with � is due to interactions between 

electron holes, the listed � values indicate that hole interaction becomes stronger in the 

sequence Sr<Ba and Fe<Co. In the framework of the itinerant electron model[33,34], the 

change in ∆ℎ� with increasing � would reflect the change in Fermi level corresponding 

to the removal of electrons from a rigid band, the density of states at the Fermi level 

determining the value of �. 
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Figure 4.4 — (a) ln(pO2) vs. 1000/T and (b) RTln(pO2) vs. T at different values of the oxygen 

nonstoichiometry parameter δ as indicated in both graphs. The dashed lines are obtained from 

linear fitting of the data. Oxygen nonstoichiometry dependence of (c) the partial molar enthalpy 

of oxygen ∆ℎ� (black squares), and (d) the partial molar entropy of oxygen ∆�� (black squares). 

Dashed lines in both figures are drawn to guide the eye. Also shown in (c) and (d) are 

corresponding data for La0.6Sr0.4FeO3 -δ (blue triangles) and La0.5Sr0.5CoO3-δ (red circles) from the 

cited literature. Most of the error bars in figures (a)-(d) are within the size of the symbols. 

 

The partial molar entropy of oxygen, ∆�� , is found to decrease slightly with 

increasing � , which is opposite to the trend observed for La0.5Sr0.5CoO3-δ
[28] and 

La0.6Sr0.4FeO3-δ
[29], but in correspondence with results found for La0.6Ca0.4FeO3-δ

[35], 

Ba0.5Sr0.5Co0.8Fe0.2O3−δ
[31] and La0.6Sr0.4Co0.2Fe0.8O3−δ

[31]. ∆�� may be de-convoluted in 

∆�� = ∆���
� + ��(conf) (4.16) 

where ��(conf)  is the structural configurational contribution, while the oxidation 

entropy ∆���
�  includes vibrational, magnetic and electronic terms[36]. Assuming a 
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random distribution of possible ionic and electronic defects over available sublattice 

sites, the configurational entropy is given by  

�(conf) =

�� �ln
�!

(� · [Co��
∙ ])! (� · [Co��

� ])! (� · [Co��
� ])!

+ ln
(3�)!

��(3 − �)�! (��)!
� (4.17)

 

where �� is the Boltzmann constant and � is the Avogadro constant. ��(conf) follows 

from, 

��(conf) =
��(conf)

�(3 − �)
= −

��(�onf)

��
(4.18) 

Using Stirling’s approximation, Eq. (4.18) can be simplified to   

��(conf) = �
�[Co��

� ]

��
ln �

[Co��
� ]

[Co��
� ]

� + �
�[Co��

∙ ]

��
ln �

[Co��
∙ ]

[Co��
� ]

� + �ln(
�

3 − �
) (4.19a) 

��(conf) =              ��(Co��
� )             +            ��(Co��

∙ )            +      ��(�)      (4.19b) 

where the terms ��(Co��
� ), ��(Co��

∙ ) and ��(�) refer to the respective contributions of 

defects Co��
� , Co��

∙  and V�
∙∙  to ��(conf) . Next, we consider four different cases. The 

resultant ��(conf) in each of the cases is plotted in Fig. 4.5a.  

I. ��(Co��
� ) = 0 ; ��(Co��

∙ )  = 0; ��(�)  ≠ 0 : in this case only oxygen vacancies 

contribute to ��(conf). This situation corresponds to itinerant behavior of the 

electrons (setting the entropy of delocalized (itinerant) electrons to zero). 

II. ��(Co��
� ) ≠0; ��(Co��

∙ ) ≠ 0; ��(�)  ≠ 0: this case corresponds to the presence 

of both localized electrons ( Co��
� ) and electron holes (Co��

∙ ) . The charge 

disproportionation constant is set to �� = 0.01. 

III. ��(Co��
� ) ≠ 0; ��(Co��

∙ ) ≠ 0; ��(�)  ≠ 0: both localized electrons and electron 

holes are assumed to be present. The charge disproportionation constant is set 

to �� = 0.0001 , which corresponds to a larger pseudo-band gap energy by 

comparison with that in case II. 

IV. ��(Co��
� ) = 0 ; ��(Co��

∙ )  ≠  0; ��(�)  ≠ 0 : this situation refers to oxidizing 

conditions, ignoring the presence of localized electrons (Co��
� ). 
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Figure 4.5 — (a) Configurational entropy ��(conf)  as a function of � , and (b) corresponding 

standard oxidation entropy ∆���
� . The numbers I-IV denote different distribution scenarios as 

explained in the main text. The experimental � window is indicated in figure (a). 

 

The value of ��(conf) is calculated in the � range 0 – 0.5 using Eqs. (4.4 – 4.6), 

(4.8), (4.9) and (4.19). Note from Fig. 4.5a that the inflection point is at � = [Ba��
� ] 2⁄ , 

corresponding to the condition [Co��
∙ ] = [Co��

� ] in Eq. (4.5). Subtracting ��(conf) from 

∆�� yields ∆���
� . It is found that ∆���

�  in each of the cases considered decreases with 

increasing �, as is shown in Fig. 4.5b. As the magnitude of ∆���
�  is largely dominated by 

the vibrational entropy[36] this indicates that the vibrational characteristics of 

La0.5Ba0.5CoO3-δ need to be considered in more detail to achieve a better understanding 

of the change in ∆���
�  with � . The observed dependencies of ∆ℎ�  and ∆���

�  on � 

indicate that the ideal solution model and the itinerant electron model are both an 

oversimplification to describe the nonstoichiometric behavior of La0.5Ba0.5CoO3-δ.   

 

4.3.3 Electrical conductivity 

The time dependence of the electrical conductivity ��� of La0.5Ba0.5CoO3-δ during 

in-situ post-sintering annealing at 975 °C in pure oxygen for 100 h is shown in Fig. 4.6a. 

During annealing the value of ��� is found to increase from 543 to 585 S·cm-1. This is 

attributed to (partial) transformation of the double perovskite LaBaCo2O6-δ as formed 

during sintering at 1150 °C to the single perovskite phase La0.5Ba0.5CoO3-δ. Rather than 
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in air, the long-term annealing at 975 °C was performed in pure oxygen to enhance the 

transformation to La0.5Ba0.5CoO3-δ. As was mentioned above, Rietveld refinement yields 

a value of 12 mol% for the fraction of the double perovskite phase in the powder that 

was quenched to room temperature after annealing at 975 °C for 100 h in air. Note, 

however, from Fig. 4.6a that a constant conductivity is not achieved even after annealing 

at 975 °C for 100 h, suggesting that full equilibration is not accomplished. It thus seems 

that the phase transformation is more sluggish in ceramics as compared to that in 

powders, hindering the recrystallization. Additional evidence from TGA experiments for 

the sluggish kinetics of the phase transformation of the double perovskite LaBaCo2O6-δ 

to single perovskite La0.5Ba0.5CoO3-δ in ceramics compared to that in powders is 

presented in the Supporting Information (Fig. A4.4). The large scatter in the reported 

data for the electrical conductivity of La0.5Ba0.5CoO3-δ (Fig. 4.6b) in literature is likely to 

be associated with differences in the thermal histories of the used samples[18,21,26,37]. 

Note from the figure that the different curves are obtained for samples as-polished and 

after annealing at 975 °C in pure oxygen for 100 h. 

 

Figure 4.6 — (a) Electrical conductivity ��� of La0.5Ba0.5CoO3-δ as a function of time during annealing 

at 975 °C in pure oxygen. (b) Arrhenius plot of ��� for samples as-polished (black squares) and that 

after annealing at 975 °C in pure oxygen for 100 h (blue triangles). In both figures, the dashed lines 

are drawn to guide the eye; error bars are within the size of the symbols. In (b), data from 

literature are shown for comparison[18,21,26,37]. 
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Fig. 4.6b further shows that the electrical conductivity of La0.5Ba0.5CoO3-δ decreases 

with increasing temperature. The decrease can be attributed on account of the 

associated decrease in the concentration of the major charge carrier (Co��
∙ ) under the 

conditions of the experiment, even though the mobility of charge carriers will increase 

with increasing temperature. The oxygen partial pressure dependence of the electrical 

conductivity at different temperatures is plotted in Fig. 4.7. The observed power law 

dependencies, log(���) ∝ �O�
�, with exponents n of 0.027 at 500 °C, 0.041 at 600 °C 

and 0.056 at 700 °C indicate that, in accord with Eq. (4.8), the Ba-dopant ( Ba��
� ) 

concentration is predominantly charge compensated by Co��
∙ . It can, however, not be 

excluded that a description in terms of itinerant behavior of the electrons in 

La0.5Ba0.5CoO3-δ is more appropriate, as has been proposed previously for 

La1-xSrxCoO3-δ
[33,34]. 

 

Figure 4.7 — Oxygen partial pressure dependence of the electrical conductivity ���  of 

La0.5Ba0.5CoO3-δ at different temperatures. The lines are obtained from linear fitting. The inset lists 

the slope of the lines (n). 

 

4.3.4 Electrical conductivity relaxation (ECR) 

Electrical conductivity relaxation (ECR) was employed to investigate the oxygen 

transport properties of La0.5Ba0.5CoO3-δ. Fig. 4.8 shows the conductivity relaxation curves 
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recorded at 700 °C following pO2 step changes between 0.215 and 0.464 bar. While 

Fig. 4.8a shows relaxation curves on an as-polished sample, Fig. 4.8b shows 

corresponding curves after in situ annealing at 975 °C in pure oxygen for 100 h. it is clear 

that the data acquired for the as-polished sample display an apparent two-fold 

non-monotonic relaxation behavior, that is characteristic for triple conductors upon 

hydration and dehydration due to simultaneous proton and oxygen exchange 

reactions[38–40]. The origin of this two-fold relaxation behavior is yet not clear, though its 

absence in the relaxation curves shown in Fig. 4.8b suggests that it is clearly related to 

the presence of the LaBaCo2O6-δ impurity phase in the sample obtained after sintering 

at 1150 °C.  

 

Figure 4.8 — Electrical conductivity relaxation curves for La0.5Ba0.5CoO3-δ, at 700 °C, of (a) 

as-polished sample, and (b) sample obtained after post-sintering annealing, at 975 °C, for 100 h. 

Oxidation (Ox) and reduction (Red) runs are denoted by green and blank areas, respectively. 

 

As was discussed above, the annealing in pure oxygen at 975 °C for 100 h reduces 

the phase fraction of the double perovskite LaBaCo2O6-δ impurity phase in the sample. 

It is assumed that its fraction is low and, hence, kchem and Dchem values obtained from 

fitting of the relaxation curves represent those for La0.5Ba0.5CoO3-δ. A typical normalized 

conductivity relaxation curve along with the respective fit is shown in Fig. 4.9a. Curve 

fitting allows simultaneous determination of Dchem and kchem. A plot of the Biot number 

(�� = ��/(����� �����)⁄ , where is the ��  is the half-thickness of the sample) as a 

function temperature obtained from fitting of the conductivity relaxation curves is given 
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in Fig. 4.9b, showing that, at given half-thicknesses ( ��  ≈  0.3 mm), conductivity 

relaxation after the pO2 step change for both La0.5Ba0.5CoO3-δ and La0.5Sr0.5CoO3-δ is 

predominantly controlled by diffusion[26]. 

 

Figure 4.9 — (a) Normalized electrical conductivity relaxation curve for La0.5Ba0.5CoO3-δ, at 700 °C, 

after a pO2 step change from 0.464 to 0.215 bar (reduction run) along with the least squares fit 

(red curve) and residual (grey curve). Values of kchem and Dchem extracted from fitting are listed in 

the inset. (b) Temperature dependence of the Biot number (Bi) for La0.5Ba0.5CoO3-δ (LBC55) and 

La0.5Sr0.5CoO3-δ (LSC55). Error bars are within the size of the symbols. Following Den Otter 

et al. [24,25], the mixed-controlled region is found for 0.03 ≤ �� ≤ 30. 

 

Arrhenius plots of kchem and Dchem for La0.5Ba0.5CoO3-δ along with those obtained in 

this study for La0.5Sr0.5CoO3-δ are shown in Figs. 4.10a and 4.10b, respectively. Activation 

energies are listed in the inset of both figures. While Dchem for La0.5Ba0.5CoO3-δ is found 

only slightly higher than that for La0.5Sr0.5CoO3-δ, kchem is approximately a factor of 4 

higher. To the best of our knowledge, values for kchem and Dchem for La0.5Ba0.5CoO3-δ are 

reported for the first time. At 700 °C, kchem and Dchem are 6.8 × 10-5 m·s-1 and 

8.6 × 10-10 m2·s-1, respectively, which are a factor of about 2 higher than corresponding 

values for the state-of-the-art La0.58Sr0.4Co0.2Fe0.8O3-δ (3.6 × 10-5 m·s-1 and 

4.1 × 10-10 m2·s-1, respectively)[41].  
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Figure 4.10 — Arrhenius plots of (a) kchem and (b) Dchem for La0.5Ba0.5CoO3-δ (LBC55, black symbols) 

and La0.5Sr0.5CoO3-δ (LSC55, red symbols) derived from data of electrical conductivity relaxation, 

following pO2 step changes from 0.464 bar to 0.215 (reduction runs). Dashed lines are from linear 

fitting of the data. Activation energies (Ea) calculated from the slopes of these lines are listed in 

the insets of both figures. 

 

 

Figure 4.11 — Arrhenius plots of (a) the oxygen ion conductivity �� and (b) the vacancy diffusion 

coefficient �� for La0.5Ba0.5CoO3-δ (LBC55, black), along with literature data for related perovskite 

oxides, La0.5Sr0.5FeO3-δ (LSF55)[42], La0.5Sr0.5CoO3-δ (LSC55)[2], La0.6Ba0.4FeO3-δ (LBF64)[43], 

La0.6Sr0.4Co0.2Fe0.8O3-δ (LSCF6428)[44][45] and La0.5Ba0.5CoO3-δ (LBC551, from data of O2 

permeation[20] and LBC552 (determined by the Hebb-Wagner method[21]). ��  and ��  of 

La0.5Ba0.5CoO3-δ were calculated using Dchem values shown in Fig. 4.10b and data of oxygen non-

stoichiometry at pO2 = 0.21 bar shown in Fig. 4.2. 

The value of the oxygen self-diffusion coefficient, �� , may be calculated from 

Dchem, using  
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����� = �� ∙ �� (4.20) 

where the thermodynamic factor �� is calculated from data of oxygen stoichiometry, 

using[46] 

�� =
1

R�
∙

���

���
=

1

2

� ln(�O�)

�ln (��)
(4.21) 

in which equation �� is the oxygen concentration. The temperature dependence of �� 

is presented in Fig. A4.5b. The oxygen vacancy diffusion coefficient �� can be calculated 

using the jump balance between oxygen ions and oxygen vacancies, 

�� ∙ �� = �� ∙ �� (4.22) 

where ��  is the vacancy concentration, while the oxygen ion conductivity ��  can be 

calculated using the Nernst-Einstein equation 

�� =
4����

���
∙ ���� (4.23) 

The Arrhenius plot of ��  for La0.5Ba0.5CoO3-δ (at pO2 = 0.21 bar) is shown in 

Fig. 4.11a. Data for La0.5Sr0.5FeO3-δ
[42], La0.5Sr0.5CoO3-δ

[2], La0.6Ba0.4FeO3-δ
[43], 

La0.6Sr0.4Co0.2Fe0.8O3-δ
[44] , La0.5Ba0.5CoO3-δ

[20] and La0.5Ba0.5CoO3-δ
[21] from the cited 

literature are given for comparison. Among these, La0.5Ba0.5CoO3-δ displays the highest 

ionic conductivity, reaching a value of 7 × 10-3 S·cm-1 at 600 °C. The high ionic 

conductivity of La0.5Ba0.5CoO3-δ may be attributed to its high oxygen vacancy 

concentration and high diffusivity of oxygen vacancies (� = 0.092, �� = 5.3 × 10-11 m2·s-1 

at 600 °C, pO2 = 0.21 bar). The temperature dependence of �� for La0.5Ba0.5CoO3-δ and 

for related perovskite compositions is shown in Fig. 4.11b. The value of ��  for 

La0.5Ba0.5CoO3-δ is found a factor of 5 higher than that of La0.5Sr0.5CoO3-δ
[2]. The higher 

diffusivity of oxygen observed in La0.5Ba0.5CoO3-δ can be attributed to characteristics of 

the A2Co saddle point (A = La, Ba) in the diffusion path of an oxygen ion and to the high 

polarizability of Ba2+ ions by comparison with corresponding values for La0.5Sr0.5CoO3-δ. 
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4.4 Conclusions 

The phase composition, oxygen nonstoichiometry, electrical and oxygen 

transport properties of La0.5Ba0.5CoO3-δ were investigated in the ranges of temperature 

350 – 900 °C and of oxygen partial pressure 0.01 – 0.9 bar.  It is found that 

(i)  As-quenched powder shows mixed phase behavior of cubic A-site cation-

 disordered single perovskite La0.5Ba0.5CoO3-δ and tetragonal A-site cation-

 ordered double perovskite LaBaCo2O6-δ after annealing at elevated 

 temperature. The phase fraction of the double perovskite phase, reaching

 25 mol% after annealing in air at 1150 °C, can be reduced by subsequent   

 annealing at lower temperatures. The phase transformation kinetics, 

 however, is found to proceed much slower in ceramics than in powders. 

(ii)  The observed dependencies of the partial molar enthalpy, ∆ℎ�,  and 

 entropy of oxidation, ∆���
� , on � indicate that, in the experimental window of 

 this study, the ideal solution model and the itinerant electron model are both 

 invalid to describe the defect chemistry of La0.5Ba0.5CoO3-δ. 

(iii)  The electrical conductivity of La0.5Ba0.5CoO3-δ is found to depend on the thermal 

 history and believed to contribute to the scatter of data reported in literature.  

The results of this study demonstrate that La0.5Ba0.5CoO3-δ is among the materials with 

the highest electronic and ionic conductivity reported in literature. 

  



Page | 125   Chapter 4 

References 

[1] M. Søgaard, P. Hendriksen, M. Mpgensen, F. Poulsen, E. Skou, Solid State Ionics 2006, 

177, 3285–3296. 

[2] A. Egger, E. Bucher, M. Yang, W. Sitte, Solid State Ionics 2012, 225, 55–60. 

[3] F. Figueiredo, F. M. . Marques, J. . Frade, Solid State Ionics 1998, 111, 273–281. 

[4] C. F. Setevich, L. V. Mogni, A. Caneiro, F. D. Prado, Int. J. Hydrogen Energy 2012, 37, 

14895–14901. 

[5] G. M. Rupp, A. Schmid, A. Nenning, J. Fleig, J. Electrochem. Soc. 2016, 163, F564–F573. 

[6] M. Morales, S. Piñol, M. Segarra, J. Power Sources 2009, 194, 961–966. 

[7] M. Koyama, C. Wen, K. Yamada, J. Electrochem. Soc. 2000, 147, 87. 

[8] X. Tong, S. Ovtar, K. Brodersen, P. V. Hendriksen, M. Chen, ACS Appl. Mater. Interfaces 

2019, 11, 25996–26004. 

[9] X. Tong, S. Ovtar, K. Brodersen, P. V. Hendriksen, M. Chen, J. Power Sources 2020, 451, 

227742. 

[10] V. Vibhu, S. Yildiz, I. C. Vinke, R.-A. Eichel, J.-M. Bassat, L. G. J. de Haart, J. Electrochem. 

Soc. 2019, 166, F102–F108. 

[11] C. Bernuy-Lopez, L. Rioja-Monllor, T. Nakamura, S. Ricote, R. O’Hayre, K. Amezawa, M. A. 

Einarsrud, T. Grande, Materials (Basel). 2018, 11, 1–16. 

[12] L. Rioja-Monllor, C. Bernuy-Lopez, M. L. Fontaine, T. Grande, M. A. Einarsrud, JPhys 

Energy 2020, 2, 0–10. 

[13] L. Rioja-Monllor, C. Bernuy-Lopez, M.-L. Fontaine, T. Grande, M.-A. Einarsrud, Materials 

(Basel). 2019, 12, 3441. 

[14] K. Leonard, J. Druce, V. Thoreton, J. A. Kilner, H. Matsumoto, Solid State Ionics 2018, 319, 

218–222. 

[15] K. Leonard, W. Deibert, M. E. Ivanova, W. A. Meulenberg, T. Ishihara, H. Matsumoto, 

Membranes (Basel). 2020, 10, 1–18. 

[16] T. Nakajima, M. Ichihara, Y. Ueda, J. Phys. Soc. Japan 2005, 74, 1572–1577. 

[17] E. L. Rautama, P. Boullay, A. K. Kundu, V. Caignaert, V. Pralong, M. Karppinen, B. Raveau, 

Chem. Mater. 2008, 20, 2742–2750. 

[18] C. Bernuy-Lopez, K. Høydalsvik, M. A. Einarsrud, T. Grande, Materials (Basel). 2016, 9, 

154–172. 

[19] D. A. Malyshkin, A. Y. Novikov, V. V. Sereda, I. L. Ivanov, D. S. Tsvetkov, A. Y. Zuev, Inorg. 

Chem. 2018, 57, 12409–12416. 



Page | 126   Chapter 4 

[20] D. Garcés, A. G. Leyva, L. V. Mogni, Solid State Ionics 2020, 347, 115239. 

[21] R. Amin, K. Karan, J. Electrochem. Soc. 2010, 157, B285. 

[22] Y. Chen, M. Yashima, T. Ohta, K. Ohoyama, S. Yamamoto, J. Phys. Chem. C 2012, 116, 

5246–5254. 

[23] J. Rodríguez-Carvajal, Phys. B Condens. Matter 1993, 192, 55–69. 

[24] M. W. Otter, A Study of Oxygen Transport in Mixed Conducting Oxides Using Isotopic 

Exchange and Conductivity Relaxation, Universiteit Twente, 2000. 

[25] M. W. den Otter, H. J. M. Bouwmeester, B. A. Boukamp, H. Verweij, J. Electrochem. Soc. 

2001, 148, J1. 

[26] D. Garcés, C. F. Setevich, A. Caneiro, G. J. Cuello, L. Mogni, J. Appl. Crystallogr. 2014, 47, 

325–334. 

[27] M. Kuhn, Y. Fukuda, S. Hashimoto, K. Sato, K. Yashiro, J. Mizusaki, J. Electrochem. Soc. 

2013, 160, F34–F42. 

[28] J. Mizusaki, Y. Mima, S. Yamauchi, K. Fueki, H. Tagawa, J. Solid State Chem. 1989, 80, 102–

111. 

[29] J. Mizusaki, Y. Shigeru, M. Yoshihiro, K. Fueki, J. Solid State Chem. 1987, 8, 1–8. 

[30] M.Kuhn, S.Hashimoto, K.Sato, K.Yashiro, J.Mizusaki, J. Solid State Chem. 2013, 197, 38–

45. 

[31] A. Jun, S. Yoo, O. Gwon, J. Shin, G. Kim, Electrochim. Acta jou 2013, 89, 372–376. 

[32] Z. Reihaneh, Mixed-Conducting Perovskites as Cathodes in Protonic Ceramic Fuel Cells : 

Defect Chemistry and Transport Properties, University of Stuttgart, 2018. 

[33] M. H. R. Lankhorst, H. J. M. Bouwmeester, H. Verweij, J. Solid State Chem. 1997, 133, 555–

567. 

[34] M. H. R. Lankhorst, H. J. M. Bouwmeester, H. Verweij, Solid State Ionics 1997, 96, 21–27. 

[35] J. Song, S. Zhu, D. Ning, H. J. M. Bouwmeester, J. Mater. Chem. A 2021, 9, 974–989. 

[36] E. Bakken, T. Norby, S. Stølen, J. Mater. Chem. 2002, 12, 317–323. 

[37] I. Szpunar, S. Wachowski, T. Miruszewski, K. Dzierzgowski, K. Górnicka, T. Klimczuk, M. H. 

Sørby, M. Balaguer, J. M. Serra, R. Strandbakke, M. Gazda, A. Mielewczyk-Gryń, J. Am. 

Ceram. Soc. 2020, 103, 1809–1818. 

[38] H. I. Yoo, J. Y. Yoon, J. S. Ha, C. E. Lee, Phys. Chem. Chem. Phys. 2008, 10, 974–982. 

[39] H. Yoo, J. in Yeon, J.-K. Kim, Solid State Ionics 2009, 180, 1443–1447. 

[40] T. Lee, D. Lim, B. Singh, S. Song, Solid State Ionics 2016, 289, 9–16. 

[41] S. Saher, S. Naqash, B. A. Boukamp, B. Hu, C. Xia, H. J. M. Bouwmeester, J. Mater. Chem. 



Page | 127   Chapter 4 

A 2017, 5, 4991–4999. 

[42] V. V. Kharton, A. V. Kovalevsky, M. V. Patrakeev, E. V. Tsipis, A. P. Viskup, V. A. Kolotygin, 

A. A. Yaremchenko, A. L. Shaula, E. A. Kiselev, J. C. Waerenborgh, Chem. Mater. 2008, 20, 

6457–6467. 

[43] J. Song, D. Ning, H. J. M. Bouwmeester, Phys. Chem. Chem. Phys. 2020, 22, 11984–11995. 

[44] B. Fan, J. Yan, X. Yan, Solid State Sci. 2011, 13, 1835–1839. 

[45] S. Wang, P. A. W. Van der Heide, C. Chavez, A. J. Jacobson, S. B. Adler, Solid State Ionics 

2003, 156, 201–208. 

[46] J. E. ten Elshof, M. H. R. Lankhorst, H. J. M. Bouwmeester, J. Electrochem. Soc. 1997, 144, 

1060–1067. 

 

  



Page | 128   Chapter 4 

Appendix A4 

 
Figure A4.1 — XRD pattern of La0.5Ba0.5CoO3-δ powder quenched (a) after annealing in air at 1150 

°C for 12 h, and (b) after subsequent annealing in air at 975 °C for 100h, and corresponding 

Rietveld refinements (black curves) and fitting residuals (blue lines). Bragg positions of the cubic 

Pm3�m space group (green bars) and tetragonal P4/mmm space group (brown bars) are shown. 

The phase fractions of single and double perovskite phases, and reliability factors (Rp, Rwp, χ2) are 

listed in the inset. The XRD data (red circles) and the calculated XRD patterns for La0.5Ba0.5CoO3-δ 

(green line) and LaBaCo2O6-δ (brown line) in the range 45 – 48 ° are shown in the inset. 
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Figure A4.2 — Thermogravimetry curve for La0.5Ba0.5CoO3-δ recorded upon cooling from 900 to 

350 °C, and further to room temperature. The pO2 profile is given in the bottom part, where the 

plateaus correspond to pO2 values of 0.01, 0.045, 0.1, 0.21, 0.46 and 0.9 bar. 

 

 
Figure A4.3 — Thermogravimetric curve for La0.5Ba0.5CoO3-δ recorded. Step I, heating from room 

temperature to 900 °C in pO2 = 0.19 bar; II, isothermal dwelling at 900 °C in pO2 = 0.19 bar; III, 

switching the atmosphere to Ar, maintaining the temperature at 900 °C (black curve) or heating 

to 1000 °C (red curve); IV, switching to 4% H2/Ar and dwelling for 10 h at 900 °C (black curve) or 

1000 °C (red curve); V, cooling to room temperature in Ar. The inset shows an enlarged view of 

the designated area. The dashed line represents the expected weight loss calculated on the basis 

of an oxygen content 3-δ = 2.811 at 900 °C in pO2 = 0.21 bar, assuming reduction of La0.5Ba0.5CoO3-δ 

under 4% H2/Ar to La2O3, BaO and Co. 
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Figure A4.4 — Thermogravimetric Thermogravimetric curves for La0.5Ba0.5CoO3-δ recorded during 
thermal cycling between 1150 °C and 975 °C in 0.90 bar O2, using a (a) ceramic sample and (b) 
powder sample. (c) Corresponding curves recorded for powders upon cooling from 1150 °C to 925, 
875 and 825 °C. The weight changes observed upon cooling are assigned to (partial) 
transformation of the double perovskite LaBaCo2O5.579 (3-�  value extrapolated from literature 
data1) to the single perovskite La0.5Ba0.5CoO2.812 phase. (d) Normalized weight changes from (b) 
and (c) as a function of time of equilibration. t = 0 is defined as the time at which the temperature 
reaches the targeted temperature. Note from the figure that the fastest equilibration is obtained 
at 875 °C. Note further by comparison with the data presented in (a) that the time scale of the 
phase transformation at 975 °C is much longer in ceramics than in the powder.  
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Figure A4.5 — (a) ln(pO2) vs. ln(3 - δ) at different temperatures. (b) Thermodynamic factor (��) as 

a function of temperature calculated from the slopes of the linear regression lines in (a). 
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CHAPTER 5 

La0.4Ba0.6CoO3-δ, a high-performance air electrode for 
protonic ceramic cells 

Abstract 

Perovskite oxides La1-xBaxCoO3-δ are considered promising candidates for use as air 

electrodes in protonic ceramic cells (PCCs). However, their hydration properties and 

electrode reaction mechanisms are not well-understood yet. In this study, we have 

investigated the hydration properties and electrode performance of La0.5Ba0.5CoO3-δ 

(LBC55) in most detail and compared its performance with that of other compositions 

La1-xBaxCoO3-δ in the range 0.3 ≤ x ≤ 0.7 and with that of La0.5Sr0.5CoO3-δ (LSC55). Data 

of thermogravimetric analysis show that the proton concentration in LBC55 can be 

ignored, from which it is inferred that the material exhibits low proton conductivity 

under typical operating conditions of PCCs. The oxygen reduction reaction (ORR) kinetics 

were studied using distribution function of relaxation times (DFRT) analysis of the data 

of impedance spectroscopy on symmetrical cells. A multistep electrode analysis for the 

ORR is presented, enabling calculation of the order of the exchange current density with 

respect to oxygen and water. The influences of barium substitution, pO2 and pH2O, and 

electrode sintering temperature on electrode performance and the long-term stability 

were investigated, revealing that among the different compositions investigated in this 

study La0.4Ba0.6CoO3-δ (LBC46) is the best-performing electrode. The material is 

considered a very promising electrode for use in PCCs. At the moment of writing this 

thesis, full cell performance tests on LBC46|BaZr0.625Ce0.2Y0.175O3-δ|Ni-

BaZr0.625Ce0.2Y0.175O3-δ are ongoing. 
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5.1 Introduction 

Fuel cells and electrolysis cells are used for the conversion between chemical and 

electrical energy. Depending on the type of electrolyte, the cells are referred to as 

alkaline fuel cells (AFCs), proton-exchange membrane fuel cells (PEMFCs), phosphoric 

acid fuel cells (PAFCs), solid acid fuel cells (SAFCs), solid oxide fuel cells (SOFCs), protonic 

ceramic fuel cells (PCFCs), etc. PCFCs and protonic ceramic electrolysis cells (PCECs) have 

been identified as promising in applications such as power generation, energy storage, 

and H2/NH3/syngas synthesis based on their cell efficiency, long-term durability, and 

pricing[1–4]. At present, PCFCs and PCECs work in the temperature range of 500 

– 700 °C[5,6]. The major factor limiting the cell performance in this temperature range is 

the high polarization resistance at the air electrode caused by the sluggish kinetics of 

the oxygen reduction reaction (ORR) or water dissociation reaction (WDR).  

Double perovskite cobaltites LnBaCo2O5+δ (Ln = La, Pr, Sm, Gd…) have been 

proposed for use as cathode in SOFCs with YSZ as the electrolyte[7,8], owing to their 

excellent oxygen transport kinetics. Inspired by this, several authors have applied 

LnBaCo2O5+δ as air electrodes in PCFCs[9–11], achieving  peak power densities in the range 

140 – 400 mW·cm-2 at 600 °C with Ba(Ce, Zr, Y)O3-δ (BCZY) based electrolytes and Ni-BCZY 

composite fuel electrodes. Even though the electrode reaction mechanisms are 

different in proton and oxygen-ion conducting cells, the LnBaCo2O5+δ materials perform 

well in both cell configurations. A-site and B-site composition engineering have been 

adopted to enhance the performance, e.g., BaGd0.8La0.2Co2O5+δ
[12,13] (BGLC), and 

PrBa0.5Sr0.5Co1.5Fe0.5O5+δ
[1,2] (PBSCF), taking the double perovskite cobaltite phases to the 

frontline of air electrodes in PCFCs. Grimaud et al.[14] studied the hydration properties 

of PrBaCo2O5+δ (PBC) and found a water uptake of 2.5 mol% H2O at 500 °C in wet air 

(equivalent to a proton concentration of 5 mol%). Strandbakke et al.[15] compared the 

hydration properties of BGLC, BaGdCo1.8Fe0.2O5+δ (BGCF), PBC and PrBaCo1.4Fe0.6O5+δ 

(PBCF), at 400 °C, pO2 = 4 × 10−4 bar and pH2O = 2 × 10−2 bar. Among the different 

investigated compositions, only BGLC was found to hydrate, with a proton concentration 

of 3 mol% under the cited experimental conditions. However, others have claimed that 

PBC and GdBaCo2O5+δ (GBC) phases do not hydrate[16,17], and have attributed the 



Page | 135   Chapter 5 

observed mass increase in thermogravimetric analysis (TGA) to hydration of 

Ba-containing impurity phases at the surface and/or pore walls[16,17]. Despite the 

controversy in literature on the hydration properties, the double perovskites 

LnBaCo2O5+δ may serve as model material and may guide the development of 

high-performance PCFC electrodes.  

Recently, the cation-disordered perovskite phase La1-xBaxCoO3-δ (LBC) has 

attracted considerable attention. Shimada et al.[18] studied the electrochemical 

performances of La0.6Sr0.4Co0.2Fe0.8O3-δ (LSCF), La0.6Sr0.4CoO3-δ (LSC64) and 

La0.6Ba0.4CoO3-δ (LBC64), all mixed with BaCe0.7Zr0.1Y0.1Yb0.1O3-δ (BZCYYb) in a weight ratio 

of 50 : 50, as composite electrodes. The LBC64-BCZYYb electrode was found to show the 

best performance with a peak power density of 570 mW·cm-2 at 600 °C. Rioja-Monllor 

et al.[19] investigated La1-xBaxCoO3-δ (LBC55)-BaZr0.9Y0.1O2.95(BZY) nanocomposite 

electrodes. A polarization resistance as low as 0.21 Ω·cm2 at 600 °C was found for the 

LBC55-BZY electrode mixed in a mole ratio of 60 : 40. Leonard et al.[20] characterized 

single-phase LBC55 as air electrode in a PCFC, incorporating a BaZr0.44Ce0.36Y0.2O3-δ as 

electrolyte and Ni-SrZr0.5Ce0.4Y0.1O2.95 as fuel electrode. The cell was found to give a 

current density of 0.5 A·cm-2 at 1.4 V and at 600 °C in the steam electrolysis mode. The 

above-mentioned studies clearly justify the usability of LBC as air electrode in protonic 

ceramic cells.  

In the present work, the hydration properties of LBC55 at different temperatures 

and atmospheres are characterized by thermogravimetric analysis (TGA). Its 

performance as air electrode is examined by electrochemical impedance spectroscopy 

(EIS) using symmetrical cells. The electrode ORR mechanism is studied by a reaction step 

analysis based on the Butler-Volmer equation. Analysis of the impedance data and 

relevant equivalent circuit parameters of LBC55, LBC55-BCZYYb and La0.5Sr0.5CoO3-δ 

(LSC55) are carried out. Finally, the electrode performance of LBC55 is compared with 

that of other compositions La1-xBaxCoO3-δ in the range 0.3 ≤ x ≤ 0.7 and with that of 

LSC55.    
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5.2 Experimental 

5.2.1 Sample preparation and characterization  

Powders of La1-xBaxCoO3-δ (x = 0.3, 0.5, 0.6, 0.7, denoted as LBC73, LBC55, LBC46, 

LBC37, respectively) were synthesized via solid state reaction. Powder of LSC55 was 

synthesized via the auto-combustion method as described previously[21]. 

BCZYYb powder was synthesized via solid state reaction using BaCO3 

(Sigma-Aldrich, 99%), ZrO2 (TOSOH, 99.9%), Y2O3 (Sigma-Aldrich, 99.99%) and Yb2O3 (Alfa 

Aesar, 99.9%) as precursors. Powders of ZrO2, Y2O3 and Yb2O3 were pre-heated at 900 °C 

overnight to remove adsorbed water. Stoichiometric amounts of the precursor powders 

were mixed and ball-milled using 1 mm zirconia beads in ethanol for at least 24 h. After 

drying, the powder mixture was calcined at 1350 °C for 5 h in ambient air. If not specified 

otherwise, heating and cooling rates were 3 °C·min-1. The obtained powder was ground 

manually using a mortar and pestle, followed by ball-milling and drying again using the 

above procedure. 

The phase purity of all compositions investigated in this study was checked by 

X-Ray diffraction (XRD, D2 PHASER, Bruker, USA) using Cu-Kα radiation (λ = 1.5418 Å). 

BCZYYb pellets were prepared by solid state reactive sintering. An amount of 

0.5 wt% of NiO was added to the oxide precursor mixture as sintering aid. The powder 

was uniaxially pressed into discs, followed by cold isostatic pressing of the discs at 4000 

bar for 10 min. The obtained green pellets were sintered at 1450 °C for 12 h in ambient 

air. A relative density more than 97% was achieved. The as-sintered BCZYYb discs were 

polished by abrasive plates (JZ Primo, Xinhui, China) with a mesh size from 15 µm down 

to 0.5 µm. The final dimensions of the BCZYYb discs were around 0.5 mm in thickness 

and 15 mm in diameter, with a mirror-like surface. 

Electrode slurries of LBC55, LSC55 and LBC55-BCZYYb (in a weight ratio of 50 : 50) 

were prepared by mixing the pure powder or composite powder with terpineol in a 

weight ratio of 50 : 50. An amount of 6 wt% ethylcellulose (Fiers, viscosity ~45 cp) was 

added to the slurry as binder. Gold paste was prepared by mixing gold powder with 

terpineol in a 1 : 3 weight ratio with 6 wt% ethylcellulose. 
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Electrolyte-supported symmetric cells were fabricated by depositing 

corresponding electrode slurries on BCZYYb electrolyte discs using doctor-blading. A 

10 mm diameter hole was punched in a 50 μm thick household tape. The tape was 

center-aligned and stuck to the electrolyte. Subsequently, the electrode slurry was 

applied and bladed by a spatula. After printing on one side, the cell was transferred to 

an oven and dried at 110 °C for 20 min. The above procedure was repeated until both 

sides of the electrolyte were printed and dried. Symmetrical cells with LSC55, LBC73, 

LBC46, LBC37 and LBC55-BCZYYb composite electrodes were sintered at 1100 °C for 3 h 

in ambient air. The LBC55|BCZYYb|LBC55 symmetrical cells were sintered at 700, 900 

and 1100 °C for 3 h to achieve different electrode porosities. Gold paste was 

brush-painted on top of the electrode layers as the current collector, followed by drying 

at 110 °C. 

To investigate the morphology of the electrodes, sintered cells were broken in half 

and the cross-section was imaged using an analytical scanning electron microscope 

(SEM, JEOL JSM-6010 LA, Japan), operated under secondary electrons at an acceleration 

voltage of 5 kV. 

 

5.2.2 Thermogravimetric analysis (TGA) 

The hydration properties of LBC55 in O2/Ar mixtures were characterized using a 

Netzsch STA 449 F1 (Netzsch GmbH, Germany). The purge gas was humidified by a 

combined liquid mass flow controller and controlled evaporator mixer (DV-2, aDROP, 

Germany). The inlet gas line was heated to 150 °C to prevent water condensation. LBC55 

powder was sieved and particles with a size in the range 38 – 200 μm were selected for 

TGA measurements. Different series of measurements were performed in both dry and 

wet atmospheres, labeled to as A, B and C in Table 5.1. In all measurements, the total 

flow rate was 200 mL·min-1. The sample was first heated at a rate of 10 °C·min-1 in dry 

purge gas (pO2 = 0.21 bar, balanced by Ar) to 900 °C, and held at this temperature for 

3 h to remove water and any surface carbon dioxide. Next, the pO2 of the purge gas was 

adjusted to the desired value and the sample cooled to 700 °C at a rate of 3 °C·min-1. 

The weight change was recorded upon cooling in the temperature range 700 - 350 °C 
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with 50 °C intervals. A stabilization time of 30 – 45 min was applied after each 

temperature step. Subsequently, the sample was reheated again to 700 °C, and held at 

this temperature for 4 h. During this dwelling period, the purge gas was humidified to 

the desired pH2O, maintaining the same pO2. The weight change in the range 700 

– 350 °C was recorded, following the same procedure as described above. Finally, the 

sample was reheated to 700 °C to check the reproducibility of the measurements, before 

cooling again to room temperature. Blank measurements were performed to correct for 

the buoyancy effect.. 

 

Table 5.1 — Dry and wet gas atmospheres used in TGA experiments. 

 
Series 

Dry Wet 

pO2  
(bar) 

pO2  
(bar) 

pH2O 
(bar) 

A 0.21 0.21 0.06 

B 0.21 0.21 0.15 

C 0.84 0.84 0.06 

 

5.2.3 Electrochemical impedance spectroscopy (EIS) 

The as-fabricated symmetrical cells were mounted in a homemade single chamber 

symmetrical cell testing set-up[22], using platinum grids as current collectors. Water was 

delivered by a liquid mass flow controller (MINI CORI-FLOW ML120, Bronkhorst, The 

Netherlands). It was mixed with the O2/N2 gas stream and evaporated in a controlled 

evaporator mixer (CEM W-102A, Bronkhorst, The Netherlands). The moist gas stream 

was introduced into the reactor via a pipeline that was maintained at 50 – 70 °C by 

electrical heating to prevent water condensation. The total gas flow rate during 

measurement was set as 200 mL·min-1. Electrochemical impedance spectra were 

recorded using a potentiostat (Reference 600, Gamry, USA) at open circuit conditions 

(OCV) in the frequency range from 100 kHz to 10 mHz with a perturbation amplitude of 

10 mV, 30 mV or 50 mV (higher amplitude at higher temperatures). Experiments were 

performed in the temperature range of 500 – 700 °C with 50 °C intervals. Values of pO2 

and pH2O were in the range of 0.01 – 0.46 bar and 0.01 – 0.10 bar, respectively. After 

each change in atmosphere, an equilibration time of 1 – 2 h was applied before data 
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acquisition. At each condition, the impedance spectrum was recorded 3 – 5 times to 

check the reproducibility of the measurements. The stability of the 

LBC46|BCZYYb|LBC46 cell was tested by repeatedly measuring impedance spectra, at 

600 °C, pO2 = 0.21 bar and pH2O = 0.10 bar, for 120 h.  

Data validation was performed with a Kramers–Kronig transformation check using 

the Gamry Echem Analyst program. The equivalent circuit fitting was carried out using 

the program Equivalent circuit[23] based on a complex nonlinear least squares (CNLS) 

minimization method. The distribution function of relaxation times (DFRT) was 

computed using (i) the Matlab program DRTtools[24] for Tikhonov transformation, and 

(ii) an Excel program for the m(RQ)fit[25] transformation. 

 

5.3 Results and discussion 

5.3.1 Hydration properties and proton conductivity  

The uptake of protons by oxygen-deficient perovskite oxides can be described by 

the following two reactions[26,27], 

(i) the hydration reaction, which is a pure acid-base reaction, and in Kröger-Vink 

notation may be written as  

H�O + V�
∙∙ + O�

× ⇄ 2OH�
∙ (5.1) 

(ii) the hydrogenation reaction, which results in the annihilation of electron holes 

H�O + 2h∙ + 2O�
× ⇄ 2OH�

∙ +
1

2
O� (5.2) 

Both reactions are linked to each other via the oxygen exchange reaction, known as the 

oxygenation reaction, 

1

2
O� + V�

∙∙ ⇄ 2h∙ + O�
× (5.3) 

The respective equilibrium constants of reactions 1-3 are 

������ =
[OH�

∙ ]�

�H�O ∙ [V�
∙∙] ∙ [O�

×]
(5.4) 

������ =
[OH�

∙ ]� ∙ �O�
� �⁄

�H�O ∙ �� ∙ [O�
×]�

(5.5) 
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��� =
�� ∙ [O�

×]

�O�
� �⁄

∙ [V�
∙∙]

(5.6) 

It follows that 

������ =
������

���

(5.7) 

Eqs. (5.5) – (5.7) show that the uptake of protons is influenced by both pO2 and pH2O.  

Different series of TGA measurements in dry and wet atmospheres were 

conducted to investigate the hydration properties of LBC55 (see Table 5.1). A typical 

measurement scheme is shown in Fig. A5.1. Weight losses upon isothermally switching 

from dry to wet conditions under the given conditions were found to be in the range 

6 × 10-3  – 9 × 10-3 wt%. The results were used for evaluation of the effective values of 

������ , ������ and ���  within the experimental window[27–29]. Fig. 5.1 shows the 

calculated proton concentration in the different wet atmospheres as a function of 

temperature, alongside with the corresponding hydrogenation percentage (�������). 

The latter quantity reflects the percentage to which the uptake of protons is determined 

by the hydrogenation reaction (Eq. 5.2) rather than the hydration reaction (Eq. 5.1), and 

can be calculated from  

������� =
∆�

[OH�
∙ ]

× 100% (5.8) 

where ∆� is the change in electron hole concentration p at given pO2, upon switching 

from dry to wet conditions, and [OH�
∙ ]  is the proton concentration in the wet 

atmosphere. Fig. 5.1 shows that the value of ������� decreases from almost 100% at 

350 °C to about 50% at 600 °C. Above 500 °C, [OH�
∙ ] is less than 0.3 mol% in both wet 

atmospheres investigated in this study. For multiple reasons some care should be taken 

when interpreting data in Fig. 5.1, as the calculations were performed assuming a simple 

ideal solution model for describing the defect chemistry of LBC55, and a charge 

neutrality, under dry conditions, that is given by: � + 2[V�
∙∙] = [Ba��

� ]. There is, however, 

evidence that the electronic charge carriers are itinerant in phases La1-xBaxCoO3-δ
[21]. 

Furthermore, as the proton uptake at low temperatures is dominated by the 

hydrogenation reaction, the weight changes recorded at these temperatures are subject 



Page | 141   Chapter 5 

to significant errors. Finally, it cannot be excluded that at the lowest temperatures in 

this study also water adsorption will influence the results. 

 

Figure 5.1 —Proton concentration (solid circles) and hydrogenation percentage (open squares) in 

LBC55 as a function of temperature in different wet atmospheres. Lines are drawn to guide the 

eye. 

 

Seong et al.[30] reported a proton tracer diffusion coefficient (��
∗ ) in PBSCF of 

1 × 10-6 cm2·s-1, at 550 °C. The authors further pointed out that values of ��
∗  in different 

proton conductors (BaCe0.9Y0.1O3-δ, BCY, SrCe0.95Yb0.05O3-δ, SCYb, La27.15W4.85O56-δ, LWO) 

at temperatures between 500 – 700 °C lie in a narrow range from 1 × 10-5 to 

1 × 10-7 cm2·s-1. Assuming a similar proton diffusivity as in PBSCF and ignoring isotope 

effects, the proton conductivity (��)  of LBC55 can be estimated using the 

Nernst-Einstein equation, 

�� =
4����

���
∙ ���� (5.9) 

where ��  is the Boltzmann constant, ��  is the Avogadro constant, ��  is the proton 

concentration, and �� (≈ ��
∗ ) is the self-diffusion coefficient of protons. The estimated 

value of �� of LBC55, at 550 °C, is 3 × 10-4 S·cm-1. This value is one order of magnitude 

below its oxygen ion conductivity ��
[21], and is mainly due to a very low proton 

concentration in LBC55.  
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Figure 5.2 — Schematics of the oxygen reduction reaction (ORR) on a (a) purely electronic 

conductor, (b) mixed oxygen ionic-electronic conductor (MIEC), and (c) triple protonic-oxygen 

ionic-electronic conductor (TCO). The triple phase boundary (TPB) may be laterally extended along 

the surfaces of the electrode and/or electrolyte. Note that reaction scheme for the MIEC and TCO 

involve both surface and bulk transport pathways. 

 

Schematics of the ORR on a purely electronic conductor, mixed oxygen ionic-

electronic conductor (MIEC) and triple protonic-oxygen ionic-electronic conductor (or 

briefly triple-conducting oxide, TCO) are shown in Fig. 5.2. The proton concentration in 

triple-conducting perovskite oxides in general, however, is reported to be low. A 

concentration of 0.6 mol% at 400 °C (pO2 = 0.20 bar and pH2O = 0.02 bar) has been 

reported for BGLC[15], and 1.8 mol% at 500 °C (pO2 = 0.21 bar and pH2O = 0.10 bar) for 

BaCo0.4Fe0.4Zr0.1Y0.1O3-δ (BCFZY)[31], as determined from data of TGA experiments. The 

hydration reaction dominates proton incorporation in both BGLC and BCFZY, as inferred 

from the mass increases upon hydration (~ 0.5 – 1 mg for 1 g of sample).  Han et al.[32] 

reported that the proton concentration in La1-xSrxCoO3-δ is below 0.3 mol% for 

compositions x = 0.1 – 0.7, at 300 °C (pO2 = 0.19 bar and pH2O = 0.05 bar), which is in 

agreement with our observations on LBC55. Leonard et al.[33] conducted time-of-flight 

secondary ion mass spectrometry depth profiling (TOF-SIMS) measurements and found 

a negligible amount of protons in LBC55 at 300 °C. It is therefore not straightforward to 

assume that the low concentration of protons in triple-conducting perovskite oxides, 

and, hence, their low proton conductivity, catalyzes the ORR (or water formation 

reaction) by extending the number of active reaction sites, when using these materials 

as air electrodes in PCFCs/PCECs. More investigations are necessary to evaluate the 
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beneficial effect of protons in the triple-conducting perovskite oxides on the kinetics of 

the ORR, as is often claimed in literature[31,34–36]. 

 

5.3.2 Electrode reaction step analysis 

The overall oxygen reduction reaction (ORR) at the air electrode in a protonic 

ceramic fuel cell is given by, 

O�(�) + 4e� + 4OH�
∙ → 2H�O(�) + 4O�

× (5.10) 

where OH�
∙  and O�

× are the protons and oxygen ions in the electrolyte, respectively. As 

the TGA experiments carried out in this work (see previous section) revealed a very low 

proton concentration in LBC55 at conditions covered by our experiments, we further 

treat the material as a MIEC, ignoring any contribution to the electrode reaction by 

proton diffusion in the bulk. 

He et al.[37] proposed an multistep model for the ORR confined to the triple phase 

boundary (TPB) region. In their model, the authors assume that the cathode material 

either does not hydrate or hydration is irrelevant for the kinetics of the reaction, and 

further that oxygen vacancies in the electrode are not involved in the reaction. Hence, 

strictly speaking, the electrode is considered to act as a pure electronic conductor. The 

analysis provided by the authors is based upon the theory developed by Bockris and 

Reddy[38] for multistep electrode reactions, assuming the Butler-Volmer equation to 

hold for each of the reaction steps. However, in their analysis He et al.[37] erroneously 

assume that the Nernst equation, ��� = constant + (��/4�)ln(�O�), holds for the 

open cell voltage (OCV) rather than ��� = constant − (��/4�)ln(�H�O�/�O�), which 

is the appropriate expression for the OCV of a cell incorporating a proton-conducting 

electrolyte. Zhao et al.[39] modified the approach by He et al.[37] by implementing an 

oxygen bulk pathway in the electrode, but also used the wrong Nernst equation in 

derivation of the partial pressure dependences of the exchange current density. 

In Table 5.2, two different possible multistep mechanisms are given for the ORR. 

In what follows, we have derived the corresponding current-overpotential relationships. 

Basic assumptions made in the derivation are: 
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 microscopic reversibility, i.e., the sequence of reaction steps in forward and 

backward reactions are the same, 

 the rate constants are independent of the fractional coverages of surface 

intermediates, 

 virtual equilibrium for all steps except for the rate determining step (rds), and 

 adsorption of intermediate species can be described by the Langmuir-type 

isotherm.  

 

Table 5.2 — Multistep mechanism for the ORR for (a) a mixed oxygen ionic-electronic conducting 

electrode and (b) a purely electronic conducting electrode. 

(a) 

Reaction step Elementary reaction 

1 O�(�) +��� + e�  → O�,��
�  

2 O�,��
� + ��� + e� → 2O��

�  

3 O��
� + V�,�����

∙∙ + e� → O�,�����
× + ��� 

4 O�,�����
× + V�,���

∙∙ → O�,���
× + V�,�����

∙∙  

5 OH�,�����
∙ + O�,���

× +  ���� → OH���
� + O�,�����

× +  V�,���
∙∙  

6 2OH���
� + V�,���

∙∙ → H�O��� + O�,���
× + ���� 

7 H�O��� → H�O(�) + ���� 

 

(b) 

Reaction step Elementary reaction 

1 O�(�) +���� + e�  → O�,���
�  

2 O�,���
� + ���� + e� → 2O���

�  

3 OH�,�����
∙ + O���

� → OH��� + O�,�����
×  

4 OH��� + e� → OH���
�  

5 OH�,�����
∙ + OH���

� → H�O��� + O�,�����
×  

6 H�O��� → H�O(�) + ���� 

 

The first mechanism is considered for a mixed oxygen ionic-electronic electrode as 

depicted in Table 5.2a. The mechanism comprises 7 consecutive reaction steps. Step 1 

involves the  chemical adsorption of oxygen molecules forming superoxide ions 

(O�,��
� )[40–43]. Reduction and dissociation of O�,��

�  ions to form adatoms O��
�  proceed in 

reaction step 2, while step 3 represents the incorporation of O��
�  into the oxide 

sublattice of LBC55. Due to the high oxygen exchange activity exhibited by LBC55, 

reaction steps 1 – 3 are assumed to act on the entire electrode surface. Reaction step 4 
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represents the diffusion of oxygen ions (O�,�����
× ) via the LBC55 bulk to the TPB area. In 

reaction step 5, oxygen ions ( O�,���
× ) arriving at the TPB react with protons 

(OH�,�����
∙ ) from the electrolyte, forming hydroxyl groups (OH���

� ). The hydroxyl groups 

are assumed to be mobile, diffusing across the electrode surface and, hence, extending 

the TPB area. In reaction step 6, water is formed upon proton transfer from one OH���
�  

to another, upon which the formed oxygen ion is incorporated back into oxygen 

sublattice (O�,���
× ). Finally, in reaction step 7, desorption of adsorbed water to the gas 

phase occurs. The rate equations for the different reaction steps are 

�� = ���O�(�)����
exp (−���) − ������,��

� exp (���) (5.11) 

�� = �����,��
� ����

exp (−���) − �������
�

� exp (���) (5.12) 

�� = ������
� ���,�����

∙∙ exp(−���) − �������
exp (���) (5.13) 

�� = �����,���
∙∙ − ������,�����

∙∙ (5.14) 

�� = �������
− ���������

� ���,���
∙∙ (5.15) 

�� = ��������
�

� ���,���
∙∙ − ����������

�����
(5.16) 

�� = ���������
− �������(�)

�����
(5.17) 

where ��  and  ���  are the rate constants of the forward and backward reactions of 

reaction step �, respectively,  �� are the fractional surface occupancies of surface species 

j, � is the electrode potential, � is the symmetry coefficient (assumed to be 1/2), and 

� = �/��, where �  is the Faraday constant and �  is the gas constant. All rates are 

expressed in units of mol O2·s-1. The activities of oxygen in the bulk of the electrode 

(���,�����
× ) and at the TPB area (���,���

× ) are taken to be constant. In addition, the proton 

concentration in the electrolyte (OH�,�����
∙ ) under the given experimental conditions is 

assumed to be constant, as justified in Section 5.3.5. Furthermore, it is assumed that 

O�,��
�  and O��

�  adsorb competitively on the electrode surface far away from the TPB 

area, while H�O��� and OH���
�  adsorb competitively on the area in the vicinity of the 

TPB. Accordingly,  

���,��
� + ����

� + ����
= 1 (5.18) 

�������
+ ������

� + �����
= 1 (5.19) 
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To simplify the derivation even further, a low surface coverage of all adsorbed 

intermediates is assumed, hence,  ����
≈ 1 and �����

≈ 1. As an example of derivation, 

it is assumed that reaction step 2 (Eq. 5.12) is the rds, controlling the overall rate. 

Applying the law of mass action for all reaction steps in virtual equilibrium, it follows 

from Eq. (5.11), 

���,��
� = �

��

���
� �O�(�) exp(−��) (5.20) 

����
�  in Eq. (5.12) can be solved by back substitution, using Eqs. (5.13) – (5.17). From 

Eq. (5.17), it follows 

�������
= �

���

��
� ����(�) (5.21) 

from Eq. (5.16), 

������
� = �

���

��

���

��
�

� �⁄

���,���
∙∙ ��/� ����(�)

�/� (5.22) 

from Eq. (5.15), 

  ���,���
∙∙ =  �

��

���
�

�

�
��

���

��

���
� ����(�)

�� (5.23) 

from Eq. (5.14), 

  ���,�����
∙∙         =  �

��

���
� �

��

���
�

�

�
��

���

��

���
� ����(�)

�� (5.24) 

and finally, from Eq. (5.13) we obtain 

  ����
� = �

���

��

���

��
� �

���

��
�

� ���

��

���

��
����(�) exp(��) (5.25) 

Substitution of  ���,��
�  (Eq. 5.20) and ����

�  (Eq. 5.24) into Eq. (5.12), gives 

�� = �� �
��

���
� �O�(�) exp �−

3

2
���

− ��� �
���

��

���

��
�

���

��
�

� ���

��

���

��
����(�)

�

�

exp �
5

2
��� (5.26)

 

The current density, � = −���, can be expressed as  

� = ������� − ��������� (5.27) 

������� = ����� �
���

��

���

��
�

���

��
�

� ���

��

���

��
����(�)

�

�

exp �
5

2
��� (5.28) 
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��������� = ���� �
��

���
� �O�(�) exp �−

3

2
��� (5.29) 

where � = 4, representing the total number of electrons involved in the overall reaction 

(Eq. 5.10). In equilibrium, where � = ���, the net current � is 0, i.e., ������� = ��������� ≡

��. Setting Eq. (5.28) equal to Eq. (5.29) yields the Nernst equation, 

��� = constant −
1

4�
 �� �

����(�)
�

���(�)
� (5.30a) 

��� = constant −
1

2�
 �� �

����(�)

���(�)
�/�

� (5.30b) 

The constant collects all forward and backward rate constants, while the term 

�����(�)
/���(�)

�/�� refers to the chemical potential of H2, defined by the reaction 

1

2
O�(g) + H�(g) ⇄ H�O(g) (5.31) 

with equilibrium constant,  

�� =
����(�)

���(�)
�/����(�)

(5.32) 

where �� is the equilibrium constant for reaction given in Eq. (5.31). Substitution of 

Eq. (5.30) into Eqs. (5.27) – (5.29) yields  

� = �� �exp �
5

2
��� − exp �−

3

2
���� (5.33) 

where � �= � − ���� is the overpotential, and �� the exchange current density,   

�� ∝ ���(�)
�/� ����(�)

�/� (5.34) 

Eq. (5.33) is the general form of the Butler-Volmer equation with apparent anodic and 

cathodic transfer coefficients �� = 5/2 and �� = 3/2, respectively.  
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Table 5.3 — Apparent anodic (��) and cathodic (��) transfer coefficients, stoichiometric number 

(�), and order of the exchange current density (��) with respect to oxygen and water for all 

reaction steps in the proposed multistep mechanism for (a) a mixed oxygen ionic-electronic 

conducting electrode (Table 5.2a), and (b) a purely electronic conducting electrode (Table 5.2b). 

The elementary reaction step under consideration is the rds, while all other steps are in quasi 

equilibrium. 

(a) 

rds �� �� � 
��  ∝ �O�

��H�O� 
� � 

1 1/2 7/2 1 7/8 1/4 
2 3/2 5/2 1 5/8 3/4 
3 3/2 1/2 2 1/8 -1/4 
4 0 4/2 2 0 -1 
5 0 2/2 4 0 0 
6 4/2 0 2 0 1 
7 4/2 0 2 0 1 

 

(b) 

rds �� �� � 
��  ∝ �O�

��H�O� 

� � 
1 1/2 7/2 1 7/8 1/4 
2 3/2 5/2 1 5/8 3/4 
3 2/2 2/2 2 1/4 1/2 
4 3/2 1/2 2 1/8 3/4 
5 4/2 0 2 0 1 
6 4/2 0 2 0 1 
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Similarly, the Butler-Volmer equation can be derived assuming one of the other 

reaction steps is the rds. Apparent values of the anodic and cathodic transfer 

coefficients, and order of the exchange current density with respect to oxygen and water 

for all steps in the proposed multistep mechanism (Table 5.2a), assuming the step under 

consideration is the rds, while all other steps are in quasi equilibrium, are listed in Table 

5.3a.* 

Similarly, we derive below the Butler-Volmer equation and the reaction order of 

the exchange current density with respect to oxygen and water for the ORR occurring 

via a TPB mechanism, i.e., for a purely electronic conducting electrode. The proposed 

mechanism is shown in Table 5.2b and includes 6 consecutive reaction steps. Step 1 

represents the chemical adsorption of oxygen molecules at TPB sites. Reduction and 

dissociation of O�,���
�  to O���

�  occur in reaction step 2. In reaction step 3, protons 

(OH�,�����
∙ ) from the electrolyte react with O���

�  forming OH���, which is succeeded by 

their reduction to hydroxyl groups OH���
�  in reaction step 4. In reaction step 5, protons 

react with OH���
�  forming water molecules, and, finally, in reaction step 6, desorption 

of water to the gas phase occurs. The corresponding rate equations are, 

�� = ���O�(�)�����
exp (−���) − ������,���

� exp (���) (5.37) 

�� = �����,���
� �����

exp(−���) − ��������
�

� exp (���) (5.38) 

�� = �������
� − ���������

(5.39) 

                                                                      

* Care should be taken when calculating the values of �� and �� from the generalized equations 

�� =
γ�

�
+ �� (5.35) 

�� =
γ�

�
+ � − �� (5.36) 

as derived by Bockris and Reddy[38]. In these equations, γ� and γ� are the number of electrons transferred 
before and after the rds, respectively, �  is the stoichiometric number and �  is the number of electrons 
transferred in the rds. The stoichiometric number � represents the number of times the rds must pass for one 
act of the overall reaction. As an example, if it is assumed that reaction step 4 is the rds, one finds �� is 0, � is 
2, γ�  is 4, γ�  is 0, � is 0.5. Substitution of these values in Eqs. (5.35) and (5.36) yields �� = 2 and �� = 0, 
respectively, which are just opposite to corresponding values listed in Table 5.3a. The reversal is caused by the 
fact that reactant V�,���

∙∙  in reaction step 4 is not a product from preceding but rather from succeeding reaction 

steps. For proper evaluation of �� and ��, it is therefore recommended to perform the full kinetic analysis of 
reaction steps as presented in the main text rather than to use Eqs. (5.35) and (5.36). 
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�� = ��������
exp(−���) − ���������

� exp (���) (5.40) 

�� = ��������
� − ����������

(5.41) 

�� = ���������
− �������(�)

�����
(5.42) 

Under the assumption of competitive adsorption and low surface coverage, it follows  

���,���
� + �����

� + ������
+ ������

� + �������
+ �����

= 1 (5.43) 

�����
≈ 1 (5.44) 

As an example, it is assumed that reaction step 3 is the rds, while all other reaction steps 

are in virtual equilibrium. From Eq. (5.37), we obtain 

���,���
� = �

��

���
� �O�(�) exp(−��) (5.45) 

and from Eq. (5.38), 

�����
� = �

��

���
�

�/�

���,���
�

�/�
exp �−

1

2
��� (5.46) 

Substitution of Eq. (5.45) into Eq. (5.46) gives, 

�����
� = �

����

������
�

�/�

�O�(�)
�/�

exp(−��) (5.47) 

From Eq. (5.42), we obtain 

�������
= �

���

��
� ����(�)

(5.48) 

and further from Eq. (5.41), 

������
� = �

���

��
� �������

(5.49) 

By substituting Eq. (5.49) in Eq. (5.48), we obtain 

������
� = �

������

����
� ����(�)

(5.50) 

and from Eq. (5.40), 

������
= �

���

��
� ������

� exp(��) (5.51) 

������
= �

���������

������
� ����(�)

exp(��) (5.52) 

Substitution of �����
�  (Eq. 5.47) and  ������

 (Eq. 5.52) in Eq. (5.39) gives 
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�� = �� �
����

������
�

�/�

�O�(�)
�/�

exp(−��) − ��� �
���������

������
� ����(�)

exp(��) (5.53) 

Hence, 

������� = ����� �
���������

������
� ����(�)

exp(��) (5.54) 

��������� = ���� �
����

������
�

�/�

�O�(�)
�/�

exp(−��) (5.55) 

The Nernst equation is found under the condition ������� = ���������, the result being  

��� = constant −
1

2�
 ln(

����(�)

���(�)
�/�

) (5.30) 

as was derived above. Substitution of Eq. (5.30) in Eqs. (5.54) and (5.55), in conjunction 

with Eq. (5.27), yields the following Butler-Volmer equation,  

� = ��[exp(��) − exp(−��)] (5.56) 

with �� = 1, �� = 1, and exchange current density, 

�� ∝ ���(�)
�/� ����(�)

�/� (5.57) 

Expressions for the exchange current density and apparent values of the anodic and 

cathodic transfer coefficients if one of the other steps in the reaction scheme 

(Table 5.2b) is assumed to be the rds are listed in Table 5.3b. 

 

5.3.3 Electrochemical impedance spectroscopy 

The impedance spectrum of the symmetrical cell LBC55|BCZYYb|LBC55 (sintered 

at 1100 °C) recorded at 600 °C, pO2 = 0.21 bar and pH2O = 0.03 bar is shown in Fig. 5.3a. 

The spectrum can be de-convoluted by two different equivalent circuit models: (1) 

LR0(R1C1)(R2C2)(R3Q3)(R4Q4)(R5C5) and (2) LR0(R1C1)(R2Q2)G(R4Q4)(R5C5), as shown in the 

insets of Figs. 5.3a and b, respectively. The used notation follows the circuit description 

code developed by Boukamp[23], where L is an inductance, R is a resistance, C is a 

capacitance, Q is a constant phase element (CPE) with admittance ��(�) = ��(��)� 

and G is the Gerischer element with admittance ��(�) = �� �� + �� ⁄ . The circuit 

elements between parenthesis are in parallel. The goodness of fit values ( �� ) of 

equivalent circuit models 1 and 2 are listed in Table A5.1, respectively (weighted 
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including the R0 contribution). The �� values of the two equivalent circuit models are 

similar and are close to that obtained from the Kramers-Kronig transformation, 

suggesting that both models provide excellent fits to the experimental data. The fitting 

residuals of both real and imaginary parts show random distributions as a function of 

the frequency. The scattered points at ~50 Hz are due to the interference with the 

environment. The obtained impedance spectra were inverted to a DFRT using both the 

Tikhonov regularization and the m(RQ)fit[25] methods. The Tikhonov regularization is a 

model-free method with a direct inversion of the experimental EIS data. A regularization 

parameter of � = 10-3 was chosen and kept constant to obtain a good resolution of the 

DFRT and to avoid an over-interpretation or inconsistencies in the interpretation. The 

m(RQ)fit was constructed from a linear sequence of subcircuits obtained from the CNLS 

equivalent circuit fitting results. The exact mathematical expressions for the (RQ) 

subcircuit and G element are given by Boukamp[25,44]. The DFRT results calculated from 

the two methods and equivalent circuits are shown in Figs. 5.3c and d. The m(RQ)fit 

agrees well with the Tikhonov regularization in terms of peak shapes and positions, 

except for the high and low frequency (RC) subcircuits. An (RC) circuit is presented by a 

δ-function in the time constant (�) domain. The m(RQ)fit approximates the δ-function 

by a sharp Gauss function. The Tikhonov regularization also cannot handle a δ-function 

and is presented by a significantly wider Gauss curve. The DFRT’s of the two equivalent 

circuit models are different in the �-domain range of 10-4 to 10-1 s, where the half-hill-

shape peak is interpreted by either (RC)(RQ) or (RQ)G subcircuits. Since the Tikhonov 

regularization cannot present the exact DFRT of (RC) and G circuit elements (which is 

presented as a set of multiple broad peaks), the comparison of Figs. 5.3c and d does not 

provide further evidence on which equivalent circuit model describes more accurately 

the impedance spectrum. The DFRT comparisons of impedance data acquired at 500 and 

700 °C are given in Figs. A5.1a – d, but also these do not provide further clues which of 

both equivalent circuit models is the most appropriate one. For the sake of discussion 

and comparison with data from literature, the LR0(R1C1)(R2C2)(R3Q3)(R4Q4)(R5C5) circuit 

is chosen for further analysis. 

 



Page | 153   Chapter 5 

 

Figure 5.3 — Impedance spectrum of the LBC55|BCZYYb|LBC55 symmetrical cell recorded at 

600 °C, pO2 = 0.21 bar, and pH2O = 0.03 bar. Different equivalent circuits were used for data fitting 

in (a) and (b) as given in the bottom parts of both figures. Fitting residuals are presented in the 

top parts. (c) and (d) show corresponding DFRT plots. The latter were obtained by the Tikhonov 

regularization method (black solid lines) and the m(RQ)fit method (colored dashed lines). The sum 

of all dispersion contributions in the DFRT plots is shown as a solid purple line. 

 

The Arrhenius plot of the area specific resistance (ASR) of the LBC55 electrode 

(sintered at 1100 °C) is shown in Fig. 5.4, along with data from measurements performed 

in this study on the LSC55 electrode (sintered at 1100 °C), and literature data for 

BGLC[45], BCFZY[46], LBC55[47] (sintered at 600 °C) and LaBaCo2O6-δ
[47] (sintered at 600 °C). 

Comparable values are found for all compositions except for LSC55, which has a much 

higher ASR. BGLC and BCFZY are state-of-the-art PCFC air electrodes and usually claimed 

to be triple conductors. The high electrode performance observed for LBC55 suggests 

that the electrode reaction is not limited to the immediate electrode/electrolyte 
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interface, but is extended over the entire electrode surface, as is claimed for TCOs. 

 

Figure 5.4 — Arrhenius plots of the ASR of LBC55 (black squares) and LSC55 (orange squares) from 

this study compared with literature data for BaGd0.8La0.2Co2O6-δ (BGLC)[45], BaCo0.4Fe0.4Zr0.1Y0.1O3-δ 

(BCFZY)[46], LBC55[47] and LaBaCo2O6-δ (LBC2)[47]. The temperatures used for sintering of the 

electrodes are indicated. 

 

5.3.4 Influence of microstructure 

As discussed in Section 5.3.2, the ORR is regarded as a multistep reaction. 

Individual reaction or diffusion steps proceed at or in the vicinity of the TPB, 

electrode-gas interface or via the electrode bulk. Tailoring the microstructure of the 

electrode, in terms of porosity and surface area, may alter the kinetics of different steps. 

Lowering the sintering temperature leads to a higher electrode porosity but may result 

in poorer adhesion between electrode and electrolyte. If the sintering temperature is 

say below 700 °C, the electrode layer may delaminate from the electrolyte. Too high a 

sintering temperature causes increased sintering, resulting in a more or less closed pore 

structure. 
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Figure 5.5 — (a) Temperature dependence of the ASR of LBC55 electrodes at pO2 = 0.21 bar and 

pH2O = 0.03 bar. The dashed lines are from linear regression. Activation energies extracted from 

the slopes of these lines along with the sintering temperatures of the electrodes are indicated in 

the inset. (b) Corresponding DFRT plots, at 600 °C, obtained by Tikhonov regularization. The time 

constants associated with characteristic peaks are indicated. 

 

LBC55|BCZYYb|LBC55 symmetrical cells were sintered at either 700, 900 or 

1100 °C to study the influence of microstructure on the electrode performance. The 

electrode ASR, at pO2 = 0.21 bar and pH2O = 0.03 bar, as a function of the sintering 

temperature is shown in Fig. 5.5a. In the experimental temperature window, the ASR 

does not strongly depend on sintering temperature, but the activation energy clearly 

increases with decreasing sintering temperature. Below 550 °C, the electrode sintered 

at 1100 °C shows the best performance. The DFRT (obtained by Tikhonov regularization) 

inverted from impedance data obtained at 600 °C is shown in Fig. 5.5b. The peak shapes 

and positions are consistent in all three patterns. The values of �� (i = 1 – 5) indicated in 

the figure correspond to the time constants of the (RC) or (RQ) subcircuits in the 

equivalent circuit. The area under the peak at �� is proportional to the resistance ��. �� 

and �� are found to increase with decreasing sintering temperature, suggesting that the 

corresponding electrode processes are more hindered in electrodes sintered at a lower 

temperature. Since these processes occur at the high frequency side and require a good 
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contact between electrode and electrolyte or between electrode granules, it is 

reasonable to attribute them to interfacial proton transfer or ionic diffusion through the 

bulk electrode[34,35,37,48]. On the contrary, the resistances associated with the peaks at 

��, �� and �� are found to decrease with decreasing sintering temperature, indicating 

that the corresponding electrode processes are enhanced when the available surface 

area or when the number of pores increases. The time constant �� occurring at the low 

frequency of ~ 0.2 Hz is associated with a very high capacitance (~ 200 F·cm-2), being 

characteristic for diffusion of H2O or O2 molecules in the gas phase or their adsorption 

onto the electrode surface[35,49,50]. 

For the cell sintered at 1100 °C, the major contribution to the electrode 

polarization resistance falls in the �-range of 10-3 to 1 s, corresponding to (R3Q3)(R4Q4) 

subcircuits in the equivalent circuit. The constant phase exponents (n) of CPEs Q3 and Q4 

vary between 0.50 – 0.64 and 0.60 – 0.73, respectively. The CPE admittances, ��,� and 

��,�, exhibit a positive temperature dependence, as shown in Fig. A5.3. Assuming the 

active electrode area does not increase with increasing temperature, Q3 and Q4 are 

interpreted as semi-infinite Warburg diffusion element with admittance ��
[51], 

�� =
�� ∙ ��,����

�.� �⁄

�
(5.58) 

Corresponding results are shown in Figs. 5.6a – d. The values of R3, R4 and Y0, 3 and 

their activation energies do not show a strong dependence on the sintering 

temperature. The results somehow reflect that the cell sintered at the highest 

temperature exhibits the highest values for R3 and R4 and the lowest value for ��,� at a 

given temperature. The value of ��,� and, in particularly, its activation energy show a 

clear trend on sintering temperature. The activation energy increases from 49 ± 4 

kJ·mol-1 to 105 ± 2 kJ·mol-1 when the sintering temperature decreases from 1100 °C to 

700 °C. The latter clearly emphasizes the important role of the microstructure in the 

diffusional process associated with ��.  
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Figure 5.6 — Arrhenius plots of (a) R3, (b) ��,�, (c) R4  and (d) ��,� for LBC55 at pO2 = 0.21 bar and 

pH2O = 0.03 bar. The sintering temperatures of the electrodes are shown in the inset of (a). Dashed 

lines are from linear regression. Activation energies calculated from the slopes of these lines are 

indicated. 
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5.3.5 Influence of pO2 and pH2O 

 

Figure 5.7 — Impedance spectra of the symmetrical cell LBC55|BCZYYb|LBC55 (sintered at 

1100 °C) at different values of pO2, at (a) 500 °C and (b) 700 °C. Measurements were conducted 

at OCV and at pH2O = 0.03 bar. 

 

Fig. 5.7 shows impedance spectra at 500 and 700 °C of the LBC55|BCZYYb|LBC55 

cell sintered at 1100 °C as a function of pO2. The pH2O during measurements was fixed 

at 0.03 bar. At both temperatures the electrode polarization is found to decrease with 

increasing pO2. The high-frequency intercept resistance R0 is constant at 500 °C, but 

decreases with increasing pO2 at 700 °C. Since the electronic conductivity of LBC55 in 

the ranges of temperature and pO2 covered by the experiments is ~ 1000 S·cm-1[21], the 

resistance of the electrode is not expected to contribute to R0. The observed pO2 

dependence of R0 can be assigned to electronic leakage of the electrolyte BCZYYb, noting 

that its p-type electronic conductivity increases with pO2 and temperature[52]. The 

electronic leakage may cause an underestimation of the polarization resistance[53]. For 

this reason, only data recorded at the lowest temperature of 500 °C are used for further 

analysis. Impedance spectra at different values of pH2O at fixed pO2 (0.21 bar) are 
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plotted in Fig. 5.8. The value of R0 is virtually constant at 500 °C, indicating that the 

proton concentration in the electrolyte at this temperature in the experimental pH2O 

window can be regarded as constant. At 700 °C, the electrolyte is not fully hydrated at 

pH2O = 0.01 bar. Note from Fig. 5.8b that this leads to a distinctly higher value of R0 than 

observed at higher pH2O values.  

 

Figure 5.8 — Impedance spectra of the symmetrical cell LBC55|BCZYYb|LBC55 (sintered at 

1100 °C) at different values of pH2O, at (a) 500 °C and (b) 700 °C. Measurements were conducted 

at OCV and at pO2 = 0.21 bar. 

 

DFRTs were calculated by the m(RQ)fit method from the equivalent circuit of the 

impedance spectra recorded at 500 °C. Fig. 5.9 shows the DFRTs obtained from spectra 

measured at different values of pH2O at fixed pO2 (0.21 bar). For clarity, only the 

predominant peaks at time constants �� and �� are presented (full DFRTs are provided 

in Fig. A5.4a). Associated values of �� , �� , and ��,�  are plotted in Fig. 5.10a, b and c, 

respectively. The apparent power law dependencies on pH2O of these parameters are 

denoted in the figures. The values of ��, ��, and ��,� are virtually constant (with power 

law exponents n close to 0). ��  decreases and ��,�  increases with increasing pH2O, 
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suggesting that protonic species H2O, OH and/or OH- are directly involved in the 

associated process. The time constant �� does not exhibit a clear trend upon varying 

pH2O. The DFRTs obtained from spectra measured, at 500 °C and fixed pH2O (0.03 bar), 

at different values of pO2 are presented in Fig. 5.11. Relevant parameters as a function 

of pO2 evaluated from the DFRTs are plotted in Fig. 5.12. Both time constants �� and �� 

are found to decrease with increasing pO2 (see Fig. 5.12a), while corresponding �� and 

��,� values display opposite trends (see Fig. 5.12b and c, respectively). 

 

Figure 5.9 — DFRT plots of the (R3Q3)(R4Q4) subcircuit obtained by the m(RQ)fit method at 500 °C 

and at different values of pH2O and fixed pO2 (0.21 bar). The time constant associated with each 

(RQ) subcircuit is indicated near the peak. 

 

 

Figure 5.10 — (a) Time constants ��  and ��, (b) ASRs R3 and R4, and c) area specific Warburg 

admittances ��,� , and ��,�  as a function of pH2O. Data are from impedance measurements at 
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500 °C. Dashed lines in (a) are a guide to the eye. Dashed lines in (b) and (c) are from linear 

regression. pH2O power law exponents extracted from the slopes of these lines are indicated in 

both figures. 

 

 

Figure 5.11 — DFRT plots of the (R3Q3)(R4Q4) subcircuit obtained by the m(RQ)fit method at 500 °C 

and at different values of pO2 and fixed pH2O (0.03 bar). The time constant associated with each 

(RQ) subcircuit is indicated near the peak. 

 

 

Figure 5.12 — (a) Time constants �� and ��, (b) ASRs R3 and R4, and (c) area specific Warburg 

admittances ��,� and ��,� at different values of pO2. Data are from impedance measurements at 

500 °C. Dashed lines are from linear regression. The pO2 power law exponents extracted from the 

slopes of these lines are indicated. 
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The observed �O�
� �H�O�  dependences of both ��  and ��  cannot be 

satisfactorily matched with the inverse order with respect to oxygen and water of the 

exchange current density for different rds as derived from multistep analysis of the ORR 

(Table 5.3). This indicates either the inappropriateness of the proposed multistep 

mechanisms for the ORR reaction (Table 5.2), multiple steps may be rate controlling 

rather than a single rds[54] , violation of the boundary conditions or that other factors 

need to be taken into account. We have spent much effort elucidating other reaction 

mechanisms, but these attempts were unsuccessful. One critical note in this respect is 

that the value of R4 is found to increase with increasing pO2 (see Fig. 5.4b), suggesting 

that the rate of the associated reaction becomes limited upon increasing pO2. The latter 

may be explained by competitive sorption or high surface coverage of oxygen, water or 

reaction intermediates. Clearly, more research is required to give an unambiguous 

interpretation of the results of the DFRT analysis of the LBC55 electrode.  

 

5.3.6 Comparison between LBC55 and LSC55 

 

Figure 5.13 — DFRT plots of LBC55 and LSC55 electrodes, at 600 °C, pO2 = 0.21 bar and pH2O = 0.03 

bar obtained by Tikhonov regularization. The time constants associated with characteristic peaks 

are indicated. 
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Two DFRT plots of LBC55 and LSC55, at 600 °C, are given in Fig. 5.13. Since the peak 

shapes and positions in both plots are highly similar, it seems that the electrode kinetics 

on both electrodes is controlled by similar reaction steps. Each (RQ) subcircuit in the 

equivalent circuit used for analysis of the data for LSC55 has a higher polarization 

resistance than the corresponding one in the equivalent circuit used for LBC55, which 

leads to the conclusion that barium substitution enhances the kinetics of the process as 

compared to strontium. 

 

Figure 5.14 — Arrhenius plots of �� and �� of (a) LBC55 and (b) LSC55 electrodes at pO2 = 0.21 bar 

and pH2O = 0.03 bar. Dashed lines are from linear regression. Activation energies calculated from 

the slopes of these lines are indicated. 

 

DFRT plots at different temperatures in the range at 550 °C - at 700 °C are given in 

Figs. A5.5. For both materials, the major contribution to the electrode polarization 

resistance falls in the �-range of 10-3 to 1 s, corresponding to (R3Q3)(R4Q4) subcircuits in 

the equivalent circuit. Associated values of ��, ��, and ��,� are plotted in Figs. 5.14 and 

5.15. The results in Figs. A5.5a show that for LBC55 the electrode process associated 

with the peak at �� is dominant at the lowest temperature, whereas it is the process 

associated with the peak at ��  which dominates the polarization resistance at the 

highest temperature. This behavior is also clearly reflected in the Arrhenius plots of the 

time constants ��  and ��  (see Fig. 5.14a), and those of the resistances ��  and �� 
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(Fig. 5.15a and c). Contrary to this, the electrode polarization resistance of LSC55 is 

dominated by the reaction/diffusion step associated with the peak at �� over the entire 

temperature range covered by the experiments. The activation energies of �� for LSC55 

and LBC55 are similar, while that of ��  for LBC55 is distinctly lower as compared to 

LSC55. It suggests the process associated with �� is catalyzed by the presence of Ba. This 

may be related to the stronger basicity of Ba which promotes the formation of OH- and 

H2O at the surface. 

 

 

Figure 5.15 — Arrhenius plots of (a) R3, (b) ��,�, (c) R4, and (d) ��,� of LBC55 (black circles) and 

LSC55 (red circles) electrodes at pO2 = 0.21 bar and pH2O = 0.03 bar. Dashed lines are from linear 

regression. Activation energies calculated from the slopes of these lines are indicated. 
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5.3.7 LBC55-BCZYYb composite electrode 

The performance of an LBC55-BCZYYb composite electrode (50 : 50 weight ratio) 

was studied. The corresponding DFRT, at 500 °C, is given in Fig. A5.6, along with that for 

LBC55. Relative to corresponding values for the single-phase LBC55 electrode, the 

resistances �� and �� associated with peaks at �� and �� are found distinctly higher for 

the composite, which may be related to a poor adhesion between the two constituents 

in the composite and/or possible delamination of the electrode as may be judged from 

the SEM pictures provided in Fig. A5.7. The resistances �� and �� are just slightly lower 

for the composite. The observations made notably differ from those in a study of 

LSCF-BaCe0.9Yb0.1O3–δ (LSCF-BCYb) where the composite electrode is found to have a 

distinctly lower polarization resistance than single phase LSCF[55]. However, no attempt 

was made in this study to optimize the microstructure of the LBC55-BCZYYb to achieve 

the best performance. 

 

5.3.8 Influence of Ba content 

The EIS measurements were performed on different compositions La1-xBaxCoO3-δ 

(x = 0.3, 0.5, 0.6 and 0.7), at pO2 = 0.21 bar and pH2O = 0.03 bar, in the temperature 

range 500 – 700 °C. The maximum barium content was x = 0.7 to remain in the cubic 

perovskite region[56]. Electrode powders were processed and sintered under the same 

conditions to achieve a similar microstructure of the electrodes. Corresponding results 

are shown in Fig. 5.16. The lowest ASR is found for LBC46 (see Fig. 5.16a). At 500 °C, its 

value is 1 Ω·cm2, being half the value as observed for LBC55. The DFRTs of all 

compositions, at 600 °C, are given in Fig. 5.16b, showing that �� and �� cause a major 

contribution to the overall polarization resistance of the LBC73 electrode, with the 

notion that the associated time constants are almost equal to those observed for the 

other compositions.  

Next, the stability of the LBC46 electrode was tested by performing EIS 

measurements during long-term in situ annealing of the LBC46|BCZYYb|LBC46 

symmetrical cell, at 600 °C, pO2 = 0.21 bar and pH2O = 0.10 bar. The latter conditions are 

matching typical PCFC/PCEC operating conditions. Corresponding ASR results are shown 
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in Fig. 5.17a. The electrode ASR remains constant over 120 h. Fluctuations in the 

calculated ASR values are due partly to fitting errors and partly to fluctuations in the 

steam supply rate. DFRTs obtained from impedance spectra recorded after different 

annealing times are shown in Fig. 5.17b. The slight upwards increase of the peak at �� 

with annealing time observed in the initial stage (0-19 h) of the annealing treatment, 

corresponding to an increase of the resistance ��, may be due to small changes in the 

electrode microstructure. Some possible artifacts are seen in the DFRT patterns, labeled 

by (1), (2) and (3): (1) the shoulder peak at � = 0.02 s might be caused by the 220V/50 Hz 

main interference, (2) the artifact at � = 70 – 80 s (after 79 h and 84 h annealing times) 

is attributed to fluctuations in the pH2O, and (3) the peak at � = 70 – 80 s is attributed to 

an artifact of the DFRT inversion by Tikhonov regularization, since no corresponding (RQ) 

is found in the CNLS analysis. 

 

Figure 5.16 — (a) Arrhenius plots of the ASRs of La1-xBaxCoO3-δ (x = 0.3, 0.5, 0.6 and 0.7) electrodes 

at pO2 = 0.21 bar and pH2O = 0.03 bar. Dashed lines are drawn to guide the eye. (b) Corresponding 

DFRT plots, at 600 °C, obtained by Tikhonov regularization. The time constants associated with 

characteristic peaks are indicated. 
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Figure 5.17 — (a) ASR of LBC46 as a function of time during in situ annealing, at 600 °C, 

pO2 = 0.21 bar and pH2O = 0.10 bar. Error bars are from equivalent circuit fitting. (b) DFRT plots 

after different annealing times, as obtained by Tikhonov regularization. Annealing times are listed 

on the right of the figure. The time constants �� - ��  associated with characteristic peaks are 

indicated. Possible artifacts in the DFRTs, labeled (1), (2) and (3), are discussed in the main text. 

 

In summary, LBC46 shows the best performance among the investigated 

La1-xBaxCoO3-δ compositions. It is considered a promising air electrode for PCCs. At the 

moment of writing this thesis, full cell performance tests on 

LBC46|BaZr0.625Ce0.2Y0.175O3-δ|Ni-BaZr0.625Ce0.2Y0.175O3-δ are ongoing in collaboration with 

researchers from the Forschungzentrum Jülich (FZJ) in Germany. 

 

5.4 Conclusions 

The hydration properties and electrode performance of LBC55 were investigated. 

Data of thermogravimetric analysis show that the proton concentration in the material 

can be ignored, and from which it is inferred that its proton conductivity is rather low 

under typical operating conditions of PCCs. The ORR kinetics were studied using DFRT 

analysis of the data of impedance spectroscopy on symmetrical cells. The influences of 

barium substitution, pO2 and pH2O, and electrode sintering temperature on electrode 

performance, and long-term stability were investigated, revealing that among different 

compositions investigated in this work, including La1-xBaxCoO3-δ (0.3 ≤  x ≤  0.7) and 

La0.5Sr0.5CoO3-δ (LSC55), LBC46 is the best-performing electrode. The material is 
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considered a very promising electrode for use in PCCs, which motivated us to conduct 

full cell performance tests incorporating this material as air electrode. At the moment 

of writing this thesis, these experiments are ongoing.  
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Appendix A5 

 

Figure A5.1 — Typical measurement scheme used for TGA experiments in dry and wet 

atmospheres. Data shown refer to series A in Table 5.1. 

 

 

Figure A5.2 — DFRT plots of impedance data inverted by (i) Tikhonov regularization (black solid 
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lines) and (ii) the m(RQ)fit method for two different equivalent circuit models (colored dashed 

lines). The sums of dispersive contributions in the m(RQ)fit method are shown as the purple lines. 

From impedance data obtained at (a), (b) 500 °C, and (c), (d) 700 °C, with pO2 = 0.21 bar and 

pH2O = 0.03 bar. 

 

Table A5.1 — The goodness of fit χ2 for the fitting of impedance spectra using the two equivalent 

circuit models at different temperatures. 

T (°C) 
χ2 

Model-1 Model-2 

500 1.0×10-7 1.3×10-7 
600 5.1×10-8 4.3×10-8 
700 1.3×10-7 1.3×10-7 

 

 

Figure A5.3 — Arrhenius plots of the area specific CPE admittances ��,� (closed squares) and ��,� 

(open squares), and constant phase exponents n3 (closed circles) and n4 (open circles) for LBC55 

sintered at 1100 °C (purple), 900 °C (orange) and 700 °C (aqua). 
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Figure A5.4 — DFRT obtained by Tikhonov regularization, at 500 °C, for LBC55 at different values 

of (a) pH2O at fixed pO2 (0.21 bar) and (b) pO2 at fixed pH2O (0.03 bar). 

 

 

Figure A5.5 — DFRT obtained by Tikhonov regularization at different temperatures for (a) LBC55 

and (b) LSC55. 
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Figure A5.6 — DFRTs obtained by Tikhonov regularization, at 500 °C, for LBC55 single-phase 

electrode and LBC55-BCZYYb composite electrode. The time constants associated with 

characteristic peaks are indicated. 

 

 

Figure A5.7 — Cross-sectional SEM pictures of the electrode/electrolyte interface of (a) LBC55-

BCZYYb composite and (b) LBC55. Both type of electrodes were sintered at 1100 °C. 
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CHAPTER 6 

Electrochemical performance of perovskite-type 
BaZr1-xFexO3-δ (x = 0.2 – 0.5) triple-conducting 
electrodes 

Abstract 

The electrochemical performance of perovskite-type triple-conducting oxides 

BaZr1-xFexO3-δ (x = 0.2 – 0.5, BZF) was investigated by electrochemical impedance 

spectroscopy using BZF|BaCe0.7Zr0.1Y0.1Yb0.1O3-δ (BCZYYb)|BZF symmetrical cells. The 

comparative study reveals that among different compositions in the series, the 

BaZr0.5Fe0.5O3-δ (BZF55) electrode exhibits the best performance with an area specific 

resistance (ASR) under open circuit conditions as low as 1.22 Ω·cm2 at 500 °C, 

pO2 = 0.21 bar and pH2O = 0.03 bar pH2O. The hydration properties of BaZr0.5Fe0.5O3-δ 

(BZF55) were studied by thermogravimetric analysis, showing that the proton 

concentration in BZF55 under conditions of the experiments is low (0.52 ± 0.04 mol% at 

500 °C, pO2 = 0.21 bar and pH2O = 0.06 bar). The obtained non-linear van ’t Hoff plots 

are taken as indicative for the interaction between protons and electron holes, 

disfavoring the hydration reaction. Impedance spectra were analyzed by equivalent 

circuit fitting and by transforming the data to the time domain for obtaining a 

distribution function of relaxation times (DFRT). The results indicate that in essence two 

reaction steps determine the rate of the oxygen reduction reaction (ORR) on the BZF55 

electrode, these steps being characterized by different time constants. Based on the 

findings in this study, it is concluded that BZF55 is a highly promising material for use as 

air electrode in protonic ceramic cells (PCCs). 
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6.1 Introduction 

Under the background of carbon neutrality, it is demanded to reduce CO2 

emissions in the global energy and transportation sectors. Hydrogen is seen as a feasible 

energy carrier for a sustainable future. The majority of hydrogen (~ 95%) is produced 

from fossil fuels (grey hydrogen) by steam reforming of natural gas, partial oxidation of 

methane, and coal gasification[1,2]. Alternatively, green hydrogen is produced by 

water/steam electrolysis using electricity generated from renewable energy sources, 

such as wind and solar power[3,4]. Considering the cost, efficiency and long-term 

durability, protonic ceramic cells (PCCs), comprising fuel cells (PCFCs) and electrolysis 

cells (PCECs), are seen as promising devices for clean energy conversion[5]. A PCC consists 

of a proton-conducting electrolyte sandwiched between the fuel and the air electrode. 

The desired working temperature is in the range 500 – 700 °C, where proton-conducting 

electrolytes have a high proton conductivity and low-cost interconnectors can be used. 

The current research challenge is the development of air electrodes with high 

electrocatalytic activity for the oxygen reduction reaction (ORR) and water dissociation 

reaction (WDR), showing a low polarization resistance. It is widely accepted that 

H+/O2-/e- triple-conducting oxides (TCOs) are best suited as air electrode, being more 

favored over the use of purely electronic conductors and O2-/e- mixed ionic-electronic 

conductors (MIECs)[6–9]. However, the importance of proton conductivity to the 

electrode reaction has not been demonstrated yet. 

Currently, no direct measurements of proton conductivity in TCOs have been 

reported due to the lack of appropriate reversible and blocking electrodes for 

Hebb-Wagner measurements, conveniently used to de-convolute ionic and electronic 

contributions to transport in mixed conductors. An alternative way to evaluate the 

proton conductivity in TCOs is to characterize both proton concentration and proton 

diffusivity. Accordingly, the proton conductivity can be calculated using the Nernst-

Einstein equation. Zohourian et al.[10] reported a detailed study on the hydration 

behavior of alkaline-earth (Sr/Ba) substituted perovskites. It was found that the 

standard hydration Gibbs free energy ∆������
°  decreases with decreasing average 
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electronegativity of A- and B-site elements and with decreasing electronic conductivity, 

corresponding with an increased basicity of the oxide ions. The researchers point out 

that different factors such as basicity of A-site elements, redox activity of B-site 

elements, degree of hole delocalization, local lattice distortion, and oxidation state of 

the ions may all affect proton uptake[10, 11,12]. Under oxidizing conditions, the proton 

concentration in oxides is generally found to be low, for example, 0.3 mol% in 

BaCo0.4Fe0.4Zr0.2O3-δ (BCFZ)[13] at 500 °C, pO2 = 1 × 10-4 bar and pH2O = 0.0157 bar, and 

0.4 mol% in Ba0.5Sr0.5Fe0.8Zn0.2O3-δ (BSFZ)[14] at 500 °C, pO2 = 0.01 bar and pH2O = 0.02 bar. 

The proton migration barriers in several TCOs have been studied by density 

functional theory (DFT)[8,15–17]. The reported values are consistent with the proton 

migration barriers in proton-conducting electrolytes[18,19]. The results of isotope 

exchange diffusion profiling (IEDP) experiments show that the proton tracer diffusion 

coefficients (��
∗ )  in PrBa0.5Sr0.5Co1.5Fe0.5O5+δ (PBSCF)[20] and Sr0.9Ce0.1Fe0.8Ni0.2O3-δ 

(SCFN)[21] at 550 °C are close to 1 × 10-6 cm2·s-1, which value is similar to that found in the 

electrolytes SrCe0.95Yb0.05O3-δ (SCYb) and La27.15W4.85O56-δ (LWO). Mass relaxation 

experiments on BSFZ show proton diffusion coefficients similar to those in the 

electrolyte BaZr0.9Y0.1O3-δ (BZY10)[22]. Assuming a cubic oxide with lattice parameter of 

4 Å, a proton concentration of 0.5 mol% and a proton self-diffusion coefficient of 

1 × 10-6 cm2·s-1 at 500 °C, the calculated proton conductivity is 7.5 × 10-4 S·cm-1, which 

value is two orders of magnitude less than the proton conductivity derived from data of 

hydrogen permeation through BaCo0.4Fe0.4Zr0.1Y0.1O3-δ (BCFZY[23], 

(BaCo0.4Fe0.4Zr0.1Y0.1)0.95Ni0.1O3-δ (BCFZYN)[23], and Sr2Sc0.1Nb0.1Co1.5Fe0.3O6-δ (SCNCF)[24]. 

Partial substitution on the B-site of Ba(Ce,Zr)O3 by multivalent transition metals, 

e.g., Co, Fe, and Mn, has been explored to develop TCOs[16,25,26]. The basic idea is to 

introduce electronic and oxygen ion conductivity, while preserving proton conductivity 

of the parent Ba(Ce,Zr)O3 phase. Using the compositions as air electrodes for PCFCs, high 

peak power densities Pmax have been reported for BaCo0.4Fe0.4Ce0.1Gd0.1O3-δ
[27], 

BaCo0.7(Ce0.8Y0.2)0.3O3-δ
[28] and BaCo0.4Fe0.3Zr0.3O3-δ

[29]. A more simple and cobalt-free TCO 

is BaZr1-xFexO3-δ (BZF). The electronic and oxygen ion conductivity of BZF are both subject 

to a percolation conduction mechanism with a threshold near x = 0.25[30]. For x ≤ 0.5, 
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BaZr0.5Fe0.5O3-δ (BZF55) has the highest electronic and oxygen ion conductivities. In this 

chapter, the hydration properties of BZF55 are investigated using thermogravimetric 

analysis (TGA). The electrochemical performances of BaZr0.8Fe0.2O3-δ (BZF82), 

BaZr0.7Fe0.3O3-δ (BZF73), BaZr0.6Fe0.4O3-δ (BZF64) and BZF55 are studied using 

electrochemical impedance spectroscopy (EIS). The obtained impedance spectra are 

analyzed by equivalent circuit fitting and by distribution function of relaxation times 

(DFRT) analysis. The possible mechanism of the ORR on BZF55 is discussed. 

 

6.2 Experimental 

6.2.1 Sample preparations 

Powders of BZF82, BZF73, BZF64, and BZF55 were prepared using the auto-

combustion method as described in Chapter 2 of this thesis. BZF55 pellets, 

BaCe0.7Zr0.1Y0.1Yb0.1O3-δ (BCZYYb) powder, BCZYYb electrolyte pellets, electrode slurries 

of BZF compositions, and BZF|BCZYYb|BZF symmetrical cells were prepared following 

the methods described elsewhere in this thesis[30,31]. Cells with printed BZF82, BZF73 and 

BZF64 electrodes were sintered at 900 °C for 3 h. Cells with printed BZF55 electrodes 

were sintered for 3 h at either 900 °C, 1000 °C or 1200 °C. Heating and cooling rates 

were 3 °C·min-1. 

 

6.2.2 Thermogravimetric analysis (TGA) 

For TGA measurements, BZF55 pellets were crushed and sieved. Sieved fractions 

in the range 38 – 200 μm were used for measurements. The experiments were carried 

out using a Netzsch STA 449 F1 (Netzsch GmbH Germany) supplied with O2 and Ar gases. 

The as-prepared powder was first heated at a rate of 10 °C·min-1 in dry purge gas 

(pO2 = 0.21 bar, balanced by Ar) to 900 °C, and held at this temperature for 3 h to remove 

any water and surface carbon dioxide. The pO2 of the purge gas was maintained at 

0.21 bar or increased to 0.84 bar, and the sample cooled to 700 °C at a rate of 3 °C·min-1. 

The weight change was recorded upon cooling in the temperature range 700 – 350 °C 
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with 50 °C intervals. A stabilization time of 30 – 45 min was applied after each 

temperature step. Subsequently, the sample was reheated again to 700 °C, and held at 

this temperature for 4 h. Then, the purge gas was humidified to the desired pH2O 

(0.06 bar or 0.15 bar), maintaining the same pO2, using a combined liquid mass flow 

controller and controlled evaporator mixer (DV-2, aDROP, Germany), and the above 

procedure for measuring the weight change in the range 700 - 350 °C repeated. Finally, 

the sample was reheated to 700°C to check the reproducibility of the measurements, 

before cooling to room temperature. Blank measurements were performed to correct 

for the buoyancy effect. 

 

6.2.3 Electrochemical impedance spectroscopy (EIS) 

The setup used for electrochemical cell testing is described in Ref. [32] and in 

Chapter 5 of this thesis. EIS was carried out at open circuit conditions (OCV) with a 

perturbation voltage of 10 mV, 30 mV, or 50 mV (higher amplitude at higher 

temperatures) in the frequency range from 100 kHz to 10 mHz. Measurements were 

performed in the ranges of temperature of 450 – 750 °C, pO2 of 0.01 – 0.46 bar and pH2O 

of 0.01 – 0.10 bar. A 1 – 2 h equilibration time was applied after each change in test 

conditions before data acquisition. Impedance spectra were recorded 3 – 5 times to 

check the reproducibility of the measurements at given conditions. Data validation was 

performed with a Kramers-Kronig transformation check using the Gamry Echem Analyst 

program. Equivalent circuit (EqC) fitting was carried out using the program Equivalent 

circuit[33], which employs a complex nonlinear least squares (CNLS) minimization 

approach. The distribution function of relaxation times (DFRT) was calculated using 

(i) the Tikhonov transformation-based Matlab program DRTtools[34], and (ii) an Excel 

program for the ‘m(RQ)fit’[35] transformation. 

Symmetrical cells of BZF55|BCZYYb|BZF55, just prepared and after EIS 

experiments, were broken in half and the obtained cross-sections were imaged using an 

analytical scanning electron microscope (SEM, JEOL JSM-6010 LA, Japan), operated 

under secondary electrons at an acceleration voltage of 5 kV.  
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6.3 Results and discussion 

6.3.1 Hydration properties 

The water uptake of BZF55 was investigated by thermogravimetric analysis (TGA). 

A typical measurement scheme is shown in Fig. 6.1a. Upon switching from dry to wet 

conditions at fixed temperature and pO2, oxygen vacancies in the lattice are filled up by 

H2O (Wagner hydration mechanism[36]), along with re-establishing the equilibrium of 

oxygen between the oxide and gas phase. The corresponding hydration and oxygenation 

reactions for BZF can be written as, using Kröger-Vink notation, 

H�O + V�
∙∙ + O�

× ⇄ 2OH�
∙ (6.1) 

1

2
O� + V�

∙∙ + 2Fe��
� ⇄ O�

× + 2Fe��
× (6.2) 

respectively, where OH�
∙  is the protonic defect (written as a hydroxyl group). The 

equilibrium constants for reactions (6.1) and (6.2) are 

������ =
[OH�

∙ ]�

�H�O ∙ [V�
∙∙] ∙ [O�

×]
(6.3) 

��� =
[O�

×] [Fe��
× ]�

�O�

�
� [V�

∙∙] [Fe��
� ]�

(6.4) 

Under the oxidizing conditions of the experiments, ignoring the possible formation of 

Fe2+ (denoted as Fe��
��  ), arising from charge disproportionation of two Fe3+ (Fe��

� ) ions, 

2 Fe��
�  ⇄ Fe��

× + Fe��
��  (6.5) 

the charge neutrality condition can be simplified to  

[Fe��
� ] = 2[V�

∙∙] + [OH�
∙ ] (6.6) 

The oxygen site balance is given by 

[V�
∙∙] + [OH�

∙ ] + [O�
×] = 3 (6.7) 

By switching the atmosphere from dry to wet conditions, the mass increase due to water 

uptake is calculated from, 

∆�������� = ������([OH�
∙ ]��� + ([O�

� ]��� − [O�
� ]���)��) (6.8) 

where ������ is the number of moles of BZF55, ��� and �� are the molar masses of 

the hydroxyl group and oxygen atom, respectively, and [O�
� ]��� and [O�

� ]��� are the site 

fractions of lattice oxygen under wet and dry conditions, respectively. Within a small 
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window of oxygen non-stoichiometry, δ, the value of ��� of BZF55 can be considered as 

a constant [30]. Since protonation is not expected to induce a large change in δ, ��� is 

treated as constant at fixed temperatures and oxygen partial pressures. The proton 

concentration [OH�
∙ ] can be obtained by solving Eqs. (6.3) – (6.8). Corresponding results 

are shown in Fig. 6.1b. The proton concentration, [OH�
∙ ], decreases with increasing 

temperature. At pO2 = 0.21 bar and pH2O = 0.06 bar, [OH�
∙ ] is 0.66 ± 0.03 mol% at 350 °C, 

0.52 ± 0.04 mol% at 500 °C and 0.31 ± 0.03 mol% at 700 °C. Increasing the value of pO2 

to 0.84 bar does not bring about a significant change in [OH�
∙ ], while a small increase of 

[OH�
∙ ] (~ 0.1 mol%) is observed upon increasing the value of pH2O from 0.06 bar to 

0.15 bar.  

 

Figure 6.1 — Thermogravimetric weight loss curves for BZF55 under (a) dry (pO2 = 0.21 bar) and 

wet (pO2 = 0.21 bar and pH2O = 0.06 bar) conditions. Dashed lines are drawn to indicate the 

equilibrium mass at each temperature. (b) Proton concentration (solid squares) and 

hydrogenation percentage (open squares) as a function of temperature three different 

atmospheres (see inset). Dashed lines are drawn to guide the eye. 

 

Seong et al.[20] reported a proton tracer diffusion coefficient in PBSCF of 

5.3 × 10-7 cm2·s-1 at 500 °C and 1.4 × 10-6 cm2·s-1 at 600 °C as estimated from data of 

isotopic exchange depth profiling (IEDP). As mentioned in the introduction, the proton 

diffusivities in oxides are found to vary little from material to material[20–22]. Assuming a 

similar proton diffusivity as in PBSCF, ignoring isotope effects, calculations using the 

Nernst-Einstein equation yield a proton conductivity for BZF55, at pH2O = 0.06 bar, of 

3.7 × 10-4 S·cm-1 at 500 °C and of 6.4 × 10-4 S·cm-1 at 600 °C. The oxygen ion conductivity 
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of BZF55 at these temperatures is 6.0 × 10-3 S·cm-1 and 1.2 × 10-2 S·cm-1, respectively[30], 

exceeding the corresponding values of the proton conductivity with a factor of about 

~ 20. The low proton conductivity of BZF55 is primarily due to a low concentration of 

protons in the material, which is in common with other predominantly electronic 

conducting oxides like, for example, BaGd0.8La0.2Co2O5+δ
[37], (La,Sr/Ba)2NiO4-δ

[38], 

La1-xSrxCoO3-δ
[39] BaCo0.4Fe0.4Zr0.1Y0.1O3-δ

[40], and BaCe0.5Fe0.5O3-δ
[41]. 

 

Figure 6.2 — Van ’t Hoff plots for BZF55 at different conditions (see inset). The dashed lines are 

drawn to guide the eye. 

 

The equilibrium constant ������ has been calculated using Eq. (6.3), assuming a 

random distribution of defects. Its value is plotted as a function of inverse temperature 

in Fig. 6.2, known as the van ’t Hoff plot. The dependence of ������ on temperature is 

given by 

ln(������) =  −∆������
° ��⁄ + ∆������

° �⁄ (6.9) 

where ∆������
°  is the standard hydration enthalpy, ∆������

°  is the standard hydration 

entropy, and � is the ideal gas constant. In accord with Eq. (6.9), a linear plot is obtained 

provided that ∆������
°  and ∆������

°  are constant. The obtained van ’t Hoff plots in 

Fig. 6.2 are highly non-linear, indicating significant departures from ideal solution 
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behavior.  The value of ∆������
°  calculated from the slopes of the curves in Fig. 6.2 is 

found to increase (less negative) with decreasing temperature at all conditions covered 

in this work. Similar observations have been reported in several other studies[13,42,43], as 

has recently been reviewed by Merkle et al.[44]. The non-ideal behavior can be attributed 

to repulsive hole-proton interaction, disfavoring the hydration reaction. Since the 

interstitial proton is attached to the oxygen ion, forming a covalent O-H bond within the 

range of the electron cloud of the oxygen ion, it is expected that partial hole transfer to 

the oxygen ion, via partial delocalization of holes from the surrounding acidic B-cations 

(with high ionic potential, hence, drawing electron density away from the oxygen ion), 

renders the hydration less favorable[44]. Conversely, a more negative charge on the 

oxygen ion would stabilize the proton, leading to more negative hydration enthalpies. 

In a recent DFT study, the non-ideal defect chemistry and hydration behavior of 

(Ba,Sr)FeO3-δ were accounted for by delocalized electron holes, in difference to localized 

electron holes. The oxygen-to-metal charge transfer in (Ba,Sr)FeO3-δ gives rise to largely 

delocalized electron holes in the O 2p valence band, resulting in a lower oxygen ion 

charge and, hence, weakening the O-H bond and increasing (less negative) the hydration 

enthalpy, in line with the experimental observations [12]. A linear fitting of the data in 

Fig. 6.2 (pO2 = 0.21 bar and pH2O = 0.06 bar) in the range 550 – 700 °C to Eq. (6.9) yields 

∆������
°  of -38 ± 3 kJ·mol-1 and ∆������

°  of -108 ± 4 J·mol-1·K-1, which values are 

consistent with those reported for other compositions in the perovskite family 

(Ba,Sr,La)(Fe,Co,Zn,Y)O3-δ
[10]. 

Combining reactions (6.1) and (6.2) yields the hydrogenation reaction, 

H�O + 2O�
× + 2Fe��

× ⇄ 2OH�
∙ +2Fe��

� +
1

2
O� (6.10) 

where two protons from H2O are incorporated into the oxide, annihilating two electron 

holes. Since the hydration reaction (Eq. 6.1) and the hydrogenation reaction (Eq. 6.10) 

define the equilibrium and, hence, the proton uptake, the oxygenation reaction (Eq. 6.2) 

becomes redundant. The extent to which proton uptake occurs via the hydrogenation 

reaction (Eq. 6.10) rather than via the hydration reaction (Eq. 6.1) can be calculated 

from[31]  
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������� =
∆�

[OH�
∙ ]

× 100% (6.11) 

where, at given pO2, ∆� is the difference in the electron hole concentrations under dry 

and wet conditions, and [OH�
∙ ] is the proton concentration under the wet conditions. 

Fig. 6.1b shows that ������� for BZF55 at given pH2O increases with increasing pO2, 

while decreasing with increasing temperature at all test conditions. Fig. 6.3 shows that 

�������  increases with the hole concentration (wet conditions). Also plotted in this 

figure are data for La0.5Ba0.5CoO3-δ (LBC55) taken from Chapter 5 of this thesis. From the 

figure it is clear that under the given experimental conditions protonation of BZF55 is 

dominated by the hydration reaction, while for LBC55 being characterized by much 

higher electron hole concentrations it is the hydrogenation reaction that is more 

dominant. For both compositions it is found that ������� increases almost linearly with 

the electron hole concentration. This is in line with findings made by Poetzsch et al.[22] 

who observed that with increasing pO2 proton incorporation in BSFZ changes from being 

predominated by the hydration reaction to being predominated by the hydrogenation 

reaction. These observations and those from the present study clearly show that the 

presence of oxygen vacancies is not a prerequisite for proton uptake as it may occur 

through the hydrogenation reaction in materials with high electron hole concentrations. 

 

Figure 6.3 — Hydrogenation percentage (�������) for BZF55 and La0.5Ba0.5CoO3-δ (LBC55) as a 
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function of electron hole concentration (lower horizontal scale) and oxygen vacancy 

concentration (upper horizontal scale). Data were obtained under oxidizing conditions at different 

values of temperature, pO2 and pH2O. Data for LBC55 were taken from Chapter 5 of this thesis. 

 

6.3.2 Electrochemical impedance spectroscopy  

 

Figure 6.4 — (a) Impedance spectrum of the BZF55|BCZYYb|BZF55 symmetrical cell recorded at 

625 °C, pO2 = 0.21 bar, and pH2O = 0.03 bar. The bottom part of the figure shows the equivalent 

circuit model used for data fitting, while the upper part of the figure shows the corresponding 

fitting residuals as a function of frequency. (b) Corresponding DFRT plot obtained by the Tikhonov 

regularization method (black solid line) and the m(RQ)fit method (colored dashed lines). The sum 

of the dispersion contributions obtained by the m(RQ)fit method is shown as a solid purple line. 

The time constants associated with characteristic peaks are indicated. 

 

The impedance spectrum of the symmetrical cell BZF55|BCZYYb|BZF55 (sintered 

at 1200 °C) recorded at 625 °C, pO2 = 0.21 bar, pH2O = 0.03 bar, and at OCV is shown in 

Fig. 6.4a.  The EqC, consisting of LR0(R1C1)(R2Q2)(R3Q3)(R4Q4)(R5C5), where L is an 

inductance, R is a resistance, C is a capacitance, Q is a constant phase element (CPE)), 

fits the data nicely with a goodness of fit pseudo-�� of 5.0 × 10-8 (close to that of the 

Kramers–Kronig transformation) and relative fitting residuals below 0.1%. The 

temperature dependence of the electrode area specific resistance (ASR) of BZF55 

derived from impedance data along with that for the other BZF compositions are 

compared with literature data of several well-investigated MIECs, dual-phase 
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composites and TCOs in Fig. 6.5a. For the BZF compositions, the ASR is found to decrease 

with increasing Fe content. The composition with the highest Fe content in this study, 

i.e., BZF55, shows excellent electrode performance with ASR values comparable to 

state-of-the-art electrodes, such as Pr2NiO4+δ (PNO)[45], BaCo0.4Fe0.4Y0.1Yb0.1O3-δ 

(BCFZY)[46], BaCo0.7(Ce0.8Y0.2)0.3O3−δ (BCCY)[47] and LaBaCo2O6-δ (LBC2)[48]. At 500 °C, the 

ASR of BZF55 is as low as 1.22 Ω·cm2, rendering it a very promising candidate as air 

electrode for intermediate to low temperature PCFC/PCEC applications. Fig. 6.5b shows 

the ASR values of several (Co,Fe)-doped Ba(Ce,Zr)O3 compositions. From the limited 

data that are available, it is unclear whether either BaCeO3- or BaZrO3-based 

compositions or Co- or Fe-doped compositions perform better. With the same Fe 

content, the performance of Y-containing BaZr1-xFexY0.2O3-δ (BZFY)[49] is far below that of 

BZF. However, for BCFZY[46] and BaCo0.4Fe0.4Zr0.2O3-δ (BCFZ)[50] the situation is just 

opposite. The substitution of redox-inactive cations such as Y3+ and Zn2+ at the B-site is 

known to promote proton uptake[10,41]. However, it is not straightforward to link the 

proton concentration with the electrode performance as other factors such as 

microstructure, surface composition and phase changes may further play an important 

role in establishing the electrochemical performance.  

 

Figure 6.5 — Comparison of Arrhenius plots of the ASR of different BZF compositions, measured 

at pO2 = 0.21 bar and pH2O = 0.03 bar, from this work with data from literature for (a) 

La0.6Sr0.4Co0.2Fe0.8O3-δ (LSCF)[6], SrEu2Fe1.8Co0.2O7-δ-BaCe0.7Zr0.1Y0.2O3-δ (SEFC-BCZY)[51], 

LiNi0.8Co0.2O2-BaCe0.7Zr0.1Y0.2O3-δ (LNC-BCZY)[52], Nd1.95NiO4+δ-BaCe0.7Zr0.1Y0.1Yb0.1O3-δ (NNO-
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BCZYYb)[53], PrBaCo0.5Fe1.5O5+δ (PBCF)[54], Ca3Co4O9+δ (CCO)[55], La0.6Sr0.4Co0.2Fe0.8O3-δ-

BaCe0.9Yb0.1O3-δ (LSCF-BCYb)[56], Ba0.5Sr0.5Co0.8Fe0.2O3-δ (BSCF)[6], La0.7Sr0.3FeO3-δ-BaCe0.7Zr0.1Y0.2O3-δ 

(LSF-BCZY)[57], PrBaCo2O5+δ (PBC2)[58], Pr2NiO4+δ (PNO)[6], BaGd0.8La0.2Co2O6-δ (BGLC) 
[59], 

BaCo0.4Fe0.4Zr0.1Y0.1O3-δ (BCFZY)[46], BaCo0.7(Ce0.8Y0.2)0.3O3-δ (BCCY)[47] and LaBaCo2O6-δ (LBC2)[48], 

and (b) BaCo0.4Fe0.4Zr0.2O3-δ (BCFZ)[50], BaCe0.4Fe0.4Co0.2O3-δ (BCFC)[60], BaCo0.4Fe0.4Zr0.1Y0.1O3-δ 

(BCFZY)[46], BaCe0.4Sm0.2Co0.4O3-δ (BCSC)[61], BaCe0.4Sm0.2Fe0.4O3-δ (BCSF)[62], BaFe0.8Y0.2O3-δ 

(BZFY8)[63], BaZr0.2Fe0.6Y0.2O3-δ (BZFY6)[63] and BaZr0.4Fe0.4Y0.2O3-δ (BZFY4)[63]. 

 

6.3.3 DFRT analysis 

The Using both the Tikhonov regularization[34] and m(RQ)fit[35] methods, the 

obtained impedance spectrum of BZF55 (Fig. 6.4a) was inverted to the �-domain for 

obtaining a distribution function of relaxation times (DFRT). The Tikhonov regularization 

method is a direct inversion of the raw data, while the m(RQ)fit method exploits the 

dispersion relations of the serial (RQ) subcircuits in the EqC model used to fit the 

impedance data[35,64]. As can be seen from Fig. 6.4b, both approaches essentially give 

similar results with the advantage of the m(RQ)fit method that it shows the time 

constants more accurately. The good agreement noted between the DFRTs obtained by 

both approaches also justifies the correctness of the EqC model used for fitting of the 

impedance data.  

 

Figure 6.6 — DFRT plots of (R3Q3) and (R4Q4) subcircuits obtained by the m(RQ)fit method at 
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different temperatures, pO2 = 0.21 bar and pH2O = 0.03 bar. The associated time constants �� and 

�� are denoted by black and red arrows, respectively. 

 

The electrode performance of BZF55 is predominantly controlled by the 

impedance of subcircuits (R3Q3) and (R4Q4), which are presumed to represent the 

kinetics of intermediate reaction steps. The DFRT plots of both subcircuits at different 

temperatures as obtained by the m(RQ)fit method are shown in Fig. 6.6. The polarization 

resistances R3 and R4 (corresponding to the peak areas associated with the peaks at time 

constants τ3 and τ4, respectively) clearly show different temperature dependences. The 

electrode process characterized by time constant τ4 is found dominant at high 

temperatures, while both processes have about equal contributions to the impedance 

at low temperatures. The activation energies of τ3 and τ4 are 84 ± 7 and 42 ± 2 kJ·mol-1, 

respectively, as derived from the slopes of corresponding Arrhenius plots shown in 

Fig. 6.7a. The present observations resemble those made in our previous study on 

LBC55[31], where both the DFRT is found to have a similar distribution and the same trend 

is seen in the activation energies of time constants τ3 and τ4. The values of the time 

constants are determined by the magnitudes of the associated resistances (Fig. 6.7b) 

and CPE admittances (Fig. 6.7c). Both resistances R3 and R4 follow Arrhenius behavior 

with activation energies of 102 ± 3 and 72 ± 4 kJ·mol-1, respectively, while the CPE 

admittances ��,���,�  and ��,���,�  are found to decrease with decreasing temperature 

until becoming almost constant below 575 °C. The constant phase exponent n varies 

between 0.50 – 0.75. Following Boukamp et al.[65], Q3 and Q4 are interpreted as semi-

infinite Warburg diffusion components with apparent admittance, 

�� =
�� ∙ ��,����

�.� �⁄

�
(6.12) 

Fig. 6.7d presents Arrhenius plots of the Warburg admittances ��,� and ��,�. The 

curves show good linearity with activation energies of 59 ± 4 and 51 ± 4 kJ·mol-1, 

respectively, supporting our hypothesis that diffusion is involved in the electrode 

processes associated with time constants τ3 and τ4. 

Impedance data for different BZF compositions recorded at 525 °C, pO2 = 0.21 bar, 
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pH2O = 0.03 bar, and at OCV were inverted to a DFRT using the Tikhonov regularization 

method. Corresponding plots are shown in Fig. A6.1, confirming that the overall 

polarization resistance decreases with increasing Fe content and that for each of the 

compositions the largest contributions to the impedance originate from the peaks in the 

τ range 10-3 – 1 s, denoted by time constants �� and ��.  

 

Figure 6.7 — Arrhenius plots of (a) time constant �� and ��, (b) resistances R3 and R4, (c) constant 

phase admittances ��,���,� and ��,���,�, constant phase exponents n3 and n4, and (d) Warburg 

admittances ��,� and ��,� for BZF55, at pO2 = 0.21 bar and pH2O = 0.03 bar. Activation energies 
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calculated from the slopes of the lines are indicated. 

 

To identify the nature and location of the electrode processes, the microstructure 

of the electrode was varied by varying the sintering temperature. A lower sintering 

temperature leads to a poorer interfacial/intergranular adhesion, but to a higher surface 

area, while a higher sintering temperature causes a more closed-pore structure. 

Furthermore, by changing the sintering temperature and, hence, the microstructure of 

the electrode, the electrochemical reaction steps that are related to the surface or 

bulk/interface can possibly be differentiated. The electrode ASRs of 

BZF55|BCZYYb|BZF55 cells sintered at either 900 °C, 1000 °C or 1200 °C are shown in 

Fig. 6.8a, while the corresponding DFRT plots of impedance spectra recorded, at 625 °C, 

pO2 = 0.21 bar and pH2O = 0.03 bar are shown in Fig. 6.8b. Corresponding SEM pictures 

of the electrode/electrolyte interface are shown in Fig. A6.2. The ASR of BZF55 sintered 

at 1000 °C is only slightly higher than that sintered at 900 °C, but sintering at 1200 °C 

leads to an about twice as high ASR value. The DFRT plots indicate that all electrode 

processes are influenced by the sintering temperature, except for the process associated 

with τ1. The latter can be attributed to interfacial proton transfer due to its characteristic 

high frequency[66–69]. The time constant τ5 is commonly linked to diffusion and 

adsorption of O2 and H2O molecules from the gas phase[69–72]. The processes associated 

with time constants τ2, τ3 and τ4 represent major contributions to the impedance and 

are presumed to be surface-related. The values of R2 and R4 strongly depend on sintering 

temperature, while the values of R3 of the electrodes sintered at 900 °C and 1000 °C are 

not significantly different.  
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Figure 6.8 — (a) Temperature dependence of the electrode ASR from impedance measurements 

at pO2 = 0.21 bar and pH2O = 0.03 bar of BZF55|BCZYYb|BZF55 symmetrical cells sintered at either 

900 °C, 1000 °C and 1200 °C. Activation energies estimated from the slopes of these lines are 

within 76 ± 3 kJ·mol-1. (b) Corresponding DFRT plots, at 625 °C, obtained by the Tikhonov 

regularization method. The time constants associated with characteristic peaks are indicated. 

 

 

Figure 6.9 — (a) Time constants �� , (b) resistances �� , and (c) Warburg admittances ��,� , � = 3 

(circles) and � = 4 (triangles), as a function of pH2O at different values of pO2 (see inset in (a)). Data 

from impedance measurements at 625 °C. Dashed lines are from linear regression of 

corresponding data. 
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Figure 6.10 — (a) Time constants ��, (b) resistances ��, and (c) Warburg admittances ��,�, � = 3 

(circles) and � = 4 (triangles), as a function of pO2 at different values of pH2O (see inset in (a)). Data 

from impedance measurements at 625 °C. Dashed lines are from linear regression of 

corresponding data. 

 

 To further allocate the DFRT peaks at τ3 and τ4 to electrochemical processes, ASR 

measurements were conducted as a function of pH2O and pO2, keeping independent 

variables (pH2O, pO2 and temperature) constant, using a symmetrical cell 

BZF55|BCZYYb|BZF55 sintered at 1200 °C. In both cases linear dependences are found 

in the corresponding log-log plots as can be inferred from the data presented in 

Fig. A6.3. Increasing pH2O or pO2 both improve the overall BZF55 electrode 

performance. DFRT plots constructed from impedance data recorded at different values 

of pH2O, at fixed pO2, are presented in Fig. A6.4a. Values of �� , �� , and ��,�  (�  = 3,4) 

derived from these plots as a function of pH2O at different values of pO2 are plotted in 

Fig. 6.9a, b and c, respectively. Experimentally observed pH2O and pO2 power law 

exponents of ��, �� ,and ��,� (� = 3,4) are listed in Table A6.1. Both time constants �� and 

��  display an opposite power dependence on pH2O, i.e., while ��  increases with 

increasing pH2O, ��  decreases with increasing pH2O. Similar opposite trends are 

observed for associated resistances ��, and Warburg admittances ��,� (� = 3, 4) as can be 

inferred from the data presented in Figs. 6.9b and c, respectively. Most remarkably, the 

results show that the kinetics of the reaction step characterized by (��, ��, ��,�) is more 

hindered when the pH2O is increased. The loss of electrode’s activity for this reaction 
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step may be due to blocking of reaction sites by adsorbed H2O or due to diffusional 

limitations. DFRT plots at different values of pO2, at fixed pH2O, are presented in 

Fig. A6.4b, while values of ��, ��, and ��,� (� = 3,4) as a function of pO2 at different values 

of pH2O are plotted in Fig. 6.10a, b and c, respectively. The obtained results indicate that 

the kinetics of the associated reaction steps become faster with increasing pO2 as might 

be expected from simple kinetic analysis of the equilibrium exchange rate under the 

assumption of low surface coverages of reactants, products and intermediate species, 

and no diffusional limitations. A possible mechanism for the kinetics of the oxygen 

reduction reaction (ORR) on BZF55 is discussed below.  

For TCO electrodes, the reaction sites are presumed to be distributed over the 

entire surface if the partial conductivities within the TCO do no impose any rate 

limitation to the overall reaction. However, as demonstrated in this study, within the 

experimental window of this work BZF55 exhibits a low proton concentration. It is 

therefore highly unlikely that its proton conductivity will contribute significantly to its 

electrochemical performance. For this reason, BZF55 is henceforth regarded as a MIEC 

electrode.  

In Chapter 5 of this thesis, I have proposed a possible multistep mechanism for the 

ORR on the surface of a MIEC electrode (See Table 5.2a) and derived the current-

overpotential relationship, assuming one of the consecutive reaction steps is the rate 

determining step (rds). For the sake of convenience, the proposed multistep mechanism 

is presented again below, while the power dependences of the exchange current density 

(��) on pO2 and pH2O for each step in the proposed mechanism are given in Table 6.1. 

For basic assumptions made in derivation of the current-overpotential relationships, see 

Chapter 5.   

The overall ORR is given by 

O�(�) + 4e� + 4OH�
∙ → 2H�O(�) + 4O�

× (6.13) 

and is presumed to proceed via the following series of consecutive reaction steps 

(1) O�(�) +��� + e�  → O�,��
�  (6.14) 

(2) O�,��
� + ��� + e� → 2O��

�  (6.15)  

(3) O��
� + V�,�����

∙∙ + e� → O�,�����
× + ��� (6.16) 
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(4) O�,�����
× + V�,���

∙∙ → O�,���
× + V�,�����

∙∙  (6.17) 

(5) OH�,�����
∙ + O�,���

× +  ���� → OH���
� + O�,�����

× + V�,���
∙∙ (6.18) 

(6) 2OH���
� + V�,���

∙∙ → H�O��� + O�,���
× + ���� (6.19) 

(7) H�O��� → H�O(�) + ���� (6.20) 

 

Table 6.1 — Order of the exchange current density (��) with respect to oxygen and water for all 

reaction steps in the proposed multistep mechanism (see main text). The elementary reaction 

step under consideration is the rds, while all other steps are taken to be in quasi equilibrium. 

Taken from Table 5.3a of this thesis. 

 

Reaction step ��  ∝ �O�
��H�O� 

 � � 

1 7/8 1/4 

2 5/8 3/4 

3 1/8 -1/4 

4 0 -1 

5 0 0 

6 0 1 

7 0 1 

 

The observed pO2 and pH2O power dependences of resistance �� ∝

�O�
  ��.���H�O�.�� (exponents refer to average values) can be reasonably linked to the 

corresponding inverse values of the ��  ∝ �O�
 �/�

�H�O��/�  in Table 6.1 derived if 

reaction step 3 (Eq. 6.16) is the rds. The latter reaction step represents the incorporation 

of O��
�  into the BZF55 oxide sublattice. The activation energy for ��  equals 

102 ± 3 kJ·mol-1 (Fig. 6.7b), which is a reasonable value for the oxygen incorporation 

reaction. The high activation energy explains why this reaction step is rate-controlling at 

low temperatures. It also emphasizes that the oxygen exchange activity of the electrode 

is critical for its performance at low temperatures. This is in correspondence with 

observations reported in literature that the performance of air electrodes is enhanced 

by infiltration with oxygen exchange-active catalysts. Some examples include infiltration 
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of PrNi0.5Mn0.5O3-δ/PrOx into (La0.6Sr0.4)0.95Co0.2Fe0.8O3-δ
[73], Sm0.2Ce0.8O2-δ into BCFZY-

BCZYYb composite[74], Gd0.1Ce0.9O2-δ into LSCF[75], and Y0.25Bi0.75O2-δ into LSCF[76]. The 

pH2O and pO2 power dependences of  �� ∝ �O�
��.���H�O��.��  (exponents refer to 

average values) cannot be linked to that of �� of any of the reaction steps in Table 6.1. 

As may be inferred from the rather low activation energies of �� and  �� (see Fig. 6.7a 

and b, respectively), the kinetics of this process may be related to proton transfer, 

leading to the formation of hydroxyl groups or H2O molecules at the surface. It is obvious 

that more research is required to correlate the outcome from DFRT analysis with the 

mechanism of the ORR on BZF55. 

 

6.3.4 Electrode stability and full cell testing 

 

Figure 6.11 — (a) Impedance spectrum of the BZF55|BCZYYb|BZF55 symmetrical cell recorded, at 

625 °C, pO2 = 0.21 bar and pH2O = 0.03 bar, during the first thermal cycle (after ~30 h) and during 

the second thermal cycle (after ~230 h) (see main text), and (b) cross-sectional SEM pictures of 

the electrode/electrolyte interface recorded before and after the EIS measurements. 

 

A typical experimental scheme for electrochemical measurements on 

BZF55|BCZYYb|BZF55 symmetrical cells is shown in Fig. A6.5. As detailed in the 



Page | 198   Chapter 6 

experimental section, the temperature was varied between 450 and 750 °C, and EIS 

measurements were conducted at different temperatures in the pO2 range 

0.01 – 0.46 bar and pH2O range 0.01 – 0.10 bar. Fig. 6.11a shows impedance spectra 

recorded, at 625 °C, pO2 = 0.21 bar and pH2O = 0.03 bar, during the first thermal cycle 

(after ~30 h) and during the second thermal cycle (after ~230 h), revealing that testing 

at various conditions over a time of ~200 h did not lead to a change in the electrode ASR. 

A slight increase of the Ohmic resistance is observed, which may be attributed to 

morphological changes in the vicinity of the electrode/electrolyte interface as may be 

inferred from comparison of the SEM pictures recorded before and after testing 

(Fig. 6.11b). At the moment of writing this thesis full cell performance tests on BZF55| 

BaZr0.625Ce0.2Y0.175O3-δ |Ni-BaZr0.625Ce0.2Y0.175O3-δ are conducted at the Forschung-

zentrum Jülich (FZJ) in Germany.  

 

6.4 Conclusions 

In humid atmospheres, protons are incorporated into BZF55 predominantly via the 

hydration reaction rather than via the hydrogenation reaction. At pO2 = 0.21 bar and 

pH2O = 0.06 bar, the proton concentration ([OH�
∙ ]) in BZF55 reaches a value of 0.52 ± 

0.04 mol% at 500 °C. The highly non-linear van ’t Hoff plots are taken as indicative for 

the interaction between protons and electron holes, disfavoring the hydration reaction. 

Among different compositions in the range BaZr1-xFexO3-δ (x = 0.2 – 0.5), BZF55 is found 

to show the best electrochemical performance. Under open circuit conditions, an area 

specific resistance (ASR) is measured as low as 1.22 Ω·cm2 at 500 °C, pO2 = 0.21 bar and 

pH2O = 0.03 bar pH2O. Impedance spectra of BZF55|BaCe0.7Zr0.1Y0.1Yb0.1O3-δ 

(BCZYYb)|BZF55 symmetrical cells were analyzed by equivalent circuit fitting and by 

transforming the data to the time domain for obtaining a distribution function of 

relaxation times (DFRT). The results indicate that in essence two reaction steps 

determine the rate of the oxygen reduction reaction (ORR), these reaction steps being 

characterized by different time constants. Based on the findings in this study, it is 

concluded that BZF55 is a highly promising material for use as air electrode in protonic 
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ceramic cells (PCCs).  
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Appendix A6 

 

Figure A6.1 — DFRTs obtained by the Tikhonov regularization method from impedance data, at 

525 °C,  pO2 = 0.21 bar and pH2O = 0.03 bar, for BZF82, BZF73, BZF64 and BZF55.  

 

 

 

Figure A6.2 — Cross-sectional SEM pictures of the electrode/electrolyte interface after sintering 

of the cells in air at (a) 900 °C, (b) 1000 °C, and (c) 1200 °C for 3 h. 
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Figure A6.3 — ASR of the BZF55 electrode, measured at 625 °C in a symmetrical cell configuration 

with BCZYYb as the electrolyte (sintered at 1200 °C), as a function of pH2O and pO2. 
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Figure A6.4 — DFRTs obtained by the m(RQ)fit method from impedance data of BZF55, at 625 °C, 

at different values of (a) pO2 (pH2O fixed at 0.03 bar) and (b) pH2O (pO2 fixed at 0.21 bar). 
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Figure A6.5 — Typical experimental scheme for electrochemical measurements on 

BZF55|BCZYYb|BZF55 symmetrical cells. The scheme shown was used for the cell sintered at 1000 

°C. The electrode polarization resistance (Rp) from measurements at different temperatures, pO2 

and pH2O is plotted as a function of measurement time. 

 

Table A6.1 — Observed pO2 and pH2O power law exponents (�) and (�) of ��, ��  ,and ��,� (� = 3, 

4) as derived from data in Figs. 6.10 and 6.9, respectively. 

pH2O 
(bar) 

∝ �O�
 � 

�� �� ��,� ��,� �� �� 

0.01 - -0.20 - 0.16 -0.18 -0.09 

0.03 -0.24 -0.22 0.17 0.15 -0.13 -0.14 

0.05 -0.21 -0.24 0.15 0.17 -0.13 -0.15 

0.10 -0.22 -0.26 0.15 0.19 -0.15 -0.13 

Average 
value 

-0.22 -0.23 0.16 0.17 -0.15 -0.13 

 

pO2 
(bar) 

∝ �H�O � 

�� �� ��,�  ��,�  �� �� 

0.01 0.15 -0.30 -0.10 0.20 0.10 -0.25 

0.05 0.22 -0.37 -0.15 0.27 0.12 -0.27 

0.10 0.31 -0.38 -0.23 0.26 0.14 -0.27 
0.21 0.38 -0.40 -0.23 0.25 0.14 -0.30 

0.46 0.39 -0.36 -0.30 0.26 0.17 -0.34 

Average 
value 

0.29 -0.36 -0.20 0.14 0.13 -0.28 
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CHAPTER 7 

Two-fold electrical conductivity relaxation behavior in 
La5.4WO11.1-δ 

Abstract 

This study aims at investigating the oxygen and proton transport properties of 

La5.4WO11.1-δ using electrical conductivity relaxation. Chemical diffusion coefficients and 

surface exchange coefficients of hydrogen and oxygen presumed to govern conductivity 

relaxation are extracted from fitting the two-fold conductivity relaxation observed after 

hydration/dehydration steps at fixed oxygen partial pressure to the model equations. 

Surprisingly, the kinetic parameters obtained from fitting are found to depend on the 

magnitude of the current used in the measurements. A two-fold relaxation behavior 

with characteristics depending on the magnitude of the current is also observed after 

oxidation/reduction steps under dry conditions. Furthermore, at fixed temperature, 

oxygen and water partial pressures, the conductivity is found to exhibit relaxation 

behavior after a current step, while the apparent steady-state conductivity is found to 

depend on the applied current. The observations are attributed to the use of partially 

blocking gold electrodes in the experiments and associated interfacial capacitances. It is 

obvious from this study that the use of electrodes with a poor reversibility in 

conductivity and conductivity relaxation measurements on mixed ionic-electronic 

conducting oxides with prevailing ionic conduction may lead to erroneous results and 

interpretations. 
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7.1 Introduction 

Proton-conducting oxides are important in applications such as protonic ceramic 

fuel cells (PCFCs), hydrogen permeation membranes and proton-conducting membrane 

reactors[1–3]. Protons are known to incorporate into the oxide lattice via the hydration 

reaction, in which a H2O molecule reacts with an oxygen vacancy and a lattice oxygen, 

generating two hydroxyl groups in the oxide. Understanding the kinetics of the 

hydration reaction is of utmost importance for understanding fundamental aspects of 

proton-conducting oxides. The electrical conductivity relaxation (ECR) technique has 

been widely used to characterize transport properties of proton-conducting oxides, 

including oxides with a low electronic conductivity (BaCe0.95Yb0.05O3-δ
[4], 

BaCe0.7Zr0.1Y0.1Yb0.1O3−δ
[5], BaCe0.65Zr0.2Y0.15O3−δ

[6]) as well as those with a high electronic 

conductivity (BaCo0.4Fe0.4Zr0.1Y0.1O3−δ
[7], Ba0.5Sr0.5Co0.8Fe0.2O3-δ

[8], Sr2Fe1.5Mo0.4Zr0.1O6−δ
[5]). 

Pioneering works were conducted by Yoo et al. on BaCe0.95Yb0.05O3-δ
[4] and 

SrCe0.95Yb0.05O3-δ
[9], monitoring the electrical conductivity after performing step changes 

in the water partial pressure (pH2O). In both mentioned oxides, a unique two-fold 

non-monotonic conductivity relaxation pattern is observed after a step change in pH2O, 

keeping the oxygen partial pressure (pO2) constant. Upon an instantaneous increase of 

pH2O (hydration), the electrical conductivity in both oxides initially is found to decrease 

fast, which is followed by a slow increase until reaching a stable value. Upon 

dehydration, the relaxation pattern is in the opposite way. The interpretation given by 

Yoo et al.[4,9–11] is that that the two-fold relaxation is due to the occurrence of two 

relaxation processes with different time constants.  

Considering the hypothetical scenario that a H2O molecule dissociates into 2 H and 

1 O atoms at the surface, 

H�O = 2H + O (7.1) 

H and O may independently incorporate into the oxide, written in Kröger-Vink notation, 

as 

H + h∙ ⇄ H�
∙ (7.2) 

O + V�
∙∙ ⇄ O�

× +2h∙ (7.3) 

which assumes that the transport of protons (H�
∙) and oxygen vacancies (V�

∙∙) in the bulk 
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is de-coupled. The transport of both species is counterbalanced by a simultaneous 

transport of electron holes (h∙). The incorporation of hydrogen, which is believed to be 

a fast process, leads to annihilation of electron holes and, hence, results in a decrease 

of the electronic conductivity. In turn, the slow incorporation of oxygen generates 

electron holes, resulting in an increase of the electronic conductivity. The linear 

superposition of both processes leads to a two-fold non-monotonic relaxation pattern. 

The mathematical description for the transient conductivity can be derived from Fick’s 

second law, taking into account the proper boundary conditions[4,9,11,12]. The surface 

exchange coefficients and chemical diffusion coefficients of hydrogen and oxygen can 

be extracted by fitting the experimental data to the model equations.  

Over the last several years, lanthanum tungstate based oxides have been 

extensively studied as candidate materials  for use as H2 permeation membranes in the 

intermediate-to-high temperature range, owing to their high stability and high mixed 

protonic and electronic conductivity[13–19]. The nominal formula is La28-xW4+xO54+3/2xv2-3/2x 

(LWO, x ~ 1), where v is a structural oxygen vacancy[20]. Single-phase LWO can be 

synthesized at 1500 °C within a La/W ratio of 5.3 – 5.7[21]. For x = 1, the La/W ratio is 5.4, 

which composition is simplified as La5.4WO11.1-δ and denoted as LWO54[21,22]. The excess 

of tungsten is located on lanthanum sites and acts as an electron donor, written in 

Kröger-Vink notation as W��
∙∙∙ . The triple-charged  W��

∙∙∙  defects are in part charge 

compensated by interstitial oxygen ions filling up the structurally vacant sites, O�
�� . 

LWO54 is found to be a mixed ionic and electronic conductor (MIEC) with p-type 

electronic conductivity at high temperatures and high pO2
[20,23,24]. Its defect chemistry, 

however, is currently not well understood. 

In this work, ECR experiments are performed on LWO54, employing both 

oxidation/reduction steps (dry conditions) and hydration/dehydration steps (wet 

conditions) at different applied currents. The steady-state electrical conductivity and the 

two-fold transient conductivity relaxation behavior are analyzed. The surface exchange 

coefficient (kchem) and bulk diffusion coefficient (Dchem) of hydrogen and oxygen are 

extracted from the two-fold conductivity relaxations. Furthermore, the influence of the 

magnitude of the current on the values of these kinetic parameters is investigated. 
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7.2 Experimental 

7.2.1 Sample preparation 

LWO54 powders were obtained from the Forschungszentrum Jülich GmbH. The 

methods used for preparation of the powders are given in Ref.[15]. Green pellets of 

LWO54 were prepared using the same pressing procedure as described elsewhere[25]. 

The obtained pellets were sintered at 1500 °C for 12 h in ambient air, with heating and 

cooling rates of 2 °C·min-1. A cutting machine (Secotom 50, Struers, Denmark) was used 

to cut thin rectangular bars from the sintered pellets. Abrasive plates with mesh sizes 

ranging from 15 to 0.5 μm (JZ Primo, Xinhui, China) were used to grind the bars to final 

dimensions of 15 × 6 × 1 mm3. For current supply, gold wires (Alfa Aesar, 0.25 mm 

diameter, 99.999 %) were wrapped around both bar ends. Two extra gold wires were 

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

S/Bi/Pb-free gold paste was used to establish proper contacts between the gold wires 

and the sample surface. Before conducting the ECR measurements, the sample was 

heated in situ at 900 °C for 1 h in synthetic air to sinter the gold paste. 

 

7.2.2 Electrical conductivity relaxation (ECR) characterization 

ECR experiments were performed using a homemade apparatus[26]. Two gas 

streams having the desired pO2, each with a flow rate of 280 ml min-1, were created by 

mixing dried oxygen and nitrogen gas in the desired ratio using mass flow controllers 

(GF40, Brooks Instrument, USA). For each stream, water was delivered by a liquid mass 

flow controller (μ-flow L01, Bronkhorst, The Netherlands), mixed with the O2/N2 stream 

and, evaporated in a controlled-evaporator mixer (CEM W-102A, Bronkhorst, The 

Netherlands). Two pneumatic four-way valves were used to allow rapid switching 

between both gas streams, one of them being fed through the reactor. The humidity of 

the feed stream was monitored by a humidity sensor (PTU300, Vaisala, Finland). Metal 

tubing was heated above 100 °C to prevent water condensation. A Keithley 2400 Source 

Meter (with a range of 1 μA to 1 A) was used to pass the desired current through the 

sample. Another instrument of the same type was used to record the voltage drop 
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across the voltage probes. ECR measurements were performed in the 

oxidation/reduction mode (pO2 step changes between 0.0464 to 0.464 bar, dry 

conditions) and in the hydration/dehydration mode (pH2O step changes between 0.005 

and 0.05 bar, at pO2 = 0.21 bar) at 888 °C. The obtained data were analyzed using Matlab 

programs following the method proposed by den Otter et al.[27,28] and Falkenstein 

et al.[29,30]. Electrical conductivity data were recorded upon current step changes in the 

range of 0.6 to 0.015 mA at 785 °C in dry 0.21 bar O2. 

 

7.3 Results 

7.3.1 Conductivity relaxation upon oxidation and reduction steps 

 

Figure 7.1 — (a) Conductivity relaxation curves for LWO54, at 888 °C in dry atmospheres, after 

pO2 step-changes from 0.0464 to 0.464 bar (oxidation) and vice versa (reduction) measured under 

different currents. (b) The corresponding voltage difference between the voltage probes as a 

function of time. The inset shows a magnification of the data obtained at a current of 0.038 mA. 

 

ECR data for LWO54, at 888 °C, following pO2 step changes between 0.0464 and 

0.464 bar under dry conditions and with different applied currents are shown in 

Fig. 7.1a. The conductivity relaxation curve is single-fold monotonic at 0.6 mA and 

0.3 mA. Similar single-fold monotonic relaxation behavior was reported in literature for 

LWO54[30] (and related compositions La5.5WO12-δ
[31], Nd5.5W0.5Mo0.5O11.25-δ

[32]). 

Unfortunately, the authors did not specify the applied current used in their study. As 
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seen from Fig. 7.1a, below a current of 0.3 mA, the relaxation curve transforms to 

two-fold non-monotonic. Upon an oxidation step, the conductivity initially increases 

fast, then decreases slowly to an equilibrium value. The lower the current, the larger the 

conductivity increase in the initial period. The recorded patterns for oxidation and 

reduction runs are found consistent and reproducible. The corresponding voltage 

difference (∆������) between the two voltage probes as a function of time is plotted in 

Fig. 7.1b. The fitting result of data recorded at 0.6 mA for the oxidation run is shown in 

Fig. 7.2. The value of Dchem of oxygen obtained from fitting is 6.9 × 10-9 m2·s-1, which is 

comparable with data reported in literature for LWO54[12,31]. Although the transient 

conductivity appears as single-fold, a small mismatch between experimental data and 

the fitted curve is observed, suggesting that the conductivity relaxation curve is not 

ideally described by the applied fitting model. A similar mismatch can be noticed in the 

work on LWO54 by Falkenstein[30].  

 

Figure 7.2 — Normalized electrical conductivity relaxation curve (black circle) with the least 

squares fit (red curve) and residual (grey curve). Measurements were performed at a current of 

0.6 mA. 

 

The origin of the two-fold relaxation behavior occurring at low currents is not yet 

clear. It can be described as a transient conductivity overshoot for oxidation runs, or 

undershoot for reduction runs, superimposed on an ‘ideal’ relaxation curve. The 
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transient conductivity over/undershoot can be obtained by subtracting the ‘ideal’ curve 

measured at a high current where the conductivity over/undershoot is virtually absent 

from the measured relaxation curve. Assuming the relaxation pattern at a current of 

0.6 mA to be ideal, the over/undershoot transient can be calculated from  

∆����(�) = ����(�)|� − ����(�)|�.� �� (7.4) 

where ����(�)|�  corresponds to the observed relaxation pattern at current I and 

����(�)|�.� ��  that at a current of 0.6 mA. Corresponding results for the overshoot 

transient from oxidation runs are shown in Fig. 7.3a. The conductivity overshoot 

increases with decreasing current. The characteristic time associated with the overshoot 

is found similar for all currents as judged from the consistency of the full width at half 

maximum (FWHM) for all ∆����(�)|� − �  curves. The average value is found to be 

23 ± 2 s. The surface area under the peaks is plotted as a function of inversed current 

in Fig. 7.3b. A linear relationship between the peak area and the inversed current is 

found. Similar data were obtained for the transient conductivity undershoot from 

reduction runs. 

 

Figure 7.3 — (a) The transient conductivity overshoot ∆����(�) of the oxidation runs measured 

under different currents. The full width at half maximum (FWHM) of the peak is indicated. (b) The 

area under the peaks (relative to a linear baseline) as a function of inversed current. The dashed 

line is the linear least squares fitting. 
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7.3.2 Conductivity at different currents 

From Fig. 7.1a it seen that when the current is switched to a lower value, at fixed 

temperature and pO2, the conductivity first decreases and then slowly increases to an 

equilibrium value, resulting in a small sharp ‘horn’ (shown in the blank areas of the 

figure). To better visualize this behavior, the conductivity was measured as a function of 

current at 785 °C and 0.21 bar O2, as shown in Fig. 7.4. Upon a step change from high to 

low current, the conductivity always first decreases instantaneously, which is followed 

by a slow relaxation to a new equilibrium value. The calculated steady-state conductivity 

is always found lower at a lower current. The direction of the relaxation depends on the 

current step; the conductivity relaxes to a lower value after switching the current from 

0.6 to 0.3 mA, while it relaxes to a higher value after switching from I = 0.3 mA to 

I = 0.15 mA and from I = 0.15 mA to I = 0.015 mA. 

 

Figure 7.4 — Apparent electrical conductivity (����) of LWO54 upon current step changes, at 

785 °C, in 0.21 bar O2. Current steps are indicated by the arrows close to the curves. The right-hand 

scale denotes the temperature during measurements. 
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7.3.3 Conductivity relaxation upon hydration and dehydration 

 

Figure 7.5 — Conductivity relaxation curves for LWO54, at 888 °C in 0.21 bar O2, after pH2O step 

changes from 0.005 to 0.05 bar (hydration, black curves) and vice versa (dehydration, red curves) 

measured under different currents. 

 

Conductivity relaxation curves, at 888 °C and fixed pO2 (0.21 bar), for pH2O step 

changes between 0.005 and 0.05 bar measured under different currents are shown in 

Fig. 7.5. Both hydration and dehydration steps give two-fold non-monotonic 
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conductivity relaxation patterns. The noise is higher for the measurements conducted 

at low current, which is related to the sensitivity of the measuring instruments. Upon 

hydration, the conductivity first decreases to a minimum then relaxes to a new 

equilibrium value. The final conductivity is higher than the initial conductivity, which 

suggests that proton conductivity contributes significantly to the total conductivity. The 

conductivity relaxation curves measured at different currents show a similar trend, 

though the magnitude of the initial decrease is found higher at lower current, as is 

illustrated in Fig. 7.6. Despite differences in the magnitude of the conductivity changes, 

the time constants of both fast and slow relaxation processes remain virtually the same. 

Similar to findings in Fig. 7.1a, transient conductivity over/undershoots are found in the 

hydration/dehydration experiments. The equilibrium conductivity is found to decrease 

at lower currents (Fig. 7.6), which agrees with observations in Figs. 7.1a and 7.4. 

Relaxation curves measured at I = 0.6 mA and I = 0.025 mA for hydration steps together 

with the respective fitted curves to the theoretical behavior are shown in Fig. 7.7a and b, 

respectively. Both curves can be fitted to the two-fold relaxation model. The surface 

exchange and bulk diffusion coefficients for hydrogen (kchem,H, Dchem,H) and oxygen 

(kchem,O, Dchem,O) obtained from fitting, however, are found strongly dependent on the 

magnitude of the current used in the measurement, as is demonstrated in Figs. 7.8a – d. 
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Figure 7.6 — Conductivity relaxation curves for LWO54, at 888 °C and fixed pO2 (0.21 bar), after 

pH2O step changes from 0.005 to 0.05 bar (hydration) measured under different currents. 

 

 

Figure 7.7 — Electrical conductivity relaxation curves (black circles) for LWO54, at 888 °C in 0.21 

bar O2, after a pH2O step change from 0.005 to 0.05 bar (hydration) measured under different 

currents (a) I = 0.6 mA and (b) I = 0.025 mA, along with the respective fitted data (red curves) and 

residual (grey curves). Values of kchem,H ,kchem,O, Dchem,H and Dchem,O obtained from fitting are listed 

in the figures. Data zoomed-in between 0 – 30 s are shown in the insets. 
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Figure 7.8 — Current dependence of (a) the surface exchange coefficient of hydrogen kchem,H, (b) 

the surface exchange coefficient of oxygen kchem,O, (c) the chemical diffusion coefficient of 

hydrogen Dchem,H, (d) the chemical diffusion coefficient of oxygen Dchem,O, obtained from 

conductivity relaxation, at 888 °C in 0.21 bar O2, employing a pH2O step change from 0.005 to 

0.05 bar. 

 

7.4 Discussion 

The observations in this study show that the applied current is an important 

parameter on conductivity and conductivity relaxation behavior of LWO54. It may lead 

to an apparent two-fold relaxation pattern under both dry (Fig. 7.1) and wet (Fig. 7.5) 

conditions and, as mentioned above, to an apparent current dependence of the values 

of the kinetic parameters obtained from fitting (Fig. 7.8). Below, we argue that the 

observations are due to a conductivity in LWO54 that is predominated by ionic charge 
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carriers in conjunction with a partial blocking of the ionic current by the applied Au 

electrodes.   

Magrasó[33] has determined the partial conductivities in LWO54 by electromotive 

force (EMF) and conductivity measurements. The transference number of ions (protons 

and oxygen ions) under wet and oxidizing conditions is found to increase with decreasing 

temperature from a value of ~ 0.9 at 900 °C to ~ 1 at 500 °C, whereas the transference 

number of protons decreases from ~ 0.4 at 900 °C to ~ 1 at 500 °C. The results confirm 

that the main charge carriers in LWO54 under the given conditions are ionic. The results 

further confirm that under the given conditions, which resemble those in the current 

study, the triple conductor LWO54 at 900 °C becomes an almost pure proton conductor 

at 500 °C.   

Under dry and oxidizing conditions, the charge neutrality condition in LWO54 

reads[12] 

2[V�
∙∙] + � = [A�]��� (7.5) 

where �  is the electron hole concentration and [A�]���  is determined by the 

concentration of oxygen ions occupying structural oxygen vacancies (O�
��) and the excess 

of tungsten occupying lanthanum sites (W��
∙∙∙ ). For the sake of discussion, it is sufficient 

to consider [A�]���  as an effective acceptor dopant concentration. Let ��  denotes the 

mobility of charge carrier k, the total conductivity can be written as 

���� = ���� + 2���[V�
∙∙] (7.6) 

The first term on the right-hand side of this equation is the electronic conductivity, while 

the second term is the oxygen ion conductivity. Taking the partial derivative with respect 

to time t, we obtain 

�����

��
= ���

��

��
+ ���

�2[V�
∙∙]

��
(7.7) 

Assuming [A�]���  to be constant, it follows from Eq. (7.5): �� ��⁄ = − �2[V�
∙∙] ��⁄ . 

Substitution in Eq. (7.7) gives 

�����

��
= 2�(�� − ��)

�[V�
∙∙]

��
(7.8) 

The term �[V�
∙∙] ��⁄  is given by Fick’s second law,  
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�[V�
∙∙]

��
= �����∇�[V�

∙∙] (7.9) 

which can be solved under the appropriate boundary conditions[11,27].  

Under wet and oxidizing conditions, considering protons to be present, the charge 

neutrality condition becomes 

2[V�
∙∙] + [H�

∙] + � = [A�]��� (7.10) 

while the total conductivity is given 

���� = ���� + ���[H�
∙] + 2���[V�

∙∙] (7.11) 

Taking again the partial derivative with respect to time t gives 

�����

��
= ���

��

��
+ ���

�[H�
∙]

��
+ ���

�2[V�
∙∙]

��
(7.12a) 

�����

��
= ���� − ���

�[H�
∙]

��
+ 2���� − ���

�[V�
∙∙]

��
(7.12b) 

As long as the diffusion of protons and oxygen ions are de-coupled, Eq. (7.12b) can be 

solved using Fick’s second law with the appropriate boundary conditions for each of the 

defect concentrations as discussed, for example, by Yoo et al.[9–11,34]. Upon a hydration 

step, �[H�
∙] ��⁄ > 0 and �[V�

∙∙] ��⁄ < 0. Assuming �� > �� > ��, Eq. (7.12b) results in a 

two-fold non-monotonic relaxation pattern if the time constants associated with 

�[H�
∙] ��⁄  and �[V�

∙∙] ��⁄  are different.  

Under the condition that the electron hole concentration becomes negligible, 

Eq. (7.10) reduces to 

2[V�
∙∙] + [H�

∙] = [A�]��� (7.13) 

and Eq. (7.7) to 

�����

��
= 2�(�� − ��)

�[V�
∙∙]

��
(7.14) 

The latter equation reflects the ambipolar diffusion of H�
∙ and V�

∙∙ , which is equivalent to 

the chemical diffusion of H2O. Corresponding solutions of the diffusion equations are 

given by Kim et al.[10]  

The above equations can be used for fitting of the data from ECR experiments 

provided that the change in the total conductivity with time is recorded. In this study, 

porous gold electrodes were used. The schematics of the sample configuration and 

corresponding equivalent circuit are shown in Fig. 7.9. The equivalent circuit is based on 
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the transmission line model proposed by Jamnik and Maier[35,36]. The MIEC, considered 

to be homogenous, is divided into n elements. Each element is characterized by an 

electronic resistance (1/�)���� and an ionic resistance (1/�)����, the electronic and 

ionic conduction paths being shunted by a chemical capacitance (1/�)����� . Two 

parallel (RC) circuits are used to describe the electrode. For gold electrodes attached to 

LWO54, ����
�  is assumed to be negligible. For an ionic blocking electrode (����

� = ∞) or 

a high polarization resistance relative to the bulk ionic resistance (����
� ≫ ����), the ionic 

conduction rail is cut off. If the electronic transference number is close to 1 (���� ≫

����), the circuit is short-circuited by the electronic rail. In this case, the ionic rail can 

also be ignored.  

 

Figure 7.9 — Schematic drawing of the ECR sample configuration (left side) and corresponding 

generalized equivalent circuit (right side). The equivalent circuit was adopted from Lee et al.[35]. 

The geometrical capacitance (not shown) is assumed to be small. 

 

In the general case, the total current is carried by both ionic and electronic charge 

carriers,  

���� = ���� + ���� (7.15) 

The electronic transference number in the case of a partially blocked ionic current is 

���� = 
1

1 + ���� (���� + 2����
� )⁄

(7.16) 

Assuming m transmission line elements between the two voltage probes, the electric 

potential drop between the two probes is 

∆������ = ����

�

�
���� = ��������

�

�
���� (7.17) 

which leads to an apparent total conductivity, 
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���� =
�

�

�

�

���� + (���� + 2����
� )

����(���� + 2����
� )

(7.18) 

where � is the distance between the voltage probes and � the cross-sectional area. The 

quantity � ∙ �/�  equals the length of the sample. At low currents, the value of the 

reaction resistance ����
�  can be interpreted as the inverse of the exchange current 

density in the Butler-Volmer equation. The non-linear behavior of the Butler-Volmer 

equation, however, will render its value and, hence, ����  a function of the applied 

current ����. For a reversible electrode, i.e., ����
� = 0, Eq. (7.18) yields the ‘non-blocked 

bulk conductivity’ (���� + ����)/(��������).  Figs. 7.1a and 7.4 show that 

experimentally it is found that ���� decreases with decreasing ����, which suggests an 

increase of ����
�  with decreasing ����. Upon a step change in ����, both ���� and ���� will 

be time-dependent due to charging/discharging of ����
� . In accord with Eq. (7.17), 

∆������  becomes time-dependent, causing a transient conductivity (Eq. 7.18), as is 

experimentally observed (Fig. 7.4). The transient conductivity can be modeled only 

when parameters ����
� , ����

� , ���� and ���� are known.  

Upon a step change in pO2 or pH2O, the ionic and electronic conductivities as well 

as the electrode kinetics will be affected. The time derivative of the total conductivity is 

given by 

�����

��
=

�

�

�

�

⎣
⎢
⎢
⎢
⎢
⎢
⎡

�

��
�

����

����(���� + 2����
� )

�

+
�

��
�

����

����(���� + 2����
� )

�

+
�

��
�

2����
�

����(���� + 2����
� )

�
⎦
⎥
⎥
⎥
⎥
⎥
⎤

+
���

��
(7.19) 

where the last term is added to account for charging/discharging of the interfacial 

capacitance ����
� .  Upon atmospheric changes, ����

� , ����
� , ����  and ����  are 

time-dependent, leading to departures from Eqs. (7.8) and (7.12b) and resulting in 

non-ideal relaxation behavior as observed in Figs. 7.1a and 7.6. Due to the complexity of 

Eq. (7.19) and the unknown relationships between circuit elements and time, however, 

no attempt has been made to fit Eq. (7.19) to the conductivity relaxation patterns in this 

work. In the case of an ion-blocking electrode, the interfacial resistance is infinitely large, 
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i.e., ����
� = ∞, and the ionic rail is simply disconnected from the electrodes. Accordingly, 

Eq. (7.19) may be simplified to  

�����

��
=

�����

��
(7.20) 

which leads to ideal conductivity relaxation behavior. Additional ECR measurements 

using ion-blocking electrodes are currently underway. 

 

7.5 Conclusions 

The Conductivity and conductivity relaxation experiments during 

hydration/dehydration and oxidation/reduction were performed on proton-conducting 

LWO54 using a 4-probe DC method. Summarizing, the following observations were 

made: 

 The values of kchem and Dchem of hydrogen and oxygen obtained from fitting the 

two-fold conductivity relaxation curves after hydration/dehydration steps, at 

fixed oxygen partial pressure, to the model equations are found to depend on 

the magnitude of the applied current.  

 A two-fold relaxation behavior with characteristics depending on the magnitude 

of the current is observed after oxidation/reduction steps under dry conditions.  

 At fixed temperature, oxygen and water partial pressures, the sample 

conductivity is found to exhibit relaxation behavior after a current step.  

 The steady-state electrical conductivity is found to depend on the applied 

current.  

These unexpected observations are attributed to the use of partially blocking gold 

electrodes in the experiments and associated interfacial capacitances. The results from 

this study are believed to be of generic value. It is stressed that the use of electrodes 

with a poor reversibility in conductivity and conductivity relaxation measurements on 

mixed ionic-conducting oxides with prevailing ionic conduction may lead to erroneous 

results and interpretations.  
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CHAPTER 8 

Recommendations for future research 

Abstract 

This chapter gives some recommendations for future research on the 

development of triple-conducting air electrodes to be used in protonic ceramic fuel cells. 
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8.1 Introduction 

Hydrogen energy is widely regarded as the most potential clean energy source for 

the 21st century. Protonic ceramic cells have been proposed as promising devices for 

producing hydrogen from renewable energies and converting hydrogen to electricity. 

The development of high-performance and stable air electrode materials is critical for 

protonic ceramic fuel cells (PCFCs) and electrolysis cells (PCECs), since at low 

temperatures, e.g., below 500 °C, the cell performance is limited by the sluggish kinetics 

of the air electrode. Based on the knowledge gained in this thesis, this chapter gives 

some recommendations for further research on different topics. 

 

8.2 How many protons are needed in a triple conductor? 

The development of triple conductors as air electrodes for PCFCs was motivated 

by the desire to utilize proton conduction in the bulk of the electrode, extending the 

number of active sites for the oxygen reduction reaction (ORR) throughout the entire 

electrode surface. The birth of this idea has taken a long time to come about. In 1984, 

Uchida et al.[1] reported the electrode performance of a Pt|SrCe0.95Yb0.05O3-δ|Pt single 

cell. The air electrode polarization resistance was found to be 2 Ω·cm2 at 800 °C. The 

high polarization resistance was attributed to the limited triple phase boundary (TPB) 

length when using Pt as the air electrode. In 2002, Hibino et al.[2] investigated the 

performance of mixed ionic-electronic conducting perovskite oxides Sm0.5Sr0.5CoO3-δ 

(SSC55), La0.5Sr0.5CoO3-δ (LSC55), La0.5Ba0.5CoO3-δ (LBC55) and Pr0.5Ba0.5CoO3-δ (PBC55) as 

air electrodes on the electrolyte BaCe0.75Y0.25O3-δ (BCY). PBC55 was found to have the 

lowest polarization resistance with a value of 0.5 Ω·cm2 at 600 °C. The values found for 

SSC55, LSC55 and LBC55 were 20, 5.5, 4 Ω·cm2, respectively. These results suggest that 

mixed ionic-electronic conductors (MIECs) perform better than metals. Following this 

prior study, several composite electrodes with proton-conducting electrolytes were 

investigated, such as Sm0.5Sr0.5CoO3-δ-BaCe0.8Sm0.2O3-δ (SSC-BCS)[3], 

Pr0.58Sr0.4Fe0.8Co0.2O3-δ-BaCe0.9Yb0.1O3-δ (PSFC-BCY)[4] and La0.6Sr0.4Co0.2Fe0.8O3-δ-

BaCe0.9Yb0.1O3-δ (LSCF-BCY)[5], all showing a lower electrode polarization as compared to 
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the single-phase perovskite compositions. It is therefore reasonable to assume that 

proton-conductivity of the air electrode is desirable to achieve a high performance 

electrode. If a single-phase electrode material has high enough proton conductivity, the 

electrode reaction is expected to occur over the entire surface and is likely to result in 

excellent electrode performance. 

The term “triple-conducting oxide (TCO)” was first mentioned by Grimaud et al.[6] 

in 2012. They selected several well-performing MIECs for solid oxide fuel cells (SOFCs), 

including LSCF, Ba0.5Sr0.5Co0.8Fe0.2O3−δ (BSCF), PrBaCo2O5+δ (PBC2) and Pr2NiO4+δ (P2NO), 

and investigated their hydration properties and electrochemical performance in proton-

conducting cells. The speculation was made that the low polarization resistance found 

for PBC2 or P2NO is due to proton conductivity in the bulk of these materials. Since this 

work about 9 years ago, many TCO compositions have been proposed and investigated, 

but the beneficial effect of bulk proton conductivity on the electrode performance has 

not yet been proven. The proton concentration at typical PCFC operation conditions 

(500 – 700 °C in air with a pH2O of around 0.03 bar) in typical TCOs is low as is also 

demonstrated in this thesis for BaZr0.5Fe0.5O3−δ (BZF55)[7] and LBC55[8]. This leads to 

questions of how high the proton concentration or how high the proton conductivity 

should be in a triple conductor in order to achieve a high electrode performance. 

The proton concentrations reported in this thesis for LBC55 and BZF55 are 0.25 

and 0.52 mol%, respectively, at 500 °C with 0.06 bar pH2O and 0.21 bar pO2, the 

corresponding proton conductivity is about 1 × 10-4 S·cm-1. A proton conductivity below 

10-6 – 10-7 S·cm-1 is considered ignorable and above 10-3 – 10-2 S·cm-1 is high. It is 

therefore not immediately obvious to assume that a proton conductivity of 

1 × 10-4 S·cm-1 ensures activation of the entire electrode surface. The distribution 

functions of relaxation times (DFRTs) of BZF55, LBC55, LSC55, BCFZY, LBC46, and LSM82 

electrodes are presented in Fig. 8.1a and b. All electrodes had similar specific surface 

areas. Except for LSM82, all compositions show similar distribution functions, with the 

majority of contributions in the τ range of 10-1  – 1 s. The corresponding electrode 

process is attributed to the formation of H2O or OH- at the surface, as discussed in 

Chapters 5 and 6 of this thesis. The large DFRT peaks of LSM at τ between 10-4  – 10-3 s 
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may be attributed to interfacial proton transport, and/or processes related to  oxygen 

reduction and dissociation. In the τ range of 10-2-101 s, the DFRT peak positions of LSM82 

match with those observed for the other compositions. Surprisingly, LSM82 is a purely 

electronic conducting oxide, showing a very low impedance in the high τ domain. The 

DFRT results presented in Fig. 8.1b, however, show that the electrode kinetics of all 

electrodes are highly similar whether or not the electrode is an electronic conductor, 

mixed ionic-electronic conductor or triple conductor. At least with a proton conductivity 

at the level of 10-4 S·cm-1, BZF55 and LBC55 do not show significant advantages over 

LSM82. Instead, the electrode kinetics may rely on surface diffusion of H+ or OH-, or is 

associated with catalytic surface properties. Nonetheless, MIECs with fast oxygen 

exchange and diffusion properties are preferred over electrodes exhibiting only 

electronic conductivity, as their high-frequency impedance will be much less (see 

Fig. 8.1a). My current opinion is that the usual proton conductivity found in known 

electrode materials is not a major factor determining their electrode performance. 

Fixed-valence metal doping as proposed in the literature[9–11], such as Zr4+, Y3+, Zn2+, in 

pursuit of improving the proton concentration may only have limited effects on the 

electrode performance. To further substantiate this idea, more data need to be included 

in Fig. 8.1. Data from experiments on electrodes from metals (Pt, Au, Ag), double 

perovskites (PBC2, LaBaCo2O5+δ (LBC2)) and Ruddlesden-Popper phases (P2NO, 

Pr3Ni2O7-δ (P3N2O)) may be included to gain a better insight. 
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Figure 8.1 — DFRT plots for BZF55, LBC55, LSC55, BCFZY, LBC46, and LSM82 electrodes. Data 

obtained from impedance measurements on symmetrical cells. The sintering temperatures of the 

cells are indicated in the legend. Figures (a) and (b) have different ranges of the y-axis. 

 

8.3 Measurement of proton diffusivity 

The proton conductivity in oxides can be described by the Nernst-Einstein 

equation, providing the relationship between the diffusion coefficient and ionic 

conductivity. For pure proton conductors, e.g., proton-conducting electrolytes, the 

proton conductivity can be measured by AC impedance spectroscopy. Once the proton 

concentration and conductivity are known, the proton diffusivity can be calculated[12]. 

However, for triple conductors with predominant electronic conductivity and a high 

oxygen ion conductivity, the determination of proton conductivity is challenging due to 

the lack of a proper ion-selective electrode.  

Currently, there are several methods to measure the proton diffusivity or 

conductivity in triple conductors, such as mass relaxation[13], hydrogen permeation[14,15], 

electrical conductivity relaxation (ECR)[9,16], and isotope exchange diffusion 

profiling[17,18]. Each technique has its own advantages and disadvantages. The 

measurements may be hampered by a poor accuracy. Electrical conductivity relaxation, 

however, is an accurate method to measure the proton diffusivity in both oxidizing and 

reducing atmospheres. In this method, the transient electrical conductivity after a 

step-wise change of the hydrogen chemical potential in the atmosphere is monitored as 
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a function of time. However, the difficulty lies in the interpretation of acquired 

conductivity relaxation data. Two-fold relaxation patterns have often been observed 

after a step-change of pH2O in the surrounding atmosphere while the oxygen activity is 

kept constant, for example, for Ba0.9Sr0.1Ce0.85Y0.15O3−δ
[19], BaCe0.95Yb0.05O3−δ

[13] and 

La5.4WO3−δ
[20]. The latter materials are proton-conducting electrolytes with a low 

electronic conductivity. On the contrary, single-fold relaxation behavior is found for 

triple-conductors, such as Ba0.5Sr0.5Co0.8Fe0.2O3-δ (BSCF)[21], LSCF[22] and 

Ba0.5Sr0.5Fe0.8Zn0.2O3−δ (BSFZ)[23]. Moreover, for oxides with p-type electronic 

conductivity, the electronic conductivity is expected to decrease with increasing pH2O. 

Strangely enough, in some studies, the opposite behavior is reported[20,24]. In Chapter 7 

of this thesis, it is shown that the relaxation behavior may be related to the magnitude 

of the applied current, while in Chapter 4 it is shown that a two-fold relaxation behavior 

can be found when the sample is not phase-pure[25]. These observations illustrate the 

complexity of ECR measurements and interpretation of acquired experimental data. It 

is therefore considered mandatory to conduct measurements over a wide range of 

conditions, including the current, electrode and temperature, to ensure that the 

observed relaxation behavior is intrinsic and does not depend on the choice of current 

and voltage nor the choice of the electrodes. 

 

8.4 Design of air electrode materials to be used in protonic 
ceramic cells 

Based on the findings in this thesis, it is proposed that Ba-containing perovskites 

with outstanding oxygen transport properties should perform well as air electrodes for 

protonic ceramic cells. According to the current author, the following research 

directions can be applied for the development of novel air electrode materials. The first 

is the use of BaFeO3−δ- and BaCoO3−δ-based perovskites. Due to the size mismatch 

between Ba2+ and Fe3/4+ and/or Co3/4+, these compositions exhibit phase 

transformations from cubic to hexagonal, rhombohedral or tetragonal phases. It is 

known that the cubic phase is more beneficial for oxygen ion transport than structures 
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with a lower symmetry due to the presence of disordered oxygen vacancies in the 

former[26,27]. A small amount of doping by redox-stable dopant cations, e.g., 5 mol% 

doping by Zr4+, Y3+, Gd3+, La3+ or In3+ on either A or B site, can stabilize the cubic phase of 

BaFeO3−δ
[28,29]. A similar strategy can be applied for BaCoO3−δ

[30,31] and Ba(Co,Fe)O3−δ
[32]. 

After choosing an appropriate oxide host material, the concentration of oxygen 

vacancies can be increased as much as possible. This can be done by enhancing A-site 

deficiency[33] or doping of divalent metals, typically Cu2+ and Zn2+[34], at the B-site. An 

example of the effect of Zn2+ doping is shown in Fig. 8.2. The area-specific resistance 

(ASR) of the La0.5Ba0.5CoO3-δ electrode slightly decreases upon 5 mol% B-site Zn2+ 

substitution, which is mainly caused by the reduced resistances corresponding to time 

constant domains τ3 and τ4 as seen from the corresponding DFRT plot in Fig. 8.2b It 

should be noted that the microstructure of the doped and un-doped phases might be 

slightly different (e.g. the interfacial resistance is higher for La0.5Ba0.5Co0.95Zn0.05O3−δ as 

seen from the higher peak area of τ1 relative to that for La0.5Ba0.5CoO3-δ). 

 
Figure 8.2 — (a) Arrhenius plots of the ASR of La0.5Ba0.5CoO3-δ (black) and La0.5Ba0.5Co0.95Zn0.05O3-δ 

(red) measured at pH2O = 0.03 bar and pO2 = 0.21 bar. (b) Corresponding DFRT plots at 600 °C. 

 

The double perovskite cobaltites REBaCo2O6-δ, such as LaBaCo2O6-δ, PrBaCo2O6-δ 

and GdBaCo2O6-δ, are another class of potential electrode materials. These have a 

layered structure with cation ordering along the c-axis. These materials are known to 

have excellent oxygen ion conductivity and electronic conductivity as well as high 

oxygen surface exchange coefficients. They have been demonstrated to be effective 
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electrodes for both high and low-temperature electrochemical applications due to their 

strong catalytic activity for the oxygen reduction reaction (ORR)[35–39]. Excellent 

performance as air electrodes in PCFCs has been obtained[40–44] even though the proton 

concentration in these materials is known to be rather low. This suggests that fast 

kinetics at the surface rather than proton conductivity is critical to obtain a good 

performance. Future research can focus on the correlation between surface 

composition and electrode performance, e.g., the presence of oxygen vacancies at the 

immediate surface. 
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8.5 Electrode microstructure engineering 

The concept of triple-conducting composite electrodes has received increasing 

attention among researchers[18,45–48]. Commonly they are prepared by physical mixing of 

appropriate phases or by infiltration methods. Recently, Song et al. 40] showed that the 

nominal composition BaCo0.7(Ce0.8Y0.2)0.3O3-δ demixes at moderate temperatures into 

mixed proton-electron conducting BaCexYyCozO3-δ, mixed oxygen ion-

electron conducting BaCoxCeyYzO3-δ and BaCoO3-δ
[45]

. The formed nanocomposite 

electrode shows an ASR as low as 0.5 Ω·cm2 at 500 °C without any noticeable 

performance degradation for over 800 h. Despite concerns about the reproducibility of 

composition and microstructure of composite electrodes, the immediate impression is 

that a composite electrode shows an improved electrode performance over that of a 

single phase electrode. The excellent electrode performance observed for some of the 

composite electrodes may be related to either a very high surface area and/or the 

presence of catalytically active multi-phase interfaces. Countless permutations of 

composite electrodes can be designed, providing a high degree of freedom for 

subsequent research.  

As shown in Fig. 8.3 (reproduced from Fig. 6.5a), the ASR of BaZr0.2Fe0.8O3-δ (BZF28) 

is found to be lower than that of BZF55. In addition, a decrease in activation energy 

occurs below about 650 °C, suggesting more facile kinetics at reduced temperatures. 

Following the trend, one may expect an ASR of BZF28 as low as 1 Ω·cm2 at 450 °C, 

rendering the material a very promising candidate for low-temperature PCFC 

applications. Due to concerns about the phase purity (possible secondary phase 

formation of tetragonal BaFeO3-δ) as discussed in Chapter 2, the research on this 

material at the time of the experiments was not further continued. In view of the above 

discussion, however, the formation of a second phase may turn out beneficial for its 

electrode performance. The DFRT plots for BZF28 and BZF55 at 725 and 525 °C are 

shown in Fig. 8.4a and b. At 725 °C, there is only a slight difference between the two 

curves, but at 525 °C the resistance in the τ range of 10-3 – 1 s is distinctly lower for 

BZF28. This behavior could be related to the formation of tetragonal BaFeO3-δ at low 

temperatures, acting as a catalyst for the ORR. This speculation is also in agreement with 



Page | 238   Chapter 8 

the enhanced oxygen surface exchange kinetics of the LSCF air electrode after 

decoration with BaCoO3-δ nanoparticles[48]. It is therefore recommended to study the 

phase composition and microstructure of BZF28 at different experimental conditions. 

Furthermore, additional electrochemical experiments need to be conducted to confirm 

its anticipated high performance at 400 °C. 

 
Figure 8.3 — Arrhenius plots of the ASR of different BZF compositions along with data for other 

electrode materials from literature. The figure is reproduced from Fig. 6.5 with additional data for 

BZF28. The dashed line indicates the expected trend of the ASR of BZF28. For references and 

abbreviations, see Chapter 6 of this thesis. 
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Figure 8.4 — DFRT plots for BZF55 and BZF28 at (a) 725 °C and (b) 525 °C. Data obtained from 

impedance measurements on symmetrical cells at pH2O = 0.03 bar and pO2 = 0.21 bar. 
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