
Diss. ETH No. 10331

Phase EquUibria, Electrical Conductivity, and Electrochemical

Properties of Zr02-In203

A dissertation submitted to the

SWISS FEDERAL INSTITUTE OF TECHNOLOGY

ZURICH

for the degree of

Doctor of Technical Science

by
Kazunari Sasaki

Master of Engineering

Tokyo Institute of Technology

born Febr. 21,1965

citizen of Yokohama, Japan

accepted on the recommendation of

Prof. Dr. L.J. Gauckler, examiner

Prof. Dr. H. Bohni, co-examiner

Prof. Dr. T.Y. Tien, co-examiner

Zurich 1993



Acknowledgements:

I wish to express my sincere appreciation to Prof. L.J. Gauckler who opened my

eyes to many different fascinating subjects, for his most helpful discussions and for his

encouragement throughout the progress of my thesis, not only as a supervisor but also as an

educator and a humanitarian. In addition, I wish to express my great thanks to Prof. H.

Bohni for his useful suggestions and service for the doctoral committee, and to Prof. T.Y.

Tien from the University of Michigan who very kindly spent time to come to Zurich to join

the doctoral committee and made many suggestions very helpful throughout this work.

I wish to thank Dr. Lgo Dubai from the Swiss Federal Office of Energy who

allowed me to join the Swiss Solid-Oxide-Fuel-Cell team, for his continuous support,

interest and encouragement I would like to thank Prof. P.D. Ownby and Mrs. Ownby from

the University of Missouri-Rolla who reviewed some manuscripts and took great trouble in

correcting my English, and Prof. R.O. Suzuki from the Kyoto University for his many

helpful suggestions, during their stay in Zurich.

I am in debt to many colleagues in Prof, fur Nichtmetallische Werkstoffe, ETH-

Zttrich, especially,

Prof. G. Bayer for his helpful suggestions and encouragement,

Dr. A. Orliukas and Dr. P. Bohac for useful discussions on the relaxation

dispersion of ionic conductivity,

Mr. Martin GOdickemeier who spent a lot of time for electrochemical

experiments for me as well as very helpful discussions as a good colleague,

Dr. Jiirg Allemann for fruitful discussions not only on phase transformation but

also on philosophical questions,

Mr. Hans-Peter Seifert for his significant contributions to the chapters 7 and 8 in

this work,

Mr. Helge Heinrich for TEM observations,

Mr. Peter Kocher who kindly took great trouble in many technical support to

me,

Mr. Chris. Tshudin and Mr. Rico Gschwend for their technical support, and

Dr. Rend Miiller, Dr. Thomas Schweizer and Dr. Basil Heeb for their

encouragement, which makes my stay in Switzerland enjoyable.



I would like to thank the Swiss SOFC team, especially,

Dr. K. Honegger who made our electrochemical experiments possible,

Dr. A. McEvoy, Dr. Ravi. Thampi, and Dr. Jan van Herle for their useful

suggestions and supports,

Dr. U. Bossel for useful discussions.

I am grateful to Prof. T. Iseki, Prof. Y. Saito, Prof. Okamoto, Prof. A. Kitamoto, Prof. T.

Yano, and Prof. T. Maruyama, as well as many other colleagues in the Research

Laboratory for Nuclear Reactors, Tokyo Inst, of Technology, for their encouragement

during my Ph. D. work in Switzerland. I would also like to thank Prof. M. Yoshimura and

Dr. M. Yashima, Tokyo Inst of Technology, for useful suggestions on phase

transformations.

At last, I would like to express my appreciation to my parents Akira and Yoshiko Sasaki

for their continuous encouragement throughout my stay in Switzerland.

This work was supported by the Swiss Federal Office of Energy. Very early stage

of the research at ETH-Ziirich was supported by the exchange scholarship between ETH-

Ziirich and Tokyo Inst, of Technology, and the research grant from the Foundation of the

100th Anniversary of Tokyo Inst, of Technology.



Index

Summary

Zusammenfassung
List of publications, technical reports and presentations

1. Introduction 1

2. Overview 5

2.1. Criteria of Cathode Materials Selection 6

2.2. Ionic Conductors 6

2.3. Electronic Conductors 10

2.4. Defect Chemistry 13

2.5. Mixed Conductors 15

2.6. Electrochemical Properties of Oxides as Solid Oxide Fuel Cell Cathodes 18

2.7. Chemical Compatibility and Structural Integrity of Cathode Materials with

Electrolytes 22

3. Aim of the Study 33

4. Phase Equilibria in the System ZK)2-lnOl .5 36

4.1. Introduction 37

4.2. Experimental Procedure 38

4.3. Results and Discussion 40

(1) Phase diagram of the system Zr02-InOi.5 40

(2) The solubility of InOi.5 hi tetragonal Zr02 solid solution 43

(3) Martensitic transformation (m-»t) temperature in Zr02 solid solutions 48

(4) The phase boundary tss+Css and ess as related to the t'-phase 50

(5) The extent of the cubic Zr02 phase 52

(6) The solubility of Zr02 in bcc InOi.5 solid solution 55

(7) Metastable phases at lower temperatures 56

4.4. Summary 57

5. Ionic Conductivity of Tetragonal and Cubic-Zr<)2

Doped with In203 61

5.1. Introduction 62

5.2. Experimental Procedure 63

5.3. Results and Discussion 64

(1) Phase relations 64

(2) Ionic conductivity 68

5.4. Summary 75



6. Ionic Conductivity and Phase Transformation of Zirconias 78

6.1. Introduction 79

6.2. Experimental Procedure 80

6.3. Results 81

(1) Differential thermal analysis of Zr02-InOi.5 81

(2) Ionic conductivity of Z1O2 doped with In203 85

(3) Ionic conductivity of Zr02 doped with trivalent metal oxides 89

6.4. Discussion 96

(1) Cubic-to-tetragonal phase transformation 96

(2) Ionic conductivity of Z1O2 doped with In203 100

(3) Ionic conductivity of Zr02 doped with trivalent metal oxides 102

(4) Ionic conduction mechanism in tetragonal (f) zirconias 103

6.5. Conclusions 104

7. Electronic Conductivity of In203 Doped with ZK)2 112

7.1. Introduction 113

7.2. Experimental Procedure 114

7.3. Results and Discussion 116

(1) Electrical conductivity in the system Zr02-InOi.5 116

(2) Electrical conductivity in the two-phase region
cubic-Zr02 + bcc-In203 117

(3) Electrical conductivity of M2O3 doped with Zr02 119

(4) Lattice defect reactions in pure- and doped-In203 127

(5) Electronic conduction mechanism in IJ12O3 doped with Zr02 130

(6) Electrical conductivity of In203 doped with various oxides 135

(7) Mixed ionic and electronic conductivity of Zr02-InOi .5 138

7.4. Conclusions 140

8. Processing of Zr02-Doped In203 Cathodes 146

8.1. Introduction 147

8.2. Thermal Expansion 147

8.3. Phase Equilibria Related to Cathode Processing 148

8.4. Reaction/Interdiffusion at the Cathode/Electrolyte Interface 148

8.5. Processing of Cathode Layers 151

8.6. Processing-Property Relations 154

(1) Temperature dependence
(2) Effect of powder crystallite size

(3) Effect of cathode thickness

(4) Effect of chemical composition
(5) Composition with other materials

8.7. Conclusions 156



9. Electrochemical Properties of Oxides for SOFC Cathodes 162

9.1. Introduction 163

9.2. Experimental Procedure 166

9.3. Results and Discussion 169

(1) Electrical conductivity and thermal expansion coefficient of

selected mixed-conducting oxides 169

(2) Chemically stable composite of ionic and electronic (mixed)
conductors 170

(3) Multi-layer composite with mixed-conducting oxides 174

(4) Concentration gradient cathode/electrolyte composite 178

(5) Chemically-stable concentration-gradient cathode/electrolyte
composite made of the system Zr02-InOi.5 179

(6) Power density with the doped-In2Q3 cathode/electrolyte composites 183

(7) Power density with mixed-conducting perovskite oxide cathodes 187

9.4. Conclusions 188

10. Future Work:

New Horizons for Solid Oxide Fuel Cell Cathode Research

and Development 195

Appendix I: Electronic Conduction in Highly-Conductive Oxides 201

(1) Electronic Structure of Highly-Conductive Oxides: An Overview 201

(2) Electronic Conduction in Oxides with Narrow Conduction Band 209

(3) Electronic Structure of U12O3: A Broad-Band Semiconductor 210

Appendix II: Ionic Conduction in Oxides with the Fluorite Structure 213

(1) Ionic Conductivity 213

(2) Temperature Dependence of Ionic Conductivity 215

(3) Impedance Spectroscopy 217

(4) Effect of Microstructure on Ionic Conductivity 217

Appendix IE: Results of Phase Analysis by X-ray Diffraction 223

Curriculum vitae 229



Phase Equilibria, Electrical Conductivity, and Electrochemical

Properties of Zr02-In203

Summary

Fuel cells are energy conversion devices which convert chemical energy directly to

electrical energy. Electricity and heat are generated by the electrochemical reaction of a

fuel with an oxidant In current solid-oxide-fuel-cell systems, a substantial fraction of the

total losses is the ohmic and nonohmic polarizations at the cathodes.

The cathodic nonohmic polarization can be reduced if the cathode material

possesses high electronic conductivity and high oxygen-ionic conductivity. Many mixed-

conducting oxides have been found which possess high electrocatalytic activity. Most of

them are acceptor-doped LaB03, where B =Fe, Co, Ni, and Cu. However, many mixed-

conducting oxides are inadequate for use as cathode material, due to insufficient electronic

conductivity, the lack of the chemical compatibility with zirconia at sintering and operation

temperatures, and thermal expansion mismatch.

This research is an attempt to tailor chemically-compatible cathodes with mixed

conductivity. One criterion to tailor a cathode compatible with the electrolyte is to find a

highly electron-conducting phase which can coexist in equilibrium with an ion-conducting

phase. The criterion is to find a ZrO2-Me0x system which includes a Zr02-based solid

solution with high ionic conductivity and the metal-oxide solid solution with high

electronic and/or mixed conductivity. The system Zr02-InOi,5 is selected in Chapter 3 as

such a model system.

In Chapter 4, the phase equilibria of the system Zr02-JtaOi.5 are investigated
between 800 and 1700°C. Monoclinic, tetragonal, and cubic Z1O2 phases and the bcc

D1O1.5 Pnase a*6 stable in this system. No intermediate phases were detected. The

solubility of InOj 5 in the tetragonal Z1O2 is 2 to 4 mol%. The eutectoid of the tetragonal

Zrt>2 ss was
found to be at 1.3 mol% InOj.5 and at a temperature slightly above 990°C.

The martensitic transformation temperatures from monoclinic to tetragonal Zr02 were

compared with those of other zirconia solid solutions with trivalent oxides. A strong

correlation between the ionic radii of the cations and the transformation temperature exists

with a maximum in lowering the m-rt transformation temperature by Y3+. The formation

of the t'-phase was found after quenching from temperatures higher than 1500°C in

compositions lower than the eutectoid of the cubic Zr02 solid solution. The extent of the



cubic Z1O2 solid solution was reevaluated. The eutectoid of the cubic phase was

determined at 23.5±1 mol% InOi^ at 1315±10°C. The solubility of Z1O2 in bcc InOi.5 is

0.4 to 1.4 mol%, which is much lower than previously reported in the literature.

In Chapter 5, the ionic conductivities of the tetragonal (f and t) and cubic Z1O2

doped with 15-45 mol% InOj 5 are reported. Below 500°C, the intragrain ionic

conductivity of the t-phase is higher and die activation energy is lower, compared to the t'-

phase of the same solute concentration. On the other hand, due to the smaller grain size, its

total conductivity is depressed by grain boundary resistivity and is lower titan that of the t'-

phase polycrystal between 500 and 1000°C. The total ionic conductivity of the cubic phase

polycrystal near the eutectoid composition is comparable to the conductivity of 8 mol%

Y203-doped Z1O2. Between 500 and 650°C, the t'-phase polycrystal has the highest total

ionic conductivity in zirconias doped with In203.

In Chapter 6, the differential fliermal analysis and ionic conductivity measurements

of Zr02 doped with In203 are reported. Intragrain ionic conductivity of zirconias doped

with other trivalent metal oxides including Y2O3, Yb203, Er203 and SC2O3 were

measured for comparison. At lower InOi.5 concentration than 25 mol%InOi.5, me ionic

conductivity above 500°C decreased with decreasing InOi.5 concentration, due to a first-

order transition related to me cubic-to-tetragonal phase transformation. This first-order

transition is exothermal during cooling, and associated with an abrupt change in ionic

conductivity and/or its activation energy. At higher InOi.5 concentration, the ionic

conductivity was lower, and the activation energy of the ionic conductivity of the cubic

ZiO2-In0i.5 increased continuously with decreasing temperature. This increase in

activation energy is probably due to defect interactions.

In Chapter 7, the electrical conductivities of the two-phase materials c-Zr02 ss +

bcc-InOi.5 ss. and bcc InOi.5 solid solution are reported. In the cubic-Zr02 ss+ InOl.5 ss

two-phase region, the electrical conductivity increases abruptly up to 10^ S/m with

increasing InOi.5 concentration. This material is a 3-dimensional composite of a pure ionic

conductor and a mixed conductor of electronic character, suitable as a cathode material for

SOFCs.

In203 doped with Z1O2 was found to be a high n-type electronic conductor with a

conductivity up to «105 S/m at 1300°C. The oxygen partial pressure dependences of

electronic conductivity indicate mat the lattice defects responsible for electronic conduction

in L12O3 doped with Z1O2 are oxygen interstitial-dopant cation pairs, the agglomerates of

defect complexes, and free electrons left after the reduction of oxygen interstitials. Z1O2 is



one of the most effective donors to increase electronic conductivity of U12O3, among

Sn02, Nb205, Pr60n. and Ce02.

In Chapter 8, materials from the system In203-Zr02 are investigated as a cathode

material for solid oxide fuel cells. Thermal expansion, chemical reaction and interdiffusion

phenomena were studied. In203-ZrO2 is a chemically compatible cathode with a Z1O2-

based electrolyte. Porous cathodes with a continuous microstructure on Y203-doped Z1O2

electrolytes have been successfully prepared by screen-printing. Processing parameter-

microstructure-property (I-V characteristics) relations are discussed. A functionally

gradient cathode configuration with a two-phase composite can improve the adherence and

the electrochemical properties.

In Chapter 9, the electrochemical properties of cathodes based on ZrQ2-doped

L12O3 and oxides with the perovskite structure such as SrO-doped LaMn03 and LaCo03

are presented. The approaches were (1) to use a two-phase material consisting of an ion-

conducting phase and an electron- or mixed-conducting phase, (2) to prepare a multi-layer

cathode consisting of a mixed-conductor and intermediate layers to relax thermal expansion

mismatch between the cathode and the electrolyte, and (3) to use a concentration gradient

cathode/electrolyte composite where thermal expansion coefficient, ionic and electronic

conductivities change gradually. Cathode layers with mixed-conducting oxides based on

doped h»203 as well as doped lanthanum manganite and cobaltite have been prepared on

Y203-doped Zr02 electrolytes by screen printing technique. Electrochemical

performances of the PENs were characterized by current-voltage measurements in H2 / air

concentration cells.

It is demonstrated by the current and power density measurements in concentration

cells that Zr02-doped In20} is useful as a cathode material, and the cathode/electrolyte

composite can be prepared from the Zr02-InOi.5 system by varying the ratio of Zr02 and

InOi.5 only. All cathodes studied exhibit good electrochemical performances.



Zusammenfassung

Brennstoffzellen sind Gerfite, die chemische Energie direkt in elektrische Energie

umwandeln. Elektrischer Strom und Warme werden durch die Reaktion des Brennstoffs

mit dem Oxidationsmittel erzeugt. In den heute verwendeten Festelektrolyt-

Brennstoffzellen wird ein betrachtlicher Teil der ohmischen und nichtohmischen Verluste

durch die Kathoden verursacht

Die nichtohmsche Polarisation der Kathoden kann verringert werden, wenn das

Kathodenmaterial sowohl hohe Leitfahigkeit fur Elektronen als auch fur Sauerstoffionen

besitzt. Viele mischleitende Oxide mit einer hohen elektrokatalytischen Aktivitat wurden

identifiziert, die meisten von ihnen aus der Gruppe von Akzeptor-dotiertem LaB03 (mit

B=Fe, Co, Ni und Cu). Wegen ihrer ungenugenden elektronischen Leitfahigkeit, fehlender

Kompatibilitat zu Zirkonoxid bei Herstellungs- und Betriebstemperatur, sowie zu hoher

Differenzen im thermischen Ausdehnungskoeffizienten sind die meisten mischleitenden

Oxide allerdings fur die Verwendung als Kathodenmaterial nur bedingt geeignet.

In dieser Arbeit wird versucht, chemisch kompatible Kathoden mit gemischter

Leitfahigkeit masszuschneidern. Ein Kriterium fur die Kompatibilitat einer Kathode mit

dem Elektrolyten ist die Existenz einer Phase mit hoher elektronischer Leitfahigkeit, die

sich mit einer sauerstoffionenleitenden Phase im Gleichgewicht befindet Das Ziel ist, ein

System Zr02-MeOx zu linden, das eine Zr02 basierende feste LOsung mit hoher ionischer

Leitfahigkeit und eine MeOx basierende feste Losung mit hoher elektronischer und/oder

gemischter Leitfahigkeit besitzt. Als Modellsystem fur eine derartige Kombination der

Eigenschaften wurde das System Zr02-In0i.5 ausgewahlt (Kapitel 3).

In Kapitel 4 werden die Phasengleichgewichte des Systems Zr02-In0i.5 im Bereich von

800 bis 1700°C beschrieben. Monokline, tetragonale und kubische Zr02-Phasen und die

krz InOi.5-Phase sind in diesem System stabil, es wurden keine Zwischenphasen gefunden.

Die Ldslichkeit von InOl.5 in der tetragonalen Zr02-Phase betragt 2 bis 4 mol%. Der

eutektoidische Ubergang der festen LOsung von Zr02 wurde bei 1.3 mol% InOi.5 und bei

einer Temperatur leicht oberhalb von 900°C gefunden. Die martensitische

Umwandlungstemperatur von monoklinem zu tetragonalem Zr02 wird verglichen mit

denen von anderen festen Losungen des Zirkonoxids mit dreiwertigen Oxiden. Es besteht

eine starke Korrelation zwischen den lonenradien der Kationen und der

Umwandlungstemperatur mit einem Minimum der t->m Umwandlung bei Y3+. Die

Bildung der t'-Phase wird bei Zusammensetzungen die niedriger liegen als die

eutektoidische beim Abschrecken von Temperaturen hoher als 1500°C beobachtet. Der



Existenzbereich der kubischen Zr02-Phase wurde neu festgelegt. Der eutektoide Ubergang

der kubischen Phase wurde bei 23.5±1 mol% InOi.5 bei 1315+10°C gefunden. Die

Loslichkeit von Z1O2 in krz InOi.5 betrSgt nur 0.4 bis 1.4 mol%, und ist somit viel tiefer

als in der Literaturangaben berichtet.

Kapitel 5 beschaftigt sich mit der ionischen Leitfahigkeit des tetragonalen (f und t) und des

kubischen Zr02. Unterhalb von 500°C ist bei gleicher Dotierungskonzentration die

ionische Leitfahigkeit der t-Phase im Korn grosser sowie die Aktivierungsenergie kleiner

als die entsprechenden Werte der t'-Phase. Andererseits ist die totale Leitfahigkeit der t-

Phase zwischen 500 und 1000°C wegen des Komgrenzenwiderstandes und der geringeren

KorngrOsse kleiner als jener der polykristallinen t'-Phase. In der Nahe der eutektoiden

Zusammensetzung ist die totale ionische Leitfahigkeit der polykristallinen kubischen Phase

vergleichbar mit der Leitfahigkeit von Zr02-8mol%Y203. Zwischen 500 und 650°C

besitzt die polykristalline t'-Phase die hochste totale ionische Leitfahigkeit aller mit L12O3

dotierten Zirkonoxidproben.

Kapitel 6 enthait die Resultate der ionischen Leitfahigkeits- und der Differential-Thermo-

Analyse-Messungen an mit I112O3 dotierten Z1O2. Zum Vergleich werden Messungen der

ionischen Leitfahigkeit des Korns an Zirkonoxid, dotiert mit anderen dreiwertigen

Metalloxiden wie Y2O3, Yb203, Er203 und SC2O3 herangezogen. Bei InOi.5

Konzentrationen kleiner als 25 mol%, sinkt die ionische Leitfahigkeit mit steigender

InOl.5-Konzentration aufgrund eines Phasenubergangs erster Ordnung von kubischer zu

tetragonaler Symmetrie. Dieser PhasenObergang ist exodierm beim AbkOhlen und geht rait

einer abrupten Anderung der ionischen Leitfahigkeit und/oder ihrer Aktivierungsenergie

einher. Bei hOheren InOi.5-Konzentrationen liegt die ionische Leitfahigkeit tiefer und die

Aktivierungsenergie der ionischen Leitfahigkeit des kubischen Zr02-InOi.5 steigt

kontinuierlich mit sinkender Temperatur.

In Kapitel 7 wird uber die elektrische Leitfahigkeiten von zweiphasigen Werkstoffen aus

Zr02-InOi.5, sowie einphasigem InOi.5 berichtet. Im Zweiphasengebiet steigt die

elektrische Leitfahigkeit mit steigendem Indiumoxidgehalt abrupt auf bis zu 104 S/m an.

Das Gefiige dieses Werkstoffes ist aus zwei dreidimensional verbundenen Phasen

aufgebaut. Eine davon ist ein reiner Ionenleiter (Zr02 ss). die andere Phase besteht aus

lonen- und Elekttonen-leitendem InOi.5 ss- Dieser Werkstoff kann als Kathodenmaterial

fur Festelektrolyt-Brennstoffzellen eingesetzt werden.

In203 dotiert mit Z1O2 ist ein elektrischer Leiter mit einer Leitfahigkeit von bis zu =10^

S/m bei 1300°C. Die Abhangigkeit der Leitfahigkeit vom Sauerstoffpartialdruck und der



Temperatur erlaubt ein Defektmodell fur diesen Halbleiter aufzustellen. Die Ergebnisse

lassen sich erkiaren, wenn als Ladungstiager Paare von interstitiell gelostem Sauerstoff und

Zirkonionen, Komplexe dieser Paare sowie Elektronen angenommen werden je nach

Temperatur-, Sauerstoffpartialdruckbereich und Dotierkonzentration. Z1O2 ist einer der

effizienteste Donoren fur die Eihohung dei elektoonischen Leitfahigkeit von I112O3,

verglichen mit Sn02, Nb205, Pr60n und Ce02-

Materialien aus dem System In203-Zr02, die fur den Einsatz in Festelektrolyt-

Brennstoffzellen geeignet sind, werden in Kapitel 8 untersuchL Zu diesem Zweck wurden

die thermische Ausdehnung und chemische Reaktionen sowie Interdiffusionsphanoraene

studiert. In203-Zr02 ist chemisch kompatibel mit Elektrolyten auf Zr02-Basis. Mittels

Siebdruck wurden porOse Kamoden mit einem zusammenhangenden Gefiige auf Y2O3-

dotierte Zr02-Elektrolyte aufgebracht. Der Zusammenhang zwischen Herstellung, GefOge

und Eigenschaften wird anhand von Strom-Spannung-Kennlinien diskutiert. Mit einer

Gradientenkathode, bestehend aus einem Zweiphasenverbund konnte die Haftung und die

elektrochemischen Eigenschaften dieser Kathode verbessert werden.

In Kapitel 9 werden elektrochemische Eigenschaften von Kathoden auf der Basis von

Zr02-dotiertem In203 und Oxiden mit Perowskitstruktur aus SrO-dotiertes LaMn03 und

LaCo03 gezeigt. Dabei wurden drei unterschiedliche Gradienten-Werkstoffe untersucht:

(1) Zweiphasiges Material aus einer Ionen-leitenden und einer mischleitenden Phase, (2)

Schichtaufbau aus Mischleiter und Zwischenschicht zur Verringerung der Differenz der

thermischen Ausdehnungskoeffizienten zwischen Kathode und Elektrolyt, und (3) ein

Konzentrationsgradientenweikstoff aus Lai-xSrxCo03/Zr02-Y203 mit kontinuieriicher

Aenderung seines tiiermischen Dehnung. Hire Charakterisierung erfolgte durch Strom-

Spannungs-Messungen in einer H2/Luft- Konzentrationszelle.

Durch Messungen der Strom- bzw. Leistungsdichte in Konzentrationszellen konnte gezeigt

werden, dass Zr02-dotiertes In203 fur Festelektrolyt-Brennstoffzellen verwendet werden

kann, und dass ein Kattiode/Elektrolyt-Verbund im System Zi02-In2O3 ausschliesslich

durch Variation des Verhaltnisses von Zr02 ^u In203 hergestellt werden kann. Alle

untersuchten Kathoden haben eine hohe elektrochemische Leistungsfahigkeit.
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1. Introduction

Fuel cells are energy conversion devices which convert chemical energy directly to

electrical energy [1-4]. Electricity and heat are generated by me electrochemical

combination of a fuel with an oxidant. Fuel cells offer several advantages, such as

substantially high conversion efficiency, low emission of pollutants, potential for

cogeneration of electricity and heat, fuel and product flexibility, and minimal siting

restriction [1-4]. There exist different kinds of fuel cell systems, depending on the

electrolyte materials. One is the solid oxide fuel cells (SOFCs) system. They consist of an

air cathode and anode on die fuel side, both sides separated by an oxide electrolyte witii

high ionic conductivity, as shown in Figure 1-1. Fuels such as H2, CH4, or natural gas, are

oxidized at die anode side releasing electrons to the external circuit Oxidants (oxygen in

air) is reduced by accepting electrons from me external circuit at die cathodes. Most of the

components are made of ceramic materials. Y203-doped Zr02, Lai-xSrxMn03, Ni-Zr02

cermet, and Lai-xSrxCr03 have been commonly used as electrolyte, cathode, anode, and

interconnect, respectively [1,2,4].

A fuel cell may be considered as an oxygen concentration cell of the following type

[5]:

O2 (PoiVOxide solid electrolyte/02 (P02")

where P02' and P02" are me oxygen partial pressures at the cathode side and at die anode

side, respectively. The thermodynamic voltage En, of this cell is given by the Nernst law:

IT
RTl P°2

Eth
= —In—L-

m
4F Po2"

where R, T, and F are the gas constant, temperature in Kelvin, and me Faraday constant.

When electric current I is derived by the fuel cell, me actual operating voltage V(I) is

lower:

V(/> Eth -(Re + Rc + Ra)I-r\c-^
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Re, Re, and Ra are electrolyte, cathode, and anode ohmic resistances, and rjc and % the

cathodic and anodic polarizations. The current-voltage characteristic is shown in Figure 1-

2. For current SOFC systems, it has been reported that 65% of the total ohmic losses is due

to the cathode [4]. Furthermore, it has been recognized that the ohmic drop is not the major

source of the energy loss, but die electrode overpotential [6,7].

Hydrogen c

Natural gas r.

Electrolyte

Anode Cathode

Current

Figure 1-1: Schematic diagram of a solid oxide fuel cell.

The ohmic loss, Re, can be reduced if die cafliode material possesses high electronic

conductivity. The nonohmic polarization, n,c, might be reduced if it possesses also high

ionic conductivity. However, many mixed-conducting oxides are inadequate for use as

cathode material, due to insufficient electronic conductivity and lack of chemical

compatibility with me electrolyte.

This dissertation is an attempt to tailor chemically-compatible cathodes witti mixed

conductivity from the system Zr02-InOi.5. In203-doped Zr02 possesses high ionic

conductivity, and Zr02-doped U12O3 possesses high electronic conductivity as well as

ionic diffusivity. Botii phases can coexist in uiermodynamic equilibrium. Furthermore,
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L12O3 possesses a C-type rare-earth structure which is an oxygen-deficient fluorite

structure witii one quarter of anions missing. Therefore, die J112O3 solid solution itself is

expected to be a mixed ionic-and-electronic conductor.

r
0.8

0.4 0.6
0.8

1.0

Current density (A/cm2)

1.2

Figure 1-2: Schematic diagram of the current-voltage characteristics of a fuel cell.
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2. Overview

2.1. Criteria of Cathode Materials Selection

A candidate material for solid oxide fuel cell cadiodes should meet several

requirements under preparation and operation conditions: [2,5]:

•High electronic conductivity

•High ionic conductivity (Mixed ionic-and-electronic conductivity)

•High catalytic activity for oxygen reduction

•Chemical compatibility witfi die electrolyte, me interconnect materials

•Stability in air at high temperatures

•Absence of destructive phase transitions within me operation temperature range

•A thermal expansion coefficient which is compatible with other cell components

•Ability to be formed into films having sufficient porosity and a good adherence to

the electrolyte

In me following section, defects and transport properties of oxides for die camode

application are reviewed, such as ionic conductivity, electtonic conductivity, defect

chemistry, and electrochemical properties, as well as chemical and structural compatibility

to die electrolyte. Emphasis is given to me chemical and crystallographic aspects for the

materials selections. Some detailed descriptions on ionic and electronic conduction in

oxides are given in die Appendices.

2.2. Ionic Conductors

Ionic conductivity depends strongly on the crystal structure. Oxides with high ionic

conductivity have been found if me oxides possess an open crystal structure, such as

fluorite, pyrochlore, rare-earth, perovskite and related structures [8,9]. Among them, many

oxides wim technological applications as ionic conductors possess me fluorite structure.

The ideal fluorite structure is shown in Figure 2-1. This structure is relatively open

and its shows exceptional tolerance for high levels of atomic disorder, which may be

introduced eittier by doping, reduction or oxidation [10]. Of me binary oxides, Th02,

Ce02, Pr02, U02, and Pu02 possess tiiis structure in me pure state. Zr02 and Hf02 are

stabilized to me fluorite structure by doping with divalent or trivalent oxides (Sc, Y, rare-
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earth oxides) [10,11,12] The addition of such dopants gives rise to the creation of oxygen

vacancies, which are responsible for the ionic conduction in these oxides Oxygen ionic

conductivities of some fluorite as well as perovskite-related oxides are shown in Figure 2-2

[5,8] The ionic conductivity of Zr02 doped with various dnalent and trivalent oxides is

shown in Figure 2-3, as a function of dopant concentration

o HOST CATION 14.1

DOPANT CATION

I1-OT3J

Figure 2-1 A half unit cell of the fluorite structure with a host cation and a dopant cation

[12].

The ionic conductivity of Zr02 exhibits the following features [5,8,12]

(1) The ionic conductivity shows a maximum in the conductivity-versus-dopant-

concentration plot (Figure 2-3)

(2) For a given composition and charge of dopant, the conductivity increases as

the radius of the dopant approaches that of the host cation

The first phenomenon has been understood as that the Coulomb interactions between the

dopants and the oxygen vacancies increase with increasing dopant concentration, while this

simple association model may not directly be applied to the highly disordered solid

solutions [10,12,13-15] The maximum ionic conductivity is often found near the lowest
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solubility limit of the doped oxide in the fluorite phase. The second feature has been

explained by the additional energy for ionic migration, incorporated with a strain energy

term due to the mismatch between the host and dopant cation Kilner et al [12,16,17] have

suggested that the plot of lattice parameter versus concentration would yield the expected
strain component For a small lattice mismatch, the association energy between dopants and

vacancies is also small These two criteria suggest that In203-doped Zr02 with InOi.5
concentration near the lowest solubility limit should exhibit a high ionic conductivity, since

In3+ and Zr^+ possess similar ionic radii [18-21]

T/°C

900 800 700 600 500 400

"i r

£
o

60

O

0.8 0.9 1.0 1.1 1.2

Figure 2-2 Oxygen-ion conductivity of selected oxides for electrolytes as a funcuon of

temperature [5]

High ionic conductivity has also been found in oxides with other fluonte-related

structures, such as pyrochlore and rare-earth, and with perovskite and perovskite-related
structures [8,9] The pyrochlores have the general formula A2B2O7 Their structures are

closely related to the fluorite, and they may be regarded as a fluorite type compound
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(A4O8) with 1/8 of all the oxygen vacant. However, in the perfect pyrochlore structure, the

cation and anion sublattice are bom ordered [8,9]. Therefore die ionic conductivity depends

on the order-disorder transition on the anion sublattice. The cation disorder depends also on

the size difference between the dopant and the host cation. A large difference in cation size

will give a small activation energy but also a small pre-exponential factor for the ionic

conductivity, while a small difference in size will give a higher pre-exponential factor but a

higher activation energy [8,9].

The 5-Bi203 phase possesses an anion deficient fluorite structure where 1/4 of the

normal fluorite anion sites are vacant. The phase exists an order-disorder transition, and

exhibits the highest oxygen ionic conductivity so far reported for a solid electrolyte [8,9] as

shown in Figure 2-2.

10-1

4

2

u

ai
***

2? 4

•'§
I 2

8 10-3

4

2

io-4
2 4 6 8 10 12 14 16 18 20 22

Dopant content/mol % M2O}

T I I I I 1 I 1 I I r

J 1 1 1 1 1 1 1 1 11

Figure 2-3: Ionic conductivity of zirconias doped with various divalent and trivalent oxides

at 800°C [5]
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Most of me rare-earths, as well as Sc, In, and Y are trivalent and form sesquioxides

of various crystal structures. Most of them have the cubic C-type structure which is closely

related to the fluorite structure (Sm203, Dy203, Er203, SC2O3, Y2O3, as well as U12O3)

[10]. It can be derived from die fluorite by removal of one-fourth of die oxygen atoms

which lie along the four <111> directions of the fluorite structure [10]. SrO doped La203

exhibits ionic conductivity close to die Y203-doped ZK>2 electrolyte [8,9,22]. Most of

mese sesquioxides are mixed ionic and electronic conductors widi a substantial electronic

conductivity [10,23,24]. Therefore the rare-earth oxides might also be potential candidates

for mixed-conducting oxide cathodes.

The oxides wim me perovskite structure (ABO3) exhibit also high ionic

conductivity. Takahashi et al. [25] showed tiiat selected perovskite solid solutions exhibit

high ionic conductivity around 5x10"3 S/m at 800°C [8,9], A perovskite-related structure,

the brownmillerite structure (ABO2.5) exhibit also high ionic conductivity, which can be

considered as being derived from die perovskite structure by removing one-sixth of me

oxygen ions. In this structure, die oxygen vacancies are ordered, but may disorder at

elevated temperatures exhibiting a high ionic conductivity. Doped-Baln02.5 (Ba3ln2ZrOs)

falls into this category [9,26]. The oxides with this structure may exhibit not only high

electronic conductivity but also high ionic conductivity. This mixed conductivity depends

on me oxygen partial pressure and is strongly related to die defect chemistry of the oxides.

2.3. Electronic Conductors

For me solid oxide fuel cell camodes, me candidate oxides should be stable up to

1000°C in air. Selected oxides are reviewed here, which have been studied for SOFC

camode applications. Several reviews on electronic conductivity of perovskite oxides as

well as monoxides have been published [27-32].

The majority of investigations related to SOFC cathode materials has been

concentrated on oxides with me perovskite structure. The oxides commonly used are SrO-

doped LaMn03 ((Lai-xSrx)l-yMn03±5; x=0.1-0.5, 0<y<0.1). Lao.86Sro.l4Mn03

exhibits an electronic conductivity of 1.4xl04 S/m at 1000°C [33]. The electronic

conductivity increases with increasing alkaline-earth cation (Sr2+) concentration up to x=

0.5. The increased Sr content however is accompanied with an increase in thermal

expansion coefficient [1,33-38]. The perovskite structure is very tolerant of changes in me

ionic radius of me A and B sites, allow us many possibilities to substitute host cations for
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various cations. Related perovskite oxides have been investigated. The A-site in this

perovskite can be substituted by otiier rare-earth oxides (for examples, Yi-xCaxMn03)

[39-42], and by other alkaline-earth oxides (Lai-xCaxMn03) [43-45]. This structure can

also accommodate a high concentration of cation vacancies, particularly on die A-site;

(Lai-xSrx)l-yMn03 [9,46-49]. With substitution of the B-site, the electronic conductivity

and otiier properties such as nonstoichiometry, oxygen vacancy concentration, and catalytic

activity can be changed considerably [34,50,51]. The Mn cation has been substituted by Fe,

Co, Ni, and Cu, which enhances me electronic conductivity [50,52]. Transition metal

cations can be substituted on the B-site like in Lai.xSrxMni.yCoy03 or in Lai-xSrxFei-

yCoy03 [52-60]. The electronic conductivity of several perovskite oxides is shown in

Figure 2-4 [50]. Those compounds are favored for uieir high electronic conductivity,

particularly for the planar fuel cell configurations, where the electric current flow is in-

plane of the fliin cathodes [61]. Figure 2-4 summarizes the electronic conductivities of the

typical perovskites [52].

800

r co

100 200 100 25

1. Lao.3Srn.7Co03
2. Lao.5Sro.5Co03
3. Lao.7Sro.3Co03

Lao.3Sro.7Fe03
Lao.5Sro.5Fe03
Lao.7Sro.3Fe03
Lao.3Sr0.7Mn03

8. Lao.5Sro.5Mn03
9. Lao.7Sro.3Mn03

Figure 2-4: Electrical conductivity of SrO-doped LaB03 (B=Mn,Co,Fe) after Takeda et al.

[52].
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a function of oxygen partial pressure: (a) Oxygen content at a constant temperature, (b)
Total electrical conductivity and ionic conductivity at two different temperatures after

Anderson [34]
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2.4. Defect Chemistry

For cathodes, it might be desirable that the electronic conductor also possesses high

ionic conductivity, as mentioned in Introduction. The oxygen-ionic conduction in the

perovskite oxides occurs via oxygen vacancies [51,61-63], which also influence me

electronic conductivity as well as electrocatalytic activities [1,9,34,63]. In mis section,

dominant lattice point defects in perovskite oxides are described in order to outiine die

relations between electronic conductivity and ionic conductivity as functions of oxygen

partial pressure, temperature, die substituted A- and B-site dopant concentration, and die

number of 3d orbital electrons of the B-site transition metal cations.

Perovskite-type oxides of me ABO3 structure, with trivalent rare-earth cations in

the A-site and trivalent transition metal cations in me B-site are p-type electronic

conductors [34]. Native major lattice defects are cation vacancies (oxygen excess) and

electron holes. Oxygen vacancies are minor lattice defects in oxidizing atmosphere. In

order to increase electronic conductivity, alkaline-earth cations are doped into the A-site,

that is, Ai-xA'xB03+5 where A=La, Y, rare-earth, A'=Sr2+, Ca2+ and B=transition metal

cations (V, Cr, Mn, Fe, Co, Ni, Cu). In tiiese oxides, die oxygen stoichiometry and ionic

and electronic conductivities vary as a function of oxygen partial pressure as shown in

Figure 2-5 [9,34]. In die region I, excess oxygen exists and the native defects are cation

vacancies. The oxygen vacancy concentration is very low. As die oxygen partial pressure

decreases, the perovskite oxides become stoichiometric (5=0). After the plateau where the

oxides are stoichiometric [64], oxygen deficiency starts to appear [34]. The electron hole

concentration p can be described as:

[acceptor dopant]=p+2[oxygen vacancy]

This equation indicates that the aliovalent alkaline-earth cation doping is compensated by

either the formation of electron holes or me formation of oxygen vacancies [9,34,51,65].

The former is the charge carrier for electronic conduction and die latter for oxygen-ionic

conduction. Witii decreasing oxygen partial pressure, the doped acceptor is compensated

rattier by oxygen vacancies tfian electron holes, leading to an increase in oxygen vacancy

concentration [9,34,51]. Since the oxygen-ionic conduction occurs via oxygen vacancy

mechanism, an increase in ionic conductivity is expected witii decreasing oxygen partial

pressure, while this leads simultaneously to die decrease in electronic conductivity, as

shown in Figure 2-5. Note here mat die increase in ionic conductivity has not yet

experimentally been identified [34]. In die region IV, all acceptor dopants are electrically
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compensated by oxygen vacancies. Further reduction would lead to me valence change of

me transition metal cations in the B-site, for examples, Mn3+-»Mn2+ in doped LaMn03

(Region V), followed by die decomposition of die perovskite oxides [34,35,66]. The onset

of region in is tiierefore critical to tailor mixed-conducting oxides witii the perovskite

structure. Table 2-1 shows me onset of region HI, IV, and V compiled by Anderson [34].

Oxygen nonstoichiometry in perovskite oxides with various transition metal cations are

compiled in Figure 2-6 [67], The oxygen partial pressure of die onset of die oxygen

vacancy formation (the beginning of the Region HI with decreasing oxygen partial

pressure) is shifted to a higher value [9,34]:

(1) with increasing temperature (see Figure 2-5)

(2) with increase in A-site dopant concentration (Sr2+,Ca2+)

(3) witii increasing number of 3d electrons of me B-site transition metal cations

(V-»Cr->Mn-4Fe-»Co-»Ni, see Table 2-1 and also Figure 2-6)

Composition Region 111 Region IV Region V Rcf.

(aim) (aim) (aim)

LaVOj <io-20 _ <io-2° [3]

LaCrOj <io-18 <!0-:o <io-20 [3]

LaCr0,5Mgoos03 io-'2 <10":o - [6]

LaCr09Mg01Oj io-" <io-:o - [6]

Lao 9Sro iCrOj io-" <io-:o - 15]

Lao ?Sr0 3CrOj io-' <io-:o - [5]

LaMn03 io-16 - JO"1*"5 [8]

La09Sr0|MnO) io-13 IO"15 io-" [8]

La0«Sr02MnO) 10-" io-H io-" [8]

LaFe03 io-" - io-17 14]

Lao9Sr0|Fe03 io-1 - io-" [4]

LaoisSroisFcOj >I0° io-5 io-14 [4]

LaCoOj - - io-7 [3]

LaNiOj - - 10-06 13]

Table 2-1: Approximate oxygen partial pressure where regions in, IV, and V begin at

1000°C compiled by Anderson [34].
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Figure 2-6: Oxygen stoichiometry in acceptor-doped LaB03, where B=Co, Fe, Mn, and

Cr, compiled by van Hassel et al. [67].

2.5. Mixed Conductors

As candidate oxides for the cadiode application, mixed-conducting oxides may

possess electronic conductivity higher tiian IO4 S/m and ionic conductivity comparable to

tiiat of doped-ZrC<2 electrolytes. Therefore die desirable candidate witii mixed-conductivity

might have an open crystal structure, as mentioned in die previous section on ionic

conductors. Ionic conductivities of compounds with predominately electronic

conductivities are compiled in Table 2-2 [8]. Furthermore, since die electtonic conductivity

is defined as:

ae=neqe

die oxides witii high electron (hole) mobility, and/or high electron (hole) concentration

may exhibit high electronic conductivity. Since die electron mobility is proportional to the

widtii of die conduction band (see Appendix), broad-band oxides possess high electron

mobility and consequently high electronic conductivity if the electron concentration is
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sufficiently high. Such an oxide is donor-doped U12O3 [27,68]. Many metallic-conducting

oxides exhibit high electronic conductivity [28,30], however tiieir electronic conductivity

decreases witii increasing temperature [69]. Narrow-band semiconducting oxides may

exhibit low electron mobility and exhibit small (or large) polaron conduction (see

Appendix) [27-32]. However, a high electronic conductivity may result, if me crystal is

tolerant to retain a high concentration of dopant cations witii a different valence. Note tiiat

the criteria of mixed-conductors for catiiode application differ from tiiose for electrolyte

applications, for which ionic conductivity would be predominant or comparable to

electronic conductivity [70].
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Table 2-2: The compdation of selected oxygen-ion conductivies at 1000K in

predominately electronic conductors, after Steele [8].



2. Overview 17

Even though the mixed conductors of predominantiy electronic character become

increasingly important, very limited studies exist on mixed conductivity, or ionic

conductivity in highly electron-conducting oxides. This might be partially due to the

difficulties to measure very low ionic conductivity separately from electronic conductivity

[71,72]. Therefore me ionic conductivities of SrO-doped LaMn03 and LaCo03 differ

many orders of magnitude depending on die measurement techniques [9,52,58,71,73-75].

One approach to tailor mixed conductors is to dope variable-valence impurities into

ionic conductors. Ti02-doped Zr02-based mixed conductors have been investigated [76-

78]. Doped-Ce02 is a mixed-conducting oxide [79,80]. However those oxides are preferred

for anode or electrolyte applications. Oxides with die pyrochlore and fluorite structures are

mixed conductors, where the ionic and electronic conductivities can be controlled by

varying composition, dopant, temperature and oxygen partial pressure [81 J. The rare-earth

oxides are also mixed-conductors [10,23,24]

The perovskite oxides exhibit excellent electronic conductivity and, in specific

compounds and conditions, they possess high ionic conductivity. The ionic conductivity of

Lao.6Sro.4Mn03 measured by Steele et al. [71] was IO"5 S/m at 900°C in air, which is 6

orders of magnitude lower tiian me ionic conductivity of 8mol%Y203-doped Z1O2

electrolyte. Therefore the SrO-doped LaMn03, the state-of-tiie-art cathode material, is a

poor mixed conductor [71]. However, me oxide becomes a mixed conductor in reduced

state (at low oxygen partial pressure) [5-7], expected from die defect chemistry [9,34] and

electrocatalytic properties [82,83].

On the other hand, The SrO- or CaO-doped LaCo03 and LaFe03 are excellent

mixed conductors in ambient atmosphere [9,50,56-59,71], where die ionic conduction

occurs via the oxygen vacancy mechanism [61]. Teraoka et al. [58] have reported tiiat the

Lai-xSrxCoi-yFey03-8 exhibits ionic conductivity ranging from 10 to 10^ S/m, while the

ionic conductivity of doped Zr02 electrolyte is around 10 S/m. High ionic conductivity in

Lao.6Sro.4Co03 has been confirmed by Steele et al. to be 80 S/m at 900°C [71]. Ionic

conductivity increases also by substituting cation on the B-site for cations witii larger

number of 3d electrons from Fe to Co and Ni [52], consistent witii the shift of range m to

higher oxygen partial pressure and die increase in oxygen vacancy concentration [34].
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2.6. Electrochemical Properties of Oxides as Solid Oxide Fuel Cell

Cathodes

The overall electrochemical reaction for die oxygen reduction at solid oxide fuel

cell cathodes can be described as [1,50,60]:

02(g) + 2V? + 4e-**20*

where V" is an oxygen vacancy and Of is an oxygen ion in normal lattice sites,

following the Kroger-Vink notation [84]. The overall reaction consists of two sub-reactions

[60,85,86]:

(1) Dissociative adsorption of oxygen molecules

02(g)+2Vad<*20ad

(2) Charge transfer

0ad+2<r + Vo"<->Vad + 0o*

where Vad is a vacant site for oxygen adsorption, and Oad is an adsorbed oxygen atom or

ion. The concentration of oxygen adsorption sites is related to the concentration of lattice

defects in the electrode material, and die presence of oxygen vacancy would influence the

reaction rate of oxygen reduction [1]. There exist many possible reaction passes, as

schematically shown in Figure 2-7. Two basically different types of electrodes can be

distinguished: the metal-like triple contact electrodes and the mixed-conducting electrodes.

From the presence of a mixed-conduction at the electrode surface, an enhanced reaction

rate of oxygen reduction is expected [87-91]. Besides two types of electrodes, Kleitz [6]

has summarized the different reaction passes also for a mixed conducting electrolyte. These

three electrode/electrolyte combinations are schematically described in Figure 2-8 [6,7]. If

the electrode is a poor ionic conductor (Pt cathode/ Zr02-Y203 electrolyte), the oxygen

reaction can take place only at die triple contacts between the solid electrolyte, cathode, and

gas phase. Since Lai-xSrxMn03 (x=0.1-0.5) possesses low ionic conductivity, this state-

of-the-art cathode falls into this category. In tiiis case, the triple contact length is
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proportional to die reaction rate [45] and longer triple-contact lines are necessary to lower

the electrode resistivity [71,92,93].
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The use of composite catiiodes made from co-sintered electrode and electrolyte

powders would lengthen the triple-contact line, leading to lower overpotential at the

cathode/electrolyte interface [7,94,95]. The ion-conducting grains hinder the coarsening of

die electron-conducting grains, and me long-term stability of the electrode performance

would be improved [95]. Indeed, the Ni-cermet is a two-phase composite electrode, where

the reaction rate is approximately proportional to the triple-contact lengtii [96,97] and the

Zr02 particles hinder die Ni grains to grow [1].

The SrO-doped LaMn03 becomes mixed-conducting under high cathodic

polarization, where die electrode material near the interface of cathode/electrolyte is

reduced and looses oxygen, leading to a remarkable increase in oxygen vacancy

concentration and oxygen reduction rate [82,83], Therefore, a high cathodic polarization is

needed [50] to reduce the oxide to a mixed conductor [82,83].

The reaction rate of oxygen reduction can be increased if the cathode oxides possess

not only high electronic conductivity but also sufficient ionic conductivity. Witii mixed

conducting catiiodes, the oxygen reduction can take place at the whole surface of me

electrodes [6,7,76-78,88]. The very low overpotential at me cathode/electrolyte interface

has been reported if acceptor-doped LaCo03 or LaFe03 are used as cathodes [50,60,98].

The low overpotential is attributed to their mixed conductivity [50,60,98].

As mentioned in die previous section on defect chemistry, the oxygen vacancy

concentration increases with decreasing oxygen partial pressure, and with increasing

temperature, A-site acceptor dopant concentration and the number of the 3d electrons in

specific conditions. The catalytic activity increases (cathodic overpotential decreases) with

acceptor dopant concentration in Lai-xSrxMn03 [37] and as B-site-cation substitution

from Cr-»Mn-»Fe-»Co [50]. However, it is not yet clear, whether the high ionic

conductivity, die high electronic conductivity, the high concentration of oxygen vacancy as

an electrochemical active site, the extension of the o* band in oxides, or die multivalency

of cations are responsible for me high catalytic activity of the cathode oxides

[5,34,37,50,82,83,90,99-106].
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2.7. Chemical Compatibility and Structural Integrity of Cathode

Materials with Electrolytes

The use of many mixed conductors is often limited due to the lack of chemical

compatibility with tiie electrolyte and/or thermal expansion mismatch to it. One example is

the LaCo03-based perovskite oxides which exhibit high mixed conductivity and high

electrochemical activity. However, they are degraded due to chemical reactions with

Y203-doped Zr02 electrolytes [1,107-110]. The formation of reaction layers at the

interface leads to an increase in electrode resistivity, since the reaction layer possesses low

ionic conductivity [44].

Furthermore, LaCo03 is much less stable against reduction tiian LaMn03 [1,66].

The cobaltite dissociates at oxygen partial pressures of less than 10"^ atm [1,34,66].

The thermal expansion coefficients of die electrolyte and the cathode material

should be similar, otiierwise the cathode layer will be detached from the electrolyte after

thermal cycles. The coefficients of some mixed-conducting oxides, measured in this study

as well as data from other references [38,54,56,111], are compiled in Table 9-2. The

thermal expansion coefficient of perovskite oxides increases with increasing A-site

substitute concentration, whUe the higher concentration of die substitute leads to higher

electronic conductivity and higher electrocatalytic activity [37,82,83]. The increase in

thermal expansion with A-site or B-site substitution is attributed to the larger extension of

a orbitals [38]. Most of the highly mixed-conductive oxides possess higher mermal

expansion coefficient man tiiat of the Zr02-base electrolyte. The mismatch further limits

the use of many mixed conductors for SOFC cadiode applications.
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3. Aim of the Study

Many mixed-conducting oxides have been found which possess high

electrocatalytic activity. Most of them are acceptor-doped LaB03, where B =Fe, Co, Ni,

and Cu. It is now clear that these oxides can not straightforward be used as cadiode

materials in SOFC appUcation due to the lack of the chemical compatibility and/or

structural integrity.

The purpose of the dissertation is to demonstrate the possibility to tailor

chemically-compatible oxide cathodes with mixed ionic-and-electronic conductivity.

The mixed-conducting oxide should fulfill the following criteria:

(1) No intermediate phase witii Zr02 should exist, which otiierwise could introduce a

compound layer at die cathode/electrolyte and limit the current flow.

(2) The cafliode oxide should coexist with Zr02 in thermodynamic equilibrium.

(3) Cation diffusion into die electrolyte should not lower me ionic transference number

and, ideally, would be one of die stabilizer of the ZrC-2 cubic phase with ionic

conductivity.

(4) The cadiode material should possess higher electronic conductivity dian the manganite

perovskite in order to reduce the in-plane resistivity of cathode layers.

(5) The metal oxide should possess high oxygen ionic conductivity comparable to die

Zr02-based electtolytes.

(6) Thermal expansion mismatch between die cadiode material and me Z1O2 electrolyte

should be low.

Materials from flie system Zr02-InOi.5 promise to fulfill most of the criteria.

Therefore mis system has been selected as a model system. The doping ofZr^+ into lnt03

may increase the electronic conductivity of In203, while the doping of In^+ into Zr02

introduces ionic conductivity in Zr02- In203 may be oxygen deficient in a reducing

atmosphere and oxygen vacancies might act as adsorption sites for oxygen reduction. Both

the In203-doped Zr02 and Zr02-doped U12O3 solid solutions coexist in thermodynamic
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equilibrium. Therefore an improved chemical compatibility with the electrolyte is

expected.
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Chapter 4:

Phase Equilibria in the System Zr02-InOl.5

Abstract1

Phase equilibria in the system Zr02-InOi.5 have been investigated in the

temperature range from 800°C to 1700°C. Up to 4 mol%, InOi 5 is soluble in t-Zr02 at

1500°C. The martensitic transformation temperature m-H of Zr02 containing InOi.5 k

compared with mat of Z1O2 solid solutions with various other trivalent ions with different

ionic radii. The diffusionless c-»t' phase transformation is discussed. Extended solid

solubUity from 12.4+X1.S to 56.5+3 mol% InOi 5 is found at 1700°C in the cubic Zr02

phase. The eutectoid composition and temperature for the decomposition of C-Z1O2 solid

solution into t-Zr02 + InOj 5 solid solutions were determined. A maximum of about 1

mol% Z1O2 is soluble in bcc InOi 5 phase. Metastable supersaturation of Zr02 m DCC

InOj 5 and conditions for phase separation are discussed.

This chapter has been published in J. Am Ceram Soc, 76 [3] 689-98 (1993).



4. Phase equilibria 37

4.1. Introduction

The system Zr02-InOi 5 includes compositions with attractive electrical properties.

InOi 5 dissolves in the tetragonal phase of Z1O2 [1,2] which may improve mechanical

properties by the transformation toughening mechanism. InOi 5 dissolves also in the

fluorite-type cubic Zr02 phase. Its ionic conductivity has been reported [3,4] to be

comparable to that of Y2O3 stabilized Z1O2. On the other hand, Z1O2 is soluble in InOi 5

and the InOi 5 so^0" solution has been reported to have an electronic conductivity higher

than IO4 S/m [4,5]. Recently, it was found [4, also see chapter 7] that the two-phase

composite of the InOi 5 solid solution and the ionic-conducting cubic Z1O2 phase also has

a high electrical conductivity of 3.3x10^ S/m at 1000°C. These InOi 5-based materials

therefore have potential use as catiiodes in solid oxide fuel cells [4,6]. In addition, die

indium ion is a key element in studying the effect of ionic radius on the physical properties

of Zr02 solid solutions, such as solubility, ionic conductivity and phase transformation

temperature [1-3], because of the similar ionic radii of In3+ and Zr4"*".

In order to tailor materials with optimum ionic and electtonic conductivities,

microsttuctures and mechanical properties, phase equilibria should be known. Despite the

many reported properties for various compositions in the Zr02-InOi 5 system, no reliable

phase diagram exists, as with many other zirconia-based systems [7]. Only a rough phase

diagram, up to the liquidus line, was reported by Morozova et al. [5,8]. Despite some

additional investigations in limited areas of this system, disagreements about the location of

the phase boundaries still exist. The solubility limit of InOi 5 in tetragonal Z1O2 was

reported to be 2.4 mol% at 1500°C [5,8], 5.8 at 1400°C [9], 7.0 at 1500°C [1] and 9.7 at

1550°C [6]. The solid solubilities of InOi.5 (mol%) in cubic Z1O2 were reported to be: 17-

36 at 1400°C [9], 12-32 at 1500°C [5,8] and 21-39 at 1550°C [6]. None of die published

phase diagrams takes into account the formation of the tetragonal Z1O2 (t'-phase) in this

system, which has been studied intensively in other Zr02-metal oxide systems during

recent years [1, 11-15]. The eutectic temperature was reported to be 1800°C at 92 mol%

InOi.5-Zr02 [8]. The eutectoids of cubic and tettagonal phases were reported to be at 21.4

mol% InOi.5 (1250°C) and 5 mol% InOi.5 (720°C), respectively [5,8]. The solubiUty

limit of Zr02 in InOi 5 with the rare earth C-type cubic structure was reported by several

authors [5,6,8-10] to range from 2.6 to 9.6 mol% Z1O2.

The purpose of the present study is to clarify the phase equilibria in the Z1O2-

InOi 5 system in die temperature range from 800°C to 1700°C. The solubiUty of InOi 5 in

tetragonal Z1O2, the eutectoids of tetragonal and cubic Z1O2 solid solutions, the extension
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of cubic Z1O2 soUd solution below 1700°C and the solubiUty of Z1O2 in InOi 5 have been

investigated in order to reassess the phase diagram of the system ZiO2-In0i .5.

4.2. Experimental Procedure

In order to achieve an initial homogeneous distribution of elements, all powder

samples in the system were prepared by wet-chemical coprecipitation. Series I samples,

produced from high-purity L12O3 powder*!, were made with InOi 5 concentrations

ranging from 0 to 50 mol%, in steps of 5 mol% increments. Series II samples were made

from Li203*2 powder of 99.99% purity, containing InOi 5 concentrations between 60 and

100 mol%, in steps of 10 mol% increments. In addition, samples with InOi 5

concentrations of 1.5, 3, 95, 97.5, 99 and 99.5 mol% were prepared. L12O3 was dissolved

in HCl solution and ZrOCl2-8H20*3 was dissolved in distilled water. The appropriate

mixtures of the two solutions were added to diluted NH4OH to obtain hydroxide

precipitates. These precipitates were washed several times with deionized water and

vacuum-filtered until me Cl-ion concentration of the filtered water became less than 0.01

mol%. The precipitates of Series I were dried at 120°C for 20 h in air. The precipitates of

Series II were washed additionally with ethyl alcohol in order to reduce powder

agglomeration and then vacuum-dried at 80°C for 5 h.

To optimize pressing and sintering behavior of the starting powders, the precipitated

hydroxides with InOi.5 concentrations higher tiian 60 mol% were calcined at 800°C for 1

h and die others were calcined at 700°C for 2 h. The calcined powders of Series I were

crushed and milled in a Mg-PSZ planetary baU mUl*4 for 6 h with deionized water. The

calcined powders of Series II were vibration-milled*^, using a Mg-PSZ container and a

Mg-PSZ sphere of 50 mm diameter, for 2 h without any Uquid.

*1 Purum (from In 99.99%), Fluka Chemie AG, Buchs, Switzerland

*2 InOi.5>99.99%, PPM pure metals GmbH, Langelsheim, FRG
*3 Puriss (>99.0%), Fluka Chemie AG, Buchs, Switzerland

*4 Type PM4, Retsch GmbH, Haan, FRG

*5 Pulverisette, Fritsch GmbH, Idar-Oberstein, FRG

*6 JSM-6400, JEOL Ltd., Tokyo, Japan
*7 Tracor Northern, Wisconsin, USA

*8 D5000 Siemens, FRG

*9 Johnson Matthey GmbH, Karlsruhe, FRG

*10 Typ. 801, BShr Geratebau GmbH, Hullhorst, FRG
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The chemical composition of the coprecipitated powders was checked by SEM-

EDX (Energy-dispersive X-ray) analysis*6.7 using internal standards. Mean crystalUte size

of the starting powders was 30-40 nm measured by BET analysis. The powders were

uniaxiaUy pressed at 50 MPa into peUets of 16 mm in diameter and 2 mm thickness. These

peUets were heat-treated in air at temperatures ranging from 800 to 1700°C. The specimens

were equitibrated for extended time periods from 2 h at 1700°C to 1080 h at 800°C. All

specimens were then air-quenched. At temperatures above 1600°C, specimens were heat-

treated for less than 6 h to limit the evaporation of InOi.5 [16].

Phase compositions of 200 annealed specimens with various heat-treatment

conditions were analyzed by X-ray diffraction*8 (XRD) using CuKa radiation. XRD was

carried out on diamond-poUshed (#.126) surfaces of the peUets after air-quenching. Surface

layers of 0.2 mm were removed prior to XRD analysis to investigate the inside of the

specimens, since the near surface composition might have changed due to the volatility of

InOj.5 at high temperatures. Therefore, in the InOis-rich side of the phase diagram, the

inner portion of the specimens is not necessarily in equilibrium with air, and the phase

diagram as determined represents the equilibrium diagram of die condensed phases. The

compositions of the inside of the specimens were checked by SEM-EDX analysis after

anneaUng and were found to differ less tfian ±1 mol% from nominal compositions.

Since die mean penetration depth of X-ray into the sample was calculated as 17 nm

in 25 mol% InOi.s-Zrf^ [17], phase transformation from tetragonal to monoclinic phase

may take place during the poUshing and affect phase analysis. Because of the diffusionless

transformation from tetragonal to monoclinic Z1O2, the tettagonal phase present at high

temperatures might be observed as monoclinic phase at room temperature, if the grain size

is larger than the critical grain size for the t-»m transformation. Therefore the sum of the

volume fractions of the t- and m-Zr02 phase contents were used in the further analysis.

Phase analysis was carried out in the 2 tiieta angle range of 20 to 80°. The intensities of

several reflections were determined from each reflection area. The reflections between 27

and 33° were used to identify the monocUnic, tetragonal/cubic-Zr02, and bcc InOi 5

phases. The reflections of (400)t, (004)t and (400)c between 72 and 76° were used to

distinguish tettagonal and cubic Z1O2 phases and to determine the lattice constants of both

phases. The bcc-InOi 5 lattice constants were determined from the reflections in the 72 to

97° 26 range. Si powder*^ was used as a reference.

SEM-EDX analysis was used to determine the solubilities of both Z1O2 in InOj.5
and InOi 5 in Z1O2 and the extension of cubic Z1O2 phase. Temperatures of m<->t phase

transformation were measured by differential thermal analysis (DTA)*10 with 0C-AI2O3 as
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a reference. Several selected powders of 0.1 g were pressed at 50 MPa and heat-treated at

1200, 1300, 1400, 1500, and 1700°C, and then air-quenched before differential thermal

analyses. During heat treatments at 1500 and 1700°C, the samples were embedded in

powder compacts of the same InOi.5 concentration in order to prevent concentration

changes. DTA measurements up to 1200°C were carried out at heating and cooling rates of

10°C/min.

4.3. Results and Discussion

(1) Phase diagram of the system Zr02-InO;L5

Based on me results reported below, the phase diagram of the ZrC^-lnOj 5 system

was determined as shown in Figure 4-1. Phase equtiibria between 800 and 1700°C were

experimentally determined. The data above 1700°C were taken from the literature: the

eutectic and the liquidus line [8], the melting point of pure IT12O3 (1910°C) [18], and the

data for pure Z1O2 were taken from a recent assessment of Zr02 thermodynamic data [19],

i.e., the melting point (2710°C), die cubic-tetragonal (2370°C) and tetragonal-monocUnic

(1180°C) phase boundaries. Only the monoclinic, tettagonal and cubic Z1O2 phases and

die bcc InOi.5 phase were observed between 800 and 1700°C. No intermediate phases

were detected. Table 4-1 shows die phase boundaries between t^ and tjs+Css, t^+Css and

c^ Css and Css+InOi.5 55,
and c^mOi 5 ^ and InOj 5 53.

The phase boundaries in the

phase diagram were determined using the most reliable primary results summarized in

Table 4-1. Phase compositions analyzed by X-ray diffraction are compiled in Appendix.
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Figure 4-1: Phase diagram of the system Zr02-InOi.5 determined in the present study,

m^: monoclinic-Zr02 soUd solution, t^: tetragonal-Zr02 soUd solution, c^: cubic-Zr02
soUd solution, InOi.5 ss: bcc-InOi.5 soUd solution and L: Uquid. The soUd Unes are from

the present study and dashed Unes above 1700°C are constructed using data from Uterature,
while the others are estimates from the present study. For references, see text.



T
a
b
l
e
4
-
1
:

P
h
a
s
e
B
o
u
n
d
a
r
i
e
s
D
e
t
e
r
m
i
n
e
d
b
y
D
i
f
f
e
r
e
n
t
M
e
t
h
o
d
s
*

P
h
a
s
e
bo
un
da

ry
Te

mp
er

at
ur

e
(°

C)
Pr

im
ar

y
r
e
s
u
l
t
s
(I
nO
,,

m
o
l
%
)

.
Su

pp
or

ti
ng

re
su

lt
s
(I

nO
,,

m
o
l
%
)

t
„
a
n
d
(
t
„
+
c
j

1
7
0
0

4
.
2
±
0
.
1

[2
]
(
D
T
A
)

4
.
5
±

0
.
3

2
]
(
E
D
X
)
4
.
7
+
2
[
I
]
(
X
R
D
)

'
6
]
(
E
D
X
)
2
.
3
±
2
[
6
]
(
X
R
D
)

1
6
0
0

3
.
9
±

0
.
2

1
5
0
0

4
.
0
+

0
.
1

6]
(
D
T
A
)

3
.
6
±

0
.
2
'
6
0
]
(
E
D
X
)
2
±
2
[
6
]
(
X
R
D
)

'
4
5
]
(
E
D
X
)
2
±
2
[
2
4
]
(
X
R
D
)

1
4
0
0

3
.
4
±

0
.
2

'2
41
(
D
T
A
)

'6
4]
(
D
T
A
)

3
.
6
±

0
.
3

1
3
0
0

2
.
9
+

0
.
1

1
2
0
0

2
.
3
±

0
.
2

;i
70

](
DT

A)

(t
„
+

c
„
)
a
n
d
c
„

1
7
0
0

1
2
.
4
+

0
.
8

2]
(
E
D
X
)

'6
] (
E
D
X
)

1
2
.
5
±

2
[1
]
(
X
R
D
)

1
6
0
0

1
3
.
8
+

0
.
2

1
3
±
2

[6
1
(
X
R
D
)

1
6
±
2

[6
1
(
X
R
D
)

1
5
0
0

1
6
.
2
±

0
.
3

'6
01
(
E
D
X
)

45
]
(
E
D
X
)

1
4
0
0

1
9
.
0
+

0
.
2

2
1
.
5
±
2

[2
4]
(
X
R
D
)

1
3
5
0

2
1
±
2

[8
](
X
R
D
)

1
3
2
5

2
2
.
5
±
2
[
1
2
]
(
X
R
D
)

c
„
a
n
d
(
c
„
+

I
n
O
,
5
„
)

1
7
0
0

5
6
.
5
+

3
[2

]
(
E
D
X
)

4
8
.
8
±
0
.
8
[
6
]
(
E
D
X
)

5
5
±

5
[1

]
(
X
R
D
)

1
6
0
0

1
5
0
0

4
1
±

L
.
2
[
1
2
]
(
E
D
X
)

3
9
±
2

2]
(
X
R
D
)

1
4
0
0

3
8
±
3

'2
4]
(
X
R
D
)

1
3
5
0

3
1
±
2

8]
(
X
R
D
)

1
3
2
5

2
5
±
2

12
]
(
X
R
D
)

(c
„
+

In
O,

5„
)
a
n
d

I
n
O
,
5
„

1
7
0
0

9
8
.
6
±
0
.
2

[2
]
(
L
C
)

9
8
.
2
±
0
.
6

[2
1
(
E
D
X
)

9
8
.
7
±
0
.
3

[6
]
(
E
D
X
)

1
6
0
0

1
5
0
0

9
9
.
4
+
0
.
2
[
1
2
]
(
L
Q

9
9
.
6
±
0
.
2
[4
5]

(
L
C
)

9
8
.
3
±

1
[7
2]

(
E
D
X
)
9
7
.
4
±

1
.
5
[1
2]
(
X
R
D
)

1
4
0
0

*
D
T
A

di
ff

er
en

ti
al

t
h
e
r
m
a
l

an
al
ys
is
;
E
D
X

e
n
e
r
g
y
di

sp
er

si
ve

X-
ra
y
mi

cr
oa

na
ly
si
s,
X
R
D

X-
ra

y
di
ff
ra
cl
om
et
ry

(p
ha

se
di
sa
pp
ea
ri
ng
,
p
e
a
k
in

te
ns

it
y)

,
L
C
.

la
tt

ic
e
c
o
n
s
t
a
n
t
m
e
a
s
u
r
e
m
e
n
t

H
e
a
t
-
t
r
e
a
t
m
e
n
t
t
i
m
e
s
a
r
c
g
i
v
e
n
[

] i
n
h
o
u
r
s

Pr
io
ri
ty

o
f
re
su
lt
s
w
a
s
e
s
t
i
m
a
t
e
d
f
r
o
m
t
h
e
s
t
a
n
d
a
r
d
d
e
v
i
a
t
i
o
n
o
f
t
h
e
r
e
s
u
l
t
s



4. Phase equilibria 43

(2) The solubility of InOi.5 in tetragonal Zr02 solid solution

The solubiUty of InOjs in tetragonal Z1O2 phase was determined by DTA, SEM-

EDX and X-ray diffraction. Figure 4-2 shows the onset temperatures of the t-wn and m-»t

transformation of 15 mol% InOi 5-Z1O2 specimens annealed at 1300°C for different time

periods. Both transformation temperatures increased with increasing annealing times.

Annealing at various temperatures leads to both grain growth and phase partitioning which

can affect the K-wn transformation temperature. EquiUbrium was assumed when 50%

longer heat treatment time changed the transformation temperature less than 10°C. As

shown in Figure 4-2, the difference in transformation temperatures after 64 h and 144h heat

treatments is only 6°C. From these measurements, the m-»t transformation temperature for

the 1300°C equiUbrated sample with 15 mol% InOi.5-Zr02 was determined to be 875°C.

The transformation temperatures were determined from DTA results after the foUowing

heat treatments: 1 h at 1700°C, 6 h at 1500°C, 24 h at 1400°C, 64 h at 1300°C and 170 h

at 1200°C.
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Figure 4-2: The onset of the martensitic transformation starting temperatures of 15 mol%

InOi 5-Z1O2 during heating and cooling measured by DTA as a function of heat treatment

time (h). The samples were held at 1300°C for various time periods foUowed by quenching
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Figure 4-3 shows the grain size of monoclinic phase (tetragonal phase at elevated

temperatures) as a function of (a) heat treatment time at 1300°C and (b) temperature. In

Figure 4-3(b), the heat treatment time in each specimen is the same as that of the DTA

measurements. The grain size for die 15 mol% InOi 5, aD0Ut 0.25 urn at 1200°C,

increased up to 0.7 (im at 1500°C. The grain size of die monoclinic phase increased with

decreasing InO15 concenttation at 1200 and 1300°C. After die heat treatment at 1400 and

1500°C, the grain size was almost constant with InOi 5 concentration. The specimens of 3

mol% InOi.5, near me solubiUty limit mentioned later, had an average grain size of more

than 0.5 ujn.

Figure 4-4 shows the monoclinic to tetragonal transformation temperatures of

Zr02-InOi.5 heat-treated at different temperatures as a function of the In015
concentration. The transformation temperature could be measured in specimens up to 15

mol% InOi.5 held at 1400 and 1500°C, and 10 mol% InOi.5 at 1700°C, above which the

tetragonal phase disappeared. In the tetragonal single phase field, the transformation

temperature decreased almost linearly witii increasing InO1.5 concentration up to the

solubUity limit. With increasing InOi.5 concentration beyond the phase boundary, the

transformation temperature remained constant in the two-phase regions, tss+Css or

tgs+InOi 5 ss.
In the two-phase regions, the concenttation of InOi.5 in the tetragonal phase

is the same as that of the maximum In015 solubiUty in the tetragonal phase. Therefore, the

intersection of the two lines in single- and two-phase fields in Figure 4-4 corresponds to the

transformation temperature of the single-phase sample having the maximum InOi 5

solubility at the corresponding heat-treatment temperature [20,23].

The solubiUty determined at each temperature is listed in Table 4-1. The

transformation temperatures of the maximum solubiUty decreased with increasing

temperature in the Zr02-InOi 5 system from 1200 to 1500°C. That means that the

solubility increased with increasing temperature, from 2.3 mol% InOi 5 at 1200°C to 4.2

mol% U1O15 at 1700°C. The dependence of the transformation temperature on heat

treatment temperature also indicates that the transformation is a diffusionless

transformation between monocUnic and tetragonal solid solution of identical composition.

In a diffusional eutectoid reaction, the transformation temperature should not depend on die

heat treatment temperature [20,23].
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Figure 4-3: Grain size of monoclinic phase measured by SEM as a function of (a) heat

treatment time at 1300°C (15 mol% InOi 5-Zr02) and (b) heat-treatment temperature (3
and 15 mol% InOi.5-Zr02).
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The thermodynamic torn transformation temperature, usuaUy referred to as Tq,

falls between the DTA transformation temperatures on cooUng and heating. The

temperature, Tq, is often estimated to be Jq=(As+M^I2, where As and Ms are die DTA

transformation temperatures on heating and cooling, respectively [25, 29]. In doped Z1O2,

the DTA transformation temperature on heating, As, is expected to be closer to the

thermodynamic t«-»m transformation temperature than that during cooling [20, 21], as the

latter is more affected by particle size and strain effects [20, 21]. Since the thermodynamic

t<->m transformation temperature versus composition curve (TQ=f(c)), the Tq curve, Ues

witiiin the t+m field [24,25], the phase boundary between t+m and t Ues above the Tq

curve. The Tq curve therefore gives the lowest limit of the phase boundary between the

t+m- and t-phase fields.

Since the solubility of InO15 in tetragonal Z1O2 decreased almost linearly with

decreasing heat-treatment temperature, if the solubiUty curve is extrapolated to lower

temperatures, the intersection of the solubility line with the Tq curve would give the lowest

limit of die eutectoid of the tetragonal phase, both in InOj.5 concentration and in

temperature. The eutectoid could not be determined directly in this study because of the

slow cation transport at this low temperature region. However, the following estimation can

be made using the DTA data:

From the measurements of As and Ms in 1.5 and 3 mol% InOi 5-Z1O2 heat-treated

at 1700°C, Tq was estimated from To=(As+Ms)/2 to be 963°C for 1.5 mol% InOj 5-Zr02

and 788°C for 3 mol% InOi 5-&O2. With die To=1150°C for pure Zr02, the intersection

of the Tq curve with the extrapolated solubiUty line yields 1.3 mol% and 990°C, the lowest

limit of the eutectoid of the t-phase both in InO15 concentration and in temperature. If Tq

lies closer to As than the average of As and Ms, the lowest limit becomes higher up to 1.5

mol% and 1020°C, based on the As line in Figure 4-4.

The solubiUty of InO] 5 in t-Zr02 was also measured by SEM-EDX analysis and

X-ray diffraction, as shown in Table 4-1. As the martensitic transformation is a

composition-invariant transformation, the InO15 concentrations in tettagonal grains at

elevated temperatures and in monoclinic grains after quenching are the same. Therefore,

the solubility of InO15 in t-Zr02 can be measured as the InO^5 concenttation in

monocUnic grains in quenched two-phase specimens at room temperature. Phase

identification and die extrapolation of peak intensities from XRD results were carried out to

measure die solubiUty. One can find exceUent agreement between the phase boundaries

determined by DTA and EDX analysis and both results are consistent with those by X-ray
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diffraction, as shown in Table 4-1. These results based on three independent methods are

self-consistent.
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Figure 4-4: Phase transformation temperature, As, (m-»f) as a function of InOi 5
concentration in specimens.
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(3) Martensitic transformation (m-*t) temperature in ZrC>2 solid solutions

The transformation temperature from monocUnic to tettagonal Z1O2 doped with

InOi 5 decreased almost linearly from that of pure Z1O2 to that with the maximum

solubUity. Such a behavior was also found in several zirconias with different solutes

[20,21,26,27]. Figure 4-5 shows the transformation starting temperatures (As) of several

zirconias up to their solubiUty limits at 1500°C [1,22-24,27-30]. If doped Z1O2 is heat-

treated long enough to ensure both phase equdibrium and large grain size, the

transformation temperature remains constant, as shown in Figure 4-2. Therefore, the

transformation temperature from the monoclinic to the tettagonal phase in doped zirconias

is determined by the solute and its concenttation only, neglecting matrix influences.
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Figure 4-6: Phase transformation temperature (m-»t) of Z1O2 soUd solutions as a function

of solute concentration. The temperatures are plotted up to the maximum solubility Umit of

each solute at 1500°C. For references, see text.

Figure 4-5 shows that YO1.5 [26] can reduce the transformation temperature most

effectively. MgO [21], InOi 5 m& Ce02 t28l reduce the transformation temperature

similarly. However, the solubilities of tiiese tiiree solutes vary, from 1 mol% MgO, 4.0

mol% InOi.5 to 18 mol% Ce02 [28]. The solutes LaOu [22] and Ti02 [24] cause smaU

gradients. Ti02 in soUd solution reduces the m->t transformation least. However, TK>2

shows large solubility in t-Zr02-

The ionic radius of a solute is an important factor with respect to physical

properties, such as lattice constant, solubiUty, ionic conductivity, and phase transformation

[1-3, 15]. The In3+ ion has a similar ionic radius to that of the Zr4"1" ion [31]. The lattice

constant remains constant for aU InOi^ concentrations in both tettagonal [2] and cubic

zirconias, shown later in Figure 4-8. The slopes of decreasing phase transformation

temperature with increasing amount of trivalent solutes from Figure 4-5 can be correlated

with the ionic radii of the solutes. In Figure 4-6, die differences between the m->t
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transformation temperatures of Z1O2 solid solutions containing 1 mol% of MeOj 5 solute

and tiiat of pure Z1O2 are plotted versus the ionic radii of the solutes. One can find two

stages. Witii increasing ionic radius from Sc3+ via In3+ to Y3+, the substitution of Zr4"1" by

trivalent ions lowers die phase ttansformation temperature more effectively. After the

maximum at Y3+, the efficiency in lowering As decreases with increasing ionic radius up

to that of La3+. YO1.5 can lower As most of the various trivalent ions. On the other hand,

InOj 5 is not as effective a solute in lowering As as YOj 5 per unit concenttation.

(4) The phase boundary between tss+c$s and css as related to the t'-phase

A diffusionless displacive phase transformation from cubic to tettagonal (t') in

several zirconia-based systems [1,11,12] has been observed after quenching of the cubic

phase near the low solute solubiUty limit of the cubic phase field from elevated

temperatures. This phase transformation was first observed by Scott [32]. The

transformation has been explained as a displacive transformation caused by die reduction of

the free energy from the cubic to the tetragonal phase [11,12,24]. This tetragonal phase,

referred to as the t'-phase, does not transform to the monoclinic phase, except by surface

grinding followed by low-temperature anneaUng [14] or by surface grinding t'-Zr02 witii

high solute concenttation [15]. Its mechanical properties have been reported recently [14].

The t'-phase formation was also observed to occur in the system Zr02-InO] 5 by Sheu

[1,15]. There is no difference in the symmetry between the t and the t'-phase [14,15],

except that the tetragonality of tf is lower man mat of the t-phase (1.018) in this system [2,

33].

Figure 4-7 shows the phase boundaries in the zirconia-rich part of the Zr02-InOi 5

phase diagram above 1300°C, determined by DTA and EDX analysis. The results of phase

identification are also plotted. Compositions with t'-phase were found in the cubic single

phase and tettagonal + cubic phase fields. Samples with t'-phase after quenching contained

the cubic phase at heat-treatment temperatures because of the c-»f diffusionless

ttansformation. On the other hand, the tetragonal (t) phase with grain sizes larger than the

critical grain size transforms to the monoclinic modification. In the system Zr02-InOi 5,

die t'-phase was found after quenching from temperatures of 1500°C or higher. 100% t'-

phase was found after quenching samples witii an InOj 5 concentration higher than that of

the minimum solubiUty Umit of cubic phase and lower than 25 mol%. On the other hand,

no t'-phase was observed in samples with 25 mol% In015 or higher. The results are

consistent with the free energy consideration that the t'-phase can be obtained at solute
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concentrations lower than Cq, the concentration where the free energy curves of t^ and c^

intersect [11,12,24]. This concentration, Co, is expected to be between 20 and 25 mol% for

the system ZKJ^-InOj 5 near room temperature.
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Figure 4-8 shows the lattice constants of the tettagonal (t and t') and cubic phases in

this system. The lattice constants of the t-phase were obtained after sintering 10 mol%

InOi.5 at 1450°C for 5 min, as a reference. The metastable t-phase can exist only if tiie

grain size is smaU and tiierefore samples were annealed for a very short time. The lattice

constant of the cubic phase remains constant for all In015 concentrations. The lattice

parameter for the a and c axes of the t'-phase were in between those of the t-phase and die

cubic phase, which indicates a lower tetragonaUty of the t'-phase compared to that of die t-

phase in this system, as reported [33]. The t'-phase in the two-phase tss+c^ field contains

the InOi 5 concentration representing the minimum solubility Umit for each equilibrium

temperature. Therefore, die lattice constants of t'-phase are constant in the two-phase

region, with decreasing InOi,5 concenttation in this temperature range. The t'-phase lattice

parameter in the a-axis decreases almost linearly witii increasing equilibrium temperature

from 1400°C to 1700°C. On the other hand, the c-axis increased abruptly from that of the

cubic phase at 1400°C to that of the t'-phase at 1500°C, whereas only a slight increase was

observed at 1700°C. Therefore die t'-phase tetragonaUty, c/a, decreases Unearly with

increasing InOi.5 concentration, from 1.010 to 1.0085, 1.0074, and 1.0065 at 12.4, 13.8,

16.2 and 20.0 mol%, respectively. This decrease is more discontinuous in tetragonaUty to

unity at 25 mol% InOj 5. This behavior, as indicated in Figure 4-8, can also be found in

otiier zirconia systems [13].

(5) The extent of the cubic Zr02 phase

The extent of die cubic Z1O2 phase and its eutectoid were determined by SEM-

EDX analysis, and by XRD phase identification and phase intensity measurements. The

results are summarized in Appendix. Lattice constant measurements are not useful, because

the lattice constants of the cubic phase remain constant for aU InO15 concentrations, as

shown in Figure 4-8. The extent of the cubic Z1O2 phase on the zirconia-rich side is shown

in Figure 4-7. The cubic phase field becomes wider with increasing temperature. An

extended soUd solubUity from 12.4±0.8 to 56.5±3 mol% InO15 was found at 1700°C in

cubic ZrC>2.
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Near the eutectoid, several specimens heat-treated at 1300,1325 and 1350°C were

analyzed by XRD. Figure 4-7 shows that 20 to 35 mol% InOi.s-ZK^ held at 1325 and

1350°C contained some cubic phase, although the starting powders were 100% tetragonal

phase. On the otiier hand, the same specimens held at 1300°C for 15 h contained InOi.5 55,

monoclinic and/or tetragonal phases, but no cubic phase. After prolonged equilibration at

1300°C for 80 h in order to ensure equihbrium, similar phase compositions as those for 15

h annealings were observed.

Figure 4-9 shows die X-ray reflections of 30 mol% InOi 5-Z1O2 sintered at

1500°C and annealed at 1300°C for various time periods. After sintering at 1500°C and

cooUng at a rate of 100°C/min, only strong cubic reflections were observed. The sintered

specimens after the anneaUng at 1300°C for 1, 4 and 16 h showed only cubic phase

reflections, but peak broadening with increasing anneaUng periods was observed. After

anneaUng for 64 h, monoclinic, tetragonal and/or cubic Z1O2 phases and bcc-InOjs phase
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were observed. These results indicate that the eutectoid decomposition of the cubic phase

had occurred at 1300°C. It can be therefore concluded tiiat die tetragonal Z1O2 + bcc

U1O1.5 phases are thermodynamicaUy stable at and below 1300°C and that die eutectoid

decomposition temperature is higher than 1300°C.

Based on these results, the formation of the cubic phase occurs at and above

1325°C and die eutectoid decomposition of the cubic phase occurs at 1300°C. From this

and die extrapolation of the cubic phase boundary from higher to lower temperatures, the

eutectoid of die cubic phase was determined to be at 1315±10°C at 23.5±1 mol% InOj 5.

The composition agrees approximately with the 21.4 mol% InOi.5 reported by Morozova,

but the eutectoid temperature in die present study was found to be 65°C higher than that in

Morozova's phase diagram [6].
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Figure 4-9: XRD peak intensities of 30 mol% InOi 5-Z1O2 sintered at 1500°C, followed

by anneaUng at 1300°C for various time periods.
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(6) The solubility of Z1O2 in bcc InOj.5 solid solution

The solubility Umit of Z1O2 in bcc In015 was reported to be at 2.6 mol% Z1O2 at

1400°C [9], 3.7 at 1550°C [6], 5.6 at 1500°C [5,8] and 9.6 at 1450°C [10]. An increasing

solubUity of &O2 in InOj.5 with increasing temperature up to 8 mol% Z1O2 at 1800°C

was also reported [5]. In the present study, the solubiUty of Z1O2 was investigated by tiiree

methods: lattice constant measurements, SEM-EDX analysis of Zr02 concentrations in

InO^ ss grains in two-phase samples, and phase disappearance and extrapolation of X-ray

peak intensities. The solubUity was regarded to be in equiUbrium when a 50% longer heat

treatment changed the solubUity less than 1 mol%.
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Figure 4-10: Lattice constants of bcc InOj^ solid solution measured by x-ray diffraction

after quenching from 1400,1500 and 1700°C, respectively.



56 4. Phase equilibria

Figure 4-10 shows die lattice constant of die bcc InO15 phase after heat treatments

at 1400,1500 and 1700°C, respectively. The lattice constant of the InOi.5 Pnase increases

with increasing Zr02 concentration up to the solubUity Umit, followed by constant values

in die Css+InOi 5 ^ field. The solubiUties determined by lattice constant measurement are

Usted in Table 4-1 in InO15 concentration. The solubiUties of 1.4, 0.6 and 0.4 mol% Zr02

at 1700,1500 and 1400°C, respectively, are much lower than those previously reported in

the Uterature. The results by SEM-EDX analysis support the solubilities determined by

lattice constant measurements. The solubiUties of ZrC«2 from XRD phase identification and

peak intensity measurements were slightly higher than those measured by the other two

methods, but also lower than those in literature.

(7) Metastable phases at lower temperatures

XRD-phase analysis of the starting powders after calcination revealed that the

starting powders containing more man 60 mol% InOi 5 showed only die InOi.5 ss phase.

The metastable solubUity of more than 40 mol% Z1O2 in InOi.5 *s mucn higher than that

of the thermodynamic equilibrium at elevated temperatures. On the other hand, 20-50

mol% InOi 5 starting powders consisted of only die tetragonal phase.

The kinetics of die segregation of excess Z1O2 from the supersaturated In015

solution is very slow. After heat treatment at 1500°C, 1 h; 1400°C, 4 h; 1300°C, 15 h;

1200°C, 40 h; and 1000°C, 250 h, the solubility boundaries of Zr02 in InO^ were, 92±2,

84±2, 82±3, 82±3 and 81±2 mol% InOi.5, respectively, as determined by X-ray

diffraction.

The introduction of Zr4"1" in the InOi ,5 lattice adds excess electrons, probably in the

same way as Sn4+ does [34, 35, see chapter 7 in detati]. For example, after sintering at

1500°C for 1 h, a typical sintering condition, die metastable (non-equUibrated) solubility

was 8 mol% Z1O2. This Zr4* concentration in InOi 5 lattice is 13 times higher than the

equilibrium solubUity of 0.6 mol% Z1O2 at 1500°C, as shown in Table 4-1. More than 40

mol% Z1O2 was retained in the InOi 5 phase after the coprecipitation process, although the

solubility in thermodynamic equiUbrium is low, as determined in the present study. If the

high metastable solubility is retained and little phase partitioning occurs, because of the

slow kinetics of the Zr4"1" segregation from the InO1.5 grains, the In01.5 lattice can retain

high concentrations of Zr4"1".
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The high degree of supersaturation was also observed for Z1O2 compositions. The

starting powders after calcination in the zirconia-rich part of the system consisted of the

monoclinic phase in pure zirconia, mss+tjs phase in the region from 1.5 to 15 mol%

InOi.5, and t^ phase from 20 to 50 mol% InOi.5. After the heat treatment at 800°C for

1080 h, the monocUnic phase was detected in specimens with InOi 5 concentration lower

than 40 mol%. No InOi.5 $*&& was detected in these specimens. First signs of InOj^-

phase partitioning appeared after heat treatment at 900°C for 700 h. After heat treatments

between 1000 and 1200°C, the specimens which formaUy were single phase tetragonal

showed InOi 5 soUd solution plus monocUnic and/or tetragonal Z1O2 solid solutions.

4.4. Summary

The phase equUibria of the system Zrt^-InOj.s were investigated between 800 and

1700°C. MonocUnic, tetragonal, and cubic Zr02 phases and the bcc InO15 phase are

stable in this system. No intermediate phases were detected. The solubility of InOj 5 in

tetragonal Z1O2 increased from 2.3 mol% InOi.5 at 1200°C to 4.2 mol% InOi.5 at

1700°C. The eutectoid of tetragonal Z1O2 55 was
found to lie above 1.3 mol% InOi.5 and

above 990°C. Martensitic transformation temperatures from monocUnic to tettagonal Z1O2

were compared witii those of other zirconia solid solutions with trivalent oxides. A strong

correlation between the ionic radii of the cations and tiie transformation temperature exists

with a maximum in lowering the m-rt transformation temperature by Y^+. The t'-phase

formation was found after quenching from temperatures higher man 1500°C in

compositions lower than the eutectoid of the cubic Z1O2 solid solution. The extent of the

cubic Z1O2 solid solution was reevaluated. The eutectoid of the cubic phase was

determined at 23.5±1 mol% InO15 at 1315±10°C. The solubiUties of Z1O2 in bcc InO15

soUd solution were determined to 1.4,0.6 and 0.4 mol% Zrt>2 (-InOj 5) at 1700,1500 and

1400°C, respectively, which were much lower than previously reported in the Uterature.

The metastable supersaturated solubiUty of Z1O2 in InOi.5 ss
a^ter powder preparation by

wet-chemical precipitation and calcination was pointed out for applications of Zr02-InOi,5

as electtonic conductors.
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Chapter 5:

Ionic Conductivity of Tetragonal and Cubic-Zr02

Doped with In203

Abstract1

Ionic conductivity of tetragonal (t' and t) and cubic Z1O2 doped with 15-45 mol%

InOi 5 has been investigated by impedance spectroscopy and DC 4-probe method up to

1000°C. Botii t'- and t-phase polycrystals witii the same InOi 5 concentration were

prepared via cooling from die cubic phase field and low-temperature sintering,

respectively. The t-phase reveals higher inttagrain ionic conductivity and a lower activation

energy, compared to the t'-phase of the same solute concentration. On die otiier hand, die

total conductivity of the t-phase polycrystal is lower than that of the t'-phase because of a

large contribution of grain boundary resistivity due to the smaU grain size. The total ionic

conductivity of the cubic phase polycrystal near the eutectoid composition is comparable to

the total conductivity of 8 mol% Y203-doped Z1O2.

This chapter has been pubUshed; pp. 555-66, in Science and Technology ofZirconia V, Ed.

by S.P.S. Badwal, M.J. Bannister, and R.H.J. Hannink, Technomic Publishing, PA, 1993.
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5.1. Introduction

The dependence of ionic conductivity on solute concentration has been intensively

studied [1,2]. Fully-stabilized 8 mol% Y2O3-Z1O2 (FSZ) has sUghtiy higher ionic

conductivity in the temperature range of 800-1000°C than tettagonal (TZP) and partially

stabUized zirconias (PSZ). It has been shown previously that, in several zirconia-based

binary systems, the cubic phase near the low solubiUty Umit transforms to the t'-phase on

cooling [3-11]. Good mechanical properties have been observed for t'-phase polycrystals

due to its ferroelastic behavior [8,9]. However, only Utile is known about the electrical

properties of the t'-phase [10,11].

The phase diagram of the system Zr02-tiiOi.5 has been revised in the last chapter.

The system possesses an extended cubic phase field, ranging between 12 and 48 mol%

InOj 5. The cubic phase near the lower solubiUty Umit transforms to the t'-phase. On die

other hand, after coprecipitation and calcination, the starting powder in the system consists

only of die tetragonal (t) phase up to 50 mol% InO].5. The supersaturation of the solute in

this phase remains up to 1000°C because of the slow phase partitioning of tetragonal grains

into t+c. Therefore, in the system, it is possible to prepare both t- and t'-phases with the

same solute concentration in order to study the effect of crystal structure on ionic

conductivity.

The system Zr02-In0i 5 possesses both, ion-conducting Zr02-based soUd

solutions and an electron-conducting bcc In015 solid solution. Moreover, the system

includes two-phase fields of cubic/tetragonal 2IJO2 solid solution and InOi.5 s°lid solution.

The InO| 5 solid solution has been reported to have an electtonic conductivity higher than

IO4 S/m [12]. It is possible to prepare a two-phase submicron-size composite of ion-

conducting cubic ZK>2 phase and electron-conducting InOi 5 phase, which has a high

electrical conductivity of 3.3X104 S/m at 1000°C [see chapter 7, also ref. 12]. In order to

taUor the mixed-conducting composite, die ionic conductivity of the cubic and tettagonal

Zr02 solid solutions should be known.

In this chapter, ionic conductivity is studied in tetragonal (t and t') and cubic Z1O2

single phase polycrystals with the In015 solute concentrations between 15 and 45 mol%.

An emphasis is given on the ionic conductivity in die t'-phase and die relations between

ionic conductivity and crystalline phases.
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5.2. Experimental Procedure

The starting zirconia powders with the InOj.5 concenttation of 15, 25, 35 and 45

mol% were prepared via the coprecipitation of hydroxides with ammonia solution. The

precipitate was then washed twice with distilled water and once with ethanol, vacuum-dried

and subsequendy calcined at 800°C for 1 h. Further experimental details of the powder

preparation were given in the last chapter. The powders were uni-axiaUy pressed at 50

MPa, either into peUets of 16 mm in diameter and 2 mm in thickness for impedance

spectroscopy or into bars of dimensions 5x1.5x55 mm^ for 4-probe DC conductivity

measurements. The powder compacts were sintered at 1600°C for 6 h and then furnace-

cooled at the rate of 10°C/min. Other powder peUets of 15 mol% InOj.5 were a*80 sintered

at 1600°C for 6 h followed by air-quenching (=800°C/min). In order to prepare t-phase

polycrystals, two other green specimens of 15 mol% InOi.5 were isostaticaUy pressed at

300 MPa, sintered at 1000°C for 3 h and furnace-cooled (=3°C/min).

Phase compositions of the specimens were analyzed by X-ray diffraction in the 20

range of 20 to 80° by Cu Ka radiation, after poUshing by SiC paper up to grid #4000. The

reflections of (400)t and (004)t, (400)f and (004)t>, and (400)c between 72 and 76° were

used to distinguish between the tetragonal (t and f) and cubic Z1O2 phases, and to

determine lattice parameters caUbrated against the Si (331) reflection.

Microstructural investigations were performed by transmission electron microscopy

(Phitips, CM-30) with an accelerating voltage of 300 kV*. Two sUces of 15 mol% InOi.5-

Z1O2, air-quenched and furnace-cooled, were cut from the bar-shaped specimens and made

thinner up to a thickness of 200 urn. TEM specimens were then mechanicaUy poUshed,

thinned with a dimple-grinder and ion-thinned by an Ar-beam. The grain size of the

sintered samples were measured by SEM. The InOi.5 concenttation was verified after

sintering by SEM-EDX analysis and found to differ less than ±1 mol% from the nominal

compositions.

DC conductivity was measured by the 4-probe method in the temperature range

from 1000 to 500°C on cooling at a rate of 4°C/min by a micro-ohm meter (Keithley, No.

580). AC conductivity measurements were carried out in die frequency range from 40 Hz

to 1 MHz at temperatures below 1000°C on cooling at a rate of 2°C/min using an LCR

ff TEM observation was carried out by Mr. H. Heinrich, Inst fiir Angewandte Physik,
ETH-ZUrich.
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meter (Hewlett Packard, HP 4284A). From the impedance spectroscopy, relaxation

frequency was derived. The activation energy of ionic conductivity was determined.

5.3. Results and Discussion

(1) Phase relations

The phase diagram of the system ZrC^-InOi^ shows that the cubic Zr02 phase

region extends from 14 to 49 mol% InOi 5 at 1600°C. The cubic phase is

thermodynamicaUy stable only above 1315°C [7]. However, after cooling from 1600°C at

a rate of 10°C/min, the specimens with 25, 35 and 45 mol% InOi 5 consist of the cubic

phase only, due to the slow kinetics of the eutectoid decomposition.

The cubic phase containing less than 23.5 mol% InOi.5 transforms to the t'-phase

on quenching from temperatures of 1500°C or higher [7]. Therefore the 15 mol% InOi.5-

Z1O2 is in the cubic single phase field at 1600°C after the phase diagram. Results of XRD

analysis of 15 and 25 mol% InOj 5 specimens are summarized in Table 5-1. XRD peaks in

the 20 range between 72 and 76° are shown in Figure 5-l(a). The 15 mol% InO15

specimen air-quenched consisted of the t'-phase only. No peak of the monocUnic phase was

detected. The phase was identified by the (004)t> peak, even though its intensity was much

lower than that of the (400)*.' peak. Figure 5-l(a) also shows the (400)1' P63*- which can

clearly be distinguished from the cubic (400) peak. The lattice constants of a-axis of the t'-

phase with 15 mol% InOi.5 ^ the cubic phase with 25 mol% InOi.5 were 0.51044 and

0.51201 nm, respectively. Note that the lattice parameter of the c-phase remains constant

from 25 to 45 mol% InOi 5 in this system [5,7]

Figure 5-2(a) shows a TEM dark-field micrograph in [110] orientation imaged with

a (001) reflection, of the 15 mol% InOi 5 specimen air-quenched from 1600°C. The

presence of domains can be verified. In the specimen, twins associated with the c-»t' phase

transformation have also been observed. Selected-area diffraction has revealed the [112]

tetragonal reflection in the <111> direction. They are die characteristic features of the t'-

phase in zirconias [4]. This microstructural observations support the conclusion that the air-

quenched 15 mol% InO15 specimen consists of the t'-phase.

The t'-phase could be obtained in 15 mol% InOi,5 specimens not only after air-

quenching but also after furnace-cooling from 1600°C. Figure 5-1(b) shows the XRD
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peaks of 15 mol% InOi.5 specimens both after air-quenching and furnace-cooling. In the

furnace-cooled sample, both the (400)t' and (004),; peaks have been observed like in die

air-quenched sample. No reflections of the monocUnic and/or the cubic phase were

detected. The (400)f peak of the furnace-cooled specimen is lower and broader compared

to fliat of the quenched specimen.

A TEM dark-field micrograph of the furnace-cooled specimen is shown in Figure 5-

2(b). The microsttucture with domains was also observed. The domain size in the furnace-

cooled specimen is 3 nm, which is much smaller than 20 nm in the air-quenched specimen.

Again the {112} reflection was observed in die <111> direction by selected-area

diffraction. These results proof that the furnace-cooled specimen consists of the t'-phase,

however with much smaller domain size than the air-quenched t' material. The appearance

of tiie t'-phase after furnace-cooling has been reported in the scandia-zirconia system but

not in the ytttia-zirconia system [11].

Table 5-1. Lattice parameters and preparation conditions of the samples with 15 and 25

mol% InOi 5-Z1O2

Samples Pbase Sintering

condiuon

Cooling
condiuon

-(K/nun)

Grain

size

(um)

Domain

size

(nm)

Latuce

const

a(ran)

Lattice

const

c(nm)

(c/a)

15mol%

air-

quenched

100%

f

1600°C

6b

800 10-15 20 051044 0.51528 10095

15mol%

furnace-

cooled

100%

t*

16O0°C

6h

10 10-15 3 051040 051636 10117

15mol%

low-temp
sintering

100%

t

1000°C

3b

3 01-

02

050940 0 51840 10177

25mol%

furnace-

cooled

100%

c

1600°C

6h

10 10-15 051201 " 1
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Figure 5-1: XRD reflections of 15 and 25 mol% InOi 5-Z1O2; (a) 15 mol% InOi 5-Z1O2
air-quenched (f), and low-temperature-sintered (t), and 25 mol% InOi 5-Z1O2 furnace-

cooled at 10°C/min (c); (b) 15 mol%InOi 5-Zr02 air-quenched (f) and furnace-cooled at

10°C/min (f).
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Figure 5-2: TEM dark-field micrograph in the [110] orientation imaged with a (001)

reflection, of 15 mol% InOi 5-Z1O2; (a) air-quenched and (b) furnace-cooled.
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The above described results are summarized in Table 5-1. The t' material with high

tetragonaUty was obtained in 15 mol% InOi 5-Zr02 after slow cooling from the cubic

phase field. This material has a very smaU domain size of 3 nm. The same composition

quenched rapidly from tiie cubic phase field shows only smaU tetragonaUty and a much

larger domain size of 20 nm average diameter.

After the coprecipitation and calcination process, Zr02-InOi 5 powders from 15

mol% up to 50 mol% InOi 5 consist only of the t-phase [7]. This supersaturation of InOj 5

in the t-phase remains after sintering at 1000°C, at which tiie segregation kinetics of the

solute are very sluggish. To produce a specimen with the t-phase with the same

composition as the t'-phase specimens, a powder compact of 15 mol% InOi 5-Z1O2 was

sintered at 1000°C for 3h. This t-phase specimen was prepared without quenching or

cooling from die cubic phase field. The XRD peaks of the t-phase in the 20 range between

72 and 76° are shown in Figure 5-1(a). The lattice parameters are shown in Table 5-1. This

specimen, witii a density of 93 % TD., consists only of the t-phase. This t-phase is

metastable. The grain size of tiie tettagonal polycrystal was 0.1-0.2 urn If the t-phase was

heated to 1000°C or higher for a times, the t-phase transformed to the monoclinic phase

due to grain growth and phase separation.

(2) Ionic conductivity

As has been reported previously, the electrical conductivities of tettagonal- (t) and

cubic-Zr02 doped with InOi.5 are predominantly of ionic character [13,14]. Ionic

conductivity in grains was measured by the impedance spectroscopy. Figure 5-3 shows the

intragrain conductivity in the t-, f- and c-phases as a function of reciprocal temperature. Up

to 500°C, the t-phase has a higher intragrain conductivity than t'-phase, even though the

solute concentration is the same in both phases. Both tetragonal phases have higher

conductivities compared to the cubic phase, in the low temperature range. The activation

energies of die ionic conductivity are shown in Figure 5-4. The t-phase has an activation

energy of 0.80 eV, which is consistent with the values of 0.84 eV reported by SeUars et al.

[13] and 0.77-0.82 eV in 5.5-9.0 mol% InOi.5-Zr02 (TZP) by TurriUas et al. [15]. The t'-

phase has an activation energy of 1.0-1.1 eV. The activation energy of the cubic phase was

1.2±0.05 eV. Intragrain conductivity decreased and its activation energy increased from t-

phase to t'-phase and the cubic phase below 500°C.
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The total DC ionic conductivity up to 1000°C was measured by the 4-probe method

in the 15 mol% InO1.5 specimens with t- and t'-phase polycrystals, as weU as in die

specimens containing only the c-phase with compositions of 25, 35 and 45 mol% InOj 5-

Z1O2. The total DC ionic conductivity consists of contributions from the grains (intragrain

conductivity) and grain boundaries. The results are shown in Figure 5-5. Above 650°C, the

cubic phase polycrystal witii tiie lowest solute concentration (25 mol% InO] 5-Z1O2) has

the highest total ionic conductivity. Around 1000°C, this polycrystal has almost the same

ionic conductivity as 8 mol% Y2O3-Z1O2 [16]. The ionic conductivity in the cubic phase

polycrystals decreased with increasing solute concentration. Below 650°C, the t'-phase

polycrystal has the highest total conductivity. The t-phase polycrystal has a lower total

conductivity than that of the t'-phase polycrystal between 500 and 1000°C. The t- and t'-

phase polycrystals can be characterized by their lower activation energy compared to that

of the cubic phase.
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Figure 5-3: Intragrain conductivity in 15, 25, 35 and 45 mol% InO] 5-Z1O2 with

tetragonal (t, t') and cubic phases.
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The t-phase polycrystal has a lower total conductivity than the t' or the cubic Zr02

polycrystals. Figure 5-6 shows the Cole-Cole plot of 15 mol% InOj.s-Zrf^ prepared by

quenching from 1600°C, and by sintering at 1000°C. The first specimen consists of the t'-

phase and the latter of the t-phase. The t-phase polycrystal has a smaU semicircle (on the

lower Z' side) with low intragrain resistivity, which is foUowed by a large semicircle (on

the higher Z' side) with high grain boundary resistivity. On the other hand, the t'-phase

grain has a higher resistivity in grains but lower resistivity in grain boundaries than that of

the t-phase polycrystal. The grain boundary resistivity in the t'-phase polycrystal after air-

quenching was one third of that in the t-phase polycrystal.
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Figure 5-6: The Cole-Cole plot of 15 mol% U.O1.5-Z1O2 at 640°C of the t'-phase (grain
size 10-15 urn) and the t-phase (grain size 0.1-0.2 urn).

The t'-phase is characterized by the presence of domains separated by antiphase

boundaries [4,5,8,9]. The Cole-Cole plot of a material is a measure of the various

relaxation times, T, of each dielectric process [17]. Therefore if ionic conduction at

antiphase boundaries is considerably different to that in domains with a different relaxation

time, we would observe not only the three semicircles of grains, grain boundaries and

electrodes but also another semicircle. In the Cole-Cole plot of the t'-phase polycrystal in
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Figure 5-6, only three semicircles were observed. The relaxation frequency, VR=1/X=27t/,

can be determined from the frequency, /, of an appUed electrical field at the top of a

semicircle [17]. The first semicircle witii die highest relaxation frequency is due to the

ionic conduction in the crystals [1,18-20]. The third semicircle corresponds to die

interfacial polarization at the Pt electtodes. The relaxation frequency of the second

semicircle is shown in Figure 5-7. This relaxation frequency in the t'-phase polycrystals is

the same as that in the c-phase polycrystals having the same grain size. Note that the cubic

phase retains no domains. Therefore the second semicircle in the t'-phase polycrystals

represents the grain boundary relaxation. The absence of another relaxation process

suggests that the ionic conductivity is Utile influenced by die domain boundaries in the t'-

phase grains.
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Figure 5-7: Relaxation frequency at grain boundaries in 15, 25 and 45 mol% InOi 5-Z1O2
t-, f- and c-phase polycrystals.
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In order to compare the intragrain and intergrain contributions to the total

conductivity in both the t- and t'-phase polycrystals, ionic conductivities measured by the 4-

probe method and the impedance spectroscopy are plotted in Figure 5-8. Total

conductivities measured by both the 4-probe method and the impedance spectroscopy were

consistent, which also supports the argument that the second semicircle is due to the grain

boundary relaxation. In the t'-phase polycrystal, the grain boundary contribution to the total

resistivity is rather smaU so that the total conductivity of the polycrystal is dominated by

the intragrain conductivity. SEM microstructural observations revealed that the grain size

of t and t'-phase polycrystals was 0.1-0.2 um and 10-15 urn, respectively. The large grain

boundary resistivity due to the small grain size in the t-phase polycrystal suppresses the

total conductivity of the t-phase polycrystal, compared to that of the t'-phase polycrystal.
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Figure 5-8: Total and inttagrain conductivities in 15 mol% InOi 5-Z1O2 with (a) t'-phase
after furnace-cooling from 1600°C and (b) t-phase after sintering at 1000°C for 3 h. The

total conductivity was measured by both DC 4-probe method and AC impedance

spectroscopy, and intragrain conductivity by the latter.
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5.4. Summary

The ionic conductivities of the t- and t'-phases of the same composition with

different tettagonaUties as weU as the cubic phase have been investigated in the Zr02-

InOi 5 system. The present study is summarized as Mows:

1) In the system ZrO2-tii0i 5, both the 100% t- and t'-phase polycrystals with the same

solute concentration were prepared. The t'-phase was obtained via the diffusionless

transformation of the cubic phase (c-»f), and die t-phase via the coprecipitation process

foUowed by calcination and low temperature sintering at 1000°C.

2) The tetragonaUty of the t'-phase in the Zr02-InOi 5 system depends on cooling

conditions. The t'-phase with a low tetragonaUty was obtained after rapid quenching,

leading to a large domain size in the t'-grains. The t'-phase with a higher tetragonaUty was

obtained after slow cooling, resulting in f microstructure with a smaUer domain size. The

tetragonaUty of the t'-phase was lower than that of the t-phase with the same solute

concentration, prepared via the low-temperature sintering.

3) The ionic conductivities of the t- and t'-phases differ. Below 500°C, the intragrain

conductivity of the t-phase is higher than that of the t'-phase. On the other hand, due to the

smaUer grain size of the t-phase polycrystal compared to the t'-phase and the c-phase, the

total conductivity of the t-phase polycrystal is depressed by grain boundary resistivity and

is lower than that of the t'-phase polycrystal between 500 and 1000°C.

4) No extra relaxation process due to the domain structure of die t'-phase was observed.

5) The cubic phase polycrystal near the eutectoid concentration has the highest total ionic

conductivity at 700°C and higher. The total conductivity is almost the same as that in Zr02
with 8 mol% Y2O3 near 1000°C. Between 500 and 650°C, the t'-phase polycrystal has the

highest total ionic conductivity in zirconias doped with U12O3.



76 5. Ionic conductivity

References

[I] Orliukas, K. Sasaki, P. Bohac and L.J. Gauckler, "Ionic Conductivity of Z1O2-Y2O3
Prepared from Ultrafine Coprecipitated Powders"; pp. 377-385 in Proc. 2nd Intl. Symp.
Solid Oxide Fuel Cells, Ed. by F. Grosz, P. Zegers, S.C. Singhal and O. Yamamoto,
Commission of European Communities, 1991.

[2] A.S. Nowick, "Atom Transport in Oxides of the Fluorite Structure"; pp. 143-188, in

Diffusion in Crystalline Solids, Ed. by G.E. Murch and A.S. Nowick, Academic Press,
1984.

[3] H.G. Scott, "Phase Relationships in the Zirconia-Ytttia System", J. Mater. Set, 10 [9]
1527-1535 (1975).

[4] A. Heuer, R. Chaim and V. Lanteri, "Review: Phase Transformations and

Microstructural Characterization of Alloys in the System Y203-Zr02"; pp. 3-20, in

Advances in Ceramics, Vol. 24, Science and Technology ofZirconia III, Ed. by S. Somiya,
N. Yamamoto and H. Yanagida, The Am. Ceram. Soc. Inc., 1988.

[5] T.S. Sheu, T.Y. Tien and I.W. Chen, "Cubic-to-Tetragonal (f) Transformation in

Zirconia-Containing Systems", J. Am Ceram Soc, 75 [5] 1108-1116 (1992).

[6] M. Yoshimura, "Phase StabiUty of Zirconia" Ceram Bull, 67 [12] 1950-1955 (1988).

[7] K. Sasaki, P. Bohac and L.J. Gauckler, "Phase Equilibria in the System Zr02-InOi.5",
J. Am Ceram Soc, (1993), in print.

[8] J.F. Jue, J. Chen and A.V. Virkar," Low-Temperature Aging of t'-Zirconia: The Role

of Microsttucture on Phase StabiUty", J. Am Ceram Soc, 74 [8] 1811-1820 (1991).

[9] J.F. Jue and A.V. Virkar, "Fabrication, Microstructural Characterization, and

Mechanical Properties of PolycrystaUine t'-Zirconia", J. Am Ceram Soc, 73 [12] 3650-

3657 (1990).

[10] F.T. Ciacchi and S.P.S. Badwal, "The System Y203-Sc2O3-ZrO2: Phase Stability and
Ionic Conductivity Studies", /. Europ. Ceram. Soc, 7 197-206 (1991).

[II] S.P.S. Badwal and J. Drennan, "Microstructure/Conductivity Relationship in the

Scandia-Zirconia System", Solid State Ionics, 53-56 769-776 (1992).

[12] K. Sasaki, A. Orliukas, P. Bohac and L.J. Gauckler, "Electrical Conductivity of the

Zr02-tii203 System", in Proc. Europ. Ceram Soc. 2nd. Conf, (1992) in print.

[13] A.P. SeUars and B.C.H. Steele, "Factors Affecting Ionic Conductivity in Doped
PolycrystaUine Tetragonal Zirconia (TZP)", Mater. Sci. Forum, 34-38 255-260 (1988).

[14] D.K. Hohnke, "Ionic Conductivity of Zri_xln2x02-X". J- Phys. Chem Solids, 41 [7]
777-784 (1980).



5. Ionic conductivity 77

[15] X. Turrillas, A.P. SeUars and B.C.H. Steele, "Oxygen Ion Conductivity in Selected

Ceramic Oxide Materials", Solid State Ionics, 28-30 465-469 (1988).

[16] K. Sasaki and L.J. Gauckler, unpublished results.

[17] L.L. Hench and J.K. West, Principles of Electronic Ceramics, John Wiley & Sons,

1990.

[18] P. Abelard and J.F. Baumard, "Study of the dc and ac Electrical Properties of an

Yttria-Stabilized Zirconia Single Crystal [(Zr02)o 88"(Y2°3)0 12]"> Phys- Rev< B26 PI

1005-1016(1982).

[19] A. OrUukas, P. Bohac, K. Sasaki and L.J. Gauckler, "Relaxation Dispersion of Ionic

Conductivity in a Ziq gsCao 15O1 85 Single Crystal", J. Europ. Ceram Soc, 12 [2] 87-96

(1993).

[20] M. Kleitz, H. Bernard, E. Fernandez and E. Schouler, "Impedance Spectroscopy and

Electrical Resistance Measurements on StabUized Zirconia"; pp. 310-336 in Advances in

Ceramics, Vol. 3, Science and Technology of Zirconia, Ed. by A.H. Heuer and L.W.

Hobbs, The Am. Ceram. Soc. Inc., 1981.



78 6. Ionic conductivity andphase transformation

Chapter 6:

Ionic Conductivity and Phase Transformation of

Zirconias

Abstract

Differential thermal analysis and ionic conductivity measurements of ZK>2 doped

with In203 have been carried out in tiie tetragonal-Zr02 and cubic-Zr02 phase regions, in

the temperature range between room temperature and 1700°C in air. Intragrain ionic

conductivities of zirconias doped with various trivalent metal oxides including IJ12O3 as

well as Y2O3, Yb2Q3, Er203 and SC2O3 are investigated below 800°C by impedance

spectroscopy. A maximum of the ionic conductivity in the Zr02-InOi.5 system has been

found for 25 mol%InOi.5 at 1000°C. At lower U1O1.5 concentration, the ionic

conductivity between 1400 and 800°C decreased with decreasing InOi.5 concentration due

to a first-order ttansition. At higher InOi.5 concentrations, the ionic conductivity decreased

with increasing InOi.5 concentration at 1000°C, and the activation energy increased with

decreasing temperature, due to defect interactions. The change in activation energy of the

ionic conductivity and the ionic conduction mechanism are discussed.
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6.1. Introduction

In several zirconia-based binary oxide systems, a maximum of die ionic

conductivity has been found at the lowest dopant solubiUty Umit of the cubic phase.

Therefore the zirconias with compositions, near the phase boundary between the cubic-

Zr02 phase and cubic + tetragonal-Zr02 phase fields, are used as electrolytes for

electtochemical appUcations such as soUd oxide fuel ceUs [1-5]. However, the cubic phase

very near the phase boundary transforms to the tetragonal phase upon cooling (t'-Zr02) [6-

26,29,30] and the transformation can affect the ionic conductivity of zirconias [see chapter

5, also 27,29]. The diffusionless cubiw-rtetragonal phase transformation has been described

as displacive [6,8,9], first-order [6,8,9] or second-order [18-23], martensitic [13,24,25] or

nonmartensitic [6,9], massive, homogeneous nucleation conttoUed [6,20,21], or

heterogeneous nucleation conttoUed [13]. This phase transformation may even consist of

two processes; domain formation foUowed by variant and/or twin formation [20]; oxygen

displacement and the change in tetragonaUty (c-rt"-»f) [15,16], or c-*c'->t' phase

ttansformation [26].

Little is known how this phase transformation influences the ionic conductivity.

Ciacchi et al. [27,28] have shown that the high ionic conductivity in Sc203-doped Zr02 is

attributed to the formation of the t'-phase. Our own results [see chapter 5] revealed tiiat the

ionic conductivity of the t'-Zr02 phase in In203-doped Zr02 is higher than that of the

cubic-Zr02 phase below 500°C, and that the activation energy of the ionic conductivity

depends on the tetragonaUty. Most of the studies on the c-»f phase transformation have

been made at room temperature after quenching, and only few results were reported dealing

witii the temperature dependence of the phase transition [13-16]. No work has focused on

the relations between the phase transformation and the ionic conductivity. Since the c-»t'

phase transformation is a diffusionless process, die differential thermal analysis (DTA) and

the 4-probe ionic conductivity measurements are useful to study in situ these relations.

DTA has been used to study the diffusionless torn phase transformation in zirconias [53].

The ionic conductivity measurements would be also sensible to the phase transformation,

because the transformation is associated with the displacement of oxygen ions [18] which

are the charge carriers of the ionic conductivity. The purpose of this chapter is to

understand flie influence of the cubic-to-tetragonal phase transformation on the ionic

conductivity of zirconias doped witii In203, Y2O3, Yb203, Er203, and SC2O3.
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6.2. Experimental Procedure

All doped-zirconia powders, except Z1O2-Y2O3, were prepared via wet-chemical

coprecipitation. The Y203-doped Z1O2 powders were prepared by mixing 4, 6, and 8

mol% Y203-doped Z1O2 (Tosoh TZ-4Y, TZ-6Y, TZ-8Y, Tokyo Japan) in proper ratios in

planetary miU for 1 h with absolute ethanol. For the other powders, JJ12O3 (>99.99%, PPM

pure metals GmbH, Langelsheim FRG), Er203 (>99.9%, Fluka AG, Switzerland), Yb203

and SC2O3 (both >99.9%, Tracomme AG, Zurich Switzerland) were dissolved in HCl

solutions. ZrOCl2-6H20 was dissolved in distUled water. Appropriate mixtures of the

corresponding two solutions were added to diluted NH4OH solution to obtain hydroxide

precipitates. The precipitates were washed with distiUed water and absolute ethanol,

vacuum-filtered, and tfien calcined at 800°C for 1 h. Further detaUs on powder preparations

have been described in the chapter 4.

The calcined oxide powders were uniaxiaUy pressed at 50 MPa into peUets of 16

mm in diameter and 2 mm in thickness for XRD phase analysis and DTA, and into bars of

5x1.5x55 mm3 for 4-probe DC conductivity measurements. The specimens for the DC

conductivity measurements were sintered at 1600°C for 30 h (Y203-doped Z1O2) or for 6

h (zirconias doped witii other oxides), foUowed by furnace-cooling at a rate of 10°C/min.

The peUets for the DTA and impedance spectroscopy were sintered under the same

conditions, but then air-quenched. The cooling rate of the air-quenching is estimated to be

=103 °C/min. Densities of aU specimens were more than 94 % of theoretical.

Differential thermal analysis was carried out for specimens with InOi.5

concentrations of 15, 17.5, 20, and 35 mol% (DTA, Type 801, BShr Geratebau GmbH,

Hullhorst, FRG) with 15.3 mol% YOi.s-doped Z1O2 (8.3 mol%Y203-Zr02, Alusuiss

Lonza, Neuhausen, Switzerland) as a reference. The weight of specimens and reference for

DTA was 0.9 g. DTA measurements up to 1700°C were performed at heating and cooling

rates of 10 °C/min. Phase compositions were analyzed by X-ray diffraction (XRD, D5000,

Siemens, FRG), using CuKa radiation, after poUshing the surface of the specimens.

DC electrical conductivity was measured by the 4-probe method using a microhm-

meter (Keitiiley 580). The distance between the inner electrodes was 12 mm. Pt-paste

(Johnson Matthey E8300) and Pure Pt wires were used for electric contacts. Electrical

conductivity as a function of temperature was measured on cooling from 1600°C. The

specimens were cooled at a rate of 10°C/min, the same as for the DTA measurements.
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AC conductivity measurements (impedance spectroscopy) were carried out in the

frequency range from 40 Hz to 1 MHz below 800°C, using an LCR meter (Hewlett

Packard, HP 4284A). Pt-paste (Degussa 308A) was used for electric contacts of the AC

conductivity measurements. The specimens doped with Y2O3, Yb203, Er203, U12O3, and

SC2O3 were sintered at 1600°C foUowed by air-quenching, and then have never been

reheated above 800°C. After quenching, the specimens were heated again at 800°C for 30

min, and AC conductivity was measured on cooling at a rate of 2 °C/min. AU temperatures

were measured using Ni-Cr (AC conductivity) or Pr-13%Rh (DTA and DC conductivity)

thermocouples, placed within 1 mm from the specimen.

6.3. Results

(1) Differential Thermal Analysis of Zr02-InOi,5

According to the phase diagram of die Zr02-InOl.5 system [see Figures 4-1 and 4-

7], 15,17.5, and 20 mol% InOi.5-Zr02 specimens consist only of the tetragonal phase (f-

Zr02) after air-quenching due to the c-»f phase transformation. Even after furnace-cooling

15 mol%InOi.5-Zr02 at a rate of 10°C/min, the specimens possessed only the t'-Zr02

phase. On the other hand, the zirconias doped witii InOi.5 at and more than 25 mol%

exhibit no c-H' phase transformation, and the cubic-Zr02 phase remains metastable after

furnace-cooUng at a rate of 10°C/min. The eutectoid decomposition is slow, and the phase

separation from the cubic-Zr02 to tettagonal-Zr02 + bcc-In203 was observed by XRD

only after anneaUng at 1300°C for 64 h [see chapter 4].

Figures 6-1 (a) to (d) show the DTA thermal voltages of 15, 17.5, and 35 mol%

In0i.5-ZrO2 against the Y203-doped Z1O2 reference. For the 15 mol% InOl.5-Zr02

specimen (Figures 6-1(a) and (b)), an exodiermal signal was found at 1426±5°C on cooling

at a rate of 10 °C/min (transition starting temperature). This peak could also be observed

using an alumina reference sample. At a cooling rate of 30°C, the transition was slightly

undercooled to 1410+5 °C. Besides this exothermal peak at 1426 to 1410°C, a broad

endothermal signal was observable below 1150°C with a maximum at 950°C. This signal

was reversible, as on heating this broad signal was observed as an exothermal signal above

900°C with a maximum at 1150°C.
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[Figures 6-1 (c) and (d) on next page]
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In the 17.5 mol% InOi.5-Zr02 (Figure 64(c)), one exothermal peak was observed

at 1270°C on cooling. The intensity of this peak was smaUer than that observed in the 15

mol% InOi.5-Zr02 specimen, and the peak was found at the lower temperature. Again

broad signals were observed on cooUng (endothermal) and on heating (exothermal) as

shown in Figure 6-1(c).

In the 35 mol% InOi.5-Zr02 specimen, no exothermal sharp peak was observed on

cooling. However, the broad endothermal signal on cooling was even more pronounced

than in die 15 and 17.5 mol% In0i.5-ZrO2 specimens as shown in Figure 6-l(d).

Figure 6-2 shows the DTA results in conjunction with the phase boundaries. The

transition starting temperatures of the sharp exothermal peaks are just below the boundary

of the cubic to cubic+tettagonal Zr02 phase fields. The starting temperatures of the broad

peaks are just below the maximum solubiUty limit of InOi.5 in the cubic Z1O2 phase.

o

DTA exthothermal

peak

0

ZrOs
10

—r—

20 30

I

40 50

InOu concentration (moIX)

Figure 6-2: DTA results in conjunction with the phase boundaries in the Zr02-InOl.5

system
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(2) Ionic Conductivity of Zr02 Doped with In203

The DC ionic conductivity of Z1O2 doped with JJ12O3 was measured on cooling

after equUibration at 1600°C for 1 h. Figures 6-3 (a) and (b) show the ionic conductivity of

15, 17.5, and 25 mol% InOi.5-Zr02, (a) in the whole temperature range measured by the

4-probe method, and (b) in a high-temperature region. Above 1430°C, the ionic

conductivities in the tiiree specimens were identical. In the 15 mol% InOi.5 specimen, an

abrupt decrease in ionic conductivity was found at 1430°C. This temperature is exactly the

same as the temperature, at which the sharp DTA peak has been observed. The change in

ionic conductivity was also associated with a change in the activation energy from 0.70 eV

above 1430°C to 1.10 eV between 1350 and 500°C.

In the 17.5 mol% InOi.5 specimen, the change in ionic conductivity was rather

continuous, but an abrupt change in activation energy was also found at 1270°C. At die

same temperature, the sharp DTA exothermal peak has been detected. The activation

energies were 0.68 eV above 1270°C, and 1.23 eV between 1150 and 500°C.

In the 25 mol% InO1.5 specimen, no abrupt change in both ionic conductivity and

its activation energy were detected. The Arrhenius plot revealed a continuous change in

activation energy from 0.88 eV above 1400°C, to 1.48 eV between 800 and 500°C. Note

that the activation energy in the low temperature region was twice higher than that in the

high temperature region. The Arrhenius plots of ionic conductivity in the 25, 35, and 45

mol% InOl.5-Zr02 are shown in Figure 6-4. One can find continuous changes in the

slopes of the Arrhenius plots.

The change in activation energy can be caused by both inttagrain contributions [31-

36] and the grain boundary blocking effect [37-40]. In order to separate both contributions

from the total conductivity, the impedance spectroscopy was used to measure the intragrain

conductivity. The samples for the impedance spectroscopy were quenched from 1600°C

and were never reheated above 800°C. Therefore the long-range diffusion of cations is too

sluggish to occur [see chapter 4]. Figures 6-5 (a) and (b) show the Arrhenius plots for the

total conductivity (including inttagrain and grain boundary contribution) and intragrain

conductivity measured by the 4-Probe method and the impedance spectroscopy. The

Arrhenius plot of 15 mol%InOi.5-Zr02 revealed almost Unear dependence of ionic

conductivity on the reciprocal temperature between 1350 and 500°C. The grain boundary

blocking effect became apparent only below 500°C in die 15 mol% InOi.5 specimen.
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Figure 6-3: Ionic conductivity of 15, 17.5, and 25 mol% InOi.5-Zr02 (a) in the whole

temperature range measured by the 4-Probe method, and 0b) in a high-temperature region.
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For aU cubic InOi.5-doped zirconias, the ionic conductivity and the activation

energy between 1600 and 1430°C were identical in the whole cubic-Zr02 phase region

from 15 to 45 mol% InOi.5 within a factor of two, as shown in Figures 3 and 4. With

decreasing temperature, the specimens with the InOi.5 concentration lower than 25 mol%

exhibited an exothermal DTA peak associated with an abrupt increase in activation energy

(15 and 17.5 mol%InOi.5) and/or an abrupt decrease in ionic conductivity (15

mol%InOi.5). The ionic conductivity between 1400 and 800°C decreased witii decreasing

InOi.5 concentration from 25 mol%, as shown in Figure 6-3(a). On the other hand, the

specimens with the InOi.5 concentration above 25 mol% exhibited a continuous increase

in activation energy with decreasing temperature. The ionic conductivity decreased with

increasing InOi.5 concentration at 1000°C. Therefore, the maximum of the ionic

conductivity at 1000°C was found in the cubic-Zr02 near the Ms (phase transformation

starting temperature on cooling) line in the 25 mol%InOi.5-containing specimen.
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Figure 6-4: Ionic conductivity of 25,35, and 45 mol% In0i.5-ZrO2 measured on cooling
from 1600°C at a rate of 4°C/min.
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6. Ionic conductivity andphase transformation 89

The Arrhenius plot of the 25 mol% InOi.5-doped specimens revealed that the total

conductivity above 500°C was higher than that expected from the extrapolation of the

inttagrain conductivity below 500°C, as shown in Figure 6-5(b). With decreasing

temperature, the activation energy first increased below 1200°C and then exhibited a

change in slope of the Arrhenius plot around 500°C and the activation energy sUghtly

decreased with decreasing temperature. In other words, with increasing temperature, the

specimen became more conductive above 500°C, than that expected from the intragrain

conductivity below 500°C. The total conductivities have been measured on cooling both

from 1600°C (Figures 6-3,6-4,6-5) and from 1000°C (Figure 5-5 in the chapter 5), and the

inttagrain conductivity from 1000°C (Figure 5-3 in the chapter 5) and 800°C (Figure 6-

6(d)). The enhanced conductivity above 500°C was found in botii measurements from

1600°C and 1000°C, and was more remarkable, when the total conductivity was measured

from 1600°C.

(3) Ionic Conductivity of Tetragonal and Cubic-Zr02 Doped with Various

Trivalent Metal Oxides

All doped-zirconia specimens selected in this chapter (except some reference data in

Tables 6-1 and 6-2) Ue in the cubic-Zr02 single phase fields at 1600°C, and possess only

cubic phase at this temperature. On quenching, the cubic-Zr02 phase with specific

compositions transforms to the tetragonal (f) phase. Figures 6-6(a) to 6(e) show the

inttagrain conductivity of zirconias doped with Y2O3, Yb203, Er203, L12O3, and SC2O3.

The activation energies of the ionic conductivities of aU specimens were calculated using

the equation (see Appendix II):

GT=o0- exp(-AEa /kT)

and they are summarized in Table 6-1. The activation energies and pre-exponential factors

of both the ionic conductivity and the relaxation frequency are summarized in Table 6-2.

Note that the all specimens are single-phase polycrystals consisting of either the tetragonal-

Z1O2 phase or the cubic Z1O2 phase. The relaxation frequency of the ionic conductivity

was derived as the frequency, at which the imaginal resistivity and imaginal dielectric

constant exhibit a maximum in the semi-circle related to the inttagrain resistivity in the

Cole-Cole plot (the frequency at the top of the semicircle) [35,41-43]. The activation

energy and the pre-exponential factor of tiie relaxation frequency are described as:
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\R = v0exp(-AEv/kT)

where VO is the attempt frequency of oxygen vacancy jumps [2,41,44-47].

In Y203-doped Zr02, the activation energy increased continuously with increasing

YO1.5 concenttation from 5.8 to 32.5 mol%, as shown in Table 6-1. The activation

energies between 12 and 15 mol% YO1.5 were between 1.06 and 1.15 eV, even though the

phase at room temperature changed from 100% tettagonal (f) to 100% cubic at 13.0±0.2

mol%. This result indicates tiiat the ionic conductivity and the activation energy only Utile

depend on the nature of the crystaUine phase in Y203-doped Z1O2. A simUar behavior was

also found in Yb203-doped Z1O2, where die difference of activation energies between 14

mol% (100% t'-phase at room temperature) and 16 mol% (100% cubic-phase) YbOi.5-

Z1O2 is only 0.04 eV, as shown in Figure 6-6(b) and Table 6-1.

On the other hand, abrupt changes in tiie activation energies versus composition

have been found in zirconias doped with Er203, U12O3, and SC2O3, as shown in Table 6-1.

The changes in slopes of the Arrhenius plots can be seen in Figures 6(c) to 6(e). In Er203-

doped zirconias, the activation energy increased 0.18 eV from 14 mol% ErOi.5 (100% t'-

phase) to 16 mol% ErOi.5 (100% cubic-phase), and only 0.05 eV from 16 to 20 mol%

ErOi.5 (both 100% cubic-phase). In In203-doped Zr02, the t'-Zr02 with 15 mol% InOl.5

possessed an activation energy of 1.10 eV. On the other hand, the cubic-Zr02 (air-

quenched) with InOl.5 concentrations more than 25 mol% possessed die activation energy

of 1.45+0.1 eV with only Utde dependence on InOl.5 concentration. In Sc203-doped

zirconias, the activation energy increased only 0.04 eV from 12 to 14 mol%ScOi.5 (both

100% t'-phase), foUowed by an abrupt increase of 0.16 eV from 14 (100% t'-phase) to 16

mol%ScOi.5 (100% cubic-phase).
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[Figure 6-6 (c), (d), and (e) on next pages]



92 6. Ionic conductivity andphase transformation

(c)

E
*>.

52
>•

*-

o
=1

o
c

o
o

0.1

0.01

0.001 -.

10"

10"

Temperature CC)
500 400 300 250

Zr02-ErO,.5

• HEr-ZrO^t")
A 16Er-Zr02(c)
V 20Er-ZrO2(c)

1.2 1.4 1.6 1.8

io3/t (r1)

2.0

(d)

E

52

>>

]>
'&
u
3

o
c

o
u

o

'c
o

0.1

0.01 ;

0.001 n

10"4

10"s

Temperature CO
600 500 400 300 250

Zr02-lnO,j

10rt

1.0

—I—

1.2

—i—

1.4

—i—

1.6

—i—

1.8

103/T (T"1)

2.0

[Figures 6-6 (c) and (d)]



6. Ionic conductivity andphase transformation 93

(e)

E
^»

52

>•

]>
'•3
U
3

o
e

O
o

500

Temperature CO

400 300 250

Zr02-ScOu

0.01 i

0.001 -:

10"4; 12Sc-

• 14Sc

A 16Sc-

-ZrOjltT

-ZrOjttl

-ZrO^c)

10"«- —i 1

1.2 1.4 1.6 1.8

103/T IT"')

2.0

[Figure 6-6 (e)]



94 6. Ionic conductivity andphase transformation

Table 6-1: Activation energies of ionic conductivity of Zr02 doped with trivalent

metal oxides (Y2O3, Yb203, Er203, In203, SC2O3).

Activation energy in eV

(Dopant mole concentration)

YO1.5 YbO,.5 ErOl.5 InOi .5 ScOl.5

t'-Zr02 0.91 (5.8)fc
1.04(11.2)
1.06 (12.0)
1.10(12.7)

1.07 (14) 1.02 (14) 0.80 (15)*=
(c/a=1.018)

1.10(15)
(c/a=1.0O9)

1.28 (17.5)

1.20(12)
1.24 (14)

C-Zr02 1.09 (13.5)
1.12 (14.3)

1.15(15.3)*=
1.28 (17.8)*=
1.36 (26.4)*=
1.39 (32.5)*=

1.13 (16)

1.19(20)

1.20 (16)
1.25 (20)

1.35 (25)
1.22 (25)*=
1.56 (35)

1.14(35)*=
1.48 (45)
1.26 (45)fc

1.40 (16)

fc: furnace-cooling at a rate of 10 °C/min. Others: air-quenching
*: taken from ref. 77.
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6.4. Discussion

(1) Phase Transition

The exothermal transition at 1430°C found in 15 and 17.5 mol% InOi.5-Zr02 on

cooling in Figures 6-l(a) and 6-l(b) is associated with a reaction with AH>0. The

transformation temperatures from the tettagonal Zr02 to the monoclinic Zr02 are, at least,

lower than 1170°C in In203-doped Zr02 [see chapter 4]. Therefore the peak is not caused

by the t-=>m phase transformation.

The order of a transition is defined, after Ehrenfest, as the order of the lowest

derivative of the Gibbs free energy which shows a discontinuity at the transition point, as

shown schematically in Figure 6-7 [48,49]. The first and second derivatives of free energy

may be written as [48]:

dPjT

ZTjp

dP
,

(J2G
dPdT

dP

= Va

= -vp

#G}
dT2

= _f^l =-£lL
,~ [dTjP~ T

where Cp, a, and p are the heat capacity, volume thermal expansion, and compressibility,

respectively. A transition, involving latent heat emission and/or volume change, has no

discontinuity in tiie G versus T curve at the ttansition point, but it does show an abrupt

change in the first derivatives of G with respect to T and P, that is in S and V. Such a

transition is, therefore, first-order. On the other hand, a second-order transition is one for

which uiere is a discontinuity in die second derivatives of G, diat is, Cp, (9V/3P)T and (8V/

3T)p, but only a change in slope for S and V, after die transition point [49]. The transition

found in 15 and 17.5 mol% InOi.5-Zr02 involves latent heat emission. Therefore the

ttansition is of first-order.
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Figure 6-7: Transition of free energy, entropy and specific heat: (a) first-order transition

and (b) second-order ttansition in the Ehrenfest's classification [49]

Figure 6-8 shows the schematic temperature dependence of the order parameters

and the corresponding Arrhenius plots of the ionic conductivity after Goodenough et al.

[50]; for (a) (d) an abrupt transition with first-order component, (b) (e) a smooth transition

with second-order component, and (c) (f) a higher-order order-disorder transition. The

abrupt decrease in ionic conductivity, associated with the sharp DTA peak, also confirms

that this transition is first-order. The first-order transition can be associated with a change

in activation energy, as described in Figure 6-8(d).

The intensity of the sharp exothermal peak on cooling decreased with increasing

InOl.5 concentration from 15 to 17.5 mol%. The change in ionic conductivity near the

transition temperature became rather continuous than discontinuous, however the change is

associated with a change in activation energy comparable to that described in Figure 6-8

(e). Therefore, the transition in 17.5 mol% In0i.5-ZrO2 is a first-order transition with

increasing second-order character.
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Figure 6-8: Schematic temperature dependence of the order parameters and corresponding
Arhhenius plots for (a)(d) an abrupt transition with first-order component, (b)(e) a smooth

ttansition with second-order component, and (c)(f) a higher-order order-disorder transition,

after Goodenough [50].

The transition found in the 15 and 17.5 mol% InOi.5-Zr02 is first-order. This

experimental result, however, would not be contradictory to the recent studies on the cubic-

to-tettagonal phase ttansformation, which can well be described as second-order [17,22].

Indeed, the exothermal peak of the transition found in 15 mol%InOi.5-Zr02 is very small,

compared to that of the tetragonal-to-monoclinic phase transformation. The area of the
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DTA t-wn phase transformation peak of 0.9 g pure Zr02 (measured directly after sintering

in DTA furnace at 1700°C for lh, in the same measurement configuration) was 13.6 times

larger than that of the exothermal peak found in 15 mol% InOi.5-Zr02 of 0.9 g shown in

Figure 6-1(b). The heat of the tetragonal-to-monoclinic phase transformation in pure Zr02,

1420 cal/mol (2.82xl08 J/m3) [80], and the ratio of the DTA peak areas yield AH=104

cal/mol for the transition found in the 15 mol%InOi.5-Zr02 at 1430°C. (Note that the

DTA is not the differential scanning calorimetry. Not the whole heat emission would

contribute to AH measured by DTA.)

Exactly speaking, only from the DTA and ionic conductivity measurements, one

can not conclude if the transition is & phase transformation. The thermodynamic tetragonal

<-»cubic transformation temperature, To, is defined as the temperature, at which the

tettagonal-Zr02 and the cubic-Zr02 phases have the same free energy [see chapter

4.3.(2)]. Some different free energy diagrams for the cubic-to-tettagonal phase

transformation have been proposed by several investigators [16]. The To line has been

expected lying slightly below the boundary of the tetragonal-rCubic-Zr02 and cubic-Zr02

phase fields in zirconias doped with YOl.5 [21,22], ErOi.5 [16], and Ce02 [17].

Furthermore, Table 6-2 shows that the zirconias doped with 12.7 mol%YOi.5, 14

raol%YbOi.5, 14 mol%ErOi.5, 17.5 mol%InOi.5, as well as 14 mol%ScOi.5

transformed completely to the tetragonal (t') Zr02 phase, which were in the cubic-Zr02

single-phase fields at 1600°C according to die phase diagrams [7,10,11,14,51,52].

Therefore the Ms line lies very near the phase boundary of the tetragonal+cubic-Zr02 and

cubic-Zr02 phase fields. The phase transformation starting temperature on cooling, Ms,

must lie below To [see chapter 4.3.(2)]. Consequently, both the Ms and To lines should lie

near the tetragonal+cubic-Zr02 and cubic-Zr02 phase field boundary in the various

zirconia-based systems. The transitions observed in the DTA and ionic conductivity

measurements were also found near the phase boundary. Therefore the transitions should

be related to the cubic-to-tetragonal phase transformation. The line of the DTA exothermal

peaks in Figure 6-2 is expected to the phase transformation starting temperature versus

composition line, the Ms line for the cubic-to-tetragonal phase transformation.

Recent studies have revealed that the cubic-to-tettagonal transformation consists of

two processes as mentioned in the Introduction (chapter 6.1.) [15,16,20,26]. The

tetragonality and the oxygen displacement are the key parameters to distinguish these

processes [15,16]. Yashima et al. revealed that die cubic-to-tetragonal phase transformation

involves the oxygen displacement (c-»t") followed by the change in tetragonality (t"->f)

[15,16]. Further work with XRD, high-temperature XRD, neutron diffraction, and Raman
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spectroscopy is now in progress to clarify in more detail this phase transformation in

In203-doped Zr02-

On the other hand, the reversible broad DTA peaks with maxima at 950°C on

cooling, and at 1100°C on heating, were found in 15, 17.5, and 35 mol% InOi.5. The

intensity of these peaks became higher with increasing InOi.5 concenttation. All specimens

after furnace-cooling possessed only the t'-Zr02 phase in 15 and 17.5 mol% In0i.5-ZrO2,

and only the cubic-Zr02 phase in 35 mol% In0i.5-ZiO2. No second phase formation after

furnace-cooling was found by XRD nor by TEM [see chapter 5]. Since the broad peaks

were found in both the t'-Zr02 and the C-Z1O2 phases, mechanisms related to c-*f phase

transformation only are excluded to explain these broad peaks. The broad peaks start at

temperatures slightly below the cubic-Zr02 and cubic-Zr02 + bcc-In203 phase boundary,

as shown in Figure 6-2. That indicates that the peak may be related to the metastability of

the cubic phase below this phase boundary.

(2) Ionic Conductivity of Zr02 Doped with In203

Above 1430°C, both die ionic conductivity and the activation energy of the cubic-

phase were identical in the whole and wide InOl.5 concenttation range from 15 to 45

mol%. The result indicates that the ionic conductivity is independent on dopant

concentration in this high-temperature range in the Zr02-InOi.5 system.

In 15 mol% InOi.5-Zr02, both the abrupt increase in activation energy and the

abrupt decrease in ionic conductivity were found on cooling, followed by a linear

dependence of logo on reciprocal temperature in the Arrhenius plot, as shown in Figure 6-

5(a). The cubic-to-tettagonal phase transformation is diffusionless and composition-

invariant. Therefore the increase in activation energy and the decrease in ionic conductivity

are attributed to the phase change without composition change. Even though the activation

energy increased at the transition from cubic phase (0.70 eV between 1600 and 1430°C) to

tetragonal phase (1.10 eV between 800 and 500°C), the activation energy in the tetragonal

phase was lower than that in the cubic-phase at lower temperatures (1.45+0.1 eV from 25

to 45 mol% InOi.5 between 800 and 500°C), measured on cooling. The linear dependence

of logo in die Arrhenius plot suggests the absence of defect dissociationoassociation

reactions below the transition temperature to 250°C (Figure 6-5(a)). The experimental

results are consistent with the lattice energy calculations [58] which revealed that the

distortions of the lattice from the cubic phase to the tettagonal phase allow simpler defects

to be stabilized and hinder the formation of complex defect associates [58]. Therefore the
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cubic-to-tettagonal phase ttansformation gives rise to a lower defect association energy and

thus the lower activation energy of the ionic conductivity in the tetragonal phase than that

in the cubic phase at low temperatures. The stability of simpler defects in the tetragonal

structure is brought about by the displacements of the oxygen sublattice from the ideal

fluorite lattice sites [58].

On the other hand, the continuous change in slope of the Arrhenius plots has been

found in the cubic-Zr02 with the InOi.5 concentrations at and more than 25 mol%InOi.5.

The change in slope has been found in various doped-Zr02, which has been interpreted by

the interactions between the cations and the oxygen vacancies [31-36]. The formation of

defect associates and/or clusters can cause an increase in activation energy [55-62] by

decreasing the oxygen vacancy mobility. The lattice energy calculations [58] have revealed

that complex defect aggregates would be stable in doped cubic-zirconias and, at least,

stable up to 1300°C in CaO-doped Z1O2 [59]. The activation energy of oxygen ionic

conductivity would increase with increasing the size of defect agglomerates, because of the

increasing Coulomb interactions between lattice defects. The increase in activation energy

in the cubic Zr02 doped with U12O3 more than 25 mol% InOl.5 would be attributed to the

formation of defect associates and/or clusters.

In the 25 mol% InOi.5 specimen, the activation energy of the ionic conductivity

first increased with decreasing temperature, and then decreased below 500°C. Similar

change in activation energy has been found in CaO-doped Z1O2, which was attributed to an

order-disorder transition [57]. The activation energies of the intragrain conductivity of the

furnace-cooled specimens were also lower than those of air-quenched specimens, as shown

in Table 6-1. Therefore the change in activation energy is related to the cooling conditions.

The cubic-Zr02 phase in the Zr02-InOi.5 system, is a metastable phase below the cubic-

Z1O2 eutectoid temperature of 1315°C. The transition in activation energy of the ionic

conductivity from 1300°C to 500°C is continuous, contrary to die transitions in 15 and

17.5 mol% InOi.5-Zr02. Therefore the change is not associated with a diffusionless

transition. The annealing of 25 mol% &1O1.5 specimen at 1000°C for 1 h led to a decrease

in ionic conductivity from 20 to 12 S/m (see Figure 6-3 and Figure 5-5, respectively),
which can not be attributed to a long-range diffusion process. After conductivity

measurements on cooling, no segregation of bcc-In203 phase has been detected by XRD

analysis. The kinetics of the eutectoid decomposition were sluggish even at 1300°C [see

chapter 4, also 30], and no second phase formed on cooling. Therefore the segregation of

second phase is ruled out to explain the changes in activation energy, since it requires long-

range cation diffusion to achieve compositional inhomogeneity. On the other hand, the

formation of defect complexes or their ordering require only a rearrangement of the atoms
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by means of a few atomic jumps without any compositional change [57]. Therefore this

continuous transition should be related to the metastability of the cubic phase, and

associated witii short-range diffusion such as defect associations, cluster formation or

ordering, but associated with neither diffusionless transition nor long-range diffusion. In

order to clarify the local atomic structures of this highly defective oxide, further

investigations such as EXAFS and neutron diffraction study are needed.

Since the grain size of this polycrystal was 12+3 \\xa, the grain boundary blocking

effect can be neglected above 500°C, except when the specimen contained large amount of

glass impurities [39]. Even below 500°C, the grain boundary resistivity was very small in

these specimens. Furthermore, the blocking effect should lead to an increase in activation

energy witii decreasing temperature, which is contradictory to the decrease in activation

energy below 500°C. Therefore blocking effects, by such as precipitates or grain boundary,

are ruled out to explain the ionic conductivity change in the 25 mol%InOi.5 specimen. The

change in slope in Arrhenius plots should be caused from the inttagrain contribution.

(3) Ionic Conductivity of Zr02 Doped with Trivalent Metal Oxides

The intragrain conductivity measurements of various doped-zirconias were carried

out only below 800°C, where the long-range cation transport is negligible. Therefore, no

eutectoid decomposition of the cubic-phase can occur. Below 400°C, the t'-phase possessed

a higher ionic conductivity than the cubic-phase near the phase boundary in all doped-

zirconias investigated (Figure 6-7(a) to 6-7(e)). However, the t'-phase specimens possessed

a lower activation energy than the cubic-phase specimens, leading to lower ionic

conductivities at higher temperatures.

The activation energies are functions of dopant, the concentration of the dopant, and

crystalline phase. It is common in zirconias doped with various oxides, that the ionic

conductivity around 1000°C decreases and die activation energy increases with increasing

dopant concenttation [1-5]. However the ionic conductivity would also be a function of

crystalline phase (or tiie symmetry of crystals). In zirconia-based binary oxide systems, in

which the cubic-Zr02 phase at elevated temperatures transforms to t'-Zr02 phase on

cooling, die tetragonality decreases abrupdy to unity with increasing dopant concenttation

[see phase equilibria, also 10,11,30]. At this boundary, an abrupt change in activation

energy of the ionic conductivity was found in Er203-, In203-, and Sc203-doped zirconias,

but not in Y2O3- and Yb203-doped zirconias. Therefore the abrupt change in activation

energy is not common in doped-zirconias, and the presence of activation energy change
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depends on dopant A preliminary result of ionic conductivity showed that 11.3

mol%YOi.5-doped Zr02 exhibited no abrupt change in ionic conductivity, which has been

found in In203-doped Zr02 on the contrary.

The maximum ionic conductivity at 1000°C in the Zr02-rich side of the system

was 20 S/m, measured on cooling from 1600°C, even though the ionic conductivity

decreased to 12 S/m after annealing at 1000°C for 1 h (Figure 6-5(a)). The ionic

conductivities at 1000°C are 25, 20, 11, and 10 S/m, in ScOi.5- (18.2 mol%) [63,64],

InOl.5- (25 mol%), YbOi.5- (18.2 mol%) [63,64], and YO1.5- (14.8 mol%) doped

zirconias [63,64], respectively. The ionic radii of these 5 different cations are

Y>Yb>Er>In>Sc [see chapter 4, also ref. 30,62]. The ionic radii of In3+ and Sc3+ are

similar to the radius of the Zr4+ host cation. The high ionic conductivity in In203-doped

Z1O2 is consistent with tiie dependence of ionic conductivity on ionic radius in oxides with

the fluorite structure, where the highest ionic conductivity has been found when the ionic

radius of the dopant cations is the same to that of the host cation [2,69,70], under the

condition that the ageing effect of ionic conductivity is neglected.

(4) Ionic Conduction Mechanism in Tetragonal (f) Zirconias

The activation energies of ionic conductivity and relaxation frequency are

summarized in Table 6-2. The relaxation frequency is derived as the frequency of an

applied electric field at the top of a semicircle in the Cole-Cole plot (imaginary resistivity

versus real resistivity measured by changing frequency of the applied external electric

field). The semicircle of the intragrain contribution is due to the oxygen-ionic conduction

in the lattice [2,35,47,77-79]. The applied electric field makes the jumps of oxygen

vacancies in a direction parallel to the field more probable. At the applied frequency, which

is the same as the jump frequency of oxygen vacancies, the imaginal dielectric constant

reaches a maximum (migration polarization or migration losses), described by the Debye

equation of linear dielectrics [41,47, also see chapter 5]. Therefore, the applied frequency

at the top of the semicircle of the inttagrain contribution in the Cole-Cole plot, the

relaxation frequency, corresponds to the jump frequency of oxygen vacancies.

Table 6-2 shows that the activation energies of ionic conductivity and relaxation

frequency are identical in the tetragonal (t')-Zr02 as well as in the cubic-Zr02. Both

activation energies are also identical in zirconias doped with various trivalent metal oxides

investigated. The dispersion of the conductivity is related to the long-range motion of

vacancies, and not to frequency-dependent dielectric properties, due, for instance, to
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reorientation of dipoles such as (Y^'V") [2]. Since the activation energy of ionic

conductivity and the relaxation frequency are identical [77,78], the ionic conduction

mechanism in the tettagonal (f) Zr02 is the same in nature to that in the cubic-Zr02, the

hopping of oxygen vacancies.

6.5. Conclusions

Differential thermal analysis and ionic conductivity measurements of Zr02 doped

with Li203 have been carried out in the tettagonal-Zr02 and cubic-Zr02 phase regions, in

the temperature range between room temperature and 1700°C in air. Inttagrain ionic

conductivity of zirconias doped with various trivalent metal oxides including L12O3 as well

as Y2O3, Yb203, Er203 and SC2O3 has been investigated below 800°C. Zr02 doped with

In203 is a high ionic conductor with a maximum in ionic conductivity at 25 mol% InO1.5

in the cubic-Zr02 phase region.

At lower InOl.5 concentration, the ionic conductivity above 500°C decreased witii

decreasing InOl.5 concentration, due to a first-order transition related to die cubic-to-

tettagonal phase transformation. This first-order transition is associated with an exothermal

DTA peak, an abrupt change in ionic conductivity and/or its activation energy. At higher

InOl.5 concentration, the ionic conductivity decreased with increasing InOl.5

concentration at 1000°C in die cubic-Z1O2 phase region, and the activation energy of the

ionic conductivity increased continuously with decreasing temperature, probably due to

defect interactions.

Abrupt changes in activation energies of the ionic conductivity from the t'-Zr02

phase to the cubic-Zr02 phase have been found, in Z1O2 doped with Er203, In203, and

SC2O3, but not in Z1O2 doped with Y2O3 and Yb203. The doping of a metal oxide with a

similar cation ionic radius to the radius of Zr4+, and die composition near the cubic-to-

tettagonal phase transformation temperature versus dopant concenttation line (Ms line) are

the criteria to obtain the maximum ionic conductivity of doped zirconias around 1000°C.

The zirconia doped with 25 mol% InOl.5 satisfies both criteria.
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Chapter 7:

Electronic Conductivity of In203 Doped with Zr02

Abstract1

Electrical conductivity in the cubic-Zr02 + bcc U12O3 two-phase, and the bcc-

In203 single-phase regions of the system Zr02-InOi.5 has been investigated, in the

temperature range between room temperature and 1300°C, and in the oxygen partial

pressure range between 5xl0"5 and 1 atm. In die two-phase material, cubic-ZrC<2 + bcc-

IJ12O3 solid solutions, the electrical conductivity of electtonic character increases abruptly

up to IO4 S/m with increasing InOi.5 concentration. This material is a 3-dimensional

composite of ionic and electronic conductors. The single-phase MT2O3 doped with Z1O2 is

an n-type electtonic conductor with a conductivity up to 7xl04 S/m in air. Two maxima in

electrical conductivity have been found: one in the two-phase region and one in the L12O3

single phase region. Lattice defect models for electronic conduction in IJ12O3 doped with

Z1O2 are proposed. Z1O2 is one of the most effective donors to increase electtonic

conductivity of IT12O3, among Sn02, Nb20s, Pr60n, Ce02 as well as MgO.

This chapter has been presented in Defects and Transport Phenomena in Ceramics

Symposium, in the 95th Annual Meeting of the Am. Ceram. Soc, Cincinnati OH, April 20,

1993. (Paper SVn-26-93).

Preliminary results have been presented and published in Proc. European Ceram Soc. 2nd

Conf, Augsburg FRG, 1993, (in press).
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7.1. Introduction

The system ZrO2-In0i.5 contains materials with both high oxygen-ion-conducting

phases and a high electron-conducting phase, the amount of which can be varied to tailor

the electrical conductivity for specific applications [1]. The phase diagram of this system

has been revised in Chapter 4 [1,2]. The tetragonal- and cubic-Zr02 phases doped with

IJ12O3 exhibit high ionic conductivities comparable to Zr02 doped with Y2O3 [see

chapters 5 & 6, also 3-6]. The cubic-Zr02 phase, with the InO1.5 concenttation less than

the cubic-Zr02 eutectoid composition of 23.5 mol%, transforms to the tetragonal- (t') Z1O2

phase [1,2,6-8], which can affect ionic conductivity [see chapters 5 and 6, also see ref. 6].

In the two-phase field of the cubic-Zrf)2 and the bcc-In203, an electrical conductivity

higher than IO4 S/m has been found at 1000°C [9]. Z1O2 is a donor to increase electron

concentration and electronic conductivity of U12O3 [10]. In die DCC-JJ12O3 single-phase

region, IJ12O3 doped with Zr02 exhibits a high n-type electronic conductivity [9-12],

similar to In203 doped witii Sn02 (ITO). Sn02-doped L12Q3 has been widely used as thin

films for applications such as transparent electrodes, transparent heat reflectors,

heterogeneous junction solar cells, protective conducting or antistatic coating [13-16].

IJ12O3 possesses the C-type rare-earth crystallographic structure [17]. This structure

is an oxygen-deficient fluorite structure, with twice the unit-cell edge of the corresponding

fluorite cell, and with one quarter of the anions orderly missing [18-24]. Therefore, this

structure is flexible in oxygen content, both for oxygen deficiency with oxygen vacancies,

and for oxygen excess with oxygen interstitials [18-24]. IJ12O3 exhibits high oxygen

diffusivity via oxygen vacancy in a reducing atmosphere, and via oxygen interstitial in an

oxidizing atmosphere [19, 26-29]. The ionic conductivity of L12O3 doped with Sn02 was

reported to be 0.5 S/m even at 723°C [29]. Therefore doped-In2Q3 is a mixed ionic-and-

electronic conductor. Mixed-conducting oxides with high electronic conductivities are

potentially interesting materials for such as solid oxide fuel cell cathodes. The use of mixed

conductors can reduce non-ohmic polarization at electrodes, and would improve the

performance of solid oxide fuel cells [30-35].

Mixed-conduction is, however, not the only one criterion for the cathode materials

selection. The cathode materials should also be chemically compatible with the electrolyte.

The criteria to find chemically and thermodynamicaUy compatible cathode materials with

Zr02-based electtolytes are to find a Zr02-metal oxide system, where both an ion-

conducting and an electron-(or mixed-) conducting phases can coexist [36]. Ideally, the

metal oxide should be one of the stabilizer of the cubic-ZK)2 phase witii a high ionic
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conductivity, and Z1O2 should be an excellent additive to the metal oxide to obtain a high

n- or p-type electronic or mixed conductivity. Many rare-earth sesquioxides as well as CaO

and MgO are stabilizers of the cubic-Zr02 phase. Oxides having the rare-earth structure are

IJ12O3 and TI2O3, with a d*0 outer electron configuration on the cation, SC2O3, Y2O3 and

many of the rare-earth oxides with a d^ outer electron configuration on the cation [24].

Both IJ12O3 and TI2O3 differ from the others in which their conduction band is a broad re¬

type band, which may cause higher electtonic conductivity than other rare-earth oxides

[24]. Therefore the system Zr02-InOl.5 is one of the very limited systems which satisfy

the above criteria to tailor a compatible cathode with the electrolyte. Cathode layers of

Zr02-doped IJ12O3 have been prepared [1,33,36,37]. Cathode/electrolyte composites

consisting of an ionic conductor, a mixed-conducting composite, and an electtonic

conductor from the system have also been prepared from the system only by varying the

ratio of Z1O2 and IJ12O3 [see chapter 9, also see ref. 1],

Ionic and electtonic conductivities, conduction mechanisms, and lattice defects

should be understood, in order to use die Zr02-InOi.5 system for various electrical,

electtochemical, and optical applications. The purpose of the present study is therefore to

investigate ionic and electronic conductivities and lattice defect mechanisms in this system

as functions of cation composition, temperature, and oxygen partial pressure. The system is

also interesting in order to study the effect of ionic radius on solubility, phase

transformation, and defect association in zirconias [1,2,4,7,8,38-40], and as hot-corrosion

resistant thermal barrier coating material [41,42], and as a base system for the Ba3ln2ZrOs

fast ionic conductor [43].

7.2. Experimental Procedure

All powders were prepared via wet-chemical coprecipitation, except the pure IJ12O3

powder. &12O3 (InOi.5 >99.99%, PPM pure metals GmbH, Langelsheim, FRG) was

dissolved in HCl solutions, and Z1OCI2-8H2O (puriss, >99.0%, Fluka, Switzerland) as well

as SnCU, Ce(N03)3, NbCls, MgCl2, Pr(N03)3, was dissolved in distilled water. The

appropriate mixtures of the two solutions were added to diluted NH4OH solutions to obtain

hydroxide precipitates. The precipitates were washed with distilled water, vacuum-filtered,

and then calcined at 800°C for 1 h. Further details on powder preparation have been

reported previously [see chapter 4, also see ref. 2].
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The calcined oxide powders were uniaxiaUy pressed at 50 MPa into pellets of 16

mm in diameter and 2 mm in thickness for XRD phase analysis, and into bars of diameters

5x1.5x55 mm^ for 4-probe DC conductivity measurements. For pure IJ12O3 specimens, the

starting high-purity U12O3 powder was directly taken to be pressed into the powder

compacts. The specimens were sintered at 1500°C for 1 h, followed by fumace-cooling at a

rate of 10°C/min. Additional specimens with 90 and 95 mol% InOi.5-Zr02 were prepared

and sintered at 1500°C for 12 and 36 h. Densities of all samples were more than 94% of

theoretical. Special care has been taken to sinter the pure I112O3 specimens. Two specimens

of 1 g were embedded in the same high-purity L12O3 powder of 30 g in an AI2O3 crucible.

Other specimens were sintered on powders with the corresponding composition, lying on

Zr02 plates.

DC electrical conductivity was measured by 4-probe method using a microhm-

meter (Keithley No. 580). The distance between the inner electrodes was 12 mm. Pt pastes

(Degussa 308A) and pure Pt wires were used for electrical contacts. Electrical conductivity

as a function of temperature was measured on cooling, from 1300°C to room temperature.

The cooling rate was 4°C/min.

Isothermal electrical conductivity as a function of oxygen partial pressure (P02) was

measured in the P02 range between 5x10"5 and 1 atm, using 02-Ar gas mixtures, with a

flowing rate of 280 ml/min, at 1300, 1150, and 1000°C. The specimens with InOl.5

concentrations of 80, 95, 97.5, 99.5 mol% and pure JJ12O3 were selected for the study on

the P02 dependence. Exact P02 was determined by measuring the electromotive force

(EMF) using a Zr02-CaO tube. In each experimental condition, specimens were held, at

least, for 2 h at 1300°C and for 6 h at 1150 and 1000°C. Conductivity data were obtained

and regarded as in equilibrium witii die atmosphere, when resistivity changed less than 1 %

during further 1 h annealing. All temperatures were measured using Pt-10%Rh

thermocouples, placed within 1 mm from specimens. EMF measurements were also carried

out to verify die ionic and electtonic transference numbers of electrical conductivity, using

air on die oxidizing side and 02-Ar gas mixtures on the reducing side, with a Pt-electrode

area of 1 cm^.

Phase compositions were analyzed by X-ray diffraction (XRD, D5000, Siemens,

FRG), using CuKa radiation in the 26 range between 20 and 80°. Microstructures of

selected specimens (60,70, and 80 mol% InOl.5) were observed using SEM (JEOL-6400)

with an accelerating voltage of 27 kV.
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7.3. Results and Discussion

(1) Electrical Conductivity in the System Zr02-InOl.5

Figure 4-1 shows die phase diagram of die system [see chapter 4, also see ref. 1,2].

The system possesses the monoclinic (m), tettagonal (t), and cubic (c) Z1O2 solid solutions,

and the bcc-In203 solid solution with the C-type rare-earth structure. Figure 7-1 shows the

electrical conductivity of Zr02-InOi.5 as a function of InOi.5 concentration at 1000°C.

Z1O2 doped with I112O3 is an ionic conductor, and I112O3 doped with Zr02 is an n-type

electronic conductor. Electrical conductivity up to InOl.5 concentrations of 45 mol% is of

pure ionic character [3].

w
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Figure 7-1: Electrical conductivity of the system ZrO2-In0l.5. The electrical

conductivities in die Zr02-rich side of die system are taken from Sasaki et al. [1,9].
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In materials with InOi.5 concentrations of 50 mol% and higher, the conductivity is

predominately of the electronic character. The doping of Zr02 into I112O3 causes electronic

conductivity higher than IO4 S/m. In air, the maximum electrical conductivity of 7.0xl04

S/m was found at 99.5 mol% InOi.5 (0.5 mol% Z1O2) at 1300°C. The conductivities

higher than IO4 S/m were observed in a wide concentration range from 70 to 99.5 mol%

InOi.5.

In this system at 1000°C, three maxima in electrical conductivity were found: (1) at

25 mol% InOi.5 near the cubic-Zr02 eutectoid composition, (2) at 80 mol% InOi.5 in the

two-phase region of the cubic-Zr02 and me bcc-In203, and (3) at 99.5 mol% InOi.5 in the

bcc-In203 single phase region near the solubility limit of Zr02 in the bcc-In203. The

origin of the maximum at 25 mol% InO1.5 has been discussed in the last chapter.

(2) Electrical Conductivity in the Two-Phase Region Cubic-ZK)2 + bcc-

In203

In the two-phase region of the cubic-Zr02 and the bcc-In203, the electrical

conductivity increased abruptly with increasing InOi.5 concentration from 50 mol%

InOi.5, as shown in Figure 7-1. The electrical conductivity at 1000°C reaches IO4 S/m in

60 mol% InOi.5-Zr02, and 4xl04 S/m at 80 mol% InOi.5. EMF measurements of a 80

mol% InOi.5-Zr02 witii 02-Ar mixtures against air revealed that die ionic transference

number was in the order of 10"4, indicating that electronic conductivity is predominant in

die two-phase material.

In order to study the distribution of both phases, microstructural observations of 60,

70, and 80 mol% In0i.5-ZrO2, were made by SEM. The micrographs of die 80 mol%

specimens before and after HCl etching were shown in Figure 7-2(a) and (b), respectively

[see also ref. 9]. The densities of the three specimens were more than 97 %, so that only

few pores could be observed after sintering. After HCl etching for 80 h, the I112O3 phase

has been completely removed. Therefore, in Figure 7-2(b), solids correspond to the cubic-

Z1O2 phase, and pores correspond to the removed bcc-In203 phase. Grain and pore sizes

were less than 1 micron. One can find that both die cubic-Zr02 and the bcc-In203 phases

form 3-dimensional networks. Therefore this two-phase material is a 3-dimensional

submicron-size composite consisting of die continuous oxygen-ion conducting cubic-Zr02

phase, and the continuous electron-conducting bcc-In203 phase. The abrupt increase in

electrical conductivity of compositions with InOi.5 concenttations higher than 45 mol% is

caused by the three dimensional connection of the bcc-In203 phase.
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(a)

(b)

Figure 7-2: SEM microstructure of 80 mol% InOi 5-Z1O2, (a) before and (b) after HCl

etching for 80 h Note that the density of tins specimen was more tiian 97 % of theoretical

and very few pores could be observed before HCl etchmg as shown in (a) Note die

magnification difference
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(3) Electrical Conductivity of In203 Doped with ZK>2

The electrical conductivity of IJ12O3 doped with Zr02 was measured as functions

of dopant concentration, temperature, and oxygen partial pressure. Figure 7-3 shows die

electrical conductivity of Zr02-InOi.5 as a function of InOl.5 concentration above 70

mol%, at 1250, 1100, and 1000°C. The doping of Z1O2 enhanced the electrical

conductivity by 2 orders of magnitude. The highest electrical conductivity in air was found

in 99.5 mol% InOi.5-Zr02, near the solubility limit of 0.6 mol%.

The starting powders of Z1O2-I11O1.5 were prepared via coprecipitation in order to

achieve an initial homogeneous distribution of the elements. After this coprecipitation and

calcination process, more Zr02 could be metastably dissolved in die bcc I112O3 lattice, than

under equilibrium conditions at high temperatures. After the calcination of the hydroxide

precipitates, more tiian 40 mol% Z1O2 could be retained in me bcc-In203 [2]. Even after

sintering at 1500°C for 1 h, more than 8 mol% Z1O2 was dissolved metastably in the bcc-

U12O3, indicating that the kinetics of phase separation are very sluggish. Figure 7-3 shows

that, in the Zr02-supersaturated single-phase region and above 1000°C, the electrical

conductivity decreased with decreasing InOi.5 concentration (i.e., with increasing Zr02

concenttation from 0.5 to 10 mol%). A minimum was found at 90 mol% InOi.5, near the

metastable solubility limit after sintering at 1500°C for 1 h. Further increase in Z1O2

concentration led to an increase in electrical conductivity to reach a maximum at 80 mol%

InOi.5-Zr02.

Figure 7-4 shows the temperature dependence of electrical conductivities of 80,95,

99.5 mol% InOi.5-Zr02 and pure IJ12O3. The electrical conductivities were measured on

cooling from 1300°C to room temperature. The electrical conductivity of pure I112O3 was

independent on temperature below 800°C. Above 800°C, the electrical conductivity

increased witii increasing temperature. On the other hand, the electrical conductivity of

doped-In203 was, at least, 2 orders of magnitude higher than that of pure U12O3 in the

whole temperature range between 1300°C and room temperature. Therefore, the electrical

conductivity of the doped-In203 is extrinsic, and is introduced by doping Zr02.
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Figure 7-3: Electrical conductivity of Zr02-InOi.5 witii the InOl.5 concenttation more

than 70 mol%, at 1250,1100, and 1000°C.
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80,95, and 99.5 mol% InOi.5-Zr02, measured from 1300°C to room temperature.
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The electrical conductivities of 80 and 99.5 mol% InOl.5 exhibited the same

temperature dependence. The conductivities were independent on temperature from room

temperature to 600°C, increased above 600°C with increasing temperature, and became

less dependent on temperature around 1300°C. On the other hand, the electrical

conductivity of 95 mol% InOl.5 remained constant in die whole temperature range*2.

The specimens of 80, 95, 97.5, 99.5 mol% In0i.5-ZrO2 and pure I112O3 were

selected to measure die P02 dependence of electrical conductivity. Figure 7-5 shows

electrical conductivities of (a) pure &12O3 at 1300, 1150, and 1000°C, and (b) doped-

In203 at 1300 and 1000°C. The slopes of logo versus logPo2 have been derived and

compiled in Table 7-1. In a reducing atmosphere, the doped-In203 exhibited higher

electrical conductivity than that in air. At the oxygen partial pressure of 5xl0"5 atm, the

highest electrical conductivity of l.lxlO5 S/m was found in 80 mol% InOi.5-Zr02 at

1300°C.

Pure U12O3 possessed the P02 dependence of the exact -1/6 power law, in a

reducing atmosphere of the P02 range from 5xl0"5 to 0.01 atm. In the P02 range above

0.01, die conductivity became less dependent on P02. In 80, 97.5, and 99.5 mol% InOi.5-

Z1O2, the P02 dependence of the -1/8 power law was found, in the P02 range between 0.21

and 1 atm at 1000°C. With increasing temperature from 1000 to 1300°C, and/or with

decreasing P02 from 0.21, tiie conductivity became less dependent on P02. In 95 mol%

InOi.5-Zr02, the conductivity was independent on P02 at 1000°C. With increasing

temperature from 1000 to 1300°C, however, it exhibited a P02 dependence, contrary to the

80 and 99.5 mol% InOi.5-Zr02 samples.

m

Note that the electrical conductivities in Figures 7-3 and 7-4 were measured on cooling at a

rate of 4°C/min. At lower temperatures, a high-temperature state would be frozen and the

electrical conductivity data would not be necessarily the same as those in equilibrium,
shown in Figures 7-5 (a) and (b). Indeed, the electrical conductivity data measured on

cooling differed from those in equilibrium at 1000°C in 95 mol% InOi.5-Zr02 and pure

U12O3.
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(4) Lattice Defect Reactions in Pure- and Doped-In203

Lattice defect reactions taken into account are compiled in Table 7-2. The direct

band-to-band transition mechanism has been excluded as a predominant mechanism for

electronic conduction, according to die earlier studies [44,45]. The intrinsic conduction in

pure &12O3 has been explained by die partial reduction of In203 forming oxygen

vacancies, leading to the P02 dependence of the -1/6 power law [46]. If I112O3 retains

hypovalent metal oxides, the electrical conductivity exhibits the P02 dependence of the -1/4

power law [46].

L12O3 possesses the C-type rare-earth structure, which is tolerant to retain oxygen

vacancy or oxygen interstitial as mentioned in the Introduction (Chapter 7.1). If Zr02 is

dissolved in the bcc-In203 lattice, oxygen interstitials could be introduced to maintain

charge neutrality. In case these oxygen interstitials are reduced, free electrons are left

contributing to electronic conductivity. If all the oxygen interstitials are reduced, the

electron concenttation is constant, and the electtonic conductivity becomes independent on

P02, under die condition that die mobility of electrons remains constant If isolated oxygen

interstitials and their reduction attribute to die electronic conductivity, the P02 dependence

of the -1/4 power law should be found, as described in Table 7-2. In this case, the defect

reactions are described as:

2Zr02
In2°3

>2Zrj„ + 30* + 0," (7-1)

Oi"^y202(g) + 2e' (7-2)

Under the condition that die law of mass action is valid,

K5=[Oi,!Y1n2Po27/2 (7-3)

where n is the electron concentration and K5 is an equilibrium constant for the reaction (7-

2). According to the electroneutrality condition,

^Oi"]+n = cZr02 (7-4)

If [Of"]» n, the electtonic conductivity can be described as:
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aeocn = K1/2- ^yi) 'Po^4 (7'5)

In case n » [O,-"], where most of oxygen interstitials are reduced, the equilibrium of the

reversible reaction (7-2) shifts to the right side. The two reactions (7-1) and (7-2) then yield

2Zr02
In2°3 >2Z$, + 30? + y202(g) + 2e' (7-6)

The electron concentration is n ~ c^^ and the electtonic conductivity is independent on

oxygen partial pressure.

On die other hand, in Sn02-doped In203 tiiin films, the P02 dependence of the -1/8

power law has been found, which is associated with oxygen interstitial-dopant cation pairs

[47]. Assuming this mechanism to be applied, the defect reactions in L12O3 doped with

Z1O2 are described as:

2Zr02
ln2°3 H2Zr'n -Ot")+ 30% (7-7)

(2Zrfn Or)o 2Zrfn + 2e'+j/202(g) (7-8)

Under the condition that the law of mass action is valid,

[Zr?nf n2 Pofi = K-[(2Zrfn 0,"j] (7-9)

where n is the free electron concentration, left after the reaction (7-8) shifting to the right

side. Since the oxygen vacancy concenttation should be much lower than the oxygen

interstitial concenttation in In203 doped with a hypervalent metal oxide [47], the

electtoneuttality condition gives

n = [z^]+2[y;*] = [z^] (7-10)
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According to the condition for tiie conservation of the total number of Zi4+ ions,

cZr02=[Zrl]+2[(2Zr^O"ij\ (7-11)

where CZ102is me cation mole concentration of Zr02 doped in the In203 lattice.

In case Czr02 ~ (2Zffn Oj")\» n, the equations (7-11) and (7-9) may be written as:

CZr02s°foZrfnO,'ij\ (7-12)

and

[Zrjn\ n2 Po/'~KcZr02 = K6 (7-13)

The equations (7-10) and (7-13) yield

n = K61/4Pof1/8 (7-14)

Therefore the electtonic conductivity oe=n-u,-e exhibits the -1/8 power dependence on P02,

under die condition tiiat the mobility u, remains constant and cZrt32»n- The law of mass

action may not be valid in heavily-doped materials, when the dopant concenttation is much

more than 1 mol% [58].

With decreasing oxygen partial pressure, more oxygen interstitials would be

reduced and the equilibrium of the reversible reaction (7-8) shifts to the right side. In tius

case, the condition cz,o2»n is no more valid, and the two reactions (7-7) and (7-8) yield

the same reaction as (7-6):

2Zr02
7"A

,2ZrIn + 3()X + y202(g)+2e' (7-15)

and Czjc^n (simple donor doping as shown in Table 7-2). The doped Zr4+ cations are

fully activated and one Zr4* adds one electron contributing electronic conduction. Since

the free (mobile) electron concentration is identical to the doped Zr02 concentration, the

electronic conductivity remains constant with temperature and oxygen partial pressure.



130 7. Electronic conductivity

In highly Sn02-doped L12O3 films, the electronic conductivity and the electron

mobility decrease due to the formation of associated defect complexes [47], and the tin

donor ions become neutralized forming a kind of Sn02 or SU3O4 clusters in U12O3 grains

[20,26,47-49]. One example of possible defect associations in Zr02-doped I112O3 is shown

in Table 7-2 [47].

(5) Electronic Conduction Mechanisms in In203 Doped with Z1O2

In pure In203, the slope of -1/6 in flie logo versus logPo2 plot was observed in the

reducing atmosphere. This P02 dependence corresponds to the partial reduction of I112O3

forming oxygen vacancy, consistent with the earlier studies [45,46]. The mechanisms with

oxygen interstitial and indium vacancy are excluded in pure U12O3, since they should cause

the positive P02 dependence, as described in Table 7-2. The mechanism with indium

interstitial could be also excluded because the P02 dependence of the -3/16 power law was

not observed, consistent with the earlier studies [45,46].

Since the electrical conductivity is extrinsic in Zr02-doped &12O3, the increased

electrical conductivity in doped specimens can not be explained by the partial reduction of

U12O3. Furthermore, the doping of hypervalent metal oxides in L12O3 should depress die

oxygen vacancy concenttation in L12O3 [47]. Therefore, die free electron concenttation

introduced by the partial reduction should be decreased by doping Zr02 (see Table 7-2),

which would result in a decrease in electtonic conductivity, contrary to the experimental

results.

The slope of -1/8 in the logo versus logPo2 plot was found in 80, 97.5, and 99.5

mol% InOi.5-Zr02 in the oxidizing atmosphere at 1000°C. This P02 dependence

corresponds to the mechanism with oxygen interstitial-dopant cation pairs. The slopes were

-1/8.5, -1/7.9, and -1/7.7 in the 80, 97.5, and 99.5 mol% InOl.5 specimens, respectively, at

1000°C in the P02 range between 0.21 and 1 atm, as shown in Table 7-1. With decreasing

P02 to 5xl0"5 or witii increasing temperature up to 1300°C, die electrical conductivity

became less dependent on P02 than the -1/8 power law, as shown in Figure 7-5 (b). This

transition can be explained assuming a transition to occur from the oxygen interstitial-

dopant cation pair mechanism to the simple donor mechanism, where oxygen interstitials

become reduced and the doped-In203 looses oxygen. This should lead to the loss of

oxygen. The decrease in weight of In203 due to oxygen loss has been observed with

increasing temperature above 900°C [50].
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On die other hand, the P02 dependence of the -1/4 power law was not observed in

Zr02-doped In203 under our experimental conditions, which is related to the reduction of

isolated oxygen interstitials. Note here, however, this mechanism may not be excluded

especially in case that the dopant concentration is very low. If this mechanism is

predominant, the slope of logo versus logPo2 would change gradually from -1/4 to zero

(independence), as described in Table 7-2.

ITie 80 mol% In0i.5-ZrO2 exhibited a similar dependence on both temperature and

P02, to the 99.5 mol% InOi.5 material. This behavior can be explained if the equilibrium

of the cation distribution has been achieved in 80 mol% InOi.5-Zr02, so that the bcc-

In203 grains contain 0.6 mol% Z1O2, the Zr02 concentration at the solubility limit in

equilibrium. 20 mol% Zr02 is far from the solubility limit in equilibrium, and die phase

separation kinetics at 1500°C were enough fast to reach equiUbrium. In equilibrium, the 80

mol% InOi.5-Zr02 specimen should possess a Z1O2 concenttation of 0.6 mol% in InOi.5

grains after the phase diagram. The similar P02 and temperature dependences of 80 and

99.5 mol% InOi.5-Zr02 indicate that the 80 mol% specimen consists of the bcc-In203

very near the tiiermodynamic solubility limit, and tiie cubic-Zr02- The electrical

conductivity is dominated by that of the bcc-In203 phase. The electtonic conductivity of

80 mol% In0i.5-Zr02 exceeded that of 99.5 mol% In0i.5-ZrO2 in the reducing

atmosphere, as shown in Figure 7-5(b). This result suggests that the Z1O2 concentration in

the bcc-In203 phase in the 80 mol% InOi.5 specimen is slightly higher than 0.5 mol%,

consistent with the solubility of 0.6 mol % Z1O2 in die phase diagram (Chapter 4).

Contrary to the other Zr02-doped specimens, the 95 mol% In0i.5-ZrO2 was a

single-phase material which was supersaturated in Zr02- In this material, the electrical

conductivity was independent on P02 at 1000°C, and independent on temperature in air.

Both the simple donor doping mechanism and the association of defect complexes

mechanism could exhibit less dependence on P02 and temperature. However, with

increasing temperature from 1000 to 1300°C, the electrical conductivity became more

dependent on P02, as shown in Figure 7-5(b). Witii increasing temperature, the slope of log

o versus logPo2 changed from -1/24 to -1/10.1 in the oxidizing atmosphere, and from -1/65

to -1/14.5 in the reducing atmosphere, as shown in Table 7-1. If the simple donor doping

mechanism were predominant and all Zr4"1" ions would be fully ionized, the electrical

conductivity should have become less dependent on P02 with increasing temperature. This

is in contradiction to the experimental findings for this 95 mol% specimen. The

experimental results can only be understood, if associated defect complexes at 1000°C

decompose to simpler defect complexes such as oxygen interstitial-dopant cation pairs.

These simple defect pairs would yield the -1/8 power dependence on P02. Therefore the
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conductivity in this Zr02-supersaturated material should be described by the association of

defect complexes. This mechanism has been found to be also predominant in heavily

Sn02-doped I112O3, when the Sn02 concenttation is more than 4 mol% [47].

The dependence of the electronic conductivity of Zr02-doped L12O3 on

temperature, P02, and Z1O2 dopant concentration, mentioned above, can be summarized as

that the predominant lattice defects for electtonic conduction change from:

(I) Defect complexes (o is independent on P02), to

(II) Oxygen interstitial-dopant cation pairs (P02 dependence of power -1/8),

(or isolated oxygen interstitials) and

(TO) Free electrons after reducing oxygen interstitials (o becomes less dependent on P02)

with increasing temperature, with decreasing P02, and with decreasing dopant

concentration, under our experimental conditions. The transitions of electtonic conduction

mechanisms in the oxidizing atmosphere are schematically described in Figure 7-6.

Possible predominant lattice defects attributing electtonic conduction in pure and doped

U12O3 are summarized in Table 7-3.

In the Zr02-supersaturated single-phase region, the electrical conductivity

decreased with increasing Z1O2 concentration, and a minimum was found at 90 mol%

InOi.5. The minimum was caused by this supersaturation, due to the slow segregation of

Z1O2 from the I112O3 grains. Therefore we should expect changes in conductivity with

sintering time when these samples are kept at high temperatures. Indeed, the electrical

conductivity of 90 and 95 mol% MO1.5-Z1O2 at 1250°C increased from l.OxlO4 S/m to

3.8xl04 S/m, and from 1.5X104 S/m to 7.3X104 S/m, respectively, with increasing

sintering time from 1 h to 12 h. After 36 h sintering of the 90 mol% specimen at 1500°C,

die electrical conductivities of 80,90,95, and 99.5 mol% InOi.5 specimens were identical.

This can be expected as the material becomes a two-phase mixture of the cubic-Zr02 and

the bcc-In203 phases. Therefore the minimum at 90 mol% InO1.5 and the maximum at 80

mol% InOi.5 "> electrical conductivity are due to the supersaturation of Z1O2 in the

In203. The slow phase separation and the conduction mechanism in the supersaturated 95

mol% specimen botii suggest that the Zr4+ ions first intend to form defect complexes in the

I112O3 grains rather than segregate to form the cubic-Zr02 phase as a second phase in this

specimen.



T
h
e
sl
op
e
l
o
g
o

v
s
.
lo

gP
o2

S
i
m
p
l
e
d
o
n
o
r
d
o
p
i
n
g

-
1
/
1
1
.
3

/
/

-
1
/
1
0
.
1

-
1
/
8
.
5

-
1
/
2
4

R
e
d
u
c
t
i
o
n
o
f

o
x
y
g
e
n

in
te
rs
ti
ti
al

D
e
f
e
c
t
c
o
m
p
l
e
x
e
s

(•
do

pa
nt

pa
ir

)

S
i
m
p
l
e
d
o
n
o
r
d
o
p
i
n
g

-
1
/
1
0
.
4

-
1
/
2
1

-
1
/
7
.
7

R
e
d
u
c
t
i
o
n
o
f

o
x
y
g
e
n
i
n
t
e
r
s
t
i
t
i
a
l

(
-
d
o
p
a
n
t
pa

ir
)

T
T

8
0

Z
r
0
2

9
5

9
7
.
5

9
9
.
5

In
C^

5
c
o
n
c
e
n
t
r
a
t
i
o
n
(
m
o
l
%
)

in
A
i
r

-

0
2

Te
mp

er
at

ur
ef

C)

A

-
1
/
9
.
1

-
1
/
6
.
8

-
1
/
6
.
0

-
-
1
3
0
0

1
1
5
0

-
-

1
0
0
0

R
e
d
u
c
t
i
o
n
o
f
I
n
2
0
3

(
o
x
y
g
e
n
v
a
c
a
n
c
y
)

1
0
0

I
n
2
0
3

F
i
g
u
r
e
7
-
6
:

T
r
a
n
s
i
t
i
o
n
s
o
f
e
l
e
c
t
r
o
n
i
c
c
o
n
d
u
c
t
i
o
n
m
e
c
h
a
n
i
s
m
s
i
n
p
u
r
e
a
n
d
Z
r
0
2
-
d
o
p
e
d
In

2<
33



T
a
b
l
e
7
-
3
:
P
o
s
s
i
b
l
e
pr

ed
om

in
an

t
la

tt
ic

e
d
e
f
e
c
t
s
f
o
r
e
l
e
c
t
r
o
n
i
c
c
o
n
d
u
c
t
i
o
n

i
n
p
u
r
e
a
n
d
d
o
p
e
d
I
n
2
0
3

D
e
f
e
c
t
r
e
a
c
t
i
o
n
s

S
i
m
p
l
e
d
o
n
o
r
d
o
p
i
n
g

2
Z
r
0
2

"
f
t

>2
Zr

;n
+
3
Q
x
+
2e

'+
y2

Q2

R
e
d
u
c
t
i
o
n
o
f
o
x
y
g
e
n

i
n
t
e
r
s
t
i
t
i
a
l

2
Z
r
0
2

"
f
t

)
22
>;
;
+
3
0
x
+
O
,
"

Q
,
"
<
*
y
2
Q
2
+

2
e
'

R
e
d
u
c
t
i
o
n
o
f
i
n
t
e
r
s
t
i
t
i
a
l
o
x
y
g
e
n
-
d
o
p
a
n
t
c
a
t
i
o
n
pa

ir

2
2
>
0
2

"
f
t

->
(2

Zr
l-

0,
")

+
3
0
x

(
2
Z
r
l

•

0,
")

<
-
»
2Z
r;
„
+
2
e
'
+
y
2
Q
2

A
s
s
o
c
i
a
t
i
o
n
o
f
d
e
f
e
c
t
c
o
m
p
l
e
x
e
s

2
2
>
0
2

"
f
t

>(
2Z
rl

O,
")
+
3
0
x

2
Z
r
0
2

"
f
t

>(
Zr

20
4)

x

(2
Zr

;„
Ol

")
+
(Z

r2
.Q

4)
x<

*[
(2

Zr
;i

lO
l"

)(
Zr

20
4)

x]
P
a
r
t
i
a
l
r
e
d
u
c
t
i
o
n
o
f
I
n
2
0
a

2
1
n
j +
3
Q
X

<
-
>
2
I
n
x
+
3
V
"
+
6e
'+
y2
Q2

A
c
c
e
p
t
o
r
d
o
p
i
n
g
(d

iv
al

en
t
m
e
t
a
l
o
x
i
d
e
:
A
O
)

2
A
0

"
f
t

)
2A

;„
+
2
0
x
+
V
"

2I
nj

+
3
Q
X

<
-
>
21

nj
+

iV
."

+
6e
'+
y2
Q2

P
0
2
d
e
p
e
n
d
e
n
c
e

M
a
t
e
r
i
a
l
s

a
=

co
ns

tP
o2

I
n
2
0
3
-
S
n
0
2

[4
6]

a
o
c
Po

2-
l/

4

a
o
c
P
o
2
~
1
^
8

I
n
2
0
3
-
S
n
0
2

[4
7]
,

a
«

co
ns

tp
02

H
e
a
v
i
l
y
S
n
0
2
-
d
o
p
e
d

U
1
2
O
3

[4
7]

a
o
c
Po

2-
l/

6
I
n
2
0
3

[4
5,

4
6
]

a
o
c
Po
2-
U^

I
n
2
0
3
-
C
a
O

[4
6]



7. Electronic conductivity 135

(6) Electrical Conductivity of In203 Doped with Various Oxides

Besides In203-ZrO2 materials, In203 powders doped with Sn02, Ce02, Nb205,

Pr60n, as well as MgO have been prepared via the coprecipitation process, with dopant

concentrations of 5 and 20 mol%. Table 7-4 shows die phase compositions of the powders

after calcination at 800°C for lh, and tiiose after sintering at 1500°C for lh. The 5 mol%

oxide containing specimens witii Sn02, Nb205, and Pr60n, consisted of the bcc-In203

phase only. The sintered specimens with Ce02 and MgO included a small amount of

second phases. After 20 mol% oxide addition, all sintered specimens, except mat with

Sn02, were two-phase materials [51-53].

In Figure 7-7, the electrical conductivities of U12O3 with (a) 5 mol% and (b) 20

mol% addition of these oxides are shown. The additions of Sn02, Z1O2, Nb20s, and

Ce02 increased die electrical conductivity. In case of the 5 mol% addition, Zr02-doped

In203, even supersaturated in Z1O2, exhibited an electrical conductivity comparable to

Sn02-doped L12O3. Among the 20 mol% doped materials, the Zr02-containing specimen

exhibited the highest electrical conductivity above 600°C. On die other hand, a high

concentration of acceptor cations, such as MgO, led to a highly-resistive n-type conductor

by the self-compensation effect as has been described for the wide band-gap

semiconductors [54,55]. From these results, it can be concluded that Zr02 is one of the

most effective donors to increase electronic conductivity of In203. Therefore, 2W)2-doped

U12O3 has potential use as highly conductive films for various electrical, electtochemical,

and optical applications.
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Figure 7-7: Electrical conductivity of hi203 doped with (a) 5 and (b) 20 cation mol% of

metal oxides, ZK)2, Sn02, Nb20s, Ce02, Pr60n, as well as MgO.
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(7) Mixed Ionic and Electronic Conductivity of Zr02-InOi.5

Besides high electronic conductivity, materials exhibiting mixed ionic and

electronic conductivity may be of interest in this system. There arc two possibilities to

introduce ionic conductivity to ceramics based on Zr02-InOi.5. One is to dope hypervalent

oxide in In203 yielding oxygen interstitials, or to reduce In203 forming oxygen vacancies.

At the atmospheric oxygen pressure, oxygen diffusion occurs via an oxygen interstitial or

interstitialcy mechanism in U12O3 [19,56]. Another possibility is to prepare a two-phase

composite with the In203-doped cubic-Zr02 and die bcc I112O3 solid solutions The

oxygen diffusion coefficients of 25 mol% InOi.5-Zr02 as well as those of pure In203 and

doped-In203 are summarized in Figure 7-8 [1,19,28,57], and are compared with 8 mol%

Y2O3-Z1O2. The oxygen diffusion coefficients of doped-Zr02 were derived using the

Nernst-Einstein [58-61] equation:

D = kTa/nq2 (7-16)

where k is the Boltzmann constant, T temperature in Kelvin, n the oxygen vacancy

concentration per unit volume, q=2e the charge of an oxygen vacancy. The oxygen

diffusion coefficient of Zr02 doped with In203 is comparable to that of cubic Z1O2 doped

with Y2O3. The oxygen diffusion coefficients of In203 doped with Sn02, and In203 with

1% Z1O2 are two or three orders of magnitude lower. Murakami et al. [57] revealed,

however, that the oxygen diffusion coefficient in U12O3 was strongly influenced by the

Sn02 concentration. Further work is needed to clarify the oxygen diffusivity and the ionic

conductivity of U12O3.

The oxygen-ionic transference number of Sn02-doped U12O3 can be derived to be

=10"5, from the ionic conductivity of 0.5 S/m [29] and the total electrical conductivity of 7

xlO4 S/m at 723°C shown in Figure 7-8(a). The ionic transference number of the two-

phase material of 80 mol% InOl.5 is IO"4, from the electrical conductivity of this material

and die ionic conductivity of 25 mol% In0i.5-ZrO2, even neglecting tiie ionic

conductivity in the bcc-In20j phase. The ionic conductivity of the two-phase material is

comparable to that of the Zr02-based electtolyte, and the ionic conductivity of die two-

phase material can be varied by changing the InO1.5 concentration. Even though the ionic

transference number is low and electtonic conduction is predominant, the two-phase

material of cubic-Zr02 and bcc-In203, and the bcc-In203 single phase material possess
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significant ionic diffiisivity. Therefore, these materials may be useful to tailor mixed-

conductors.

Temperature(*C)

10VT IK-')

Figure 7-8: Oxygen diffusion coefficients of 25 mol% InOi.5-Zr02, 8 mol%Y203-Zr02

[1], and pure or doped-In203 [19,28,56].
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7.4. Conclusions

Electrical conductivity in the cubic-Zr02 + bcc L12O3 two-phase, and bcc U12O3

single-phase regions of the system Zr02-InOi.5 have been investigated, in the temperature

range between room temperature and 1300°C, and in the oxygen partial pressure range

between 5x10"5 and 1 atm. In the cubic-Zr02 + bcc-In203 two-phase region, the electrical

conductivity of electtonic character increases abruptly up to IO4 S/m with increasing

InOl.5 concentration. This material is a 3-dimensional composite of a pure ionic conductor

and a mixed conductor of predominantly electtonic character.

UT2O3 doped with Z1O2 is a high n-type electtonic conductor up to =105 S/m at

1300°C. The maxima in electrical conductivity have been found in bcc In203 solid

solution containing 0.5 mol% Zr02 and in the two-phase material of 80 mol% InOl.5 m

air. The oxygen partial pressure dependences of electronic conductivity indicate that the

lattice defects responsible for electtonic conduction in In203 doped with Z1O2 are oxygen

interstitial (-dopant cation pairs), the agglomerates of defect complexes, and free (mobile)

electrons left after the reduction of oxygen interstitials. Z1O2 is one of the most effective

donors to increase electtonic conductivity of In203, among Sn02, Nb205, Pr60n, and

Ce02. Mixed ionic and electtonic conductivity in the In0i.5-rich side of the Zr02-InOi.5

system has been discussed. The two-phase material of cubic-Zr02 + bcc-In203, and the

DCC-M2O3 single-phase material may be useful to tailor mixed-conductors.
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Chapter 8:

Processing of Zr02-Doped I112O3 Cathodes

Abstract1

The system In203-ZrO2 has been investigated as a cathode material for SOFCs.

ZrC<2-doped L12O3 is a chemicaUy compatible cathode material with Zr02-based

electrolytes. Porous cathode layers witii a continuous microstructure have been

successfuUy prepared on Y203-doped Z1O2 electrolytes by screen printing. Processing

parameter-microstructure-property (I-V characteristics) relations are discussed. A

functionaUy gradient configuration of cathode/electtolyte has been inttoduced using a

composite of ion- and electron-conducting phases.

Most of the results in this chapter have been published in; pp. 288-300, Proc. 3rd Intl.

Symp. Solid Oxide Fuel Cells, Ed. by S.C. Singhal and H. Iwahara, The Electrochem. Soc.,

Inc., Proc. Vol. 93-4,1993.
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8.1. Introduction

Recent studies on cathode materials have concentrated on Lai_xSrxMn03, which has

been extensively used in many plant tests of SOFCs [1-3]. This manganite cadiode shows

good performance in the tubular configuration with long-term StabiUty [4]. However,

further improvement of cathode materials is desirable due to large voltage drops in the

cathode and at the cathode/electtolyte interface [2]. Furthermore, the manganite is reactive

with ZrC<2-based electrolytes. The reaction and rapid interdiffusion at cathode/electtolyte

interfaces have been studied by several autiiors [5-7]. For the planar ceU concept, thin flat

electtolytes are used with tiiicknesses from 150 to 300 um made by tape-casting or only a

few to 20 microns when one of the electtodes serves as a substrate for the electrolyte

deposition [8,9]. In the latter case, however, the chemical reaction with the manganite or

the diffusion of transition metal ions into the electrolyte could lead to an increase of

resistivity at the cathode/electrolyte interface and/or a decrease of the ionic transference

number of the electrolyte lowering the performance of fuel cells.

The first aim in this chapter is to study the thermal expansion, and die chemical

compatibility of Zr02-doped JU12O3 catiiodes through phase equUibria considerations and

interdiffusion measurements. The processing-microstructure-property relations of the

In203-based cathode materials are then studied. The cathode layer has been successfully

prepared by the screen printing technique. The current-voltage characteristics by applying

external voltage (oxygen pump method) are shown and discussed as functions of

processing parameters.

8.2. Thermal Expansion

If there is a diermal expansion mismatch between the cathode and the electrolyte, the

cathode layer may become detached from the electrolyte. Thermal expansion coefficients

were measured by dilatometry from room temperature to 1000°C. The thermal expansion

coefficient of 8 mof% Y2O3-Z1O2 was 10.5x10-6 k-1 The coefficient of pure L12O3 is

8.7xl0"6 K-1 [21]. The coefficients of 70 and 95 mol% In0i.5-ZrO2 are 10.1 and 9.0x10"

6, respectively. The pure I112O3 has a sUghtly smaUer thermal expansion coefficient than

that of 8 mol% Y2O3-Z1O2, but the difference becomes smaUer with increasing Z1O2

concentration. The two-phase material consisting of cubic Z1O2 + bcc L12O3 at 70 mol%

L1O1.5 nas almost the same thermal expansion coefficient to that of the electtolyte Z1O2-

Y203.
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83. Phase Equilibria Related to Cathode Processing

The phase diagram shows that no intermediate phase forms [see chapter 4], such as

In2Zr207 [16]. Furthermore, an extended cubic Z1O2 soUd solution ranging from 12 to 56

mol% InOi.5 was found at 16WC. The presence of the broad cubic phase field indicates

tiiat the Z1O2 lattice is tolerant to In3+ ions and the diffusion of smaU amounts of In3+ into

Zr02-based electrolytes would not destabdize the cubic Z1O2 phase.

The cubic phase in the system is not thermodynamicaUy stable at 1000°C The

eutectoid decomposition of the cubic phase has been observed after anneaUng at 1300°C

for 64 h. If the two-phase material, consisting of the cubic Z1O2 and bcc-In203 phases, is

used as a cathode material, the cubic phase would eventually decompose into tetragonal

Z1O2 + bcc L12O3 phases. A decomposition time of 64 h at 1300°C suggests that much

longer times are required for the decomposition at and below 1000°C Therefore the

In203-stabitized cubic Z1O2 is regarded as a long-term metastable soUd electtolyte.

Moreover, die tetragonal phase formed after the decomposition exhibits also high ionic

conductivity as does the cubic phase [see chapter 5]. The phase transformation from the

tettagonal to the monocUnic phase requires further grain growth larger than the critical

grain size for phase ttansformation, and the grain growth is very slow at 1000°C [see

chapter 4].

If Zr02-doped L12O3 is used as a cathode on 8 mol% Y2O3-Z1O2 electtolytes, an

understanding of the system (Zr02-8raol%Y203)/(InOi 5-XZ1O2) is important. From the

ternary phase diagram Zr02-tii203-Y203 [17], it can be seen that the crystaUine phase

assemblage changes from single phase cubic Z1O2 through the two-phase, cubic Z1O2 +

bcc L12O3, with increasing InOi.5 concentration. Therefore a long-term operation would

cause only a relaxation of the initial sharp concenttation gradient of Zr4"1", In3+ and Y3+

due to interdiffusion, but no reaction layer compound would be formed between the

cathode and die electtolyte.

8.4. Reaction/interdiffusion at the Cathode/Electrolyte Interface

In order to characterize the chemical reactions and diffusion at the interface between

the cathode and the electtolyte, diffusion couples of 95 mol%InOi 5-Z1O2/8 mol% Y2O3-

Z1O2 were prepared. It has been reported tiiat the 111203-based catiiodes are more

chemicaUy compatible with the electtolytes than the Sn02-based cathodes [22]. Our
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electrolyte had a density of 95 % and the density of cathode layers for die interdiffusion

measurements was about 80 %. Therefore the diffusion profile was measured by SEM-

EDX where grains of the cathode completely contacted the electrolyte.

Distance [(im)

Figure 8-1: Concenttation profiles of (Zr4++Y3+) and In3+ after heat treatment at 1400°C

for 20 h.

Figure 8-1 shows the concentration profile of (Zr4++Y3+) and In3+ ions after heat

treatment at 1400°C for 20 h. The EDX peaks of Zr4'1" and Y3+ were overlapped and could

not be separated. The maximum diffusion distance of In3+ into die electrolyte was 12 urn.

An InOi.5 concentration of 10 % was found 4 umu from the interface. The diffusion

distance of In3+ is considerably shorter than that of various cations from Lai.xSrxMn03
cathodes. The diffusion distances of In3"1- into die electrolyte at various temperatures and

for various anneaUng time are summarized in Table 8-1. In the case of the manganite

cathode, metal cations diffuse about 50 um into the electrolyte even at 1250°C and

chemical reactions take place to form La2Zr207 [5].
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With the In203-based cathode, no intermediate phase formation was found for heat

treatments up to 1500°C for 10 h. The results are consistent with die phase diagram which

shows tiiat no intermediate phase field exists at least up to 1700°C The chemical

compatibiUty of the tt^Cg-based cathode with the Zr02-based electrolyte is one of the

advantages of this material for soUd oxide fuel ceU catiiodes.

8.5. Processing of Cathode Layers

The green cathode layers were prepared on sintered electrolytes by screen-printing.

Because of the shrinkage of the cathode layer during sintering, it can become detached

from the electtolyte or have a discontinuous microstructure after sintering. Therefore the

shrinkage of the green cathode layer must be conttoUed. Figure 8-2 shows the BET surface

area and the crystalUte size calculated from it for 80 mol% InOi.5-Zr02 powder as a

function of calcination temperature of the starting hydroxide powder. With increasing

calcination temperature, the surface area decreases and the crystalUte size increases, leading

to a lower shrinkage.

«

«
u

UJ
ffi

400 600 800 1000 1200 1400

Calcination temperature (°C)

Figure 8-2: BET surface area and crystalUte size of 80 mol%InOi 5-ZK>2, as a function of

calcination temperature after the coprecipitation process.
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Figure 8-3: SEM micrographs of the surface of Zr02 doped U12O3 cadiode layers made

from the powders calcmed at (a) 600°C and (b) 1200°C
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Lowenng the shrinkage is the key to improving the microstructural integrity of die

cathodes All cathode layers were smtered at 1375°C for 2 h Figure 8-3 shows the SEM

micrographs of the surface of Zr02 doped In203 cathode layers, made from the powders

calcined at (a) 600°C and (b) 1200°C Using the powders calcined at 600 or 800°C, the

cathodes had a discontinuous microstructure consisting of isolated dense-smtered cathode

islands separated by wide cracks A continuous microstructure was obtained from starting

powder calcmed at 1200°C Figure 8 4 shows the cross section of the 90 mol% InOi 5-

Zr02 cathode layer with a thickness of 35 urn, using powder calcined at 1200°C and

sintered at 1375°C The cathode layer has a continuous microstructure with grain and pore

sizes of -1 \im No large cracks, which reduce die m-plane electiical conductivity, were

found in these optimized cathode layers

Figure 8-4 SEM micrograph of the 90 mol%InOj 5-Zr02 cathode layer on the electrolyte
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8.6. Processing Property Relations

The current-voltage characteristics in air (oxygen pump method) were measured to

study the processing property relations. Cathodes were sintered on tape-casted electrolytes

of 6 mol% Y2C«3-Zr02. Porous Pt was used as a counter electrode. As current coUectors,

Pt-paste was painted on the surface of the cathode layer to form a square Pt-mesh with a

stripe width and separation distance of 1 mm. External voltage was applied up to 1.1 V,

which corresponds to the electromotive force between air and H2 gas at 900°C in a

concenttation ceU where the current is zero. The current between the cathode and the

counter electrode was measured by multimeters (Keithley 175A, 195A and 2001)

connected by Pt-wires. The voltage between the cathode and the anode was measured using

other Pt-wires connected directly to die electrodes. Therefore tiiere is no influence of die

resistivity of the Pt-wires on the voltage measurements and the voltage measured is

identical to the sum of the voltage drop in the cathode, the electtolyte and the Pt-electtode.

(1) Temperature dependence: Figure 8-5(a) shows the temperature dependence of

the current-voltage (I-V) characteristics of a 90 mol% InOi.5-Zr02 cathode at 800, 900

and 1000°C in air. The starting powder was calcined at 1200°C for 1 h and, after screen

printing, the green cathode layers were sintered at 1375°C for 2h. The current density with

an external voltage of 1.1 V was 1.2 AJcnfi at 1000°C The value corresponds to the

current density in an ideal concentration ceU between flowing air and flowing H2, in the

case of short circuit. Note that in practice this current density may be smaUer in

concentration ceU measurements because electtochemical reactions such as hydrogen gas

witii oxygen ions can also cause voltage drops which Umit the current density in a

concenttation cell, but not in the I-V characteristic measurements in air. The results of the

current and power density measurements in concenttation cells are given in the next

chapter. The current density decreased with decreasing temperature from 1000 to 800°C

The electrical conductivities of both the electtolyte and the cathode also decrease from

1000 to 800°C [see chapter 7].

(2) Effect of powder crystallite size: Figure 8-5(b) shows the I-V characteristic of 90

mol% InOi 5-Z1O2 as a function of powder crystallite size at 1000°C The powders with

crystaUite sizes of 30 and 170 nm calculated from BET surface area, were prepared by

coprecipitation and calcination at 800 and 1200°C for 1 h, respectively. The current density

with the cathode from the finer powder was considerably lower. The low value is due to the

discontinuous microstructure of the cathode from finer powders. The cracks in the cathode

layer reduce die in-plane conductivity, leading to the low current density.
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(3) Effect of cafliode thickness: Figure 8-5(c) shows the I-V characteristic of 90 mol%

InOi.5-Zr02 cathodes of various thicknesses at 1000°C The current density increased

sHghtly from 10 to 20 urn showing a maximum at a thickness of 20 urn. Further increase in

cathode thickness leads to a decrease in current density. After the measurements, cathode

layers were often found to be detached if the thickness was more than 50 urn. The initial

increase of current density may be due to the decrease in in-plane (total) resistivity in the

cathode. The optimal thickness, which also depends on chemical composition, was 20-35 u

m for 90 mol% InOi.5-Zr02.

The decreased current density with increasing thickness above 35 urn is caused by less

adherence between the cathode and the electrolyte. This can be a result of either the small

thermal expansion difference or the sintering shrinkage of cathodes in the direction parallel

to the electtolyte surface, which causes strain between the cathode and the electrolyte. In

both cases, however, the strain can be reduced by preparing a functionally gradient

cathode. The test ceU with a 70 mol% InOi.5-Zr02 10 nm-thick intermediate layer

between a 90 mol% InOi.5-Zr02 cathode (35uMn) and a 6 mol% Y2O3-Z1O2 electrolyte

shows an improved adherence between the cathode and the electrolyte with a slightly

improved I-V characteristic from 1.2 to 1.4 Alcnfi at an external voltage of 1.1 V at

1000°C, as shown in Figures 8-5(d) and 8-5(e). The intermediate layer, which has a sinrilar

thermal expansion coefficient to that of the electtolyte and is a composite of the ion-

conducting cubic ZrC«2 and electron-conducting bcc InOi.5 phases, improves the

adherence and electrochemical properties. The thermal expansion coefficient, the ionic and

electronic conductivities are gradually changing, and the cell has a wider interface between

tiie cathode and the electrolyte. Cubic Z1O2 doped with 111203 may be substituted for the

Z1O2-Y2O3 electtolyte [see chapter 9]. Since In203-Zr02 is chemicaUy and

thermodynamicaUy compatible with Zr02-based electrolytes, an entire cathode-electrolyte

pair can be prepared from the U12O3-Z1O2 system by simply varying the U^OyZrt^ rati°

between layers. Cubic Z1O2 and bcc U12O3 can coexist as two phases without undesirable

intermediate phase formation as seen from the phase diagram.

(4) Effect of chemical composition: Figure 8-5(d) shows the dependence of current

density as a function of InOi 5 concentration at 1000°C All powders for the cathodes were

calcined at 1200°C for 1 h. AU cathode layers were sintered at 1375°C for 2 h and had the

same thickness of 35 urn. Under these processing conditions, 90 mol% InOi 5-Z1O2

cathode shows the best performance in all specimens from 70 to 95 mol% InOi 5.
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(5) Comparison with other materials: Several other cathode materials were chosen to

compare with the I-V characteristic of the doped-In203 cathode, namely Pt (Heraeus,

FRG), Pd, 70%Ag-Pd (both Demetron, FRG) and Lao.84Sro.i6Mn03. The metal pastes

were painted on the electrolyte surface. The Lao.g4Sro.i6Mn03 powders were prepared by

mixing of 1^03, S1CO3 and MnC03 powders and heating at 1400°C for 2 h, foUowed by

milling. The manganite cathode with a thickness of 35 um was prepared by screen-printing,

the same as the 111203-based cathode, and then sintered at 1200°C for 1 h. Electrolytes,

counter electtode and measurement configurations were the same as those for the L12O3-

based cathode.

Figure 8-5(e) shows the I-V characteristic of aU samples at 1000°C The Pt-cathode

shows the best performance. The current density of the In203-Zr02 cathode shows higher

performance than that of Pd and the manganite. Note that the aim here was only to compare

various cathode materials, prepared and characterized with siimlar techniques. The absolute

values of current density could be changed by using other processing techniques and

processing parameters, or after further optimization. The results show, however, that the

In203-based cathode performs as weU as various cathode materials except Pt. It is

concluded that the In203-Zr02 cathode has a comparable I-V characteristic to other metal

and manganite cathode materials.

8.7. Conclusions

The system In203-Zr02 has been investigated as a cathode material for SOFCs.

Thermal expansion, chemical reaction and interdiffusion phenomena were studied. I112O3-

Z1O2 is a chemicaUy compatible cathode with Zr02-based electtolytes. Porous cathodes

with a continuous microstructure on Y203-doped Z1O2 electtolytes have been successfuUy

prepared by screen-printing. The current-voltage characteristics have been optimized after

studying the processing-property relations. A functionaUy gradient cathode configuration

with a two-phase composite can improve the adherence and the electtochemical properties.

The In203-Zr02 cathode shows comparable I-V characteristics in air to those of other

metal and manganite cathode materials.
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Figure 8-5: The current-voltage characteristics of the In2O3-Zr02 cathodes with 6 mol%

Y203-Zr02 electrolytes and Pt counter electtode in air, as functions of (a) operation
temperature, (b) powder crystaUite size, (c) cathode thickness, (d) chemical composition,
and (e) comparison with other cathode materials.

[Figures 8-5(c), (d), and (e), on next pages]
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Chapter 9:

Electrochemical Properties of Oxides for SOFC

Cathodes

Abstract1

This chapter introduces three approaches to use mixed-conducting oxides for soUd

oxide fuel ceU (SOFC) cathodes through microstructural modifications. The three

approaches are (1) to taUor a chemicaUy-stable concentration-gradient cathode/electtolyte

composite by using a two-phase material consisting of an ion-conducting phase in

thermodynamic equiUbrium with an electron- or mixed-conducting phase, (2) to prepare a

multi-layer cathode consisting of a mixed-conductor and intermediate layers to relax

thermal expansion mismatch between the cathode and the electrolyte, and (3) to use a

concentration gradient cathode/electrolyte composite where diermal expansion coefficient,

ionic and electtonic conductivities change gradually. Cathode layers with mixed-

conducting oxides based on doped In203 and doped lanthanum cobaltite have been

prepared on Y203-doped Z1O2 electtolytes by screen printing technique. Electrochemical

performances of the PENs (Positive electtode / Electrolyte / Negative electtode) were

characterized by current-voltage measurements in H2+Ar / air concentration ceUs. Both

advantages and disadvantages of each approach are outlined and discussed.

A part of this chapter has been pubUshed; pp. 187-206 in Proc. 5th IEA-Workshop on

SOFC, Materials, Process Engineering and Electrochemistry, Ed. by P. Biedermann and B.

Krahl-Urban, Julich FRG, March 2-4,1993.
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9.1. Introduction

It has been recognized that the mixed ionic and electronic conduction in cathode

materials can improve electtochemical properties of PENs for sotid oxide fuel cells [1-9].

If a cathode is a pure electronic conductor, e.g. Pt, the electrochemical reduction of oxygen

molecules can take place only at the triple contacts of the cathode, electrolyte and gas phase

[1,2,4]. On the other hand, if a cathode material possesses not only a high electronic

conductivity but also a high oxygen-ionic conductivity, the reduction of oxygen gas can

occur at the whole surface of the cathode layer [1,4,6]. The non-ohmic polarization is one

of the major source of energy loss in soUd oxide fuel cells [4], which can be reduced by the

use of mixed-conducting cathodes [4,5]. Furthermore, an electtode layer with a high

mixed-conductivity is not necessarily porous, because oxygen ions can diffuse in the

electrode material, which enables to use a thick and dense electrode with a high in-plane

conductivity [10]. From these reasons, the appUcation of mixed-conductors to cathodes is

desirable.

The doped lanthanum manganite has been most commonly used as an SOFC

cathode material. In oxidizing atmospheres, the manganite possesses oxygen excess [see

chapter 2, also 11]. The ionic conductivity of doped lanthanum manganite in air has been

found to be only IO"5 S/m at 900°C [12], which is much lower than that of Zr02-based

electrolytes. Hammouche et al. [2,3] mentioned that, in a low cathodic potential region, the

manganite cadiode performs like a conventional metal electrode such as Pt Only in a high

cathodic potential region, the manganite is reduced becoming oxygen deficient and mixed-

conducting, and a drastic increase in the reaction rate was found [2]. Even though the

manganite is not mixed-conducting in the whole cathodic potential region, however, uiis

perovskite has been widely used as a cathode material due to die sinular thermal expansion

coefficient to zirconias, the chemical StabiUty [11,13], and die satisfactory electrochemical

performance around 1000°C [14,15].

The major disadvantages of some mixed-conducting oxides, such as doped

landianum cobaltite, are the lack of chemical compatibility with the electtolytes [see

chapter 2] and the mismatch of the thermal expansion coefficient to that of the electrolytes.
Takeda et al. [5] have shown tiiat Sr-doped lanthanum cobaltites possess high electtode

activities, causing very low cathodic polarization loss, due to high mixed-conductivity and

high dissociation abiUty of oxygen molecules. Steele et al. reported very high ionic

conductivity in the doped lanthanum cobaltites [12, 16]. However, the thermal expansion

mismatch wiU make the cathode layers detached from the electrolytes after thermal cycles,

which is a fatal disadvantage of such oxides. To overcome this problem, new mixed-
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conducting oxides with thermal expansion coefficients matched to that of the electtolyte

have been searched for [12].

Another way to overcome the chemical compatibitity and thermal expansion

mismatch problems is to tailor the microstructures and to buUd gradient cathode /

electtolyte composites. In this chapter, three different possible approaches are discussed:

(I) ChemicaUy-stable cathodes consisting of a two-phase material of a highly ion-

conducting phase in thermodynamic equiUbrium with a highly electron- or mixed-

conducting phase.

(U) Cathodes consisting of a mixed-conducting oxide and intermediate layers at the

cathode/electtolyte interface to relax thermal expansion mismatch.

(UJ) PENs with a concenttation gradient cathode/electtolyte composite, where thermal

expansion coefficient ionic and electtonic conductivities change graduaUy with improved

adherence and a wider interface between the cathode and the electtolyte [17].

Zr02-doped L12O3 and doped lanthanum cobaltite are selected as mixed-

conductors. For each concept, PENs (the cafliode/electtolyte/anode structure) were

prepared as model systems. The concepts and structures of the model PENs are

schematicaUy described in Figure 9-1. The current-voltage characteristics of PENs are

measured in concenttation ceUs. The relations of thermal expansion coefficient electrical

conductivity and the microstructure of the cathode layers to the electtochemical properties

are reported. The advantages and disadvantages of each approaches are specified and

discussed.
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(1) Chemically-stable concentration gradient

cathode/electrolyte

Cathode material chemically compatible
with the electrolyte

Two phase composite of the cathode and electrolyte materials

able to coexist in thermodynamic equilibrium

Electrolyte (pure ionic conductor)

(2) Multi-layer cathode

Gradient

Cathode material A High electronic (mixed) conductivity
High catalytic activity

Cathode material B. The same thermal expansion
coefficient to the electrolyte

Electrolyte

(3) Concentration gradient cathode/electrolyte

Cathode (mixed lonic-and-electronic conductor)

Mixture of cathode and electrolyte materials

%
—

Electrolyte (pure ionic conductor)

Gradient

Figure 9-1 Tailonng functional-gradient mixed conducting solid oxide fuel ceU cadiodes
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92. Experimental Procedure

Starting powders of cathodes based on doped In2Q3 were prepared via

coprecipitation and calcination of the hydroxides. The detaUs have been reported in the

chapter 4. For the perovskite cathodes, the starting powders were prepared through solid

state reactions of the mixture of La203, S1CO3, MnC03, C03O4, and Fe203. The

powders were mixed in a planetary miU and heated at 1400°C for 2 h, except

La0.3Sr0.7CoO3 and Lai-xSrxCoo.8Feo.203-5 at 1350°C for 2 h. The reaction products

were then mUled in a vibration miU and/or the planetary mUl. The powders were pressed

into bars of dimensions 5x1x50 mm^ for electrical conductivity measurements and into

cyUnders of 5mm<t)x7mm for thermal expansion coefficient measurements. The pressed

specimens were then sintered at 1400°C for 2 h, except Lao.3Sro.7Co03 and Lai-

xSrxCoo.8Feo.203-8 at 1250°C for 2 h. Electrical conductivity was measured in air on

cooUng from 1000°C to room temperature at a cooUng rate of 4 °C/min, by a microhm

meter (Keithley 580) with 4-wire porous-Pt contacts. Thermal expansion coefficients of the

polycrystalline samples were measured by ddatomefry (Bahr-Geratebau GmbH, Type 802).

Cathode layers were prepared via the screen printing technique on dense Z1O2-

8mol%Y203 electtolytes sintered at 1550°C for 6 h. Cathode layers of doped L12O3 were

sintered at 1375°C for 2 h, and those of perovskite oxides at 1100°C for 2 h. Pt-mesh (50

gauze) was used as a current coUector. Current-voltage characteristics were measured using

air as an oxidizer and (10%H2-90%Ar)+2.4%H2O(20°C) as fuel gas. The measurements

with the dUuted gas were carried out at temperatures ranging from 800 to 970°C with

painted porous Pt (Degussa, 308A) or Ni-cermet as anodes*.

Microstructure observations of the cross sections of cathode layers were carried out

by scanning electron microscopy (JEOL, JEM-6400). The distributions of elements were

analysed by an energy dispersive x-ray micro-analyser (Tracor Northern).

# Ni-cermet was developed and die current-voltage characteristics were measured by
Mr. M. Godickemeier, NichtmetaUische Werkstoffe, ETH-ZUrich.
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Table 9-2: Thermal expansion coefficients of a number of oxides for SOFC cathode

applications.

Materials Thermal expansion
coefficient (xlO^/K)

Temp, range

(°C)

Zr02 Zr02-8mol%Y203 10.5 25-900

In203 InO1.5-30mol%ZrO2

In01.5-5mol%Sn02

10.1

9*

25-900

25-1000

LSM La0.85Sr0.15MnO3

La0.5Sr0.5MnO3

La0.99MnO3

La0.94Sr0.05MnO3

La0.89Sr0.10MnO3

La0.79Sr0.20MnO3

La0.69Sr0.30MnO3

11.7

12.6

11.2Q

11.7n

12.0"

12.4*1

12.8°

25-900

25-900

25-1000

25-1000

25-1000

25-1000

25-1000

LSC La0.85Sr0.15CoO3

La0.7Sr0.3CoO3

La0.5Sr0.5CoO3

La0.3Sr0.7CoO3

18.7

18.3

22.0

15.6

25-900

25-900

25-900

25-900

LSCM La0.85Sr0.15Mn0.8Co0.2O3

La0.85Sr0.15Mn0.5Co0.5O3

La0.5Sr0.5Mn0.5Co0.5O3

LaO.8SrO.2MnO.8CoO.203

La0.8Sr0.2Mn0.6Co0.4O3

LaO.8SrO.2MnO.4CoO.603

LaO.8SrO.2MnO.2CoO.803

La0.8Sr0.2CoO3

11.8

14.6

14.9

11.1*

13.7*

16.5*

17.0*

17.8*

25-900

25-900

25-900

200-800

200-800

200-800

200-800

200-800

LSCF La0.8Sr0.2Co0.8Fe0.2O3

La0.2Sr0.8Co0.8Fe0.2O3

La0.8Sr0.2CoO3

LaO.8SrO.2CoO.8FeO.203

La0.8Sr0.2Co0.6Fe0.4O3

La0.8Sr0.2Co0.4Fe0.6O3

U0.8Sr0.2Co0.2Fe0.8O3

La0.8Sr0.2FeO3

18.4

24.0

19.7*

20.7*

20.0*

17.7*

15.1*

12.9*

25-900

25-900

100-1000

100-1000

100-1000

100-1000

100-1000

100-1000

:Sverdrup et al. (1969); °:Yamada et al. (1993); *:Iberl et al. (1991); *:Tai et al. (1993).
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9.3. Results and Discussion

(1) Electrical conductivity and thermal expansion coefficient of selected

mixed-conducting oxides

Electrical and ionic conductivities, and thermal expansion coefficient of some

selected mixed-conducting oxides are summarized in Table 9-1 [5,12,16-18,20-24]. A

survey of thermal expansion coefficient of various highly conductive oxides is given in

Table 9-2. Most of the oxides possess electrical conductivity comparable or higher than 1.4

xlO4 S/m of the Lao.85Sro.l5Mn03 conventional cathode material. The remarkable

difference between the Lao.85Sro.l5Mn03 and the other mixed-conducting oxides is their

ionic conductivities. The doped L12O3 and the doped lanthanum cobaltites possess 5 to 8

orders of magnitude higher ionic conductivity than the Lao.85Sro.l5Mn03.

70mol%InOi.5-30%ZrO2 is a two-phase material consisting of the cubic Zr02 phase and

the bcc-In203 phase [20], and the ionic conductivity in the two-phase composite was

derived from the ionic conductivity [18,21,22] and tiie volume fraction of each phase. The

ionic conductivity of 8 mol%Y203-doped Z1O2 is also shown in Table 9-1 as a reference,

measured by the 4-probe method.

Though these oxides possess high mixed-conductivity, their use for SOFC cathodes

is limited due to the thermal expansion mismatch. A 90 mol%InOi.5-10 mol%Zr02

cathode layer with a thermal expansion coefficient of 9xl0-6 (K_1) was often detached

from the electrolyte [see chapter 8]. The adherence was markedly improved by introducing

an intermediate layer (70 mol%InOi.5-30 %Zr02). The cobaltites possess considerably

higher thermal expansion coefficients around 20 xl0~6 (K"l), as shown in Table 9-1. In

order to overcome the thermal expansion mismatch, the layer structures are introduced.
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(2) Chemically-stable composite of ionic and electronic (mixed)

conductors

The SEM microstructure of the doped-In203 cathode consisting of 90 and 70 mol%

InOi.5-ZK)2 layers is shown in Figure 9-2 (see also Figure 9-13). One can find that very

fine particles (Zr02) distribute homogeneously around sUghtly larger grains (IT12O3). This

fine microstructure is tailored using the metastable supersaturation of Z1O2 in the bcc-

I112O3 grains. As mentioned in the chapter 4.3.(7), more than 40 mol%Zr02 can dissolve

metastably in the bcc-In203 phase, after the coprecipitation-and-calcination process.

During sintering, the excess Z1O2 segregates from the L12O3 grains forming fine

homogeneous precipitates around the U12O3 grains, and therefore the homogeneously-

distributed two-phase composites can be prepared.

The I-V characteristics in a concentration cell were measured with a painted Pt-

anode, using air at the cathode side and the 10%H2-90%Ar gas saturated at 20°C with

2.4% water vapor at the anode side. The results with the doped-In203 cathode are shown

in Figure 9-3. As a reference, the I-V characteristics with the Lao.85Sro.l5Mn03 cathode

were also measured and are shown in Figure 9-4. The SEM microstructure of the

Lao.85Sro.l5Mn03 cathode is shown in Figure 9-5. The Zr02-doped IJ12O3 cathode

exhibited a simUar electtochemical performance to the Lao.85Sr0.15Mn03 cathode at and

above 900°C. The voltage drop at a current density of 100 mA/cm^ was 0.4 V, which was

sUghtly higher than that of the Lao.85Sro.l5Mn03 cathode. Further voltage drop at higher

current densities was very low. Table 9-3 shows the in-plane resistivity of the cathode

layers measured at room temperature. The doped-In203 cathode exhibited the lowest in-

plane resistivity of aU cathode layers studied here.

Both the doped-In203 and Lao.85Sro.l5Mn03 cathodes showed similar current

and power densities. The relatively high voltage drop in the low current region has been

reported with both doped-In203 [23,27] and Lao.85Sro.i5Mn03 cathodes [2,5].

Lao.85Sro.l5Mn03 exhibits low ionic conductivity [12] and high overpotential at low

cathodic potential region [2]. At a high cathodic potential, the perovskite oxide near the

cathode/electrolyte interface is reduced becoming mixed-conducting and electrochemically

active [2]. The doped-In203 possesses high ionic conductivity even in air [18,22,26].

However, the oxygen vacancies play important roles for electrochemical processes in this

material [27]. In air, the oxygen interstitial is a major anion defects in Zr02-doped IT12O3,

as found in the chapter 7. With decreasing oxygen partial pressure [26] and/or with

increasing temperature [28], the oxygen interstitials would be reduced, and then the doped-
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In203 is further reduced forming oxygen vacancies. This behavior is consistent with the I-

V characteristics where the current density increases abruptly in the high current region.

This may be due to the partial reduction of the doped U12O3 at the cathode/electrolyte

interface. With increasing temperature, the reduction becomes easier and therefore the

current density increases even more rapidly.

In summary, the ZrO2-In203 system aUows to taUor the chemicaUy-compatible

cathode to Zr02-based electrolytes with an ionic and electronic/mixed-conductor

composite. The doped-Li203 cathode revealed a high in-plane conductivity and a good

electtochemical performance at and above 900°C.

Table 9-3: In-plane resistivity of cathode layers (il)®

Materials (cathode thickness#)

Co-sintering temperature

1000°C 1100°C 1200°C

LaossSm isMnOi (50um) 5000 2000 500

90InOi.5-10mol%%ZrO2 (50um)

/70InOi.5-30mol%%ZrO2 (15um)

20

(co-sintered
at 1375°C)

Lao.sSrn sCoOi (50um) 600 60 30

Lao.5Sro.5Co03 (15um)

/Lao.5Sro.5Mno.5Coo.503 (15pm)
/LanssSrn isMnOi (15um)

10000

Lao.5Sro.5Co03 (50fim)
/LSC+8Y-Z1O2 layer (15iun)

8000 60000 4000000

e2-wire method, point contacts with a distance of 2.7 nun

#Cathode thickness before sintering are given.
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Cadiode

Electrolyte

Figure 9-2 The cross section of die Zr02 doped I112O3 cattiode

90ln+70ln-ZrO2/8Y-ZrO2/Pt

Cathode-Air

Anode.(10%H2-Ar)+2.4XH2O

Current density ImA/cm2)

Figure 9-3 The I V charactenstics of die Zr02 doped In203 cattiode in air, witii Zr02-

8mol%Y203 electrolyte and Pt anode in (10%H2-90%Ar)+2 4%H20 as a fuel
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LSM(1100]/8Y-ZrO2/Pt

Cathode Air

Anode (10%H2-Ar)+2.4XH2O

800°C\

200 400 600 800

Current density (mA/cm2)

1000

Figure 9-4 The I-V charactenstics of the Lao 85Sro l5Mn03 cadiode in air, with Zr02

8mol%Y203 electrolyte and Pt anode in (10%H2 90%Ar)+2 4%H20 as a fuel

/.s'ffi^M

Cathode

Electrolyte

Figure 9-5 The cross section of die LaQ 85SrQ 15Mn03 cadiode
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(3) Multi-layer cathode with mixed-conducting oxides

The SrO-doped lanthanum cobaltites are mixed conductors, as shown in Table 9-1,

with high electtochemical activities. One of the problems to use these oxides as cathodes is

their high thermal expansion coefficients of more than 15xl0"6 (K"l). The cross section of

a Lao.5Sro.5CoC<3 cathode, printed and sintered directly on the doped-Zr02 electrolyte, is

shown in Figure 9-6. Large cracks between the cathode layer and tiie electtolyte were

found at the interface. As a consequence, the cathode layer was detached from the

electtolyte and almost no current could be generated. To overcome the problem, one layer

of the doped lanthanum manganite was introduced between the cobaltite cathode and the

zirconia electrolyte. Figure 9-7 shows the cross section of the multi-layer cathode

Lao.5Sro.5Co03 / Lao.5Sro.5Coo.5Mno.5O3 / Lao.85Sro.l5Mn03. The adherence

between the cathode and the electtolyte was improved. Energy dispersive x-ray micro¬

analysis revealed Utile change of the distribution of Mn and Co during sintering. The multi¬

layer cathode has a porous microstructure.

Figure 9-8 shows the I-V characteristics of this cathode, with the Z1O2-

8mol%Y203 electtolyte and the painted-Pt anode, measured using the (10%H2-

90%Ar)+2.4%H2O diluted gas. The notable features of the I-V characteristics were, first,

the voltage loss at a low current region was only sUghtly reduced, and, second, the current

density in a high current region was considerably improved. The high voltage loss in the

low current region is consistent with the fact that Lao.85Sro.l5Mn03 possesses a low ionic

conductivity in oxidizing atmosphere, and the high ionic conductivity of the cobaltite is

blocked by the manganite. In the high current region, however, the manganite layer

becomes mixed-conducting [29] and the composite cathode becomes mixed-conducting, if

the intermediate layer is thin enough to be reduced. The high abiUty of the dissociation of

oxygen molecules [5] and the high electtonic conductivity of the cobaltite may also

contribute to the improved electtochemical activity and in-plane conductivity of the

cathode layer, respectively.

In summary, the multi-layer cathode composite revealed good electrochemical

performance. In this multi-layer composite, the doped landianum cobaltite possesses high

ionic and electronic conductivities, high electrocatalytic activities, as weU as the doped

lanthanum manganite has a similar thermal expansion coefficient to the electtolyte. In this

approach, the mixed-conducting oxide can improve the electrochemical performance but

only in a high current region. This may be because there is no direct contact between the

mixed-conducting oxide and the electtolyte. The advantages and disadvantages of this

approach are summarized in Table 9-4.
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Cadiode

Electrolyte

Figure 9-6 The cross section of die Lao 5Sro 5C0O3 cathode pnnted and sintered directly

on the Zr02-8mol%Y203 electrolyte Note a crack at the cadiode / electrolyte uitertace

Cadiode

Electtolyte

Figure 9-7 The cross section of die multi-layer cattiode Lao 5Sr0 5C0O3 /

LaQ 5Sro 5C00 5MnQ 5O3 / LaQ 85SrQ i5Mn03
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LSC+LSMM 100)/8Y-ZrOa/Pt

Cathode:Air

Anode:{ 10%H2-Ar)+2.4XHaO

—i—

200

—i—
600

400
600

800

Current density (mA/cm2)

1000

Figure 9-8: The I-V characteristics of the multi-layer Lao.5Sro.5Co03 /

Lao.5Sro.5Coo.5Mno.5O3 / Lao.85Sro.l5Mn03 cathode in air, with Zr02-8mol%Y203

electrolyte and Pt anode in (10%H2-90%Ar)+2.4%H2O as a fuel.
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(4) Concentration gradient cathode/electrolyte composite

As the third approach, we prepared a cathode/electtolyte concenttation gradient

composite consisting only of a mixed-conducting oxide and an electrolyte material, a

concentration gradient cathode/electrolyte composite.

Figure 9-9 shows the SEM microstructure of the concenttation gradient cobaltite-

cathode / Zr02-electrolyte. The cathode layer was relatively dense. Few cracks between the

cathode layer and the electtolyte were observed, indicating very good adherence. Many

cracks perpendicular to the surface were found, which is consistent with the high in-plane

resistivity measured at room temperature shown in Table 9-3. The cracks, however, would

disappear at fuel ceU operation temperatures. The mixed-conducting cathode is not

necessarily porous because it possesses a high oxygen diffusivity.

Figure 9-10 shows the I-V characteristics of the cattiode with the Zr02-

8mol%Y203 electtolyte and the painted Pt-anode, measured using (10%H2-

90%Ar)+2.4%H2O gas. Apparently, the voltage drop at a low current density region was

reduced. The linear increase of current density with decreasing ceU voltage suggests that

the ohmic polarization rather than the non-ohmic polarization limits the current density (see

Figure 1-2). With the microstructural configuration of die third approach, the

electrochemical performance was improved also in tiie low current density region due to

the direct contact of the mixed-conductor with the electtolyte material. The introduction of

a layer to relax the thermal expansion mismatch improves the adherence between the

cathode and the electtolyte, and makes the cathode more tolerable to thermal cycles. In this

microstructural configuration, however, the intermediate layer may not be chemicaUy and

thermodynamicaUy stable, contrary to the first approach with the Zr02-doped U12O3

cathode (Table 9-4). This configuration may be particularly useful for intermediate

temperature soUd oxide fuel ceUs, where the high electtochemical activity of cathodes must

be required.
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(5) Chemically-stable concentration-gradient cathode/electrolyte

composite made of the system Zr02-InOi.5

The phase diagram of the ZrO2-In0i.5 system in Figure 4-1 shows that the system

possesses the In203-doped Zr02 phase, the two-phase field of cubic-ZK)2 and bcc-In203,

and the Zr02-doped D12O3 phase. Ionic conductivity of the cubic Zr02 doped with U12O3

is comparable to that of the Y203-doped Zr02, as shown in the chapter 5. No cubic-to-

tetragonal phase transformation occurs in the Li203-doped cubic-Zr02 with InOl.5

concentrations at and above 25 mol% (chapter 6). The electronic conductivity of Zr02-

doped U12O3 is comparable or higher than that of SrO-doped LaMn03, and Zr02 is one of

the best dopants to increase the electronic conductivity of U12O3 (chapter 7). The Zr02-

doped I112O3 cathode is chemicaUy compatible with the Zr02-based electrolytes, as shown

in the chapter 8. AU these results suggest that the cathode/electrolyte composite can be

made only from the Zr02-InOi.5 system.

Our aim is to tailor a cathode/electtolyte composite, consisting of ionic conductor, a

composite of ionic and electronic (or mixed) conductors, and electronic (mixed) conductor,

as schematicaUy shown in Figure 9-11. In order to prepare this cathode/electrolyte

structure, 25 mol% InOi.5-Zr02 (ionic conductor), 70 mol% InOi.5-Zr02 (two-phase

composite), and 90 mol% In0i.5-ZrO2 (electtonic conductor) are selected. The SEM

microstructure is shown in Figure 9-12. It has been succeeded to prepare the

cathode/electtolyte structure from the Zr02-InOi.5 system only by varying the

Zr02/InOi.5 ratio.
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Cathode

Electrolyte

Figure 9-9: The cross section of the concentration gradient cathode (Lao.5Sro.5Co03) /

electrolyte (Zr02-8mol%Y203) composite.

LSC-G(F1100)/8Y-ZrO2/Pt

Cathode:Air

Anode:! 10XH2-Ar)+2.4XH2O

950°C

200 400 600 800

Current density (mA/cm2)

1000

Figure 9-10: The I-V characteristics of die concentration gradient cathode

(Lao.5Sro.5Co03) in air, with Zr02-8mol%Y203 electrolyte and Pt anode in (10%H2-

90%Ar)+2.4%H2O as a fuel.
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Cathode

Mixed (electronic) conductor

Composite of ionic and

mixed (electronic) conductors

Ionic conductor

Anode

Figure 9-11 Schematic drawing the catiiode/electrolyte/anode structure witii a mixed-

conductor and a composite of ionic and electronic/mixed conductors

Electronic

conductor

Two-phase

composite

Electrolyte

Figure 9-12 The cross section of the cathode/electiolyte composite based on die Zr02-
InOi 5 system only by varying the ration of Zr02 and InOi 5
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Current density (mA/cm2)
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«:uu -

Cathode/8Y-

950"C
-Zr02/Pt

160-

„^>»—• LSC+LSM

120- ' a LSC-G

^2>0 90ln+70ln

80-
^*

LSM

40-

r 1

Cathode:Air

Anode:(10XH2-Ar)+2.4XH2O

-i 1 1 1 1 1 1
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Current density (mA/cm2)

1000

Figure 9-13: The I-V characteristics and tiie power density of the 4 cathodes in air, with

Zr02-8mol%Y203 electtolyte and Pt anode in (10%H2-90%Ar)+2.4%H2O as a fuel.
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(6) Power density with the doped-In203 cathode/electrolyte composites

Figure 9-13 shows the I-V characteristics and the power output of the four model

PENs at 950°C, with the porous Pt as anodes. Note that the voltage drop includes also the

ohmic and non-ohmic polarizations in the electrolyte and the Pt-anode. Since the four

different kinds of cathodes (doped-In203, SrO-doped LaMn03, multi-layer Lai-

xSrxMn(Co)03, concentration gradient Lao.5Sro.sCo03 cathodes) were prepared using

the same Y203-doped Zr02 electrolytes and painted anodes for the I-V characteristics

measurements with the diluted gas, we can make a comparison between the electrochemical

properties of the four different cathodes. The doped-In203 cathode exhibited sUghtly

higher power density (110 mW/cm2 at maximum in Figure 9-11(b)) than that of the

La0.85Sro.l5Mn03 conventional cathode material.

With Ni-cermet anodes, the I-V characteristics of the cathode/electrolyte/anode

structures (PENs) with the doped-In203 cathode and the ZrO2-In0i.5 cathode/electtolyte

composite were also measured, using (10%H2-90%Ar)+2.4%H2O gas at temperatures

ranging from 900°C to 970°C. The cathode/electrolyte/anode structures are shown in

Figure 9-14 with detailed chemical compositions and thicknesses.

The I-V characteristics and the power density of the ZrC«2-doped I112O3 cathode

with the Y203-doped Z1O2 electtolyte are shown in Figures 9-15(a) and (b). The

maximum power output of 250 mW/cm2 has been achieved at 970°C. It is concluded that

the Zr02-doped U12O3 is useful as a cathode material in fuel ceU conditions.

The I-V characteristics and the power density of the Zr02-InOi.5

cathode/electtolyte composite are shown in Figures 9-16(a) and (b). Even though the

cathode is the same, the current density and the power density were sUghtly lower than

those with the Y203-doped electtolyte. Therefore the lower current and power densities are

attributed to the In203-doped Z1O2 electrolyte. Note that the thickness of the In203-doped

Zr02 electrolyte was 350 um, thicker than that of the Y203-doped Z1O2 in this study. The

current density decreased linearly with decreasing ceU voltage in Figure 9-16(a), suggesting

that a large voltage loss was caused by the ohmic resistivity in the electrolyte. Since the

doped-In203 cathode is a chemicaUy compatible cathode with the electrolyte and the

interdiffusion is very slow, the ohmic resistivity in the electrolyte would be reduced by

making the electtolyte thinner than 350 urn in this measurement, without interdiffusion

problems. It has been demonstrated that the cathode/electtolyte composite can be tailored

from the Zr02-InOi.5 system only by varying the ratio of Zr02 and InOi.5.
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35 urn
90mol%lnO1.5-ZrO2

10 um 70mol%lnO1.5-ZrO2

8Y-Z.02

35 uni Ni-Zr02

35 um

10 um

35 um

Doped-ln203
Cathode

90mol%lnO1.5-ZrO2

70mol%lnO1.5-ZrO2

25mol%ln01.5-Zr02

Ni-Zr02

Zr02-ln01.5

Cathode/Electrolyte composite

Figure 9-14: The chemical composition and the layer thickness of the

cathode/electrolyte/anode structures with the doped-In203 cathodes studied.
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Catfcota MtoOu-ZrOi/rMnOM-ZrO, (Air)

BMtrotytt: ZrO,-8Y,0, (TMekiwu 250|an)
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Power output:
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Figure 9-15: The I-V characteristics and the power density of the cathode/electtolyte/anode
structure of (90In+70InOi.5-ZrO2 cathode) / ZK)2-8 mol%Y203 / Ni-Zr02.
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Figure 9-16: The I-V characteristics and the power density of the cathode/electrolyte/anode
structure of (90In+70InOi.5-ZrO2 cathode) / Zr02-25mol%InOi.5 / N1-Z1O2.
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(7) Power density with mixed-conducting perovskite oxide cathodes

Figure 9-11 shows that the multi-layer composite of the second approach

(LSC+LSM) and the concentration gradient cathode/electtolyte composite of the third

approach (LSC-G) exhibited power outputs of 150 mW/cra2 with porous Pt as an anode.

The power output was 50 % improved by using the multi-layer composite or the

concentration gradient cathode/electrolyte composite, instead of the Lao.85Sro.l5Mn03

cathode. Note here that the absolute values of the power density depend strongly on the

processing techniques and the microstructure of the cathode layers. Power density of PENs

prepared by screen-printing technique is usually lower than that prepared by vapor

deposition technique [30,31]. The power density would further be improved by optimizing

the electrode preparation processes and techniques.

With Ni-cermet anodes, the I-V characteristics of the cathode/electrolyte/anode

structures (PENs) with the multi-layer perovskite composite cathode were also measured,

using (10%H2-90%Ar)+2.4%H2O gas at temperatures ranging from 800°C to 950°C. The

cathode/electrolyte/anode structures are shown in Figure 9-17.

The I-V characteristics and the power density of the cathode/electrolyte/anode

structures with the multi-layer cathodes are shown in Figures 9-18 and 9-19. Both cells

exhibited a power density of 350 mW/cm2 at 950°C. Without the Lao.5Sro.5Co03 layer,

the power density at 950°C is the same, but the power density is sUghtly lower at 900 and

800°C, compared to the cathode with the Lao.5Sro.5Co03 layer. The mixed-conducting

perovskite oxides can be appUed to the cathode and exhibit good electrochemical

properties, using the layer structures.
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9.4. Conclusions

It is demonstrated by the current and power density measurements in concentration

ceUs that Zr02-doped In203 is useful as a cathode material, and the cathode/electtolyte

composite can be prepared from the ZrO2-In0l.5 system only by varying the ratio of Zr02

and InOi.5. The supersaturation of Zr02 in the I112O3 phase after the coprecipitation-and-

calcination process is useful to taUor homogeneously-distributed two-phase composites

with micron- or submicron-size microstructure. Microstructural modifications of the

cathode/electrolyte composites enable to apply mixed-conducting oxides with high

electrocatalytic activity to soUd oxide fuel cell cathodes, in spite of the thermal expansion

mismatch between the cathode and the electtolyte materials. AU studied model

configurations, based on doped lanthanum cobaltite and doped-In203, exhibit good

electtochemical performances. The advantages and disadvantages of each approach have

been outlined.
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10 um

10 um

10 um

35 um

La0.5Sr0.5CoO3

La0.5Sr0.5Mn0.5Co0.5O3

La0.85Sr0.15MnO3

8Y-Zr02

Ni-Zr02

LSC+LSM

10 um U0.5Sr0.5Mn0.5Co0.5O3

10 um La0.85Sr0.15MnO3

8Y-Zr02

35 uni Ni-Zr02

LSCM+LSM

Figure 9-17: The chemical composition and the layer thickness of the

cathode/electtolyte/anode structures with the perovskite oxide cathodes studied.
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Figure 9-18: The I-V characteristics and the power density of the cathode/electtolyte/anode
structure of (Lao.5Sro.5Co03 / Lao.5Sro.5Coo.5Mno.5O3 / Lao.85Sro.l5Mn03 cathode) /

Zr02-8 mol%Y2O3 / N1-Z1O2.
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Figure 9-19: The I-V characteristics and the power density of the cathode/electrolyte/anode
structure of (Lao.5Sro.5Coo.5Mno.5O3 / Lao 85Sro 15Mn03 cathode) / Z1O2-8
mol%Y203 / Ni-Zr02.
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As it has been demonstrated that the research of SOFC cathode oxides is very

interdisciplinary in nature. The understandings of phase equUibria, phase transformation,

crystaUographic and electtonic structure, ionic and electtonic conductivities and conduction

mechanisms, lattice defect chemistry, thermal expansion, chemical reaction and

interdiffusion at the interface, ceramic powder characteristics and sintering, thin and thick

film preparations, as weU as electtochemical properties, are aU necessary to tailor cathodes

with electrolytes and anodes for the electrochemical applications. Therefore the

interrelations between different physical and chemical properties are increasingly important

to be understood. I Ust below several important aspects of ceramic science and engineering

related to the SOFC researches.

(1) Functional gradient cathode/electrolyte: Cathode layers may be regarded as those

consisting of three parts: the part near the interface with the electrolyte, cathode main-

structure, and the part near the interface with interconnects. Each part should perform

specific functions. The part near or at the interface act as active sites for electtochemical

reactions as weU as a good adherence is required. Cadiode main-structure may serve as

current coUectors in the cathode layers, and a low in-plane resistivity is therefore required.

Materials near the cathode/interconnect interface may have to be sinterable at a lower

temperature for the fabrication, and also should be non-reactive with the interconnects or a

diffusion barrier of elements from the interconnect Therefore if the cathode should be

monostructural, the materials selection is very limited to satisfy all requirements as a

cathode material. On the other hand, we learned in the chapter 8 that the electtochemical

performance is considerably dependent on not only the material itself, but also the

microstructure. In the chapter 9, it has been demonstrated that different materials can be

combined to meet various requirements in each part of the cathode layers (for example:

multi-layer cathode in Table 9-1). Therefore it seems increasingly important to taUor

cathodes with various advantageous functions via material combination, microstructure

design (thickness, porosity, grain size, and their gradient), structural design (multi-layer

cathode, concenttation gradient cathode/electtolyte), as weU as materials selection.

(2) Processing of cathode layers: The nonohmic polarization (overpotential) at the

cathode/electrolyte interface can be reduced by increasing the triple contacts length. That is

one of the reasons why high power density of fuel cells has been demonstrated, when the

cells are prepared via vapor deposition techniques. These need no heat treatment above the

operation temperature and the fine microstructure is maintained as well as a good

adherence with the electrolyte. However, conventional ceramic processing techniques, for

example, screen-printing, slurry-coating, and tape-casting, are desired to be appUed in
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order to reduce the production cost for SOFC commerciaUization. The aim is to reduce

sintering temperature of the cathode layers to maintain fine microstructure with longer

triple-contact length, or to tailor a mixed-conducting layer at the cathode/electrolyte

interface. Simultaneously, the cathode layer should possess a sufficiently low in-plane

resistivity and homogeneous microstructure. The preparations of non-agglomerated fine

ceramic powders, and the improvement of oxide slurry with higher green density through

coUoid chemical consideration, may be key steps. Homogeneous dispersion of two

different oxides is critical to taUor composite electtodes. In order to improve power output

of cells, the processing parameter-microsttucture-electrochemical property relations should

be weU understood. The current-voltage characteristics measurement in concentration cells

with reference electrodes, the overpotential measurement by the current-interrupt method,

and die impedance spectroscopy are useful characterization methods.

(3) Lattice defects and electrical/electrochemical properties: Ionic and electronic (or

mixed) conductivity, and electrocatalytic properties depend on lattice defects and electronic

structure of oxides. High electtochemical performance has often been attributed to the

presence of mixed conduction. However, it has not yet been clear, whether high ionic

conductivity, the high electronic conductivity, the high concenttation of oxygen vacancy as

an electrochemicaUy active site, specific electtonic structure of oxides, or the multivalency

of the transition metal cations make a major contribution to the electrochemical properties.

No quantitative criterion has not yet been given, how high the mixed conductivity should

be for a high electrochemical activity. The electrical (ionic, electronic and mixed

conductivities) and electrochemical properties (cathodic overpotential) should be

investigated and discussed, on the basis of lattice defect chemistry and electronic structure

in bulk and at the surface. Note that a large number of studies exist on magnetic and

catalytic properties of perovskite oxides and optical properties of doped-In2Q3.

(4) Mixed-conducting cathode oxides: Until now, no mixed-conducting oxide has

demonstrated to be useful and stable, during long-term operation as weU as against thermal

cycles, for fuel ceUs with a large electrode area. Many known mixed conductors can not be

appUed to the SOFC cathode appUcation. Though the measurements of ionic conductivity

in highly electron-conductive oxides is very difficult, the loss of oxygen can be measured

by thermogravimetry, and it would correspond to the start of mixed conduction with

increasing temperature or decreasing oxygen partial pressure. The start of mixed

conduction in cathode oxides should be studied as function of temperature, oxygen partial

pressure, and substituted elements. The aim is to find cathode oxides with high P02 or low

temperature for oxygen loss, and simultaneously with less thermal expansion mismatch and

chemical compatibility to the electtolytes. The mixed-conducting oxide would become
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more important to be used with decreasing SOFC operation temperature, where the

nonohmic polarization may Umit the electtochemical performance.

(5) Chemically compatible cathode: Chemical compatibUity becomes increasingly

important, because the long-term stabUity of fuel ceU components and their performance

during several years is critical for the SOFC development The compatibiUty of cathodes

should be taken into account also for other electtolyte materials. It is desired that the host

or doped elements of cadiodes would be constituting elements of electrolyte or interconnect

(for examples, Yi-xCaMnOj cathode for Z1O2-Y2O3 electrolyte, In203-Zr02 cathode for

Ba3ln2Zr08 electrolyte, Lai-xCaxMn03 cathode for Ce02-CaO electrolyte).

(6) Doped-In203 cathode: The system ZrO2-In0i.5 is a very simple system to study the

interrelations of many physical, chemical, and electrochemical properties. Defect chemistry

plays an important role to electtochemical properties. The relations between the cathodic

overpotential and the nonstoichiometty should be investigated in various temperature and

oxygen partial pressure regions, since the cathode oxide is reduced at the interface. Effects

of mixed-conduction and two-phase composite electtode on the electtochemical properties

should be clarified. For the cathodic overpotential measurements, the influence of geometry

should be taken into account

(7) Mixed conductivity measurements: The lack of a simple method to measure ionic

conductivity in highly electron-conductive oxides is one of the reasons why very limited

studies exist on mixed conductivity in such oxides and why the results are often

contradictory. An attempt has been made, in die present study, to measure the ionic

conductivity in doped-In203 by the electromotive force (EMF) measurement and blocking-

electrode method with doped-Zr02 as electtodes. However, the EMF method was not

successful, since the ionic conductivity would be many orders of magnitude lower than the

electronic conductivity and the generated EMF voltage was less than the experimental

error. Since the doped-In203 is electrochemicaUy active, the electtonic conductivity could

not be blocked only by the blocking-Zr02-electrodes with pure ionic conductivity, due to

the interfacial Faradaic process at the interface between the doped-In203 and the doped-

Z1O2 blocking electtodes. Further work should be carried out for the characterizations of

mixed conductivity.

(8) Influence of phase transformation on ionic conductivity of zirconias: As shown in

the chapter 5, the ionic conductivity depends strongly on crystal structure itself as weU as

the dopant concentration. In the chapter 6, it has been demonstrated that the ionic

conductivity would be affected by the cubic-to-tettagonal phase transformation. Since the
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composition remains invariable during this diffusionless transformation, the study of both

the ionic conductivity and die phase transition aUows us to know how dopant concenttation

and crystal structure (cubic, tetragonal) contribute to the ionic conductivity of doped Z1O2.

It has not yet clear, if the change in tetragonaUty or the displacement of oxygen ions (in

ordered or disordered manner) affect the ionic conductivity. The investigation on this

subject is now in progress.
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Appendix I: Electronic Conduction in Oxides

(1) Electronic structure of highly-conductive oxides: An overview

In metals, the outer valence electrons of s or p orbitals can attribute to the electronic

conduction. Except the 2s and 2p orbitals, the overlap of the 3s or higher electron orbitals

is substantial in crystals, and the electrons are regarded as a gas of nearly free conduction

electrons, only weakly perturbed by the periodic potential of the ions [1]. In oxides, on the

other hand, the outer s and p electrons are primarily responsible for the binding energy of

crystals, and interact strongly with neighboring atoms. If these electrons contribute to the

electronic conduction, the electrons in s or p orbitals are weU described as a coUective-

electron model or band theory [2]. The outer 4f or 5f electrons are, on the other hand,

tightly bound to their atomic nuclei, and described by a locaUzed-electron model, where the

interactions between neighboring atoms are so weak that each electron remains localized at

a discrete atomic position [2]. Outer d electrons are intermediate in character and exhibit

either locaUzed or collective characteristics [2].

The outer s and p electrons of oxides are used for the bonding to form a fiUed

valence band [3,4]. An empty band of antibonding in nature then left Both bands are

separated by a large energy gap. The only states that are in the vicinity of the Fermi level

would be those of the d band, in case of transition metal oxides. The d band would be

narrow compared to that in metals, since the metal ions are further apart and have smaUer

spatial extension in oxides [4].

On the other hand, the nontransition elements possess fuUy-fiUed inner d or f

electronic states. A simple band model would associate the valence band with the p orbitals

of the oxygen, and the conduction band with the s and probably p orbitals of the metal

cation [5]. The o-type bonding occurs through outer s and p electrons of the nontransition

metal oxides, resulting in broad-band conduction band [5].
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Figure Al: The extensions of orbitals in (a) Ni 3d, 4s, Ti 3d, 4s, (b) Ni 3d, 4s, Pt 5d, 6s

afterTsudaetal. [8].
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The overlap or the bandwidth determine the effective mass and the mobiUty of

electrons, expected from the tight-binding approach [1]. The crystal wave function may be

written as a linear combination of the unperturbed atomic functions, and that the presence

of the neighboring atoms is reflected only as a weak perturbation in the potential seen by

the atom of interest [6]. This approach reveals that the bandwidth is proportional to the

overlap integral [1], which is a measure of how strongly the wave functions of the

neighboring atoms overlap with the central atom. The smaUer is the overlap, the narrower

is the band. The effective mass is a function of the curvature of E versus k [6,7]:

mt = h2(^)=h2(2^a2rI (A9)
ak

where m* is the effective mass of electrons, p is the overlap integral of the wave functions

of the neighboring atoms, and a is the distance of the two neighboring atoms [6]. The

equation indicates the inverse relationship between m* and the bandwidth. The decrease in

the overlap also reduces the velocity of electrons [1].

The overlap depends on the elements, in otiier words, the quantum number. Figures

Al(a) and Al(b) show the extensions of several orbitals of Ti, Ni, and Pt [8]. In many

oxides, the electrons in s orbitals may be used for bonding. One can find that the 3d orbital

of Ni is more locaUzed than that of Ti in Fig. Al(a), due to the increasing contraction of

the orbitals with increasing nuclear charge, leading to less overlap and a narrow band. On

the other hand, the 5d orbital of Pt is far extended compared to the 3d orbital of Ni,

forming a broad conduction band in oxides [8]. The extent of localization decreases as we

move left in each series (for instance Ni-»Ti in Fig. A1(a)), and as we move down (3d->4d

->5d, or Ni-»Pt in Fig. Al(b)) in die periodic table [9].

The electtonic structure of oxides strongly depends on the crystal structure [4,10].

As the atoms are not isolated, atomic states spUt into distinct grouping under the influence

of crystal fields. For instance, in ReOj with the perovskite structure, each cation is

octahedraUy surrounded by six anions and each anion is linearly flanked by cations. Due to

the action of the crystal field, the 5d Re levels spUt into the eg-type and t2g-type orbitals,

where the eg-type orbitals point directly to the electronegative oxygen ions and the t2g

orbitals point away from the nearest neighbors into empty space. The 2p orbitals of oxygen

ions are also spUt into two subgroups: the 2p<j orbital points directly to the nearest

neighboring electropositive cations and uius Ue lower in energy tiian the 2pjt orbitals whose
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lobes point into empty space. These atomic orbitals are shown in Fig. A2 [10]. As shown in

Figure A2(a), the eg-type orbital aUows a significant overlap between these cationic and

anionic wave functions of the nearest neighbors. This type of bonding, caUed o-type with

lobes pointing along the metal-oxygen direction [11], is continuous throughout the crystal

forming a broad band. On the other hand, the t2g orbitals forming the it-type are usuaUy

weaker than the o-type interaction, shown in Figure A2(b) and (c) [10]. Therefore, the

bandwidth increases from the it-type to the o-type orbital overlaps. For a given type of

bands, the width increases from lower- to higher-lying energies [6].

Figure A2: Relative disposition of atomic orbitals along an edge of the primitive unit ceU

after Honig [10]. Note that eg orbitals have lobes that point along this edge whereas t2g
orbital lobes point at 45° angles away from this edge.

Figure A3 shows the energy scheme for perovskites [6]. Similar band distribution

may be vaUd for other crystal structures [6], even though it depends on the coordinations of

cations and anions in various crystal structures [10]. The number of states avaUable for

electron occupancy in each band is fixed through the principle of the conservation of states.

A crystal possesses metallic conductivity, if one band remains only partially filled with

charge carriers after filling these electron bands with electrons. The energy scheme in
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Figure A3 indicates that aU compounds with either partiaUy fUled jt* (t2g) or o* (eg) bands

are metallic, wlule d& or d^ configurations should be semiconducting or insulating [6].

These criteria can weU explain the conduction characteristics in various oxides shown in

Table Al. It should be taken into account, however, that (1) the lower symmetry of the

rutile and corundum structures results in further spUtting of the d levels [6], (2) die

conduction strongly depends on the bandwidth and electron locaUzation (e.x., NiO) [4,10]

in the case of lower-lying orbitals, and (3) the band gap may disappear due to the overlap

of different bands in higher-lying orbitals [10].

- o (ea) -

JO

d8

+
»'(t2g)
BAND

_
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- <r- a"

~ d3

I- d<

Figure A3: Predicted Fermi levels for the B cation electtonic band configurations in the

perovskite structure after Tuller [6].

Besides the binary oxides, a large number of oxides with the perovskite or

perovskite-related structure exhibit high electronic conductivity, like doped-LaMnO} and

doped-LaCo03, used in the study. Various undoped stoichiometric perovskite oxides have

been classified to understand their electronic properties by Goodenough [2, also see 12], as

shown in Table A2. These compounds are grouped in rows according to the formal valence

state of die two sets cations, where B ions witii the larger formal valence are involved to a
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greater degree in covalent bonding with neighboring oxygen ions, leading to a greater band

spread. The columns are arranged according to electron occupancy and net spin. The

values, bjt and b<j, refer to transfer integrals for the it and o band, where b describes the

degree of bandwidths or the overlap of orbitals, or in other words, the strength of the

interaction between d electrons on neighboring atoms or ions. The be is the critical value

which must be exceeded by bjt or b© to maintain band formation [2,10], otiierwise the band

coUapses for electtons to be locaUzed.

The compounds in Column 1 and 11 are insulators with d^ and d1" configurations.

Compounds in Column 2 and 10 are metaUic witii coUective electtons. With increasing S

value (to the middle of the table), the orbital extension becomes less sufficient to maintain

bands, resulting in a magnetic ordering at b=bm, the k band coUapses to the atomic t2g
state at b=bjt, and o band to the atomic eg state at b=bCT. The orbitals become isolated and

the compunds exhibit semiconduction rather than metallic conduction, from the column 2

and 10 to the middle of the Table A2. In oxides with locaUzed electrons such as doped

LaMn03, the electronic conduction occurs by the hopping of electtons, caUed hopping

conduction to be mentioned in die next section.
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(2) Electronic conduction in oxides with narrow conduction band

Besides the simple metaUic or semiconducting conductions, various kinds of

conduction mechanisms are found in oxides, depending on the electronic structure and

various interactions; such as small-polaron and large-polaron conductions, and transitions

of metal-semiconductor (metal-insulator), and metal-superconductor.

When an electron is introduced into the conduction band of ionic or partiaUy ionic

crystals, it may be energetically favorable for the electron to move into a spatially locaUzed

level to reduce its electtostatic energy. The localization may result in a local deformation in

the previously perfect ionic arrangement, that is, a polarization of the lattice [1]. The bound

state of the electron with its associated lattice polarization is called a polaron [4]. Due to

the electton-phonon interaction, the electron motion is accompanied with the lattice

distortion leading to low mobUity of electrons. When the interaction becomes larger in a

compound, electtons push away anions farther, the overlap between neighboring orbitals

becomes smaller, and finally the electtons faU into locaUzed states, called smaU polaron

[3,6]. At temperatures higher than approximately half the Debye temperature, hopping

conduction of the smaU polaron electtons occurs with a thermaUy activated mobUity,

simtiar to the diffusion and ionic conduction [6]:

exp(-^.) (A10)
kT

where Eh is the hopping energy, (1-c) the fraction of sites unoccupied, a the jump distance,

and vo the attempt frequency. The smaU-polaron mobUity is of the order of IO-4 and IO"2

cm^/V-sec at elevated temperatures, considerably lower than that of broad-band conduction

[6,13]. The p-type electronic conduction of various perovskite oxides, such as SrO-doped

LaMn03, occurs via the hopping conduction [14].

On the other hand, the extent of the lattice deformation by the polarization is larger

than the unit cell, but the electron-lattice interaction is not negUgible [3], the electronic

conduction may be regarded as the broad band conduction of electrons with larger effective

mass, caUed large-polaron conduction. The large-polaron mobUity at temperatures above

the Debye temperature is given by [6]:

(l-c)eaz\0
kT
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expected to be 1-100 cm2/Vsec at elevated temperatures [6,13]. Under tiiese

circumstances, the bandwidths are sufficienfly wide to support itinerant electronic

transport, expected from the band model [6],

(3) Electronic structure of In203: a broad-band semiconductor

The bcc-In203 possesses tiie C-type rare-earth crystaUographic structure. This

structure is an oxygen-deficient fluorite structure, with twice the unit-ceU edge of the

corresponding fluorite cell, and with one quarter of the anions missing. Oxygen ions

occupy in the three-fourths of the tetrahedral interstices of a face-centered cubic In^+ ion

array [15]. Indium oxide has a fiUed valence band, which is primarily 02p in character.

The schematic energy-band model for Sn02-doped U12O3 is shown in Figure A4 after Fun

and Goodenough [15]. The In:3dl0 core Ues weU below the valence-band edge Ev.

Stoichiometric L12O3 would have an In3+:5s conduction band with an edge Ec about 3.5

eV above the valence band edge. The 02":2p states are bonding, while the In3+:5s states

are antibonding. The 5s band is a broad band. Therefore, if a electron is given in the

conduction band based on the In3+:5s state, a high electron mobUity would result, as also

found experimentaUy. The reported electron mobUity in Sn02-doped L12O3 is ranging

from 2 to 160 cm2/V-s at room temperature [16].

There are two possibUities to introduce electtons into the In3+:5s conduction band.

One is by donor doping. After Zr02 doping as well as Sn02 doping, if the introduced

oxygen interstitials would be reduced [see chapter 7], the doped Zr4"1" and Sn4+ are

activated as donors. If the concenttation is enough high, the doped L12O3 becomes a

degenerated semiconductor, as shown in Figure A4(b). Another possibUity to introduce

electtons is the reduction of U12O3. After reducing U12O3 to form oxygen vacancies, each

oxygen vacancy is surrounded by In3+-ion 5s orbitals that are StabUized from the In3+:5s

band by the lack of covalent bonding with the missing O2" ion [15]. Therefore, the oxygen

vacancy forms a donor state just below the conduction band edge, trapping two electtons

per oxygen vacancy [15]. Both the oxygen vacancies and Zr4+:5s or Sn4+:5s donor levels

can coexist and both contribute to electtonic conductivity. In Zr02-doped L12O3, the latter

dominates the electtonic conductivity in the temperature and oxygen partial pressure range

investigated here, whUe the formation of oxygen vacancies gives rise to electronic

conductivity in pure L12O3 [see Chapter 7].
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ln:5p I in:5p

Figure A4: Schematic energy-band model for Sn-doped U12O3, having no Sn304-Uke

phase (a) for low Sn02 concentration and (b) for high Sn02 concentration, after Fun and

Goodenough [15].

The mobUity of electtons depends on the extension of orbitals contributing

electtonic conduction. Sn02 is one of broad-band semiconductors, as weU as U12O3, in

which electrons propagate with a high mobUity. In Sn02, the conduction band consists of

both Sn4+:5s and Sn4+:5p orbitals, but the bottom of the conduction band is more than

90% s type [3]. On the other hand, the isostructural Ti02 is a poor-mobiUty semiconductor

[3]. The high electron mobUity in L12O3, as weU as Sn02, can be understood, as the 5s and

5p orbitals are extended forming broad conduction band, resulting lower electron effective

mass and higher mobUity, while the 3d orbital of Ti is rather locaUzed resulting a narrow

conduction band [3]. Therefore U12O3 with a fiUed d orbitals (dlO configuration) would

exhibit higher conductivity than oxides with d°" configuration (oxides of pre-transition

metals), where less extended d orbital would form a narrow conduction band, especiaUy in

the case of the 3d orbitals [5].
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Highly conductive semiconductors also include TI2O3, ZnO, CdO as weU as L12O3

and Sn02 [6]. The conduction band would become broader in higher energy levels.

Therefore, it would be expected that the conduction band become broader in oxides of mb

cations from In203 to TI2O3 [5]. Although many oxides possess broad s- and p-conduction

bands with high charge carrier mobiUties, such as MgO and AI2O3, only smaU number of

oxides become highly conductive, partiaUy due to the difficulty in forming shaUow donor

or acceptor levels [6].
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Appendix II:

Ionic Conduction in Oxides with the Fluorite Structure

(1) Ionic Conductivity

The ionic conductivity a is given by the sum of the products of the concentration ni

and the mobUity ui of charge carriers with charge qj [17],

0 = Zni9.Hi (A12)

where ui is the mobUity defined as drift mobUity per unit electric field.

In case of oxygen-ionic conductors, the conduction occurs via anion vacancies, so that,

<*v = CvNmWv (A13)

where Cy is the mole fraction of anion vacancies, NM is the number of cation sites per unit

volume. According to the Nernst-Einstein relation, the mobUity is described with the

corresponding diffiisivity,

]l = q-B = qD/kT (A14)

where B is the absolute mobUity. The diffiisivity is related to its mean jump frequency Tv

and the jump distance of the vacancy Xv by

D = (1/6)TVX\ (A15)

based on the random-walk theory in cubic crystals. Here Xv is the jump distance of a

vacancy. The jump frequency Tv is given by

rv = z Wv = z W0 exp(-AH? /kT) (A16)

where Wv is the jump frequency in one specific direction, z is the number of directions to

which die jump may occur, and is equal to the anion coordination number (in fluorite
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oxides, z=6). A//J" is the jump activation enthalpy, and the pre-exponential factor Wo is

given by:

W0 = v0exp(AS?/k) (A17)

Here vo is an appropriate lattice vibration frequency. The enthalpy can be described in

terms of the perturbation of the phonon spectrum [18],

AS^/k = Jdln(Wn/Wn') (A18)

The frequencies Wn and Wn' are those of a jumping atom or a defect, sitting at the bottom

of the wall and at the saddle point in lattice, respectively [18].

With a conductivity correlation factor, fr, the mobUity uv is described from eqs.

(A14) and (A15) [17],

\iv = qvXv2rvf,/6kT (A19)

With eq. (A13), the conductivity is described by the foUowing equation,

<* = (Nlf <lv2 fl *v /6k> • Q Ty /T (A20)

Using half the lattice parameter, a, of the fluorite unit cell, AV=a and NM=(l/2)a-3. The

charge qv is equal to 2e, where e is the electtonic charge. The conductivity correlation

factor is equal to the unity at low defect concenttations [18]. Therefore, the equations

(A16), (A17), and (A20) yield [17]:

<y • T = (2e2 /ka) v0 Cv exp(ASm /k) exp(-AHm /kT)
2 m

(A21)
= (2e2 /ka) v0 Cv exp(-AE? /kT)

where AE" is the activation energy of the ionic conductivity.
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(2) Temperature Dependence of Ionic Conductivity

In Arrhnius plots of ionic conductivity versus reciprocal temperature, a couple of

different ranges would be found as [17]:

(1) Intrinsic range

(2) Extrinsic dissociated range

(3) Extrinsic associated range

The three ranges are schematicaUy shown in Figure A6. Note that the change in slope in

Arrhnius plots at low temperatures can also be caused by a grain boundary blocking effect

demonstrated by Orliukas et al. [19,20].

(1) Intrinsic range

In the intrinsic range, ionic conduction may take place via thermal vacancy at very

high temperatures. The concentration of Schottky defects is determined by the thermal

equiUbrium:

CM = exp(-AG£ /kT) (A22)

where AG/ is the free energy of formation of Schottky defects, AG/ = A/7/ - T AS/ .

If the anion vacancy is the predominant defect for ionic conduction, Equation (A21) is

rewritten as:

or = (2e2 /ka) v„ • exp((ASm + AS{)/k) exp((-AHm - AH{)/kT)
(A23)

Since the concenttation of thermal vacancy would be very low even near the melting point

and the oxides may possess dopant and/or impurities, this region would not be observed in

the doped oxides.
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(2) Extrinsic dissociated range

At intermediate temperatures, one may obtain tiie extrinsic dissociated range, in

which the interactions between oxygen vacancies and dopant cations are negUgible and aU

oxygen vacancies are avaUable for ionic conduction. Vacancy concentration Cv is constant

and is related to the concentration of dopants. The enthalpy of ionic conduction is given by:

AH" = Affvm (A24)

and pre-exponential A^ by

A" = (2e2 -v0C0 /ka) exp(AS? /k) (A25)

(3) Extrinsic associated range

At lower temperatures and at low defect concenttations (cSl mol%), the impurity-

vacancy association may occur. In this temperature range, most of vacancies are associated

with dopant ions and an extra enthalpy term AHa enters into AHrj from the association

reaction. For divalent cation dopants, D2+, the association reaction of an effectively

charged vacancy to form neutral pairs is in tiie Kroger-Vink notation:

DM"+V0"^(DM"V?)X (A26)

For trivalent cation dopants, D^+, the defect association can give rise only to incompletely

compensated dopant-vacancy pairs which have net charges, and are compensated by an

unassiciated DM' located elsewhere. Because a randam distribution of D3+ ions is expected

in oxides with low defect concentrations, due to the low atomic mobUity of the dopant

cations at relatively high temperatures. In this range, the activation enthalpy may be given

by

AHJj1 = AHvm + (1/2)AHA for d3+ (A27)

AHl" = AH? + AHA forD2+ (A28)
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The theory of defect association derived from the mass action law should be

appUcable when the dopant concentration is below ~\% [17,21]. In case of doped

zirconias, in which high concentration of dopants is required to stabUize the cubic fluorite

phase, it is no longer meaningful to consider the association of a single oxygen vacancy

with a single dopant cation.

(3) Impedance Spectroscopy

Ceramic materials have a complex microstructure consisting of grains, grain

boundaries, and/or second phases. Since the work by Bauerle [22], ionic conductivity has

been studied with the aid of the impedance spectroscopy [23,24]. The complex admittance

Y(co) of a system at an appUed angular frequency co may be written as the sum of

conductance G(co) and susceptance B(co):

Y((H) = G(<0) + jB(<a) (A29)

If the AC conductivity is measured and the imaginary resistivity is plotted versus the real

resistivity, a couple of semicircles may be observed as shown in Figure A7 [24]. Each

semicircles corresponds to a relaxation process with a specific relaxation time r. The

frequency co at the top of a semicircle is given by,

COj =(RiCif1 (A30)

Using the Cole-Cole plot, the contributions of intragrain resistivity, grain boundary, and

electtode resistivity can be separated. GeneraUy, the relaxation frequencies of ionic

conductivity in grains, at grain boundaries and at the electtodes decrease in this order and

they differ several orders of magnitude [25]. If the relaxation frequencies are well

separated, the semi-circles can be weU defined.

(4) Effects of Microstructure on Ionic Conductivity in Zirconias

The resistivity of the electtolytes is the sum of the resistivities of grains and grain

boundaries. Both contributions can be separated by the impedance spectroscopy mentioned

in the last section. The grain boundary resistivity may be significant at relatively low

temperatures in doped zirconias. The grain boundary contribution to the total resistivity is

considerable and dominate the total conductivity below =800 K [19]. Several models have

been proposed to explain grain boundary resistivity; brick layer model and parallel model.
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In the brick layer model, grains were covered and separated by grain boundaries of

continuous and homogeneous thin layers. This concept is acceptable if the specimen has a

continuous second phase. The resistivity in grains and grain boundaries were expected to

have different activation energies. This model has been appUed to the ionic conductivity in

tetragonal zirconia polycrystals [26-29].

In the parallel model, the grain boundaries consist of inhomogeneously distributed

second phases. This second phase was assumed to show negUgible conductivity, and the

current flow occurs through channels at the grain contacts. Therefore, the resistivities in

grains and grain boundaries were expected to have the same activation energy.

The segregation of dopants from grains into the grain boundaries influences tiie

grain boundary phase. Grain boundary resistivity decreased linearly with grain size below 4

um in Y203-doped ZrQ2 and became constant at larger grain size. The presence of thick

boundaries consisting of an amorphous sUica rich phase, which covers grains and forms a

continuous network, has been reported [20]. The improvement of total ionic conductivity in

Al203-dispersed Zr02 has been reported [30]. However, it has been reported tiiat the

addition of AI2O3 particles gives rise to the formation of glass phase consisting of AI2O3,

Si02, and Y2O3 [28].

Figure A6: Schematic description of the temperature dependence of ionic conductivity of

oxide electrolytes
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Z = Z + jZ
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Figure A7 (a) A typical (schematic) complex impedance diagram. From low

to high frequencies, the three arcs of circle are attributed to the resistive

and capacitive effects of electrodes, grain boundaries, and grains of the

system containing the ceramic solid electrolyte and the electrodes, (b) An

"equivalent" circuit that provides an impedance diagram similar to that

depicted in (a), with centers of semicircles located on the real axis.

}F. Baumard, P. Papet and P. Abeiard,

"Transport Properties of &02-Based Solid Electrolytes",

Zirconia ///, 1988.
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Appendix III:

Results of Phase Analysis by X-ray Diffraction

Heat-treatment foOi.5
temperature, time concentration Phases Remar

(°C) (h) (mol%)

1700 2 3 m(s)
5 m(s)+t'(tr) I(t')=4%
10 t'(s)+m(w) I(f)=68%

a(t>5.1028
c(t')=5.1540

15 t'(s) a(t>5.1020
c(t')=5.1552

20 f(s) a(t')=5.1072
c(t')=5.1496

25 c(vs) a(c)=5.1228
30 c(vs) a(c)=5.1180
35 c(vs) a(c)=5.1184
40 c(vs) a(c)=5.1160
45 c(vs) a(c)=5.1140
50 c(vs) a(c)=5.1104
60 c(s)+In(w) a(c)=5.1152
70 c(s)+In(s) a(c)=5.1172
80 fci(s)+c(s)
85 In(s)+c(s) a(In)=10.1340
90 In(s)4c(w) a(In)=10.1349
95 In(s)+c(tt) a(In)=10.1362
97.5 In(s)+c(tr) a(In)=10.1362
99 In(vs) a(In)=10.1303
99.5 In(vs) a(fri)=10.1281
100 In(vs) a(In)=10.1211

1600 6 5 m(s)+t'(w) I(t')=26%
10 t'(s)+m(w) I(t>73%

a(f)=5.1084
c(t')=5.1516

15 t'(s) a(t')=5.1076
c(t')=5.1520

20 t'(s) a(f)=5.1116
c(t>5.1500
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1500

1450

6 1.5 m(vs)
5 m(s)+t'(w) I(f)=48%

a(t')=5.1108
10 t'(s)+m(w) I(f)=81%

a(t')=5.1112
c(t')=5.1488

15 t'(s)+m(tr) a(t')=5.1144
c(t')=5.1456

20 t'(s) a(t')=5.1112
c(t')=5.1392

25 c(vs) a(c)=5.1220
30 c(vs) a(c)=5.1196
35 c(vs) a(c)=5.1196
40 c(vs)+In(tt) I(In)=3%

a(c)=5.1204
45 c(v)+In(w) I(In)=ll%

a(c)=5.1196
50 c(v)+In(w) I(In)=32%

a(c)=5.1196
60 c(v)+In(s) I(Tn)=29%

a(c)=5.1196
70 In(s)+c(s) I(In)=62%
80 In(s)+c(w) I(In)=73%
85 In(s)+c(w)
90 In(s)+c(tt) I(In)=97%
95 In(vs)
97.5 In(vs)
99 In(vs)
99.5 In(vs)
100 In(vs)

12 60 c(s)+In(s)
70 c(s)+In(s)
80 In(s)+c(s) a(In)=10.1265
85 In(s)4c(w) ian)=61%

a(In)=10.1273
90 In(s)+c(w) I(In)=78%

a(In)=10.1273
95 In(s)+c(tt) I(In)=92%

a(In)=10.1261
97.5 In(s) a(In)=10.1278
99 In(vs) a(In)=10.1266
99.5 In(vs) a(In)=10.1260
100 In(vs) a(In)=10.1221

0.1 10 t(s)+m(w) a(t)=5.0924
c(t)=5.1812

15 t(s)+c(s)+m(tr) a(t)=5.0936
c(t)=5.1836

0.5 15 c(s)+t(w)+m(w) a(t)=5.0936
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1400

24

45

1350

1325 12

5 m(s)
10 m(s)+c(w) I(c)=45%
15 c(s)+m(w) I(c)=61%
20 c(s)+m(tr) I(c)=85%
25 c(vs)
30 c(vs)
35 c(vs)
40 c(vs)+In(tt) I(In)=5%
45 c(vs)+In(w) I(In)=14%
50 c(vs)+In(w) I(In)=16%
60 In(s)+c(s) I(In)=36%
70 In(s)+c(s) I(In)=60%
80 In(s)+c(s) I(In)=89%
90 In(vs)
95 In(vs)
100 In(vs)

5 m(s)+t(w)+c(w)
10 c(s)+m(s) a(c)=5.1160
15 c(s)+m(w) a(c)=5.1160
20 c(s)+m(tr) a(c)=5.1164
25 c(vs) a(c)=5.1172
30 c(vs) a(c)=5.1184
35 c(vs) a(c)=5.1196
40 c(vs) a(c)=5.1220
45 c(s)+In(tt) a(c)=5.1180

80 a(In)=10.1259
85 In(s)+c(w) a(In)=10.1232

90 In(s)+c(w) a(In)=10.1262
95 In(s)+c(tr) a(Li)=10.1255
97.5 In(s)+c(tt)
100 a(In)=10.1205

15 c(s)+m(w) I(c)=91%
20 c(s)+m(tr) I(c)=99%
25 c(vs)
30 c(vs)
35 c(vs)+In(tr) I(In)=10%
40 c(s)+In(w) I(In)=23%

0 m(vs)
1.5 m(vs)
3 m(s)+t(w)
5 ra(s)+t(w)
20 c(s)+m(tr)
25 c(vs)
30 c(vs)+In(tr) I(In)=5%
35 c(vs)+In(w) I(In)=10%
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1300 15

1200

80

40

1100 95

5 m(s)+t(s)
10 m(s)+t(s)+In(tt) I(In)=l%
15 t(s)+m(s)+In(w) I(In)=13%
20 t(s)+m(s)+In(w) I(In)=19%
25 t(s)+m(w)+In(w)
30 m(s)+In(s)+t(tt) I(In)=40%
35 In(s)+m(s)+t(tr) I(In)=49%
40 In(s)+m(s) I(In)=63%
45 In(s)+m(w) I(In)=70%
50 In(s)+m(w) I(In)=81%
60 In(vs)+m(w) I(In)=93%
70 In(vs)+m(tt) I(In)=98%
80 In(vs)+m(tt) I(In)=98%
90 In(vs)
95 In(vs)
100 In(vs)
15 t(s)+m(s)+In(w)
20 m(s)+t(s)+In(w)
25 m(s)+t(s)+In(s)

5 m(s)+t(s)
10 m(s)+In(w)+t(tt) I(In)=25%
15 m(s)+In(w)+t(tt) I0n)=30%
20 m(s)+In(s)+t(tr) I(In)=44%
25 m(s)+In(s) I(In)=28%
30 In(s)+m(s) I(In)=42%
35 In(s)+m(s) I(In)=58%
40 In(s)+m(w) I(In)=67%
45 ln(s)+m(w) I(In)=68%
50 In(s)+m(w) ian)=76%
60 In(s)+m(w) I(In)=77%
70 ln(s)+m(w) I(In)=87%
80 ln(vs)+m(tt) I(In)=95%
90 In(vs)
95 In(vs)
100 In(vs)

15 m(s)+In(w)+t(tt)
20 m(s)+In(w)+t(tt)
25 m(s)+In(s)
30 In(s)+m(s)
35 In(s)+m(s)
40 In(s)+m(w)+t(tt)
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1000 250 5 m(s)+In(w)+t(tt) I(In)=4%
10 m(s)+In(w)+t(tt) I(In)=9%
15 m(s)+In(w)+t(tt) I(In)=18%
20 m(s)+In(s)+t(tt) I(In)=28%
25 m(s)+In(s)+t(w) I(In)=22%
30 ta(s)+m(s)+t(w) I(In)=46%
35 In(s)+t(w)+m(w) I(In)=27%
40 In(s)+t(w)+m(w) I(In)=39%
45 ta(s)+t(s)+m(w) I(In)=43%
50 In(s)+t(s)+m(w) I(In)=78%
60 In(s)+t(w)+m(tr) I(In)=87%
70 In(vs)+t(tr)+m(tr) I(In)=92%
80 In(vs)+t(tt) I(In)=99%
90 In(vs)
95 In(vs)

900 700 5 m(vs)+In(tr)+t(tt) I(In)=2%
10 m(vs)+t(w)+In(w) I(In)=7%
15 m(s)+t(s)+In(w) I(In)=13%
20 t(s)+In(w)+m(w) I(In)=21%
25 t(s)+In(w)+m(w) I(In)=27%
30 In(s)+t(s)+m(w) I(In)=61%
35 In(s)+t(w)+m(w) I(In)=77%
40 In(s)+t(s)+m(w) I(In)=65%
45 ln(s)+t(s)+m(w) I(In)=48%
50 In(s)+t(w) I(In)=89%

800 1080 10 t(s)+m(s)
15 t(s)+m(w)
20 t(s)+m(w)
25 t(s)+m(w)
30 t(vs)+m(tt)
35 t(vs)+m(tt)
40 t(vs)
45 t(vs)+m(tt)
50 Uvs)
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Starting powders

700 2 0 m(vs)
1.5 m(s)+t(w)
3 m(s)+t(w)
5 m(s)+t(w)
10 t(s)+m(s)
15 t(s)+m(w)
20 t(vs)
25 t(vs)
30 t(vs)
35 t(vs)
40 t(vs)
45 t(vs)
50 t(vs)

800 1 60 In(s) a(In)=10.160
70 In(s) a(In)=10.141
80 In(vs)
85 In(vs)
90 In(vs) a(In)=10.127
95 In(vs) a(In)=10.125
97.5 In(vs)
99 In(vs)
99.5 In(vs)
100 In(vs) a(In)=10.121

Symbols

CrystaUographic phase

soUd solution

Intensity

Remarks

m: monocUnic Z1O2 soUd solution

t: tettagonal Z1O2 soUd solution

t':tettagonal Zr02 soUd solution

diffusionlessly transformed from cubic Z1O2

c: cubic Z1O2 soUd solution

In: bcc L12O3 soUd solution

vs: very strong
s: strong
w: weak

tr: trace

(Phases are shown in the order of peak sttength.)

I(phase): fractional intensity by XRD (%)
a(phase): lattice constant of a-axis (Angsttom)
c(phase): lattice constant of c-axis (Angstrom)
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