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Abstract 

 

Global average temperatures have been increasing since the onset of the Industrial 

Revolution, with the most pronounced rise occurring between 2023 and 2024, exceeding 1.5°C 

above pre-industrial levels. This temperature increase is primarily attributed to the elevated 

atmospheric concentrations of greenhouse gases, such as CO₂ and CH₄, largely resulting from 

fossil fuel combustion. To mitigate greenhouse gas emissions, significant research efforts have 

been devoted to sustainable energy solutions. One widely investigated strategy involves the 

utilization of renewable energy sources, such as solar and wind, to meet energy demands 

through efficient energy-to-fuel and fuel-to-energy conversion processes. The development of 

these technologies necessitates high-performance solar cells, electrolyzers, fuel cells, and 

batteries, all of which rely on advanced electrolyte and electrode materials. A fundamental 

challenge in materials science is the design and optimization of materials with superior 

functional properties to enhance the efficiency, stability, and performance of these energy 

conversion and storage systems.  

High entropy oxides are a new class of promising materials known for their single-phase 

stability, compositional complexity, and exceptional functional properties. The main objective 

of the thesis is to explore the potential of high entropy oxides as oxygen ion conductors and 

electrocatalysts for oxygen evolution reaction. The initial step in assessing these functional 

properties involves synthesizing the high entropy oxides in various forms, such as powders,  

pellets, and films. The high entropy oxides are synthesized using mechanochemical synthesis, 

sol-gel processing, reverse co-precipitation, pulsed laser deposition, and conventional sintering 

techniques. The fluorite-structured high entropy oxide (Ce,La,Pr,Sm,Y)O2-δ is considered for 

comparison. Powders produced using mechanochemical synthesis, sol-gel processing, and 

reverse co-precipitation consistently exhibit the desired fluorite structure. Likewise, thin films 

synthesized using the sol-gel process and pulsed laser deposition also maintain the fluorite 

structure, with pulsed laser deposition allowing the production of films with various 

morphologies, such as polycrystalline, columnar, and epitaxial. In contrast, pellets synthesized 

through conventional sintering exhibit a mixture of fluorite and bixbyite structure due to the 

high sintering temperatures. These techniques are applied to various high entropy oxides to 

evaluate their potential as oxygen ion conductors and electrocatalysts for the oxygen evolution 

reaction. 

Fluorite- and perovskite-type high entropy oxides are explored as oxygen ion 

conductors. The oxygen ion conduction is studied for the pellets of these high entropy oxides. 
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However, the pellets of fluorite structured high entropy oxide - (Ce,La,Pr,Sm,Y)O2-δ transition 

to phase mixture of fluorite and bixbyite structure due to high sintering temperatures. In order 

to prevent the formation of the phase mixture during the sintering, Zr was added at different 

atomic fractions. Indeed, the fluorite structure is stabilized approximately at 10 at.% of Zr 

content. Additionally, (Ce,La,Pr,Sm,Y)1-xZrxO2-δ exhibit a homogenous distribution of elements 

with Pr exhibiting multivalency. As an additional benefit of adding Zr, the ionic conductivity 

increases with the addition of Zr and reaches a maximum at 8 at.% of Zr and decreases with 

further addition of Zr. Interestingly, the electronic conductivity in an oxidizing atmosphere 

expected from a multivalent Pr is suppressed, while high ionic conduction is observed in the 

fluorite-structured high entropy oxides. The thesis also investigates perovskite-type high 

entropy oxides, specifically high entropy rare-earth aluminates. Traditional perovskite-

structured rare-earth aluminates are known oxygen ion conductors; however, they exhibit p-

type electronic conduction in oxidizing environments due to oxygen exchange between the 

atmosphere and lattice oxygen at high temperatures. High entropy materials, with their elevated 

configurational entropies, offer stability at high temperatures, suggesting they could reduce 

unwanted electronic conduction. To explore this phenomenon, high entropy aluminates - 

(Gd0.2La0.2Nd0.2Pr0.2Sm0.2)1-xCaxAlO3 are considered. These high entropy aluminates exhibit an 

orthorhombic perovskite structure with a homogenous distribution of elements, with minor 

secondary phases appearing at x = 0.15 and x = 0.2. Conductivity increases with Ca content 

which peaks at x = 0.1 and stays constant with further addition of Ca. At the same time, the p-

type conduction typically observed in doped rare-earth aluminates is effectively mitigated. High 

entropy oxides offer promising potential to constrict the electronic conduction observed in 

traditional oxygen ion conductors. Furthermore, the conductivities achieved in this research are 

comparable to the state-of-the-art oxygen ion conductor, yttria-stabilized zirconia. 

High entropy materials are promising for developing high-activity electrocatalysts. 

Their inherent tunability and multiple active sites create opportunities for designing earth-

abundant catalytic materials that support energy-efficient electrochemical energy storage. In 

this thesis, the high entropy perovskite-type oxides are shown to significantly enhance catalytic 

activity for the oxygen evolution reaction (OER), the kinetically limiting half-reaction in 

electrochemical energy conversion, including green hydrogen production. Specifically, the 

catalytic performance of the (001) facet of La(Cr0.2Mn0.2Fe0.2Co0.2Ni0.2)O3-δ was compared to 

its parent compounds with a single B-site in the ABO3 perovskite structure. While these single 

B-site perovskites generally follow expected volcano-type activity trends, the high entropy 

oxide outperforms all parent compounds, achieving 17 to 680 times higher currents at a fixed 
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overpotential. Since all samples were grown as epitaxial layers, these results confirm an 

intrinsic composition-function relationship independent of geometry or surface variability. X-

ray photoemission studies reveal a synergistic effect from the simultaneous oxidation and 

reduction of transition metal cations during intermediate adsorption, highlighting high entropy 

oxides as a highly attractive class of earth-abundant materials for OER catalysis with activity 

potential beyond the scaling limits of traditional mono- or bimetallic oxides. 
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Zusammenfassung 

 

Die globalen Durchschnittstemperaturen sind seit Beginn der industriellen Revolution 

gestiegen, wobei der stärkste Anstieg zwischen 2023 und 2024 mit mehr als 1,5 °C über dem 

vorindustriellen Niveau zu verzeichnen ist. Dieser Temperaturanstieg wird in erster Linie auf 

die erhöhten Konzentrationen von Treibhausgasen wie CO2 und CH4 in der Atmosphäre 

zurückgeführt, die größtenteils aus der Verbrennung fossiler Brennstoffe stammen. Um die 

Treibhausgasemissionen zu verringern, wurden erhebliche Forschungsanstrengungen auf 

nachhaltige Energielösungen eingesetzt. Eine weithin untersuchte Strategie ist die Nutzung 

erneuerbarer Energiequellen wie Sonnen- und Windenergie, um den Energiebedarf durch 

effiziente Umwandlungsprozesse von Energie in Kraftstoff und von Kraftstoff in Energie zu 

erzielen. Die Entwicklung dieser Technologien erfordert leistungsstarke Solarzellen, 

Elektrolyseure, Brennstoffzellen und Batterien, die alle auf fortschrittliche Elektrolyt- und 

Elektrodenmaterialien angewiesen sind. Eine grundlegende Herausforderung in der 

Materialwissenschaft ist die Entwicklung und Optimierung von Materialien mit überlegenen 

funktionellen Eigenschaften, um die Effizienz, Stabilität und Leistung dieser 

Energieumwandlungs- und Speichersysteme zu verbessern.  

Hochentropieoxide (eng. High entropy oxides) sind eine neue Klasse 

vielversprechender Materialien, die für ihre Einphasenstabilität, ihre komplexe 

Zusammensetzung und ihre außergewöhnlichen funktionellen Eigenschaften bekannt sind. Das 

Hauptziel dieser Arbeit ist die Erforschung des Potenzials von Hochentropieoxiden als 

Sauerstoffionenleiter und Elektrokatalysatoren für Sauerstoffentwicklungsreaktionen. Der erste 

Schritt zur Bewertung dieser funktionellen Eigenschaften ist die Synthese der Oxide mit hoher 

Konfigurationsentropie in Form von Pellets und dünne Schichten. Die Hochentropieoxide 

werden mittels mechanochemisch er Synthese, Sol-Gel-Verfahren, umgekehrte 

Fällungsreaktion, Laserabscheidung und konventionelle Sintertechniken hergestellt. Das 

Hochentropieoxid (Ce,La,Pr,Sm,Y)O2-δ mit Fluoritstruktur wird zum Vergleich herangezogen. 

Die durch mechanochemischer Synthese, Sol-Gel-Verfahren, umgekehrte Fällungsreaktion 

hergestellten Pulver weisen durchweg die gewünschte Fluoritstruktur auf. Ebenso behalten 

dünne Filme, die mit dem Sol-Gel-Verfahren und der Laserabscheidung synthetisiert wurden, 

die Fluoritstruktur bei, wobei die Laserabscheidung die Herstellung von Filmen mit 

verschiedenen Morphologien ermöglicht, wie z. B. polykristalline, säulenförmige und 

epitaktische Morphologien. Im Gegensatz dazu weisen Pellets, die durch konventionelles 

Sintern hergestellt wurden, aufgrund der hohen Sintertemperaturen eine Mischung aus Fluorit- 
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und Bixbyitstruktur auf. Diese Techniken werden auf verschiedene Hochentropieoxide  

angewandt, um ihr Potenzial als Sauerstoffionenleiter und Elektrokatalysatoren für die 

Sauerstoffentwicklungsreaktion zu bewerten. 

Fluorit- und Perowskit-Typ Hochentropieoxide werden als Sauerstoffionenleiter 

untersucht. Die Sauerstoffionenleitfähigkeit wird an den Pellets dieser Hochentropieoxide  

untersucht. Die Pellets aus Hochentropieoxiden mit Fluoritstruktur (Ce,La,Pr,Sm,Y)O2-δ  gehen 

jedoch aufgrund der hohen Sintertemperaturen in eine Bixbyitstruktur über. Um die Bildung 

der Bixbyitstruktur während des Sinterns der Pellets zu verhindern, wurde Zr in verschiedenen 

Atomanteilen hinzugefügt. In der Tat wird die Fluoritstruktur bei einem Zr-Gehalt von etwa 

10 at.% stabilisiert. Außerdem weisen (Ce,La,Pr,Sm,Y)1-xZrxO2-δ eine homogene Verteilung 

der Elemente auf, wobei Pr eine Multivalenz aufweist. Als zusätzlicher Vorteil der Zugabe von 

Zr steigt die ionische Leitfähigkeit mit der Zugabe von Zr und erreicht ein Maximum bei 8 at.% 

Zr und nimmt mit weiterer Zugabe von Zr ab. Interessanterweise wird die von einem 

mehrwertigen Pr erwartete elektronische Leitfähigkeit in einer oxidierenden Atmosphäre 

unterdrückt, während in den Oxiden mit Fluoritstruktur und hoher Entropie eine hohe 

Ionenleitfähigkeit beobachtet wird. In dieser Arbeit werden auch Oxide mit hoher Entropie vom 

Perowskit-Typ untersucht, insbesondere Hochentropiealuminate. Herkömmliche 

Seltenerdaluminate mit Perowskitstruktur sind als Sauerstoffionenleiter bekannt. Sie weisen 

jedoch in oxidierenden Atmosphären aufgrund des Sauerstoffaustauschs zwischen der 

Atmosphäre und dem Gittersauerstoff bei hohen Temperaturen eine elektronische Leitung vom 

p-Typ auf. Materialien mit hoher Entropie bieten mit ihren hohen Konfigurationsentropien 

Stabilität bei hohen Temperaturen, was darauf hindeutet, dass sie unerwünschte elektronische 

Leitung reduzieren könnten. Zur Untersuchung dieses Phänomens werden 

Hochentropiealuminate - (Gd0.2La0.2Nd0.2Pr0.2Sm0.2)1-xCaxAlO3 - untersucht. Diese 

Hochentropiealuminate weisen eine orthorhombische Perowskit-Struktur mit einer homogenen 

Verteilung der Elemente auf, wobei bei x = 0,15 und x = 0,2 kleinere Sekundärphasen auftreten. 

Die Leitfähigkeit nimmt mit dem Ca-Gehalt zu, erreicht ihren Höhepunkt bei x = 0,1 und bleibt 

bei weiterer Zugabe von Ca konstant. Gleichzeitig wird die p-Typ-Leitung, die typischerweise 

in dotierten Seltenerdaluminaten beobachtet wird, wirksam abgeschwächt. Oxide mit hoher 

Entropie bieten ein vielversprechendes Potenzial, um die elektronische Leitung 

einzuschränken, die in herkömmlichen Sauerstoffionenleitern beobachtet wird. Darüber hinaus 

sind die in dieser Forschungsarbeit erzielten Leitfähigkeiten mit dem modernsten 

Sauerstoffionenleiter, Yttrium-stabilisiertem Zirconiumdioxid, vergleichbar. 
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Materialien mit hoher Konfigurationsentropie sind vielversprechend für die 

Entwicklung hochaktiver Elektrokatalysatoren. Diese können je nach Anwendung 

maßgeschneidert werden und ihre vielzähligen aktiven Stellen eröffnen Möglichkeiten für die 

Entwicklung katalytischer Materialien mit hoher Verfügbarkeit in der Erdkruste, die eine 

energieeffiziente elektrochemische Energieumwandlung und -speicherung unterstützen. In 

dieser Arbeit wird gezeigt, dass die Oxide des Perowskit-Typs mit hoher Entropie die 

katalytische Aktivität für die Sauerstoffentwicklungsreaktion, die kinetisch begrenzende 

Halbreaktion bei der elektrochemischen Energieumwandlung, einschließlich der Erzeugung 

von grünem Wasserstoff, erheblich steigern. Insbesondere wurde die katalytische Leistung der 

(001)-Facette von La(Cr0.2Mn0.2Fe0.2Co0.2Ni0.2)O3-δ mit der seiner Ausgangsverbindungen mit 

einer einzelnen B-Gitterposition in der ABO3-Perowskitstruktur verglichen. Während die 

Perowskite mit nur einem Element auf der B-Gitterposition im Allgemeinen den erwarteten 

vulkanartigen Aktivitätstrends folgen, übertrifft das Hochentropieoxid alle 

Ausgangsverbindungen, indem es bei einer festen Überspannung 17- bis 680-mal höhere 

Ströme erzielt. Da alle Proben als epitaktische Filme abgeschieden worden sind, bestätigen 

diese Ergebnisse eine intrinsische Beziehung zwischen Zusammensetzung und Funktion, die 

unabhängig von Geometrie oder Oberflächenvariabilität ist. Studien mittels 

Röntgenphotoelektronenspektroskopie zeigen einen synergetischen Effekt durch die 

gleichzeitige Oxidation und Reduktion von Übergangsmetallkationen während der 

Zwischenadsorption, wodurch Oxide mit hoher Entropie eine äußerst attraktive Klasse von 

Materialien für die OER-Katalyse mit einem Aktivitätspotenzial jenseits der 

Skalierungsgrenzen herkömmlicher mono- oder bi-metallischer Oxide darstellen. 

 

  



 

ix 

Contents 

1 Introduction ....................................................................................................... 1 

1.1 Motivation ............................................................................................................................. 1 

1.2 Objectives ............................................................................................................................. 2 

1.3 Outline of the thesis ............................................................................................................. 3 

2 Scientific background ....................................................................................... 5 

2.1 Oxygen ion conductors ....................................................................................................... 5 

2.1.1 Fundamentals of oxygen ion conductors ........................................................................................................... 5 
2.1.2 Fluorite structured oxides ................................................................................................................................ 10 
2.1.3 Perovskite structured oxides ........................................................................................................................... 12 

2.2 Electrocatalysis – catalyst for oxygen evolution reaction ............................................. 13 

2.2.1 Fundamentals of the oxygen evolution reaction .............................................................................................. 14 
2.2.2 Experimental parameters representing the catalytic activity of OER ................................................................ 16 
2.2.3 Perovskite structured oxides and different activity descriptors ......................................................................... 19 

2.3 High entropy materials ...................................................................................................... 22 

2.3.1 Four core effects ............................................................................................................................................. 24 
2.3.2 High entropy oxides ........................................................................................................................................ 27 
2.3.3 High entropy oxides as oxygen ion conductors ............................................................................................... 28 
2.3.4 High entropy oxides as catalyst for oxygen evolution reaction ......................................................................... 30 

3 Characterization techniques .......................................................................... 32 

3.1.1 X-ray Diffraction .............................................................................................................................................. 32 

3.1.2 Scanning Electron Microscopy ........................................................................................................................ 34 
3.1.3 Transmission Electron Microscopy .................................................................................................................. 35 
3.1.4 Atomic force microscopy ................................................................................................................................. 36 
3.1.5 UV-Vis spectroscopy....................................................................................................................................... 36 
3.1.6 Raman spectroscopy ...................................................................................................................................... 37 
3.1.7 X-ray photoelectron spectroscopy ................................................................................................................... 38 
3.1.8 X-ray absorption spectroscopy ........................................................................................................................ 39 
3.1.9 Density measurements ................................................................................................................................... 39 
3.1.10 Electrochemical Impedance Spectroscopy ...................................................................................................... 40 
3.1.11 Cyclic Voltammetry ......................................................................................................................................... 43 

4 Synthesis of high entropy oxides .................................................................. 45 

4.1 Powders .............................................................................................................................. 46 

4.1.1 Synthesis techniques ...................................................................................................................................... 46 
4.1.2 Structural characterization .............................................................................................................................. 47 

4.2 Thin films and pellets ........................................................................................................ 49 

4.2.1 Synthesis techniques ...................................................................................................................................... 49 
4.2.2 Structural and chemical characterization ......................................................................................................... 50 

4.3 Conclusion .......................................................................................................................... 57 



 

x 

5 Electrolytes for solid oxide fuel cells - oxygen ion conductors .................. 59 

5.1 Fluorite-type high entropy oxides - (Ce,La,Pr,Sm,Y)1-xZrxO2-δ ....................................... 59 

5.1.1 Structural characterization .............................................................................................................................. 60 
5.1.2 Chemical characterization ............................................................................................................................... 66 
5.1.3 Morphology and pellet density ........................................................................................................................ 71 
5.1.4 Conductivity studies ........................................................................................................................................ 73 
5.1.5 Defect interactions in Pr doped Ceria .............................................................................................................. 77 
5.1.6 Ionic and electronic conduction in (Ce,La,Pr,Sm,Y)1-xZrxO2-δ ........................................................................... 80 
5.1.7 Conclusion and summary................................................................................................................................ 88 

5.2 Perovskite-type high entropy oxides - (Gd0.2La0.2Nd0.2Pr0.2Sm0.2)1-xCaxAlO3 ................ 90 

5.2.1 Structural characterization .............................................................................................................................. 91 
5.2.2 Microstructure and pellet density ..................................................................................................................... 96 
5.2.3 Chemical composition and distribution ............................................................................................................ 98 

5.2.4 Raman spectroscopy .................................................................................................................................... 100 
5.2.5 UV-Vis spectroscopy..................................................................................................................................... 101 
5.2.6 Electrical characterization ............................................................................................................................. 102 
5.2.7 Correlation between high entropy oxide and single component oxides .......................................................... 107 
5.2.8 Conclusions .................................................................................................................................................. 118 

6 Anode for solid oxide electrolyzers – water splitting ................................. 119 

6.1 Perovskite-type high entropy oxides – La(Co0.2Cr0.2Fe0.2Mn0.2Ni0.2)O3 ........................ 119 

6.1.1 Structural, morphological and chemical characterization ............................................................................... 120 
6.1.2 Catalytic activity ............................................................................................................................................ 125 
6.1.3 Mechanisms and spectroscopic studies ........................................................................................................ 128 
6.1.4 Conclusion .................................................................................................................................................... 135 

7 Concluding remarks and outlook ................................................................ 136 

7.1 Concluding remarks ........................................................................................................ 136 

7.2 Outlook .............................................................................................................................. 138 

List of figures ........................................................................................................ 141 

List of tables ......................................................................................................... 148 

List of abbreviations ............................................................................................ 150 

List of symbols ..................................................................................................... 151 

Acknowledgements .............................................................................................. 154 

Curriculum Vitea ................................................................................................... 156 

List of Publications .............................................................................................. 157 

Conferences .......................................................................................................... 158 

References ............................................................................................................ 159 



 

1 

1 Introduction 

 

1.1 Motivation  

 

The advent of human development has led to a significant carbon footprint, resulting in 

excess of carbon dioxide in the atmosphere, a major driver of global warming. Over half of the 

global carbon dioxide emissions stem from the combustion of fossil fuels for energy 

requirements. To mitigate the climate change caused by the carbon footprint, the United Nations 

in 2015 set guidelines known as the Paris Agreement regarding the reduction in carbon footprint 

for countries all over the world. The Paris Agreement aims to achieve a carbon neutral world 

by the end of 2050. The majority of the global energy requirements are fulfilled by consumption 

of fossil fuels. In order to achieve carbon neutrality along with sustainable social and ecological 

growth, it is important to revert the energy needs from the non-renewable energy sources like 

fossil fuel to renewable energy sources like solar, wind and hydrothermal energies. While 

renewable energy sources are essential for achieving carbon neutrality, they are not always 

available. Challenges remain in energy conversion, storage, transportation, and consumption. 

A potential way for efficient conversion, transportation and consumption is by utilizing green 

hydrogen. Green hydrogen involves conversion of energy from renewable energy sources to 

green hydrogen with the help of electrolyzers, transportation of the green hydrogen and 

reconversion of the green hydrogen to electricity for commercial purposes with help of fuel 

cells. However, green hydrogen technologies face challenges such as high production costs and 

energy inefficiencies in cells during reversible conversion, storage, and transportation1–4. To 

enhance the efficiency of electrolyzers and fuel cells, inventing materials with high ionic 

conductivity for electrolytes and high electrocatalytic activity for electrodes is crucial. One key 

approach to designing new materials is modifying the composition of a given system—referred 

to as alloying in metallic systems and doping in non-metallic systems. However, this approach 

becomes increasingly complex as the number of constituent elements grows. The vast number 

of possible material combinations in multicomponent systems leads to nearly infinite 

possibilities, making the search for an optimal composition with the desired functionality a 

daunting challenge. At the beginning of the 21st century, a new strategy was introduced to 

explore the vast compositional space of multicomponent systems. This approach focuses on 

identifying compositions with high configurational entropy greater than 1.5R (where R is the 

gas constant). The high configurational entropy of these compositions helps thermodynamically 
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overcome the enthalpic contributions in multicomponent systems at elevated temperatures, 

leading to the formation of a single-phase material. These materials are termed high entropy 

materials. Since their introduction in 2005, high entropy materials gained a lot of attention for 

their four core effects which are high configurational entropy, sluggish diffusion, severe lattice 

distortion and cocktail effect. The high entropy concept was initially applied to metals, resulting 

in the development of high entropy alloys. It was later extended to ionic compounds, leading to 

high entropy oxides, carbides, oxyfluorides, borides, and nitrides, and subsequently to 

covalently bonded materials, giving rise to high entropy metal-organic frameworks. Among the 

high entropy materials, high entropy oxides gained attention for their noteworthy functional 

properties observed for energy applications such as batteries, electro-catalysis, supercapacitors 

and photo-voltaic applications.  

 

1.2 Objectives 

 

This work explores the novel high entropy oxides with fluorite- and perovskite-type 

structures as oxygen ion conductors and electrocatalysts for the oxygen evolution reaction. A 

more detailed overview of the objectives of the research presented in this thesis is as follows:  

1) Investigation of different synthesis and processing routes for achieving powders, pellets, 

and thin films of high entropy oxides. 

2) Structural and chemical characterization of the high entropy oxides to investigate the 

underlying structure, phase purity, chemical homogeneity, and oxidation states of the 

constituent elements. 

3) Exploring the high entropy oxides for their applicability for oxygen ion transport and 

electrocatalysis for the oxygen evolution reaction. 

4) Correlating the structure and valence states to the observed functional properties of 

these high entropy oxides. 

5) Comparison of the functional properties of the high entropy oxides with the functional 

properties of the corresponding single component oxides and the corresponding state-

of-the-art materials. 

6) Elucidating the enhanced functional properties in the high entropy oxides compared to 

single component oxides. 
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1.3 Outline of the thesis 

 

Chapter 2 discusses the scientific background and has three subsections. Section 2.1 

covers oxygen ion conductors, focusing on their fundamentals and the key criteria that define a 

good oxygen ion conductor. Additionally, it examines oxygen ion conduction in both fluorite- 

and perovskite-type oxides. Section 2.2 of this chapter discusses the electrocatalysis for the 

oxygen evolution reaction. In this section, the mechanisms for the oxygen evolution reaction 

on the surface of the catalyst, along with different experimental parameters evaluating the 

electrocatalytic activity, are discussed. Additionally, the electrocatalytic activity of perovskite-

structured oxides and their various activity descriptors available in the literature are discussed. 

Finally, in the last section - Section 2.3, high entropy materials and their four core effects are 

introduced; subsequently, research on high entropy oxides and their applicability as oxygen ion 

conductors and electrocatalysts for the oxygen evolution reaction are discussed.      

Chapter 3 provides a detailed overview of the characterization techniques employed in 

this thesis, covering various structural, chemical, and electrochemical methods used to analyze 

the powders, thin films, and pellets. 

Chapter 4 examines the synthesis techniques employed in this thesis to prepare the 

powders, thin films, and pellets. These methods include reverse co-precipitation, the sol-gel 

process, mechanochemical synthesis, conventional sintering, and pulsed laser deposition, all 

tested for fluorite-structured high entropy oxide. This chapter delves deeper into the 

characterization of samples obtained through these techniques, focusing on variations in 

structure, crystallite size, morphology, and chemical distribution. 

Chapter 5 investigates the oxygen ion conductivity of the high entropy oxides. This 

chapter has two subsections. Section 5.1 discusses the investigations on fluorite-type high 

entropy oxides. The high entropy oxide powders with a composition of (Ce,La,Pr,Sm,Y)1-

xZrxO2-δ are synthesized via a mechanochemical route, which are then pressed into pellets and 

sintered via conventional sintering. The resultant pellets are then characterized structurally and 

chemically by different characterization techniques, after which the electrochemical or 

electrical properties of the fluorite-type high entropy oxides are determined. Furthermore, the 

experimental results are discussed in more detail. Section 5.2 delves into the investigation of 

perovskite-type high entropy rare earth aluminates. High entropy oxides with the composition 

(Gd,La,Nd,Pr,Sm)1-xCaxAlO3 with varying amounts of Ca are synthesized by conventional 

sintering the high entropy oxide powders synthesized via the sol-gel process or Pechini process. 
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The high entropy rare earth aluminates are then characterized structurally, chemically, and 

electrically to understand the structure, chemical composition – homogeneity, and oxygen ion 

conduction, which are further discussed in detail at the end of the section. 

Chapter 6 explores the perovskite structured high entropy oxide – La(Co,Cr,Fe,Mn,Ni)O3 

as an electrocatalyst for the oxygen evolution reaction. Electrocatalytic activity is explored for 

the epitaxial thin films synthesized by pulsed laser deposition. This chapter discusses the 

structural and chemical characterization of the epitaxial thin films. Furthermore, the catalytic 

activity of the high entropy oxide is measured and compared to the corresponding single-

component oxides. Finally, various advanced characterization techniques explore the possible 

mechanisms behind the enhanced catalytic activity. 

Chapter 7 is the conclusion and outlook of the thesis. All the results and findings, along 

with possible research opportunities for future investigations, are presented in this chapter.  
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2 Scientific background 

 

This chapter is divided into three parts. The first part of this chapter includes an introduction 

to oxygen ion conductors and a brief introduction to the fundamentals, along with a short 

introduction to fluorite-type and perovskite-type oxygen ion conductors. The second part of the 

chapter discusses the electrocatalysts for the oxygen evolution reaction along with fundamental 

mechanisms. This section also explores different experimental parameters characterizing the 

catalytic activity of catalysts for the oxygen evolution reaction. Furthermore, the perovskite 

structured oxides as catalysts for oxygen evolution reaction are explored along with various 

activity descriptors for activity comparison of different perovskite structured oxides. The final 

section of the chapter explores high entropy oxides and their four core effects, followed by a 

brief review of studies on oxygen ion conductivity and the electrocatalytic performance of high 

entropy oxides in the oxygen evolution reaction. 

 

2.1 Oxygen ion conductors 

 

Oxygen ion conductors are materials that transport oxygen ions through their lattices. 

Oxygen ion conductors have many applications, such as solid oxide fuel cells, solid oxide 

electrolyzer cells, oxygen sensors, oxygen pumps, and oxygen separation membranes. In all of 

those applications, the oxygen ion conductor is the electrolyte separating the electrodes. In this 

section of the thesis, the fundamentals and criteria for a good oxygen ion conductor will initially 

be discussed, after which the two different structures accommodating oxygen ion conduction 

and their corresponding advantages and drawbacks will be discussed.    

 

2.1.1 Fundamentals of oxygen ion conductors 

 

An oxygen ion conductor, as an electrolyte, conducts oxygen ions between the 

electrodes. As a result, the electrolyte or the oxygen ion conductor should exhibit high oxygen 

ion conduction along with minimal electronic conduction to avoid short circuits in the 

electrochemical cell. High oxygen ion conductivities in oxygen ion conductors are possible at 

elevated temperatures (500 – 900 °C). As a result, it has been an exciting endeavor for 

researchers to find material systems with high oxygen ion conduction at lower operation 

temperatures (<500 °C). Furthermore, the air electrode in a solid oxide cell is at oxidizing 
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conditions (1 bar to 10-8 bar), whereas the fuel electrode is in reducing conditions (10-20 to 10-30 

bar). Therefore, the electrolyte should exhibit good ionic conduction along with negligible 

electronic conduction over a wide range of oxygen partial pressure (1 bar to 10-30 bar) and lower 

temperatures (< 500 °C). The total conductivity of the system (σ𝑡) is the sum of the ionic 

conductivity (σ𝑖𝑜𝑛) and electronic conductivity (σ𝑒𝑙𝑒𝑐) system and can be written as follows 

 
𝜎𝑡   =  𝜎𝑖𝑜𝑛  +  𝜎𝑒𝑙𝑒𝑐     Eq. 2-1 

The conductivity of a charge carrier is a result of the movement of the charge carrier under an 

applied electric field. Consequently, the total conductivity in Eq. 2-1 can be written as   

 
𝜎𝑡   =  𝑐𝑖𝑜𝑛𝑞𝑖𝑜𝑛𝜇𝑖𝑜𝑛  +  𝑐𝑒𝑙𝑒𝑐𝑞𝑒𝑙𝑒𝑐𝜇𝑒𝑙𝑒𝑐     Eq. 2-2 

where 𝑐𝑖𝑜𝑛 and 𝑐𝑒𝑙𝑒𝑐 are the concentrations of the ions and electrons, 𝑞𝑖𝑜𝑛 and 𝑞𝑒𝑙𝑒𝑐are the 

charges of the ions and electrons and μ𝑖𝑜𝑛, μ𝑒𝑙𝑒𝑐 are the mobilities of the ions and electrons. 

Furthermore, the fraction of conduction of a charge carrier over the total conductivity is often 

represented by the transference number (t). The transference number of an ion is the fraction of 

current carried by an ion (𝑖𝑖𝑜𝑛) of the total current (𝑖𝑡). Typically, an electrolyte is operated in 

the ohmic region in which the resultant current is directly proportional to conductance (G). 

Consequently, the transference number of ions (𝑡𝑖𝑜𝑛) and electrons (𝑡𝑒𝑙𝑒𝑐) are 

 
𝑡𝑖𝑜𝑛  =

𝑖𝑖𝑜𝑛
𝑖𝑡
=
𝐺𝑖𝑜𝑛 × 𝑉

𝐺𝑡 × 𝑉
=
𝐺𝑖𝑜𝑛
𝐺𝑡

=
σ𝑖𝑜𝑛
σ𝑡
   Eq. 2-3 

 
𝑡𝑒𝑙𝑒𝑐  =   

σ𝑒𝑙𝑒𝑐
σ𝑡

   Eq. 2-4 

For a good oxygen ion conductor, the total conductivity (σ𝑡), oxygen ion conductivity (σ𝑖𝑜𝑛) as 

well as the mobility of the oxygen ions (μ𝑖𝑜𝑛 ) should be very high. Conversely, the electronic 

conductivity (σ𝑒𝑙𝑒𝑐) and the mobility of the electrons or polarons (μ𝑒𝑙𝑒𝑐) should be very low. 

Furthermore, the transference number of oxygen (tion) should be close to 1. 

 The ionic conductivity in oxygen ionic conductors occurs via migration of the oxygen 

ions along the oxygen vacancies. Similarly, small polaron propagation along the multivalent 

sites under an applied electric field induces electronic conduction. The total conductivity is the 

sum of both mechanisms. A model for the conduction mechanism for the hopping of the charge 

carriers will be discussed in the following. For simplicity, a one-dimensional hopping model 

either along the field direction or against the field direction is assumed. The energy barrier for 

the charge carrier is higher in one direction and lower in the other direction, depending on the 
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direction of the electric field (E). The energy for a charge carrier with a charge q is 

(Δ𝑔𝑚 −
1

2
qaE) along the electric force and (Δ𝑔𝑚 +

1

2
𝑞𝑎𝐸) against the electric force, as 

depicted in Figure 2-1. Here a is the jump distance. Consequently, the probability of ion jump 

(p) along the electric force can be estimated from the Maxwell-Boltzmann statistics, which is  

 

𝑝  =  exp(
−(Δ𝑔𝑚 −

1
2𝑞𝑎𝐸)

k𝑇
 )    Eq. 2-5 

here 𝛥𝑔𝑚 is the free energy barrier for migration, k is the Boltzmann constant, and T is the 

absolute temperature in Kelvin. From Eq. 2-5, the jump rate of the ion or polaron along the 

electric force (Γ+) can be written as 

 

 Γ+  = 𝑗 exp(
−(Δ𝑔𝑚 −

1
2𝑞𝑎𝐸)

k𝑇
 )    Eq. 2-6 

here 𝑗 is the attempt frequency or the vibration frequency of the ion between stable positions.  

However, the jump rate of the ions or polarons against the electric force (Γ-) is given by  

  

 Γ−  = 𝑗 exp(
−(Δ𝑔𝑚 +

1
2𝑞𝑎𝐸)

k𝑇
 )    Eq. 2-7 

 

Figure 2-1 The potential energy barrier that needs to be overcome for the migration of ion or 

polaron under an applied electric field.  

The overall jump rate or the velocity (v) of the charge carrier in an applied electric field 

is the difference of the charge carrier hopping along and against the electric force multiplied by 

E
n
e
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y
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the jump distance a. Therefore, the velocity of the charge carrier in the direction of the electric 

force under an applied electric field E from Eq. 2-6 and Eq. 2-7 can be written as  

  
 𝑣 = (Γ+  −  Γ−)a  = 𝑗𝑎  (exp (

−(Δ𝑔𝑚−
1

2
𝑞𝑎𝐸)

k𝑇
 ) − exp(

−(Δ𝑔𝑚+
1

2
𝑞𝑎𝐸)

k𝑇
 ))     Eq. 2-8 

 
 𝑣 = 𝑗a exp (

−Δ𝑔𝑚
k𝑇

 )   (exp (
𝑞𝑎𝐸

2k𝑇
 ) − exp (

−𝑞𝑎𝐸

2k𝑇
 ))    Eq. 2-9 

qaE is much lower than kT for the applied electric field in conductivity experiments, so  

 
(exp (

𝑞𝑎𝐸

2k𝑇
 ) − 𝑒𝑥𝑝 (

−𝑞𝑎𝐸

2k𝑇
 ))   ≈  

𝑞𝑎𝐸

k𝑇
  Eq. 2-10 

By combining Eq. 2-9 and Eq. 2-10, the velocity of the charge carrier under an applied electric 

field (E) is  

 
 𝑣 =

𝑗𝑞𝑎2𝐸

𝑘𝑇
 𝑒𝑥𝑝 (

−Δ𝑔𝑚
k𝑇

 )     Eq. 2-11 

From the velocity of the charge carrier in Eq. 2-11, the mobility of the charge carrier (μ =
𝑣

𝐸
) 

can be written as  

 
 𝜇 =

𝑗𝑞𝑎2

k𝑇
 exp (

−Δ𝑔𝑚
k𝑇

 )     Eq. 2-12 

The mobility of the charge carrier in Eq. 2-12 is derived under the assumption that the charge 

carrier is hopping in one dimension. However, the lattice in which the charge carrier is hopping 

is three-dimensional and in order to account for that, often a geometrical factor (γ) is included 

in Eq. 2-12 to give 

 
 𝜇 =

𝛾𝑗𝑞𝑎2

k𝑇
 exp (

−Δ𝑔𝑚
k𝑇

 )     Eq. 2-13 

The conductivity of the charge carrier can be estimated and is given by 

 
𝜎  = 𝑐𝑞𝜇 =

𝑐𝛾𝑗𝑞2𝑎2

k𝑇
 exp (

−Δ𝑔𝑚
k𝑇

 )     Eq. 2-14 

Furthermore, the free energy barrier for migration of the charge carrier can be further separated 

into  

 
  Δ𝑔𝑚   =  Δℎ𝑚  −  𝑇 Δ𝑠𝑚 Eq. 2-15 

By combining Eq. 2-14 and Eq. 2-15 results in  
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𝜎  =

𝑐𝛾𝑗𝑞2𝑎2

k𝑇
 exp (

− Δℎ𝑚
k𝑇

 ) exp (
Δ𝑠𝑚
k
)     Eq. 2-16 

 

The conductivity expression in Eq. 2-16 resembles the Arrhenius equation which is given by 

  
𝜎  =

𝜎𝑜
𝑇
 exp (

− Δℎ𝑚
k𝑇

 )     Eq. 2-17 

where 𝜎𝑜 =   
𝑐𝛾𝑗𝑞2𝑎2

k
exp (

Δ𝑠𝑚
k
)   Eq. 2-18 

It is important to note here that the conductivity pre-factor (σ𝑜) is constant for a given 

composition. The enthalpy of migration is often termed as activation energy (Ea) for 

conduction. The activation energy for conduction is calculated by measuring the conductivity 

at different temperatures and by applying the following expression  

  
ln (σT)  = ln(σ𝑜)  −

𝐸𝑎
𝑘𝑇
     Eq. 2-19 

Therefore, from Eq. 2-19, the slope of the plot between ln(σT) and 1/T provides the activation 

energy for conduction for a given composition. This method is used for measuring the activation 

energies of the material systems synthesized in this thesis. A good oxygen ion conductor should 

have low activation energy for oxygen ion hopping and high activation energy for polaron 

hopping.  

To summarize, the criteria for a good oxygen ion conductor are as follows: 

1) The total conductivity should be high with high oxygen ion conductivity along with 

minimal electronic conductivity at lower temperatures (< 500 °C), wide ranges of 

oxygen partial pressures (1 bar to 10-30 bar). 

2) High ionic mobilities along with low electronic mobilities over wide ranges of 

temperatures (300 to 700 °C) and oxygen partial pressures. 

3) The transference number of oxygen ion should be close to 1 (to ≈ 1) over wide ranges 

of temperature (300 to 700 °C) and oxygen partial pressure (1 bar to 10-30 bar). 

4) The activation energy of the ion migration should be lower than the activation energy 

for polaron migration or electron migration. 

To enhance oxygen ion conduction, the lattice needs to accommodate the movement of the 

large oxygen ion through the lattice. Consequently, only a few material systems and structures 

support oxygen ion conduction. Two of those systems that can accommodate the conduction of 
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oxygen ions are fluorite-structured oxides and perovskite-structured oxides. These two 

structures are discussed briefly in the following section. 

 

2.1.2 Fluorite structured oxides  

 

Fluorite-structured oxides are very well known for their oxygen ion conduction since 

their introduction in the 1900s by Walther Nernst. The fluorite structure exhibits a face-centered 

cubic (FCC) lattice with cations on the lattice sites and the anions in the tetrahedral voids of the 

lattice. The stoichiometry of these fluorite-structured oxides is MO2. The cations in the fluorite 

structure have an oxidation state of +4 and large ionic radii, allowing the oxygen to occupy the 

tetrahedral void of the lattice. Examples of cubic fluorite structured oxides include Ceria 

(CeO2), Uranium dioxide (UO2), and Thorium dioxide (ThO2). Although Zr is a +4 cation, 

ZrO2 exhibits a monoclinic structure and transforms to cubic fluorite above 2300 °C, which is 

due to the smaller ionic radius of the Zr ion5. A stoichiometric fluorite structured oxide does 

not have any intrinsic oxygen vacancies. To introduce oxygen vacancies, +3 rare earth cations 

are added into the material systems. The addition of +3 cations like Y and Sc to ZrO2 not only 

introduces oxygen vacancies but also stabilizes the cubic fluorite structure at room temperature. 

Consequently, Y and Sc doped ZrO2 are popular oxygen ion conductors 5. Other well-known 

fluorite structured oxygen ion conductors are doped ceria in which rare earth elements with +3 

oxidation states like Gd, and Sm are doped into CeO2. The electrical conductivity of these 

fluorite-structured oxides can be seen in Figure 2-2(a)6. The conductivities of doped zirconia 

make them suitable as oxygen ion conductors at high operating temperatures (>700 °C), 

whereas Gd-doped ceria, with higher conductivities than doped zirconia, is suitable for 

intermediate temperatures (500 - 700 °C). Due to their higher conductivities at lower 

temperatures, doped ceria has been investigated extensively. Multiple material systems with 

different rare earth elements as dopants are investigated to find the optimum dopant giving high 

electrical conductivities. The conductivity of doped ceria vs. the dopant ionic radii is depicted 

in Figure 2-2(b)6. Sm doped ceria shows the highest conductivity with Gd doped ceria showing 

the next best conductivities. The DFT calculations from Andersson et al.7 suggest that co-

doping ceria with multiple dopants can be a possible way to increase the conductivity in doped 

ceria. This possibility of co-doping has been investigated in multiple studies with different 

results, where some studies show better conductivities and others show inferior conductivities 

8–12.   
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Figure 2-2 (a) Electrical conductivity of fluorite structured oxides plotted by Arrhenius 

representation and (b) the electrical conductivity of doped ceria with different dopants at 

1073 K plotted against the dopant ionic radii 6. 

Despite their high conductivities at low temperatures, one of the biggest drawbacks of 

doped ceria is the electronic conduction observed at different oxygen partial pressures, 

especially in reducing atmospheres at operating temperatures (500 - 700 °C). Cerium exhibits 

multivalency in reducing atmospheres, as depicted by the Kroeger Vink equation below  

 

 2CeR
× + OO

×  ⇌ 2CeR
′ + VO

•• +
1

2
O2 Reaction 2-1 

Here CeR
× is Ce+4, OO

× is lattice oxygen, CeR
′  is Ce+3 and VO

•• is the oxygen vacancy. The presence 

of multivalent cerium provides a pathway for polaron hopping through the lattice, resulting in 

an electronic contribution to the total conductivity 13–22. The electronic conduction arises not 

only due to a multivalent Ce but also from multivalent dopants like Pr or Tb, resulting in a 

material with mixed electronic and ionic conduction 13–22. As a result, doped ceria is explored 

for applications that require mixed electronic and ionic conduction, e.g., as a barrier layer 

between electrolyte and electrode.  
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2.1.3 Perovskite structured oxides 

 

Perovskite-structured oxides are renowned for their exceptional functional properties, 

including superconductivity, magnetism, ferroelectricity, and oxygen ion conduction, among 

others. Perovskite oxides have a stoichiometry of ABO3 with A-site cations on the body center, 

B-site cations on the corner sites, , and oxygen on the edge center of a unit cell. According to 

the stoichiometry of the perovskite structure, the total charge on the cations is +6. This is 

achieved by combining two +3 cations on A and B sites or one +2 cation on A-site and a +4 

cation B-site. In some cases, these cations are multivalent like in rare earth transition metal 

oxides. However, in oxygen ion conductors, as discussed in the ceria-based fluorite structured 

systems in the previous section, multivalent cations can lead to polaron hopping and, thereby, 

electronic conduction in the material system. Therefore, perovskite-structured oxides with 

stable single valent cations are explored for oxygen ion conduction. These material systems 

contain rare earth cations (R) (+3) on the A-site and Al, In, Ga, and Sc (stable +3 cations) on 

the B-site. Typically, RAlO3, RGaO3, RInO3, and RScO3 don’t have any intrinsic oxygen 

vacancies. Therefore, cations with lower oxidation states are doped to introduce oxygen 

vacancies. These dopants usually include alkali earth metals like Mg, Sr, and Ca, which are 

stable +2 cations. The conductivities of Sr and Mg doped RAlO3, RGaO3, RInO3, and RScO3 

vs. inverse temperature are demonstrated in Figure 2-3(a). La0.9Sr0.1Ga0.9Mg0.1O3 shows the 

highest conductivity with the next best conductivities from La0.9Sr0.1Al0.9Mg0.1O3 and 

La0.9Sr0.1Sc0.9Mg0.1O3. Furthermore, the conductivity of perovskites over wide ranges of 

oxygen partial pressures as shown in Figure 2-3(b) are constant for La0.9Sr0.1Ga0.9Mg0.1O3, 

whereas a change in conductivity which is a p-type conduction in the oxidizing regimes in 

La0.9Sr0.1Al0.9Mg0.1O3, La0.9Sr0.1Sc0.9Mg0.1O3 and La0.9Sr0.1In0.9Mg0.1O3 is observed. This p-

type conductivity is a consequence of the surface exchange of the lattice oxygen with 

atmospheric oxygen, resulting in holes in the system as shown in the following reaction 

 

 
1

2
O2 + VO

•• ↔ OO
𝑥 +  2ℎ• Reaction 2-2 

The change in conductivity with oxygen partial pressure in La0.9Sr0.1Al0.9Mg0.1O3, 

La0.9Sr0.1Sc0.9Mg0.1O3 and La0.9Sr0.1In0.9Mg0.1O3 is observed in oxidizing atmospheres, whereas 

a constant conductivity is observed under reducing conditions. As a result, 

La0.9Sr0.1Ga0.9Mg0.1O3 (LSGMO) is a very well-known oxygen ion conductor due to its high 

oxygen ion conductivity and stability over wide ranges of oxygen partial pressures.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                    
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Figure 2-3 (a) The electrical conductivity of the perovskite structured oxide at different 

temperatures. (b) The electrical conductivity of the perovskite structured oxide at 1000 °C at 

different oxygen partial pressures 23. 

 

2.2 Electrocatalysis – catalyst for oxygen evolution reaction 

 

An electrolyzer is an electrochemical device that splits water (H₂O) into hydrogen (H₂) and 

oxygen (O₂) through electrolysis. The oxygen evolution reaction (OER) takes place at the 

anode, playing a crucial role in the overall efficiency of the process. As a key half-reaction in 

electrolysis, the kinetics of OER significantly influence the electrolyzer’s performance. Thus, 

developing highly efficient catalysts for the OER at the anode is crucial for enhancing 
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electrolyzer performance. In this section, we explore the fundamentals of the OER and examine 

the use of perovskite-structured oxides as OER catalysts. 

 

2.2.1 Fundamentals of the oxygen evolution reaction 

 

Oxygen evolution reaction is a critical electrochemical reaction in which water or oxygen 

ions are converted into oxygen gas. The reaction mechanisms for OER depend on the electrolyte 

and are as follows 

1) In water-based electrolytes or water electrolysis 

 

2H2O  +  4  ×  1.23 eV → 4H
+ + O2 + 4e

− Reaction 2-3 

2) In solid oxide electrolytes, 

 

2O2−  →  O2 + 4e
−   Reaction 2-4 

In this thesis, the electrocatalysis for oxygen evolution reaction in oxides was investigated. So 

hereon, the mechanisms of oxygen evolution reaction in water electrolytes are discussed. Two 

different reaction mechanisms are suggested in the literature for electron transfer in oxygen 

evolution reaction for a metal oxide catalyst, which are the conventional adsorbate evolution 

mechanism (AEM) and lattice oxygen evolution mechanism (LOM). A schematic of both 

mechanisms is illustrated in Figure 2-4. However, both reaction mechanisms involve four 

important and primary reactions for electron transfer (here * denotes adsorbates) which are as 

follows 

 

H2O  ⇌ HO
∗ +  H+ + e−  ;     ∆𝐺1  Reaction 2-5 

 

HO∗  ⇌  O∗  +  H+ + e− ;  ∆𝐺2 Reaction 2-6 

 

O∗ + H2O ⇌  HOO
∗ +  H+ + e− ;  ∆𝐺3  Reaction 2-7 

 

HOO∗  ⇌ O2 +  H
+ + e−  ;     ∆𝐺4  Reaction 2-8 
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The first reaction mechanism AEM involves the adsorption of the HO∗ on the surface of 

the oxide, which then gets converted to other reaction intermediates as seen from Reaction 2-5 

to Reaction 2-8 on the surface of the metal oxide. A depiction of the AEM mechanism is 

depicted in  Figure 2-4(a). Whereas in the LOM reaction mechanism, the HO* binds to the 

lattice oxygen, which forms HOO∗ which is then converted to oxygen gas as observed in 

Reaction 2-8. This results in an oxygen vacancy in the system, which is replenished by HO∗ in 

the electrolyte and HO* ➔ O∗ as depicted in Reaction 2-5 and Reaction 2-9. In the following 

step, the oxygen vacancy is replenished and the occupied site can contribute to the next reaction 

which is Reaction 2-10. This reaction mechanism is depicted in Figure 2-4(b). The theoretical 

standard potential for the oxygen evolution reaction is 1.23 V w.r.t reversible hydrogen 

electrode (RHE).  Consequently, the theoretical Gibbs free energy for the reaction is ∆𝐺 =

−𝑛F𝐸 = −4 × 1.23F (𝑤ℎ𝑒𝑟𝑒 F 𝑖𝑠 𝑎 𝐹𝑎𝑟𝑎𝑑). In an ideal catalyst, the Gibbs free energies of 

the intermediate reactions are equal which is ∆𝐺1  =  ∆𝐺2 = ∆𝐺3 = ∆𝐺4  =  1.23F but in 

reality ∆𝐺1  ≠  ∆𝐺2 ≠ ∆𝐺3 ≠ ∆𝐺4  ≠  1.23F. A catalyst is selective for certain reactions 

resulting in higher ∆𝐺 of some reactions than 1.23F, while favored reactions exhibit ∆𝐺 smaller 

than 1.23F. Consequently, an excess potential is necessary for the reaction which is known as 

overpotential. Moreover, the overpotential of a catalyst depends on the intermediate reaction 

with the highest free energy. The intermediate reaction with maximum free energy and greater 

than 1.23F of the ∆𝐺1, ∆𝐺2, ∆𝐺3, ∆𝐺4 would be the rate limiting step and decides the 

overpotential. 
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Figure 2-4 (a) Oxygen evolution reaction mechanism by conventional adsorbate evolution 

mechanism (AEM). (b) Oxygen evolution reaction mechanism by lattice oxygen evolution 

mechanism (LOM). (c) The Gibbs free energy at zero potential (U = 0) for ideal catalyst and 

the real catalyst 24. 

 

2.2.2 Experimental parameters representing the catalytic activity of OER  

 

Potential conversion to reversible hydrogen electrode: 

A three-electrode setup consisting of working electrode, reference electrode and counter 

electrode is used to measure the electrocatalytic activity of the catalysts. Different reference 

electrodes are used in the measurements depending on the pH of the electrolytes as the pH of 

the solution can affect the potential measured at the reference electrode 25. As a result, the 

research community adopts a common standard for representing measured potentials, the 

reversible hydrogen electrode (RHE), for a systematic comparison among different studies. 

Therefore, the potential measured at a reference electrode should be converted to RHE. The 

𝐸𝑚𝑒𝑎𝑠 versus a reference electrode at a given pH can be converted to the potential versus RHE 

electrode (𝐸𝑚𝑒𝑎𝑠
𝑅𝐻𝐸 ) with the help of the following expression which is  

 
𝐸𝑚𝑒𝑎𝑠
𝑅𝐻𝐸 = 𝐸𝑚𝑒𝑎𝑠  + 𝐸𝑅𝐸

𝑅𝐻𝐸 +  0.059 pH      Eq. 2-20 
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Here 𝐸𝑅𝐸
𝑅𝐻𝐸 is the standard electrode potential of the reference electrode with respect to the 

reference hydrogen electrode. The solution used in this thesis for electrochemical experiments 

is 0.1 KOH solution which has pH of 13. 

 

iR compensation: 

In an electrochemical cell, the potential drop between working electrode and the 

reference electrode happens at two regions: 1) the working electrode, due to formation of a 

double layer and charge transfer resistance, and 2) the electrolyte, due to electrolyte resistance. 

The measured cell potential simultaneously represents both potential drops. As a result, in order 

to isolate the potential drop at the electrode, the potential drop due to electrolyte resistance 

should be subtracted from the total potential drop between the working and reference electrode. 

The potential drop at the electrode (Eelectrode) can be written as 

 
𝐸𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒 = 𝐸𝑚𝑒𝑎𝑠

𝑅𝐻𝐸   − 𝑖𝑅𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑡𝑒       Eq. 2-21 

where 𝐸𝑚𝑒𝑎𝑠
𝑅𝐻𝐸  is the measured potential w.r.t the RHE electrode, i is the current and Relectrolyte is 

the electrolyte resistance. The electrolyte resistance is calculated by performing electrochemical 

impedance spectroscopy on the electrochemical setup. The resistance at higher frequencies 

corresponds to the electrolyte resistance or the data can be fitted with Randall’s circuit to 

achieve the electrolyte resistance. 

 The data collected from the potentiostat should be processed according to the 

aforementioned protocols to facilitate the representation, comparison, and further analysis of 

the electrochemical properties of the given material. 

 

Overpotential: 

The theoretical standard electrode potential of Reaction 2-3 is 1.23 V versus the 

reversible hydrogen electrode (RHE). However, in practical applications, the required standard 

electrode potential is higher than 1.23 eV due to kinetics and potential barriers between the 

reaction intermediates. Therefore, an excess voltage should be supplied to the reaction to shift 

the Reaction 2-3 towards the right at a significant rate. This excess potential or overpotential to 

achieve a given current density is often considered as one of the parameters depicting catalytic 

activity of a catalyst. The overpotential (η) required to achieve a given current density can be 

written as follows 
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η  = 𝐸𝑚𝑒𝑎𝑠

𝑅𝐻𝐸   − 1.23 V      Eq. 2-22 

Here 𝐸𝑚𝑒𝑎𝑠
𝑅𝐻𝐸  is the measured potential at a given current density. Furthermore, current density 

at a given overpotential is also often used as catalytic activity descriptor of a catalyst. Both 

current density at a given overpotential and overpotential at a given current density are 

acceptable ways to compare the catalytic activity of different materials. The most popular way 

to compare the OER catalytic activity of different catalysts is by comparing the overpotential 

at a current density of 10 mA cm-2. Lower overpotential values indicate the material’s superior 

catalytic activity. 

 

Tafel plot: 

The Tafel plot represents the overpotential vs. the logarithm of current density collected 

during an electrochemical reaction. It is derived from the Tafel expression which is written as 

 
η  = 𝑎  + 𝑏 log (𝑗)      Eq. 2-23 

here η is the overpotential, j is the current density, a the Tafel intercept and b the Tafel slope 

are constants for a given electrochemical reaction which can be further expanded as follows 

 
𝑎  =

2.303 R𝑇 log (𝑗𝑜)

𝛼𝑛F
      Eq. 2-24 

 
 𝑏 =

2.303 R𝑇

𝛼𝑛F
      Eq. 2-25 

where R is the universal gas constant, F is Faraday’s constant, α is charge transfer coefficient, 

n is the number of electrons transferred during an electrochemical reaction. From Eq. 2-24, the 

slope (b) from the Tafel plot and the charge transfer coefficient are inversely related. As a result, 

the tafel slope can provide valuable insights into the kinetics of an electrochemical reaction. A 

good catalyst should have lower Tafel slopes for maximum charge transfer during an 

electrochemical reaction.   

 

Electrochemical surface area: 

 

Electrochemical surface area is the surface area of the electrode that is catalytically 

active in an electrochemical reaction. The catalytic performance of a catalyst heavily depends 

on the electrochemical surface area. The higher the electrochemical surface area, the higher is 
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the activity of a catalyst. The electrochemical surface area of an electrode (ECSA) can be 

measured by estimating the double layer capacitance of the electrode (Cdl) from either cyclic 

voltammetry over a potential range in which no faradaic reactions occur or electrochemical 

impedance spectroscopy.  

 
𝐸𝐶𝑆𝐴 =

𝐶𝑑𝑙
𝐶𝑠
      Eq. 2-26 

Here Cs is the specific capacitance of the electrode. For evaluating the ECSA, the value of the 

specific capacitance must be known, which is the capacitance of the electrode per unit area. For 

a new material system, the calculation of ECSA is not straight forward and the specific 

capacitance should be calculated first in order to accurately determine the ECSA. Therefore, 

for materials with unknown Cs, it is recommended to compare the double layer capacitances - 

Cdl for the same geometric surface area for a meaningful comparison of active sites on the 

surface of catalysts. 

  

2.2.3 Perovskite structured oxides and different activity descriptors 

 

Perovskite structured oxides are widely explored as catalysts for the oxygen evolution 

reaction 24,26–29. The perovskite structured oxides known for OER catalysis are rare earth 

transition metal oxides or alkaline earth transition metal oxide (RMO3). Some good examples 

of these oxides are LaMnO3, SrCoO3, LaCuO3. However, the active sites contributing to the 

catalytic activity are the transition metal cations. Therefore, the binding of the adsorbates by 

the transition metal ion plays a huge role in the OER catalysis. For transition metal cations, the 

binding ability of the cations decreases from left to right in the periodic table due to the electron-

electron repulsion. In Figure 2-5, the standard free energy diagram for the OER reaction of the 

perovskite structured oxide such as LaMnO3 (strong binding), SrCoO3 (medium binding) and 

LaCuO3 (weak binding) is shown. Contrary to the equal steps of potential - 1.23 V vs. RHE 

observed in an ideal catalyst, these perovskite structured oxides show nonequal steps of 

potential for different reaction intermediates. However, the differences between the free 

energies of HO* and HOO* (∆𝐺HOO∗  −  ∆𝐺HO∗ ) are constant in all the metal oxide systems 

with an average value of 3.2 eV compared to 2.46 eV for an ideal catalyst 26. Even though the 

∆𝐺HOO∗  −  ∆𝐺HO∗ is constant, (∆𝐺HOO∗  −  ∆𝐺O∗) and (∆𝐺O∗  −  ∆𝐺HO∗) are not constant 26. 

These free energy differences can determine the resulting overpotentials. This is evident in the 

free energy diagrams of the LaMnO3 (strong binding), SrCoO3 (medium binding) and LaCuO3 
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(weak binding) in Figure 2-5. LaMnO3 has higher (∆𝐺HOO∗  −  ∆𝐺O∗) resulting in high 

overpotential while (∆𝐺HOO∗  −  ∆𝐺O∗) and (∆𝐺O∗  − ∆𝐺HO∗) are almost identical for SrCoO3 

giving a lower overpotential and in LaCuO3, (∆𝐺O∗  −  ∆𝐺HO∗) is the potential determining step 

with relatively high overpotential. Hence, Sabatier proposed that the best catalyst in terms of 

displaying minimum overpotential binds intermediates on its surface neither too strongly nor 

too weakly 26,30. 

 

Figure 2-5 Standard free energy diagram for the oxygen evolution reaction of (a) Ideal catalyst, 

(b) LaMnO3 (b)SrCoO3 (c) LaCuO3 at zero potential, equilibrium potential for each step in an 

ideal catalyst is 1.23 eV 26. 

As the overpotential of catalysts are determined by the (∆𝐺O∗  −  ∆𝐺HO∗) or (∆𝐺HOO∗  −

 ∆𝐺O∗) values and as the sum of both free energies is constant, (∆𝐺O∗  − ∆𝐺HO∗) is often used 

as activity descriptor in the perovskite structured oxides. The scaling relations with (∆𝐺O∗  −

 ∆𝐺HO∗) as activity descriptor are illustrated in Figure 2-6(a). The perovskite oxides on the left 

side have high (∆𝐺HOO∗  −  ∆𝐺O∗) and O∗➔ HOO∗is the potential determining step whereas the 

perovskite oxides on the right of the maximum have high (∆𝐺O∗  −  ∆𝐺HO∗) and HO∗➔ O∗is the 

potential determining step. However, at the maximum both (∆𝐺O∗  −  ∆𝐺HO∗) and (∆𝐺HOO∗  −
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 ∆𝐺O∗) are similar which can be seen as well in Figure 2-5(b). According to Suntivich et al., the 

eg orbital occupancy of the transition metal elements on the surface of the perovskite structure 

influence the OER activity because the eg orbital of the transition metals directly interacts with 

adsorbed oxygen intermediates. Hence, the eg orbital occupancy determines the binding ability 

of the cation to the adsorbates thereby the overpotentials 31,32. A volcano type plot is observed 

for the potential of perovskite oxides vs. eg orbital occupancy as observed in Figure 2-6(b). 

Catalysts with a good OER activity are observed when eg is close to 1. In perovskite structured 

oxides with strong binding transition metals i.e. transitional metals with low eg occupancy like 

LaCrO3, LaMnO3, LaFeO3 and LaCoO3, the OER activity is governed by AEM mechanism, 

whereas for low binding transition metals with high eg like LaNiO3 in which oxygen vacancy 

formation is easier, the OER occurs via LOM mechanism (due to oxygen vacancies) 27. As a 

result, the gap between O 2p orbital and Fermi energy level provides a good activity descriptor 

for OER reaction as the closer the O 2p orbital is to the Fermi energy level, the easier it is to 

create oxygen vacancies, which are a main prerequisite for the LOM mechanism 31. Therefore, 

the difference between O 2p orbital and Fermi energy level is also used as an activity descriptor 

as seen in Figure 2-6(c). However, if the O 2p orbital is too close to the Fermi energy level then 

the rapid formation of the oxygen vacancies leads to amorphization on the surface, which 

decrease the stability and activity of the catalyst. 
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Figure 2-6 Overpotential or potential vs. various activity depictors like (a) (∆𝐺𝑂∗  − ∆𝐺𝐻𝑂∗) 

(b) eg electron occupancy and (c) O 2p-band relative to the fermi energy level 26,31,32. 

 

2.3 High entropy materials 

 

In materials science, researchers continually explore diverse compositional spaces to 

discover materials with exceptional functional properties. However, as the number of 

constituent elements increases, the compositional space expands exponentially, leaving 

countless possible compositions yet to be explored. Furthermore, in thermodynamics, the Gibbs 

phase rule states  

 
𝑃 = 𝐶 − 𝐹 + 1      Eq. 2-27 
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where P is the number of phases, C is the number of constituents and F are the degrees of 

freedom. At equilibrium, where F = 0, the number of possible phases increases with increasing 

constituent elements (C+1) which further complicates the possibilities of finding a single-phase 

system in the vast multicomponent compositional spaces. A new class of materials known as 

high entropy materials have gained traction in recent years as these are typically single-phase 

multicomponent compositions with high configurational entropy. Various terms are used to 

describe high entropy materials. In fact, the first report of high entropy materials was on the 

alloy with a composition of Fe20Cr20Mn20Ni20Co20 by Cantor et al. in 2004. These alloys are 

termed as “equiatomic multicomponent alloys” as the multiple elements are present in 

equiatomic ratios 33. Nevertheless, the term “equiatomic multicomponent alloys” can only be 

used for multicomponent systems in which the constituent elements are in equiatomic ratio. As 

a results, several other terms like multi-principal element materials, compositionally complex 

materials, high entropy materials are often used for these materials. Out of all these terms, high 

entropy material is the popular and most often used term for multicomponent systems with high 

configurational entropies. 

 The high entropy term was first introduced by Yeh et al. for the single-phase 

multicomponent systems34. The entropy-based classification is according to the Boltzmann 

equation of entropy which is  

 

𝑆𝑐𝑜𝑛𝑓𝑖𝑔 =   −  R  (∑𝑥𝑖𝑙𝑛𝑥𝑖

𝑁

𝑖=1

)       Eq. 2-28 

In Eq. 2-28, 𝑆𝑐𝑜𝑛𝑓𝑖𝑔 is the molar configurational entropy of mixing, R is the universal gas 

constant, 𝑥𝑖 represents the mole fraction of the element and N is the number of constituent 

elements. Based on Eq. 2-28, the multicomponent materials are classified into the following 

categories 

1) Low entropy materials: 𝑆𝑐𝑜𝑛𝑓𝑖𝑔 < 1 R 

2) Medium entropy materials: 1 R ≤ 𝑆𝑐𝑜𝑛𝑓𝑖𝑔 < 1.5 R 

3) High entropy materials: 𝑆𝑐𝑜𝑛𝑓𝑖𝑔 ≥ 1.5 R 

The configurational entropy of a multicomponent system with n constituent elements 

(n = 2,3,4,5) is illustrated in Figure 2-7. The configurational entropy of the system increases 

with increasing the number of constituent elements. Moreover, the highest configurational 

entropy for a given number of constituent elements is achieved when all the constituent 

elements are in equiatomic ratios. A configurational entropy greater than 1.5 R is achieved in 

the five component systems, with the highest configurational entropy of 1.61 R at equiatomic 
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ratio. Consequently, the five component equiatomic compositions are high entropy materials, 

which ties in with the composition-based terminology. However, in the entropy-based 

terminology, not only the equiatomic compositions but also all the compositions with 

configurational entropies greater than 1.5 R are considered high entropy materials. In the case 

of five component systems, the mole fraction of a constituent element can vary between 0.05 

and 0.35 in order to stay in the high entropy regime as demonstrated in Figure 2-7. This 

compositional flexibility of the entropy-based classification is widely accepted and has been 

adopted by the research community.  

 

  

Figure 2-7 Configurational entropy of the multicomponent systems with n elements vs. mole 

fraction of the nth element, while keeping the rest of the elements equiatomic. 

 

2.3.1 Four core effects 

 

The high entropy materials attracted a lot of attention because of their four core effects 

resulting from their compositional complexity. These four core effects are: 

1) High entropy effect: The Gibbs free energy of formation of a single-phase solid 

solution (Δ𝐺𝑚𝑖𝑥) can be written as  

 
Δ𝐺𝑚𝑖𝑥 = Δ𝐻𝑚𝑖𝑥  − T Δ𝑆𝑚𝑖𝑥 Eq. 2-29 
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where Δ𝐻𝑚𝑖𝑥 is the enthalpy of mixing and T is the absolute temperature. If Δ𝐺𝑚𝑖𝑥 is 

negative then the multicomponent system is stable as a single crystalline solid solution, 

whereas if it is positive then the multicomponent system will remix forming multiple 

phases. The dependency of Δ𝐻𝑚𝑖𝑥 for a binary system with respect to the mole fraction 

of the constituent elements is given by 

  
Δ𝐻𝑚𝑖𝑥 =  𝛽𝑥𝐴𝑥𝐵      Eq. 2-30 

where 𝛽 is a constant, xA and xB are mole fractions of constituent elements of the binary 

system. Depending on the value of β, Δ𝐻𝑚𝑖𝑥 can either be positive or negative. 

Consequently, three scenarios are possible depending on the value of Δ𝐻𝑚𝑖𝑥, as shown 

in Figure 2-8. In an ideal solid solution, Δ𝐻𝑚𝑖𝑥 is zero thereby Δ𝐺𝑚𝑖𝑥 is always negative 

as Δ𝐺𝑚𝑖𝑥  =   − T Δ𝑆𝑚𝑖𝑥 as depicted in Figure 2-8(a). However, reality is often far from 

the ideal solid solution. Consequently, Δ𝐻𝑚𝑖𝑥 is either positive or negative. When the 

Δ𝐻𝑚𝑖𝑥 is negative then the Gibbs free energy for mixing or formation of a solid solution 

is negative as observed in Figure 2-8(b) resulting in a single-phase solid solution. When 

Δ𝐻𝑚𝑖𝑥 is positive then the Gibbs free energy for mixing is either positive or negative 

depending on −T Δ𝑆𝑚𝑖𝑥 term, which are depicted in Figure 2-8(c)(d)(e). As a result, in 

material systems with high Δ𝐻𝑚𝑖𝑥, increasing the number of elements and temperature 

can ensure that the −T Δ𝑆𝑚𝑖𝑥 can overcome the enthalpic contribution resulting in single 

phase solid solution. Therefore, the high entropy concept is one of the thermodynamical 

contributions resulting in the stability of the single-phase solid solution at higher 

temperatures making it one of the core effects for high entropy materials. Another 

interesting note is the entropy-based classification originating from this high entropy 

concept. Although high configurational entropies in multicomponent system can 

stabilize single-phase solid solutions, a high Δ𝑆𝑚𝑖𝑥 does not guarantee a single-phase 

solid solution. The single-phase stability also depends on the Δ𝐻𝑚𝑖𝑥 and temperature. 

2) Sluggish diffusion: 

Diffusion in materials occurs as atoms jump between neighboring sites, with the free 

energy of these jumps influenced by the local atomic environment. In multicomponent 

systems, this energy varies significantly across different local environments compared 

to binary systems. Some regions exhibit lower energy barriers, while others create high-

energy traps, restricting atomic movement. As a result, atoms can become trapped in 

local energy minima, leading to reduced diffusivity—a phenomenon known as sluggish 
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diffusion. Sluggish diffusion is thought to influence the nucleation and growth kinetics 

of diffusion-controlled phase transformations, offering advantages such as higher 

recrystallization temperatures, reduced grain growth, and increased growth rates. 

Although this hypothesis remains highly debated, sluggish diffusion is widely 

acknowledged as a defining trait of high-entropy materials. 

 

Figure 2-8 (a) The Gibbs free energy, enthalpy and entropy vs. mole fraction in an ideal binary 

system. (b) The Gibbs free energy, enthalpy and entropy of mixing vs. mole fraction in binary 

system, where Δ𝐻𝑚𝑖𝑥= negative (-ve). The enthalpy (c), entropy (d) and free energy (e) vs. mole 

fraction in binary system where Δ𝐻𝑚𝑖𝑥 = positive (+ve). 

3) Severe lattice distortion: 

The constituent elements in the high entropy materials have different atomic or ionic 

radii even though the elements are selected to have similar atomic or ionic radii. These 

size differences can cause severe distortion in the lattices which increases with 

increasing number of constituent elements and the size mismatch among the constituent 

elements. The severe lattice distortion in high entropy materials has been considered to 
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impact the mechanical, electrical, and magnetic properties of the high entropy materials 

35–38. 

4) Cocktail effect:   

The properties of materials are a consequence of the interactions between the constituent 

elements present in the material system. As a result, the presence of multiple elements 

can lead to complex interactions and synergistic effects, enabling the enhancement of 

properties that are unattainable in their individual single-component systems. This 

synergy among different constituent elements is termed cocktail effect. The cocktail 

effect strongly depends on the composition of the material. Altering the compositions 

of the high entropy materials, changes the oxidation states and the local chemical 

environment, which modifies the properties significantly. Therefore, the properties of 

high entropy materials, owing to the cocktail effect, can be tailored by varying the 

composition. Hence, the cocktail effect is considered to be one of the core effects of the 

high entropy materials. 

 

2.3.2 High entropy oxides 

 

High entropy oxides are oxides in which the cation sites are occupied by 5 or more 

cations in near equiatomic ratio. Considering an oxide AxByOz, the configurational entropy 

from Eq. 2-28 can be rewritten as 

 
𝑆𝑐𝑜𝑛𝑓𝑖𝑔 = − R  (𝑥 (∑𝑥𝑖𝑙𝑛𝑥𝑖

𝑁

𝑖=1

)  𝐴−𝑠𝑖𝑡𝑒 + 𝑦(∑𝑦𝑗𝑙𝑛𝑦𝑗

𝑀

𝑗=1

)  𝐵−𝑠𝑖𝑡𝑒 + 𝑧(∑𝑧𝑘𝑙𝑛𝑧𝑘

𝐿

𝑘=1

)  𝑂−𝑠𝑖𝑡𝑒) Eq. 2-31 

where 𝑥𝑖, 𝑦𝑗 and 𝑧𝑘 are the mole fractions of ions present in A-site, B-site and O-site 

respectively. N and M are the no. of ions present on the A and B-site. L is the no. of ions on the 

O-site and is 1 for stoichiometric oxides which makes its contribution to configurational entropy 

zero. However, more often the oxides contain oxygen vacancies which are introduced to 

increase the functionality. Therefore, considering oxygen vacancies and oxygen sites then the 

Eq. 2-31 becomes 

 
𝑆𝑐𝑜𝑛𝑓𝑖𝑔 = − R (𝑥 (∑𝑥𝑖𝑙𝑛𝑥𝑖

𝑁

𝑖=1

)  𝐴−𝑠𝑖𝑡𝑒 + 𝑦(∑𝑦𝑗𝑙𝑛𝑦𝑗

𝑀

𝑗=1

)  𝐵−𝑠𝑖𝑡𝑒 + (𝑧𝑉𝑜𝑙𝑛𝑧𝑉𝑜  + 𝑧𝑂𝑙𝑛𝑧𝑂  ) 𝑂−𝑠𝑖𝑡𝑒) Eq. 2-32 

here zVo is the mole fraction of oxygen vacancies and zO is the mole fraction of oxygen 

vacancies. 
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High entropy oxides (HEO) were first introduced by Rost et al. in 2015 39. In the first 

report of HEO, the authors reported a rock-salt structured high entropy oxide with a 

composition of (Co0.2,Cu0.2,Mg0.2,Ni0.2,Zn0.2)O. The authors observed the formation of the high 

entropy oxide to be an endothermic reaction (Δ𝐻𝑚𝑖𝑥 > 0) resulting in temperature and entropy 

driven single phase formation, which was proven in the report by investigating the phase purity 

at different temperatures and configuration entropies (by subsequently decreasing one 

constituent element). Due to the entropy driven transformation to a single phase at high 

temperature, (Co0.2,Cu0.2,Mg0.2,Ni0.2,Zn0.2)O is termed as entropy stabilized oxide. Since then, 

multiple reports have reported on high entropy oxides with different crystal structures like 

rock-salt structure 39,40, fluorite structure 41–43, bixbyite structure 43–45, perovskite structure 46,47, 

spinel structure 48–50 and pyrochlore structure 51–53 to name a few. Among the large number of 

structures explored for high entropy materials, only a few systems exhibit entropy driven 

structural transformation. As a result, a new classification of high entropy oxides is introduced, 

which are entropy stabilized oxides that are essentially systems with entropy driven structural 

transformations. Although a few high entropy oxides exhibit entropy stabilization of a single-

phase structure, most of the high entropy oxides are not solely stabilized by the configurational 

entropy. It is assumed that these compositions have Δ𝐻𝑚𝑖𝑥 < 0, making the single-phase 

structure in these systems stable at all temperatures and configurational entropies. Therefore, 

all the systems with Sconfig > 1.5 R are termed high entropy oxides while the high entropy oxides 

with temperature and entropy driven single phase formation are termed as entropy stabilized 

oxides. Since the introduction of high entropy oxides, they have been investigated for countless 

functional properties. In the following section, the reports investigating the potential of high 

entropy oxides as oxygen ion conductors and catalyst for OER reaction will be discussed.  

 

2.3.3 High entropy oxides as oxygen ion conductors 

 

Fluorite structured oxides are very well-known oxygen ion conductors. Therefore, 

researchers have been introducing the high entropy concept into fluorite structured oxides to 

explore the influence of the four core effects and chemical complexity of high entropy materials 

on the ionic conductivity of the oxides. The first report on fluorite structured HEOs (F-HEO) 

was reported by Djenadic et al. in 2016 42. The authors in the report successfully synthesized 

fluorite structured high entropy oxide, however, these fluorite structured HEO are observed to 

change their structure to bixbyite upon heat treatment at 1000 °C. Furthermore, they observed 

that the stability of the single-phase depends on the content of the +4 cations, in this case Ce+4, 
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rather than the configurational entropy of the system 42. The single-phase stabilization effect of 

+4 cations like Ce, Zr on the fluorite structure of the HEO has been observed in multiple reports 

42,43,54,55. Initial investigations of the fluorite structured HEO explored the optical properties. 

Sarkar et al. in 2017 44 reported an optical band gap of around 2 eV for the fluorite structured 

HEO even though the rare earth oxides like La2O3, Sm2O3, CeO2 exhibit a band gap greater 

than 3 eV. The drop in band gap in the fluorite HEO is believed to be due to the presence of 

multivalent Pr in the HEO. Subsequently, many reports investigated the band gap tunability 

with compositional variation as well as annealing conditions in these fluorites structured high 

entropy oxides 43,44,54–56. Not only other elements like Tb which exhibit multivalency have been 

introduced to tune the band gap of the F-HEO54,55 but also the annealing atmospheres (H2, 

vacuum) are altered to influence the multivalency of elements like Pr, Tb, thereby tuning the 

band gap of the F-HEO 43,55–57. In addition to the optical properties of the F-HEO, the 

conductivity of the F-HEO needs to be explored. A few preliminary studies have investigated 

the conductivity of the F-HEOs 58–62. Chen et al. in 2018 58 synthesized a F-HEO with a 

composition of (Ce,Zr,Hf,Ti,Sn)O2 and measured the electrical conductivity. The electrical 

conductivity is in the range of semiconductors with an activation energy of 1.43 eV. In the same 

year Gild et al.60 investigated another set of F-HEO with the compositions (Hf,Zr,Ce)x(Y,M)yO2 

and (Hf,Zr,Ce)x(Yb,M)yO2, where M = La, Ca, Gd, Ti, Mg. The measured activation energies 

were between 1.1 - 1.3 eV. Multiple F-HEO with varying configurational entropies and varying 

size mismatch were investigated by Bonnet et al.59 in which they conclude that the 

configurational entropy does not enhance the conductivity in the compositions investigated and 

suggest that F-HEO with very low size mismatch might have enhanced conductivity. In a 

similar study by Zhang et al.61, they have investigated the electrical conductivities of 

(Zr,Hf,Pr)1-x(La,Y)xO2-δ (x = 0.4, 0.5, 0.57) were investigated and an attempt was made by the 

authors to correlate the size mismatch of the cations and the electrical conductivity among the 

high entropy oxides. They have observed that the electrical conductivity increases with x, 

reaches a maximum and decreases with further increasing x. Furthermore, they compare the 

conductivities of all the above-mentioned high entropy oxides from which they conclude that 

size mismatch of the cations and the electrical conductivity in the high entropy oxides are not 

correlated, but rather the conductivity would depend on the composition of the F-HEO. 

Currently, the conductivities of all the above-mentioned high entropy oxides are lower than the 

state-of-the-art oxygen ion conductors like YSZ and GDC 61. However, one of the studies of F-

HEO by Dąbrowa et al.62, a F-HEO - (Ce,La,Pr,Nd,Sm)O2 showed conductivities comparable 

to that of the doped ceria. Nevertheless, these findings are based on initial research, and further 
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detailed studies are necessary to fully understand the transport properties and oxygen ion 

conduction in these high entropy oxides.  

Another structure discussed in the previous sections that is known for their oxygen ion 

conduction is perovskite structured rare earth aluminates. The high entropy concept has been 

introduced to the rare earth aluminates. However, only very few reports exist regarding high 

entropy rare earth aluminates. These reports investigate the synthesis and applicability of the 

high entropy rare earth aluminates for high-temperature applications, such as their suitability 

for thermal barrier coatings, and their high thermal stability and thermal conductivity 63–66. 

Although the aluminates show good oxygen ion conduction, the oxygen ion conductivity in 

high entropy rare earth aluminates are yet to be explored. The first report is a part of this thesis. 

 

2.3.4 High entropy oxides as catalyst for oxygen evolution reaction 

 

Since the introduction of high entropy oxides, one of the most investigated applications for 

HEO are their catalytic properties for various reactions 67–69. The first report on catalytic activity 

of high entropy oxides for oxygen evolution reaction was reported by Wang et al.70. In this 

study, the researchers synthesized a single phase spinel structured HEO with a composition of 

(Co,Cu,Fe,Mn,Ni)3O4 and particle size of 5 nm. They dispersed the HEO powder on carbon 

nanotubes (CNT) after which the OER catalytic activity of HEO and HEO+CNT were 

measured. HEO+CNT showed better catalytic activity than the HEO which was attributed to 

highly dispersed, active sites, fast charge transfer and excellent electronic conductivity. 

Furthermore, the OER activity observed was claimed to be higher than for the mixed metal 

oxides with fewer elements. For HEO+CNT, the observed overpotential at 10 mA cm-2 is 

around 350 mV. The enhanced OER activity was believed to be a result of the diverse valence 

states of the constituent elements, which can help overcome the kinetic barriers. They conclude 

that the cations in octahedral voids, which are Co+3, Fe+3, Mn+3 and Ni+3, contribute to the 

adsorption of the intermediates and the cations in tetrahedral voids, which are Cu+2, Co+2, Fe+2, 

Mn+2 and Ni+2, contribute to water splitting. Following this study, several studies emerged on 

the OER activity of the spinel HEO, which report exceptional OER activity in the spinel HEO 

than state-of-the-art OER catalyst IrO2
71–75. In a systematic study by Abdelhafiz et al.71, the 

authors synthesized a spinel structured medium entropy oxide - (Co,Fe,Ni)3O4 to which they 

systematically add different elements like Cr, V, and Mn to synthesize spinel structured oxides 

with 4, 5 components. They then measured the OER activity of the corresponding 3, 4, 5 

component systems. Among the 3 and 4 component systems they observed the following trend 
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in the OER activity FeNiCoCr > FeNiCoMn > FeNiCoV > FeNiCo, which suggests that the 

activity increased with increasing number of components with the system containing Cr having 

the highest activity. Furthermore, the five component systems with Cr, FeNiCoCrV and 

FeNiCoCrMn, showed higher activity than the quaternary composition without Cr. However, 

among the systems with Cr, the activities are in the following order FeNiCoCrV > FeNiCoCr 

> FeNiCoCrMn. This study indicates the drastic effect of specific elements like Cr, Mn and V 

on the OER activity. As a result, to understand the effect of Cr on the electronic structure and 

in turn on the catalytic activity, the authors investigated the oxidation states of active site 

elements like Ni, Co, Fe with addition of Cr and they observed an increase in the oxidation state 

of these elements. The authors postulate that the increase in oxidation state of Co, Ni and Fe 

with addition of Cr can lead to the decrease in 3d orbital level and increase the hybridization of 

the TM 3d – O 2p orbital, which can enhance the OER activity. The effect of Cr is supported 

by another study by Hooch Antink et al. 73
 in which along with Cr, Mo has also been observed 

to improve the catalytic activity. One more element that has been observed to enhance the OER 

activity in these spinel HEO is Mg, reported by Stenzel et al.75. In this study, they observed that 

addition of Mg into spinel HEO resulted in the formation of multiphase mixture of rock-salt 

and spinel-type phase which led to an increase in OER activity. Consequently, investigations 

were conducted on rock-salt structured HEO, which also exhibit promising OER catalytic 

activities 76,77. Along with rock-salt and spinel structured HEO, few studies have also reported 

the OER activity of perovskite structured HEO 78–82. The first report on the perovskite structured 

HEO was Nguyen et al.83 in 2021. In the study, the authors investigated the catalytic activity 

for OER reaction of La(Co,Cr,Fe,Mn,Ni)O3 along with other perovskite-type HEO 

compositions with each transition metal element on the B-site being doubled. The authors 

observed the high catalytic activities and durability from La(Co2,Cr,Fe,Mn,Ni)O3 with double 

Co with the next best activities observed in La(Co,Cr,Fe,Mn,Ni2)O3 and 

La(Co,Cr2,Fe,Mn,Ni)O3. The overpotential at 10 mA cm-2 are around 400 – 500 mV, which is 

higher than state-of-the-art RuO2 but at higher current densities the perovskite HEO shows 

lower overpotentials than the RuO2 catalyst. Furthermore, Tafel slopes of the perovskite HEO 

are lower than RuO2 implying a faster charge transfer making it a better OER catalyst. 

Following the study by Nguyen et al.83, Sr is doped into the above-mentioned HEO and the 

catalytic activity of the Sr doped HEO were measured, which decreases the overpotential below 

400 mV with even better performances than the undoped counterparts 79–81. Although there are 

multiple studies highlighting the enhanced OER catalytic activities of the perovskite HEO, the 

reason for the enhancement is yet to be confirmed and should be investigated systematically.  
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3 Characterization techniques 

 

3.1.1 X-ray Diffraction 

 

X-ray diffraction (XRD) is a very well-known technique employed to determine the 

crystal structure of a material. X-rays have a wavelength in order of the interatomic distances. 

As a result, when a crystal is irradiated with X-rays, constructive interference can occur over 

the diffracted beam at certain angles. Based on this principle, Lawrence Bragg and William 

Henry Bragg came up with an expression which is as follows 

 
n λ = 2d sin θ Eq. 3-1 

Here λ is the wavelength of X-rays, d is interplanar spacing and θ is the incident angle at which 

constructive interference happens with the diffracted beam. Constructive interference from 

various lattice planes leads to a diffraction pattern. Each crystal structure has a unique 

diffraction pattern, making XRD an effective tool for determining the material’s crystal 

structure.  Depending on the form factor of a material, different diffraction techniques are 

employed in the thesis. The diffraction techniques employed in this thesis are as follows:  

1. Powder X-ray diffraction: It is employed for polycrystalline powders. A simple 

representation of the technique can be seen in Figure 3-1(a). The XRD is measured with 

a Bruker D8 advance diffractometer. Cu Kα X-ray source irradiates the powder samples, 

and a LynxEye linear detector collects the diffracted X-rays. The source and detector 

rotate in Bragg-Brentano geometry, with both the source (incident angle) and the 

detector (diffracted angle) set at the same angle (θ) relative to the sample stage. The 

sample position remains fixed. The diffraction intensities at different incident angles 

(2θ) are measured and plotted. The crystal structure, phase composition, lattice 

parameters, crystallite size, and micro-strain are determined from the XRD pattern using 

Rietveld refinement, which is carried out with FullProf software. The instrumental 

parameters for refinement are obtained from the XRD pattern of the LaB6 standard 

sample. 

2. Grazing incidence X-ray diffraction: This technique is the used for investigating thin 

films. The diffraction of the thin films is measured by positioning the X-ray source at a 

fixed low incidence angle (0-5°) while the detector measures the diffracted X-rays at 

different angles along the goniometer circle as depicted in Figure 3-1(b). The films are 
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calibrated in the z-direction, sample height, to ensure that the beam irradiates the top 

surface. For the z-calibration, the source and detector are initially positioned at an angle 

of 0°. The sample is then moved away from the X-ray beam along the z-direction and 

gradually repositioned toward the beam to identify the surface of the film. The low 

incidence angle of X-rays ensures that diffraction only occurs in the film, preventing 

any diffraction from the substrate. 

3. High resolution X-ray diffraction: High-resolution X-ray diffraction (HRXRD) is 

employed to characterize the structure of epitaxial thin films. Epitaxial films are thin, 

single-crystalline layers that are deposited onto a single-crystal substrate in such a way 

that the crystallographic orientation of the film aligns with that of the underlying 

substrate. This alignment is made possible by carefully selecting a substrate whose 

lattice constants closely match or, in some cases, are intentionally mismatched to 

engineer strain. When these films are characterized using high-resolution X-ray 

diffraction (XRD), they exhibit distinct interference fringes adjacent to the Bragg peaks, 

known as Laue fringes or Laue oscillations. They arise from the constructive and 

destructive interference of X-rays diffracted by a limited number of crystallographic 

planes in the film. The periodic spacing of Laue fringes is inversely related to the 

thickness of the epitaxial layer as depicted in Eq 3-2,  

 
𝑡 =

2𝜋

∆𝑞
=  

𝜆

2(sin 𝜃2 − sin 𝜃1)
 Eq 3-2 

Where t is the thickness of the film, ∆𝑞 is scattering vector, 𝜆 is the wavelength of the 

X-rays and 𝜃2& 𝜃1 are the angles of two successive Laue fringes. While the width of the 

fringes determines the thickness of the film, the intensity, sharpness, and symmetry of 

the fringes provide insights into the crystallinity of the film. Sharp, well-resolved fringes 

are indicative of a smooth surface, abrupt interfaces, and a high degree of crystalline 

perfection throughout the film. On the other hand, fringe patterns that appear damped, 

blurred, or irregular may point to interface roughness, the presence of dislocations or 

other crystalline defects, or variations in strain across the film. As such, detailed analysis 

of Laue fringes in XRD patterns serves as a powerful, non-destructive diagnostic tool 

for evaluating critical structural parameters of epitaxial films which includes their 

thickness, crystallinity, interface quality, and strain distribution. Traditional powder 

diffractometers lack the resolution to detect these oscillations or to resolve the Bragg 

peak separation between the film and the substrate. Therefore, high-resolution X-ray 
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diffraction (HRXRD) is designed for the precise structural analysis of epitaxial thin 

films. High-resolution XRD measurements in this dissertation are performed in a Bruker 

AXS D8 diffractometer. The diffractometer is equipped with a monochromatic Cu-Kα 

X-ray source and a Goebel mirror prior to the detector to increase the resolution of the 

diffractometer. The height is adjusted to align the X-ray beam with the surface, as 

mentioned in Grazing incidence X-ray diffraction. Next, the stage is tilted between 0 

and 0.5 degrees to ensure that the sample surface is parallel to the beam. Once the 

sample is properly aligned, an omega-2Theta scan is measured. 

 

 

Figure 3-1 Schematic representation of different XRD techniques (a) Powder X-ray diffraction 

(b) Grazing incidence X-ray diffraction and (c) High resolution X-ray diffraction. 

 

3.1.2 Scanning Electron Microscopy 

 

Scanning Electron Microscopy (SEM) is a technique that uses electrons for imaging. 

Electrons have a De Broglie wavelength that is smaller than that of visible light, which allows 

electron microscopes to achieve higher magnifications and resolutions in the order of a few 

nanometers. In a scanning electron microscope, an electron gun generates primary electrons, 

and electromagnetic lenses focus these electrons onto the sample. When the primary electrons 
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interact with the sample, they produce various emissions that provide information about the 

sample's morphology and chemical composition. The different emissions resulting from the 

interaction of primary electrons within the penetration volume include the following: 

1. Secondary electrons: Secondary electrons are electrons emitted by the inelastic 

interaction of the primary electrons with the surface atoms. Secondary electrons have 

very low energy. Consequently, only the secondary electrons originating from the 

surface of the sample are energetic enough to escape the sample surface, reach the 

detector. As a result, secondary electrons give information about the morphology of the 

surface.   

2. Back-scattered electrons: The elastic interaction of the primary electron with the atomic 

nuclei results in back-scattered electrons. Back-scattered electrons are more energetic 

and emerge from deeper regions than secondary electrons as they result from elastic 

interactions. The intensity of the back-scattered electrons depends on the atomic number 

of the atoms. Therefore, back-scattered electrons provide atomic contrast in the SEM 

images.  

3. Characteristic X-rays: Characteristic X-rays are emitted when an electron transitions 

from an outer shell to an inner shell to fill a vacancy created by the inelastic scattering 

of the primary electrons. These X-rays are unique to each element. The technique used 

to analyze elements with characteristic X-rays is called Energy Dispersive X-ray 

Spectroscopy (EDS). EDS provides elemental maps or chemical distribution of 

elements, and their corresponding chemical composition. 

SEM is measured with a LEO Gemini-1530 scanning electron microscope equipped with an 

Oxford X-MaxN X-ray detector. The operating voltage, aperture, and working distance are 

5 kV, 30 μm, and 5 mm for microscopy, whereas they are  0 kV, 1 0 μm, and 8.5 mm for EDS. 

 

3.1.3 Transmission Electron Microscopy 

 

Transmission Electron Microscopy (TEM) is a powerful imaging technique that uses a 

parallel electron beam to pass through an ultra-thin sample, producing highly resolved images 

down to a few angstroms. TEM provides valuable insights into nanoparticle morphology, local 

crystal structures, and atomic arrangements. 

Scanning Transmission Electron Microscopy (STEM) is a variation of TEM, where a 

focused electron beam is rastered across the specimen to generate a scanned image. A High-
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Angle Annular Dark Field (HAADF-STEM) detector captures electrons scattered at high 

angles, producing high-Z-contrast images while minimizing diffraction contrast effects. 

Energy Dispersive X-ray Spectroscopy (EDS) and Electron Energy Loss Spectroscopy 

(EELS) are commonly used techniques in TEM for chemical analysis. EDS detects 

characteristic X-rays emitted when electrons transition to fill vacancies created by inelastic 

scattering, while EELS measures the energy lost by transmitted electrons due to inelastic 

interactions. EDS provides valuable insights into chemical composition, elemental distribution 

at the atomic scale, while EELS delivers information about the valence states of elements. 

TEM analysis was conducted using a double aberration-corrected ThermoFisher Themis 

Z HR-(S)TEM, equipped with a Super-X energy-dispersive X-ray detector and a Gatan GIF 

Continuum 970 HighRes + K3 IS camera, operating at 300 kV. HAADF-STEM imaging was 

performed with a beam convergence angle of 30 mrad and a collection angle ranging from 62 

to 200 mrad. Both EDS and EELS were acquired in STEM imaging mode. TEM lamellae of 

the films were extracted using a focused ion beam (FIB) in an FEI Strata 400 system. 

 

3.1.4 Atomic force microscopy 

 

Atomic Force Microscopy (AFM) is a non-optical surface inspection technique that uses 

an extremely sharp tip to physically probe surface irregularities. An atomic force microscope 

operates using a cantilever with a sharp tip, which typically has a radius of curvature in the 

order of a few nanometers. A laser is directed onto the back of the cantilever, and the reflected 

light is detected by a photodetector. As the sharp tip scans the surface of the sample, variations 

in surface topography cause the cantilever to deflect. These deflections, caused by interactions 

between the tip and the surface, lead to changes in the reflected laser signal. This principle 

allows the AFM to measure surface roughness with high spatial resolution, providing detailed 

topographical information at the nanoscale. 

Atomic force microscopy was measured in a Bruker Dimension ICON (USA). The root 

mean square roughness of a line profile along the step edge was used to determine the 

roughness.  

 

3.1.5 UV-Vis spectroscopy 

 

UV-Vis spectroscopy is a technique employed to examine the interaction of a material 

with both ultraviolet (UV) and visible light. When electromagnetic radiation strikes the sample, 
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it can be absorbed, reflected, or transmitted. A spectrometer then measures the intensity of 

absorbed, reflected, or transmitted radiation relative to the incident radiation. This technique is 

commonly used to determine a optical band gap of materials. In this thesis, reflected radiation 

is measured to investigate the optical properties of the material. This variation of UV-Vis 

spectroscopy that measures reflectance is called Diffuse Reflectance Spectroscopy (DRS). The 

optical band gaps from reflectance data in the thesis are derived using TAUC method using the 

following expression84 

 
[𝐹(𝑅∞)ℎ𝜈]

1/𝑛 = 𝐴(ℎ𝜈 − 𝐸𝑔) Eq. 3-3 

Here h is Plank’s constant, 𝜈 is frequency of the incident beam, Eg is the band gap, A is a 

constant, n is the parameter dependent on the nature of transition, and 𝐹(𝑅∞) is reflectance 

parameter calculated from Kubelka Munk function: 

 

F(𝑅∞) =
(1 − 𝑅)2

2𝑅
 Eq. 3-4 

where R is reflectance derived from the measurement. The band gap is the x-intercept of the 

linear portion of the [𝐹(𝑅∞)ℎ𝜈]
1/𝑛 vs. ℎ𝜈. For direct band gap, n = 1/2 is used and for indirect 

band gap, n = 2 is used. 

In this thesis, a Cary 60 UV-Vis spectrometer (Agilent) equipped with a remote fiber optic 

diffuse reflectance accessory was used to perform UV-Vis spectroscopy. The measurement was 

conducted between 100 and 1100 nm with speed 600 nm/min. 

  

3.1.6 Raman spectroscopy 

 

Raman Spectroscopy is a technique based on the Raman effect introduced by Sir C.V. 

Raman. The Raman effect is the phenomenon of inelastic scattering of light by a material. A 

material absorbs, reflects, or transmits most of the incident light. However, 0.1 to 0.01 % of 

incident light scatters in all directions. Most of the scattered light is elastically scattered, also 

known as Rayleigh’s scattering, in which the energy of the incident light is equal to the scattered 

light. Interestingly, there is a one-in-a-million chance that the light scattered will have an energy 

higher or lower than the incident light. This phenomenon is inelastic scattering or Raman 

scattering. Raman spectroscopy uses laser light sources in the ultraviolet, visible, and near 

infrared ranges. These laser light sources excite molecules to higher vibrational energies. If an 

excited molecule relaxes to the same initial vibrational energy level, then Rayleigh’s scattering 
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(elastic scattering) occurs. However, if the molecules relaxes to a different vibrational energy 

level than the initial vibrational state, then Raman scattering (inelastic scattering) occurs. 

Raman spectroscopy provides information about the molecular vibrations, structural transitions, 

local chemical environments, comparing defect concentrations, electronic and optical 

properties. 

In this thesis, Raman Spectroscopy measurements are conducted using a Renishaw 

Raman confocal optical microscope with green laser (λ = 53  nm) and infrared laser (λ = 785 

nm). The measurement was done at 100 to 1000 cm-1 for 30 sec and 10 accumulations.  

 

3.1.7 X-ray photoelectron spectroscopy 

 

X-ray Photoelectron Spectroscopy (XPS) is inspired by Einstein’s photoelectric effect. 

The photoelectric effect is the emission of electrons from a material caused by electromagnetic 

radiation. In XPS, X-rays emit electrons from the surface of the material, and the kinetic 

energies of the emitted electrons are measured. The energy of X-rays in XPS is converted into 

the following energies: 

1. Binding energy (BE) – The energy required to remove an electron from an atom 

(binding energy) to Fermi energy level. 

2. Work function (W) – The energy required to transfer an electron from the Fermi energy 

level to vacuum. 

3. Kinetic energy (KE) – kinetic energy of the emitted electrons. 

According to law of conservation of energy, the energy of X-rays (hν) is a sum of all the above-

mentioned energies. 

 
hν = 𝐵𝐸  +𝑊  + 𝐾𝐸 Eq. 3-5 

The binding energy of the electron can be written as 

 
𝐵𝐸 =  hν −𝑊  − 𝐾𝐸 Eq. 3-6 

In XPS, a detector measures the kinetic energy of the electrons, and the binding energy is 

estimated from Eq. 3-6. The resultant spectra are created by plotting a graph between the 

intensity and binding energy. The binding energy of the electron is characteristic of the element 

and orbital from which it originates. The oxidation states and chemical bonding can 
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significantly affect the binding energy of electrons. Therefore, XPS spectra provide insights 

into the oxidation state and chemical bonding of the elements on the surface of the material.   

In this thesis, the Omicron XM 1000 MK II X-ray source generates Al Kα X-rays with 

an energy of 1486.6 eV at an operating voltage of 300 W. The SPECS Phobias 150 spectrometer 

measures the kinetic energy of the emitted photoelectrons and resulting spectra are analyzed 

with CASAXPS software. 

 

3.1.8 X-ray absorption spectroscopy 

 

X-ray Absorption Spectroscopy (XAS) involves irradiating a sample with high-energy 

X-rays and measuring the resulting energy loss. X-rays, typically from a synchrotron source, 

eject core-shell electrons from atoms, leading to characteristic absorption edges (such as the K-

edge or L-edge) in the spectrum. These edges are element specific and provide insights into 

local atomic environment, and oxidation state. 

 

3.1.9 Density measurements 

 

Density measurements are carried out using Archimedes principle and from the geometry 

of the material. Archimedes principle was discovered by a Greek mathematician and inventor, 

Archimedes. Archimedes principle states that any object submerged in a liquid experiences 

buoyant forces equal to the weight of the liquid displaced, and the volume of the liquid 

displaced is equal to the volume of the object. As a result, the relative density of an object can 

be measured using Archimedes principle 

𝑊𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑙𝑖𝑞𝑢𝑖𝑑 𝑑𝑖𝑠𝑝𝑙𝑎𝑐𝑒𝑑 = 𝑊𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑜𝑏𝑗𝑒𝑐𝑡 − 𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑜𝑏𝑗𝑒𝑐𝑡 𝑖𝑛 𝑙𝑖𝑞  Eq. 3-7 

𝐷𝑒𝑛𝑠𝑖𝑡𝑦 𝑜𝑓 𝑜𝑏𝑗𝑒𝑐𝑡 =
𝑊𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑜𝑏𝑗𝑒𝑐𝑡

𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑜𝑏𝑗𝑒𝑐𝑡
 

Eq. 3-8 

𝐷𝑒𝑛𝑠𝑖𝑡𝑦 𝑜𝑓 𝑜𝑏𝑗𝑒𝑐𝑡 =
𝑊𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑜𝑏𝑗𝑒𝑐𝑡

𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑙𝑖𝑞𝑢𝑖𝑑 𝑑𝑖𝑠𝑝𝑙𝑎𝑐𝑒𝑑
 

Eq. 3-9 

𝐷𝑒𝑛𝑠𝑖𝑡𝑦 𝑜𝑓 𝑜𝑏𝑗𝑒𝑐𝑡 =
𝑊𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑜𝑏𝑗𝑒𝑐𝑡

𝑊𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑙𝑖𝑞𝑢𝑖𝑑 𝑑𝑖𝑠𝑝𝑙𝑎𝑐𝑒𝑑  ×  𝐷𝑒𝑛𝑠𝑖𝑡𝑦 𝑜𝑓 𝑡ℎ𝑒 𝐿𝑖𝑞𝑢𝑖𝑑
 

Eq. 

3-10 
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In this thesis, the weight of the sample is measured in air. Subsequently, the sample is 

submerged in water, and its weight under water is recorded. The relative densities are then 

calculated from Eq. 3-10 by considering the density of water to be 1 g/cc.  

The Geometric relative densities are measured by using the dimensions of the sample and 

weight of the sample (Geometric density). 

 
Density of object =

Weight of object

π × 𝑟2 × ℎ
 Eq. 3-11 

Here r is the radius of the cylindrical pellet, h is the thickness of the cylindrical pellet. The 

geometric densities account for open and closed pores. However, the relative densities from the 

Archimedes principle only accounts for closed pores as water can seep into open pores. 

Therefore, the difference between the relative densities can give a good idea about the open 

pores present in the system. 

 

3.1.10 Electrochemical Impedance Spectroscopy 

 

Understanding the correlation between voltage and current is crucial in comprehending 

the functioning of any electrical circuit. The relation is dependent on the type of current that 

flows through the circuit. For direct current (DC) at equilibrium, potential and current share a 

direct and proportional relationship for different electrical elements like resistors, capacitors, 

and inductors. However, the relation between potential and current is more nuanced for 

alternating current (AC). In AC, the potential difference varies periodically, typically in the 

form of a sine wave (𝑉 = 𝑉0 sin(𝜔𝑡)) with an angular frequency of ω. In an ideal resistor,  

 
𝑉(𝑡) = 𝐼(𝑡)𝑅 Eq. 3-12 

 
𝑉0 sin𝜔𝑡   = 𝐼(𝑡)𝑅 Eq. 3-13 

 
𝐼(𝑡) =

𝑉0
𝑅
sin𝜔𝑡 Eq. 3-14 

 
𝐼(𝑡)  = 𝐼0 sin𝜔𝑡 Eq. 3-15 

From the above expressions, current and potential are directly proportional, and are in phase 

with each other similar to DC. However, for elements where current and potential exhibit a 
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phase shift and, therefore, are time-dependent such as capacitor and inductor, the relationship 

is different. For an ideal capacitor with a capacitance C,  

 

𝐼(𝑡) = 𝐶
𝑑(𝑉(𝑡))

𝑑𝑡
 Eq. 3-16 

 
𝐼(𝑡) = 𝐶

𝑑(𝑉0 sin𝜔𝑡)

𝑑𝑡
 Eq. 3-17 

 
𝐼(𝑡) = 𝐶𝜔𝑉0 cos𝜔𝑡 Eq. 3-18 

 
𝐼(𝑡) = 𝐼0 sin(𝜔𝑡 + 90) Eq. 3-19 

The current in an ideal capacitor lags behind the potential by a phase difference of 90 degrees. 

In the case of an ideal inductor with an input current (I(t)  = 𝐼0 sinωt) and inductance L the 

voltage lags 90 degrees behind the current. 

 

V(𝑡) = 𝐿
𝑑(𝐼(𝑡))

𝑑𝑡
 Eq. 3-20 

 
𝑉(𝑡) = 𝐿

𝑑(𝐼0 sin𝜔𝑡)

𝑑𝑡
 Eq. 3-21 

 
𝑉(𝑡) = 𝐿𝜔𝐼0 cos𝜔𝑡 Eq. 3-22 

 
𝑉(𝑡) = 𝑉0 sin(𝜔𝑡 + 90) Eq. 3-23 

In practice, materials exhibit characteristics that deviate from the ideal behaviors of resistors, 

capacitors, and inductors, presenting a blend of diverse electrical elements. Consequently, the 

relationships between current and potential, as well as phase differences, may vary. Impedance 

is introduced to provide a simplified representation of a material's resistance to an applied 

voltage or current. Impedance can be written as follows 

 
Z =

𝑉(𝑡)

𝐼(𝑡)
 Eq. 3-24 

Applying fast Fourier transformation and converting the time regime of potential (𝑉 =

𝑉0 sin(𝜔𝑡))  to frequency regime gives 

 
𝑉 = 𝑉0 exp 𝑖(𝜔𝑡) Eq. 3-25 
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and corresponding current response to the alternating current is 

 
𝐼 = 𝐼0 exp 𝑖(𝜔𝑡 − 𝜙) Eq. 3-26 

here ϕ is the phase difference between current and voltage. The impedance of the corresponding 

electrical circuit can be written as 

 
𝑍 =

𝑉0 exp 𝑖(𝜔𝑡)

𝐼0 exp 𝑖(𝜔𝑡 − 𝜙)
 Eq. 3-27 

 
𝑍 =

𝑉0
𝐼0
exp 𝑖(𝜙) Eq. 3-28 

 
𝑍 = 𝑍0(cos(𝜙) + 𝑖 sin(𝜙)) = Re(𝑍

′) + 𝑖 Im(𝑍") Eq. 3-29 

The above expression of impedance can be divided into real and imaginary parts. The 

impedance data is typically represented through Nyquist plots. Nyquist plots is graphical 

representation between the real and imaginary parts of the impedance. Nyquist plots are fitted 

with an equivalent circuit that depicts the measuring system appropriately.  

In this thesis, electrochemical impedance spectroscopy (EIS) was utilized to test oxygen ion 

conduction and electrocatalysis. For oxygen ion conduction, EIS was performed from high 

frequencies (1 MHz) to low frequencies (100 mHz) with a potential amplitude of 500 mV.  The 

impedance to electrical transport in solid electrolytes arises from both the resistance of the 

electrolyte and the imperfect capacitance associated with the double layer at the interface 

between the electrolyte and the electrode interface. Typically, an equivalent circuit of resistor 

(R) and constant phase element (CPE) which serves as imperfect capacitive element in parallel 

is used to fit the impedance data85,86. However, solid electrolytes consist grain and grain 

boundaries that offer different impedance. As a result, two CPE//R circuits for bulk and grain 

boundary were considered to fit the impedance data. The CPE fit values were converted to 

capacitances using the following expression 

 

𝐶 = (𝑅1−𝑛  ×  𝑄)
1
𝑛 Eq. 3-30 

here C is capacitance, R is resistance, Q and n are the CPE fit parameters. EIS of the electrolyte 

was conducted at different temperatures and oxygen partial pressures to derive the activation 

energies and the conduction nature of the electrolyte. The conductivities were measured in a 

temperature range of 300 - 800 °C and a pressure range of 1 bar to 5 mbar of oxygen partial 
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pressure, respectively. Activation energies (Ea) of the electrolyte can be derived with the help 

of Arrhenius equation:  

 
𝜎 =

𝜎0
𝑇
𝑒𝑥𝑝 (

−𝐸𝑎
𝑅𝑇
) Eq. 3-31 

here σ0 is the exponential pre-factor of conductivity, R is the universal gas constant, and T is 

the temperature in Kelvin. Total conductivity was considered for calculating the activation 

energies. The EIS for electrocatalysis was performed at open-circuit potential with a 10 mV 

amplitude, and the cell resistance correction (IR correction, typically 45–55 Ω) was determined 

from the high-frequency intercept of the real impedance. 

 

3.1.11  Cyclic Voltammetry 

 

Cyclic voltammetry (CV) is a versatile technique used to study the oxidation and reduction 

reactions occurring in an electrochemical cell. In this thesis, CV is utilized to investigate the 

electro-catalytic activity of oxides. This technique is essential in catalysis as it helps in 

understanding how effectively a material catalyzes a specific reaction. A setup of the catalytic 

electrochemical cell is shown in Figure 3-2. Typically, an electrochemical cell consists of the 

following components: 

1) Working electrode: The working electrode is the electrode at which the desired reaction 

occurs in an electrochemical cell. This is the site where electrons are transferred during 

the reaction, depending on whether the process involves reduction or oxidation. 

2) Reference electrode: A reference electrode is an electrode with a well-defined 

equilibrium potential. The equilibrium potential of a reference electrode should remain 

constant over the given experimental conditions. The potential measured by the 

potentiostat during a CV measurement is the potential between the working electrode 

and the reference electrode. Consequently, the potential plotted in a CV is the working 

electrode’s potential with respect to the reference electrode. Some good examples of a 

reference electrode are the standard hydrogen electrode, the saturated calomel electrode, 

and the AgCl/Ag electrode. 

3) Counter electrode: The Counter electrode completes an electrical circuit with the 

working electrode. Counter electrode helps in supplying or receiving current from the 

working electrode. The reaction at the counter electrode is contrary to the reaction at 

working electrode. The counter electrode is typically an inert electrode like Pt to avoid 

any further reactions impeding the CV signal. 
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4) Electrolyte: Electrolyte is a connecting medium between the electrodes. Electrons from 

the electrodes generate ions in the electrolyte, which then migrate toward the opposite 

electrode, maintaining charge neutrality and completing the circuit. A good electrolyte 

should exhibit high ionic conductivity and remain stable against both oxidation and 

reduction in the potential range of the experiment. 

5) Gas: Gas are supplied to ensure continuous reactant availability, remove gas bubbles, 

and prevent contamination, thereby enhancing reaction efficiency. 

In this thesis, the following components were used for measuring the electro-catalytic activity 

for oxygen evolution reaction: 

1) Working electrode: Epitaxial oxide thin film on a rotating disk electrode. 

2) Counter electrode: Platinum. 

3) Reference electrode: Hg/HgO. 

4) Electrolyte: 0.1 M KOH in water 

5) Gas: Oxygen. 

Cyclic voltammetry was initially conducted in the pseudocapacitive redox phase change 

region, specifically between approximately 0.9 and 1.75 V versus RHE. This was done at scan 

rates ranging from 10 to 500 mV s–1. Following this, the oxygen evolution reaction (OER) 

testing was performed from 0.9 to 1.9 V versus Hg/HgO at a scan rate of 10 mV s–1. 

 

Figure 3-2 Three electrode setup of electrochemical cell. 
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4 Synthesis of high entropy oxides 

 

The research conducted in this chapter is published in the following articles: 

1) Mohana V Kante, Horst Hahn, Subramshu S Bhattacharya, Leonardo Velasco; 

Synthesis and characterization of dense, rare-earth based high entropy fluorite thin 

films; J Alloys Compd. 2023 Jun 25; DOI: 10.1016/J.JALLCOM.2023.169430.  

2) Mohana V Kante, Ajai R Lakshmi Nilayam, Kosova Kreka, Horst Hahn, Subramshu S 

Bhattacharya, Leonardo Velasco, Albert Tarancón, Christian Kübel, Simon Schweidler, 

and Miriam Botros; Influence of Zr-doping on the structure and transport properties of 

rare earth high-entropy oxides; Journal of Physics: Energy, 2024; DOI:10.1088/2515-

7655/ad423c. 

Certain sections and figures in this chapter are derived from the aforementioned publications. 

 

 

High entropy oxides (HEOs) are complex compounds made up of multiple elements. The 

synthesis of HEO typically involves mixing the precursors of the constituent elements and then 

converting the mixture into an oxide. Extensive research has explored various synthesis routes 

for high entropy oxides. These studies focus on fabricating HEOs in different forms, including 

powders, pellets, and thin films. Some examples for powder synthesis techniques are reverse 

co-precipitation, flame spray pyrolysis, nebulized spray pyrolysis, hydrothermal synthesis, 

solution combustion, mechanochemistry, and sol-gel processes45,87–91. Various methods have 

been investigated for powder synthesis and pellet densification, consisting of conventional 

sintering, flash sintering, spark plasma sintering, microwave sintering, and reactive flash 

sintering. 45,91–95. Thin film synthesis techniques include pulsed laser deposition, sol-gel 

process, and magnetron sputtering 41,47,96,97. Various fabrication methods are explored in this 

thesis to synthesize HEO in different form factors; these are: 

1) Reverse co-precipitation synthesis for powders. 

2) Mechanochemical synthesis for powders. 

3) Sol-gel process for powders and thin films. 

4) Pulsed laser deposition for thin films. 

5) Conventional sintering for pellets. 
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In the following sections of this chapter, these synthesis techniques will be discussed in more 

detail. These methods were applied to synthesize (Ce,La,Pr,Sm,Y)O2-δ (FHEO), and the 

resultant samples were characterized both structurally and chemically. 

 

4.1 Powders 

 

4.1.1 Synthesis techniques 

 

Reverse co-precipitation: Reverse co-precipitation (RCP) is a precipitation technique 

generally utilized to synthesize nanoparticles. In this technique, A precursor solution with a 

concentration of 0.1 M is prepared by dissolving metal nitrates in water. A strong base - 28% 

ammonia solution (pH = 14) is gradually titrated into the precursor solution. The interaction of 

metal ions with a strong base, like ammonia, leads to the precipitation of the metal hydroxide. 

A centrifuge separates the precipitates, which are then dried at 80 ℃ overnight. Further heat 

treatment of the dried hydroxide precipitate results in the transformation to the desired metal 

oxide.  

𝑀(𝑁𝑂3)  + 𝐻2𝑂 
𝑁𝐻3, 𝑃

𝐻=14
→         𝑀(𝑂𝐻) 

∆
→  𝑀𝑂 

 

Pechini process (Sol–Gel process): The Pechini process is a versatile technique for 

synthesizing powders and thin films. It is a variation of the Sol-Gel process. In the Pechini 

process, metal nitrates are dissolved in water to create a precursor solution. Citric acid is then 

added to the solution to chelate the metal cations. Subsequently, Ethylene glycol is added to 

facilitate the polymerization of the chelated metal cations. The resulting solution is aged at 

140 ℃ for a few hours, forming a polyester gel. The gel is dried at 300 ℃ and sintered at 

1250 °C to produce metal oxide powders. In this thesis, the ratio between metal cations, citric 

acid, and ethylene glycol were 1:1:2 and 1:2:4, and the concentration of metal cations in the 

solution was 0.2 M.  
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Mechanochemical synthesis: Mechanochemical synthesis involves high-energy ball milling 

of the constituent metal oxides to create an oxide. A high-energy planetary ball mill (Retsch 

PM200) mixes the corresponding metal oxides. The high mechanical energy generated by the 

ball mill induces local heating that facilitates the synthesis of the oxides, resulting in the high 

entropy oxide. In this thesis, tungsten carbide vials and balls were used. The mass ratio between 

the precursors and the tungsten carbide balls was kept at 1:50. The ball milling was done at 

500 rpm for 48 h to ensure proper mixing with 10 mins mixing and 10 mins rest during the 

milling. 

 

4.1.2 Structural characterization 

 

The X-ray diffraction (XRD) of the powders is shown in Figure 4-1. The X-ray 

diffraction pattern from Figure 4-1(a) suggests the structure is fluorite (Fm3̅m). Therefore, the 

XRD patterns are fitted with the fluorite structure and the Rietveld refinements can be seen in 

Figure 4-1(b), Figure 4-1(c), and Figure 4-1(d). The XRD pattern of the powder could be fitted 

with a single-phase fluorite structure. The powder characteristics like lattice parameter and 

crystallite size are extracted from the Rietveld refinements, which is summarized in Table 4-1. 

Lattice parameters in Table 4-1 show no significant change. Furthermore, the powders from 

these synthesis techniques are nanocrystalline with crystallite size in 12 to 20 nm range. The 

powder synthesis techniques investigated resulted in a single-phase nanocrystalline fluorite 

structured oxide powder. These powders are used to prepare pellets via conventional sintering. 

Table 4-1 Structure, lattice parameter(a), crystallite size of the powders synthesized from 

corresponding synthesis routes. 

Synthesis route Structure a (Å) Crystallite size (nm) 

Mechanochemical Fm3̅m 5.43 20.1 

Reverse Co-

precipitation 

Fm3̅m 5.48 12 

Pechini Fm3̅m 5.48 14 
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Figure 4-1 (a) X-ray diffraction patterns of powders synthesized by mechanochemical (MC), 

Pechini, and reverse co-precipitation (RCP) processes. Rietveld refinements of the x-ray 

diffraction patterns of powders of (b) mechanochemical (MC), (c) Pechini, and (d) reverse co-

precipitation (RCP). 
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4.2 Thin films and pellets 

 

4.2.1 Synthesis techniques 

 

Conventional sintering: The powders synthesized by the above-mentioned techniques are 

consolidated into cylindrical or disk-like pellets by conventional sintering. Conventional 

sintering (CS) involves pressing the powders in a uniaxial press and sintering the pellets at high 

temperatures for densification. In this thesis, pellets were pressed at a pressure of 500 MPa and 

were sintered at 1400 – 1500 ℃ for 1  h. The pellets were pressed using a die with a diameter 

of 8 mm.  

 

Pechini process (Sol–Gel process): The polyester gel obtained from the Pechini process was 

aged at room temperature for 48 hrs. After aging, the gel was spin-coated onto a Si substrate at 

a speed of 6000 rpm for 60 s. The coated gel layer was dried on a hot plate at 100 °C. This 

process of coating and drying was repeated five times. Finally, the films were heat-treated at 

750 °C for six hours. 

 

Pulsed Laser Deposition: One of the most prominent techniques to grow thin films is Pulsed 

Laser Deposition. A schematic representation of the deposition technique is shown in Figure 

4-2.  In pulsed laser deposition (PLD), a high-energy KrF UV-laser (λ =  48 nm) ablates a 

target made of the desired material onto a heated substrate, depositing the material as a thin 

film.  

 

Figure 4-2 Schematic representation of pulsed laser deposition. 

         

     

            

T     
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The target was synthesized by conventionally sintering powders of (Ce,La,Pr,Sm,Y)O2-δ.  These 

powders were produced using a reverse co-precipitation method. For the conventional sintering 

process, the powders were pressed into 1-inch pellets using a uniaxial press under a pressure of 

400 MPa. Following this, the samples were heat-treated at 1000 °C for 12 hours. 

The characteristics of the resulting film depend on several factors, including the laser fluence, 

deposition temperature, deposition atmosphere, and the type of substrate. Various deposition 

conditions can be employed to create films with distinct morphologies. As a result, three 

different samples with three distinct morphologies were synthesized. The deposition conditions 

for the three different samples are as follows:  

1) PLD-Si-1: The samples were deposited on a Si substrate at room temperature with a 

laser fluence of 1.72 J/cm2 with a frequency of 2 Hz at an oxygen partial pressure of 

0.05 mbar. The deposited films were subsequently heat treated at 750 °C for 15 mins at 

an oxygen partial pressure of 200 mbar inside the PLD chamber. 

2) PLD-Si-2: The samples were deposited on a Si substrate at a temperature of 750 °C with 

a fluence of 1.72 J/cm2 with a frequency of 2 Hz at an oxygen partial pressure of 0.05 

mbar. 

3) PLD-YSZ: The samples were deposited on a YSZ substrate at a temperature of 750 °C 

with a fluence of 1.72 J/cm2 with a frequency of 2 Hz at an oxygen partial pressure of 

0.05 mbar.  

  

4.2.2 Structural and chemical characterization 

 

The X-ray diffraction patterns of the films and pellets, along with their Rietveld 

refinements, synthesized in this section are presented in Figure 4-3 and Figure 4-4. The XRD 

pattern and its refinement of the target and conventionally sintered pellet in Figure 4-3(a) and 

in Figure 4-4(a) (b) shows bixbyite structure (Ia3̅) even though the powders have a fluorite 

structure. This structural transition from fluorite to bixbyite in (Ce,La,Pr,Sm,Y)O2-δ happens 

above 1000 °C which has been observed in multiple reports42,44,45,56,98. The structural transition 

above 1000 °C occurs due to the ordering of oxygen vacancies along <111> direction. 

Furthermore, higher sintering temperatures (>1000 °C) are required to achieve high relative 

densities. However, highly dense thin films can be synthesized without requiring heat 

treatments above 1000 °C. Consequently, the XRD pattern of thin film synthesized by sol-gel 

process (heat treated at 750 °C) in Figure 4-3(a) shows a fluorite structure which is further 

supported by the Rietveld refinement in Figure 4-4(c). 
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The XRD pattern of the samples synthesized by PLD are shown in Figure 4-3(b). The 

XRD patterns suggest that PLD-Si-1 exhibits a fluorite structure with a polycrystalline 

morphology. Furthermore, PLD-Si-2 shows only a few peaks of the fluorite structure, 

suggesting a preferred orientation of the grains. Finally, the XRD pattern of PLD-YSZ shows 

only the (200) reflection of the FHEO and YSZ, while other reflections are absent, which 

indicates an epitaxial film on the YSZ substrate. The XRD pattern of the PLD-Si-1 and PLD-

Si-2 can be fitted with a single-phase fluorite structure, as observed in Figure 4-4(d) and Figure 

4-4(e). Moreover, a preferred orientation along <111> direction is used to fit the XRD data of 

PLD-Si-2 in Figure 4-4(e), indicating a preferred orientation along <111> direction. Table 4-2 

shows the lattice parameter and crystallite size. The conventionally sintered samples (Target 

and CS) show a bixbyite structure, a superstructure of fluorite structure in which the unit cell is 

four times that of the fluorite structure, and lattice parameters are twice as large. So, for 

comparison, the lattice parameters of bixbyite were halved in Table 4-2. All the thin films and 

pellets exhibit a lattice parameter (a or a/2) of 5.4 Å with no significant changes. However, the 

crystallite sizes differ with the largest ones being observed for the conventionally sintered 

samples. Typically, conventional sintering involves pressing the nanoparticles together to get 

sufficient contact between the particles and heat treating the pellets at very high temperatures 

for densification. In conventional sintering, the temperature is high enough to facilitate 

densification and grain growth. Grain growth increases the crystallite size as observed in Table 

4-2 for conventionally sintered samples. However, in the case of polycrystalline thin films 

Pechini and PLD-Si-1, an amorphous layer was initially deposited either by spin coating a 

precursor gel onto a substrate or laser ablating an oxide material onto a substrate at room 

temperature. This amorphous layer was then crystallized at 750 °C resulting in a dense 

crystalline film. Therefore, Pechini and PLD-Si-1 are nanocrystalline and have comparable 

crystallite sizes. Although PLD-Si-2 was deposited in PLD, they exhibit a polycrystalline thin 

film with a preferred orientation along <111> direction. The key difference between PLD-Si-1 

and PLD-Si-2 in deposition conditions is that the latter is deposited at 750 °C rather than at 

room temperature. In vapor deposition techniques, depositing films at a temperature in the range 

of 0.3 Tm< T < 0.45 Tm (Tm is the melting point of the oxide) results in a columnar or textured 

growth99. The melting point of rare earth oxides is around 2300 - 2500 °C, and the deposition 

temperature (750 °C) is in the range for columnar growth100,101. Subsequently, a columnar 

growth is observed in PLD-Si-2. PLD-YSZ is an epitaxial film. This is because FHEO and YSZ 

have the same structure (fluorite) and comparable lattice parameters (FHEO - 5.4 Å and YSZ -
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5.2 Å). Furthermore, epitaxial films of ceria-based oxides on YSZ are commonly observed in 

the literature102,103. Therefore, an epitaxial film has been observed in PLD-YSZ.  

 

Figure 4-3 (a) X-ray diffraction of powder (reverse co-precipitation), target and pellet (CS) 

from conventional sintering, thin film from Pechini process (Pechini). (b) X-ray diffraction 

pattern of thin films from pulsed laser deposition deposited on Si substrate (PLD-Si-1, PLD-Si-

2) and on YSZ susbtrate (PLD-YSZ). The XRD of the pellets were measured by powder XRD, 

the XRD of the films except PLD-YSZ were measured by Grazing incidence XRD, the XRD of 

PLD-YSZ is measured by high resolution XRD. 

 

Table 4-2 The structure, lattice parameter, crystallite size of the dense materials synthesized by 

corresponding synthesis technique. For bixbyite structure (Ia3̅), the lattice parameter is divided 

by 2 for a comparison between the structures. 

Sample Synthesis route Structure a / a/2 (Å) Size (nm) 

Target Conventional sintering  Ia3̅ 5.44 191.3 

CS-pellet Conventional sintering Ia3̅ 5.47 250 

Pechini Pechini process Fm3̅m 5.49 7.3 

PLD-Si-1-film Pulsed laser deposition Fm3̅m 5.47 6 

PLD-Si-2-film Pulsed laser deposition Fm3̅m 5.46 21 

PLD-YSZ Pulsed laser deposition Fm3̅m 5.46 - 
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Figure 4-4 Rietveld refinements of (a) Target (b) Conventional sintering (c) Pechini process 

(d) PLD-Si-1 (e) PLD-Si-2. 

Exemplary films and pellets synthesized in this section with different morphologies 

were selected for further characterization. A polycrystalline morphology film synthesized by 

the Pechini process (Pechini), columnar and epitaxial film synthesized by PLD (PLD-Si-2 and 

PLD-YSZ), and the conventional sintered 8 mm pellets (CS) were chosen for further 

characterization.  

The lamellas for transmission electron microscopy (TEM) were extracted from the thin 

films with a Focused Ion Beam (FIB) system. The TEM images of the lamellas of Pechini, 

PLD-Si-2, and PLD-YSZ are presented in Figure 4-5. The TEM images of Pechini in Figure 

4-5(a) clearly show a polycrystalline film, and the SAED pattern further confirms the 

polycrystalline fluorite structure. A closer inspection of the TEM images in Figure 4-5(a) is 

depicted in Figure 4-5(b). It is observed that the crystallite size is way less than 20 nm indicating 

a nanocrystalline film. These TEM results are in agreement with the XRD results, which suggest 

a polycrystalline fluorite structured thin film. The energy dispersive X-ray spectroscopy (EDS) 

maps in Figure 4-5(c) show a homogenous distribution of elements on the nanoscale. The XRD 

data of PLD-Si-2 indicate the presence of columnar grains, which can also be observed in the 
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TEM images of PLD-Si-2 in Figure 4-5(d) and Figure 4-5(e). The SAED patterns show a 

fluorite structure. It can be seen that the width of the columns is around 20 nm, which is in line 

with the crystallite size extracted from the XRD pattern in Table 4-2. The EDS maps of PLD-

Si-2 in Figure 4-5(f) show a homogenous distribution of elements on the nanoscale. The TEM 

images of PLD-YSZ in Figure 4-5(g) depict epitaxial growth in Figure 4-5(h). These TEM 

results of PLD-YSZ align with the XRD results. The EDS maps in Figure 4-5(i) show a 

homogenous distribution of elements on the nanoscale.    

 

Figure 4-5 (a) The TEM micrograph of Pechini along with the diffraction pattern, (b) Zoomed 

in TEM micrograph of Pechini, (c) EDS maps of Pechini, (d) The TEM micrograph of PLD-Si-

2 along with the diffraction pattern, (e) Zoomed in TEM micrograph of PLD-Si-2, (f) EDS maps 

of PLD-Si-2, (g) The TEM micrograph of PLD-YSZ along with the diffraction pattern (h) 

Zoomed in TEM micrograph of PLD-YSZ (i) EDS maps of PLD-YSZ. 

 The preparation of samples for conducting TEM of the pellets synthesized by 

conventional sintering (CS) involves crushing the pellets into powders with a pestle and mortar. 

The TEM was conducted on the powder of the crushed pellets and the TEM data can be seen 
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in Figure 4-6. The TEM micrograph is in Figure 4-6(a). The corresponding SAED patterns in 

Figure 4-6(b) and Figure 4-6(c) suggest the presence of both fluorite and bixbyite structures in 

the system. Although the XRD pattern suggests a single-phase bixbyite structure, TEM data 

suggest the presence of both fluorite and bixbyite structures. The distinction between the XRD 

patterns of fluorite and bixbyite structures lies in the small superstructure reflections observed 

in the bixbyite. Consequently, identifying a mixture of fluorite and bixbyite structures using 

XRD can be challenging. However, Transmission Electron Microscopy (TEM) can probe the 

materials locally at higher magnifications, which helps distinguish between the two structures. 

The structure of ceria-based systems (𝐶𝑒1−𝑥
+4 𝑅𝑥

+3𝑂2−𝛿) changes from fluorite to bixbyite 

as the concentration of rare earth cations(x) increases104–108. This transformation occurs 

gradually over a concentration range. At low concentrations, domains of bixbyite cations form 

around the rare earth cations (R+3). As the concentration increases, these domains grow larger 

until the material fully transforms into a bixbyite structure at higher rare earth element 

concentrations104–109. Therefore, both fluorite and bixbyite structures can coexist at certain 

concentrations of rare earth cations (R+3).  In FHEO, Ce is +4, Pr is multivalent (+3/+4), while 

the rest are +3 cations. At high temperatures, Pr+4 changes to Pr+3 17,18,21,22,110–112. This change 

in oxidation state from +4 to +3 leads to more oxygen vacancies and induces the structural 

transition from fluorite to a bixbyite structure42,44,56. As a result, the XRD pattern of the CS 

pellet exhibits bixbyite due to the high sintering temperature. However, the transition from 

fluorite to bixbyite with increasing +3 cation is gradual. As a result, fluorite and bixbyite 

structures can be present in the CS sample depending on the content of Pr+3 or sintering 

temperature, which is indistinguishable in XRD while detectable in TEM. The EDS maps in 

Figure 4-6(d) clearly show a homogenous distribution of elements on a nanoscale. The 

chemical compositions from EDS maps are shown in Table 4-3. All the elements are close to 

equiatomic percentage (20 at.%), with Y and Sm slightly higher. 
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Figure 4-6 (a) TEM micrograph of the powder particle of the crushed pellet, (b) SAED pattern 

depicting fluorite structure, (c) SAED pattern depicting bixbyite structure, and (d) EDS map of 

a powder particle of crushed pellet. 

Table 4-3 Chemical composition(at %) of Pechini, PLD-Si-2, PLD-YSZ and Pechini from the 

TEM-EDS maps in Figure 4-5(c, Figure 4-5(f), Figure 4-5(i), and Figure 4-6(d). 

Element Pechini PLD-Si PLD-YSZ CS 

Y 21.85 22.89 22.35 23.59 

La 18.67 17.58 17.34 17.88 

Ce 20.40 19.81 18.70 17.59 

Pr 19.16 19.37 19.95 19.09 

Sm 19.92 20.36 21.65 21.83 

 

In FHEO - (Ce,La,Pr,Sm,Y)O2-δ, Ce, and Pr are multivalent elements. The oxidation 

states of these elements can determine the properties of the system. Electron energy loss 

spectroscopy (EELS) can be a good tool for comparing the oxidation states of the Ce and Pr. 

EELS was conducted inside the TEM on the same lamellas and powder used for TEM 

measurement. The EELS spectra of the Ce M edge for CS, PLD-YSZ, PLD-Si-2, and Pechini 

are illustrated in Figure 4-7(a). The edge positions and intensity ratio (IM5/IM4) of the M5 and 

M4 edges are good indicators to compare the oxidation states56,113,114. The edge positions of M 

edges are close for Pechini, CS, and PLD-YSZ, but the M edge slightly shifts to the right for 

PLD-Si-2. However, the intensity ratios (IM5/IM4) are identical. These results suggest that Ce 

has an oxidation state closer to +4, similar oxidations state in Pechini, CS, and PLD-YSZ, and 

a slightly higher oxidation state in PLD-Si-2113,114. The EELS spectra of the Pr M edge for CS, 

PLD-YSZ, PLD-Si-2, and Pechini are depicted in Figure 4-7(b). Similar to the Ce M edge, the 

edge positions of M edges are identical for Pechini, CS, and PLD-YSZ but the M edge slightly 

shifts to the right for PLD-Si-2. Furthermore, the intensity ratios (IM5/IM4) are identical for 

Pechini, CS, and PLD-YSZ but lower for PLD-Si-2. These results suggest that the oxidation 
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state of Pr in Pechini, CS, and PLD-YSZ is identical with a slightly higher oxidation state for 

PLD-Si-2. The intensity ratio (IM5/IM4) for PrPO4 (Pr - +3) is 1.1, while for Pr6O11 (Pr - +3.7) is 

1.8 56,113. The intensity ratio in this section is between those values, indicating a mixed valency 

for Pr. Finally, Ce and Pr have similar valence states in Pechini, PLD-Si-2, PLD-YSZ, and CS. 

 

Figure 4-7 Electron energy loss spectra of CS, PLD-YSZ, PLD-Si-2, Pechini at (a) Ce M edge 

(b) Pr M edge. 

 

4.3 Conclusion 

 

This section explores the synthesis of fluorite structured high entropy oxide - 

(Ce,La,Pr,Sm,Y)O2-δ. The high entropy oxide is produced in various forms, such as powders, 

thin films, and pellets employing different synthesis methods. 

Powders 

In this thesis, powders were synthesized using reverse co-precipitation, Pechini process, 

and mechanochemical synthesis. Powders obtained by these methods show fluorite structure 

with a crystallite size of 10 - 20 nm. 

Thin films 

Thin films were fabricated using Pulsed Laser Deposition and the Pechini process. Thin 

films deposited using the Pechini process exhibit a fluorite structure with a crystallite size of 

less than 10 nm. The thin films deposited by PLD show fluorite structure with three different 
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morphologies: polycrystalline, polycrystalline with texture or columnar and epitaxial films. The 

oxidation state of Ce is +4, whereas Pr exhibits multivalency. All the elements are distributed 

homogenously, with nearly equiatomic fractions.  

Pellets 

Pellets were consolidated by uniaxial pressing and densified using conventional 

sintering of high entropy oxide powder. The resulting pellets exhibit both fluorite and bixbyite 

structures, which arise from the high sintering temperatures. Additionally, the pellets have 

chemical compositions that are nearly equiatomic, with a uniform distribution of elements at 

the nanoscale. 

These synthesis routes are employed to fabricate thin films and pellets, which are then 

used to examine the oxygen ion conductivity and electrocatalytic activity of high-entropy 

oxides. The table below discusses some advantages and disadvantages of these fabrication 

methods.  

Table 4-4 Advantages and disadvantages of the sol-gel process, pulsed laser deposition and 

conventional sintering along with their practical applicability in synthesis of a component in 

SOC. 

Sol-gel process (Pechini) Pulsed laser deposition Conventional sintering 

Easy to synthesize 
Relatively hard to 

synthesize 
Easy to synthesize 

Hard to optimize for 

different compositions 

Easier to optimize for 

different composition 

Easier to optimize for 

different composition 

Simple setup and 

instrumentation 

Complicated setup and 

instrumentation 

Simple setup and 

instrumentation 

High temperatures are not 

necessary 

High temperatures are not 

necessary 

High temperatures are 

required 

Temperature sensitive 

structures can be achieved 

Temperature sensitive 

structures can be achieved 

Temperature sensitive 

structures cannot be achieved 

Polycrystalline morphology 
Various morphologies are 

possible 
Polycrystalline morphology 
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5 Electrolytes for solid oxide fuel cells - oxygen ion conductors 

 

The research conducted in this chapter is published in the following articles: 

1) Mohana V Kante, Ajai R Lakshmi Nilayam, Kosova Kreka, Horst Hahn, Subramshu S 

Bhattacharya, Leonardo Velasco, Albert Tarancón, Christian Kübel, Simon Schweidler, 

and Miriam Botros; Influence of Zr-doping on the structure and transport properties of 

rare earth high-entropy oxides; Journal of Physics: Energy, 2024; DOI:10.1088/2515-

7655/ad423c. 

2) Mohana V Kante, L. Ajai R Lakshmi Nilayam, Horst Hahn, Subramshu S Bhattacharya, 

Matthias T Elm, Leonardo Velasco, and Miriam Botros; Elucidation of the Transport 

Properties of Calcium-Doped High Entropy Rare Earth Aluminates for Solid Oxide 

Fuel Cell Applications; Small, 2024; DOI:10.1002/smll.202309735.  

Certain sections and figures in this chapter are derived from the aforementioned publications 

 

5.1 Fluorite-type high entropy oxides - (Ce,La,Pr,Sm,Y)1-xZrxO2-δ 

 

Ceria-based ionic conductors are well-known fluorite-structured materials, offering higher 

conductivities than yttria-stabilized zirconia, as discussed in Chapter 2. However, ceria-based 

ionic conductors exhibit electronic conduction at different partial pressures of oxygen due to 

the multivalence of Ce and other multivalent dopants. A good ionic conducting electrolyte 

should have little to no electronic conduction. The electronic conductivity in the ceria-based 

ionic conductors can be reduced by reducing the amount of Ce and other multivalent dopants 

while maintaining the fluorite structure.  

(Ce,La,Pr,Sm,Y)O2-δ is a multicomponent fluorite-structured oxide. In 

(Ce,La,Pr,Sm,Y)O2-δ, more than 60% of the cations (Pr, La,  Sm, Y) have an oxidation state of 

+3, and the rest of the cations (Ce, some Pr) have an oxidation state of +4. Despite the high 

concentration of +3 cations, (Ce,La,Pr,Sm,Y)O2-δ exhibits the fluorite structure (MO2), a 

structure where cations have a +4 oxidation state. The presence of a +3 cation in a fluorite 

structure leads to the formation of oxygen vacancies. Consequently, (Ce,La,Pr,Sm,Y)O2-δ likely 

possesses a large oxygen vacancy concentration. However, the structure of 

(Ce,La,Pr,Sm,Y)O2-δ changes from fluorite to bixbyite at temperatures above 1000 °C 42. As a 

result, the fluorite structure in these high entropy oxides is sensitive to synthesis conditions. To 

measure the oxygen ion conductivity of the materials, a dense material with high relative 
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densities is necessary. Traditionally, to investigate the conductivity of the oxides, the oxide 

powder is pressed and sintered at higher temperatures (>1000 °C) to achieve dense pellets with 

high relative densities.  

One possible way to stabilize the fluorite structure at higher temperatures is by adding a 

+4 cation into the lattice. In a recent high throughput study by Kumbhakar et al., Zr+4 is 

observed to stabilize the fluorite structure 54. In this section of the thesis, Zr is doped into 

(Ce,La,Pr,Sm,Y)O2-δ at different concentrations. Powders of (Ce,La,Pr,Sm,Y)1-xZrxO2-δ are 

prepared using mechanochemical synthesis and subsequently pressed into pellets that are 

sintered at 1400 °C for 12 h. The pellets were structurally, chemically and electrically 

characterized using the techniques explored in Chapter 3. The pellets are coated with silver 

electrodes to measure the electrical properties of the pellets. Table 5-1 summarizes the 

compositions of Zr doped (Ce,La,Pr,Sm,Y)O2-δ explored in this section. 

Table 5-1 Compositions and corresponding notations of the (Ce,La,Pr,Sm,Y)1-xZrxO2-δ 

Composition Notation 

(Ce,La,Pr,Sm,Y)O2-δ x = 0 

(Ce,La,Pr,Sm,Y)0.95Zr0.05O2-δ x = 0.05 

(Ce,La,Pr,Sm,Y)0.92Zr0.08O2-δ x = 0.08 

(Ce,La,Pr,Sm,Y)0.9Zr0.1O2-δ x = 0.1 

(Ce,La,Pr,Sm,Y)0.84Zr0.16O2-δ x = 0.16 

(Ce,La,Pr,Sm,Y)0.7Zr0.3O2-δ x = 0.3 

 

5.1.1 Structural characterization 

 

The structural characterization was done using X-ray Diffraction (XRD) and 

Transmission Electron Microscopy (TEM). The X-ray diffraction of the powders synthesized 

via ball milling are shown in Figure 5-1. A fluorite structure is observed in the powders 

irrespective of the Zr content. However, the pellets sintered at 1400 °C exhibit different 

structures at different Zr content. The XRD was performed on the surface of the pellets and on 

the crushed pellets to understand their bulk structure. The corresponding XRD patterns can be 

seen in Figure 5-1(b) and Figure 5-1(c). The XRD pattern suggests that a bixbyite structure is 

observed for x = 0, 0.05, 0.08, and the structure transitions to fluorite at x = 0.1, 0.16. However, 

the structure transforms to pyrochlore at x = 0.3. The XRD patterns are fitted with these phases 
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using Rietveld refinement, which are presented in Figure 5-2. A single phase fits the XRD 

patterns of all compositions.  

The change in structure from fluorite to bixbyite has been reported in the literature, and 

the structural transition is a result of the ordering of excess oxygen vacancies (due to Pr+4 → 

Pr+3) at higher temperatures 104–109,115–117. As a result, adding Zr (stable +4 cation) decreases the 

excess oxygen vacancies, stabilizing the fluorite structure at higher temperatures. However, at 

higher concentrations of Zr, the structure changes to pyrochlore, a structural transition due to 

the ordering of Zr in the lattice. Bixbyite and pyrochlore phases are superstructures of the 

fluorite, as observed in Figure 5-3. These superstructures originate from either the ordering of 

oxygen vacancies or the ordering of Zr cations, with the size of the resultant unit cell being 

eight times larger than that of the unit cell of the fluorite phase. Consequently, the lattice 

parameter of these superstructures is twice that of the fluorite. Therefore, the lattice parameters 

of bixbyite and pyrochlore structures are halved to understand the effect of Zr on the lattice.  A 

decrease in the lattice parameters is observed with increasing Zr content, as illustrated in Figure 

5-4. The decreasing trend is a consequence of the smaller ionic radii of the Zr ion (0.84 Å) when 

compared to the average ionic radii of Ce, La, Pr, Sm, and Y ions (1.07 Å). As per Vegard`s 

law, the lattice parameter of a solid solution is the weighted average of the lattice parameter of 

the corresponding elemental oxides. As a result, the addition of a smaller cation (Zr+4) leads to 

a decrease in the interplanar spacing of the resultant compositions.  
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Figure 5-1 The XRD patterns of the (a) powders (b) surface of the pellets (c) crushed pellets of 

(Ce,La,Pr,Sm,Y)1-xZrxO2-δ along with the standard XRD-patterns of fluorite(Fm3m), bixbyite 

(Ia3) and pyrochlore (Fd3m) structures. 
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Figure 5-2 Rietveld refinements of the XRD patterns of (Ce,La,Pr,Sm,Y)1-xZrxO2-δ (a)x = 0, (b) 

x = 0.05 (b) x = 0.08 (b) x = 0.1 (b) x = 0.16 (b) x = 0.3. 

 

 

Figure 5-3 Unit cells of the fluorite, bixbyite and pyrochlore structures. 

                     h    

C                                   



 

64 

 

Figure 5-4 Lattice parameter (a) of the fluorite structure and half of lattice parameters (a/2) of 

the bixbyite and pyrochlore of (Ce,La,Pr,Sm,Y)1-xZrxO2-δ plotted against Zr content (x). 

To further explore the crystal structure of (Ce,La,Pr,Sm,Y)1-xZrxO2-δ, selected area 

electron diffraction (SAED) was conducted using TEM. The SAED patterns are shown in 

Figure 5-5. The electron diffraction on x = 0 suggests the presence of both fluorite and bixbyite 

structures, as demonstrated in Figure 5-5(b), and Figure 5-5(c). The SAED patterns of x =0.05 

from Figure 5-5(e) indicate a fluorite structure. Akin to x = 0, both fluorite and bixbyite 

structures are observed for x = 0.08 and are observed in the SAED patterns in Figure 5-5(g), 

Figure 5-5(h). The SAED patterns for x = 0, 0.05, and 0.08 indicate the presence of both fluorite 

and bixbyite phases. In ceria-based systems, the structure changes from fluorite to bixbyite with 

increasing concentrations of dopants like Gd and Y104–108. However, the transformation from 

fluorite to bixbyite with increasing dopant concentration happens gradually via the nucleation 

and growth of bixbyite structure around the dopant (M+3- Gd, Sm, Y) in the fluorite structure 

104–109. As a result, both fluorite and bixbyite structures can be present in the system at certain 

concentrations of the dopant. However, the XRD pattern of x = 0, 0.05, and 0.08 from Figure 

5-1 suggests a single-phase bixbyite structure. Bixbyite is a superstructure of the fluorite, and 

the difference in the XRD patterns is the small superstructure reflections, which can be 

identified in the standard XRD pattern from Figure 5-1(b) and Figure 5-1(c). Along with the 

similarities in XRD patterns of fluorite and bixbyite structure, the position of the reflections of 

the corresponding structures of the same composition are close 42,56. Therefore, it can be 
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difficult to accurately distinguish a pure bixbyite phase from a mixture of fluorite and bixbyite 

structures using XRD. Contrary to XRD, being a bulk technique, electron diffraction, a local 

technique allows the identification of phase mixtures. Consequently, multiple phases have been 

identified with the help of TEM or advanced structural characterization techniques like neutron 

or synchrotron diffraction in some studies of ceria-based systems 104–109. Nevertheless, in 

accordance with the XRD data, SAED patterns from Figure 5-5(i) and Figure 5-5(l) of x = 0.1, 

0.16 indicates the presence of only a single-phase fluorite structure. As a result, X-ray and 

electron diffraction suggest that Zr aids in the stabilization of the fluorite structure. However, 

high concentrations of Zr (x = 0.3) lead to the transformation of the fluorite structure to the 

pyrochlore structure as per the XRD data, and a phase mixture of pyrochlore and fluorite is 

observed as observed in the SAED patterns in Figure 5-5(n) and Figure 5-5(o). The phase 

mixture arises due to the preferential ordering of Zr ions along <110> direction within Zr-

enriched regions. 

 

 

Figure 5-5 The TEM micrograph and the SAED pattern of (Ce,La,Pr,Sm,Y)1-xZrxO2-δ (a)(b)(c) 

x = 0 (d)(e) x = 0.05 (f)(g)(h) x = 0.08 (i)(j) x = 0.1 (k)(l) x = 0.16 (m)(n)(o) x = 0.3. 
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5.1.2 Chemical characterization 

 

The structural characterization techniques indicate a mixture of superstructure phases. 

This mixture of superstructure phases can depend on the content and the distribution of +3 

cations, as any small local segregation can lead to the formation of a bixbyite phase in the 

vicinity. As a result, the concentration and the distribution of elements in the synthesized 

systems should be analyzed. To identify the reasons for the existence of two phases, energy 

dispersive X-ray spectroscopy (EDS) was performed to measure the chemical composition and 

elemental distribution. It is important to note that among the elements used in this study, Pr 

exhibits multivalence (+3 and +4). Therefore, the extent of multivalency in Pr is investigated. 

It is known that multivalency leads to changes in the structure and the conductivity. UV-Vis 

spectroscopy (UV-vis) and Electron Energy Loss Spectroscopy (EELS) were conducted to 

understand the valence state of Pr. 

 The chemical composition and elemental distribution of (Ce,La,Pr,Sm,Y)1-xZrxO2-δ are 

investigated using SEM on the surface of the pellet at a scale of a few hundred micrometers to 

study the average chemical composition and elemental distribution, which can be seen in Figure 

5-6(a) and Figure 5-6(b). The chemical compositions of (Ce,La,Pr,Sm,Y)1-xZrxO2-δ from Figure 

5-6(a) suggest that Ce, La, Pr, and Sm are equiatomic. However, Y, which was supposed to be 

equiatomic with Ce, La, Pr, and Sm, is found to be approximately two atomic percent lower. It 

is important to note that the samples are coated with gold to avoid charging, and EDS was 

collected at an operating voltage of 20 kV. At 20 kV, the most intense characteristic X-ray 

peaks of Y, Zr, and Au are Lα – 1.922 eV, Lα – 2.042 eV, and M – 2.048 eV, correspondingly. 

Consequently, these peaks were used to calculate the compositions of Y and Zr. The similar 

positions of these peaks can cause discrepancies in determining the composition of these 

elements. The concentrations of Zr are close to the estimated values from the experiments with 

a deviation of ± 2 atomic percent from the expected values. The EDS maps on a micrometer 

scale suggest that the elements are homogenously distributed with no signs of segregation. As 

an example, the EDS map of (Ce,La,Pr,Sm,Y)0.92Zr0.08O2-δ depicting the homogenous 

distribution of elements is shown in Figure 5-6(b).  
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Figure 5-6 (a) Chemical composition of (Ce,La,Pr,Sm,Y)1-xZrxO2-δ with respect to x investigated 

in SEM (Micrometer scale). (b) Elemental distribution of Ce, La, Pr, Sm, La, Y and Zr in 

(Ce,La,Pr,Sm,Y)0.92Zr0.08O2-δ collected by Oxford X-MaxN X-ray detector in a scanning electron 

microscope (Micrometer scale). 

The EDS conducted in the SEM was done on a micrometer scale, which estimates the 

average chemical composition and bulk elemental distribution. To understand the chemical 

compositions and elemental distribution on a nanoscale, the pellets are crushed into powders 

and EDS was conducted using TEM. The chemical compositions obtained from the EDS-TEM 

suggest equiatomic percentages of Ce, La, Pr, and Sm as seen in Figure 5-7(a). Unlike the case 

of SEM, these samples were not coated with gold for TEM. As a result, no discrepancies in the 

concentrations of Y are expected. Nevertheless, Y is slightly higher than the rest of the 

equiatomic elements, suggesting a slight compositional variation from the nominal values at a 

nanoscale. These slight compositional variations can contribute to the changes in structural 

differences observed at a nanoscale in Figure 5-5. The concentration of Zr is close to the 

nominal values with a deviation of ± 2 atomic percent. The EDS-TEM maps suggest that all the 

elements are homogenously distributed with no apparent signs of segregation of elements, 

which are presented in Figure 5-7(b) for (Ce,La,Pr,Sm,Y)0.92Zr0.08O2-δ.  

 

                        

                        

(b) 

 

(a) 
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Figure 5-7 (a) Chemical composition of (Ce,La,Pr,Sm,Y)1-xZrxO2-δ with respect to x investigated 

in TEM (Nanometer scale). (b) Elemental distribution of Ce, La, Pr, Sm, La, Y and Zr in 

(Ce,La,Pr,Sm,Y)0.92Zr0.08O2-δ collected using a transmission electron microscope (Nanometer 

scale). 

The M edge from EELS data of cerium consists of two edges, M5 at 883 eV and M4 at 

901 eV, as depicted in Figure 5-8(a). The M-edge originates from the energy loss due to 

ionization of electrons in the 3d orbital. The position and intensity ratio of these edges are used 

as a good indicator of the oxidation state of the element. There is no change in the position and 

the intensity ratio of the M5 and M4 edges (IM5/IM4) of Ce in (Ce,La,Pr,Sm,Y)1-xZrxO2-δ with 

increasing Zr content, suggesting no change in the oxidation state of Ce with the addition of Zr 

into the system. The EELS data of standard CeO2 taken from eels.info is included in Figure 

5-8(a). It can be seen that the positions of the M edges are very close to standard Ceria (CeO2), 

and the values of the intensity ratio are the same. As a result, the EELS data suggests that the 

oxidation state of cerium in (Ce,La,Pr,Sm,Y)1-xZrxO2-δ is mostly +4 with possibilities of 

presence of +3 as it is observed in stoichiometric ceria. The M edge of Pr consists of two edges, 

M5 – 931 eV and M4 – 951 eV, which originates from energy loss due to ionization of the 

electron in 3d orbital. The EELS spectra of the M-edge of Pr for (Ce,La,Pr,Sm,Y)1-xZrxO2-δ are 

shown in Figure 5-8(b). A slight shift in the edge positions towards the left is observed with 

increasing Zr content, indicating a slight decrease in the oxidation state of Pr with increasing 

Zr content. Furthermore, the intensity ratio of the M5 and M4 edge slightly increases with 

increasing Zr content, which further implies a slight decrease in the oxidation state of the Pr 

with increasing Zr. The M edge of Pr in Pr6O11 is added to Figure 5-8(b) along with the M 

edges of (Ce,La,Pr,Sm,Y)1-xZrxO2-δ. The position of the M edge of Pr in Pr6O11 is higher than 

that of the M edges of (Ce,La,Pr,Sm,Y)1-xZrxO2-δ, indicating that the oxidation state to be less 

                    

                    

(b) 
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than +3.66 (33% - +3, 66.6% - +4) which is further backed by the higher IM5/IM4 observed in 

(Ce,La,Pr,Sm,Y)1-xZrxO2-δ. On closer inspection, in Figure 5-8(b), a shoulder is present at the 

start of the M4 edge, which is not present in the M4 edge of Pr6O11. This shoulder arises due to 

the Pr+3 present in the system, clearly indicating the presence of Pr+3 in (Ce,La,Pr,Sm,Y)1-

xZrxO2-δ
56,118. The effective oxidation state of Pr in (Ce,La,Pr,Sm,Y)1-xZrxO2-δ can be roughly 

estimated from IM5/IM4 of PrPO4 (Pr+3) – 1.8 and Pr6O11 (Pr+3.66) – 1.1 available in the literature 

and by assuming a linear relation between IM5/IM4 vs. effective oxidation state 118. According to 

the presumed linear interpolation, illustrated in Figure 5-8(c), the oxidation of Pr in 

(Ce,La,Pr,Sm,Y)1-xZrxO2-δ to varying between +3.4 (60% - +3, 40% - +4)  and +3.5 (50% - +3, 

50% - +4). 
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Figure 5-8 Electron energy loss spectra of (Ce,La,Pr,Sm,Y)1-xZrxO2-δ depicting the edges of (a) 

Ce - M edge (b) Pr – M edge. (c) The intensity ratio of M5 and M4 edge for different compositions 

with different oxidation states namely PrPO4 (+3) and Pr6O11 (+3-33%, +4- 66%, +3.7). The 

EELS data of CeO2 and Pr6O11 are from eels.info. 

However, the presence of Pr+4 still needs to be confirmed. One possible way to identify 

the presence of Pr+4 in this system is by investigating the optical properties, as the presence of 

Pr+4 can significantly affect the band gap 44,56,119. The optical band gaps were calculated by 

extracting the TAUC plots from UV-Vis spectra. The TAUC plots of (Ce,La,Pr,Sm,Y)1-xZrxO2-

δ are presented in Figure 5-9(a), and band gaps of less than 2 eV are observed. The band gap of 
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rare earth oxides is between the 5d orbital of the rare earth element and the oxygen 2p orbital, 

around 5 eV, as illustrated in Figure 5-9(b). However, in the presence of Pr, the band gap is 

between Pr 4f and O 2p orbitals. A simple representation of the band structure of rare earth 

oxide due to the presence of Pr is presented in Figure 5-9(b). The energy of the Pr 4f orbital 

depends on the oxidation state of Pr. Therefore, the band gap can change significantly 

depending on the oxidation state of Pr. It has been observed that the presence of Pr+4 reduces 

the band gap to below 2 eV 44,56,119. Consequently, the band gaps of (Ce,La,Pr,Sm,Y)1-xZrxO2-δ 

indicate the presence of Pr+4, as seen in Figure 5-9. 

 

 

Figure 5-9 (a) TAUC plots extracted from the UV-vis spectra of (Ce,La,Pr,Sm,Y)1-xZrxO2-δ. (b) 

Simple representation of band structure of Pr containing ceria systems. 

 

5.1.3 Morphology and pellet density 

 

The conduction mechanism in the grains and grain boundaries are different, with the 

grain boundaries usually having higher resistivity to ion migration 120,121. Therefore, it is vital 

to investigate the grain size and morphology of the pellets to understand the conduction 

mechanisms. Some characteristic surface morphologies investigated using SEM are shown in 

Figure 5-10. The grain size of the pellets is in the order of micrometers. It can be observed in 

Figure 5-10 that the grain size increases with increasing Zr content, reaching the largest grain 

size of approximately 5 microns at x = 0.1, and then decreases with further addition of Zr.   
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Figure 5-10 SEM micrographs of the surface of the pellets of (Ce,La,Pr,Sm,Y)1-xZrxO2-δ with 

(a) x = 0 (b) x = 0.05 (c) x = 0.08 (d) x = 0.1 (e) x = 0.16 (f) x = 0.3. 

An important criterion for the anticipated use as oxygen ion conductors for solid 

electrolytes in solid oxide cells is high relative density with no open pores throughout the pellet 

to avoid intermixing of the gases between the electrodes. Therefore, the geometric relative 

density and relative density from Archimedes principle of the pellets were determined, 

summarized in Table 5-2. The geometric densities are around 85-95 %TD, and the Archimedes 

relative densities vary between 91-98 %TD (TD is theoretical density). The geometric densities 

account for both closed and open pores in the pellet. However, Archimedes method only 

accounts for the closed pores as the water can penetrate the open pores, thereby not contributing 

to the volume of water displaced by the pellet. As a result, the difference between the geometric 

and Archimedes density can be used as a good indicator of open porosity. The lowest difference 

is observed in x = 0.1 and x = 0.3, while the highest difference is observed for x = 0.05 and 

x = 0.16. Furthermore, the values of Archimedes relative densities of 91- 98% from Table 5-2 

suggest the presence of closed porosity in the pellets. The closed porosity can be observed in 

the cross-section images of the pellets in Figure 5-11. While the closed porosity is not relevant 

for gas intermixing, open and continuous pores are detrimental, and further optimization of the 

sintering procedure is needed to reduce the open porosity in some of these compositions. 

However, there is no indication that the open pores are continuous and connecting both sides 

of the solid electrolyte. 
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(d) ( ) (f) 
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2 μm 2 μm 2 μm 

2 μm 2 μm 2 μm 
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Table 5-2 The geometric and Archimedes relative densities along with the difference in relative 

densities of the (Ce,La,Pr,Sm,Y)1-xZrxO2-δ 

Composition Geometric density 

(% TD) 

Archimedes density 

(% TD) 

Difference 

(% TD) 

x = 0 95 98 3 

x = 0.05 89 97 8 

x = 0.08 87 92 5 

x = 0.1 92 92 0 

x = 0.16 86 93 7 

x = 0.3 91 91 0 

  

 

Figure 5-11 SEM micrographs of the cross section of the pellets of (Ce,La,Pr,Sm,Y)1-xZrxO2-δ 

with (a) x = 0 (b) x = 0.05 (c) x = 0.08 (d) x = 0.1 (e) x = 0.16 (f) x = 0.3. 

 

5.1.4 Conductivity studies 

 

The conductivity of the pellets was measured using Electrochemical Impedance 

Spectroscopy (EIS). Silver electrodes are coated on both sides of the pellets for EIS 

measurements. EIS was performed on (Ce,La,Pr,Sm,Y)1-xZrxO2-δ in a temperature range of 300 

- 750 °C and in an oxygen partial pressure range of 5 mbar to 1 bar. The impedance spectra of 

(Ce,La,Pr,Sm,Y)0.95Zr0.05O2-δ at 300 °C, 400 °C and 600 °C are displayed in Figure 5-12. It can 

be observed that the spectra consist of one big semicircle along with a small semicircle at very 

3 μm 3 μm 3 μm 

3 μm 3 μm 3 μm 

( ) (b) (c) 

(d) ( ) (f) 
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low frequencies. A parallel equivalent circuit of capacitance and resistance can represent a 

semicircular EIS Nyquist plot. However, on closer inspection, the EIS data observed in Figure 

5-12 is a suppressed semicircle, typically fitted with a combination of constant phase element 

(CPE) and resistance122. As a result, the EIS spectra were fitted with the equivalent circuit 

consisting of two CPE//R elements in series to each other, as illustrated in Figure 5-12(a). The 

resultant values of the CPE and resistances from the fit are shown in Table 5-3. The values of 

capacitance calculated from the fit results of the CPE elements using Eq. 3-30 and respective 

resistance R suggest that the first big semicircles are in the order of capacitances observed in 

solid electrolytes, while the small semicircle at very low frequencies matches the capacitances 

of electrode/electrolyte interface 85,123. The semicircle gradually vanishes with increasing 

temperature as observed in Figure 5-12(b) and Figure 5-12(c). As a result, fitting the high 

temperature EIS spectra becomes complicated. Therefore, the total conductivities are 

considered. The intersection of the EIS data with ZRe-axis at very low frequencies was 

considered to be the total resistance of the system.  

 

 

Figure 5-12 Electrochemical impedance spectroscopy of (Ce,La,Pr,Sm,Y)0.95Zr0.05O2-δ along 

with fits (a) 300 °C (b) 400 °C (c) 600 °C. 

R1

CPE1

R2

CPE2

R3

CPE3

Element Freedom Value Error Error %

R1 Free(±) 2685 13.39 0.4987

CPE1-T Free(±) 4.2636E-10 3.022E-12 0.70879

CPE1-P Fixed(X) 1 N/A N/A

R2 Fixed(X) 26064 N/A N/A

CPE2-T Fixed(X) 7.3317E-09 N/A N/A

CPE2-P Fixed(X) 0.8653 N/A N/A

R3 Free(±) 586.2 110.47 18.845

CPE3-T Free(±) 8.8458E-06 2.7838E-06 31.47

CPE3-P Fixed(X) 1 N/A N/A

Chi-Squared: 0.0011573

Weighted Sum of Squares: 0.031224

Data File: C:\Users\yj4522\Desktop\My data\EIS\VR75

HT-pellet\VR75HT-silver coating\retest o

n 18.12.2021\350_C01.mpt

Circuit Model File: C:\Users\yj4522\Desktop\RC-RC-RC-fit-2.m

dl

Mode: Run Fitting / Selected Points (11 - 105)

Maximum Iterations: 100

Optimization Iterations: 0

Type of Fitting: Complex

Type of Weighting: Calc-Modulus
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Table 5-3 The CPE parameters, resistances, capacitances of the fit of impedance spectra of x = 0.05 

at 300, 400, 600 °C from Figure 5-12. The table includes the contributor corresponding to the 

element. 

 

The conductivities of the (Ce,La,Pr,Sm,Y)1-xZrxO2-δ at different temperatures can be 

seen in Figure 5-13. Arrhenius plot of the conductivity data can be fitted with a single straight 

line as depicted in Figure 5-13(a). The activation energies derived from the fits are in the legend 

of the Arrhenius plot in Figure 5-13(a). The activation energies are in the range of 0.64 - 0.71 

eV. The conductivity of (Ce,La,Pr,Sm,Y)1-xZrxO2-δ increases initially with the addition of Zr, 

followed by a maximum at x = 0.05, after which the conductivity decreases with further addition 

of Zr. In traditional oxygen ion conductors like YSZ, the conductivity increases with the 

addition of the dopant, reaching a maximum at a certain concentration, and a reduction is 

observed with further addition of the dopant5,116,120,124–126. The observed decrease in 

conductivity in these systems may be attributed to complex defect interactions and grain sizes. 

A detailed discussion of these defect interactions will follow in the next section of this chapter. 

Additionally, it is important to note that the oxygen-ion conductivity is influenced by grain size, 

as grain boundaries in many cases contribute to higher resistance121. Consequently, the 

conductivities of samples with compositions x = 0.16 and x = 0.3 are lower than those of the 

other compositions due to their smaller grain sizes. 

Comp Values 300 ˚C 400 ˚C 600 ˚C Contributor 

 

1 

Q1(F/s(1-α)) 8.63⋅  10-10  8.23⋅  10-10   

Electrolyte α1(°) 0.925  0.94  

R1(ohm) 12225  2264  190.4  

C(F) 3.41⋅  10-10 3.55⋅  10-10  

 

2 

Q2(F/s(1-α)) 2.9⋅ 10-5  4.4⋅ 10-5 6.21⋅  10-3   

Electrode/Electrolyte 

interface 

α (°) 0.806 1 0.615  

R2(ohm) 136 25.87 1.4  

C(F) 7.46⋅ 10-6 4.4⋅ 10-5 3.18⋅ 10-4 
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Figure 5-13 (a) Arrhenius plot of the total conductivities of (Ce,La,Pr,Sm,Y)1-xZrxO2-δ along 

with the activation energies (eV) extracted from Eq. 2-19.   (b) Conductivity of 

(Ce,La,Pr,Sm,Y)1-xZrxO2-δ vs. Zr content (x) at 500, 600 and 700 °C. 

The conductivities of (Ce,La,Pr,Sm,Y)1-xZrxO2-δ are measured at different partial 

pressures of oxygen (p(O2)) and temperatures, as shown in Figure 5-14. The changes in 

conductivity with p(O2) are minimal in (Ce,La,Pr,Sm,Y)1-xZrxO2-δ  at various temperatures, with 

slopes less than 1/12, which is highly desirable for an oxygen ion conductor. On closer 

inspection, the conductivity slightly increases with decreasing p(O2) for x = 0, x = 0.05, x = 0.08 

and x = 0.1. Whereas, a decreasing trend is observed with p(O2) for x = 0.16, x = 0.3. The change 

in conductivity is due to the multivalent elements, Ce and Pr. Therefore, to fully comprehend 

the conduction mechanisms in (Ce,La,Pr,Sm,Y)1-xZrxO2-δ, it is necessary to understand the 

defect interaction happening in the Pr doped ceria systems. Consequently, the defect 

interactions in Pr doped ceria will be discussed in the following subsection. 
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Figure 5-14 Conductivity vs partial pressure of oxygen of (Ce,La,Pr,Sm,Y)1-xZrxO2-δ (a) x = 0 

(b) x = 0.05 (c) x = 0.08 (d) x = 0.1 (e) x = 0.16 and (f) x = 0.3. 

 

5.1.5 Defect interactions in Pr doped Ceria 

 

Pr and Ce are multivalent elements that can exhibit both +3 and +4 oxidation states. The 

multivalent elements like Ce, and Pr assist the polaron in hopping through the lattice, resulting 

in electronic conduction in the system. The changes in the oxidation state of Pr occur in 

oxidizing atmospheres (10-5 – 100 bar), whereas the changes in the oxidation states of Ce happen 

in reducing conditions (10-30 – 10-20 bar)13–22. The environments investigated in this study are 

the oxidizing atmospheres (10-5 – 100 bar), and the EELS data indicate that the oxidation state 

of Ce is +4. There will be no changes in the oxidation state of Ce at current measurement 

conditions. Therefore, the effect of Ce on electronic conduction in the measured conditions is 

non-existent and not considered. However, the oxidation state of Pr changes in the measured 

conditions, and the observed conductivity changes are a consequence of the change in the 

oxidation state of Pr. The changes in oxidation state of Pr with the partial pressure of oxygen 

in Kröger-Vink notation can be written as  
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2PrR
′ + VO

•• +
1

2
O2 ⇌ 2PrR

× + OO
× Reaction 5-1 

where 𝑃𝑟𝑅
′  is Pr+3, VO

•• is the oxygen vacancy, PrR
× is Pr+4 and OO

× is lattice oxygen. The 

equilibrium constant of Reaction 5-1 is  

 
𝐾1 =

[PrR
×]2 × [OO

×]

[PrR
′ ]2 × [VO

••] × 𝑝(O2)1/2
 Eq. 5-1 

The oxygen vacancies in fluorite structured oxides are introduced by +3 cations in the lattice. 

Consequently, the concentration of oxygen vacancies is dependent on the concentration of Pr 

in Pr doped ceria as 

 

[VO
••] = 2[PrR

′ ] Eq. 5-2 

Replacing [VO
••] from Eq. 5-1 to Eq. 5-2 along with further modifications and considering the 

Brouwer approximation which considers PrR
× and OO

× to be constant then Eq. 5-1 can be changed 

to  

 
[PrR

′ ]2 × 2[PrR
′ ] =

𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡

𝐾1 × 𝑝(O2)1/2
 Eq. 5-3 

 
[PrR

′ ] ∝  p(O2)
−
1
6 

Eq. 5-4 

From Eq. 5-4, the concentration of Pr+3 is proportional to p(O2)
−
1

6 . Furthermore, the electronic 

conduction depends on [PrR
′ ] with highest polaron propagation happening when [PrR

′ ] is 50% 

of Pr. As a result, the electronic conduction due to polaron hopping can be written as  

 
σelec = e[𝑃𝑟𝑅]𝑥Pr

3+(1 − 𝑥Pr
3+)
μpol
0

𝑇
exp (−

∆𝐻mig

𝑘B𝑇
) Eq. 5-5 

where 𝑥Pr
3+ is the mole fraction of Pr+3, ∆𝐻mig is migration enthalpy for polaron hopping. The 

mole fraction of Pr+3 is dependent on the p(O2). Consequently, it has been observed in Pr doped 

ceria that an n-type conduction with partial pressure dependence of p(O2)
-1/6 when 𝑥Pr

3+<0.5 and 

a p-type dependence with partial pressure dependence of p(O2)
1/6 when 

𝑥Pr
3+>0.5 17,18,21,22,110,112,127. The resultant polaron conduction can be written as 

when  𝑥Pr
3+ < 0.5,    

 
σ𝑒𝑙𝑒𝑐
𝑛 =  σ𝑝𝑜𝑙

𝑛 × 𝑝(O2)
−
1
6 =

σo
n−pol

𝑇
exp (−

EA
pol

kB𝑇
)  p(O2)

−
1
6 Eq. 5-6 
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when  𝑥Pr
3+ > 0.5, 

 
σ𝑒𝑙𝑒𝑐
𝑝 =  σ𝑝𝑜𝑙

𝑝 × 𝑝(O2)
1
6 =

σo
p−pol

𝑇
exp (−

EA
pol

kB𝑇
)  p(O2)

1
6 Eq. 5-7 

here σ𝑒𝑙𝑒𝑐
𝑛  is the n-type electronic conduction, σ𝑒𝑙𝑒𝑐

𝑝
 is the p-type electronic conduction 

observed.  σ𝑝𝑜𝑙
𝑛  and σ𝑝𝑜𝑙

𝑝
 are the oxygen partial pressure independent conductivity at a given 

temperature T for p-type and n-type conduction. The activation energy for polaron migration 

via Pr for a given material system is independent of the Pr+3 but is rather dependent on the 

material system. As a result, the activation energies are considered the same for both cases. The 

p-type conduction and n-type conduction happen in the same material system but at different 

oxygen partial pressures. Consequently, both conditions can be combined into a single electrical 

model in series or parallel. The electronic conductivity resulting from a combination in series 

or parallel can be written as 

In parallel combination, 

 
σelec = σ𝑒𝑙𝑒𝑐

𝑛   +  σ𝑒𝑙𝑒𝑐
𝑝

 Eq. 5-8 

 
σelec =   (

σo
n−pol

𝑇
 𝑝(O2)

−
1
6  +

σo
p−pol

𝑇
 𝑝(O2)

1
6)   exp (−

EA
pol

kB𝑇
) Eq. 5-9 

In serial combination, 

 
 
1

σelec
=

1

σ𝑒𝑙𝑒𝑐
𝑛   +  

1

σ𝑒𝑙𝑒𝑐
𝑝  Eq. 5-10 

 

σelec =  (
σo
n−pol

  × σo
p−pol

σo
n−pol

 𝑝(O2)
−
1
6  + σo

p−pol
 𝑝(O2)

1
6

)  

exp(−
EA
pol

kB𝑇
)

𝑇
 

Eq. 5-11 

 

 

The total conductivity of a system is the sum of ionic and electronic conductivity of the system 

which can be written as 

 
σtotal = σion  +  σelec  Eq. 5-12 

Applying the Eq. 2-19 on the ionic conductivity as well as assuming the ionic conductivity to 

be independent of the partial pressure of oxygen then the ionic conductivity can be written as
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σion =

σo
ion

𝑇
exp(−

EA
ion

kB𝑇
)   Eq. 5-13 

where σo
ion is the pre-factor of the ionic conductivity and EA

ion is the activation energy for ion 

migration. Replacing the ionic conductivity and electronic conductivity from Eq. 5-9, Eq. 5-11 

and Eq. 5-13 into Eq. 5-12 for two different electrical models for electronic conductivity gives 

the total conductivity as follows for the two cases 

In parallel combination of electronic conductivity, 

 
σtotal =

σo
ion

𝑇
exp(−

EA
ion

kB𝑇
)   + (

σo
n−pol

𝑇
 𝑝(O2)

− 
1
6  +

σo
p−pol

𝑇
 𝑝(O2)

1
6)   exp(−

EA
pol

kB𝑇
)   

  

Eq. 5-14 

In serial combination of electronic conductivity, 

 

σtotal =
σo
ion

𝑇
exp (−

EA
ion

kB𝑇
)   +   (

σo
n−pol

 ×σo
p−pol

σo
n−pol

 𝑝(O2)
− 
1
6 +σo

p−pol
 𝑝(O2)

1
6

)  
exp(−

EA
pol

kB𝑇
)

𝑇
  

 

Eq. 5-15 

5.1.6 Ionic and electronic conduction in (Ce,La,Pr,Sm,Y)1-xZrxO2-δ 

 

The conductivity data measured at different temperatures and various oxygen partial 

pressures is fitted with the two possible models as per Eq. 5-14 and Eq. 5-15, as shown in Figure 

5-15 and Figure 5-16,  both models provide a good representation of the experimental data. 

However, for x = 0, x = 0.05, x = 0.08, and x = 0.1, it can be observed that the fits using the 

model of the parallel combination of the electronic conductivities (Eq. 5-14) in Figure 5-15 

show a parabolic curvature, whereas the fits corresponding to the model of the serial 

combination of electronic conductivities (Eq. 5-14) in Figure 5-16 show an inverted parabolic 

curvature. On closer inspection, the data follows an inverted parabolic trend, suggesting the 

serial model is more suitable for these samples. Nevertheless, both models accurately fit the 

conductivity values of x = 0.16 and x = 0.3. The electronic and ionic conductivities extracted 

from both fits are comparable with slight differences as illustrated in Figure 5-17. The 

difference between both models is observed at x = 0.3. The parallel combination model results 

in higher electronic conduction, and the serial combination results in a lower electronic 

conduction. Nevertheless, both models suggest a predominant ionic conduction in these 

systems, as observed in Figure 5-17. The serial combination results in an inverted parabola and 

results in a better-suited model for the conductivities of all of the samples. Consequently, the 
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following discussions will consider the pre-factors, activation energies, and conductivities 

calculated from the serial combination. 

 

 

Figure 5-15 Conductivity vs. partial pressure of oxygen of (Ce,La,Pr,Sm,Y)1-xZrxO2-δ (a) x = 0 

(b) x = 0.05 (c) x = 0.08 (d) x = 0.1 (e) x = 0.16 and (f) x = 0.3 fitted with Eq. 5-14 (parallel). 
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Figure 5-16 Conductivity vs partial pressure of oxygen of (Ce,La,Pr,Sm,Y)1-xZrxO2-δ (a) x = 0 

(b) x = 0.05 (c) x = 0.08 (d) x = 0.1 (e) x = 0.16 and (f) x = 0.3 fitted with Eq. 5-15 (serial). 

 

Figure 5-17 The ionic and electronic conductivities of (Ce,La,Pr,Sm,Y)1-x ZrxO2-δ with respect 

to x calculated from Eq. 5-14 (parallel) at temperatures of (a) 500 °C, (b) 600 °C, and (c) 

700 °C as well as the ionic and electronic conductivities calculated from Eq. 5-15 (serial) at 

temperatures of (d) 500 °C, (e) 600 °C, and (f) 700 °C. 
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The dominant contribution from the ionic conduction to the total conduction is 

demonstrated in Figure 5-17 and in Figure 5-18(a). The electronic component in Figure 5-18(a) 

is in accordance with the expected changes in electronic conductivity from the defect chemistry 

of Pr doped ceria depicted in Eq. 5-6 and Eq. 5-7. The maximum of the electronic conductivity 

is achieved when the content of Pr+3 in total Pr reaches 50% as seen the Figure 5-18(a).  The 

total calculated conductivity extracted by fitting the experimental data of (Ce,La,Pr,Sm,Y)1-

xZrxO2-δ is extrapolated until log(p(O2)) = -8 to predict the changes in conductivity with partial 

pressure of oxygen at 700 °C. The ionic conductivities are assumed to be constant over the 

extrapolated regions. The changes in conductivity are not significant in the cases of x = 0.05, 

0.08 and 0.1 as observed in the predicted total conductivities in Figure 5-18(b). However, the 

conductivities change over a few orders of magnitude for x = 0, 0.16 and 0.3, especially in x = 

0.16 and 0.3. The predicted ionic conductivities in Figure 5-18(c) of (Ce,La,Pr,Sm,Y)1-xZrxO2-

δ follows the same conductivity trend observed in Figure 5-13(b) and Figure 5-17. Furthermore, 

the ionic conductivity in ceria-based oxides is hugely dependent on the ionic radii of the dopant 

cations 124. The highest ionic conductivities are observed in Sm doped CeO2 in which Sm has 

an ionic radius of 1.079 Å124. The ionic conductivity decreases as the dopant's ionic radius 

deviates from 1.079 Å124. To understand the ionic conductivity trend in the high entropy oxides, 

all the elements other than Ce are assumed to be dopants in a Ce lattice. The effective ionic 

radii of the elements are calculated according to their concentrations and ionic radii 

(coordination number-8) 128. These effective ionic radii are subtracted from 1.079 Å to give the 

difference in the ionic radii and the absolute value of the difference is plotted with respect to Zr 

content along with the ionic conductivity at 700 °C in Figure 5-19. It can be observed that the 

ionic conductivity is highest in x = 0.08 when the difference is close to 0. Furthermore, the 

absolute value of the difference follows the inversing trend of the conductivity. Therefore, the 

conductivity trend observed here is a consequence of the effective ionic radii of the dopant 

changing with the addition of Zr which reaches close to 1.079 Å at x = 0.08 at which the 

maximum conductivities are observed in ceria-based oxides and subsequently in high entropy 

oxide as well. 

Unlike the total and ionic conductivity, the electronic conductivity is extrapolated over 

the range of log(p(O2)) = -8 to log(p(O2)) = 4 to understand the electronic conduction 

mechanism as well as the significance of the electronic conduction in the predicted range. The 

electronic conduction parabola observed in Figure 5-18(d) is observed to shift towards right 

(high oxygen partial pressure regions) with increasing Zr content. The shift in the electronic 

conduction towards the right signifies a difference in oxidation states of Pr in 
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(Ce,La,Pr,Sm,Y)1-xZrxO2-δ at an oxygen partial pressure of 210 mbar(log(p(O2)) = -0.6). The 

conduction maximum for x = 0, 0.05, 0.08 and 0.1 is left to ambient pressure (log(p(O2)) = -

0.6) suggesting the content of Pr+3 to be less than 50%. Conversely, the conductivity maximum 

for x = 0.16, and 0.3 is right to ambient pressure (log(p(O2)) = -0.6) suggesting the content of 

Pr+3 to be greater than 50%. The oxidation states predicted from the conductivity are further 

validated from the EELS data from Figure 5-8, which suggests that the content of Pr+3 is 40-

50% of Pr content. Along with the shift in the parabola towards right, a decrease in the electronic 

conductivity is recorded with increasing Zr content in Figure 5-18(d). The decrease in 

electronic conductivity can be a result of the decreasing concentrations of multivalent cations 

(Ce, Pr) in the systems with addition of Zr. Furthermore, in multicomponent systems like high 

entropy materials, the probability of finding a multivalent cation adjacent to a multivalent cation 

is lower when compared to traditional single or bi-component systems. This can limit the 

polaron propagation through the lattice. Consequently, adding an additional element (Zr) to a 

multicomponent system can further reduce the hopping probability of the polaron through the 

lattice and thereby increasing the activation energy for electron transport. Consequently, an 

increase in activation energy in the activation energies of the electronic conduction with 

increasing Zr content has been observed as seen in Figure 5-20(a). 
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Figure 5-18 (a) Pressure dependence of conductivity depicting the contributions from ionic and 

electronic conduction to the total conduction calculated from Eq. 5-15 for 

(Ce,La,Pr,Sm,Y)0.92Zr0.08O2-δ at a temperature of 700 °C. (b) Pressure dependence of total 

conductivity along with the calculated total conductivity from Eq. 5-15 for 

(Ce,La,Pr,Sm,Y)1-xZrxO2-δ at a temperature of 700 °C. (c) The calculated ionic conduction of  

(Ce,La,Pr,Sm,Y)1-xZrxO2-δ at a temperature of 700 °C. (d) The calculated electronic conduction 

of  (Ce,La,Pr,Sm,Y)1-xZrxO2-δ at a temperature of 700 °C. 
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Figure 5-19 The ionic conductivity of (Ce,La,Pr,Sm,Y)1-xZrxO2-δ with Zr content at 700 °C along 

with the difference in ionic radii (effective ionic radii – 1.079Å). 

The transference numbers of (Ce,La,Pr,Sm,Y)1-xZrxO2-δ at 500 °C, 600 °C, 700 °C and 

at 1 bar are presented in Figure 5-20(b). The transference number increases with increasing Zr 

and reaches a maximum around x = 0.08. However, the transference number decreases with 

further addition of Zr even though the electronic conductivity with Zr is decreasing with 

addition of Zr. On closer inspection of the ionic and electronic conductivities, it can be seen 

that the ionic conductivities decrease over a magnitude of 10-1 and the electronic conductivity 

at 1 bar oxygen partial pressure decreases over a magnitude of 10-0.4. As a result, due to stronger 

decrease in ionic conductivity compared to the electronic conductivity at 1 bar, a decrease in 

transference numbers is observed at higher concentrations of Zr at 1 bar oxygen partial pressure.  
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Figure 5-20 (a) The activation energies of ionic, electronic conduction for (Ce,La,Pr,Sm,Y)1-

xZrxO2-δ estimated from the Eq. 5-15. (b) Transference number of (Ce,La,Pr,Sm,Y)1-xZrxO2-δ at 

1 bar oxygen pressure estimated from the Eq. 5-15. 

In the current study, (Ce,La,Pr,Sm,Y)0.92Zr0.08O2-δ has the highest conductivity and 

predominant ionic conduction. Therefore, the conductivity of this HEO is compared to 
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Figure 5-21 Comparison of conductivities with temperature of (Ce,La,Pr,Sm,Y)0.92Zr0.08O2-δ 

and Y0.08Zr0.92O2. 

 

5.1.7 Conclusion and summary 

 

In this study, Zr is added to (Ce,La,Pr,Sm,Y)O2-δ to stabilize the fluorite structure. Powders 
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pellets consolidated by conventional sintering are heat treated at 1400 °C for 12 h, which 
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conductivity with oxygen partial pressure follow the same trend as the total conductivities. 

However, the conductivity maximum for ionic conductivity is around x = 0.08. The electronic 

conductivity has been observed to decrease with increasing Zr content. Furthermore, the 

activation energy for electronic conduction reduces with increasing Zr. The ionic and electronic 

conductivity trends suggest that the highest transference number for oxygen ions is achieved at 

x = 0.08. The decreased electronic conductivity in the high entropy oxides due to the suppressed 

polaron hopping in these multicomponent systems can be a possible solution for mitigating the 

electronic conductivity in the ceria-based systems. Hence, ceria-based high entropy oxides with 

a fluorite structure are promising candidates for oxygen ion conductors. 
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5.2 Perovskite-type high entropy oxides - (Gd0.2La0.2Nd0.2Pr0.2Sm0.2)1-xCaxAlO3 

 

Perovskite structured oxides are popular material systems known for their exceptional 

functional properties. Oxygen ion conduction in perovskite structured oxides is discussed in 

detail in chapter 2. Rare earth aluminates (R1-xMxAlO3-x/2) represent one such perovskite-

structured oxide. While it exhibits electronic contributions in oxidizing atmospheres, as 

observed in Reaction 2-2,  it is particularly attractive due to its lower cost compared to 

La1-xSrxGa1-yMgyO3-(x+y)/2. The electronic contribution due to Reaction 2-2 can be a consequence 

of the structural transitions (orthorhombic➔rhombohedral/trigonal➔cubic) happening at high 

temperatures in MAlO3 systems129–132. High entropy materials are conceptualized to have high 

structural stability at higher temperatures due to an increased entropy term (T∆𝑆𝑚𝑖𝑥) 

overcoming the enthalpy of mixing leading to negative Gibbs free energy of formation. Studies 

suggest that the application of the high entropy concept can enhance thermal stability, also in 

perovskite structured high entropy oxides39,46,133,134. As a result, the high entropy concept is 

introduced into rare earth aluminates aiming to stabilize the lattice avoiding the structural 

transition and exchange of oxygen thereby reducing the p-type conduction observed in doped 

rare earth aluminates. High entropy rare earth aluminate with a composition of 

(Ga0.2La0.2Nd0.2Pr0.2Sm0.2)AlO3 was synthesized. Ca was doped into 

(Ga0.2La0.2Nd0.2Pr0.2Sm0.2)AlO3 to introduce oxygen vacancies for oxygen ion migration. The 

compositions summarized in Table 5-4 were investigated in this study. 

Table 5-4 The compositions synthesized and explored in this study along with their 

corresponding notations 

Composition Notation 

(Gd0.2La0.2Nd0.2Pr0.2Sm0.2)AlO3 x = 0 

(Gd0.2La0.2Nd0.2Pr0.2Sm0.2)0.95Ca0.05AlO3 x = 0.05 

(Gd0.2La0.2Nd0.2Pr0.2Sm0.2)0.9Ca0.1AlO3 x = 0.1 

(Gd0.2La0.2Nd0.2Pr0.2Sm0.2)0.85Ca0.15AlO3 x = 0.15 

(Gd0.2La0.2Nd0.2Pr0.2Sm0.2)0.8Ca0.2AlO3 x = 0.2 

 

The powders of these compositions were synthesized using the Pechini process. The dried 

polymer precursor gels were heat treated at 1250 °C for 2 hours to form oxide powders. The 
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powders were then pressed into pellets at 500 MPa after which the green pellets were sintered 

at 1400 °C for 12 h. The resultant pellets were structurally, chemically, morphologically 

characterized and furthermore the transport properties of the pellets were investigated. Along 

with the examination of the high entropy oxide, corresponding single component Ca-doped rare 

earth aluminates were synthesized and characterized. The structure and properties of the high 

entropy oxides are compared to the single component Ca-doped rare earth aluminates to 

understand the significance of these novel materials.   

 

5.2.1 Structural characterization 

 

X-ray diffraction (XRD) was used for structural characterization of the powders and 

pellets. The XRD patterns of powder and surface of the pellets are depicted in Figure 5-22. The 

X-ray diffraction patterns of powders of (Gd0.2La0.2Nd0.2Pr0.2Sm0.2)1-xCaxAlO3 in Figure 

5-22(a) suggest the structure to be orthorhombic perovskite with a space group of Pbnm. 

However, a small amount of secondary phase has been observed at x = 0.2. There is no change 

in the structure upon sintering the powder into pellets as observed from the XRD patterns of 

the pellets in Figure 5-22(b), however a secondary phase appears at x = 0.15. This impurity 

might be a Ca-rich oxide phase as it appears at higher concentrations of Ca. The XRD 

reflections in the patterns of the pellets are narrower than the reflections in the patterns of the 

powders suggesting an increase in crystallite size after sintering. This increase in crystallite size 

is due to the grain growth at higher sintering temperatures used for densification. The XRD 

patterns of powders and pellets of single component rare earth aluminates (La0.9Ca0.1AlO3, 

Nd0.9Ca0.1AlO3, Pr0.9Ca0.1AlO3, Sm0.9Ca0.1AlO3, Gd0.9Ca0.1AlO3) indicate an orthorhombic 

structure (Pbnm) which are shown in Figure 5-22(c) and Figure 5-22(d). There is no change in 

the structure between the powders and the pellets with both exhibiting orthorhombic perovskite 

structure. Rietveld refinement was performed on the XRD patterns exhibiting single phases (x 

= 0, 0.05 and 0.1) with an orthorhombic perovskite (Pbnm) which can be seen in Figure 5-23. 

The structure fits the XRD patterns with minimal residue which further confirms the 

compositions to be a single-phase orthorhombic perovskite.  
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Figure 5-22 The X-ray diffraction patterns of (a) powders of 

(Gd0.2La0.2Nd0.2Pr0.2Sm0.2)1-xCaxAlO3, (b) surface of the sintered pellets of 

(Gd0.2La0.2Nd0.2Pr0.2Sm0.2)1-xCaxAlO3, (c) powders of single component Ca doped rare earth 

aluminates (La0.9Ca0.1AlO3, Nd0.9Ca0.1AlO3, Pr0.9Ca0.1AlO3, Sm0.9Ca0.1AlO3, Gd0.9Ca0.1AlO3) 

and (d) pellets of single component Ca doped rare earth aluminates. 
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Figure 5-23 Rietveld refinements of (Gd0.2La0.2Nd0.2Pr0.2Sm0.2)1-xCaxAlO3 (a) x = 0, (b) x = 0.05 

and (c) x = 0.1. Here Yobs is the experimental data, Ycalc is the fit and Yobs- Ycalc is the residue 

(difference between experimental data and the fit). 

An ideal cubic perovskite structured oxide (ABO3) is a primitive cubic lattice where 

lattice sites are occupied by A-site cations and the body center of the lattice is occupied by the 

B-site cation with the face center occupied by the oxygen ion. The unit cell of an ideal cubic 

perovskite structure is demonstrated in Figure 5-24(a). The lattice parameter of the unit cell 

can be estimated from the ionic radii of the cations and anions from the structure of the unit 

cell. Consequently, the lattice parameter (a) of an ideal cubic perovskite lattice can be written 

as follows 

 
a = √2 (𝑟𝐴 + 𝑟𝑂) =  2(𝑟𝐵 + 𝑟𝑂)             Eq. 5-16 

here, 𝑟𝐴 represent the ionic radii of the A-site cations, 𝑟𝐵 is the ionic radii of the B-site cations 

and 𝑟𝑂 is the ionic radius of the oxygen ion. The expression of lattice parameter in Eq. 5-16 is 

only for the cubic lattice. However, not all perovskite materials are cubic. Various structures 

like orthorhombic, rhombohedral, hexagonal and tetragonal structures are possible in 

perovskite structured oxides. The structure of a perovskite-type oxide is strongly dependent on 

the ionic radii of the cations. Consequently, to identify the structure and deviations from the 

cubic structure, Victor Moritz Goldschmidt introduced a tolerance factor[134](t), which is written 

as follows 135 

 
t =

(𝑟𝐴 + 𝑟𝑂)

√2 (𝑟𝐵 + 𝑟𝑂)
  Eq. 5-17 

20 30 40 50 60 70 80 20 30 40 50 60 70 80 30 40 50 60 70 80

In
te

n
s
it
y
 /
 a

.u
.

2q,  / Cu-Ka

 Yobs

 Ycalc

 Yobs - Ycalc

 bragg position

x = 0

(a)

In
te

n
s
it
y
 /
 a

.u
.

2q,  / Cu-Ka

 Yobs

 Ycalc

 Yobs - Ycalc

 Braggs position

x = 0.05

(b)

In
te

n
s
it
y
 /
 a

.u
.

2q,  / Cu-Ka

 Yobs

 Ycalc

 Yobs- Ycalc

 Bragg position

x = 0.1

(c)



 

94 

If t = 1 then the structure is cubic which can be understood from Eq. 5-16. However, if t < 1 

then the possible structures of the composition would be orthorhombic or rhombohedral. 

Whereas if t > 1 then the possible structures would be hexagonal or tetragonal.  

 The tolerance factors of the synthesized perovskite-type oxides are calculated and 

summarized in Table 5-5. The crystal structure of all the oxides in this study is orthorhombic 

perovskite. Consequently, the tolerance factor is calculated by considering a coordination 

number of 8. The values of the tolerance factors of the compositions investigated in this study 

are smaller than 1, suggesting the structure to be either orthorhombic or rhombohedral. Indeed, 

the orthorhombic structure is observed in Figure 5-22 from XRD patterns. The tolerance factor 

as well as lattice parameters of (Gd0.2La0.2Nd0.2Pr0.2Sm0.2)1-xCaxAlO3 (HEO) increases slightly 

with increasing Ca content as Ca is a slightly bigger cation (1.18 Å) compared to average ionic 

radii of the rare earth cations (1.16 Å). The tolerance factor follows the following order Gd < 

Sm < HEO < Nd < Pr < La. Consequently, the lattice parameter follows the same trend as the 

tolerance factor because the lattice parameters increase with increasing ionic radii of A-site 

cation or tolerance factor. Furthermore, the volume of the unit cell of these aluminates increases 

as well with increasing ionic radii of A-site cation or tolerance factor which can be seen in 

Figure 5-24(b). The volume of the unit cell is directly proportional to the volume of atoms 

present in the unit cell. Hence, the volume of the unit cell is direct proportional to the cube of 

ionic radii of A-site cation. It can be noted that the volume of the unit cells follows a cubic 

relation with the ionic radii of A-site cation or tolerance factor.  
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Figure 5-24(a) Unit cell of an ideal cubic perovskite, (b) volume of the unit cell vs. the tolerance 

factor (t), ionic radii of A-site of (Gd0.2La0.2Nd0.2Pr0.2Sm0.2)0.9Ca0.1AlO3-x = 0.1, La0.9Ca0.1AlO3-

La, Nd0.9Ca0.1AlO3-Nd, Pr0.9Ca0.1AlO3-Pr, Sm0.9Ca0.1AlO3-Sm and Gd0.9Ca0.1AlO3. 

Table 5-5 Composition, notation, Goldschmidt tolerance factor (t) considering ions having a 

coordination of 12 – t (12), Goldschmidt tolerance factor (t) considering ions having a 

coordination of 8 – t (8), lattice parameters (a,b,c) of (Gd0.2La0.2Nd0.2Pr0.2Sm0.2)1-xCaxAlO3, 

La0.9Ca0.1AlO3, Nd0.9Ca0.1AlO3, Pr0.9Ca0.1AlO3, Sm0.9Ca0.1AlO3, Gd0.9Ca0.1AlO3. The ionic radii 

are taken from Shannon ionic radii website 128. 

Composition Notation t (12) t (8) a b c 

Gd0.9Ca0.1AlO3 Gd - 0.92456 5.265 5.284 7.44 

Sm0.9Ca0.1AlO3 Sm 0.975467 0.933 5.281 5.296 7.488 

(Gd0.2La0.2Nd0.2Pr0.2Sm0.2)AlO3 x = 0 0.968414 0.94148 5.299 5.324 7.494 

(Gd0.2La0.2Nd0.2Pr0.2Sm0.2)0.95Ca0.05AlO3 x = 0.05 0.970455 0.94186 5.295 5.323 7.491 

(Gd0.2La0.2Nd0.2Pr0.2Sm0.2)0.9Ca0.1AlO3 x = 0.1 0.972496 0.94225 5.296 5.319 7.494 

(Gd0.2La0.2Nd0.2Pr0.2Sm0.2)0.85Ca0.15AlO3 x = 0.15 0.974537 0.94264 5.292 5.311 7.499 

(Gd0.2La0.2Nd0.2Pr0.2Sm0.2)0.8Ca0.2AlO3 x = 0.2 0.976578 0.94302 5.296 5.324 7.491 

Nd0.9Ca0.1AlO3 Nd 0.985597 0.94346 5.288 5.322 7.512 

Pr0.9Ca0.1AlO3 Pr - 0.94887 5.3 5.325 7.538 

La0.9Ca0.1AlO3 La 1.015986 0.96136 5.357 5.364 7.586 
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5.2.2 Microstructure and pellet density 

 

The surface morphology of the pellets was investigated by SEM. The surface 

micrographs of (Gd0.2La0.2Nd0.2Pr0.2Sm0.2)1-xCaxAlO3 at 500 x magnification are depicted in 

Figure 5-25. It can be seen that at x = 0, the surface consists of a lot of open pores (Red dotted 

circles in Figure 5-25 mark the open pores) which decrease with increasing Ca content. The 

least number of pores are observed at x = 0.1. At higher values of x open pores reappear. The 

presence of open pores is also reflected in the density measurements. The relative densities 

calculated from Archimedes principle are above 90%TD illustrated in Table 5-6. However, the 

geometric densities in Table 5-6 vary between 80 and 95 %TD. The difference between these 

two relative densities provides information on the open pores. The difference in densities or 

open porosity decreases with increasing Ca content, reaches a minimum at x = 0.1 and increases 

with further addition. On closer inspection into the pores, the grains in the samples are visible 

in Figure 5-26. The grains are around 1-  μm. The grain size is similar in all systems with 

undoped high entropy oxide having slightly higher grain sizes. 

Table 5-6 The relative densities calculated from Archimedes principle and the dimensions of 

pellets along with the difference between these densities. 

Composition Relative density – 

Archimedes 

(%TD) 

Geometric 

relative density 

(%TD) 

Difference 

(%TD) 

(Gd0.2La0.2Nd0.2Pr0.2Sm0.2)AlO3 94 80 14 

(Gd0.2La0.2Nd0.2Pr0.2Sm0.2)0.95Ca0.05AlO3 96 94 2 

(Gd0.2La0.2Nd0.2Pr0.2Sm0.2)0.9Ca0.1AlO3 96 95 1 

(Gd0.2La0.2Nd0.2Pr0.2Sm0.2)0.85Ca0.15AlO3 92 86 6 

(Gd0.2La0.2Nd0.2Pr0.2Sm0.2)0.8Ca0.2AlO3 96 90 6 
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Figure 5-25 Scanning electron micrographs of (Gd0.2La0.2Nd0.2Pr0.2Sm0.2)1-xCaxAlO3 (a) x = 0 

(b) x = 0.05 (c) x =0.1 (d) x = 0.15 (e) x=0.2 at a magnification of 500x. Red dotted circles 

highlight the open pores. 
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Figure 5-26 Scanning electron micrographs of (Gd0.2La0.2Nd0.2Pr0.2Sm0.2)1-xCaxAlO3 (a) x = 0 

(b) x = 0.05 (c) x =0.1 (d) x = 0.15 (e) x=0.2 at a magnification of 30000x inside the pores on 

the surface. 

 

5.2.3 Chemical composition and distribution 

 

The chemical characterization of these compositionally complex oxides was performed 

using EDS at different magnifications in the scanning electron microscope and transmission 

electron microscope. The chemical compositions of the (Gd0.2La0.2Nd0.2Pr0.2Sm0.2)1-xCaxAlO3 

is close to the nominal values, as shown in Figure 5-27. The rare earth elements are close to 

equiatomic ratio with slightly higher amounts of La and lower amounts of Pr. The Ca content 

is consistent with nominal values with a deviation of 1-2 at.%. The elemental distribution of the 

constituent elements are observed in the EDS maps in Figure 5-28. The EDS maps from SEM 

were conducted on the pellets while the EDS maps from TEM were conducted on the powders. 

EDS maps from SEM and TEM do not show any evidence of segregation. The elements are 

homogenously distributed on both micro- and nanoscale. 
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Figure 5-27 The chemical composition of (Gd0.2La0.2Nd0.2Pr0.2Sm0.2)1-xCaxAlO3. 

 

Figure 5-28 The elemental EDS maps of (Gd0.2La0.2Nd0.2Pr0.2Sm0.2)0.9Ca0.1AlO3 at different 

magnifications imaged using a (a) scanning electron microscope and (b) transmission electron 

microscope. 
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5.2.4 Raman spectroscopy 

 

Raman spectra measured on sintered pellets of the (Gd0.2La0.2Nd0.2Pr0.2Sm0.2)1-xCaxAlO3 

are presented in Figure 5-29. In the undoped high entropy aluminate, a Raman band at 241 cm−1 

has been observed. This peak corresponds to the internal vibration Ag mode of ReO9 

dodecahedra136,137. Additional bands around 514, 608, and 687 cm−1 appear upon Ca doping 

into (Gd0.2La0.2Nd0.2Pr0.2Sm0.2)AlO3. These new Raman bands can be attributed to the B1g, B2g, 

and B3g vibrational modes of the BO6 octahedra in the CaBO3 system 138,139. These new peaks 

are the vibration modes due to Ca indicating the incorporation of Ca into the lattice. However, 

with further addition of Ca, there is no change in the Raman spectra. Raman spectra are a result 

of the vibrations, distortions and crystal symmetry of a crystal. In this study, all the 

(Gd0.2La0.2Nd0.2Pr0.2Sm0.2)1-xCaxAlO3 exhibit the same crystal symmetry and lattice parameters 

which can be seen in the XRD data shown in Figure 5-22 and Table 5-5. No significant change 

in the Raman spectra is observed, as the structure and lattice parameters remain similar. 

 

Figure 5-29 Raman spectra measured on sintered pellets of 

(Gd0.2La0.2Nd0.2Pr0.2Sm0.2)1-xCaxAlO3. 
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5.2.5 UV-Vis spectroscopy 

 

UV-Vis spectroscopy was conducted to calculate the band gap of the material. In some 

materials, the band gap of the material can change depending on the oxidation state of the ions 

as it can lead to a change of the valence state thereby changing the band gap. Pr is one such 

multivalent element (+3,+4) which can influence the band gap of the material depending on its 

oxidation state. The effect of Pr multivalency on the band gap is very well known in the Pr 

containing rare earth oxides 44,111,119,140. Band gaps were calculated to identify multivalency of 

Pr. In the literature, rare earth aluminates exhibit a direct band gap ranging from 4 to 5 eV141-144. 

The direct band was calculated via TAUC method and the corresponding plots ((αhν)2 vs. hν) 

are shown in Figure 5-30(a). The undoped high entropy aluminate shows a band gap of 3.6 eV. 

The band gap decreases below 2 eV upon the addition of Ca. This decrease in band gap can be 

a result of a change in oxidation state of Pr. Rare earth aluminates are doped with alkali earth 

metals like Ca to introduce oxygen vacancies as shown in the following equation. 

 

CaO
ReAlO3
→    CaRe

′ + AlAl
x +

5

2
OO
× +

1

2
VO
•• Reaction 5-2 

here, CaRe
′  is the calcium on the rare earth lattice site, AlAl

x  is the aluminum ion on the Al lattice 

site, OO
× is lattice oxygen and VO

•• are oxygen vacancies in the system. In Reaction 5-3, it is 

considered that addition of Ca introduces oxygen vacancies. However, the presence of 

multivalent elements like Pr can provide another charge compensation mechanism for the 

charge imbalance created by Ca. Pr can change its oxidation state from +3 to +4 to compensate 

the charge imbalance created by Ca.  

 

PrPr
x + ℎ• → PrPr

•   Reaction 5-3 

where PrPr
x  is Pr+3 and PrPr

•  is Pr+4. In LaAlO3, it has been observed by Szubka et al. that the 

band gap of LaAlO3 is between the La 5d orbital forming the conduction band and O 2p is the 

valence band145. However, the presence of Pr can introduce an occupied 4f electron shell 

between 5d orbital of rare earth cation and the oxygen 2p orbital. As a result, the band gap in 

undoped high entropy rare earth aluminate ((Gd0.2La0.2Nd0.2Pr0.2Sm0.2)AlO3) is between 4f 

orbital of Pr+3 and O 2p orbital. This is illustrated in the band structure in Figure 5-30(a). 

However, there is a chance of Pr+4 formation upon addition of Ca. Furthermore, the presence 

of Pr+4 lower the 4f orbital thereby reducing the band gap. A drop in band gap has been observed 
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in Figure 5-30(a) with addition of Ca. Hence, the band gaps suggest the presence of Pr+4 and 

multivalency of Pr.  

 

Figure 5-30 (a) TAUC plots derived from the UV-Vis spectra of pellets of 

(Gd0.2La0.2Nd0.2Pr0.2Sm0.2)1-xCaxAlO3 (b) A simple representation of band structure in rare 

earth oxides. Here VB is valence band, CB is conduction band, Ef is Fermi energy level and 

DOS is the density of states. 

The fully dense single phase crystalline pellets of (Gd0.2La0.2Nd0.2Pr0.2Sm0.2)1-xCaxAlO3 

were coated on both sides with silver paste along with a subsequent heat treatment to create 

electrodes for electrical characterization 

 

5.2.6 Electrical characterization 

 

The electrical properties of (Gd0.2La0.2Nd0.2Pr0.2Sm0.2)1-xCaxAlO3 were investigated using 

EIS. EIS was conducted at different temperatures (300 -700 °C) and at various oxygen partial 

pressures (1 mbar to 1 bar). The Nyquist plots of (Gd0.2La0.2Nd0.2Pr0.2Sm0.2)0.9Ca0.1AlO3 at 350 

and 600 °C in air are depicted in Figure 5-31. Three semicircles are observed in the Nquist plot 

of (Gd0.2La0.2Nd0.2Pr0.2Sm0.2)0.9Ca0.1AlO3 at 350 °C in air see Figure 5-31(a). The semicircles 

are at low frequency regime, medium frequency regime and high frequency regime. These 

semicircles in Figure 5-31(a) are observed to be depressed. A depressed semicircle can be fitted 

with a parallel combination of CPE element and resistance (R). As a result, the impedance data 

at 350 °C is fitted with three CPE//R elements. The values of CPE elements and the resistances 

estimated from the fits are summarized in Table 5-7. According to literature, the capacitance 

and resistances suggest the following  

1) Semicircle at the high frequency regime is due to the contribution from the grain 85,123.  
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2) Semicircle at the mid frequency regime is due to the contribution from grain 

boundary 85,123. 

3) Semicircle at the low frequency regime is due to the contribution from the electrolyte/ 

electrode interface 85,123. 

The semicircle shifts to higher frequencies with increasing temperature as the resistance of the 

ionic conductors decreases (𝑍 =  
𝑅

1+(𝑖𝜔)𝛼𝑄𝑅
) which is observed in the impedance spectra at 

600 °C in Figure 5-31(b). Appropriately, the contributions from the grains shift to very high 

frequencies which cannot be measured by the available potentiostat and only two contributions 

from grain boundaries and electrolyte/electrode interfaces are observed. The observed 

capacitances and resistance derived by fitting two CPE//R elements are summarized in Table 

5-7. These values indicate that the two semicircles are due to the contributions from grain and 

grain boundary 85,123. The EIS data becomes less detailed with increasing temperature making 

it difficult to identify the resistances from the grains and grain boundaries. Therefore, the total 

resistance of the system is considered from this point onwards. The intersection of the EIS data 

with x-axis at very low frequencies was considered to be the total resistance of the system. The 

conductivities (σ) were then calculated from the total resistance of the system using the 

following equation 

 
σ =

1

𝑅

𝑙

𝐴
 Eq. 5-18 

Here, R is the total resistance of the system from EIS data, l is thickness of the pellet and A is 

area of the electrodes on the pellets. 
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Figure 5-31 Impedance spectra of (Gd0.2La0.2Nd0.2Pr0.2Sm0.2)0.9Ca0.1AlO3 at different 

temperatures (a) 350 °C and (b) 600 °C along with fits. The impedance data was fitted with the 

equivalent circuit in the corresponding figures. 

Table 5-7 The resistances, CPE parameters Q and α of (Gd0.2La0.2Nd0.2Pr0.2Sm0.2)0.9Ca0.1AlO3 

at different temperatures (a) 350 °C and (b) 600 °C corresponding to different contributions. 

The fits were derived from the equivalent circuits shown in Figure 5-31. Error percentages are 

included in brackets. 

 

Component Values 350 ˚C (error%) 600 ˚C (error%) Contribution 

 

1 

Q1 (F/s(1-α)) 4.282⋅10-10 (0.991) -  

Grain 

 

α1 (°) 1 - 

R1 () 2682 (1.346) - 

C (F) 4.282 ⋅ 10-10    

 

2 

Q2(F/s(1-α)) 7.576⋅10-9 (3.438) 1.972⋅10-8 (4.658)  

Grain boundary α (°) 0.86258 (0.402) 0.792 (0.419) 

R2(ohm) 26229 (0.324) 381.1 (0.813) 

C(F) 1.948⋅ 10-9  8.896⋅ 10-10 

 

3 

Q3(F/s(1-α)) 8.845⋅ 10-6 (31.4) 9.013⋅10-5 (15.573)  

Electrode α3(°) 1 0.659 (4.485) 

R3(ohm) 586.2(18.8) 23.57 (3.509) 

C(F) 8.845⋅ 10-6 3.731⋅ 10-6 
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The total conductivities (grains + grain boundaries) of (Gd0.2La0.2Nd0.2Pr0.2Sm0.2)1-

xCaxAlO3 are plotted vs. the Ca content at different temperatures which are shown in Figure 

5-32(a). The conductivity is the lowest in undoped high entropy aluminate (when x = 0). 

However, with addition of Ca, the conductivity increases over a few orders of magnitude. 

Nevertheless, the conductivity slightly decreases with the Ca content. In ionic conductors, the 

conductivity of the system (σion(T)) can be written as follows 

 

σion(T) = 2eμion(T)[VO
••] Eq. 5-19 

where μion(T) is the mobility of the ions and [VO
••] is the concentration of oxygen vacancies in 

the lattice. In undoped systems, there are no oxygen vacancies as the rare earth cations are +3 

and Aluminum is +3. However, with addition of Ca+2, a charge inequality is created which will 

be compensated by the creation of oxygen vacancies. This reaction is depicted in Reaction 5-3. 

As a result, an increase in conductivity is observed with addition of Ca as per Eq. 5-19. It should 

be noted here that the conductivity of the system not only depends on the concentration of the 

oxygen vacancies but also the mobility of the oxygen ions through those oxygen vacancies. It 

is observed in multiple oxygen ion conductors that the conductivity decreases at high dopant 

concentrations 5,124,146–154. This decrease in conductivity is due to the decrease in mobility of the 

oxygen ions. The decrease in mobility is a result of defect interaction and/or the formation of 

dopant-defect associates (e.g., oxygen vacancies trapped at Ca+2)105,116,120. Therefore, a slight 

decrease in conductivity is observed above 5 at.% Ca. The conductivities are plotted versus 

temperature using Arrhenius representation (log(σT) vs. 1/T) depicted in Figure 5-32(b). The 

Arrhenius plot of the undoped system (x = 0) shows three different activation energies (Ea). The 

slope changes at temperatures of 627 and 827 °C. The presence of three activation energies in 

x = 0 can be a result of structural transitions from orthorhombic to rhombohedral to cubic at 

higher temperatures129,131,132. The Ca doped counterparts show almost a linear relationship. 

However, on closer inspection, the Arrhenius plots of the doped systems exhibit two slopes or 

two activation energies with the transitional kink occurring at 500 °C. There are multiple 

reasons for the observed change in activation energy. It can be due to the different contributions 

of grains and grain boundaries or it can be due to breaking free of the defect associate (VO
••) with 

the dopant (Ca+2) at high temperatures120.  The activation energies of the Ca doped system vary 

between 0.89 to 1.01 eV. The conductivities of x = 0.1 are plotted against different oxygen 

partial pressures measured at different temperatures which are demonstrated in Figure 5-32(c). 

The pressure dependence of conductivity of x = 0.1 at 400 and 500 °C is constant. which 
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suggests a dominant ionic conduction at these temperatures. However, the pressure dependence 

of conductivity changes at 600 and 700 °C to a p-type conduction, where the conductivity 

increases with increasing oxygen partial pressure. This p-type conduction is often observed in 

doped rare earth aluminates with a slope of ¼ 23,150,154–156. In the case of high entropy oxide, 

very low slopes (<
1

10
) are observed. 

 
 

Figure 5-32 (a) Conductivity vs. Ca content at 500 °C, 600 °C and 700 °C in air. (b) Arrhenius 

representation of conductivities of (Gd0.2La0.2Nd0.2Pr0.2Sm0.2)1-xCaxAlO3 at different 

temperatures in air. The activation energies in the legend are derived from Arrhenius equation 

by linear fitting of the data. (c) Conductivity vs. partial pressure of oxygen (p(O2)) at different 

temperatures. The scatter plot is the experimental data and the line plot is the fits extracted 

from Eq. 5-29 which will be discussed in the following section. 
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5.2.7 Correlation between high entropy oxide and single component oxides 

 

Figure 5-33 shows the conductivities of (Gd0.2La0.2Nd0.2Pr0.2Sm0.2)0.9Ca0.1AlO3 (x = 0.1) 

along with the single component doped rare earth aluminates (La0.9Ca0.1AlO3, Pr0.9Ca0.1AlO3, 

Nd0.9Ca0.1AlO3, Sm0.9Ca0.1AlO3, Gd0.9Ca0.1AlO3). Pr0.9Ca0.1AlO3 has the highest conductivity 

among the systems investigated in this study. The conductivities of the rest of the aluminates 

follow the following trend σ(Gd,La,Nd,Pr,Sm)CaAl𝑂3 > σLaCaAl𝑂3 > σNdCaAl𝑂3   > σSmCaAl𝑂3   >

σGdCaAl𝑂3  . The conductivities of single component rare earth aluminates except Pr0.9Ca0.1AlO3 

follow the same trend as their unit cell volume (V) as in Figure 5-24(b) (𝑉La > 𝑉Nd > 𝑉Sm >

𝑉Gd). The pathway for oxygen ion conduction opens up as the unit cell volume increases 

resulting in the conductivity trend observed. Whereas for Pr0.9Ca0.1AlO3, the multivalent Pr can 

contribute to polaron hopping through the lattice. Consequently, the higher conductivities 

observed in Pr containing oxides might be due to the additional electronic contribution from 

the multivalent Pr. 

 

Figure 5-33 Arrhenius plot of conductivities with temperature of (Gd,La,Nd,Pr,Sm)0.9Ca0.1AlO3 

(x=0.1), La0.9Ca0.1AlO3 (La), Pr0.9Ca0.1AlO3 (Pr), Nd0.9Ca0.1AlO3 (Nd), Sm0.9Ca0.1AlO3 (Sm), 

Gd0.9Ca0.1AlO3 (Gd) in air. The scatter plots are the experimental data and the line plot is the 

fits derived from Eq. 5-29. 

Pr is multivalent in oxidizing atmospheres and changes its oxidation state between +3 and 

+4 depending on the change in oxygen partial pressures in oxidizing atmospheres. 
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Consequently, the conductivity of the system changes with the oxidation state of Pr. Therefore, 

the effect of Pr on the conductivity can be identified by measuring the conductivity at different 

oxygen partial pressures in the oxidizing regime. The conductivities of the doped rare earth 

aluminates at different oxygen partial pressures of oxygen can be seen Figure 5-34. The 

pressure dependence of conductivity of all the doped rare earth aluminates at 400 °C exhibits 

very low slopes suggesting predominantly ionic conduction. However, in the single component 

doped rare earth aluminates, the slopes become significant (
1

4
 to 

1

6
) above 500 °C indicating a 

change in the conduction mechanism in the system. The Arrhenius plots of single component 

rare earth aluminates in Figure 5-33 indicate a change in activation energy above 500 °C as a 

kink in the plot. The pressure dependence of conductivity above 500 °C is observed in multiple 

reports in the literature 23,150,154–156. This pressure dependence is interpreted to be a result of the 

surface oxygen exchange with the atmosphere. This exchange generates holes in the system 

resulting in a p-type electronic conduction as illustrated in Reaction 2-2. The equilibrium 

constant of Reaction 2-2 can be written as follows  

 

𝐾ox =
[VO

••]𝑝(O2)
1
2

[Oox][ℎ•]2
 Eq. 5-20 

The initial oxygen vacancies in the system are created to balance the charge after Ca doping. 

As a result, the concentration of oxygen vacancies according to the Brouwer approximation is 

half of the dopant concentration i.e. 

 

[VO
••] =

[CaRe
′ ]

2
  Eq. 5-21 

From Eq. 5-21, it is assumed that the concentration of oxygen vacancies are dependent on the 

Ca concentration and are independent of oxygen partial pressure in the atmosphere. 

Consequently, the concentration of holes and electronic conduction due to the holes from Eq. 

5-20 and Eq. 5-21 can be written as 

 

σ𝑒𝑙𝑒𝑐 ∝ [ℎ
•] = √

[VO
••]

[Oox]𝐾ox
𝑝(O2)

1
4 Eq. 5-22 

Therefore, p-type electronic conductivity (σelec) of the systems is directly proportional to 

p(O2)
1

4 and a slope of 
1

4
  is expected in the log(σ) vs. log(p(O2)). The expected slope is observed 

in La0.9Ca0.1AlO3, Pr0.9Ca0.1AlO3, Nd0.9Ca0.1AlO3 above 500 °C. Whereas, the slopes are lower 

for Sm0.9Ca0.1AlO3 and Gd0.9Ca0.1AlO3 showing a value of 
1

6
. 
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Figure 5-34 Conductivity of (a)(Gd,La,Nd,Pr,Sm)0.9Ca0.1AlO3, (b)La0.9Ca0.1AlO3, (c) 

Nd0.9Ca0.1AlO3, (d)Sm0.9Ca0.1AlO3, (e)Gd0.9Ca0.1AlO3, (f)Pr0.9Ca0.1AlO3, plotted versus partial 

pressure of oxygen at 400 °C, 500 °C, 600 °C and 700 °C. The scatter plot is the experimental 

data and line plot is the fits derived from the Eq. 5-29. 

The largest slopes of conductivity vs. oxygen partial pressure are observed in 

Pr0.9Ca0.1AlO3. The high slopes observed are due to the multivalency of Pr. This multivalency 

has been observed to occur in the oxidizing regimes. The oxygen partial pressures investigated 

in this study are within the oxidizing regime and holes created according to Reaction 5-1 

convert the Pr+3 (PrR
×) to Pr+4 (PrR

• ). Consequently, Reaction 5-1 in Pr0.9Ca0.1AlO3 can be written 

as 

 

2PrR
× + VO

•• +
1

2
O2 ⇌ 2PrR

• + OO
× Reaction 5-4 

Multivalent Pr provides pathways for electron transport through the lattice via exchange of 

electrons from Pr+3 and Pr+4. Consequently, a system with multivalent Pr can be an electronic 

conductor. The electronic conductivity resulting from Pr is given by 18,110,157,158  
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σ𝑒𝑙𝑒𝑐 = e[ℎ
•]𝜇𝑒𝑙𝑒𝑐 = 𝑒[PrRe]𝑥Pr

4+(1 − 𝑥Pr
4+)
𝜇𝑝𝑜𝑙
0

𝑇
exp (−

∆𝐻mig

𝑘B𝑇
)𝑝(O2)

1
4

=
𝜎𝑒𝑙𝑒𝑐,0
𝑇

exp (−
𝐸A
𝑘B𝑇

) 𝑝(O2)
1
4 

Eq. 5-23 

Here μelec is the polaron mobility, σelec,0 is the polaron conductivity pre-factor, 𝐸𝐴 = ∆𝐻mig is 

the activation energy or the migration enthalpy for the polaron hopping and [ℎ•] is the 

concentration of holes. The pressure dependence of conductivity resulting from Pr depends on 

the concentration of Pr+4 and the mobility of the polaron via Pr. EELS was performed to 

determine the oxidation states of Pr in these oxides. The EELS spectra of the 

(Gd,La,Nd,Pr,Sm)0.9Ca0.1AlO3 and Pr0.9Ca0.1AlO3 are shown in Figure 5-35(a). EELS is a 

suitable tool for understanding the oxidation state of Pr. The peak positions of M4 and M5 edges 

of Pr0.9Ca0.1AlO3 is higher than (Gd,La,Nd,Pr,Sm)0.9Ca0.1AlO3. This suggests that the electron 

energy loss is higher in Pr0.9Ca0.1AlO3 which results due to a higher effective oxidation state of 

Pr in Pr0.9Ca0.1AlO3. Consequently, the peak positions indicate that the oxidation state of Pr is 

higher in Pr0.9Ca0.1AlO3 when compared to (Gd,La,Nd,Pr,Sm)0.9Ca0.1AlO3. The intensity ratio 

between M5 and M4 (IM5/IM4) is calculated and can be seen in the legend of Figure 5-35(a). 

Pr0.9Ca0.1AlO3 has a value of 1.4 and (Gd,La,Nd,Pr,Sm)0.9Ca0.1AlO3 has 1.6. These values can 

provide approximate concentrations of Pr+4 by extrapolating the IM5/IM4 values from literature. 

This was done in the previous chapter in section 5.1.2 in Figure 5-8. The interpolation in Figure 

5-8(c) gives the concentrations of Pr+4 of (Gd,La,Nd,Pr,Sm)0.9Ca0.1AlO3 and Pr0.9Ca0.1AlO3 as 

20 % and 40 %, respectively. Therefore, (Gd,La,Nd,Pr,Sm)0.9Ca0.1AlO3 shows lower 

conductivity with electronic contribution than Pr0.9Ca0.1AlO3 (σpol  ∝ 𝑥Pr
4+). However, the 

electronic contribution observed from the oxygen partial pressure dependence of conductivity 

in Figure 5-34(a) is very low even though there is multivalent Pr with 20% Pr+4 present in the 

system. 

  The conductivity via polaron hopping depends mainly on the mobility of the polarons 

(μelec). Figure 5-35(b) shows the unit cell of the orthorhombic perovskite. It is double of the 

unit cell of the cubic perovskite from Figure 5-24. The propagation of polarons happens through 

Pr cations (A-site or R site in Figure 5-35(b)).  The number of next nearest A sites to A-site 

ions are 6 along the sides. In Pr0.9Ca0.1AlO3, each Pr ion is surrounded by more than five next-

nearest Pr ions. The Pr+4 content in Pr0.9Ca0.1AlO3 is 40%, which means that two of the next-

nearest neighbor ions are Pr+4. This provides a continuous pathway for polaron migration. 

However, in the case of (Gd,La,Nd,Pr,Sm)0.9Ca0.1AlO3, the Pr ions are surrounded by multiple 

elements that decreases the number of Pr ions adjacent to Pr from 5 to 1. Furthermore, the 
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content of Pr+4 in (Gd,La,Nd,Pr,Sm)0.9Ca0.1AlO3 is 20%, which reduces the number of Pr+4 ions 

adjacent to Pr+3 from 2 to 0.2. This breaks the pathway for polaron migration, thereby reducing 

the mobility of the polarons. Therefore, we hypothesize that the reduced electronic contribution 

observed in (Gd,La,Nd,Pr,Sm)0.9Ca0.1AlO3 is a consequence of lower concentration of Pr+4 and 

lower mobility for polaron propagation. Consequently, the effect of Pr on the conductivity of 

(Gd,La,Nd,Pr,Sm)0.9Ca0.1AlO3 is minimal. However, Pr0.9Ca0.1AlO3 has a large electronic 

contribution due to Pr. Therefore, it’s considered to be an electronic conductor and is not 

explored further in this study. 

 

Figure 5-35 (a) Electron energy loss spectra of (Gd,La,Nd,Pr,Sm)0.9Ca0.1AlO3 and 

Pr0.9Ca0.1AlO3 and (b) Unit cell of an orthorhombic perovskite structure where R = La, Pr, Nd, 

Sm, Gd, and Ca. 

All the other doped rare earth aluminates in this study predominantly show an ionic 

conduction and p-type electronic conduction from oxygen exchange under oxidizing 

conditions. The total conductivity (σtot(𝑇, 𝑝(𝑂2))) of these systems can be written as the sum 

of ionic and p-type electronic conduction which is   

 

σtot(𝑇, 𝑝(𝑂2)) = σion(𝑇) + σ𝑒𝑙𝑒𝑐(𝑇, 𝑝(O2)) Eq. 5-24 

Here σion(𝑇) is the ionic conductivity and σelec(𝑇, 𝑝(O2)) is the p-type electronic conduction.  

The ionic conduction is assumed to be constant over the oxygen partial pressures range 

used in this study. This assumption is valid because the conductivity reaches an ionic plateau 
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at log(p(O2)) < -2 as observed in Figure 5-34. However, from  Eq. 5-22, the electronic 

conduction depends on the oxygen partial pressure. Consequently, the total conductivity can be 

written as  

 

σtot(𝑇, 𝑝(𝑂2)) = σion(𝑇) + σ𝑒𝑙𝑒𝑐(𝑇) × 𝑝(O2)
1
4 Eq. 5-25 

Furthermore, a kink is observed in the Arrhenius plot in Figure 5-33 at 500 °C indicating two 

different conduction mechanisms above and below 500 °C. The decrease in activation energy 

at high temperatures in the Arrhenius plot of oxygen ion conductors might be due to either 

different contributions from grains and grain boundaries or defect association with dopant at 

lower temperatures 16,120,121,159–162. Therefore, multiple models are considered for the 

conductivity mechanism which are as follows 

1) Grains and grain boundaries: The change in conduction mechanism is assumed to be a 

consequence of different ionic and electronic conduction mechanisms from grains and grain 

boundaries. In polycrystalline samples, it is reasonable to assume that the grains and grain 

boundaries are in series. A simple representation and the equivalent electrical circuit of such 

a model is presented in Figure 5-36. The total conductivity derived from the current model 

can be written as 

 

σtot = ((
1

σ𝑖𝑜𝑛
𝐺𝑟𝑎𝑖𝑛

+
1

σ𝑖𝑜𝑛
𝐺𝐵 )

−1

+ (
1

σelec
Grain

+
1

σ𝑒𝑙𝑒𝑐
𝐺𝐵 )

−1

)

−1

 Eq. 5-26 

 

 

Figure 5-36 A simple representation of the grain and grain boundary model along with 

equivalent electrical circuit. Here GB is grain boundary, G is grain, ionic is the electrical 

element representing ionic conduction and elec is the electrical element representing the 

electronic conduction. 
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2) Defect association between oxygen vacancies and dopants: The defects in such systems are 

observed to localize near the dopants due to its lower charge and repulsive forces between 

the defects and the dopants compared to the lattice cations. This localization results in the 

formation of defect associates which reduce the mobility and increase the activation energy 

for migration of the charge carrier 16,120,121,159–162. At higher temperatures, the defect 

associates dissociate thereby increasing the mobility and reducing the activation energy for 

migration of the charge carriers. The defect association can be between the dopant and the 

oxygen vacancies or holes. The total conductivities and corresponding equivalent circuits 

are summarized in Table 5-8. The total conductivities with different defect associate models 

are given by: 

For (CaRe
′ 𝑉𝑜

••)x , 

 

 

σtot = (
1

σ𝑖𝑜𝑛
𝐿𝑇 +

1

σ𝑖𝑜𝑛
𝐻𝑇 )

−1

+ σ𝑒𝑙𝑒𝑐 Eq. 5-27 

 

For (CaRe
′ ℎ•)x , 

 

  

σtot = σ𝑖𝑜𝑛 + (
1

σ𝑒𝑙𝑒𝑐
𝐿𝑇 +

1

σ𝑒𝑙𝑒𝑐
𝐻𝑇 )

−1

  

 

Eq 5-28 

Table 5-8 Defect association and corresponding equivalent circuit. Here LT is the conduction 

element at low temperature, HT is the conduction element at high temperature, ionic is the 

element corresponding to ionic conduction and elec is the element corresponding to the 

electronic conduction.  

Defect association  Equivalent circuit 

CaRe
′ + 𝑉𝑜

•• ↔ (CaRe
′ 𝑉𝑜

••)x 

 

CaRe
′ + ℎ• ↔ (CaRe

′ ℎ•)x 

 

 

Ionic-LT Ionic-HT

Elec

Element Freedom Value Error Error %

Ionic-LT Fixed(X) 0 N/A N/A

Ionic-HT Fixed(X) 0 N/A N/A

Elec Fixed(X) 0 N/A N/A

Data File:

Circuit Model File:

Mode: Run Fitting / Selected Points (0 - 0)

Maximum Iterations: 100

Optimization Iterations: 0

Type of Fitting: Complex

Type of Weighting: Calc-Modulus

Ionic-LT

Elec-LT Elec-HT

Element Freedom Value Error Error %

Ionic-LT Fixed(X) 0 N/A N/A

Elec-LT Fixed(X) 0 N/A N/A

Elec-HT Fixed(X) 0 N/A N/A

Data File:

Circuit Model File:

Mode: Run Fitting / Selected Points (0 - 0)

Maximum Iterations: 100

Optimization Iterations: 0

Type of Fitting: Complex

Type of Weighting: Calc-Modulus
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The models above were used to fit the data in Figure 5-33 and Figure 5-34. The defect 

association model with dopant and holes forming an associate ((CaRe
′ ℎ•)x) is superior to the 

other models, since it allows fittings the data with the least number of parameters. 

Consequently, the total conductivity data is fitted with the  (CaRe
′ ℎ•)x model. Total conductivity 

from (CaRe
′ ℎ•)x model after applying the Arrhenius equation and pressure dependence to 

oxygen partial pressure can be written as 

σtot(𝑇, 𝑝(𝑂2)) =
σ𝑜
𝑖𝑜𝑛

𝑇
exp (−

𝐸A
ion

𝑘𝐵𝑇
) +

σelec,0
LT σ𝑒𝑙𝑒𝑐,0

HT

𝑇
(

exp(−
𝐸A
LT+𝐸A

HT

𝑘𝐵𝑇
)

σ𝑒𝑙𝑒𝑐,0
LT exp(−

𝐸A
LT

𝑘𝐵𝑇
)+σelec,0

HT exp(−
𝐸A
HT

𝑘𝐵𝑇
)

)p(O2)
1

4  Eq. 5-29 

here, σ𝑜
𝑖𝑜𝑛𝑖𝑐 is the conductivity pre-factor for ionic conductivity, 𝐸A

ionic is the activation energy 

for ion migration, σelec,0
LT  is the conductivity pre-factor for electronic conductivity at 

temperatures below 500 °C, σelec,0
HT  is the conductivity pre-factor for electronic conductivity at 

temperatures above 500 °C, 𝐸A
LT is the activation energy for electron migration at temperatures 

below 500 °C and 𝐸A
HT is the activation energy for electron migration at temperatures above 

500 °C. The σ𝑜
𝑖𝑜𝑛𝑖𝑐, σelec,0

LT  and σelec,0
HT  are conductivity pre-factors of different charge carriers 

which are a function of the charge carriers present in the system. In this case, the conductivity 

prefactors depend on the oxygen vacancies present in the system. Since all of them have the 

same Ca content (10 at.%), it is reasonable to assume that they have the same oxygen vacancy 

concentration and conductivity pre-factors. Therefore, the conductivity pre-factors were set to 

the same values for all samples fitted with the model: σ𝑜
𝑖𝑜𝑛𝑖𝑐=20000, σ𝑒𝑙𝑒𝑐,0

LT =15000, and 

σ𝑒𝑙𝑒𝑐,0
HT =3.73 * 10-10. The different contributions to the total conductivity are plotted in an 

Arrhenius representation and log(σ) vs. log (p(O2)) for La0.9Ca0.1AlO3 which can be seen in 

Figure 5-37. The model fits the data very well across the entire temperature range. The model 

also represents the kink as observed from Figure 5-37(a). However, there is a slight misfit at 

low oxygen partial pressures in Figure 5-37(b). 
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Figure 5-37 (a) Fit of the experimental data of La0.9Ca0.1AlO3 using Eq. 5-29 at different 

temperatures and pressures with different ionic and electronic contributions. Here electronic 1 

is the electronic contribution above 500 °C and electronic 2 is the electronic contribution below 

500 °C.(b) Arrhenius representation of experimental data and the fits of La0.9Ca0.1AlO3 with 

the help of Eq. 5-29 along with the three corresponding contributions. Here electronic 1 is the 

electronic contribution above 500 °C and electronic 2 is the electronic contribution below 500 

°C. 

The activation energies for ionic conduction and electronic conduction above and below 

500 °C are calculated from the model. These values of the activation energy values are 

presented in the bar graph in Figure 5-38. The activation energies for ion propagation in all 

compositions are lower than of the electron migration below 500 °C. This indicates the ease of 

ion migration compared to electron migration. However, as the temperature increases above 

500 °C, the dopant – hole defect associate (CaRe
′ ℎ•)x breaks down resulting in an increase in 

hole mobility. Consequently, the activation energies for the hole migration drop drastically and 

are lower than the activation energies for ion migration. As a result, the ease for hole migration 

is higher than the ion migration above 500 °C for all the single component doped rare earth 

aluminates (La0.9Ca0.1AlO3, Nd0.9Ca0.1AlO3, Sm0.9Ca0.1AlO3, Gd0.9Ca0.1AlO3). However, for the 

high entropy oxide, (Gd,La,Nd,Pr,Sm)0.9Ca0.1AlO3 , the activation energy for ions remains 

lower than the activation energy of the electrons above 500 °C. This indicates that the ease of 

ion migration is not affected by temperature and stays higher than the electron migration in the 

high entropy oxide. It should be noted that the ionic activation energy is lowest in the high 
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entropy oxide as well, indicating that the high entropy oxide might be a better ionic conductor 

than the single component doped rare earth aluminates.  

 

Figure 5-38 (a) Activation energies for ion migration (𝐸𝐴
𝑖𝑜𝑛), electron migration below 500 °C 

(𝐸𝐴
𝐿𝑇), and (b) Activation energies for ion migration (𝐸𝐴

𝑖𝑜𝑛), electron migration above 500 °C 

(𝐸𝐴
𝐻𝑇) of (Gd,La,Nd,Pr,Sm)0.9Ca0.1AlO3 - x=0.1 , La0.9Ca0.1AlO3 - La , Nd0.9Ca0.1AlO3 - Nd, 

Sm0.9Ca0.1AlO3 - Sm, Gd0.9Ca0.1AlO3 – Gd along with the tolerance factors. The activation 

energies were calculated from the experimental data in Figure 5-33 and Figure 5-34 with the 

help of Eq. 5-29. 

Nevertheless, for practical purposes, the ionic conductivity as well as the oxygen 

transference numbers are important and should be high for a good ionic conductor. The ionic 

conductivity and the oxygen transference number are plotted versus the tolerance factor and the 

ionic radii, which can be seen in Figure 5-39. The ionic conductivity in the single component 

rare earth aluminates is increasing with increasing tolerance factor. The observed increase is a 

consequence of the volume of unit cell becoming bigger with tolerance factor (Figure 5-24(b)) 

and ionic radii thereby facilitating the movement of the oxygen ions through the lattice and thus 

increasing the ionic conductivity. This correlation between the structure and ionic conductivity 

is often observed and well explored in the literature of oxygen ion conductors 5,23,124,146. Even 

though, the high entropy oxide - (Gd,La,Nd,Pr,Sm)0.9Ca0.1AlO3  has a tolerance factor between 

Nd0.9Ca0.1AlO3 and Sm0.9Ca0.1AlO3, it has the highest ionic conductivity as depicted in Figure 

5-39(a). The transference number is also highest in high entropy oxide - 
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(Gd,La,Nd,Pr,Sm)0.9Ca0.1AlO3  in Figure 5-39(b). Therefore, the high entropy oxide - 

(Gd,La,Nd,Pr,Sm)0.9Ca0.1AlO3  is an ionic conductor with better ionic conduction and oxygen 

transference numbers than single component doped rare earth aluminates - La0.9Ca0.1AlO3, 

Nd0.9Ca0.1AlO3, Sm0.9Ca0.1AlO3, Gd0.9Ca0.1AlO3. 

 

 

Figure 5-39 (a) Ionic conductivity and (b) Oxygen transference numbers of 

(Gd,La,Nd,Pr,Sm)0.9Ca0.1AlO3 – x = 0.1 , La0.9Ca0.1AlO3 - La , Nd0.9Ca0.1AlO3 - Nd, 

Sm0.9Ca0.1AlO3 - Sm, Gd0.9Ca0.1AlO3 – Gd vs. the tolerance factors and ionic radii of A-site 

cation at 400, 500, 600 and 700 °C. The ionic conductivity and the oxygen transference numbers 

were calculated from the experimental data in Figure 5-33 and Figure 5-34 using Eq. 5-29 for 

fitting. 

The conductivity of the high entropy oxide - (Gd,La,Nd,Pr,Sm)0.9Ca0.1AlO3  is compared 

with the state of the art oxygen ion conductor – yttria stabilized zirconia (YSZ). The YSZ pellets 

were prepared using commercially available YSZ powders from Neyco, following the same 

sintering parameters as the high entropy oxide to achieve comparable grain size and density. 

The high entropy oxide has slightly lower conductivity than YSZ. However, the conductivity 

can be increased in future studies by double doping of the perovskite structure on both A-site 

and B-site as this is known to increase the conductivity in RAlO3 and RGaO3 
23,163. To conclude, 

we introduced the high entropy concept as a potential strategy to mitigate the p-type conduction 
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observed in the doped rare earth aluminates by moving the surface exchange reaction causing 

the electronic contribution to higher temperatures. 

 

5.2.8 Conclusions 

 

Perovskite structured high entropy rare earth aluminates - (Gd0.2La0.2Nd0.2Pr0.2Sm0.2)1-

xCaxAlO3 with different Ca content are synthesized and investigated for oxygen ionic 

conductivity. The powders of these high entropy oxides are synthesized by sol-gel (Pechini) 

method after which the powders are pressed into pellets and sintered. The pellets are 

characterized and ionic conductivity was investigated. XRD and Raman results indicate that 

these compositions crystallize in a single orthorhombic structure with minor secondary phases 

at a doping content of 15 at.% and 20 at.% of Ca. SEM shows a grain size of around 1-2 microns 

with the grain size independent of Ca content. EDX from SEM and TEM confirms the presence 

of all elements in stoichiometric amounts with a homogenous distribution in both micrometer 

and nanometer range. The EELS and UV-Vis suggest the presence of multivalent Pr. The 

conductivity increased by a few orders of magnitude with addition of Ca and saturates at a Ca 

content of 10 at.% with slight decrease with further addition of Ca. The high entropy oxides are 

compared with the corresponding single component doped rare earth aluminates 

(La0.9Ca0.1AlO3, Pr0.9Ca0.1AlO3, Nd0.9Ca0.1AlO3, Sm0.9Ca0.1AlO3, Gd0.9Ca0.1AlO3). The high 

entropy oxide exhibits higher ionic conductivity and higher transference numbers with lower 

activation energy for ion migration than all of the single component doped rare earth 

aluminates. The activation energy for electronic conduction in the high entropy oxide is higher 

than the activation energy for ionic conduction, which is not the case for the single component 

doped rare earth aluminates. The high entropy approach in the rare earth aluminates resulted in 

the mitigation of the p-type electronic conduction observed in the rare earth aluminates. 

Therefore, high-entropy rare earth aluminates are promising candidates for oxygen ion 

conduction. 
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6 Anode for solid oxide electrolyzers – water splitting 

 

The research conducted in this chapter is published in the following articles: 

1) Mohana V Kante, Moritz L Weber, Shu Ni, Iris C G van den Bosch, Emma van der 

Minne, Lisa Heymann, Lorenz J Falling, Nicolas Gauquelin, Martina Tsvetanova, 

Daniel M. Cunha, Gertjan Koster, Felix Gunkel, Slavomír Nemšák, Horst Hahn, 

Leonardo Velasco Estrada, and Christoph Baeumer; A High-Entropy Oxide as High-

Activity Electrocatalyst for Water Oxidation; ACS Nano 2023 17; 

DOI: 10.1021/acsnano.2c08096 

Certain sections and figures in this chapter are derived from the aforementioned publications 

 

6.1 Perovskite-type high entropy oxides – La(Co0.2Cr0.2Fe0.2Mn0.2Ni0.2)O3 

 

In electrolyzer, water is converted into hydrogen and oxygen by application of an electric 

field. One of the important reactions in electrolysis is the oxygen evolution reaction (OER). It 

is a complex four step reaction which often suffers from extremely high overpotentials 27. These 

overpotentials are due to the energy barriers for formation of the intermediates of the reaction 

and their respective transition states 26,164,165. Therefore, to make electrolyzer efficient, it is 

essential to find materials with lower overpotentials for the OER 166. One of such material 

systems known for their high OER catalytic activity are the perovskite-type transition metal 

oxides (ABO3). They are known for their functional properties which can be carefully 

manipulated by doping on both A and B site 29,167–172. Furthermore, State-of-the-art OER 

catalysts are oxides of expensive noble metals like IrO2 or RuO2 which are not perovskite. 

However, in the case of perovskite structured transition metal oxides, the noble metals can be 

eliminated thereby drastically reducing the cost of the catalyst. Nevertheless, the challenge of 

the high overpotentials for the OER still persists in these perovskite structured transition metal 

oxides. To overcome this issue, the high entropy concept was introduced into perovskite-type 

transition metal oxides. In high entropy oxides, multiple elements are substituted in a single 

lattice site of the structure. The presence of multiple elements in such close proximity can 

provide multiple active sites and a possible solution to reduce the energy barriers for formation 

of intermediates thereby reducing the overpotential. This might occur when different 

intermediates and their corresponding reactions take place at various available adsorption sites 

166,173–176. This theory has been investigated in high entropy alloys 173–176. Transition metal high 
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entropy alloys with an oxide layer show very low overpotentials even lower than the standard 

state-of-the-art benchmarks such as IrO2 
177. Therefore, exploring compositional regime of high 

entropy oxides might provide an oxide composition with good OER activity. In fact, in recent 

studies on perovskite structured transition metal high entropy oxides, overpotentials lower than 

the standard state-of-the-art catalysts have been observed 82,178,179. Although these studies have 

shown exceptional OER activity in high entropy oxides, systematic studies investigating the 

electrocatalytic activity by separating the complex powder morphologies and undefined surface 

areas have not yet been investigated.  

In this section of the thesis, we explore the perovskite structured transition metal high 

entropy oxide - La(Co0.2Cr0.2Fe0.2Mn0.2Ni0.2)O3 (PHEO). The OER activity of PHEO was 

systematically compared with the OER activity of the corresponding single component 

perovskite structured transition metal oxides. Jaramillo, Nørskov, Rossmeisl, and Markovic 

groups emphasized that comparing intrinsic activity across multiple compositions should occur 

using identical sample geometries and, ideally, single crystalline surfaces 26,180. This approach 

becomes more critical for high entropy electrocatalysts, given the complexity in composition, 

structure and physical properties, which presents a significant challenge in understanding 

structure-activity relationships 181,182.  The oxides in this section were synthesized as epitaxial 

thin films to systematically compare the structure-property relationships between the high 

entropy oxide and the corresponding single component oxides. The epitaxial thin films were 

deposited by pulsed laser deposition on a (001)-oriented, TiO2-terminated, and step-terraced 

Nb-SrTiO3 substrate. The resultant thin films were characterized by X-ray reflectivity (XRR), 

high resolution X-ray diffraction (XRD), transmission electron microscopy (TEM), and X-ray 

photoemission spectroscopy (XPS). The characterized films were electrochemically tested for 

OER activity and ambient pressure XPS. 

 

6.1.1 Structural, morphological and chemical characterization 

 

High resolution X-ray diffraction (HRXRD) was conducted on epitaxial thin films of P-

HEO on Nb: SrTiO3 substrates. The HRXRD patterns are shown in Figure 6-1(a). The Laue 

fringes from the epitaxial thin films can be identified in Figure 6-1(a). The presence of Laue 

fringes suggests a highly crystalline epitaxial thin film of P-HEO. The width of the Laue fringes 

indicates a thickness of 11 nm. The (200) Bragg reflection resulting from the epitaxial film is 

very close and overlaps with the (200) Bragg reflection of the substrate Nb: SrTiO3 as observed 

in Figure 6-1(a). Furthermore, the out of plane lattice parameter of P-HEO is estimated to be 



 

121 

3.86 Å. The HRXRD pattern of single component perovskite-type oxides – LaCrO3, LaMnO3, 

LaFeO3, LaCoO3, LaNiO3 are shown in  Figure 6-1(b),(c),(d),(e),(f). All the single component 

perovskite oxides show epitaxial thin film growth with good crystalline nature. The surface 

morphology of the thin films was investigated by atomic force microscopy. The atomic force 

micrographs are presented in Figure 6-2. All the epitaxial films of all the perovskite structured 

oxides exhibit a roughness below 200 pm. Due to the low roughness of the films, their surface 

area can be approximated as the geometric surface area.  

 

Figure 6-1 The high resolution X-ray diffraction patterns of epitaxial thin films of (a) 

La(Co0.2Cr0.2Fe0.2Mn0.2Ni0.2)O3 – PHEO, (b) LaCrO3, (c) LaMnO3, (d) LaFeO3, (e) LaCoO3 

and (f) LaNiO3 deposited on Nb:STO substrate. 
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Figure 6-2 Atomic force microscopy images of (a) La(Co0.2,Cr0.2,Fe0.2,Mn0.2,Ni0.2)O3 – PHEO, 

(b) LaCrO3, (c) LaMnO3, (d) LaFeO3, (e) LaCoO3 and (f) LaNiO3 deposited on Nb:STO 

substrate. 

Transmission electron microscopy (TEM) was performed on the P-HEO film. The 

STEM image of the P-HEO epitaxial thin film can be seen in Figure 6-3(a). The micrograph 

reveals a highly ordered atomic arrangement at the interface between the film and the substrate. 

The SAED pattern in Figure 6-3(b) reveals a single crystal confirming the crystalline nature 

and the epitaxy of the film. A closer inspection of the micrograph in Figure 6-3(a) is depicted 

in Figure 6-3(c) showing the stacking of A and B site consecutively where yellow spots are the 

A-site ions and red spots are the B-site ions. In the P-HEO film, La is on A-site (yellow spot) 

and the transition metal elements on the B-site (red spot) as depicted in Figure 6-3(c). The 

energy dispersive X-ray spectroscopy (EDS) maps are presented in Figure 6-3(d) which show 

a homogenous distribution of transition metal elements and La with no hints of segregation. 

EDS maps can help clearly differentiate the substrate and the film as the Sr and Ti rich region 

is the substrate and the area with La, Co, Cr, Fe, Mn, Ni is the P-HEO epitaxial thin film. The 

chemical composition of the P-HEO extracted from the EDS maps can be in Table 6-1. The 

chemical composition shows a slight La deficiency. 
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Figure 6-3 (a) Scanning transmission electron micrograph of cross-section of P-HEO epitaxial 

film. (b) Selected area electron diffraction pattern extracted from the Fast Fourier Transform 

of micrograph of the P-HEO epitaxial thin film. (c) Magnified image of the micrograph of cross-

section of P-HEO, and (d) energy dispersive X-ray spectroscopy (EDS) maps along the cross-

section of P-HEO epitaxial film. 

Table 6-1 The chemical composition in atomic percentage of P-HEO epitaxial film extracted 

from the EDS maps in Figure 6-3(d). 

Element  Content (at.%) Nominal content (at.%) 

La 46.3 ± 3 50 

Cr 9.81 ± 0.8 10 

Co 11.25 ± 1.6 10 

Fe 11.1 ± 1.5 10 

Mn 11.1 ± 1.4 10 

Ni 10.3±1.5 10 

 

EELS was conducted in the TEM on the epitaxial thin film of P-HEO. EELS can provide 

valuable information on the valence state of the elements. The edge positions and intensity ratio 

of L3 and L2 edges of Cr, Mn, Fe, Co can provide information about the oxidation state of these 

elements. The EELS spectra of edges of all the elements except Ni present in P-HEO are shown 

in Figure 6-4. The EELS of Ni L edge was not possible to collect because the Ni L-edge and 

La M-edge coincide with each other making Ni L-edge harder to detect. The intensity ratio 
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between L3 and L2 (IL3/IL2) were calculated from the data in Figure 6-4. The intensity ratio and 

the edge positions of the L edges depicted in Table 6-2. The edge positions and IL3/IL2 indicate 

that Cr and Fe show +3 oxidation state 183,184 whereas Co and Mn show a mixture of +2 and +3 

oxidation states 184,185. The M edge of La in Figure 6-4(f) suggests that La exhibits a +3-

oxidation state corresponding to the stable 54Xe inert gas configuration. However, a La 

deficiency is observed in Table 6-1, which is compensated by observed multivalency in Co and 

Mn.   

 

 

Figure 6-4 Electron Energy Loss Spectroscopy (EELS) spectra of P-HEO epitaxial film at (a) 

O edge (b) Cr edge (c) Mn edge (d) Fe edge (e) Co edge and (f) La edge. 

Table 6-2 The edge position, Intensity ratio between L3 and L2 edge (IL3/IL2) and oxidation state 

of Cr, Fe, Mn and Co. These values were extracted from the EELS spectra in Figure 6-4. 

Element L3 edge position IL3/IL2 Oxidation state 

Cr 577.3 1.8 +3183 

Mn 641.4 2.6 +2/+3 mixture (66% - +3, 33% -+2)184,185 

Fe 707.8 4.6 +3185 

Co 778.9 3.9 +2/+3 mixture (66% - +2, 33% -+3)184 

La 834.6 (M5) 1 +3 
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6.1.2 Catalytic activity 

 

Cyclic voltammetry was used to measure the OER activity of the films. The OER 

measurement was conducted in O2 saturated 0.1 M KOH solution with a rotating disc electrode 

in a three-electrode configuration. The resistance resulting from the setup for different films 

can be calculated from the impedance spectroscopy measurements in Figure 6-5(a). The 

resistances of the circuit are around 50 ohms except for LaNiO3, which has a resistance of 

around 410 ohms. As a result, the cyclic voltammetry (CV) plots are generated by averaging 

cathodic and anodic scans as well as compensating for the system’s resistance. The CV plots in 

Figure 6-5(b) summarizes the OER activity of P-HEO and its corresponding single component 

oxides. P-HEO exhibits way better OER activity than the corresponding single component 

oxides. Furthermore, in the current density at 1.68 V potential vs. reversible hydrogen electrode 

(RHE) in Figure 6-5(c), current densities of P-HEO are 17 times higher than LaNiO3 and 

LaCoO3, approximately 45 times higher than LaMnO3, 680 times higher than LaCrO3 and 

LaFeO3. The volcano trend predicted by density functional theory (DFT) 28 is portrayed as red 

transparent triangle in the background of Figure 6-5(c). This predicted trend is a result of the 

increasing formation energy difference between the O* and HO* intermediates (X* represents 

the ion, atom or molecule adsorbed on a surface or bound to a site) due to increasing 

electronegativity of the transition metal 26. However, LaFeO3 doesn’t follow the trend predicted 

by DFT. The Tafel slopes extracted from Tafel plots in Figure 6-5(d) of P-HEO are 51 mV dec-

1 which are lower than that of LaNiO3 which has a Tafel slope of 128 mV dec-1 suggesting an 

efficient charge transfer at the interface in the P-HEO.   
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Figure 6-5 (a) Electrochemical impedance spectroscopy of the setup for OER reaction for each 

film. (b) Cyclic voltammetry of P-HEO and its corresponding single component transition metal 

perovskite oxide. (c) Comparison of current densities at an overpotential of 450 mV at 1.68 V. 

The red triangle in the background depicts the predicted OER activity volcano 28. (d) Tafel plots 

extracted from Figure 6-5(b) and the red dotted lines indicate the linear portion of the graph 

depicting tafel slope.. 

 The current density, i, can be transformed to capacitance, 𝐶𝑑𝑙, by the following the 

relation for an ideal electrode:  

  

𝑖 =  𝐶𝑑𝑙
𝑑𝑉

𝑑𝑡
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where i is current response, 
𝑑𝑉

𝑑𝑡
 is the change in voltage or voltage scan rate. To determine the 

double layer capacitance, the cyclic voltammetry of the films is measured in a capacitive region 

at various voltage scan rates (10 – 500 mVs-1), as shown in Figure 6-6. The height of the CV 

plot for a given scan rate provides the current response. Consequently, the double layer 

capacitance is the slope of current vs. scan rate and an example of such plot for P-HEO is 

presented in Figure 6-7(a). The double layer capacitance calculated from Eq. 6-1 can be seen 

in Table 6-3. All the films exhibit similar double layer capacitances except LaFeO3, indicating 

a similar number of active sites on the electrode surface for the films contributing to the OER 

leading to a reasonable comparison of the catalytic activity among the compositions. The 

preliminary stability tests on P-HEO and LaNiO3 show an enhanced stability in the high entropy 

oxide when compared to LaNiO3, as observed in Figure 6-7(b). The electrochemical studies 

show that P-HEO has better OER activity than the corresponding single component transition 

metal oxides. In order to further understand the enhanced OER activity of the high entropy 

oxide, valence band states and the oxidation states of the transition metals in different 

environments (air, O2 and water vapor) were characterized by X-ray photoemission 

spectroscopy in the following section.  

 

Figure 6-6 Cyclic voltammetry of (a) P-HEO and its corresponding single component oxides 

(b) LaCrO3 (c) LaMnO3 (d)LaFeO3 (e) LaCoO3 (f) LaNiO3 measured in a potential range where 

no faradaic reaction occurs, with output current solely from the capacitance of the electrode. 
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Table 6-3 The double layer capacitances of all the compositions investigated in this study. 

Composition Cdl (μF) 

La(Co0.2,Cr0.2,Fe0.2,Mn0.2,Ni0.2)O3 3.478 x 10-5 

LaCrO3 5.74 x 10-5 

LaMnO3 2.26 x 10-5 

LaFeO3 1.92 x 10-6 

LaCoO3 1.93 x 10-5 

LaNiO3 3.89 x 10-5 

 

 

Figure 6-7(a) The current response of the electrode vs. the scan rate of the measurement of P-

HEO and (b) chronopotentiometry of the P-HEO and LaNiO3 at 1 mA cm-2. 

 

6.1.3 Mechanisms and spectroscopic studies 

 

The valence band spectroscopy of all the films is investigated by X-ray photoemission 

spectroscopy at low binding energies (eV). The XPS spectra were calibrated using the C 1s 

peak at 285 eV. The low binding energies of the films can be observed in Figure 6-8(a). The 

XPS spectra of the single component oxides is similar to the XPS spectra observed in a previous 

study 186. The low binding energy XPS consists of three peaks, which are two O 2p peaks 

corresponding to bonding and non-bonding states and the third peak corresponding to the 
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unoccupied transition metal (TM) 3d orbital. The difference between the occupied O 2p and 

partially occupied TM 3d orbital (charge transfer energy) was used as activity descriptors in 

literature for perovskite-type OER electrocatalysts 187,188. Therefore, the valence band spectra 

in Figure 6-8(a) was fitted using Voigt function with Shirley background. The current densities 

show a direct correlation with the energy of O 2p orbital w.r.t to Fermi energy level (EO2p – EF) 

for the single component transition metal oxides which can be seen in Figure 6-8(b). Out of all 

the single component transition metal oxides, LaNiO3 has the highest EO2p consequently most 

OER activity as well as the gap between the unoccupied O 2p and TM 3d is the lowest. 

Furthermore, it can also be noted that the peak broadening occurs along with an increasing EO2p 

energy level which leads to an overlap between the TM 3d and O 2p energy states suggesting 

an increase in covalency of the TM-O bond. The covalency of TM 3d-O 2p bond and the high 

energy of the unoccupied O 2p orbital is a possible reason for the activity trend observed in the 

perovskite structured single component transition metal oxides 170,189.  A simple representation 

of the valence band of LaNiO3 estimated from the fits of Figure 6-8(a) can be seen Figure 

6-8(c). In contrast, the valence band of LaCrO3 in Figure 6-8(c) shows lower EO2p along with 

no overlap between the TM 3d and O 2p orbital further indicating the lowest covalency in this 

series. Consequently, the lowest activity is observed in LaCrO3. Moreover, there are only a few 

densities of states near the Fermi energy level (Binding Energy = 0) of LaCrO3, LaFeO3 and 

LaMnO3 leading to lower conductivities in these systems, which may further contribute to low 

OER activities. OER activity of LaFeO3 in Figure 6-5 does not follow the volcano trend. 

However, this can be explained by the valence band spectra. EO2p is lower than for LaMnO3. 

Consequently, LaFeO3 shows lower activity than LaMnO3 and similar to LaCrO3. This might 

be due to the electronic configuration of Fe+3 which is [Ar] 3d5 4s0. The 3d5 configuration might 

increase the exchange stability leading to lowering of EO2p and decrease in hybridization of the 

orbitals resulting in lower OER activity. Therefore, the activity trend observed in single 

component transition metal oxides can be explained by the valence band spectra. For P-HEO, 

the valence band configuration depicts a covalent nature and the EO2p value is lower than 

LaCoO3 and LaNiO3 but higher than LaCrO3, LaFeO3 and LaMnO3. According to the EO2p and 

the covalency, the activity of the P-HEO should be lower than LaCoO3, LaNiO3 and higher than 

LaCrO3, LaFeO3 and LaMnO3. As a result, the exceptionally high OER activities observed in 

the P-HEO cannot be explained by the valence band structure of the P-HEO.  
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Figure 6-8 (a) Valence band spectra of P-HEO and its corresponding single component 

transition metal oxides. The peaks A, B in blue represent the O 2p states whereas the peak C in 

red represent the transition metal 3d states. The maximum of the valence band is represented 

from the intercept of the zero-photoemission intensity and the linear regression of the low-

binding energy of the valence band spectra. (b) Difference between O2p binding energy and 

Fermi energy level for P-HEO and its corresponding single component oxides along with 

current density at 1.68 V vs. RHE for all the films. (c) Representation of the band diagrams for 

LaNiO3, LaCrO3 and P-HEO. The band diagrams are extracted from the peaks in Figure 6-

8(a). 

Alternatively, the synergistic effects of multiple elements on a single lattice site on the 

partial reactions of the four step OER reaction must be explored. Multiple different elements in 

the neighboring active sites can help stabilize the OER intermediates that are not favored on a 

single site and a given element. In P-HEO, there are multiple transition elements 

(Co,Cr,Fe,Mn,Ni) with different binding abilities which aids in adsorption of different reaction 

intermediates formed during the OER reaction thereby multiple active sites available for the 

reaction190,191. As a result, to understand the synergistic effects of multiple transition metals on 

the OER activity, a hypothetical pathway is assumed which can be seen in Figure 6-9. The OER 

mechanism consists of four steps and three reaction intermediates. The initial step of the 

reaction is the formation of a hydroxyl reaction intermediate (RI1) on the surface of the catalyst. 

The RI1 gets oxidized to a singlet oxygen (RI2) which is the second step of the OER reaction. 

This reaction might preferably happen on the strongly binding sites which are Cr and Mn. The 

RI2 hops onto the weakly binding sites of Co, Ni on which the 3rd and 4th step might occur with 

smaller potential steps reducing the overall overpotential of the system. It is important to note 

here that the model considered here is purely hypothetical and needs to be proven by advanced 
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characterization techniques. Investigation of the surface kinetics for the hydroxyl group as the 

first reaction of OER, that involves formation and adsorption of the hydroxyl on the surface, 

can provide more insight. To understand the interactions of the hydroxyl group on the surface 

of the films, X-ray spectroscopic techniques were used at ambient pressures of O2, air and H2O. 

 

 

Figure 6-9 Presumed reaction mechanism involving the three intermediates of OER with 

surface diffusion between a strongly binding ions in red and weakly binding ions in blue. 

Ambient Pressure X-ray photoemission spectroscopy (APXPS) and Ambient Press X-

ray absorption spectroscopy (APXAS) were measured at ambient pressures under different 

atmospheres to investigate the binding of the hydroxyl group on the surface of the P-HEO. The 

samples are pretreated in-situ inside the XPS at 300 °C in O2 (p(O2) = 75 mTorr) for cleaning 

the film of any residues. One more reason for heat treating the sample in an oxygen atmosphere 

is because the samples were annealed inside the PLD in an oxygen atmosphere. Therefore, this 

can be a good starting point for investigating the surface adsorption of the hydroxyl groups. 

The pretreated samples were exposed to water vapour (p(H2O) = 75 mTorr) at room temperature 

(25 °C). The pristine samples which are exposed to air during synthesis and transfer. The 

p(H2O) in air is assumed to be around 10 Torr as Karlsruhe has humidity levels of 50-75%. 

Therefore, the air exposed films have been exposed to higher water content than in-situ H2O 

measurement. The APXPS of the P-HEO at these three different exposures are shown in Figure 
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6-10. The Cr 2p doublet in Figure 6-10(a) shows the presence of large amounts of Cr+6 on the 

sample that is heat treated in the O2 atmosphere at 300 °C. This Cr+6 is reduced after exposure 

to H2O and air. The Cr oxidation state decreases with increasing exposure to p(H2O) with the 

air exposed sample having the lowest Cr+6 and the O2 annealed sample having the highest Cr+6 

content. Furthermore, Cr+6 is not observed in LaCrO3 annealed in O2 atmosphere. The APXPS 

in Figure 6-10(b) was conducted at different mean escape depths by changing the X-ray source 

angle to grazing angles. Cr+6 is higher at lower mean escape depths, which suggests that Cr+6 is 

only observed on the surface of the P-HEO sample annealed in O2. These results suggest surface 

Cr is more prone to changes in oxidation states in P-HEO than LaCrO3. Along with oxidation 

of Cr with O2 treatment, both Ni and Co also show little signs of oxidation as seen in the 3p 

XPS peak of Ni and Co in Figure 6-10(c). The changes in oxidation state of Ni and Co are small 

and are around 10 % when compared to a change of 30 % in the case of Cr. The changes in 

oxidation state of Mn and Fe are not observed in the XPS data. The first step of the OER reaction 

involves the adsorption of hydroxyl groups on the surface of the catalyst. The adsorption of -

OH onto the surface of P-HEO can be clearly observed in the O 2p peak in Figure 6-10(d). The 

measurement done on the O2 annealed P-HEO shows no signs of -OH on the surface, whereas 

the measurement done the H2O exposed samples show clear signs of -OH on the surface of the 

film. These results are further explored by APXAS in the following paragraph. 
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Figure 6-10 (a) APXPS spectra of Cr 2p orbital of P-HEO collected in different atmospheres 

(O2, air and H2O). (b) Comparison of APXPS spectra of Cr 2p orbital of P-HEO and LaCrO3 

collected at different mean escape depths and these measurements were conducted in O2 

atmosphere. (c) The APXPS spectra of TM 3p orbital and La 4s orbital of P-HEO collected in 

different atmospheres (O2, air and H2O). (d) The APXPS spectra of O 2p orbital of P-HEO 

collected in different atmospheres (O2, air and H2O). The scatter plot in the graphs are the 

experimental data and the line plots are the smoothed curves extracted from the experimental 

data. 

The APXAS data is displayed in Figure 6-11. The XAS spectra of Cr L-edge in Figure 

6-11(a) clearly show reduction of Cr with exposure to water as the Cr+6 (Cr(VI)) peak decreases 

with exposure. The lowest Cr+6 is observed in the air exposed sample with the in-situ H2O 

measurement showing further decrease of Cr+6. Moreover, reduction of Co is also observed in 

the L-edge of Co in Figure 6-11(b) as the peak shifts to lower energies. However, the oxidation 
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states of Fe and Mn can be probed from their corresponding L-edges which can be seen in 

Figure 6-11(b) and Figure 6-11(c). No significant change in the spectra as well as oxidation 

state is observed for Fe and Mn. The oxidation state of Ni cannot be probed with APXAS 

because the Ni L-edge overlaps with the La M-edge in Figure 6-11(e). 

 

Figure 6-11 (a) The Cr edge of the APXAS spectra of P-HEO collected at different atmospheres 

(O2, air and H2O). (b) The Mn edge of the APXAS spectra of P-HEO collected at different 

atmospheres (O2, air and H2O). (c) The Fe edge of the APXAS spectra of P-HEO collected at 

different atmospheres (O2, air and H2O). (d) The Cr edge of the APXAS spectra of P-HEO 

collected at different atmospheres (O2, air and H2O). (e) The Cr edge of the APXAS spectra of 

P-HEO collected at different atmospheres (O2, air and H2O). 

Both APXPS and APXAS results suggest that the oxidation states of Cr, Co and Ni can 

change readily at different atmospheres (oxidizing or reducing), while the oxidation states of 

Fe and Mn remain unchanged. The presence of Cr+6 is not observed in the single component 

LaCrO3. As a result, the changes in oxidation states of the TM metals are only observed in the 

high entropy oxide. Furthermore, the change in oxidation states in different atmosphere is 

observed only on the top most layer (surface) of the film. It can be speculated that Cr, Co and 

Ni play an integral role in the OER mechanism in the P-HEO with easily oxidizable Cr in the 
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HEO matrix, specifically at the surface, contributing to high OER activity. The presence of 

other elements aids in keeping the structure intact and compensates for the charge imbalance 

while Cr, Ni and Co are oxidized. The presence of multiple elements with different 

electronegativities and easily oxidizable cations like Cr, Ni and Co possibly aids the initial step 

of the OER reaction (-OH formation and adsorption) as well as the following steps which result 

in the high OER activity observed in the high entropy oxide. According to Sabatier principle, 

optimum activity is achieved when reaction intermediates bind neither too weakly nor too 

strongly 26. Therefore, one could speculate that Cr+6 ions may have a low thermodynamic barrier 

for the initial oxidation (HO* to O* in the adsorbate evolution mechanism), while Ni and Co 

have a lower thermodynamic barrier for additional oxidation steps (e.g., O* to HOO*). 

Additionally, Fe and Mn stabilize the structure leading to a synergistic effect among the TM 

elements of the P-HEO, as schematically depicted in Figure 6-9. 

 

6.1.4 Conclusion 

 

La(Co0.2Cr0.2Fe0.2Mn0.2Ni0.2)O3, a perovskite structured high entropy oxide has been 

successfully synthesized as an epitaxial thin film by pulsed laser deposition. The epitaxial film 

exhibits good crystalline nature with surface roughness less than 200 pm. A La deficiency is 

observed in the films which leads to changes in oxidation states of some transition metal 

elements. La(Co0.2Cr0.2Fe0.2Mn0.2Ni0.2)O3 is a highly active OER catalysts. 

La(Co0.2,Cr0.2,Fe0.2,Mn0.2,Ni0.2)O3 outperforms all of its single component perovskite structured 

transition metal oxides. The single component perovskite structured transition metal oxides 

follow the OER behavior expected from the binding energy of the occupied O 2p, energy gap 

or covalency of the occupied O 2p and partially filled TM 3d shells, and the activity trends 

predicted by DFT. The valence band analysis indicates covalency in the high entropy oxide 

which is beneficial for the OER reaction. However, the OER activity is exceptionally higher 

than the trends expected from the above electronic structure depicters. Transition metal ions 

especially Cr is observed to readily oxidize or reduce depending on the environment in the high 

entropy oxide. These changes in valence state are only confined to the surface of the film. 

However, it is interesting to note that the change in oxidation state of Cr is not observed in 

LaCrO3. Consequently, the flexibility in the oxidation state of transition metal ions while 

maintaining the structure in different environments in the high entropy oxide leads to 

synergistic effects in binding the surface adsorbates by creating multiple active sites, thereby 

possibly enhancing the OER catalytic activity.   
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7 Concluding remarks and outlook 

 

7.1 Concluding remarks 

 

In this dissertation, high entropy materials are explored as oxygen ion conductors and 

catalysts for oxygen evolution reaction.  

 

Synthesis of high entropy oxides  

Chapter 4 of the dissertation focuses on synthesizing high entropy oxides in the form of 

powders, thin films, and dense pellets. The methods employed for fabricating powders include 

reverse co-precipitation, the Pechini process, and mechanochemical synthesis. These methods 

yield powders that exhibit a single-phase fluorite structure. The powders are subsequently used 

to consolidate and densify pellets through conventional sintering. However, due to the high 

sintering temperatures, the pellets display a mixture of fluorite and bixbyite phases. Thin films 

are produced using the Pechini process and Pulsed Laser Deposition. All the resulting thin films 

demonstrate a fluorite structure. Notably, three distinct morphologies are observed for the thin 

films deposited by Pulsed Laser Deposition: polycrystalline, columnar and epitaxial. The pellets 

and thin films exhibit a uniform distribution of elements, with stoichiometry closely matching 

the nominal values. These fabrication methods are applied to various high entropy oxides to 

investigate their oxygen ion conductivity and electrocatalytic activity for the oxygen evolution 

reaction (OER). 

 

Oxygen-ion conductivity in high entropy oxides  

The transport of oxygen ions in fluorite-type and perovskite-type high entropy oxides is 

investigated in this thesis. The fluorite-structured high entropy oxide examined here is 

(Ce,La,Pr,Sm,Y)1-xZrxO2-δ where x ranges from 0 to 0.3. Zr is doped into (Ce,La,Pr,Sm,Y)O2-δ 

to stabilize the fluorite structure at elevated temperatures. As Zr is added, the structure 

transitions from a mixture of fluorite and bixbyite to a single fluorite phase and eventually to a 

mixture of fluorite and pyrochlore. The rare earth cations are homogeneously distributed, and 

their chemical compositions closely align with the nominal values. Praseodymium (Pr) exhibits 

multivalency, with an approximate oxidation state between +3.4 and +3.5. The conductivity 

improves with the introduction of Zr, reaching a maximum at x = 0.05, but decreases with 

further incorporation of Zr. Notably, the ionic conductivity and oxygen transference number 
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are highest at x = 0.08. Additionally, electronic conduction, due to the multivalent Pr, is 

suppressed in the fluorite-type high entropy oxides. 

The perovskite-type high entropy oxides studied in this thesis are 

(Gd0.2La0.2Nd0.2Pr0.2Sm0.2)1-xCaxAlO3, where the value of x varies between 0 and 0.2. All these 

perovskite-type high entropy oxides exhibit an orthorhombic perovskite structure with no 

significant changes in lattice parameters. The constituent elements adhere to the nominal 

stoichiometry and are uniformly distributed on micro- and nanoscale. The introduction of Ca 

increases conductivity, which reaches its maximum at x = 0.05 but slightly decreases with 

further additions of Ca. While p-type electronic conduction is expected in single-component 

rare earth aluminates, it is suppressed in the high entropy oxides. Furthermore, the perovskite-

type high entropy oxides demonstrate superior conductivities, ionic conductivities, and oxygen 

transport numbers compared to single-component rare earth aluminates. 

The fluorite-type and perovskite-type high entropy oxides exhibit high ionic 

conductivities, with minimal electronic conduction compared to their single-component 

counterparts. Additionally, these high entropy oxides display conductivities comparable to the 

state-of-the-art electrolyte YSZ, with fluorite-structured high entropy oxides achieving higher 

conductivities at lower temperatures. 

 

Catalysts for oxygen evolution reaction 

 The perovskite structured high entropy oxide - La(Co0.2Cr0.2Fe0.2Mn0.2Ni0.2)O3 is 

investigated as catalyst for oxygen evolution reaction. Epitaxial thin films are explored to 

reduce surface area effects on the catalytic activity. A high ordered, crystalline epitaxial film 

with a thickness of 11 nm is deposited on Nd doped SrTiO3 substrate using pulsed laser 

deposition. An enhanced catalytic activity for La(Co0.2Cr0.2Fe0.2Mn0.2Ni0.2)O3 is observed when 

compared to single component perovskite oxides. The current densities at an overpotential of 

450 mV and 1.68 V vs. RHE are 17 times higher than LaNiO3 and LaCoO3, approximately 45 

time higher than LaMnO3 and 680 times higher than LaFeO3 and LaCrO3. A change in oxidation 

states of Cr, Ni, Co is observed on the surface in different atmospheres in the high entropy oxide 

which is not observed in its single component counterparts. APXPS analysis demonstrated that 

the adsorption of reaction intermediates induces a valence change in several transition metals, 

pointing to a synergistic effect in the binding of surface adsorbates, which may contribute to 

the enhanced OER activity.    
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7.2 Outlook 

 

Oxygen ion conductivity in high entropy oxides - The current work is one of the few studies 

that delve into the oxygen ion transport in high entropy oxides. In this dissertation, the 

conduction behavior of the different high entropy oxides is investigated in the oxidizing regime, 

however, the nature of conduction in the reducing regime is equally important to investigate the 

applicability of the material as an oxygen ion conductor. Especially in the case of 

(Ce,La,Pr,Sm,Y)1-xZrxO2-δ as Ce exhibits multivalency in reducing atmospheres leading to an 

electronic contribution to the total conductivity in Ce-based systems. While in the case of rare 

earth aluminates, according to literature, the conduction behavior observed in reducing 

atmospheres is constant and this might hold true for the high entropy oxide. Nevertheless, the 

conduction behavior in reducing atmosphere needs to be investigated to confirm the mitigation 

of electronic conduction in a wide oxygen partial pressure regime for all high entropy oxides. 

Furthermore, the conductivities in the fluorite structured high entropy oxides can be increased 

further by strategically selecting the constituent elements with lower size mismatch with an 

average ionic radius close to 1.079 Å.  While for the perovskite structured high entropy 

aluminates, the conductivity can be increased by simultaneous doping on both rare earth- and 

Al-sites with +2 cations. Oxygen ion conductors are commercially used as electrolytes in solid 

oxide cells, oxygen ion pumps and oxygen sensors. This dissertation discusses only the ionic 

and electronic conduction of the high entropy oxides. For potential electrolyte materials for an 

industrial application, there are other properties that are important to consider for their 

applicability as electrolytes such as 

1) High densities with very low open continuous pores – gas tightness to prevent interflow 

of gases between electrodes 

2) Thermal and chemical stability at high temperatures over a long period of time in both 

oxidizing and reducing atmospheres. 

3) The cost of the electrolyte should be evaluated. 

4) Matching the thermal expansion coefficient with the electrode materials. 

In this dissertation, the relative densities of (Ce,La,Pr,Sm,Y)1-xZrxO2-δ and 

(Gd0.2La0.2Nd0.2Pr0.2Sm0.2)1-xCaxAlO3 are high and the percentage of open porosity for some of 

the compositions is very low indicating a gas tight material. Nevertheless, further investigations 

are needed to find and optimize scalable synthesis techniques for fabricating high entropy 

oxides with high densities and gas tightness. The second important property in the 

abovementioned list is the thermal stability at high temperatures over wide ranges of oxygen 
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partial pressure. According to the first core effect in high entropy materials, these materials are 

thermodynamically stable at high temperatures due to the high configurational entropy. 

Therefore, the high entropy oxides have the potential to be thermally stable at higher 

temperatures over wide ranges of oxygen partial pressures and further investigations in this area 

are necessary. One of the important advantages of high entropy materials is the compositional 

flexibility in these multicomponent systems. This compositional flexibility enables researchers 

to substitute an expensive element with a relatively inexpensive element, while considering 

environmental aspects, without compromising the materials’ functionality. Furthermore, the 

compositional flexibility of these materials can help in finding a composition with thermal 

expansion coefficient close to that of the desired electrodes. Therefore, high entropy oxides 

show promise as potential electrolyte materials, and further research is necessary to investigate 

scalability of these materials.  

  

Catalysts for oxygen evolution reaction – Since the introduction of high entropy oxides, many 

articles reported the catalytic activity for oxygen evolution reaction in high entropy oxides. 

Most of the high entropy oxides have shown enhanced OER activity compared to the single 

component oxides as well as the state-of-the-art oxide catalysts like IrO2 and RuO2. This 

dissertation investigates such a perovskite structured high entropy oxide for its catalytic activity 

for oxygen evolution reaction. The observed enhancement of catalytic activity is due to the 

synergy among the constituent elements, also known as cocktail effects, which offers limitless 

compositional possibilities. Therefore, strategically narrowing down the compositional space 

of high entropy oxides for experimentation, using theoretical calculations, activity descriptors, 

or combinatorial and high-throughput methods, is essential for advancing high entropy oxides. 

One of the biggest drawbacks of the traditional OER catalyst such as IrO2 and RuO2 are their 

high cost and their low abundance. The high entropy oxides provide a cheaper and more 

abundant alternative. Even though the high entropy oxide explored in this dissertation contains 

earth abundant transition metals and lanthanum, cobalt is toxic to the environment. 

Consequently, compositions without Co should be explored to avoid the toxicity and 

humanitarian impact of cobalt mining. Furthermore, to date the mechanism behind the 

enhanced catalytic activity is not clear and this dissertation attempts to reveal the underlying 

mechanisms. However, more in-situ studies are necessary for a better understanding of the 

enhanced catalytic activity due to the cocktail effect in the high entropy oxides. Additionally, 

in this dissertation, epitaxial thin films are investigated for a systematic comparison of catalytic 

activity among the different oxides. While this is a suitable model system, for industrial 
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applications, the epitaxial films are not ideal and a morphology with highest surface area is 

needed. Therefore, exploring different synthesis routes to achieve a morphology with maximum 

surface area is vital for introducing high entropy oxides for industrial application.  
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