M 2tT2 BK2Mi H M/ MmK2 B+ H TT Q +? 7Q
+ 1?7Q/2 7Q ?B;? T2 7Q K M+2 Ah@aP¢
Px/2M *2HBF#BH2F

hQ +Bi2 i?Bb p2°bBQM,

Px/2M *2HBF#BH2FX M 2tT2'BK2Mi H M/ MmK2 B+ H TT Q +? 7Q i
7Q°K M+2 Ah@aP6*X M HviB+ H +?2KBbi'vX IMBp2 ' bBil :"2MQ#H?2
kyRe: 1 AydR X i2H@yReNjkd9

> G A/, i2ZH@yReNjkd9
2iiTh,ffi2HX "+?Bp2b@Qmp2 i2bX7 fi2H@yReN
am#KBii2/ QM ke C M kyR3

> G Bb KmHiB@/Bb+BTHBM v GOT24WB p2 Dmbp2 "i2 THm B/BbBIBTHBN
"+?Bp2 7Q i?72 /2TQbBi M/ /Bbb2KIBEBMBR MNQ@T™+B2® " H /BzmbBQM /2 /
2MiB}+ "2b2 "+?2 /Q+mK2Mib- r?2i?@+B2MMiB}2mM2b#/@ MBp2 m "2+?22 +?22- T
HBb?2/ Q° MQiX h?2 /IQ+mK2Mib MK VW+RK2Z2EF IQKHBbb2K2Mib /62Mb2B;M
i2 +?BM; M/ "2b2 "+? BMbiBimiBQWER BM?8 7M#M2I @b Qm (i~ M;2 b- /2b H
#Q /-Q 7 QK Tm#HB+ Q T ' Bp i2T2HRAB+B @2MT2BIpXib X


https://tel.archives-ouvertes.fr/tel-01693274
https://hal.archives-ouvertes.fr

| Communauté
i UNIVERSITE Grenoble Alpes

THESE

Pour obtenir le grade de

DOCTEUR DE LA COMMUNAUTE UNIVERSITE
GRENOBLE ALPES

Spécialité : Matériaux, Mécanique, Génie Civil, Electrochimie
Arrété ministériel : 25 mai 2016

Présentée par

g]GHQ d(/8.%ga/(.

These dirigée par Elisabeth DJURADO et
codirigée par Christophe L. MARTIN et
David JAUFFR ES et M6nica BURRIEL

préparée au sein du Laboratoire d'Electrochimie et de Physico -
chimie des Matériaux et des Interfaces (LEPMI) et au
Laboratoire Science et Ingénierie des Matériaux et Procédés
(SIMaP) dans I'Ecole Doctorale IMEP2/ Ingénierie - Matériaux,
Mécanique, Environnement, Energétique, Procédés,

Production

Optimisation de la cathode pour pile a
combustible a oxyde électrolyte solide
. approche s expérimentale et
numerique

Thése soutenue publiquement le 9 Décembre 2016
devant le jury composé de :

Mme, Marie -Cécile PERA

Professeur, Université de Franche-Comté, Président du Jury

M. Stephen SKINNER

Professeur, Imperial College London, Rapporteur

M. Olivier JOUBERT

Professeur, Ecole Polytechnique de I'Université de Nantes, Rapporteur
M. Norbert H. MENZLER

Docteur, Forschungszentrum Julich, Membre

M. David JAUFFR ES

Maitre de conférence, Université Grenoble Alpes, Co-encadrant

Mme Mdnica BURRIEL

Chargée de Recherche, CNRS, Université Grenoble Alpes, Co-encadrant
M. Christophe L. MARTIN

Directeur de Recherche, CNRS, Université Grenoble Alpes, Co-directeur
Mme Elisabeth DJURADO

Professeur, Université Grenoble Alpes, Directeur







ACKNOWLEDGEMENTS

For the threg/earsthat | havespent inLaboratoire d'Electrochimie et de Physamie des
Matériaux et InterfacefLEPMI) et Laboratoire de Science et Ingénierie des Matériaux et
ProcédéqSIMAP) in Université de Grenoble Alpes$ woud like to thank all those who

contributed to the successful completion of my PhD.

| would like to start by thanking all the jury members who accepted to be in my doctoral defense.
| appreciate the time and efforts, especidythe referees ProOlivier Joubert and Prof.
Stephen Skinner, in reviewing my manuscript. | would like to thank the president of the jury
Prof. Marie Cecile Pera, the examiner Dr. Norbert Menzler and the invited member and
external collaborator of this work Dr. Julian Dailly forvivag spent long hours reading my

manuscript and for a very fruitful discussion about my work during the defense.

This work would not come out without the collaboration of my thesis supesvizaf.
Elisabeth Djurado andr. Christophe Martin. The combitian of their expertise in two widely
different fields of material science enabled me to present a unique work in our field. | would
also like to thank both of them for their constant encouragement for my professional and
personal developmeritlext, | would like to thank my two cgupervisors: Dr. Ménica Burriel

for following my work throughout my PhD andrfhaving fruitful discussions and Dr. David
Jauffréedor hisinvolvementin my thesis and correcting every bit of my manusctippnsider
myself luckyto have worked with hinf-rom each and every one of them, | have learnt a great

deal about becoming a good scientist.

| would like to express my deep gratitude to Prof. Elisabeth Siebam gratefulfor her
patience for my endless questions and hatri@ss towards mealsowould like to thank Prof.
Laurent Dessemond. Without his valuable contributions, this thesis would not have been

complete.

This work had been possible by the major fundingtlmé Centre of Excellence of

Multifunctional Architecturel Materials (CEMAM) and | gratefully appreciate it.

, ZRXOG OLNH WR DFNQRZOHGJH WKH PHPEHUV RI WKH p&l
& R P P X@MTIC) for allowing me to carry out a large number of characterizations on my



samples. | would like to thanki&phane Coindeau, Thierry Encinas atetve Roussel the

XRD experts, for their immediate availability and for the many helpful discussions. Special
thanks to Rachel Matrtin for the magnificent SEM images she has taken for me and our lovely
conversations. acknowledgeloelle Glabro for her meticulous work in preparing many of my
samples and lastly, Frédéric Charlot with whom | worked for the most significant part of my
work, the FIB/SEM characterization.

A great part of my work was supported by the platfBMatériaux Electrochimiques pour
O (QHUJLHY 0 ( , ZRXOG \HiehkreHn¢ssabardak Fsandrne/BELDIQ N
Michel Dessarts and Cesar M. Steil for their valuable contribution in the preparation of the

electrolyte support and screen pingtinstrument.

| would thank the two laboratories LEPMI and SIMAP who have welcomed me three years, in
particular, MIEL and GPM2 teams. Thanks to the administration, Prof. Jean Claude Leprétre,
Fannie Alloin,Claire Girardi, Yasmine Bouhadjar, Claire Béanblabil Smaili, Linda Vivenio
andElisabeth Luss{GPM2). For all the other technical work, | would like to thank Vincent
Martin, Claude Roux, Laure Cointeaux, and Olivier Szydlo.

A big thanks to those with whom | shared unforgettable moments; looh hneaks, coffee
breaks, evenings out, hikings and weekend ski evéfase Lachal, Emmanuelle Bichaud,
Marc Zimmermann, Hana -&lhal, Shayenne Nobrega, Cheah Seng Kian, Phillipe Dumaz,
Guilliaume Constantin, Lucien Duclos, Lavinia Astratine, Olesia anylad Tezyk, Rakesh

Sharma, and all the others.

My crazy friends from the European Master Program;-Bheg Lin, Ana Carolina Lopez
Selvati and Saumya Mukherjee. | would like to thank them individually for always being there
for me, fa still meetingup time to timeand cherish the jokes about our North Korean bloods.

$JDLQ ODVW EXW QRW OHDVW P\ FROOHJH IULHQGV IURP 7
'HQJL] DQG 0OXUDW .DGLU '"HOL|PHUR+OX 1R PDWWHU KRZ
differencebetween us, we end up chatting on a daily basis. | am grateful to have you as my
kankies for life

Before the end, | would like to thank Fabio Agnese. | would be somewhere else living another
OLIH LI LW ZDVQTW IRU \RX DQG , rZtRisKamézirg)Ufe Ehadevith EH P L\
you. | also would like to thank your lovely parents with whom | always felt welcomed in your

family.



Finally, 1 would like to dedicate this manuscript to my family, especially my parents. | had

unconditional love and suppdhroughout my life and | cannot thank them enough.






5E68E )5%$1d%6

Comprendre, controler et optimiser la réaction de réllulcR Q GH OfR[\Jqgdewkent OD FDW
une nécessité pour améliorer les dispogitfconversion d'énergie de haute performance tels

que les piles & combustibleoayde électrolyte solid€SOFQ. Des films poreux a conduction

mixte, ionique et électronique (MIEC) et leurs composites comprenant un conducteur ionique
offrent des propriés uniques. Cependant, la corrélation des propriétés intrinseques des
composants d'électrodes aux caractéristigues microstructurales reste une tache difficile. Dans

le cadre de cette thése, la couche fonctionnelle de cathode eBxol.&80 sFen.sO 1/ (LSCF)

pure et du composite LSCF§650.10..;, &*2 D pWp pODERUpH SDU OD WHFK(
électrostatique. Une microstructure a porosité hiérarchique a été obtenue dans un domaine
QDQRPpPWULTXH j PLFURPpWULTXH /H\ctélwd@déecduRr @CpWp UHF
LSCF, par sérigraphie. Une étude paramétrique a été réalisée expérimentalement pour
optimiser la double couche en termegatapérature de frittagee composition et d'épaisseur

des couches de CFL et CCL. En se basant sur cetatésuh modele éléments finis 3D a été
développé en utilisant les parameétres microstructuraux déterminés par tomographie de FIB
MEB dans une géométrie simple, similaire a des caractéristiques colon8airksbase de ce

modéle un guide de conceptiond PDWpULDX GYfpOHFWURGH D pWp SURSR'
électrochimiques optimisées a la microstuuet et aux propriétés du masdifne cellule

complete d&SOFCintégrant la cathode optimisée double couche de LSCF a été testée dans des

conditions ré&lles d'exploitation et sa durabilité a été suivie pendant 700h.
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Understanding, controlling and optimizing the mechanism of oxygen reduction reaction at the
cathode need to be addressed for high performance energy conversi@s deecitc as solid
oxide fuel cells (SOFCs). Structured porous films of mixed ionic electronic conductors
(MIECs) and their composites with addition of a pure ionic conductor offer unique properties.
However, correlating the intrinsic propies of electrodecomponents andnicrostructural
featuresto performanceemains a challenging task. In this PhD thesis, cathode functional
layers (CFL) ofLap.6Sr.4Co FensO i/ (LSCF) and LSCF/GaGdh.10-.; (CGO) composite
cathodes with hierarchical porosity from nabt® microrange are fabricated by electrostatic
spray deposition technique. The films were topped with LSCF as a current collecting layer
(CCL) by screen priimig technique. A parametric optimization study was conducted
experimentally in terms cfintering temperatureomposition, and thickness of CFL and CCL
layers. The experimental results were supported by a numerical 3D Finite Element Model
(FEM). Microstructural parametemdetermined by FIESSEM tomography were used in a simple
geometry similar to experimentally observed columnar features. In this work, experimental
results and modelling were combined to provide design guidelines relating optimized
electroclemical performances to the microstructure and bulk material properties. A complete
fuel cell with optimized cathode film wa®stedin long term degradatiom real SOFC

operational conditions.
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Introduction
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The combustion rigines have been proven to élective means of generating mechanical
work from a fossil fuel source. Gasolioediesel engine powered automobiles are the simplest
examples that billions of people use on daily basis. However, some concerns have been raised
both on the continuity of fossil fuels and the environmental effects caused by the combustion
of these fuelsTherefore, efficient and sustainable energy has been the main research interest
over the last decades in order to be less dependent sihfieds. Hydrogen or methane is
considered as efficient and convenient energy carriers for sustainable energgnsion

of these fuels to electrical energyectrochemical devices such as solid oxide fuel cells (SOFC)
are necessary. Fuel cells are devices that can directly convert chemical energy from a fuel into
electrical energy through an electrochemicattiea. A fuel (e.g. hydrogen, methane) and an
oxidant (e.g. air) met to produce electrical energypd water (in the case of hydrogen and air).
They offer significant increase in the conversion efficiency of about @dgure 1) and
cogeneration efficiency up to &@D%[1]. Therefore, they grabbed a lot of attention as clean
and efficient energy conversion devices for the future.
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Figure 1 The electric efficiency versus power plant size for different power generation
technologies. Retrieved frohitps://csiropedia.csiro.au/ceranfiel-cells/

Putting aside the issues concerning lack of infrastructure for hydrogen fuel manufacture,
transport and storage, there are other issues regarding the efficiency and the cost of making the
cells. Fuel cell manufacture costs can be brought down signifidantsplacing the expensive

components of a cell by their cheaper counterparts and by different manufacturing techniques.

In order to attain reasonable power density, typical operating temperatures of current thick
film (1- P 62)&V DUH LQ parddufe kegichK ofABBIDBO0 °C. High operating
temperatures bring about material compatibility and sealing issues. Therefore, current research
is focused towards lowering down the operating temperatures in the intermediat@ffhge

700 °Q. Since the syem Kkinetics are known to be thermally activated, lowering the
temperatures introduce severe problems concerning the overall efficiency. The most significant
obstacle is that fully compatible material components in a high temperature SOFRD{HT)

are not operational in an intermediate temperatures SOFCGS@FC). Consequently,
alternative material components and fabricatizethods have become the miaicus. Among

the components, the cathode material is known to limit the overall performainéermedate
temperatures Therefore, the development and fabrication of new materials with good
ionic/electronic conductivity, high electrochemical activity and high surface exchange
properties at intermediate operating temperatures are necd8dsacompositef mixed ionic

and electronic conductors (MIBGwith ionic conductors(IC) are preferred over pure

componentsn order to increase the effective ionic conductivity of the film at intermediate


https://csiropedia.csiro.au/ceramic-fuel-cells/

Introduction

temperature ranges. New strategies for rational design of micctsts with hierarchical

featureghrough a facile and lowost approachre also necessary.

2EMHFWLYH RI WKH WKHVLV

The performance of an SOFC depends on several combined factors in each cell compartments
(i.e. anode, cathode and electrolyte). Mosthef presented work concerns the cathaedehe
polarization resistance of this layer becomes significant for intermediate temperature
operations.The cathode reaction kinetics and influence of microstruaitistateof-the-art
cathode material (La,Sr)(Cefs.; (LSCF) have beenextensively studied through
comparative experimental workend numerical simulationis the literature Earlier n our

group reaction kinetics o SCF deposited bylectrostatic spray depositioB$D) technique

was studiedin three diferent microstructuresThanks to nanostructured microstructure
features,one of the lowest resistance values compared to literature was achie/ed
continuation, this thesis foses on the micro- to nanoscale changesin the cathode
microstructure through the variation on the deposition parametersfilm composition
(composite LSCF/€.xGdxO-- /), andthe sintering temperaturd.he objective of thishesis is

to experimentallymonitor the microstructure/performanadationshipandto provide general
design guidelinesisinga model systemmomparablg¢o experimental conditiong\ numerical

modd with finite element metho(FEM) is chosen sincié can provide an efficient technical
approach and informatiotihat arenot possibleo getwith analytic moded. However,FEM
modelsareusuallycostly in terms of computation timespecially for the callations of three
dimensional microstructures that combine mi@nd nanesized features similar to tHeSD
cathodes Therefore, a original strategy combinindpomogenizationapproach and finite

element methot proposed.

Chapter 1 introduces the statkthe-art SOFC sgtems. The operating principles gidetics
in the cathodgheother SOF@omponentsand degradation mechanismsach compartment
arereviewed The microstructural factors affecting the cathode performances are discussed.

Chapter 2 $ devoted to the technical information on the fabrication and characterization of
pure LSCF and LSCF/CGO cathode films fioe applications inT-SOFCs.The parameters
for successive depositions dectrostatic spray deposition (ESD) and screen print8f) (
techniquesto obtain double layer filmsare given The widely used fundamental

characteriation techniques such asasning electron microscope (SEM)ransmission
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electron microscope (TEM) armxtray diffraction (XRD) are outlined. 3D microstructural
characterizationby 3D FIB/SEM tomography (focused ion beam/scanning electron
microscope)and image analysis are elaborately explained. A detailed descriptitme of
electrochemical characterization bglectrochemicalimpedance spectroscop{ElS) is

presengd.

Chapter 3 starts with a comparison of cathode resistance of LSCF in two type of
microstructuresThe microstructures are controlleg varying ESD deposition parameters.
Then, various LSCF/CGO compositions are studied by SEM, TEM, XRD, anth BE lhe

effect of microstructure evolution dhe electrode performance. Only pure LSCF and 60:40

vol. % LSCF/CGO are chosen ftiie reconstruction by FIB/SEM tomography. The same
composite composition (60:40) is selected to study the effect of sintering sdurpesnthe
electrode performance. The grain growths are monitored by SEM and &iRDpossible
consequences are discussed with respect to initial ESD deposition parameters and electrode

polarization resistances.

Chapter 4ocuses on the optimization thfe double layer cathode films of pure LSCF deposited
by ESD techniqueas cathode functional layer (CFL) topped by LSCF deposite®Py
techniqueas current collecting layer (CCLYhe thicknesses of CFL and C@kevaried and
current constriction effeceremonitored byelectrochemical impedance spectroscdyally,

the optimized double layer LSCF film@e deposited on anodripported fuel cells. The
performances anldng termdurability of thecompletecellsare tested at 675 °C.

Chapter 5 presenta/o 3D FEM modeldaking into accountf the hierarchical nature &SD

cathode microstructur&he procedures, assumptions and equations are introduced. Model 1 is
based on cubic particles that was previously reported in the literature for homogeneous pure
LSCF microstructures. The model equations are taken from the references and adapted to our
60:40 LSCF/CGO compositeolumnartype microstructure. Following model 1, a new 3D

FEM model is proposed (model.3j still takes into accounthe hierarchicahature of the
microstructurebut also enables simulations of largeicno- features that is usually very
demanding in terms of computation. The real microstructural parameters obtained from
FIB/SEM tomography are included in model 2 amel tesults are discsisd in relation with the

experimental datd&inally a general conclusiomith new perspectives are given.



Fundamental of SOFC

1)81'$0(17$/6 2pB2)&

Chapter 1 introduces the statbthe-art SOFC systems. The operating principles and
kinetics in the cathode, the other SOE@nponents, and degradation mechanisms in
each compartment are reviewed. The microstructural factors affecting the cathode

performances are discussed.
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1.1)XQGDPHQWDOV RI 62)&

Fuels cells are electrochemical devices that can directly convert the eneegly\siihin the
chemical bonds of a fu@hto electrical energy and heat. The main difference between a fuel
cell and heat engine is that in heat engines chemical energy is first converted into mechanical
energy and then into electrical energy which in t@sult in loss of energy. On the contrary,

the working principle to generate electricity through electrochemical reactions is similar to
batteries; however, el cell produces electricity as long as it has a fuel supply, while the
battery must be rechged after being used up. The operation of a fuel cell or any other
combustion cell is simply the combustion of a mole of hydrogen gas (fuel) and half a mole of

oxygen gas (oxidant) producing a mole of water.
*6o E=1g\ *61 1-1
6 E% 16 6

This is a reaction involving bond splitting of one mole eHHbonds and half a mole of-O

bonds to form two €H bonds. Energy is providdaly the combination of atoms and decrease

of the entropy. The excess energy is released as heat. In a combustion engine, this heat is
converted into mechanical energy and then into electrical energy, which brings about loss of

energy in each stage. On thiher hand, an electrochemical fuel cell benefits from spatial

separation of hydrogen in the anode and oxygen in the cathode compaftigemesi(1). The

two half reactions are combined by the electron transfegréfore, since the electrons move
from the fuel species to the oxidant species, they represent an electrical current. The two

electrochemical half reactions are:

the oxidatiorreactionat the anode
*<E17\ * 1 EtA 1-2
the reductiomreactionat the cathode:

SIGEtR \ 19 1-3
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Figurel-1 The working principles of SOFC

As shown in Eq. 4 and Eq. 15, chemical energy is formed from chemical reaction between

the oxidizing gas (oxygen,fpon the cathode side and the fuel iaghis case hydrogen,,H

on the anode side. The resulting reaction products (in this case water v#pparelcarried

out from the anode side. The dense electrolyte separates the two compartments. This results in
an oxygen partial pressure gradientween the cathode side and the anode side, which is
maintained by the continuous feeding and removal of the gases. Because of the gradients,
oxygen ions are transported from the cathode side to the anode side. On the cathode side, the
oxygen ions arerovidedfrom the oxygen molecules in the gas phase, while the electrons are
received from the anode siblg the external circuitOn the anode side, the oxygen ions react

with hydrogen to give water vapor and return in the gas phase.
S 16E &FEL A\ 1§ 1-4
*SE1E8\ *;1Et K E&® 1-5

The transport of oxygen ions is accompanied by a depletion of electrons on the cathode side
and an accumulation on the anode side, where an ideal glectrak only the conductivity for
oxygen ions. Accordingly, a potential difference is created between the electrodes. The
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potential differences can be balanced through the external circuit, thereby providing the

electrical energy for the consumer.

In the @se of an open circuit, an equilibrium situation will be reached after a relaxation period.
The potential gradient, which at first causes oxygen ions to move from cathode to anode side,
is balanced by an electrical gradient opposite to the direction dfiffiusion force. In this
situation the NernstoltageEnemstarises between cathode and anasishown in the following
equation

Ei B A

‘coaadc 4 F—

4¢'Ey B

: 1-6

whereEpthe standard cell potentid® the gas constank the Faraday constant,the number
of electrons involved] the temperaturgy the partial pressure of reactants and produnts
typical operation temperatures (800 °C) of a SOFC operated on hydrogen and air values around

1.1 Vis obtainedas Nernst voltage.

1.2 (OHFWURFKHPLFOQ&XDRNFKIR/ZHY D W

The proposed reactive pathway is decomposed into a succession of stepsRaticQHY D 3SEXO
DQG D 3VXUI[Figkte 1-3)D Both pathways are joined in a common reaction
corresponding to the oxygen desorption/adsorption that produces/consumes gaseous oxygen

molecules in the electrode porosities. Theg in competition and occur parallel to each other.

The slowest process in such a situation is referred to as rate determining step. However, the
knowledge about this reaction is still limited, even though considerable research have been
made over the yes.

The oxygen surface exchange reactions involving are suggested to comprise adsorption of O
on the cathode surface and its dissociation into two oxygen atoms. Oxygen is then incorporated
as an oxygen ion (0) into a vacancy (¥%in the vicinity of e surface Qk 4 3,with a number

of steps. These steps are summarized in 4 steps from Eq.Bq71d 0. The charge transfer

steps includes adsorption of gaseousofto an open surface vacancy, dissociation 0byD

the occupation of a neighbog surface vacancy, and incorporation of the surface oxygen into
the bulk[2]:
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R1: legeEtQxas, t1F Crayy, 1-7
R2: t1F QeasBt&®ecavoBd R " t1E gay Eteany 18
R3: t1F QeasBt &y e EVA A t1E 4 ae EtQeany, 1-9

R4. t1€ . assE t&az" t1E A Et&  Eacy, 1-10

Figurel-2 Schematic diagram illustrating the podsibxygen reduction reaction pathways in
a dense MIEC cathode. Bulk and surface pathways are in competition as they occur parallel to

each other. Oxygen incorporation at the side walls is also shown. Reproduced fi@n ref.

1.33RZHU /RVVHV LQ 62)&V

The performance of a fuel cell can be depicted from\arcuirve as shown |rigurel1-3| The

current isnormalized to the area of the fuellg@l cm™) in order to be comparable with other
systems.The voltage output of a real fuel cell is less than the thermodynamically predicted
voltage output due to irreversible kinetic lossEse more current drawn from the system, the
greater is the voltge drop from the ideal voltage. Three major losses account for the difference

between the two curves, namely; ohmic, activation and concentration polarizations.

The overall cell voltage can be calculated using the following equation:
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1-11
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Uc: Real output voltage of the fuel cell
7¢ Thermodynamically predicted vafje output of the fuel cell from Eq. 1.4
D1k Ohmic lossesdsed on total fuel cell curremicluding fuel crossover loss

35 ¢:cActivation losses based on total fuel cell current. Supersaimd® refer to anode and

cathode, respectively.

% 5 aConcentration losses based on total fuel cell current. Supefsanigt refer to anode

and cathode, respectively.

Figurel-3 Ideal vs. actual fuel cellV curves.

Ohmic losses onm Occur during the electronic or ionic transport through the electrodes and
the electrolyte, since every component has a finite conductivity. The overall ohmic resistance
is the sum of each individual ohmic contributiBs $FFRUGLQJ WR 2KPfV ODZ

overpotential linearly increases with the current density

10
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Ry L FEALALL FEA50 1-12

Concentration polarization, ¥ 5 45aS another significant loss, which originates from the
transport of gaseouspecies through the porous electrodes by bulk diffusion and Knudsen
diffusion. From the Nernst equation (Eg6)lit is clear that decreasing the partial pressure of
reactants causes a voltage drop. Electrode microstructures, pore sizes and pore myorpholog
(tortuosity) are shown to influence the transport of gaseous species. Smaller electrode

thicknesses are suggested to avoid concentration polarization[Blsses

Activation polarization, Ry ¢ describes the electrochemical loss mechanisms taking place
mainly at the thre@hase boundary (TPB) where ioftionducting, electroniconducting and

gas phases meet. An activation energy is necessary in order to overcome the energy barrier tha
prevents a spontaneous reaction. The higher the temperature, the higher the probability for
reactants to gain the necessary activation energy, therefore the overpotential is reduced. A
commonly used equation for describing the influence of activatiorpotential on current

density is the welknown ButlerVolmer equation:

1-13

where K is the exchange current density,is the number of electrons involved in each
electrode reaction, and are the anodic and cathodic charge transfer coefficients, snd

the activation overpotential ofatelectrode.

1.47ULSOH 3KDVH %RXQGDU\

In a system where the cathode is purely electronic while the electrolyte is ionic conductor (e.g.

LSM), the electrode reactions are bound to happen on the triple phase boundary points (TPB)

as illustrated ifFigurel-4a. In this case, the presence of all three phases is essential to support

the oxygen reduction reactions. In composite electrodes comprising electronic and ionic
conductivity such as LSM/YSZ or a mixed iofgtectranic conductor (MIEC) such as LSCF,

the process of charge transéxtended at the electrode/electrolyte interface, beyond the triple

11
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phase boundary (TPB) poirds depicted iEigure1-43. This means that the migtouctural

requirements can be less stringent; howavdre case of LSM/Y Szpercolatiorof each phase
between the electrolyte and current collector remains aeprgsite for electrochemical
DFWLYLW\ ,Q WKLV FDVH DQ pD Fihelsylid/pdrZiReladédd VH ERXQGD L

Figurel-4 a) Electrode reaction sites restricted in TPB regions in electronic conducting cathode.
b) Electrode reactions sites are extended to the whole volume of the elenteddlEC

cathodeReprinted fronref. [4].

In view of the connectivity of the phases by the percolation theory, some active and inert TPBs
must be considered. A connected pathway of ionic octiedis required to deliver oxide ions

from electrode to the electrolyte. Similarly, a continuous pore network is essential to deliver
gas species to the surface of the electrode. Therefore, an isolated pore will not contribute to the

gas transport, thugducing the overall porosignd active surface area

In the case of composite electrodes comprising a MIEC and an ionic conductor (e.g.
LSCF/CGO) the percolation of the CGO phase will be crucial when the ionic conductivity of
the MIEC falls down in a ged extent at low temperatures awtien it behaves aa pure
electronic conductor. In such a case, active and inert TPBs determine the overall performance.
As an example, TPB1 can be considered theoretically active as there is a contiguous ionic,
electronicand pore networkHowever, TPB2 and TPBare inactive because of a lack of

connectivity in the electronic and ionic phases, respect{yi(e 1-5).

12
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Figurel-5 Representativeamposite cathode, blue is ionic conducting phase, red is electronic

conducting phasé&eprinted fronref. [5].

In summary, most of the power losses in a SOFC cell originate from the electrode and the
electrolyte. The rate of electrode kinetics and charge transfer properties in the solid state depend
on the physical and chemical properties of the GQ#fements. Furthermore, since the
individual losses scale with the relevant geometrical parameters, the geometry of electrode
(microstructure) and the electrolyte (thickness) are decisiveS@FC performance.
Accordingly, the main focus of the developmefntSOFCs is directed on the reduction of
polarization and ohmic losses through the material choice and the microstructural Aesign.
fine microstructure would increase the active sitekygen reduction reactions (ORRN)d
facilitates the electrode katics. Particularly, the amount and the scale of the porosity have
great significance in rate determining steps. An open porosity helps bringing the oxygen to the
active sites. At the same time, porosity in the nrscale increases the surface area, thus
enabling more oxygen exchangtthe surface. The electrochemically active zone in a cathode
material is restricted from some hundreds of nanometers to a few micrometeroultiibe

further exploited by engine&g the structure of thepores; nanecale porosity near the
electrode/electrolyte interface and mistale porosity above the active length to convey the
bulk diffusion of oxygenHierarchically structured porous materials are increasingly being
recognized by their high performance in many appilons for energy conversion and storage
deviced6,7]. It has been shown that while magrores facilitates mass transport, nano porous
network enhances electrochemical reactions in the SOFC electf@dedlevertheless,
hierarchical porosity should be well tailoraccording to the percolation of electronic and ionic

phases. All these factors play a key role on the polarization resistance of SOFC el¢@trodes

13
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11]. In the following, after a quick review dhe stateof-the-art electrolyte and anode materials,

more detailed information on the cathode matesaedgjiven.

156WHRWHOHUW 62)& FRPSRQHQWYV

Numerous materials and material combinations have been considered since the SOFC research
has emerged. &ertheless, only a few candidates take the lead for SOFC components.
Common materialdor electrolytes and anodeme presented in the following sections.
According to the focus of this wordetailed information will be given on the cathode materials,

in particularLag 6Sro.4C.2Fe.g03-; will be discussed.

Electrolyte materials

The main task of the solid electrolyte is to separate the cathode and the anode gas space and
connect them by only ion conduction. The membrane must therefore-biglgasd have high

ionic conductivity () andlow electronic conductivity ). Doped zirconium oxide (Zrf)

has established itself as one of the most preferred electrolyte material as it best meets the
requirements. The high ionic conductivity of the material results from the substitutioff of Zr
cation by a trivalent cation from transition group metals. Typically, yttrium or scandium are
used, although other cations such as the alkaline earth metals, calcium or magnesium (low ionic
conductivity) or the rare earth samarium, neodymium, dysprosiugadolinium, would also

be possiblg12]. The oxygen vacancies are formed by this substitution in the crystal lattice,
thus leading to an improvement ihet ionic conductivity, which is based on a hopping
mechanisnj13]. This process is thermally activated, so that high temperatures up to 1000 °C
are required for high ionic conductivity. Most commonly yttrium is used as a doping element
with 8 mol. % Y0z in ZrO. (8YSZ). With this doping amount the fluorite phase is stabilized

in the cubic phase up to the melting point above 250012 Thelinear thermal expansion
coefficient of 8YSZ in the temperature range of 30 to 800 °@isz = 10.5-10° K* [14].

Besides 8YSZ, 3YSZ (3 mol. %%z in ZrOy) has also been extensively studied in the past. It

is mechanically much morgable (higher tensile strength, elastic) than 8YSZ, but has a
significantly lower ionic conductivitj12,15]. The highest ionic conductivity of doped zirconia

is achieved witha doping of 10 mol. % SOs. This is attributed to the lower distortion of
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crystal lattice (ionic radii of Sé is close to Z¥*), leading to a smaller energy for defect

association, which increases mobility and thus conduc{it&y17](Figure1-6).

In addition to the zirconium oxideased electrolyte materials, there are other integsti
alternatives to YSZ, especially for lower operating temperatures, such asaszth or
lanthanum gallatéased materialgl,16]. The most common doping of cetiased electrolyte
materials are gadolinium (CGO), samarium (SDC) and yttrium (YDC), wherein cerium oxide
doped with gadolinium and samarium ions have the highest ionic conductivity due to similar
ionic radii of Gd*and Smi* to that of C&*. For CGO, therera often inconsistent experimental
reports for the optimal doping concentration of gadolinium that exhibits the maximum
conductivity. For instance, 10 mol. $48], 15 mol. %[19] or 20 mol. %[20] have been
reported as optimum. Some authors suggested that the peak concentrations were temperature
dependent. For example, shifts from 15 to 21 % mole fracfidreadopant with a temperature
increase from 500 to 800 9&1], from 20 to 24 % mole fraction with a temperature increase
from 700 to 800 °G22], and from 15 % mole fraction of the dopant below 400 °C to 20 %
above 400 °G20] have been reported. The scatter in the data can be mainly attributed to the
sample preparation, e.g. fabrication techeigsintering temperature, the amount of impurities

in the starting powders. Steele reported a considerable grain boundary resistithty
presence of Sigin ceriabased materialR3]. He described Si£as an omnipresent impurity

in minerals, which can also easily be introduced from the furnace refractories during sintering
procedure. Khartoat al reported the best stability for 10 mol®G¢l doped ceriéCen.sGth.10>-

/) in reducing atmospheres and at temperatures below 100dikh make<ey sGdh 10-., the

most appropriateclectrolyte materialfor IT-SOFG [24]. The linear thermal expansion
coefficient ofCen.eGh 102/ in the temperature range of 30 to 800 *iso = 13.4-10°K™*

[24]. In comparisorto zirconium oxidebased electrolytes, doped ceria electrolytes have the
advantage of being chemically stable with highly active cathode materialas(lch Sr)Co®@
c(LSC), (La,Sr)(Co,Fe)®s(LSCF), and La(Ni,Fe)®c(LNF). Therefore, they are used as
barrier layer between otherwise incompatible combinations of 8YSZ and the aforementioned
electrode$25,26]
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Figure 1-6 Temperatug-dependent ionic conductivity of solid electrolyte materials. The two
ODWHUDO OLQHYVY UHSUHVHQW WKH WKHRUHWLFDO LRQLF F
Reprinted fron{27].

Unfortunately, ceria undergoes partial reduction t&" @ea reducing atmosphere, such as the
one existing at the anod28,29]. The electrolyte becomes mixed conductor, resulting in an
internal short circuiof the cell. Studies on G&Gd.101.05 have shown that this is particularly
pronounced atemperatures greater than 60D [30]. However this may be acceptable for
applications at lower temperatur@0]. Neverthelessthe electronic conductivity cannot be
completely eliminated even by a thin, electtwacking intermediate layer of doped zirconia
[31,32]

The lanthanum gallate perovids, especially doped with strontium and magnesium,
La i[SxGa \MgyOs. cwith x, y = 0.20.2 (LSGM), possess the highest ionic conductivity at

temperatures greater than 650 °C compared to the previously mentioned materials (see the trend

in |Figure 1-6). Furthermore, thdinear thermal expansion coefficient of LSGM in the

temperature range of &#DO °C is in the range oRsew = 10.4-10.9-10° K1 [14]. However,
this materialshow several chemicahstabilities, e.g. Ga evaporation during sinterj@g],
formation of a poorly conducting second phase in combination with reckegining anodes,
degradation during lonterm exposure in reducing environments (gallium oxide deplet

[34], which make them dubious candidates for further application in SOFCs.

For an electr® \WH UHVLVWD Q F H 2 @shvisteritWiitD @ desired goRer density
greaterthan1Wch DQG D W\SLFDO HOHFWURO\WH WKLFNQHVV RI
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electrolyte should be greater than 0.01 S'cRollowingFigure1-6| the operating conditions
RI <6= VKRXOG EH KLJKHU WKDQ f& 2WKHUZLVH UHGXFI

allows the operating temperature to be lowered to 600 °C. Apart from that, higher conductivity

electrolyte materials such as ZSCGO or LSGM or the combination of two ionically

conducting bilayered electrolytes can be used for intermediate to low temperature SOFCSs.

Anode materials

At the anode, the fuel gas reacts with oxygen ions coming from the electrolyteT&Bhe
giving two electrons per oxygen ion. In the case of hydrogeh 4kl fuel gas, water vapor is
produced (Eg.-1).

In principle, the following requimaents should be fulfilled: The anodeust have high
electrical conductivity, high catalytic activity and high riuen of reaction sites (TPB). It
should also be sufficiently porous in order to ensure the supply and removal of the fuel gas and
the reaction products. Furthermore, it must be chemically stable and chemically compatible
with the electrolyte material. Bserequirement profileare best met in a combination of nickel

and YSZ[35]. This composite anode shows a percolation threshold in the conductivity vs. the
amount of Ni curve. The percolation of the two conducgtihgses, Ni the electronic conductor
andY SZ the ionic condctor, is required to ensure a w«linctioning anod¢36]. Pure metallic

nickel has a very high thermal expansion coefficient (TEC) (16%K1¥), compared to 8YSZ
(10.5-10°K™1). When both are mixed, they form a-MBZ cermet which h@areduced TEC
(12.7-10°K%, for 40 vol. % of Ni + 60 vol. % YSZ).

Although, the potential of NYSZ cermet as anode material is beyond doubt, there are still
some problems such as agglomeration of nickel, sulphur poisoning and carbon deposition when
naural gas is used as the fuel. Issues similar to electrolyte materials may come up, regarding
the expansion of its volume upon redox cycling which may even cause cracking of the anode

(cermet) and/or thin electrolyte coating. This may lead to gradual agegnach output power.
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16 «aDWKRGH ODWHULDOV

Cathode polarization resistandg 5 js a dominant cell loss mechanism with relatively high
activation energy associated with oxygen reduction especially at low temperatures. A good
candidate should possesufficient electronic conductivity to minimize ohmic losses. A
thermal expansion coefficient matching reasonably weh the electrolyte materiat also
desirable to avoid thermmechanical stresses. Phase stability with the electrolyte is another

issue to be concerned about for leteym usage.

Three main families of perovskite based MIEC cathodes have been extensively studied for IT
SOFCs: the cubic type perovskites (ABO WKH OD\HUHG S bOgRaNdviNe W HV
RuddlesderPopper (A+1BnO3n+1) phases. Since a cubic type perovskite is used in this thesis,

only the crystal structure of ABQype perovskite is shown |iF|igure 1-7| These materials

possess an oxygenféld coordinated transition metal scaffold (BQvhere alkahe earth or
lanthanides ions (A) are located on the vertices of the cube containing the octahedral. The
alkaline earth (Ca, Sr, Ba) and/or lanthanide (Ln = La, Pr, Nd, etc.) cations are randomly
distributed on Asites and @racancy defects are also randgulistributed on the Gublattice

[37].

Among the many possible combinations, theik8iCoryFg03.; family of compounds have
been widely studied and applied to SOFCs as electrode components. The cubic perovskite
structure is stable over the full composition space because of the similar ionic FAdX($

= 1.44 and L& (XIl) =1.36, C&*** (VI) = 0.53-0.61 and F&"** (VI) = 0.559.645 A). In
general, these compounds have high electrical @@ S crit) and ionic conductivity
(0.0019.1 S cm') at 600 °C. The compositions in bothske and Bsite were explored to find

an optima in MIEC propées. The x > 0.2 of Sn the Asite results in increased THG8].

The dectrical conductivity increases for x < 0.4 and decreases for x > 0.4 foiciCo
compound$38,39], while compounds with rich Fe content in theiB decrease the THB9].
Lao.6Sr.4Cn.oFen 0./ is therefore the best compromise between high TEC values and low
conductivity. It has a rhombohedral structure at room temper@aje
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Figurel-7 Crystal structures of perovskite MIEC materid&eprinted fronref. [40].

1.70LFURVWUXFWXUDO IDFWRUYV DIIHFWLQJ W

The influence of electrode microstructure on SOFC performance has been widely demonstrated
affecting the electrochemical, transport and mechanical properties of the cell. This has

motivated significant efforts to design and model high performance electrodes.

This section describes performasedated microstructure properties in singlease and
composite LSCF cathodes. The AdieanesSteele (ALS) model provides a good illustration

of how these basic oxygen transport properties and microstructure properties determine the
area specific resistan@&SRof a porous single phase MIEC electrode. It is based on semi
infinite porous cathodes which uses voluaweraged geometrical parametetsear
irreversible thermodynamics in reaction rates and neglects gas transport losses. Some
information on the real geometrical parameters are required, all of which ohtaireed from

3D reconstructedynchrotron tomography1,42]or FIB/SEMdata[43,44] The model gives:

#5721 ¢ AF §— 1-14

52 CARChy

whereR the gas constant, the temperaturedf )DUD GD\ TV dr REQONZENTAND Of
oxygen lattice sites in equilibriuntthe solidphase tortuosity(the fractional porositya the

specific surface area amb, kothe oxygen transport parameters.
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Influence of particle size

The processing is shown to have great influence oeldatrochemical performan¢45,46]
Sintering is a matter of processing and it affects long term operation of SOFC cathodes. During
fabrication, optimization othe sintering temperature aims to regulate the particle size to
maximize the tpb density for an enhanced electrochemical performance, while maintaining

desirable mechanical and mass transport properties.

Eq. 1.14 illustrates the important role of nauak microstructuregsmall particle sizelpading

to high characteristic surface areas. Using the same equation, an estii@ifaf a broad

range of transport parameters and particle sizes is [Ragle€1-8| [40]) Specific surface area

is an estimate depending on the particle.s#4e600 °C, a reduction iASRby factor of ~ 30
is anticipated when the partidl VL]H LV UHGXFHG IURP P WR QP

Figure1-8 Cathode polarization resistance calculated by ALS model at 600 KDfealues
ranging between 18-1018 cmPs? at pO, = 0.209 atmReprinted fronref. [40]

Volker et al conducted a parametric study on the influence of particle size (50 nm to 1000 nm)
in LSM/YSZ cathode by their ordimensional percolation micrmodel[47]. As an output of

the model, they reported the power density of identical volume fractions of monodisperse
cathode particles. The cathode showed the peak performdmeretheparticle radiiwasl50

nm. In the following, they showed the influence of particle size for different volume fractions
of electronic phase. A constant volume fraction of 0.415 yielded the highest power density

within the range of 200 nm to 1000 nm, droppingn@aber volume fractions only for particles
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smaller than this range. It is important to note that the particle size ohimsc to electronic
conductorinfluences the volume fraction€onsidering 4 L M%é N @nd By sare he

particle sizes of ionic and electronic conductors, respectivéblker et al reported that for
N & 200 nm, a particle size ratio of R > 1 leads to an increase of the maximum achievable
power density. For example, fdg & 75 nm, the lghest power density was achieved for a size

ratio of R = 4.7 and an electric particle volume fraction of 0.16.

Influence of pore phase

The influence of pore size is one of the key parameters used to evaluate different mass transport
models. This is becae an appropriate mass transport model for large poremseebe not

suitable for small pore sigeThe diffusion process within a pore can be typically divided into

two diffusion mechanisms: molecular diffusion and Knudsen diffusion. Molecular diffission
dominant for large pore sizes and high system pressuhgi® Knudsen diffusion becomes
significant when the meainee path of the molecular species is much larger than the pore size.
Suwanwarangkukt al studied the relationship between pore sizd #re concentration
overpotentia[48] E\ FR P S D U L Qudtydas &l BtefaMaxwell models.They came to

a conclusion that the dusgjas model is suited best for simulating the gas transparbiofary

gas mixture.

In a numerical model generating composite electrodes, Kesinaly[49] showed that pore
size depenslon the composition of the microstructure. For example in LSM/Y@#posite
cathode, the pore sizend to increase as the LSM volume fraction increases the LSM
particles are largehtain the YSZ particles. On the other hand, for the reored particle case,
pore size remasxonstant throughout the entire range of LSM volume fraction.

Influence of ionically conducting second material in MIEC electrodes

In terms of influence of micrdgicture, Mortensemt al took a similar approach to the ALS

model and defined a 1D analytical expression describing the impedance of porous MIEC:CGO
composite electrodg50]. Their model includes vacancy transport coefficient, in both the

MIEC and the CGQIC), and oxygen exchange at the MIEC/gas surface.
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where Orepresents the volume fractions of faape, 2is the tortuosity an~%is the oxygen
vacancy concentration. They found tA&Rcould be decreased in the cases where the vacancy
transport coefficient of ionically conducting phase was larger than the MIEC phase. The model
has been succesdfy fitted to the impedance spectra of §ls8ro.4)0.99C00s-/ +Ce.9Gh.102-/
composite filmsAs in the case of pure MIEC electrodes, increasing the MIEC surface area in
the composite reduces tASR

Although the electronic conductivity of LSCF(6428high enough (330 S chat 650 °J38)),

its oxygen ion conductivity is quite low (0.007 S tat 650 °J51]). It has been demonstrated

that the addition of a second phase with high ionic conductivityedMIEC matrix, typically

the same as the electrolyte material, allows the electrode performance to be dramatically
improved[52 £8]. Typically, Ce.oGd.101.05( &, 0.025 S critat 650 °C) is used as the
secondary cathode component, for its good chemical compatibility with LSCF, its availability
and affordability. Dusastreet al reported a fourfold performance improvement by the
introduction of 36 vol. /GO in LSCH52] and Murrayet al. meaured a tenfold decrease in
cathode polarization resistance with 50 wt. % C[5@)]. Similarly, with a 60 wt. % CGO
composite Lengt al recorded a cathogmlarizDW LR Q UHV LV W Bapdoei°® about FP
seven times lower than pure LS{37]. All these studies point to the conclusion that CGO

addition leads to a lowering of tlagea specific resistancA$R). Dusastret al. were the first

to correlate the optimal CGO content to the porosity levels in USZJFFigurel-9fillustrates

the effectiveconductivity \alues forgiven amount of CGO and porosity in LSCF film. A
sudden jump iné? L"ﬁ’nplies that the percolation limit is reached at that value. For example, i

a dense LSCF/CGO film (0 % porosity), at least 36 vol. % CGO should be added in LSCF to
improve the cathode ionic conductivity. Increasing the porosity, increasesetiessary
amount of CGO for a percolating netwoNeverthelesstis also important not to disrupt the

percolation network of the MIEC phase (electronic percolation).
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Figure 1-9 Effective conductivity ofLSCF/CGO composite films at 500 °C calculated by
effective medium theory. Readapted according to5&.

Hierarchical cathode microstructures

Typical SOFC electrodes deposited by scygenting or tapecasting techniques suffer from

lack of microstructural control at different length les$59,60]. The resulting microstructures

have highly tortuosi gas and percolation pathways which hinder gas flow and lead to reduced
efficiencies [61,62] At this point, there is widespread interest in the development of
hierarchically porous materials, which integrate multiple levels of porasityd to nang)

in its microstructure. @ving to their outstanding properties such as high surface aredgexcel
accessibility to active sites, and enhanced mass transport and diffirg@grcan facilitate
charge transfer through the electrode/electrolyte interface, reduce the ion diffusion pathway,
and accommodate volume changes during cydb3g. In the following, some examples of

innovative techniques for depositing hieraretimicrostructures is given.

Freezecasting is a technique that generates highly anisotropic pore structures in different

lengthscales. Lichtneet al manufactured LSM/YSZ composite cathodes with this technique

[64].|Figure1-10[shows the microstructure with aligned pore chanoktsb0 Fn (in width),

which improve the gas penetration and provide enhanced mechanical properties.
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Figurel-10 Top view SEM images of freeze cast LSM/YSZ composite cathode with a)-micro

porosity b) nangorosity Repintedfrom ref.[64]

Li et al [65] and Droushioti®t al [66] showed the micrdubular SOFC desigdeposited by

co-extrusion technique. The hierarchical nature of the electrode microstructures consist of

vertically oriented micrometegized porosityf ~500 Fn, as illustrated ifFigure1-11]

Figure1l-11 SEM images of micraubularSOFC: a) whole tube, b) zoom in to tiube wall.
Reprinted fronref. [65].

Finally, Lejeuneet al showed the fabrication of different kinds of 3D ceramic pillar array

structures by inljet printing proces$67].|Figure 1-12lillustrates the highly ordered ceramic

structures grown on ceramic supports. Recentlyetral reported a porous silver thin film

cathode fabricated by inkjet printing process for 4@mperature solid oxide fuel cell
applicationd68]. Although, the method still in its infancy, it shows the feasibility for such
applicatons. The electrochemical performance of the ingpatted silver cthode was

compared with those fabricatedtypical sputtering meth@d Theyreported that inkjefprinted

silver cathodes showed lower electrochemical impedance due to their porousestwiath
IDFLOLWDWHG R[\JHQ JDVHRXV GLIIXVLRQ DQG R[VJHQ VXUI|
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Figure 1-12 SEM images of sintered TiOmicro-pillars, fabricated on Ti@green tape.
Reprinted fronref. [67].

The next paragraphis entirely devoted to the electrostatic spray deposition, which is the
fabrication technique that is used in this thesis for processing hierarchical microstructures in

finer scale. The highlights of the two previous PhD projectslabriefly introduced.

Electrostatic spray deposition (ESD) is a unique and a versatile thin film fabrication method
which provides several advantages of simple anddost setup, notvacuum, low deposition
temperature, as well as good control of the composition anghology. Although reports

from many laboratories in different fields exj6B #4], it has been mostly and extensively
studied by Prof. Schoonman (Delft University of Technology) and Prof. Djurado (Université
Grenoble Alpes) groups for various components in energy devicbsasubatteriefr5,76]

and fuel cell§77 80]. The resulting electrodes could be dense, porous,-fimclkand thin

film, all of which can be controlled by varying deposition conditif8ld (Figure1-13). It is

believed that contrbhg the electrode microstructures is an effective way to optimize
electrochemical performance. For example, the 3D caulifldikerfilms with high surface

area and high porosity are found beneficial for improving reaction kifj8&¢33].
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Figure 1-13 The microstructures that can be obtained by ESD, a) dense b) columnar and c)

coral[83] and d) coratype microstructure ith platelike grains[84].

Previously in our group, cathode films deposited by ESD for agifits in IFSOFCs were
studied by Daniel Marinh85] and Jaroslaw S486]. Marinhaet al. studied the performance

of LSCF films sintered at 900 °C for 2 h in ambient air on dense CGO electrolyte in terms of
cathode area specific resistance (ASR) from 400 to 600 °C in[88]VThe oxygen reduction

reaction mechanisms in LSCF films have been studied for three distinct morph@iiegiss,

columnar and corglype|Figurel1-13a, 13b, 13c) as a function of oxygen partial pressure and

temperature. Up to three elementary steps were identified by equivalent circuit fitting: charge
transfer procesat the LSCF/CGO interface, a diffusion process within the volume of LSCF
andoxygen transfer at the LSCF/gas interface. Among the three microstructures, the coral one

with higher electrodg@ore surface area was found to show the peak performance with 0.8
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c? at 600 °C, using Pt grid as CCL. Following this work, 8aal. fabricated LSCF/CGO
composite films in coratype microstructures sintered at 900 °C for 2 h in ambient air on YSZ
electrolyte to study the electrode performance of composite [Bifis The presence of the
CGO phase in the cathode becomes increasingly important to retain electr@hemic
performance at low temperatures, due to limitations of ionic transport in [5].FA thin
dense layer of CGO film (~ 100 nm) wasposited on YSZ electrolyte prior to the deposition
of composite films (5 P WR DYRLG WKH IRUPDWLRQ2ZRO; @V XODWL
SrZr0s. The composition of the films in a given thickness was altered by graded or
homogeneous spraying of the saamount of salt solutions of LSCF and CGO. Although a
decrease in ASR was experimentally and theoretically demonstrated in graded composite films
[10,88,89] Sar reported quite similar values in both compositions. However, the ASR of the
composite were about 8DRO G KLJKHU) at 600°E fhan pure LSCF of the same
morphology reported by Marinhet al [87]. They concluded that addition of CGO did not
improve the electrode performance. Although FIB/SEM or synchrotnrmodoaphy did not
provide resolution of the two phases, they speculated on the insufficient percolation of LSCF
and CGO phases. However, this conclusion remained no more than a mere speculation.
Another point to keep in mind is that Sdiral used YSZ eldacolytes as support material (CGO
by Marinhaet al) which might havanfluenced the total resistanck was shown that the
performance can be significantly affected by the electrolyte material, aside from the nature of
the electrode/electrolyte interfaaad the bulk properties of the electrode mat¢®@]. Later
on, both authors deposited a second layer of LSCF{~20P DV FXUUHQW rFROOHF
(CCL) by screen printingbove the cathode functional layer (CFL). They reported a decrease
in ASR value by at least a factor of 20 at 860 With this double layerathodeconfiguration,
Marinhaetal. DFKLHYHG DQ $65 YDOXH Rat GV “OiR Z cAlumndype FP
film [91]. The lowest ASR value that Setral obtainedwvith double layecompositefilm was

Frt 600 °C86].

1.80RGHOOLQJ RI 62)& FDWKRGHYV

Beside 1D models already presented, 2D and 3D numerical simulations of electrochemical
behavior in an SOFC can be achieved by im@eting charge, mass and energy balances on
the microstructural framework. The first attempts of numerical models used microstructural

analogues of electrodeshile more recenstudiesuse directly tomography data. In the first
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part, the modellingof SOFC cathodes is reviewed arben the finite element method (the

method used in this thesis)briefly introduced.

State of the Art

Models were conducted in one dimensiof@R ©4] two-dimensional [95,96] three
dimensional[97 A.00] or by Monte Carlo type techniques to randomly distribute particles of
each phase with a probability assigned according to the expected volume fraction of the final
electrodg101].

Several theoreticgP2,102411] studies have been dedicated on-dimeensional model to
investigate the electrochemical mechanism of MIEC cathodes.eskétbxtensivasdies have

led scientiss to a global reactive pathway that cathodic polarization is mainly controlled by the
oxygen incorporation step from the MIEC surface into the material followed by a solid state
diffusion up to the cathode/electrolyte interface éveh oxygen is transferred into the

electrolyte).

Threedimensional model geometries can be used to develop microkinetic models that employ
a model geometry similar to actual microstructure. Schneidatl used 3D discrete element
methodto model the pedrmance of SOFC electrodgs0,112] The electrods consist of
sintered mixtures of monrsized particles of electronic and ionic conducting phases. The
particle packing is created from 40 000 homogeneously migadpmly orientated, spherical

and monasized particles. The packing is created numericaltg densified by using the
discrete element method. The model is discretized into a resistance network and solved using
.LUFKKRIITY /IDZ 3RWHQWLDO DQG FXUUHQW GLVWULEXWLR
electrode composition, thickness and dtgnare investigated. Cheat al. have reported
techniques for extraction of geometrical and effective physical parameters from simulated
microstructures based on percolation thefdd3]. A sequence of papers from Iverdgfée

group n Karlsruhe Institute of TechnolodKIT) are based on a@mensional cube model
solved by finite element methdd00,114] The MIEC structure is artificially generated by
randomly distributed LSCFapticlesand porosity in a relatively narrow column. The results in
terms of ASR and imedance spectra agreed well with the 1D ALS model predictions. The

group then combined real electrode microstructure with their FEM njibdi®]116] Indeed,
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Rugeret al were among the first to explore the potential of tomography data in a fimtergle

simulation to predict ioniconcentratiorgradients in the cathode matelfibl 6].

An Introduction to the Finite Ement Method

The complex physical problems are expressed in terpertél differential equation§PDES).

For the vast majority of geometries and problems, where these PDEs cannot be solved
analytically, numerical methods like the finite element meii&M) can be used. However,

due to the discretization of the problem, the solution provided by the FEM is only an

approximation of the real solution to the PDEs.

As an example, a function u can be approximated by a funimsing linear combinations

of base functions according to the following expressions:

CN @y 1-16

and,

QL AyQydy 1-17

Figurel-14 The function Q(solid blue line) is approximated witfy, (dashed red line), ch
is a linear combination of linear basis functiotdgjé represented by the solid black lines). The
coefficients are denoted by af) through Q b) Q through Q. Adapted from

https://lwww.comsol.com/multiphysics/fingeemenimethod
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Here, ddenotes the base functions used for the discretizatiorgaehotes the coefficients

of the functions that approxima@®with Qy|Figure 1-14jillustrates this principle for a 1D

problem using linear functions. In this particular example, seven uniformly distributed

elements along the-axis, where the functiorQis defined [Figure 1-14n) while smaller

elements are defined in a region where the gradie@®farge|Figurel1-14p). Depending on

the problem, other functions may be chosen instead of linear functions.

19" HIJUDGDURIERKOHBY DQG ORQJ WHUP VWDELO

Although research efforts were primarily focused on increasing the efficiency of the SOFCs,
increasing number of studies have also been conducted to analyze the degradation mechanisms.
A good compilation on general aspeotshemical reactions and related phenomena that lead

to the mechanical instability of the cell or degradation of the electric power has been thoroughly
reported by Yokokawat al [117]. In the following, the degradation mechanisms of the
individual cell conponents were described and discussed. The ageing processes with emphasis

on the material systems were explained.
Degradation in electrolytes

The degradation of the electrolyte can be described with reference to the speed of decreasing
ionic conductivity.Although the degradation behavior of doped zirconium oxide is relatively
simple, there are many lofgrm studies in the literatuf@2,1184#.20]. In principle, it can be

said that the change in conductivity over time depends on the temperature and the dopant
concentration. Furthermore, the precipitation of impurities in the grain bounfis2ie422]

the segregation of dopant cations in the grain and the grain bourjd@8§she precipitation

of tetragonal phasg$24] were proposed to be reasons of the decreasing conductivity.

Contrary to the many studies on YSZ, few degradation stadesfound on the Gd doped ceria
so far. Zhanget al [125,126]investigated the aging effects in various compositions @f Ce
xGkO2-/ " W ZDV IRXQG W KD wdl WaKdépéndémah Re G KH PD
FRQWHQW 7KH FRPSRVLWLRQV ZLWK [~ DIWHU DJLQJ DV
WKH JUDLQ ERXQGDU\ FRQGXFWLYLW\ ZKLOH FRPSRVLWL
conductivity values both in the grains and theirgf@oundaries. As aging mechanism, the

formation of micredomains was proposed, which develop from a critical doping concentration
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at x = 0.2. In another study, it was shown that the reduction ‘dfi@eunder fuel conditions
led to an increase in volumehich eventually may lead to mechanical stresses to cracking or

delamination of individual laye(29,127]

Another degradation phenomenon, which is primarily relevant in multilayer electrolyte
structures such as Gibped ceria (CGO) on 8YSZ electrolyte, may occur depending on the
interactions between the two layers andtcbute greatly to the electrolyte resistance. State
of-the-art CGO interlayers are usually screen printed on the electrolyte 8YSZ and sintered at
elevated temperatures. The sintering step leads tediftesion of elements between YSZ and
CGO and thdormation of YSZ / CGO mixed phases, which have a much lower conductivity
[128]. Despite a relatively high sintering temperattine, porosity and the impurity phases in

the CGO layer can influence the conductivity of the electrolyte material and thus contribute to
degradation. According to ZeeCeO phase diagram, a continuous cubic fluorite solid solution

forms in between the twure constituentgl29].

Degradation in anodes

The agglomeration of nickel particles is one of the typical degradation phenomena in Ni/ 8YSZ
anodes. Here, the Ni particles agglomerate and the connected Ni network is digr8pted

133]. Other phenomena are changing thardirpholay, the collapse of the ceramic network,

the change in the anode porosity, delaminafiidtv], and sulfur poisonin134,135] The
following degradation mechanisms were specified by Yokolawa]: (i) material transport
mechanisms (ii) deactivationiiji thermomechanical mechanisms. The two main material
transport phenomena are the change in thmdtphology, and the increase of the Ni particle
size. This is due to the tendency of nickel, to minimize its surface energy under operating
conditions. Thismechanism is strongly dependent on the temperature and the water vapor
pressure. Ni surface is associated with the number of catalytically active regions and thus a
decrease in Ni surface results in an increased polarization resiftaigeln operation ofa

SOFC, redox or thermal cycles are critical parameters as well. In this case, the change of Ni
particle size in the redox cycles from Ni to NiO and back to Ni leads to irreversible changes in
the microstructur§l36,137]and may lead to the breaking of the cell.

Degradation in cathodes
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Yokokawaet al.[117] proposed the following cathode degradations mechanisms depending
on the cathode matelim aging studies. All effects are influenced by operating parameters of
the cell, such as temperature, current density, overvoltage, oxygen and water partial pressures
(humidity) in the air: (i) Coarsening of the microstructure due to sintering; (iipfposition

of the cathode material; (iii) Chemical reaction with electrolyte to form insulating phases at
interfaces; (iv) Spallation of the cathode; (v) Poisoning of the cathode (e.g. by chromium

species).

As a result of these effects, the electronicoord conductivity, as well as the electratalytic
activity of the cathode material, the electrochemically active surface area, and/or the porosity

will decrease, which will results in a decreased performance of the cell.

While the ALS model suggests thatreasing surface area will lead to improved electrodes,

small particle sizes suffer from particle coarseniigcoarser structure improves ionic and
electronic conductivity and gas permeability of the cathode, while a finer structure offers higher
specfic surface area and therefore to a greater number of reactiofldgdsThese effects

have been observed by Shat al, for example, in recent studies of nestale
Lag.eSr.4C.oFengOs.; (LSCF) electrodes infiltrated into gadolinivdoped ceria (CGO)
scaffoldg139]. They used a standgpdwerlaw coarsening model to calculate the degradation

rate as a function of LSCF particle size. For a given target resistance, based on the increase in
surface resistance of LSCF with decreasing T, smaller particle sizes are necessary to achieve
the reqiired 45,3 $SFFRUGLQJ WR WKH PRGHO LQ RUGHU WR REWD
the particle size should be 2.8 nm, 38 nm and 240 nm at 500, 600 and 700 °C, respectively
[140]. They found that the rate of degradation was very high at 50@6@erate at 600 °C and

quite low at 700 °C. At high temperatures, the patrticle sizes are large enough that degradation
could benegligible. Wanget al. [58] studied the degradation of LSCF/CGO composite films

RQ <6= HOHFWURO\WH LQ V\PPHWULF FHOOV DW U& IRU

of the 455 @nd no obvious increase df, They have not reported any reaction product at the
eOHFWURGHIHOHFWURO\WH LQWHUIDFH 7KH DXWKRUV DWW
the LSCF/CGO cathode during heat treatment rather than reactiongSidth

The other degradation phenomenon results from the tendency of Sr to diffuse readlillye

bulk of the cathode to the surface. Sr segregatiori8chment at the cathode / electrolyte
and cathode / current collector interfaces) in the anode supported cells with
Lao.6Sr.4C oFe s03-/ cathode was observed by Simeerl at 750 °C der 500 h[141]. A
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nonlinear degradation is determined with 0.26 %irnthe first 50 h and to 0.047 %in the
remaining 450 h, suggesting two different degradation mechanisms. In another studgt Gong
al. applied a thidayer ZrQ coating on MIEC nangarticles using atomitayer deposition to
reduce the degradation raf@42]. The coating was found useful in suppression of Sr

enrichment on the surface.

Sr also reacts with YSZ (electrolyte) and forms insulating Sr zirconate phases. When a CGO
barrier layer is introduced between LSCF and YSZ, Sr may $tibkeithrough CGO and reach

the surface of the YSZ. This can happen especially during high sintering temperatures when
the diffusion kinetics are fasthecation diffusion in the CGO layer deposited by two different
techniques, screen printing and magoetsputtering, were investigated by Joréamal. [25].

The formation of SrZr@was observe at the interface in both techniques, with in a minor
degree bynagnetron sputtering. The samples yielded lower durability with a poor adhesion of
CGO on the YSZ electrolyte. Other techniques such as screen printed and PVD (physical vapor
deposition)[143], sprayed and PLD (pulse laser depositidd}] were employed to deposit
dense CGO layers. In any case, Sr (and other metal ion) migration through the barrier layer

was observedtproceed via grain boundaries.

The interaction between LSCF and CGO has been studied for a possible degradation
mechanism. Intediffusion of elements were suggested due to mutual solubility between LSCF
and CGO. Duet al reported a La solubility of arod 40 mol.% in Ce®at 700 °C[145].
MartinezAmestiet al [146] examined the solidtate reaction and inteliffusion phenomena
between doped ceria and perovskite LSF. In XRD, no extra peaks were found, but a significant
shift in the pel position for LSF was observed, which was attributed to the diffusion of Ce
into LSF lattice. Kiebactet al studied degradation phenomena during sintering and cell
operation in LSCF/CGO composite film on YSZ/CGO bilayer electro[i47]. They
concluded that phase separation and {difusion across interfaces hagned mainly during
sintering and to a very little degree during operation. A similar conclusion has been reached by
Tonuset al with LSCF (6428) and GePro.10-.; by studying the crystallographic structure
evolution and degradation by-gitu neutron diraction[148]. Nevertheless, the inteliffusion
between LSCF and CGO did not appear to affect the oxygen exchange properties and electrical
conductivity[149].

In a recent work from Net al, Cr poisoning was investigated on symmetrical cells of

LSCF(6428) at the microand nanascale using impedance spectroscopy and transmission
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electron microscopy150]. While no significant microstructural change was detected, the
samples poisoned byrGhowed up to 2 orders of magnitude reduction in conductivity, oxygen
surface exchange rate, and diffusivity due to the formation of nanometer size; 60O
electronic conductor) and grain boundary segregation of Cr at thespal® On the contrary,
Chenet al showed that at the micsale Cr deposition on the electrode surface reduced the
linear porosity of the electrode from 25 % to 2 % at the surface during the polarization test at

900 °C in the presence of a-Ee metallic interconnedt.51].
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Chgpter 2 is devoted to the technical information on the fabrication and
characterization of pure LSCF and LSCF/CG&Ginposite cathod@ms for IT-SOFC
applications The parameters for successive depositionselettrostatic spray
deposition (ESD) and screpninting (SP) technique®s obtain double layer filmare
given The widely used fundamental charactatian techniques such asasning
electron microscope (SEM}ransmission electron microscope (TEM) axday
diffraction (XRD) techniquesre outlined3D microstructural characterizatitwy 3D
FIB/SEM tomography (focused ion beam/scanning electron microseope)mage
analysis are elaborately explained. A detailed description of electrochemical

characterization bglectrochemicalmpedance spectroscofilS) is presented.
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21)DEULFDWLRQ RI WKH FHOO FRQVWLWXHQV

Fabrication of the electrolyte

1 mm thick,1.8 mm largedense CesGdh.10./(CGO) substratesere prepared higostatically
pressing CGQpowder (Praxair, 99.9%, 20.5%fg) at 300 MPa, followed bgintering at
1200 °C for 2 h in air. The substrates were grinded and polished to obtain a flat and uniform

surface.

Fabrication of the cathode films

The double layercathode films were obtained using electrostatic spray deposition (ESD) and
screenprinting (SP) in sequence.

2.1.2.1Electrostatic Spray Deposition (ESD)

The electrostatic spray deposition (ESD) is a deposition technique in which a precursor solution
is contained in a syringe and injected through a needle with controlled flow rate. The solution
isthen atomized as an aerosol by applying an electric field between the needle and the substrate.
The electric field generates the aerosol and transports it to the substrate on which the droplets
spread, dry and decompose to form the film. The microstruuhais highly dependent on

the size of the droplets in the spray. The droplet size may be-digmersed and controlled by

the deposition parameters such as solution flow rate, the distance between the substrate and the
needle or the substrate temperatl#ESD is of major interest based on ease of implementation
and low cost of the device that requires no vacuum generation. It allows good control of the
stoichiometry of the mixture of precursor salts. In addition, the films adhere well on the
substrate. ® prepare the precursor solution, the salts are mixed in selected proportions in a
liquid solvent. ESD allows the use of a large number of precursor salts, the most common being
the nitrates and chlorides but also of organometallic and evematailic conpounds. In
general, the precursor salt solutions are prepared taking into account the solvent. The solutions
must decompose at the temperature of deposition. The choice of solvent is important because
it influences the quality of the aerosol and the eizthe droplets. In this connection, a surface

tension and a relatively low viscosity are required to obtain a stable spray. The conductivity of
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the solutions can vary between®® 10! S.cm'. The boiling temperature of the solutions

containing the prursors is another fundamental characteristic that also control the
morphology of deposits. Ethanol, with a boiling temperature of 78 °C is commonly used in
combination with butyl carbitol whose boiling temperature is at 231 °C. By mixing the solvents

in different proportions, an intermediate boiling point between these extremes can be obtained.

A diagram of the ESD device is shownkigure 2-1a. The experimental setup involves a

syringepump connected to a hypodec needle that controls the solution flow. The substrate

is placed above the needle facing the hotplate on one side. A circular mask is used to define
the deposition area. The substrate temperature is measuredtypth lathermocouple. The
deposition pocess can be separated into five steplustrated i@a. Step 1 consists

of atomization of the solution precursors. The principle is based on the deformation of the

surface of liquidf3 under an applied electric field between the positively polatigedf the
syringeneedleand the substrate connected to the ground. In an electric field, the ions migrate
to the surface of the solution, which causes sutiackarge. Finally, the hyddynamic forces
associated with the liquid and the electrical forces created by the electric field oppose each
other. This leads to surface instability and distortion of the droplet that is to be atomized at the
tip of the needle, which forms a stable@haalled Tglor cone. Step 2 consiststoansport of

the aerosol. The positively charged droplets in the aerosol are attracted by the substrate that is
connected to the ground. Evaporation occurs during transport which depends not only on the
initial droplet size but also the distance of the substrate temperature and flow rate of the solution
precursors. Indeed, the droplet size plays a vital role in the spread of the droplets on the
substrate and therefore on the morphology of the layer. Steps 3 andigt ob the impact of
droplets onto the substrate followed by spreading and drying, respectively. Step 5 illustrates
the surface diffusion and decomposition/reaction of the precursor salts. What is deposited on
the substrate may be a droplet or a partit#@pending on the process parameters and the
physicochemical properties of the solution of precursors. The substrate temperature is set so as
to ensure complete evaporation of the solvent. The microstructure of the deposited layer
depends on the physicochieal properties of the solution of precursors and deposition
conditions. A main benefit of ESD is the high degree of control of these settings for a variety

of microstructures.
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Figure2-1 The scheme d#lectrostatic spray depositioBEED); the microstructure is controlled

by combined influences o€ (flow rate), d (distance between needle and substrate), T
(temperaturef hot-plate), V (voltage to creatthe spray) and the solvents in the solufis2].

The substrate holder is movedxty direction within a certain speed for more homogeneous

deposition.

2.1.2.2Microstructural Control by ESD

The formation mechanism of a layer and its microstructure mainly depends on the size of the
droplets impacting the substrate and the temperature of the latter. Depending on the deposition
SDUDPHWHUV WKH GURSOHW VL]H FDQ -Ca\d\ethURS2] a QP
SUHVHQWHG DQ HTXDWLRQ ZKHUH WKH GURSOHWYV VL]H C
YDFXXP SHURH®BIxAWIF W) flow rate (Q), solution surface tensiol)(and
VROXWLRQ HOHFWULFDO FRQGXFWLYLW\ 1 DV WKH IROOR

L’E/ B

@1 ——= 2-1

The boiling point of the solvent is an important parameter that influences the quality of the

aerosol and the droplet size. The solvent evaporation during flight can be regulated by a careful
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choice of the boiling point of the solvent mirty the temperature of the substrate and the
needlesubstrate distance, all of which can alter the flight time. In summary, it is the size of the
droplet at the impact on the substrate and the combined effects of the spreading and drying

speeds that deterne the morphology of the layer. Two separate cases can be considered as

shown inFigure2-2

X The droplets retain enough liquid to simultaneous spreading and drying on the substrate

surface leading to the formation of dense dumar type filmgFigure2-2a).

X The droplets dry completely during flight, followed by the formation of solid particles

that forms with the collision on the substrate and accumulation, giving rise to a coral

type highly porous merostructure|Figure2-2b).

Figure2-2 a) Spreading of droplets on the substrate b) Steps of film growth

Concerning ESD coatings, we have used the following optimized parametdetermined by
Marinha[153]. A precursor salts solution for ¢.6510.4C 2Fe.sO i/ (LSCF) was prepared by
dissolving La(NQ)3.6H.O (Prolabo, 99.99%), Sre&6HO (Strem Chemicals, 99%),
Co(N)2.6H.0O (SigmaAldrich, 99.999%) and Fe(N§®.9H.O (SigmaAldrich, 99.99%)
salts in adequate amounts to ensure the desired stoichiometry. SHitssevere mixed in
absolute ethanol (E1s0OH, 99.9%; Prolabo) and butyl carbitol
(CH3(CH2)30CH.CHOCHCH>OH, 99+%; Acros Organics 99+%) with a 1:2 volume ratio
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and a total salt concentration of 0.02 mdifor the columnar microstructures. Similarly, 5:1
distilled water/ethanol ratio have been used to deposit-tgralmicrostructures. The CGO
solution was prepared by mixing powders of cerium nitrate hexahydrate (ge@20,
Rectapur Prolabo, 99.5 %) and gadolinium nitrate (GdjhN&H.O, Aldrich, 99.9 %). These
precursors were also mixed in ethanol and butyl carbitol with a 1:4 volume ratio and a total salt
concentration of 0.02 mol."¥. 100 vol. % LSCF, 75:25, 60:40 and 40:60 vol. % LSCF/CGO
solutions (referred to as 100 LSCF, 75:25 LSCF/CGO, 6@:8CF/CGO and 40:60
LSCF/CGO, respectively) were deposited on CGO substrates using a vertical ESD setup

Figure2-1a). The deposition was operated by controlling the substrate holder nmotand

y directions with a Inm s'speed. The film deposition parameters are givefTable2-1| The

solutions were atomized using a high voltages (8V columnar, 1213 kV coral), which
maintains a conget atomization regime for 3 Isubstrate temperaturas300 °C(columnar)

and 350 °C (coral), nozzle to substrate distances of 15 mm (columnar) and 50 mm (coral) and
flow rate of 1.5 mL H (columnar and coral). All samples were sintered at 800 °C for 2 h with

a 2 °C min' heating rate and a 3 °C nifrcooling rate.

Table 2-1 The ESD deposition parameterfor CFL films with columnar ad coral
microstructures. E refers to ethanol, B butyl carbitol and W distilled wgité= 60uS/cm, U
= 0.027 N/m, biling point: 180°C;¥: &= 7500uS/cm, (= 0.064 N/m, boiling point: 968C:;
R: &=10uS/cm, U= 0.28 N/m, boiling point:200°C [154].

solvents solvents

microsFtI:runctures used for used for mclah t, h Volit\z;lge T,°C d, mm
LSCF CGO
columnar 1:2E/B& 1:4E/Bm 1.5 sSvv 56 300 15
coral 1:5 E/W¥ 1:4 E/B 1.5 3 12-13 350 50

2.1.2.3Screen Printing (SP)

The second layer is deposite top ofESD coatings by screen printitechniqugFigure2-3).

The support is placed ontbe printing table. Aorinting screerof very fine mesh is mounted
within a frame and placed 1 cm above theface of the supporelectrolytg. The frame is
covered with a polymeric resin which leaves only some areas open where the paste can go

through. e inkcontaining the powdds spread by the squeegee tool which forces the ink
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through the screen and onto the ESD coatiiigpss process is controlled by tlspeed and
pressure of squeegdbe distance between the substrate and the sanekimally he viscosity
of the ink

Figure 2-3 The scheme of SP; the support is placed 1 cm below the screen (grid) and the

squeegee spreads the ink on the grid by applying 1 kg force.

The ink made up of lea2Sr.sCm.1d .80 i/ powder is provided from Marion Tech. d50 =

P $ FRPPHUF L D3QJ RGRXNWH Q&ppligd from ZSCHIMMER &
SCHWARZ was mixed with LSCF powder 50/50 wt. % and stirred mechanically using rotating
three cylinders. The distance between two cylindee tightened slowly after each 5 minutes
during half an hourThe thickness of this layer was controlled with one or several successive
depositions with intermediate drying steps at 100 °C. In the rest of the thesis, an ESD deposited
film will be refered to as a cathode functional layer, simply CFL, and screen printed layer
above ESD film as current collecting layer, simply CCL. A 0.5 °Cmamp from room
temperature to 160 °C for 5 h then to 350 °C for another 5 h was used to burn out binders and
ink solvents. Finally, the temperature was increased to 700 °C with 2 “Eratin followed
by a fast cooling down to room temperature at 10 °C'mate. Although well below the
sintering temperature, a 700 °C temperature was found high enough tagepera necking

between particles.
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22)LOP &KDUDFWHUL]DWLRQ 7THFKQLTXHYV

Scanning Electron Microscopy (SEM)

The morphology of the films was investigated by SEM with a field emission gun.SHG

(ZEISS Ultra 55) operating at a 3 kV voltage and a 7 mm wgr#tistance. The samples were
coated with Pd to avoid electrons charging. The local chemical composition of the samples was
analyzed by energgtispersive Xray spectrometry (EDXS) with typical accelerating voltages

of 15 to 25 kV using a Philips XL30 microgpe.

Powder Xray Diffraction (PXRD)

X-ray powder diffraction (XRD) was performed using a Bruker D8 Advance diffractometer
equipped with Lynx Eye detector with a Ge (111) Johansson type monochromator using Cu
..1UDGLDWLRQ ZLWK ¢ 7KH GDWEnahbldebnieRi® O HF W H (

UDQJH IURP f WR f ZLWK D f VWHS ZLGWK DC
identification was carried out using the International Centre for Diffraction Data database
(ICDD). The positions of the Xay diffraction peaks as well as the cplirameters were

obtained by refinement using Fullpr®tiitesoftware[155].

Transmission Electron Microscopy (TEM)

High Resolution TEM (HRTEM) was performed @ JEOL 2010 LaB (JEOL, Japan)

transmission electron microscope with a Rd0accelerating voltage and a 0148 resolution.
Focused lon Beam Scanning Electron Microscope (FIB/SEM)
tomography

2.2.4.1The principles and the sap

By combining FIB milling capahbiies and SEM imaging capabilities a thaienensional

D

image of a microstructure can be obtained at high resolution (10 nm afifgste 2-4

schematically shows a typical setting for FHEM. In this system, thtwo beams have a
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coincident angle of 58Imaging was performed using a dual column focus ion beam (FIB)
(Ga) field emission gun scanning electron microscopy HSEM NVISION 40 from Carl
ZEISS. A low viscosity resin was vacutinfiltrated into the sampg This step is repeated
after cuttingthe samples in the middle so that the resin penetrates into thgoasoof the

crosssection. Carbon was deposited on the surface of the target volume to provide support, to

prevent the charging up and to facil@ahe image reconstructigirigure 2-4p). Reference

marks were created on the carbon layer by HBUre 2-4¢). During image acquisition,

thermal drift is difficult to aval. These marks help the alignment process of SEM images.
They can also be useful to douldleeck the milling distance. The front part of the target

volume was removed in the z direction by FIB milling, so that the surfac olinection was

exposed foISEM imaging|Figure 2-4¢ shows the SEM image of a sample electrode after

appropriate sample preparation. A sequence of slices was obtained after using a 30 kV 0.700
nA ion beam energy. Images were collected usauk$cattered electrons detector (BSE) with

the accelerating electron voltage of 1.5 kV.

Separation of material and the pore phase was carried out for each SEM image. The pore phase

filled with epoxy resin is easily distinguished because it appears blable imagegHigure

2-4¢). However, the images of the ESD composite did not give good contrast gradient between

LSCF and CGO phases due to the resolution limit being close to the very small grain sizes.
Moreover,the CCL and CFL layers were distinguished thanks to different porosity and grain

size amounts.

2.2.4.2Image analysis and data processing

Data processing was carried out according to the following protocol:

() alignment of the consecutives slices (image registati
(i) segmerdtion and recognition of each phdsethresholding of the grey levels

(i) 3D image visualization and quantitative analysis

Images with 15 nm pixél in x % resolution were obtained. Pgsbcessing and 3D
visualization were performed by Imagand GeoDict softwardd56]. Approximately 400

image slices were aligned with reference to sample edges using StackReg plugin within ImageJ.
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For the ciulation of microstructural parameters two representative volume element (RVE) of
DSSUR[LPDWHO\ 3are D& extrad®ed within the columns, excluding the macro

pore channels. These two RVEs were segmented using three different threshold values (m
acceptable, most trusted and max acceptable) in order to assess the uncertainty on the
microstructural parameters as proposed by &aosl [157]. The amount of porosity was
obtained based on the following assumption for connectivity: a pore is considered open if it is
connected by one of the 5 faces of the seleetdaime. The 6th face (bottom) is considered
closed to gas as it is in contact with the dense electrolyte. The specific surface area of open
pores is then computed using a marching cube algorithm. Pore size distribution is computed
using morphological opations[158] 7RUWXRVLW\ IDFWRU 2 RI WKH VROL
the effective diffusion coeffient & gbtained by solving the Laplace equati@4,159]

Tortuosity factoripin directionk = x, y, zwas calculated by:

ip L1 @180 22

"DRN

where & ¢ r@enotes the bulk diffusion andrepresents the volume fraction of the solid phase.

With this definition, the tortuosity factor may be less than unity.
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Figure 2-4 a) Schematic diagram of HBEM setting adapted frorf160] b) and c) the
reference marks of carbon deposition on the esestion and FIB milling under it. d)

Segmented stack of images of CFL.

23 (OHFWURFKHPLFDO ,PSHGDQFH 6SHFWURVI

The complexmpedance spectroscopy measures the response of an electrochemical system to
a small ac perturbation. A small-perturbation (e.g. ac voltage) is applied to the cell and the
response is measured (e.g. ac current). The amplitude of the current isaanfafitte complex

impedance (Z) of the system:

L L

<ﬁ’L Q_,g R7 ; zb Q,é R7 ; 2-3
< ? KCEAFOE Li<"E [<5 2-4
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withz(d) LV WKH FRPSOH[ LPSHGDQFH =9 LV WKH UHDO SDUW
is the imaginary part of the impedance (reactance)ewdrefers to the phase shift. In EeB2
& @ gives the applied ac voltage witfithe angular frequency} L t € B The current

response is thenyg @A 67

For a resistancesg:fi; L 4

: ~ 5 5 ? Y-
<N, - — .
For a capacitor<y,:fi; L - L~ GA

For an inductancegz:fi; L F.AL . i @A

The resistance thus has only a real component, while capacitance and inductance have only

imaginary components. By combining these three elements in seyigsii; L Ay<cor in
5

parallel, L Aggéthe expression for the complex impedance of any electrical circuit can

be obtained.

For each frequency, the impedance of the system is measured. The imaginary and real part are

represented in the-x plane, and this diagram is called the Nyquist plot. An example is given

for a parallel RC circuit iEigureZ-S

The RC circuit impedance is in the form of a kaitle centered on the reakis. The values

on this spectrum are:

X the resistance of the system corresponding to the intersection of the circle with the real

axis:

AI—\|1ITE>I4A€< =’?Lr:J@-\II;>l4A€< =L 4 2-5
e

x the modulus | Z | of the complex impedance is the vector connecting the origin to any

point d the circle,
< L ¥#E$5;, SH®™L <?2k:a;=J@L <01!:3; 2-6

Xx WKH YDULDEOH RI WKH FRPSOH[ FRUUHVSRQGIEQJ WR W

real axis:
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aL=N?P$ #; 2-7
X the relaxation frequendyis the frequency at the minimum of the imaginary part of the

impedance, wiuh is characteristic of the circuit:

5
I%L6El/4 2-8

Figure2-5 Representatin of a Nyquist plot of an RC element. Adapted from [de51]

Thus, from the Nyquist diagram, one can determine the residRative relaxation frequency

B at the top of the semicircle, and deduce the capaci@ot¢he circuit.

Figure2-6|shows the response of the current of a purely resistive, purely capacitive and purely

inductive circuit. Voltage and cumein a purely resistive circuit are in phase with each other.
For a capacitor, the peak values of curr@elEF XU D T XD U W H UefBré¢ tBose o tBeH

voltage and for an inductor, a quarter of a cyclejy@fier those of the voltage.
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Figure2-6 Schematic diagrams showing sinusoidal perturbation voltage and the corresponding
current response-(represents a phase difference) of a) purely resistive b) purely capacitive c)

purely inductive circug

Since the frequency domain is not visible in the Nyqulist, it is often convenient to use other
complementary representations, such as Bode plots to study freeiegerydent processes.
The two representations, Nyquist and Bode, are shoﬁ'g’ure 2-7|for two RC circuits

connected in series.

Figure 2-7 Representation in the a) Nyquist plot and)bBode plots of the impedance of a
circuit ) (R1//C1) (R2//C2). Adapted from refl161]
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RC and RQ circuits

One of the important equivalent circuit element for the description of electrochemical reactions
is the RQelement. It is composed of a resistor and a capacitive constant phase element (CPE)

In the case of neideal, real electrodes a constant phase element Q is most often used as a
capacitive element (in a unit of capacity, F9mwhich shows the deviation from the ideal

behavior of a capacitor.

The impedance of an R€lement;

eyifii Lo with Tey,L> L 4% 2.9
The impedance of an R€lement;
~ . FxA . N . PR -
(EE:n1LE>:$A;U with iggl 4% @ 2-10

where 0 < p < 1. The smaller the value of p, the more is the flattened semicircle in the Nyquist

representation of the impedar|€egure2-8). For the limiting case of p = 1, the term is identical

to the impedance of a parallel circuit of a resistor RC.

Figure 2-8 The representation of RQ circuit as a function of p paramatapted from ref.
[161].
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Gerischer Impedance

Adler et al [92] gave an analytical expression for the impedance of a-igéimite porous
SOFC mixed cathode material. This equation mathematically corresponds to the impedance of

a Gerischer element. The impedance of the Gerischer element is given by:

<fi: L _ftico 2-11

¥I>Y qopg

Here 44 sand Ryg sare the characteristic resistance and the time constant of the cathode,
respectively. They are linked with the microstructure of the cathlee@mic conductivity, the

surface exchange and thermodynamic properties of the cathode material asdollow

ei .
dawal 7 S5, 212

. Q55 :
Rosal 55 o, 2-13

Here Odescribes the porositg,electrochemically active siace (cmt), 2ortuosity, 2% molar
concentration of oxygen ions in equilibrium (mol &mn % concentration of oxygen vacancy
concentration in MIEC lattice (mol c&), &, G the oxygen transport parameters add

thermodynamic factor

Figure 2-9| shows the impedance of a Gerischer element in the Nyquist presentation.

Characteristic of this plot is a straight line at high frequencies with a phase angle Thid5°.
part of the plot originatesdm the seminfinite chemical diffusion of the oxygen ions in the

solid[100]. At low frequenags, it looks like the characteristics of an-BiEément.
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Figure2-9 Simulated Nyquist plot of a Gerischer element Wiigyg » B and Ryg

=0.0033 s.

The key assumptions of the ALS model are:

1) Theonly contribution to polarization resistance is the diffusion of oxygen species in

the solid and exchange ot @t the solid/gas interface.

2) The

gas.

porous lectrode is treated as a superposition of twatiooious phases, solid and

3) An active or utilization layer thicknegslargerthan the constituent particles.

4) The total electrode thicknessmuch largethan the active layer thickness.

Deviations fom these assumptions (ewdilization lengths approaching the size of the particles

at higher frequencies or utilization length approaching the total thickness of the cathode) may

account for noadeal (n < 1) exponents in the Gerischer impedance. $mibik, the first case

is more relevant since the utilization length has the same order of magnitude as the particle

sizes.

Figure2-10

illustrates the impedance models used to fit all of the impedance diagranes of

symmetrical cells in the thesisrepresents inductance of the wirdggs the series resistance

of the electrolyte and tHe//CPEs correspond to the electrode reactions. This model was fitted

to all data above 550 °C. All the rest below this temperature was fitted4y#thd a fractal

Gerischerimpedance ) 3 in parallel with a capacitanc€,. The information on the fractal

Gerischer impedance can be found\ppendix B
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Figure2-10 The impedance model used to fit the diagrams a)é&@R0°C b) 406600 °C.

The capacitance at higher temperatures-&D °C) were calculated using the expression:

-70

%L 40 (30 2-14

WhereR s the resistance&) is the admittance of the constant phase element (CPp)iarie

exponent to Wich the CPE is raised.

240DWHULDOV DQG FHOO SUHSDUDWLRQ IRU

Electrochemical characterizatioaf all fiims was performed by means of impedance

spectroscopy on a symmetrical cell set{piggre 2-11). Electrochemical impedance

spectroscopy (EIS) measurements were carried out in stagnant amlaéebd i€ tempeature

steps from 400 to 650 °@wtolab frequency response analyzer operating in a frequency range
R " |*Mzis used The amplitude of the measuring signal was adjusted to 20 mV and
the measurements were performed in open circuit voltage (OCV). The deposited films were
contaced with Pt grids (Heraeus, 3600 meshes?) and then sandwiched betweern®d
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blocks with gas channels, which were pressed to ensure maximum contact points. All
impedance diagrams were fitted with electrical equivalent circuits using theEGoftware
(V10.44). The magnitude of the total area specific polarization resistanceyABBS
determined from the difference between the low frequency and high frequency intercepts of
the electrode characteristics on the real axis in the impedance plane h8inteasurements
were performed on symmetrical cells, the obtained ASR value was divided by two and then

multiplied by the surface area of the electrode films.

Figure 2-11 a) The schematics of the impedancell configuration for a symmetrical 2
electrode sample. b) The symmetrical sample showing the diayeeelectrode deposition

and the electrolyte

Reproducibility of the ASR measurements was confirmed by two tests. In the first test, the
ASR was meased from 650 °G 400 °C- 650 °C cyclegKigure2-123a). In the second test,
the ASR was measured for two identical symmetrical cells between 400 °C and |ﬂ§5@.ﬂ@ (

2-12p). Both tests show good agreement in results.
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Figure2-12 a) Arrhenius plot of ASR when cooling down and heating up b) Reproducibility
of pure LSCF symmetrical cells

250DWHULDOV DQG FHEBGHKBVKSBRDWHRBQF HROL

Commercially available (H.C Stark, Germany) anode supported half fuel cells of 4 cm in
diameter (Courtesy J. Laurencin from CIEENEN), were used for the performance study in

anodesupported full fuel cell. The materials, architectued typical dimensions of the full

cells are illustrated |Figure2-13a. The LSCF CHCCL double layer films were deposited in

the cathode compartment. The anode layer is composed offanctienal layer of ND-8YSZ

(56 vol. % NiO and 24 vol.% zirconia stabilized with 8 mol. % of)§ and 20 vol.% porosity
[162]), current collecting support layer of GH3YSZ and a thin layer of parNi to improve

the electrical contact with the metallic interconnect. 3YSZ is preferred over 8YSZ from a

mechanical point of vieyi5].

A sequential deposition and sintering of barrier layer, CFL and CCL layers were performed. A
Rthick, dense CGO barrier layer was deposited on YSZ by ESD technique prior to CFL in

order to prevent the formation of insulating phases, egrk@; and SrZrQ, between LSCF

and YSZ[163]. The ESD deposition parameters for the barrier layer were taken from

Constantinet al.[78]. This layer was sintered at 900 °C for 2 h in air. Then, LSCF film of

columar microstructure as CFL was deposited by ESD as described previously for 3h. In order

to keep a similar microstructircompared to CGO electrolyseipported cells, the speed of

spray scanning ix-y direction was increased by 4, since the surface of aneial anode
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supported cells was dm in diameter, about 2.5 times larger than prewowescribed
V\PPHWULF FHOOV $IWHU VLQWHULQJ RI WKLV OD\HU DW
by SP technique and heat treated at 700 °C to removelteatsoand binders.

The electrochemical measurements on the two full cells were performed by Dr. Julian Dailly
in the European Institute for Energy ReseafBiFER) the joint research center of Karlsruhe

Institute of Technology and EDF.

Two samples werstudied for electrochemical measuremeniter heating to 675 °C, the
reduction of the anode dbth samplesvascarried out gradually switching frod; (2 L hh)

to humidified hydrogen (3 % #D, 2.42 L hY). Air was introduced to the cathodileat 10.88

L h' rate The cels werereduced in about 3 hourBor the long term stability test on sample
2, the flux of oxygen was increased2b.77 L ht and hydrogen to 7.7IZ ht (fuel utilization

of about 7.6 %)The cellcurrentwas fixed at 1.4 A.

Electrachemical measurements were conducted using Solartron 1255/FRA sydtem
currentvoltage (V) characteristic of the cell was measured using linear sweep amperometry
at a scan rate of 12.5 mA/s from OCV (1.09 V) to 0.6 V. The impedance of the cell wagdeco

in the range of 100 kHz down to 0.1 Hz under open circuit voltage (OCV) or under load

condition. The difference between sample 1 and sample 2 didheeterof the gold grid

current collector: aiameterof 1.6 cmis usedfor sample 1 and 3.7 cm feample 2|Figure

2-13E F 7KH DUHDV RI WKH FXU)HRDOarRQ T dhfovsanple ZHUH W

1 and sample 2, respectively.
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Figure2-13 a) Schematic representation of the cell structure. A circular gl D6 cm and
c) 3.7 cm in diameter of Au are used in sample 1 and sample 2, respectivdlge d)

experimental test seip.
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26 6 XPPDU\

The details of the experimental techniques employed in this work have been described in this
chapter. Specific detaildaut the experimental saps andequipmentvere given at the end

of each respective section.

All these techniques give complementary information on the cathode films, linking
crystallographic and chemicalropertiesat the nanometescale to microstructer at the

micrometer scale.
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Chapter 3 starts with a comparison of cathode resistance of LSCF in two type of
microstructures The microstructures are contea by varying ESD deposition
parameters. Then, various LSCF/CGO compositions are studied by SEM, TEM, XRD,
and EISto see the effect of microstructure evolution on electrode performance. Only
pure LSCF and 60:40 vol. % LSCF/CGO are chosemdoonstructin by FIB/SEM
technique The 60:40vol. % composite composiin is selectedo study the effect of
sintering temperature on electrode performance. The grain growths are monitored by
SEM and XRD,and possible consequences are discussed with respectabESD

deposition parameters and electrode polarization resistances.
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3.1, QWURGXFWLRQ

As introduced in Sectidf.7.4 the studies conducted by Marinbaal. and Saret al. have
contributed to the understanding@RR in LSCF athodesMarinhaet al.[85] identified the
three cathode processes of pure LSCF which are charge transfer process at the LSCF/CGO

interface, a diffusion process within the volume of LSCF coupled with oxygereraighe
LSCF/gas interface. Hy emphasized the importanceaéctrode/gas phase surface area and
current collecting layer (CCL). Sa&t al. focused only orthe corattype microstructure (the
highest surface area microstructure) and deposited homogeneous and6grd@edol. %
LSCF/CGOcomposite filmg86,87] They did not see any improvement with tagiationsof
compositecompositio. The microstructural characterization of the films was done by 3D
synchrotron tomographjl64] ,Q DY H U D JHsp@cific surface area was calculated in
the composite cordlype microstructures. This is approximately twenty times lower than the
pure coraltype LSCF films reported by Marinte al 1P[83]. Such differences can
only be attributed to the densification of the film with the addition of CGO particles in the
composite film. Nevertheless, a direct comparison of electrode performances betwieda Mar
and Sar cannot be made since the films of Marinha were deposited in a static substrate holder
while Sar used a moving holder, which resdlin different microstructur® Moreover, as

mentioned earlier, both authors used different electrolyte material

As a continuation, this work will bring a complementary knowledge on the influence of the
electrode microstructure, the composition and sintering temperature on the performance. The
chapter starts with the comparison of LSCF films in coral vs colunyparricrostructures.

Next, the effect of various concentrations of LSCF/CGO columnar films are shown and
discussed. Following that, a parametric study on the sintering temperature from 800 to 1100 °C
is conducted on both coral and columnar tgpmposite fms (60:40 vol% LSCF/CGO) All

(6" ILOPV DUH WRSSHG ZLWK P WKLFN &&/ RI WKH

electrochemical impedance measurements.
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32 7KH HITHFW RI PLFURVWUXFWXUH RQ WKH
SHUIRUPDQFH

Although studied by Marinhaet al, pure LSCF films in coral and columngpe
microstructure$~5 P were deposited once more for comparison purposes, and sintered in

air at 800 °C rather than 900 °C. The two particular microstructures of columnar and coral

types have been fabricated aating to the procedure given in referen{&3,87] (segFigure

3-1). Other than the sintering temperature, Mariahal. used a static spray deposition, while

in this study, the substrate holder was automatg¢yidirection to get more homogeneous film
in thickness. The porous sttuce of the films presents a hierarchical character: large
interconnected space between the coral and columnar blocks atctivesicale and fine porous
structure within the blocks at the nascale. The large openings are mentioned as rpm®
channelsn the rest of the thesis. Significant differences in the width of the coral and columnar
geometries are visible by comparing both work. While the width of the columnar blocks
increase, the cauliflower shaped coral features get smaller in this stugartidsilarly easier
to compare the columndype microstructure. The width of thelamns in this study are about
two fold higher (10 P LQ WKLVABWXGQ D@® QKW 7KH PLFURVWUX
parameters of pure LSCF films in columnar mitnesture investigated by 3D FIB/SEM
technique aralsocompared83,165] The specific surface in this study is two to three fold
KLIJKHU "11TableB-1) in comparison tdarinhaet al fodlumnar LSCF film (8.63

P).
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Figure3-1 Top and cross section views of columnar (a, b) and coral LSCF (e, f) by Matinha
al. [83] and columnar (c, d) antbral (g, h) LSCF in this studffhe SEM images were taken
before depositing CCL.

As shown ifFigure3-2| the lowest values oft 5 4 ; @re recorded for columnar microstructures

rather than the coral ones. In comparison to previously reported data on LSCF cathodes with
similar processing conditions (columnar type microstructure deposited by ESD technique), the
polarization esistance of 100 LSCF in this work is approximately two times lower than that of
Marinhaet al.[91] and close to those determined by lsal at 600 °d72]. In the first place,

one can relate this result to the sintering temperature; 900 °C for 2 h (Mairedhand ®0 °C

for 2 h (Hsuet al and this study). Low sintering temperature helps to keep-siaad features

of the microstructure whicimight havea significant impact on electrode kinetics. However, it

is important to note that the microstructure, particulénly width of the columns in the
columnartype microstructure in this study2s3 fold larger than Marinhat al .\ his results

in different specific surface area (surface area per volume) and thus to a significant change in
activation energies. While average of 1.40 eV is calculated for all LSCF films, the columnar
LSCF of Marinheet al. is 1.72 eV. As shown iAppendix E.thehigher specific surface area

also refers t@ higher amounf porosity and active sites. Depending on the percolation limit,
the effective transport parameters vary largely with the amount of porosity, especially at low
temperatures. According to the model that was developed in this thesist§lCBaghe
activation energy cd P ZLGH Hsalxlated to be 1.55 eV while thait P ZLGH

columns are 1.38 eVrThis illustratesthe effect of thesize d the columns Nonetheless, the
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model assumes ideal current collection. At this point, one cannot exclude the current

constiction effects as a function of width of the columns.

Figure3-2 Arrhenius plot of# 5 4 5 gompared for coral and columnar 100 LSCF films in this
study and Marinhat al. 1 [83].

Next, to further decrease the ASR and the activation energy, we studied the effect of various

concentrations of CGO ibSCF in columnamicrostructure.

337KH HIITHFW RI &*2 DGEEWURG H Q QBRG0P Q
PLFURVWUXFWXUH

The strategy tamprovethe ORRIn the cathode relies both on the cathode material choice and
on the micro/nanostructure design of the catlip@®,166] The introduction of ionic transport
extends the ORR path from triple phase boundary (tpb) points to thdlg&doublephase
boundary (dpb), thus providing optimal kinetj@§7]. Also, it has been demonstrated that the
addition of a second phase with high ionic conductivity in the MIEC matrix, typically the same

as the electrolyte aterial, allows the electrode performance to be drastically impri®daed
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58] (see sectio||1.7.3 . All these studies pointed to thenmtusion that CGO addition leads to

a lowering of the area specific resistance (ASR). However a rational guideline for choosing the

optimal CGO content, in relation with other important microstructural parameters (e.g. porosity,
surface area), is still megg.

In this work, we choose to focus on columnar microstructure to investigate the influence of
CGO addition. Four compositions have been prepared with 0, 25, 40 and 60 vol. % CGO in
LSCF|Figure3-3|shows the SEM images of & films with 0, 25 and 40 vol. % CGO in LSCF.

The 60 vol. “CGOfilm could not be imaged by SEM due to bad adherence to the electrolyte.

It is apparent from the top views that all films have similar macro porous width of P
Figure3-3ga,3b and3c). 9 P KLJK bQ® ZLGH FROXPQV DUH REVHUYH
films. The columns in the composites selemerdownto 7 P KLJK DQG WKH ZLGWk
columns increase to 20 P Z L|&dtire3-3¢, 3e and3f). Microstructures differ markedly

at the nanescale. 100 LSCF film exhibits larger grains (> 50 nm) compardtetcomposite
films (< 50 nm).The significant amount of porosity in pure LSCF gradually disappears with

the addition o igure3-3g, 3h and3i). Regardless of the electrode composition, a goo
he addition of CGQHi 3-3p, 3h and3i). R dl f the el d iti d

adhesion between electrode and electrolyte is aetiiap to 40 vol. % CGO after sintering at
800 °C for 2h in air. The SEM micrographs were characterized by image analysis tools (ImageJ,
http://rsbweb.nih.goV/ij/) and macymore channels between the columns were calculated to

occupy approximately 15 % tfie total volume.

Figure3-44, 4b showthe micro/nanostructural characterization of 100 LSCF and 60:40 vol. %

CJ

LSCF/CGO by 3D FIB/SEM tomography. From these images, smaller voI@
4d) were extracted within a column to assess the internal porosity and specific open surface
DUHD 7KH 3RSHQ" SRURVLW\ DQG VXUIDFH DUHD L H UHD
since they are pertinent for the ORRs. Stiile amount of closed porosity is smaller than 1 %

for both films. The total open porosity is thus the sum of forosity inside the columns and
macroeporosity in between the columns. 100 LSCF exhibits homogeneously distributed small
pores of ~75 nm, largg VSHFLILF V XU ID F% aBdhigiDinternal nard@rosity (22

+ 7 %), as indicated |Mable3-1] The specific surface area of 100 LSCF in this study4s 2

fold higher than that of films with similaromposition but different microstructures
[43,157,160,164,168By contrast, the composite film exhibits a bimodal pore distribution,
ZKLFK FRQVLVWY RI ILQH SRURVLW\ P FORVH WR WKt
VLIHG SRURVLW\ ! P GLVSHUVHG KRPRJHQMdARK® O\ LQ W
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Figure 3-5).

Figure 3-4

b reveals the porosity distribution in the volume of the composite

cathode. The internal nafporosity in the composite is mainly located WKH LUV W

distance from the electrode/electrolyte interface and corresponds to 20 + 3 % of porosity within

that volume. The large micron sized porosity observed above this thickness is more likely the

extensions of macrpore channels. Thus, the wgspayer of the composite can be considered

dense.

Figure3-3 Top and crossection SEM images of a, d, g) 100 LSCF, b, e, h) 75:25 LSCF/CGO
and c, f, i) 60:40 LSCF/CGO composite films, sintered at 80fdf h in air.
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Figure 3-4. 3D reconstructed images by FIB/SEM technique of a) 100 LSCF and b) 60:40
LSCF/CGO composite. The micro/nanostructural parameters were extracted from a small
region of the volumén a) and b). 100 LSCF is the reconstruction of volume in c) and 60:40
LSCF/CGO composite is the reconstruction of volume in d); the white dotted line indicates the
separation between the highly porous lower porten (0 P DQG WKH UHODWLYHO\
portion (1.5 P LQ WKH FRPSRVLWH H 7KH GLVWULEXWLRQ R

the distance from the electredéectrolyte interface for the composite.

Table 3-1. Parameters calculated byQsD O\][LQJ WKH UHFRQVWUXFWHG ' ),
(porosity), and a (specific surface area) are calculated for three threshold values to provide an
evaluation of the uncertainf$3]. For each parameter two values are given foctmeposite
corresponding to:-0 P WKLFNQHVYV PQWKLFNQHVYV

Sp. Surf. Area,

Thickness e

ESD films " Fe% 1 4 ec—>a I fa 3o Tortuosity, 1
100 LSCF 0-4.35 22+7 19+ 6 1.50+0.2

_ 0-1.50 20+ 3 8+4 21+1.1
60:40 LSCF/CGC 15-3.76 40+0.1 0.55 + 0.05 0.44 + 0.02
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Figure 3-5 Pore size distribution of a) LSCF in the whole volume, b) 60:40 LSCF/CGO
FRPSRVLWH LQ WKH ILUVW P GLVWDQBRGURPDEHEMHW U RX
distance. Note: The distribution of pore sizes in the cathode volume was calculated in z
direction (away from electrode/electrolyte interface) by ImageJ tool. Since the pores are

heterogeneously distributed in the composite, two layerseparately calculated.

The crystal structure of 100 LSCF, 75:25 and 60:40 LSCF/CGO composite films was
characterized by powder-bay diffraction. The methodology described in Appendix A was
applied on the diffractograms as shov@ The refinement of the peaks shows good
signal to noise ratio, indicating that LSCF and/or CGO phases were successfully obtained. The

experimental results (in red) and the calculated results (in black) are consisteneand th
confidence factorsls 5 and 45 are very close to the expected experimental factgr, £ F <5)
Table3-2).

X-ray diffraction from the CGO electrolyte (blue) in all diffractograms showed distimd

sharp peaks with cubic lattice parameter of 5.419(1) A in agreement with the reported CGO
structure (Ref. JCPDS card-0361). The diffraction peaks of 100 LSCF were indexed to a
perovskite unit cell with B space group (No 167). The cell paranetf a = 5.498(1) A, ¢

= 13.480(4) A calculated by refinement are in agreement with the values given in the JCPDS
card number 48124. In the diffraction pattern of the composite film (blue), the main peaks of
LSCF overlap with those of CGO. Sitill, distin peaks, which clearly originate from
rhombohedral phase of LSCF and from the cubic phase of CGO, are observed. The space group
of LSCF remained RE, with a slight decrease in cell parameter a from 5.498(1) to 5.493(2) A
and a marked decrease in ¢ pagtanfrom 13.480(4) to 13.447(0) A. The space group of CGO

in the film remained Frn (No 225) as well, with a systematic shift of all its peaks to lower
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two-theta angles. This resulted in a larger cubic cell parameter of 5.442(2) A in comparison to
repoted CGO structure (Ref. JCPDS card0%1). The cell parameters refinement with the
addition of CGOmay indicatea structural transformation. This can be explained by the inter
diffusion of the larger radius cations,¥and Sf*, from the LSCF phase the CGO phase
[149,1694.71]. However, ithas been shown that this ingliffusion is not detrimental in terms

of electrical conductivity or oxygen exchange behajid®,170]

Table3-2 The peak indexing study for the films with various concentrations of CGO.

Samples LSCF CGO Reliability Factors
a (A) C (A) a (A) Reragg Rwp \]
100 LSCF 5.498(1) 13.480(4) - 5.68 7.44 1.47

75:25 LSCF/CGO 5.502(8) 13.474(1) 5.445(9) 535 7.05 1.18
60:40 LSCF/CGO 5.493(2) 13.447(0) 5.442(2) 5.17 6.96 1.18
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Figure 3-6 The Fullprof refinement foa) 100 LSCF b) 75:25 LSCF/CGO and c) 60:40
LSCF/CGO film sintered at 800 °C for 2 h. The experimental data in the diffractograms are in

red, the calculated data from LeBail method are in black and their differences are in blue.
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The 60:40 composite filmsintered at 800 °@vas scratched from the electrolyte support and

characterized by high resolution transmission electron microscopy (HRTEM). Different zones

were analyzed as shownkigure3-7] Diffraction patters confirmed two crystalline phases;

LSCF and CGO. The arremarked grain boundaries do not yield any evidence for amorphous

grainboundary phases.

Grain sizes in the films were determined by analyzing 75 to 100 different grains showing
distinct Bragg conast on planeview TEM images for 100 LSCF and 60:40 composite,
respectively. The composite exhibits small grains (25 = 10 nm) with a narrow size distribution
(LSCFgrairs are slightly larger than CGO), while 100 LSCF contains larger grains (50 * 40
nm) with broader size distribution. In accordance with the literature, the addition of a second
phase into LSCF suppresses the growth of the LSCF paft@igs2,173]

The elemental mapping by STEEDX revealechomogeneoudistribution of each element in

the crystallites as shown|kigure3-8| The single grains in the center weadentified as LSCF

phaseFinally, the electrode/electrolyte interface was analygeTEM. Crosssection samples
were prepared by the tripod polishing method using diamond lapping films to achieve sample
WKLFNQHVV RI D EaRgieMargorkioR bedimznilling was used for final perforation.

Different zones were identified by eleatraliffraction as shown 1r|>Figure 3-9| The images

taken in the bright field mode confirm the formation of nangstallites of both phases with
uniform grain sizes and the absence of particle agglomeration, g@mteding or excessive
growth of any phase. However, complete identification of the composition in single grains
close to the interface was not possible since several small nanaizetkgrains were included

within 100 nmthick TEM specimen.
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Figure3-7 HRTEM electron diffractograms of the 60:40 composite film sintered at 800 °C.

The arrows mark the grain boundaries.
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Figure3-8 Elemental mapping by STEM EDof the 60:40 composite film scratched from the

deposited cell. Scale bars indicate 60 nm.

Figure3-9 Crosssection TEM brighffield images of the 60:40 LSCF/CGO composite film on
CGO sintered at 800 °C.
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Figure 3-10[shows the Nyquist impedance plots of 100 LSCF, 75:25 LSCF/CGO and 60:40

LSCF/CGO composite filmslepositedsymmetricadly and measured at@ and 600 °C in
ambient air One or two contributions toathoc resistance #5 4and # 5 4 are observed
depending on the temperature. At 500 °C, the overall cathode resistance is governed solely by
#5 4 The plots at 600 °C show at least two elementary contribution$\ahecdeconvoluted

into polarization lossesssociated with the electrochemical reactiohSR and the gas
diffusion in the pores or the stagnant gas layer at the electrode sutfaeg The first is found

more relevant for the fine microstructure of LSCF and LSCF/CGO composite filifhgl 75]

The fitting of such small impedances is problematic when considerable inductive effects or
very high series resistances of the electrolyte exist. This is the case for all icgoegantra
measured above 600 {Eigure3-10p, 10d and 10f).

The impedance spectra up to 500 °C have been fitted with the equivalent tirdig . // C

where . represents the inductance of th&ew 4 accounts for the series resistance of the

electrolyte and4,,symbolizes the resistance of fractal Gerischer element and is in parallel

with a capacitanceC FigureZ-lor. The serial resista®, 4, arising mainly from the ionic

conductivity of the electrolyte, was routinely compared with the theoretical resistance
calculated from the ionic conductivity of CGO and the geometry of the symmetric cells in order
to verify that no electronicebk currents have influenced the measurements. For instance, at
600 °C, conductivity values between 0.017 + 0.001 Slcave been measured for all samples

which compare well with the literatuf&76].

7\SLFDOO\ WKH *HULVFKHU LPSHGDQFH SUHVHQWYV U VOF
and a CPHike response at low frequencies. In the case of aigeal form of the impedance,

an n-parameteris introduced to obtain thso-called fractal Gerischer impedance equation

[177] (segAppendicefB). The fittedn values ardooth 0.9 for 100 LSCF and 75:25 composite,

and 0.8 for the 60:40 composite. A lowevalue indicates a more distorted spectra.

The valueof the capacitance allows electrochemical processes to be assigned to charge transfer
(current collector/MIEC and MIEC/electrolyte) and/or to radrarge transfer processes (solid

state transport and oxygen surface exchange). A slight deformation aghifeciguency part

(a chargdransfer resistance of the electreglectrolyte interface is too small for a good fit by

an R//CPE circuit at high frequency) is accounted by a capacitance in parallel to the Gerischer
element and is attributed to the faradzharge transfer impedance. Similar values on the order

of 0.40.6 mF cn? were reported previously for LSCF contacted with CGO electrolytes
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[83,178,179] However, these values are too large for an interfacial double layer capacitance.
While it improves the fits, the exact nature of this capacitance remains as an open question.
Baumannet al speculated on the possible stoichiometric cearg the LSCF (electrode) /
CGO (electrolyte) interface during the measuremgi8]. The capacitance values fA6R

on the other hand are found to be of the order Sf1@* F cni?, indicating that the reaction is

rather involved on a largéraction of the cathode. This salledchemical capacitange

depends also on the utilization length,(Eq. 31) describing the depth of the cathode within

which the oxygen reduction takes plgce ).

with F, R, Tbeingthe) DUDGD\YV FRQVWDQW LGHDO JDV FRQVWDQW

is the fractal porosity. Thermodynamic factorrelates the differential changes in oxygen

partial pressure tde oxygen stoichiometry in the MIEC (Appendix ¢ Eq. A12). Kawada

et d. [180] measureadhemical capacitanseas high a®.1-1 F cm? on a 1.5 um thin dense

film of (Lao.eSr.4)CoO ;. Such values necessarily indicate that the bulk was involved in the
transport of O' to the electrode/electrolyte interface. Our calculated capacitance is about two
to three orders of magnitude lower whiimply a utilization lengtlsmaller than 1 um. This is

in agreement with the mean particle size of the ESD cathodes.
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Figure 3-10 Nyquist impedance plots measured at OCV i) 400 LSCF film ed) 75:25
LSCF/CGO and e, f) 60:40 LSCF/CGO at 600 and 500 °C, respectively. The numbers on the
diagram indicate the corresponding frequency in log scale. The ohmic resistance of the

electrolyte is subtracted from all data for comparison purposes.

The transport parasters of oxygen &and G) are shown ir{F(igureB—ll . They are calculated
from the impedance spectra of pure LSCF film between 400 °C and 68e¢&ppendix B.

The values callated for & are within the range reported in the literaturghvan activation
energy of 1.8V [53,181484]. Regardless of the measurement technique, sirkjaalues
suggest that solid state diffusion is an intrinsic property governed solely by the composition of
the materia[182]. On the other hand, significant differencesGwvalues were detected. We
report G values that are significantly higher than in [&B2]with a similar activation energy

(1.4 eV in this study). Differences in surface composition related to preparation and deposition

techniques are speculatdd?].
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Figure 3-11. Oxygen sekdiffusion and surface exchange coefficients calculated from
electrochemical impedaacdata and comparison with literature data measured by different
methodd53,181A84].

The temperature dependence of the total polarization logsedg,; fsum of # 5 4and # 5 4§

is shown ipFigure 3-12] indicating a linear behavior in the Aenius plot. Activation energies

have been calculated from the corresponding slopes. The activation energies of the 75:25

composite were found the same as pure LSCF, while it decreased in the 60:40 and 40:60
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LSCF/CGOcomposite. The decrease from 180 down to 1.30 eV is in agreement with
previously reported results for CGO compositions higher than 30 vol.[5%a
54,86,175,178,185]However, the polarizatio resistance of 100 LSCF is lower than the
composites at all temperatures higher than 450 °C. This is an intriguing result which had not
been reported previously. We can only speculate on the consequence of the disappearance of a
large amount of porositynithe upper portion and smaller specific surface area on the lower
portion of the composite film. However, it is not possible to quantitatively analyze the electrode
performance of hierarchical microstructures with existing 1D models. In Chapter 5, the
influence of CGO and specific surface area on the ASR of columnar microstructures is

discussed in detail based on a 3D FEM model.

W LV ZRUWK QRWLQJ WKDW WKH SRODUL]DW LRu@ 002V LV WD C
F Pat 600 and 650 °C, respeatly. To the best of our knowledge, it represents one of the
lowest values measured for LSCF in 6428 composition. The veryiitrestructure and high

surfaceareaof the cathode may well be the reason for such reduced ASR VaR)@%]

Among the composites prepared in this work, the most promising resuésms of lower
activation energy and ASR values were observed with 40 vol. % CGO. Since further film
characterization with 60 vol. % CGO was not possible due to adherence problem on the

interface, we selected 40 vol. % CGO for sintering study.
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Figure 3-12 Arrhenius plot of ASR, for 100 LSCF and 25, 40, 60 vol. % LSCF/CGO
composite films measured by EIS between-880 °C in OCV.

34 7KH HITHFW RI VLOQWHULQJ WHPSHUDWXUH
SHUIRUPDQFH

Another way of tailoring the microstructure and tBBR kinetics is bycontrolling the pore

and the particle size throughntering temperaturéilthough high sintering temperature is
preferable for good necking between particles, mechanical strengtioviempent, better
adherence between electrode/electrolyte interfid@d and for an enhancedelectronic
conductivity of the ceramic material6], significant densification and pronounced grain
growth may decrease the activity of the electrode due to decrease in surfaltevaahown

that particle sizes dioth phases in the composite films should remain as small as possible to
attain a high TPBength [49,186] Thus, some concessions are needed in order to find an
optimum microstructureor desired application. An idepth study of sintering in air was

performed in order to improve the microstructural characteristics of CFL. For this, 60:40 vol. %
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LSCF/CGO composite films in both coral and columnar microstructures were deposited by
ESD andsintered for 2 h in ambient air at 800, 900, 1000 and 1100 °C, with heating and cooling
rates at 2 °C mih $IWHU WKH VLQWHULQJ RI &)/ a P WKLFEN

electrochemical measurements. The zoomed SEM images of the CFL are 3kmuned-13

In general, columnatype films are denser than the ceigbe films regardless of the sintering

temperatureThis is related to initial deposition parameters for H8&b{e2-1). As explained

in|2.1.2.2 the boiling point of the solvent mixture, the temperataf the substrate and the

needlesubstrate distance influence the solvent evaporation during flight and therefore the
droplet size. The size of the droplet at the impact on the substrate is smaller in tigpeoral
microstructureThis phenomenon hassggnificant influence omorphology, texture, surface
topography antience the growth afrainsize as a function of sintering temperatitee grain

sizes in the coral films are slightly lower than the columnar films at sintering temperatures of
800 and 90 °C (both are well below 100 nm). Aboi@00 °C, thecolumnar films suffer from
excessive growth of LSCF phase (~ 481 nm) compared to CGO phase (~50 .nm}the
meanwhile, lhe coral films keeptheir grain sizes well below 100 nmat all sintering
temperatures

The percolation and the distribution of both phases were visually examined by SEM

micrographs in backscattered electron mgeigure 3-14). A good contrast in between the

phases was obtained in relatimnthe atomic numbers (the phase containing heavy rare earth

elements like Ce and Gd appear much brighter). The whole film surface was scanned in
backscattered electron mode and both phases were found well distributed all over the film. In
close inspectionthere is also a good dispersion, suggesting a rather good percolation of each

phase.
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Figure3-13Sintering of 60:40 vol. % LSCF/CGO films in air for 2 h at 800 °C, 900 °C, 1000 °C
and 1100 °C of a) to djolumnartype films, e) to h) coral type films. Thgrainsobservable
on c) and d) are the nano sized Pd deposited prior to SEM imaging to increase the conductivity

of the films.
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Figure3-14 Top view 0f60:40 LSCF/CGO composite filniigs coral microstructuranaged by
backscattered electron detect®ample issintered in air for 2 h at 1000 °C. The light and dark

grey colors represent CGO and LSCF phases, respectively.

In terms of adherence, the columfibins sintered at lower temperatures such as 800 °C appear
to have good contact at the electrode/electrolyte interface, contrary to the one sintered at
1000 °C as shown jRigure3-15a, 15b. Above 1000 °C, therfik start to delaminate on the

corners of macrpore channels. This could be related to chemical expansion, phase transition

and/or mismatch of thermal expansion coefficients (TEC)etLal reported that the TEC
mismatch of 50:50 wt. % LSCF/CGO composdiilen on CGO electrolyte increases from
700 °C to 1000 °C[187]. This is particularly important at the interface of electrode
(LSCF/CGO) and solid electrolyte (CGO). The adherence of coral rrigcasres on the

electrolyte seem relatively better than columnar qRegufe3-15¢, 15d). Such delamination

are not observedt the interface at high sintering temperatufdscoral films present a thin
denseayer of ~ 300 nm at the interfagéiqure3-15(), which seento resist better to the high

temperature heat treatment.
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Figure3-15The cross section view aj, b)columnar ana), d)coral60:40 vol. % SCF/CGO

composite films sintered in air for 2 h at 1000 °C.

The crystal structuresf both microstructuresintered at 800 °C, 900 °C, 1000 °C and 1100 °C
arecharacterized by powder-day diffraction Figure3—16r. In all films, three phases (LSCF,
CGOoriginating from theeSD coating and from the substrate) were identified. The diffraction

peaks ofLSCF in the columnar films sintered at 800 %€ andexed to a perovskite iticell

with R& space group (No 167) with refined cell parameters of a = 5.488(9) A, ¢ = (3.401

A. With increasing sintering temperature to 1100 °C, the lattice parameters of LSCF slightly
increase to a=5.507(2) A, ¢ = 13.48)1A. Similar tendencysi observed in the coral films with
sintering temperature, all of which areagreement with the values given in thBF card no
04-017-2448.X-ray diffraction from theCGOelectrolyte(substratejn all diffractograms show
distinct and sharp peaks cubic unit cell Fm &, No 225 with lattice parameter of 5.419(1)

A, agreeing well with the reported PDF card neD02-6160. The zoomeih peaks ifFigure

3-16/show the highest intensity peak (111) of CGO from theting (indicated as G) and the

electrolyte substrate (indicated as E). All the peaks@D coating slightly shiftowards low

two theta angleat low sintering temperaturés=5.4587A) and this is more significair the
coralfilms. This indicates a ogbination of tensile and compressive stresses which frustrates
the crystal and shifts it to higher lattice parametdrgler sintering, the lattice relaxes back to
the referenc€GO latticepositiors (a=5.415%), with all its peakgjet sharper anidicrea® in
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intensity Thus, the coating crystals have identical lattice parameters as the electrolyte with
increasing temperaturl88]. This result disproves our former speculations on ither-
diffusion of elements from LSCF to CGO. This is because this kind of peak shifts would not

return back taeference positions with increasing sintering temperature.

Figure3-16 The XRDpatternof LSCFCGO composite films in a) columnar and b) coral type
films sintered in air for 2 h at 800 °C, 900 °CO0C’Cand 1100 °C. The letter tepresents
LSCF,G represent€GOin thecoatingand E representheelectrolyte CGO).

The electrochemical properties of double layer 60:40 vol. % LSCF/CGO composite films in
two different microstructures (i.e. coral and cohar) were investigated by EIS after sintering
from 800 to 1100 °C. The temperature dependence of the total cathode polarization resistances,

#5 4 ,zfrom 400 to 650 °Gor both microstructures are shownkigure 3-17| The films
VLQWHUHG DW f& DQG f& VKRZ VLPLODU YBP&@XHV LQ
600 °C) and activation energggardless of the microstructure. The lowest ASR values at

f& UHSRUWHG IRU VLPLODU &*2 FRPSRVEW LR@aLQ WKH
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[57] Y 2lBPWang et al[58] Y 2ByPMurray et al[189] DQ G AbyF P

Lee et al. The low ASRs obtained in this work are probably due to microstructures of high
surface area resulting from small scale grains and porosity. Moreover, double layer cathode
configuration (CFECCL) have been shown to help loweyithe ASR. The enhancement in
ORR is suggested to be related to more active surface provided by the thicker film with better
current collecting46,72,91,185]

Figure3-17 The Arrhenius plots of ASR for a) columnar b) coral 60:40 vol. % LSCF/CGO
films sintered in air for 2 h at 800 °C, 900 °C, 1000 °C and 1100 °C.
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The linear behavior in Arrhersuplot indicates similar ORR phenomena for all films. The
activation energy values calculated from the slopes are approximately 1.3 eV, except for the
columnar films sintered above 1000 °C (~1.6 eV), all of which are in agreement with previously
reported esults for GO compositions higher than 30 wt. &2 £54]. Increasing the sintering
temperature results in increased ASR for both microitras, but this is more significant in

the columnar films sintered above 1000 °C.

The impedance spectra are composed of several processesarttigbute to the total ASR
They aredeconvoluted into different semicircles in the complex impedance plats for

each case, eorresponding equivalent circuit is proposed and the identified loss mechanisms

are assigned to electrochemical procesiSiegire 3-18andFigure 3-19|show the impedance

spectra mesured at 450 °C and 650 fCthe form of Nyquist and Bode ploté symmetrical
cells of both microstructuresintered between 800 and 1100 Fitting was doneusing
differentcombinations ogquivalent circuits composed of an inductance, L, a serietaese
including the ohmic lossegriginating from electrolyte, 4, a Gerischer element,, (or a

fractal Gerischer element,)) and/or R//CPEelements (a resistor in paraliglth a constant

phase element). The configurations are showthe insef figures The seral resistanced,
arising manly from the ionicconductivity of the electrolytevas routinely compared with the
theoretical resistance calculated from the ionic conductivitg®0O and the geometry of the
symmetric cells in order to verify that no electronic leak currents have rniciédethe
measurements. For instance, at 600 °C, conductivity vaft®817 + 0.001 S cthhave been
measured for all samples which compare well with the literd@#8]. This indicates that
sufficiently good contact between electrode and electrolyte can be achieved with ESD

technique at sintering temperatures as low as 800 °C.

At 450 °C, two semicircles could be observed in the impedance plots of coral films: the high
frequercy semicircle B ¢4 @t 10kHz), which is denoted a& (P abbreviation standsr
process) and a more resistive low frequency semicir@es§ st 4 Hz) as 2. Zis
observed as a separate arc for coral type miciistel at low operating temperatureg.is
observed irtheimpedance spectra tbth films sintered at 800 and 90C, whereasabove

1000 °Canother procesdgenoted as?; appears only on the columnar films at the lower
frequency end withB. ¢ 3 y @t 0.2 Hz Within experimental accuracy, the apex frequencies of

2 of columnar filmsare comparabl® those of coral B. ¢ 5 3 (8t 2.515 H2). In any case he

summit frequency o decreasewith increasing sintering tempera@ji 90].

85



Chapter3: Influence of Microstructure, Composition and Sintering Temperature on the Electrode Performance

At 650 °C, aseparatsemicircleatlow frequenees( B. ¢ 32 (At 1 Hz) is identified and denoted
as Zg, whereas the high frequency semicirclg ¢ 5 (&t 106300 Hz) is associateth 2.
Similarly, another process is observed only in the columnar films sintered above 1000 °C and

assgned to 2,

Figure3-18 Nyquist and Bode plots of symmetrical cells meadwat 450 °C of a), b) columnar
and c), d) coral microstructuresitered in air for 2h at 800 °C, 900 °C, 1000 °C and 1000 °
The fits to the spectra are indicated in black lifbe series resistance was omitted for

comparison purpose$he columnar films sintered at 800 and 900 °C were fitted With4

/I C circuit, while R//CPE element b&#een connected iseries at low frequency for the films

sintered at 1000 and 1100 &8 45 4a// C- 46/l % 2¢ All the coral films were fitted with

Qs Asll % 22- 4
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Figure 3-19 Nyquist and Bode plots of symmetrical cells measured at 650 °C of a), b)
columnartype and c), d) coralype films sintered in air for 2h at 800 °C, 900 °C, 1000 °C and
1100 °C.The fits to the spectra are indicated in black liffee series restance was omitted

for comparison purposedll films were fitted with . - 4 4¢/l % 2¢- 4g// % 2gcircuit,
exceptthe colummar films sintered above 1000 °C= 4, 4¢// % 2¢- 4711 % 27- 4gll % 24
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Figure 3-20 a) Capacitanceand b)ASR valuesassociated with2;, 25, 2;and Zgprocesses

versus sintering temperature for the two microstructures
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Figure3-20Q|illustrates the dependenoé capacitance andSR valuesassociated withZs, 2

2, and Z processeson sintering temperaturdor both microstructuresCapacitance is
associated with changes of oxygen stoichiometry in the elecbamering within a distance
from the electrolytelt can givefingerprints to whether or not the electrochemical processes
are related taeharge transfer (current collector/MIEADd MIEC/electrolyte) and/do non
charge transfer processes (solid state transport and oxygen surface excdiiagdserved
capacitancealues for 2in the coral filmsare found to be on the order d¥%10* F cmi2. In

our previous work, the rafemiting steps in dense, columnar and coral type LSCF electrodes
contacted with CGO electrolyte were identified by analyzing the variation of resstéana
function of oxygen partial pressure and temperaflir®]. The partial pressure had a slight
dependence in temperature with an exponent valuef(©.1 for the densélm and 0.06for
thecoralfiim (4 L ’?CRléé, whereR is resistances; is a constant and changes according to
the limiting process)consistent with thevaluesof an interfacial capacitance coupled to a
charge transfer procefk79]. The impedance plots of columnamiig do not show aeparate
resistance associated wify process suggesting that either the charge transfer is facile or
convolutedwithin 2, A slight deformation at the high frequency pairiall impedance plots

of columnar films is accounted for laycapacitance in parallel sofractalGerischer edment
(values around 0:2.5 mF cnf). As already discussed in the previous sectibis, $uggests
faradaic charge transfer impedance that is convoluted 2yith

Large capacitances, ®alled chemical capacitance$gfy ) depend on the catde material

and microstructurand generally ranges between®16 10 F cn? [92]. Since thecapacitance
values associated with the rest of the preesarea couple order of magnitude larger than
double layer capacitances,can be said that the limiting reaction steps are related to non
chargetransfer processes for both microstructurggs attributed to cdimited process of
oxygen bulk diffusion and surface exchange reactions. The capacitance values associated with
2¢in coral type films are almoswice as highhan columnar films at all sintering temperatures.
Considering bdt microstructures having similar resistance values, capacitance and summit
frequency a& found to be directly relatetb each other according to4 %B.c 320k S.
Following the relationship between summit frequency and characteristic time cdostant
Gerischer impedancéRyg s Beeaa g ¥u t & one can see that capacitance and time constants
are reversely related to each other. Taking into account of the relationship b#testere
constant andhe effective surface exchangeefficient as specified in Appendix By @G ~

1/ Ry 5 it is found that the film with higher specific surface amdaresult in lower Ry sand
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thus in higher capacitance values. Similar results have been reported by Marathaith

chemical capacitance values ranging between 4.0 + 0.2 mfocirolumnartype LSCF films

and 44 + 12 mF crifor corattype LSCF films at 600 °{83]. The capacitancassociated to

2;,only observed in the columnar morphology was found to highly depend on the measuring
temperature. Increasing temperature leads to almost two fold increase in the capacitance value.
Similar trends in capacitance activation with temperature have bperted in the literature

for LSCF[83] and LaxSkCo1yNiyOs.,[191]. This is because the concentration of oxygen
vacancies ineases with temperature, giving risehigher %y 5 Nevertheless, consistent

with their capacitance valueg&, can be associated with oxygen surface reactions, i.e. oxygen
surface diffusion and dissociative adsorption, respectiiEd?,193] Lastly, 2, which is
observed as a separate arc appeared in the impedance spectra above 550 °C for both
microstrictures, is associated to pegas diffusion and its resistance is temperature
independent[165,174] For all other processes, the resistance increases with sintering
temperature 2; associated with charge transfer resistance increase with sintering temperature.
For both microstructures, the resistanceZgfemains the main limiting resistance latv
measuring temperatures aindreasesvith increasing sintergp temperatureThis is probably

related to the reduction of specific surface area by densification of theTlilenresistance
associated with?;is as important agfor columnar films sintered above 1000 °C and it is

directly responsible for thimcrease in activation energy of the total ASR (1.3 eV to 1.6 eV,

Figure 3-17a). These values are similar to the activation energy of pure LSCF

[52,57,150,165,184uggsting that the percolation &GO is completely lost in these films

and the ionic condttion is achieved only through LSCF particles.
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35&RQFOXVLRQ

Functional hierarchical nanostructured layers of well crystallized pure LSCF films were
obtained in two different microstructures: coral and columnar. The latter was chosen for the
charaterization by FIBSEM tomography after sintering at 800 °C for 2 h in lairorder to

study the influence of CGO themicrostructure and electrochemistdy,25 40 and 6vol. %

CGO were sprayed together with LSCF to make compofilims. Hierarchicalfilms of
columnar microstructures are composed of fine raorosity within the columns and large
macrepore channels in betweethe columns. The FIB/SEMtomography revealed
heterogeneously distributed porosity within the 60:40 vol. % LSCF/CGO compdsitercim
contrast to pure LSCHevertheless, the composite film exhibited large ramrosity (~20 %

which is as high as pure LSCF) and specific surface area (~8) |ghose to the
electrode/electrolyte interface. While exceptionally low ASR values of D.GQRG 2atF P
650 and 600C, respectively, were recordéal pure LSCFthe addition of CGO to this state
of-the-art cathodedid not improve the electrochemical performance, in apparent contradiction
with the common expectations. A possikbgplanaton could lie in the modifications of the
nanostructure, in particular the redoctiof the specific surface aredth the addition of CGO.

This will be confirmed with the8D-FEM modeling(Chapter 5) Further study on sintering
temperature was conducteddptimize pore andgrain sizes in60:40 composite electrode in

both coral and columnar microstructuré&ue to different deposition parameters, the porosity
and grain growth of the two microstructures weeey different. The coral films had smaller
grain gzes at all sintering temperatures. Furthermore, the grain growth of LSCF and CGO
augmentedon uniformly in the columnar films sintered above 1000 °C. All the films sintered

at 800 and 900 °C presented similar ASR and activation energy values regafdiess
microstructure. Both microstructures sintered above 1000 °C showed increase in ASR, whereas
the activation energies of the columnar films increased and resembled to that of pure LSCF
This isattributed to the disrupted CGO percolation due to exeeggowth of LSCF phase
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4 7+(3(5)250%$1&( 2)
$58&+,7(&785('28%/(
/$<(5/6&)&$7+2'( 21
$12'( 6833257 (&(//6

Chapter 4ocuses on the optimization of the double layer cathode films of pure LSCF
deposited bylectrostatic spray depositioB$D) techniqueas cathode functional layer
(CFL) topped by LSCF deposited tscreen printing $P techniqueas current
collecting layer (CCL) The thicknesses of CFL and CGire varied andcurrent
constriction effectaremonitored byelectrochemicaimpedance spectrospy. Finally,

the optimized double layer LSCF filnase deposited on anodripported fuel cells.

The performance andng termdurability of thecompletecellsare tested at 675 °C.
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41, QWURGXFWLRQ

The composition and the microstructure of the catHohs are among the key factors that
define the length of the electrochemically active region (utilization length) within a porous
electrode. The utilization length of the cathode, can be calculated by the analytical

expression derived by Adlet al [92].

L §:EA'? ﬂ;

T 4-1

where Yaand i which arerespectively the porosity, specific surface area and tortuadity,
whichcan be calculated froimage analysis of reconstructidata from FIB/SEM tomography.

&; and Gare oxygentiffusion coefficient and oxygen surface exchange parametevalues

are typically found in the range from 0.4 to 20 ponrhixed conductors with high rates of bulk
ionic transport[194]. Oxygen partial pressure, temperature, and the surface area of the

electrode have significant influence o . The microstructural parameters are calculated from

reconstruction of images as showfiriable3-1| The transport parameters are calculated from

the fits of impedance data. Using E¢l 4he utilization length of pureSCF in this study was
IRXQG RQ WKH RU®@GHdiscissed thordtighly by Fleig and Adler, the 1D
macrohomogeneous bulk transport assumption (Gerischer impedance) breaks down when the
utilization length is on the same order or smaller than the sz - N¥ o © «9(i.e .

is the particle size[L94,195] However, since fairly reasonable fits with Gerischer impedance

were still obtained, we assume that the 1D macrohomogeneous approach is still applicable.

Giving the thickness of the ESD layer being more than a hundred times larger than the
utilization length, it is reasonable to assume that only the ESD layer is electrochemically active.
However, a number of studies have reported better performance with double layered electrodes
(CFL-CCL) which are vastly thicker than the electrochemicallgtiva zone
[46,72,91,92,97,185,19800]. In order to explore the effect of microstructure and thickness

on the electrode performance, LSCF films were deposited either as sipgitebly only SP
(sintered at 800 °C/2h in ajf)y only ESD(sintered at 800 °C/2h in aighd as a double layer
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first by ESD(sintered at 800 °C/2h in aiigllowed by SHas indicated iE.l.Z.E for different
CCL and CFL ticknesses.

42 7TKH DUFKLWHFWXUH RI FDWKRGH ILOPV

Microstructural Characterization of the Films

Figure4-15, 1d and 1ghowsthe top and cross section views of the single layer film deposited

by only SP. Apart from very few cracksofjsity) as observed from the top view, the film is
JHQHUDOO\ TXLWH IODW RQ WKH VXUIDFH 7KH WKLFNQHV
average crystite VL]H R QP LV FDOFXODWHG E\ ;5" SHDN EURDGFH

Figure4-1g allows the observation of tegglomeratewith an average particle size of 200 nm.

Figure4-1p, 1e and 1h exhilsthe single layer film deposited by only ESD. The thickness of

the film is alsoD ER X W P 7KH KLHUDUFKLFDO SRURXV FKDUDFV

porosity separating the column$Higure4-1¢, and nano porosity within the columng-igure

4-1h.|Figure4-1¢, 1f and 1i showthe double layer films coated by ESD and topped with SP.

7KH WKLFNQHVV RI WKH ILUVW OD\HU (6" LV DERXW P Zz
P 7KH VHFRQG OD\HU S U BanLtigHirgt 1Byer QHus\irdpteingvihe ldueRtH
collection by increasing the contact points between the surface and current collecting grid. The

microstructural parameters of the ESD part of the double layer film were already introduced in

Table 3-1] The microstructural parameters of the second layer by SP were calculated by 3D

reconstruction of the images obtained by FIB/SEM tomograi;ﬁligu(e 4-2). A porosity
amount of approximately 35%9 QG D VSHFLILF VXU MeFRrHoDputedaRd P

4-1).

Table4-1 Microstructural parameters calculated by analyzing the reconstructed 3D FIB/SEM
LPDJHV 0 SHHu @petifit surfaddearea) are calculated for three threshold values to

provide an evaluation of the uncertaifd3].

SPfims TZ] Iv e« E VP W}E}e]5C "% X "PE(X CE
100 LSCF 0 16.50 35 + 4 13+ 1
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Figure4-1 Top views of SEM images of single layer LSCF films of a) C&B(b) CFL ESD

and double layer filmCFL-CCL (ESDSP. Crosssectional views of d) CFLSP), e) CFL
(ESD and f) CFL-CCL (ESDSP. g) h) and i) are the magnified images showing the porosity
and particle sizes. j), k) and I) are the schematics of the three films.

Figure4-2 3D reconstruction of the CCL (SP) after FIB/SEM tomography.
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Electrode Performance of by EIS

Figure4-3|shows the Arrhenius plot ot 5 4 5 ©f single layer LSCF deposited by SP, referred

to as CFL §P), another single layer LSCF deposited by ESD, referred to as E¥ID) @nd

the double layer LSCF deposited successively by ESD and SP, referred to-@ECCRESD

SP. The thickne Rl VLQJOH OD\HU ILOPV ZHUH HTXDOO\ P ZKL:
the GRXEOH OD\HU ILOP ZHUH P DQG P UHVSHFWLYHO\
were similar in all films. The striking result in compaysingle layer films of CFI(ESD) and

CFL (SP is that about two orders of magnitude decreas# %4 ; yvas obtained with CFL

(ESD), while approximately 2.5 fold decrease was obtamigdldouble layer CFLCCL (ESD

SP compared taingle layer CFLESD.

Figure4-3 Arrhenius plot of ASRpol of CFLSP), CFL ESD and CFLCCL (ESDSP films.
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4.2.2.1CFL (SP

The electrochemical characterization symmetrical cells of the screen printed film as CFL was

performed by impedance spectrogg at OCV from 400 to 650 °C in gir.

Figure4-4| shows the impedance spectra in the form of Nyquist plot. The series resistance of

the electrolyte and polarization resistance of the cathode decrease with micteaierature.
Continuous shifts in the frequencies are demonstrated as a function of temperature. The
impedance spectra at all temperatures were fitted with the equivalent &6CRE +G. The

arc in the high frequency range can be associated t@ehaansfer resistance at the
electrode/electrolyte interface with a capacitance value of the order of 15 d®?, while

the arc in the intermediate-low frequency range is related to the bulk diffusion and surface
exchange processes in the pordesteode with a capacitance value of the order ofB@mn1
2[175,179] The charge transfeesisWDQFH LV DV KLDKVDV f& DERFat FP
400 °C. CFL &P. The decrease in resistance from CEB (o CFL(ESD) can thus bequally
attributed to improvement in charge transfer resistadbe interfacend faster electrode
kinetics reléed to nanostructured microstructure features. Indeed, the electrode/electrolyte
interface has a predominant role in the charge transfer of oxygen ions. Eiuakrecently
reported only 55 % interfacial surface area coverage on the interface betwesan@nted

LSCF on YSZ/CGO bilayer electrolyj2]. In order todecreas¢he charge transfer resistance,

the CFL(SP should be sintered at temperatures highan 1000 °G50,201,202] However,

it should be kept in mind that increasing sintering temperature would $ectiea particle size,

and lowerthe surface area, which in turn resalthigher ASR values (Chapter 3).
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Figure4-4 Nyquist plot of impedance spectra of screen printed CFL betweeB3MOC. The

numbers on the diagrams indicate the logarithm of frequency.

4.2.2.2CFL (ESD and CFLCCL (ESDSP

As for the comparison of impedances of single layer &0 and CFL-CCL(ESD-SP), the

following equivalent circuits are used as already iIIustrateIéFi'gure 2-10| 45 45/l C
between 400 °C and 500 °C dnd 4, R:// CPE. - R:// CPE at 550°C{Table4-2|andTable

4-3|show the impedance fitting parameters f@QF single and double layer films at 400

500 °C. The resistance and the characteristic time constants of thR€CQIF(ESD-SP film

decreased more than twice compared to &30 film. The capacitance of Gerischer element

%up awas calculated by thermula: %z s L Roga 4aq(see EqA 6 in Appendix B). The
capacitance value parallel to Gerischer element is in accordance with BaetnadrfiV UHSRUW YV

and may be assigned to charge transfer processes at the electrode/elauteolgte[179].

The fitting parameters at 550 °C with two R//CPE elem#nseries to each other are shown

in|Table 4-4) The high frequency processes fitted wRh// CPE. seem to be similar to

Gerischer element. The Icalated capacitances fofg can be associated to chemical
capacitances. The capacitances associated with the low frequency arc obtairtbd frtimg
are between 5 t® F cm 2. Such large values are unlikely to be from any electrochemical

processand are attributed to the gas phase diffusion process.
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Table 4-2 Impedance fitting parameters dbuble layerCFL-CCL (ESD-SP film at 400
500 °C.

T,°C  &,aeScmt 43, U« %pg s MF cn? C mF cn?

400 0.35 25.0 1.65 0.259
450 0.64 4.74 2.27 0.345
500 1.04 0.98 7.92 0.545

Table4-3 Impedance fitting parameters sihgle layelCFL (ESD film at 400500 °C.
T,°C &, AgS et 4y U ¢ Y%iga MF cn? C mF cn?

400 0.25 65.8 0.87 0.345
450 0.48 11.0 1.75 0.296
500 0.83 2.11 2.52 0.367

Table4-4 Impedance fitting parameters of a) CFESD) and b) CFECCL (ESDSP films at
550 °C.

&, cScm RU C %9mFem? RU C %Fcen?
a) 1.48 0.25 1.83 0.020 5
b) 1.24 0.54 1.39 0.015 9

For a further discussion, the Nyquist and Bode plots are shqtigume 4-5|andFigure4-6

respectively. Nyquist plots are in general very similar, except a more inclined high frequency
region in the double layer CFCCL films above 500 °C. Moreover, only one arc is observed
up to 500 °C in both films. A secdrarc at the summit frequency around 1 Hz appears only
above 550 °C.

The Bodetype plots show the existing of two arcs that are probably overlapped at high to
medium frequency raanigure¢6 . The peak maxima &50-650 °C (green arrows) do not

correspond to the same phenomena of those ab@0@0C. In fact, the process that dominates

the cathode resistance at 4800 °C (blue arrow) can also be evidenced by the shoulder and
asymmetry of the peaks in betweerIlI Hz at 55600 °C. There is also the peak at about

1 Hz that is related to powgas diffusion that can only be observed above 550 °C. Comparing
the plots of the two films, the summit frequencies are shifted to higher frequencies when double
layer film is used[80]. The summit frequency and the resistance are related to the
thermodynami@roperties surface kinetic and transport properties of the materighéAgix

B). As has been shown earlier, the utilization length stays in the first couple of hundred

100



Chapterd: The Performance of Architectured Double Layer LSCF Cathode on Aagajeorted Cells

nanometers in the ESD layer, where the microstructure is assumed to be the same in both films.
The enhancement in ORR may therefore be related to more aatifeee provided by the

thicker film with better current collecting.

Figure 4-5 Nyquist plots of LSCF in a) single layer CFESD b) double layer CHCCL
(ESD-SP films from 406600 °C. The thickness dfie electrolyte used in the measurements

of double layer film was 1.65 mm while it was 1.45 mm in the single layer film.
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Figure4-6 The Bode plots for a, b) CFIEED film ¢, d) CFL-CCL film between 40&650°C.

Arrows indicate the three possible elementary electrode processes.

One of the factors contributing to the power loss is the ohmic resistance of the cell, which
includes electrolyte resistance, electrode material resistance and the interface essisgdac
nortoptimized contact and current collection. It has a very strong dependence on the thickness
of each cell component and the contact geometry between the electrode/electrolyte and the
electrode/CCL. In the next two sections, the influence of @@d CFLthicknesse®n the

performance of double layer films will be discussed.
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437KH LQIOXHQFH RI &&/ WKLFNQHVV RQ WKH
OD\HU HOHFWURGH

Comparing théASR in relation to thehicknesses of single layer CFE$D and double layer

CFL-CCL (ESD-SP films provides mee information on the effect of current collection. While

WKH WKLFNQHVY RI WKH &)/ LQ WKH GRXEOH OD\HU ILOPYV Z
& &/ ZDV YDULHG |U Figure4-W.RA suddén decese in# 5 4 ; yvas obtained by
DGGLQJ WKH P WKLFN &&/ RQ WKH VLQJOH OD\HU ILOP )X
WKLFNQHVY ZDV LQFUHDVHG WR P $W WKLV WKLFNQHVYV
conclusion that i¥plane conduivity in the CFL.CCL®6 P- P ILOP LV RIS8)/LPL]HG

Figure4-7 Arrhenius plot of ASRpol of CFLSP), CFL ESD and CFLCCL (ESDSP films.

Similar conclusions have been reached pointing at a minimum thicknatesirel the contact
points to fully utilize the total surface area of the interfd&}. The electrode performance of
single and double layer electrodes was studied by duay[198] and Kenneyet al [200].
Junget al achieved a power density as high as 1.5 W2 @an750 °C with double layer
electrodes in comparison to 0.9 W-émith single layer electrodes, demtnasing the current

constriction effects. They attributed this improvement to a simultaneous decrease in ohmic and
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polarization resistance on the thicker cathode. Keehey reported a 13.7 % increase on the

average current density when the thicknes$6o0KH & &/ ZDV LQFUHDVHG IURP W
R P W K L[E0Q]. &1prfe detailed work by Kenjet al illustrated the local variations

of the electrochemical activity due to raniform contact on the electrode/electrolyte interface

as shown ifFigure4-8)[203] $FFRUGLQJO\ ZLWKLQ WKH YLFLQLW\ RI W

current lines are caentrated to the contact poirtsd expands with increasing distance. If the

electrolyte is sufficiently thick, the current linesch to uniformity.

Figure 4-8 a) Scheme of a neaniform electrode with two different local polarization
resistances, pt and po, respectively. b) Current distribution in the vicinity of the
electrode/gctro\WH LQWHUIDFH 7KH FXUUHQW GHQVLW\ LV XQLI

shrinks inside this region due to discrete contgas].

In order to evaluate the current collection in our films, the conductivity of the CGO electrolyte

was calculated for eldilm that is in contacwith theelectrolyte on a symmetrical cell. The
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conductivity is an intrinsic property of the material. Nevertheless, a lower value would point

out a bad contact and/or inhomogeneous current distribjifignre 4-9|shows the Arrhenius

plot of the conductivity of CGO electrolyte contacted with LSCF single layer EBDY(film

and the various thicknesses of double layer CRIL films. A progressive decrease éf, 5 ¢

from double layer CHCCL film to single layer CFL filmis observedwith respect to the
literature[23]. ThicknessesB R Y H P WKLFN &&/ WKH Y DSaRtHWisDUH VLF
indicates a good #plane conductivity in the electrode, and that the whole electrode/electrolyte
interface area is usdd04]. This is also verified by calculating the effective thickness of the
electrolyte by the following Eq.-2:

gril—

wherelL is the effective thickness of the electroly®, 4 is theintrinsicionic conductivity of

the electrolyte andly ;is the resistance of the electrolyte. For single layer G0 film,

WKH UHVLVWDQFH RI WKH HOHFWUR O %WBsulWy 0.02 8&HMWZ DV PHD
as the conductivity value of CGO (600 °f2B] one can deduce the effective thickness of the
electrolyte as 0.174 cm. This value is greater than the actual thickness of the electrolyte which

is 0.145 cm. On the other hand, for double tayEL-CCL (6 P - P ILOP WKH UHVLV'
of the electrolyte 4g ;D W f& ZDV PHDV X & k@idcssel. is equalRo 0.16

cm, which is the same value as the actual electrolyte thickness (0.16 cm). The deviation in the
effectivethickness of the electrolyte was attributed to the discrete contacts of electrode and
electrolyte as defined by Tannenbergéral [205], and current constriction resistance as

defined by Fleig and Maig¢R06]. It can be concluded that there isauorent constriction when

at leasw P &&/ LV WRSSHG RQlayeKH P WKLFN &)/
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Figure4-9 The Arrhenius plot of the ionic conductivity of CGO electrolyte contacted with
single layer CFLESD and double layer CFCCL (ESD-SP films.

447KH LQIOXHQFH RI &)/ WKLFNQHVYVY RQ WKH
OD\HU HOHFWURGH

Films with various CFL thicknesses were obtained by controlling the time of ESD deposition
from 20A40A1h, 1h4543h and 4h3@o study the influence of the CFL thicknessthe
double layer electrode performar@ shows the average thicknesses of the films
UDQJLQJ EHWZHHQ D @Gre chamhels &peared BfteéiRthe film reached 5

P LQ KHLJKW 7 Khd micxostiuztards/ar® also flatter at the same time. The width
ofthemacreSRUH FKDQQHOV LQFUHDVHG ZLWK LQftdhMdWLQJI GHS

detached near the maepores, thus it was not considered for further characterization by

impedare spectroscopy. All films seem to keep similar porosity inside the columns, however
it is difficult to judge their amount from SEM images. It is noteworthy to mention that all the
CFL ESD ILOPV ZHUH WRSSHG ZLWR before® theV édctadhata /

characterization by impedance spectroscopy because this thickness represents an optimum of

electrical performance$igure4-3).
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Figure4-11|shows the Arrhenius platf # 5 4 ;zfor double layer CHHCCL (ESDSP) LSCF

HOHFWURGHY FRQWDLQLQJ YDU\LQJ &)/ WKLFNQHVV IURP
We can extract two sets of results as a function of CFL thickness. Two LSCF films containing
thin CFL of 0.5W R P WKLFN VKRZ KLJKHU DFWLYDWLRQ HQHU.
ZLWK WKLFNHU &)/ WKLFNQHVV ! P # %54 at adptendperatbié. KDY H \
In the literature, activation energies were reported to vatweerl.23and1.69 eV for LSCF
(electrode)/CGO (electrolyt¢p4 £7,69,178,202]Thislarge range of aluescan be explained
by differencesarising during fabrication, such as impurities in the starting materials, the
deposition technique, the sintering temperature. Since all the films were fabricated in the same
way in this study, this argument can bemgtiated. Further arguments could be related to the
differences in microstructure and current constriction effects. The lack of qpaahannels
in thin films or thedifferentamount of nano porosity could be the differences in microstructure
compared tmther films.To investigate theurrent constriction effect¢he ionic conductivity
of CGO electrolyte was calculated as shown in Eg. #he film with the smallest thickness

P VKRZHG WKH ORZHVW HOHFWURO\WidnikRQlEX MW LY LW\
agreement with the literatur23]. It means that the minimum thickness necessary for
homogeneous current distribution was reached already at an average tMickRés P
Given the fact that the CGO conductivity values remain similar regardless of the appearance

of the macrepore channels, e.qg. for thickness ranging from 2.5 td#h,4he current collection

problems due to macimore channels can be disregatd€omparing-igure4-11jandFigure

4-12| one can also conclude that both the difference in microstructure and current collection

are responsible for highe#54;zI RU P WKLFN IL Chlre difekebé@Hn RQ O\
PLFURVWUXFWXUH LV UHVSRQVLEOH IRU WKH SHUIRUPDQFH

107



Chapterd: The Performance of Architectured Double Layer LSCF Cathode on Aagajeorted Cells

Figure4-10 The CFL thickness was varied by changing the time of depodifcESD from
20 A40A1h, 1h4583h to 4h30A
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Figure4-11 $UUKHQLXV SORW RI $65SRO IRU YDU\LQJ WKLFNQHV

was kept fixed above CFL.

Figure4-12 The conductivity of CGO electrolyte in contact with varying thicknesses of LSCF
deposited by ESD.
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45%$JLQJ RI WKH VHOHFWHG GRXEOH OD\HU /6
FHOO

The selected double layer LSCF cathode €Ll (6 P - P deposited on both sides
of CGO electrolyte as a symmetrical cell. The aging study has been performed at 600 °C for

800 h in air by impedance spectroscopy with 20 mV excitation amplitude in OCV conditions

Figure4-13p). Five measrements were carried out after 1 h, 24 h, 200 h, 300 h and finally at

800 h. From 1 h to 24 h, the impedance did not vary in resistance magnitude or frequency
distribution. The series resistance of the electrolyte decreased slightly, which could be either
related to an enhanced contact of the cathode on the electrolyte, or it could simply be a slight
variation in the temperature during impedance measurements. However, this trend has
continued in the opposite sense along the time. Indeed, the seriesiceststthe electrolyte
increased bybout5 % at the end of 800 h. Millat al.had reported an aging study over 1500

h on LSM/YSZ (CFL) topped with LablsFe.4O i/, as CCL207]. They found a drop of 41 %

in theseries resistance of the sample without CCL, while an increase of 28 % with CCL. After
a close examination of the films by SEM, they observed chemical interaction on the interface
of CFL and CCL. The commercial LSCF powder used irSfAyer in this stdy may include

some small amount of impurity phases. These impurities might migrate and agglomerate to
form insulating phases similar to Millaet al 'V REVHUYDWL Re@Mentdl RUHR Y I
compositional variationatthe electrode/electrolyte interface migigo be responsible for the
increase in series resistance. Further evaluation is necessary by STEM EDX mapping.

An 86 % increase in the total polarization resistance of the electrode was determined from the

)

showsthat the polarization resistance decreased slightly during the first 24 h, but then increased

impedance spectra after 800 h. Thehenius pld of polarization resistancg-igure 4-13;

CJ

substantially at longer time. The Bode plshows a broad frequencgtistributionswith three

maxima at about 1, 50 and 1 HzAlthough the resistance afl three processes increased

ZLWK WLPH WKH ELJIJHVW HYROXWLRQ LV REVHUYHG ZLWI
(middle frequency) between 4O Hz |Figure 4-13p). As discussed earlier, this process

corresponds to the same phenomenon with the maxima of the impedancé&@04Q@) all of
which are fitted with a Gerischer impedance. This process is thus attributed dorstexd

situation of diffusion ad surface exchange in the porous cathode.

110



Chapterd: The Performance of Architectured Double Layer LSCF Cathode on Aagajeorted Cells

Comparing the SEM images of the sample before and after 800 h of g§iggried-14) some

decrease in porosity is observed in both layers. The smaller porosity aadesaréa and

difficulties in supplying the oxygen into the active thickness may lead to such increase in total

resistance.

Figure4-13 a) The Nyquist plot and b) The Bode plot of aging study of a synuaktell of
CFL-CCL(® P- P FDWKRGH ILOP PHDYV X O)HIB ddakge in cathotdd) 2 &9

resistance and seriessistance with respect to aging
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Figure4-14The cross sectional views of two samples a) and b) befoegthg, c) and d) after
800 h of aging.
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46 ,QWHJUDW IRRQKRU W VERWEHOH OD\HU /6&) FD\
DQRBHSSRUWHG 62)&

The details of the cell structure, materials and experimental setup haveldsssibedin

Chapter 2[Figure 4-15/shows the cross section view of the cell focusing on the optimized

double layer CFLCCL cathode microstructure, together with the bilayer electrolyte and AFL

before testing.

Figure4-15 Cross section view of the full fuel cell before tests showing LSCF {CEL),
CGO (barrier layer), 8YSZ (electrolyte) and NiO/8YSZ (AFL), b) zoom in the LSCF (CFL).

Performance &st of Complete Cell

Figure4-16|shows the polarization curve w¥o identical samplesample 1 and sample(the

diameterof current collecting grids 3.7 cm for sample 1 and 1.6 cm for samplen2asured
at 675 °C. The maximum power density of sample 1 was obtained at 400 r\aincirof
sample 2 at 150 mW cfn

The opercircuit voltage (OCV) of the bilayer YSZ/CGO electrolyte in this study was found
sufficiently close to pure YSZ values predicted by the Nernst equation (~ 1.11 V at 650 °C
[208]). This indicates a craekee, gas tight electrolyte. CGO electrolytas successfully
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protected from getting reduced by the hydrogen gas on the anode side thanks to the dense YSZ
film [209 211].

Loss processes

Figure4-17|shows the impedance spectra of sample 1 measured at OCV and 0.7 V. The total

UHVLVWDQFH?RW 2&9 FFPHFUHDV Kat OW\R Three ardsiiservedwith
summit frequences at 10 kHz, 100 Hz and 1 Hz aieilar in both case. The cathode films

measured at OCV showeadsothree arcq4Figure4-13a), the first arc with a summit at 1 kHz

was assigned to charge transfer resistance, the secdodaticodic reactions between-100

Hz and the third arc with a summit at 1 Hz to pgas diffusion. Thus, in the full fuel cell, the
cathode response is expected in the middle to low frequencies, in good agreement with the
literature[210,212,213]

Three arcs with summit frequencies at1Q Hz,10 HzA kHz and 150 kHz have previously
been ascribed to Ni/YSZ anode in a thedectrode setuf214 £216]. Primdahlet al. assigned
the low frequency responses (1Q Hz) to gas conversn [215] and middle frequency
responses (10 Hx kHz) to gas diffusiof216]. Thus, middle and low frequency arcs represent
both anode and cathogart The highfrequency arc has been found in a number of Ni/'YSZ
anodeg212 214,217] Chargetransfer reaction and ionic transpwithin the anode functional

layer have been proposed for this arc.

The ohmic resistance of the electrolyte is another source of loss processes. The resistance of
WKH ELOD\HU HOHFWURO\W H &R 67Y WF@4bsummairEsRH¢ Bell FP
performances, OCVs, ohmic and polarization losses of varioY$SKiYSZ or N+ YSZ/YSZ-

CGO bilayer electrolytes with LSCF, LSCF/CGO or LSC cathode films. The max power
density in this work is mostly in accordance with the ditere in comparison to similar
thicknesses of electrolyt§45,138,209,211,21#226]. However, Ofet al [227] and Nohet al.

[228] have shown power densities much higher thamtherworks(Table4-5) with 1300 and

2048 mW cnt at 650 °G respectively. They obtained such results by decreasing the thickness
of the electrolyte to few hundreds of nanometers. Both authors achieved to decrease the ohmic
resistances to values as low as 0.037 and 0.0 F$and the polarization resistances to 0.22
DQG 2 atfeB0 °C, respectively.
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Figure4-16 Cell performance of sample 1 and sample 2 at 675 °C.

Figure4-17 Nyquist impedance plot of sample 1 at OCV and at 0.7 V at 675 °C. The numbers
in the diagram corresponds to logarithm of frequencies.
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Long term stability tesvf the complete cell

The testing temperature for sample 1 was increased smgBguom 675 °C to 725 °C, then

to 822 °C. A veryastdegradation of the cell was observed. For this reason, the tests on sample
1 was ended ahthe aging was performed sample 2The cellcurrentwas fixed at 1.4 A.

The degradation rate was foundrfradhe slope of the linear fit to the cell voltage datter
approximately 700 h of operation, the total potential degradation was 114 ff kI3.85 %

kh'* compared to initial value@. Sar et al. reported very sintar values on
LSCF/CGO composite films on YSZ/NSZ anode supported cgl29]. Similar to the present

study, Stevensoet al investigated the cell degradation of LSCF cathodd.@hStarck anode
supported cells. They reported a 16 % klecrease from 400 to 1000 h of operation.

Figure4-18 Degradation of sample 2 at 675 °C, current is fixed at 1.4 A.
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Table4-5 Summary of performance results with cells withY8Z(anode)/YSZ(electrolyte)

and NiYSZ(anode)/YSZCGO(bilayer electrolyte).
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The possible degradation mechanisms in each compartment were reviewed in detail in Chapter
1. Microstructuralevolution in time is among theaindegradation causes in SOFC electrodes.

The microstructures obeh compartment were viewbg SEM before and after durability test.

Figure 4-19|focuses mainly on the cathode and bilayer electrolyte. In comparigéiguce
4-15| the cathode microstriuoe keeps the porosity intact in both CFL and CCL after 700 h of

durability test.Nevertheless, it is worth reminding that the experimental conditions are very
different in two cases; in the first case, the degradation waganed in OCV and in stagnant

air, whereas in this case under constant oxygen gas flow.8ndcathodic polarizationThe

CGO layer also seems quite porous, which is not desirable for a barrier layer. First of all, the
total ionic conductivity decreases with increasing porosityoSdlg, a porous layer fails in
stopping the diffusion of Swhich mayeadto theformation SrZrQatthe CGO/YSZ interface

[163]. In any caseo delamination of the cathode or cracking of electrolyte was observed along

the interfaced-igure4-20[focuses on theicrostructures oAFL and ande CCL.The porosity
HVSHFLDOO\ LQ WKH $)/ a PV HH Pthétdt. Vg lgghauior Ba@ W O\ L C

been observed in the literature and attributed to the volume dfamigeNiO to Ni after anode

reduction230232]. The decrease of nickel particle size and reorganization of the phases upon

reduction is illustrated (Figure4-21{[233]. The reduction is accommodated thg increased

porosity within the structure without shrinkage. However, percolatinkghitetwork can be
broken at a critical porosity amouireviously, a0 % decrease ipercolation connectivity

of Ni phasehas been observedvhile almost no changeas been observddr YSZ phasen a
selfmade anode upon reductif2B4]. The decrease in percolation degree cadgerease in
bulk conductivityand therefore to loss in power density. Similar observations have been
reported in the literaturd.32,235,236]
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Figure 4-19 a) Cross section view of sample 2 after 700 h of durability test taken in
backscattered electron mode. b) Zoom in the CRIL region.

Figure 4-20 Cross section views measured with backscattered eledetmttor, a) sample

before testb) sample 2 after 700 h of durability test.
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Figure 4-21 Schematics illustrating the microstructural changes upon reduction of anode
material NiO/YSZ a) as sintered stalbg,shortterm reduced state and c) letegm reduced

state Reprinted fronj233]. The reduced nickel particles are represented with gray color.
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47&RQFOXVLRQ

The functional layers of LSCF films prepared by ESIP and successive depositions of ESD
and SP were compared by electrochemical impedance spectrositosydeposited by ESD
have fine details in the cathode microstructusbowing increased surface area at the
electrodegas interface as well asgood adheence at the electrode/electrolyte interface
Therefore the utilization lengthn these filmsstaywithin a couple hundred nanometers from
the electrode/electrolyte interface. Nevertheless, a cadtiwdehickness (~<6 P & )by
ESDDQG a P b 8Fin double layer cathode film) is necessary for an optimized
cathode performance. Below these values, current constriction problems arise and increase the
total ASR. Finally, the optimized LSCF CHRECL doule layer films were deposited on anode
supported cellsA buffer layer of CGO is deposited by ESD above YSZ prior to cathode films.
A peak power density of 0.4 W chwas obtained at 675 °C. The total potential degradation
after 700 twas measured as 114/kh?, 13.85 % kit compared to initial value. These results
confirm the fact that degradation is a very important problem to be accounted for. More
research on the cell design, micrasture and working conditions rgecessary in order to

reachmorereasonable degradation rates.
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5 5$7,21%$/ (6,*1 2)
&$7+2'(0,8&526758&785(6
%<')(002'(//,1*

Chapter 5 presents tvdD FEM modelgaking into account the hierarchical nature of

the cathode microstructur&@he governingequations are introducddr both models

Model 1 is based on cubic particles that was previously reported in the literature for
homogeneous pure LSCF microstructures. The model equations are taken from the
references and adapted to our 60:40 LSCF/CGO composite film microstructure.
Following model 1, a new 3D FEM model is proposed (model 2) that still takes into
accountthe hierarchicamicrostructures and also enables simulations of larger macro
features that is usually very demanding in terms of computation. The real
microstructural paraeters obtained from FIB/SEM¢hniqueare included in model 2

and he results are discussed in relation with the experimental data.
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51, QWURGXFWLRQ

Theoretical calculations and models are essential tools to understand the relations between
performance angertinent microstructural parameters and to suggest novel ways to optimize
these parameters. Numerous aspects of parapetermance relationships have been
discussed theoretically, from 1D physicochemical modB&®89,92] to highly detailed
elementary reaction kineti¢$02,237]by means of several modeling tools (e.g., finite element
method, resistor network analysemalytical calculations). Other modelling approaches
incorporating 2D or 3D finite element method (FEM) into a representative geometry
[96,114,238]or into real microstructures extracted from 3D imaging have also been proposed
[99,115,239]

As mentioned in Chapter 1, pioneer work on the analytical solutiaBihas been presented

by Adler, Lare and Steele (ALS)92]. The model takes a maehmmogeneous approach,
neglecting potential heterogeneities in the spatial distribution of theatitfphases. The ALS

model considers bulk path for oxygen ion diffusion and surface exchange reaction at the
MIEC/gas surface within a homogenized medium. This model can also be expressed in terms
of equivalent circuits. For an infinitely thick electrodee solution takes the form of a
Gerischeitype impedance. Afterwards, Nielsest al considered MIEGCGO composite
electrodes and proposed an analytical expression that comprises effective transport properties
[240]. Mortenseret al took a similar approach to the ALS model and defined a 1D analytical
expression describing the impedance of porous MIEZD composite electrod@s0]. Their

model includes vacancy transport coefficiéht, in both the MIEC and the CGO, and oxygen
exchange at the MIEC/gas surface (Eell5, Chapter 1). They found th&SR could be
decreased in the cases where the vacancy transport coefficient of ionically conducting phase
was larger than the MIEC phase. While the simplicity of 1D models allows for elegant
gualitative analyseg$50,92,240] they neglect important heterogeneities in the cathode
geometry. Only FEM models can potentially account for the heterogeneous nature of an
electrode microstructure. This is the main rationale for turning to a fulFBM appoach.
However, running a model with a mesh that represents both fraawaane scale porosity

would be extremely challenging in terms of computation resources due to huge differences in
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length. In order to tackle this issue, it has been chosen to idyptiesh the macrpores and

to account for the nanpores through a homogenization approach.

52:KLFK *HRPHWU\"

There are various model representations of the microstructure, material properties, electrode
kinetics, and transport phenomena. Kredéral. modelled the electrode performance using

three different geometry as illustratedrigure 5-1| a) volumeaveraged microstructure in 1
GLPHQVLRQ E UHSUBDHQ®QWBOMHWHZISMVAKX&BYH VL]H DQG DI

matd some sudset of average microstructural properties (porosity, surface area etc.) and c)

actual 3D microstructure obtained from FIB/SEM or synchrotron tomogi{&@dhyComparing

the modelling results of thireegeometries, sufficiently accurate estimatiorirafelectrode
performance in terms of polarization resistance is obtained by all three models. However, the
first approach begins to fail as the size of the active region (utilization length) becomes
competitive with (or smaller) thahemicrostructural features. The sex approach is capable

of predicting most of the features of the linear impedance of a real microstructure but fails in
the true distribution ahefrequency. The third approach is rather successful in predicting ASR

and peak frequencies but also higbbgtly in terms of computation.

Figure5-1 Various approximations of the microstructure commonly employed in microkinetic
modeling of porous SOFC electrodes: a) macrohomogeneous approach; b) pseuds;grticl

explicit 3D geometry based on an image sample of the microstruBtepeinted fronj99].
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It is therefore vital to choose amotige three modsliconsidering beforehand what aspects of
microstructureperformance relationshigzve are interested inAs introduced in previai
chapters, ESD cathodes have a very distinct geometry with hierarchical porosity; macro pore
channels in between columHAge blocks and nanporosity within those blocks. It has been
shown that whilenacrepore channels facilitat@ass transport, nanomus networkerhance
electrochemical reactions in the SOFC electro@s Nevertheless, hierarchical porosity
should be well tailored according to the percolation of electronic and ionic phases. All these
factors play a key role on the polarization resiste ofanelectroddg9 #1]. The main objective

of this chapter is therefore to use a geometry representative of hierarchical structure of ESD
cathodes. In this configuration, the vofdled with gas phasebetween two columns
corresponds to macimore channels, while the void inside the column corresponds te nano
porosity. Kreller et al have shown that a pseugarticle model already gives a very good
estimation of the ASR of the cathode. Thiasprder to save CPU time, a rectangular cuboid

geometrywhich resembles to columntype microstructur@as beemodelled.

Two modelling approaches with microstructures similar to experimentally deposited films

were taken for the simulation of LSCF an8@CF/CGO composite filmg={gure5-2). In model

1, a previously described 3D FEM model implemented for homogeneous porous MIEC
cathodes on CGO electrolyte system is adopted [16Thég.microstructurés designatedy

randomly distributed 8CF cubes and pore cubesile the electrolyte is composed of a single

dense cube. To extend this approach to a composiiensya fraction of the cubes arssigned

to CGO (the samas electrolyte) in the cathodempartment. Té choice of the size of the

cubes is flexible h mMWR P +RZHYHU LQ RUGHU WR UHSUHVHQW D
experimatal one, cube size should Akout 100 nm. Assuming 100 nm cube sizé&,clbes

ZRXOG EH UHTXLUHG WR ILOO W K H3R#theachQubetohOrResiedV L ] H
wiwK DW OHDVW D IHZ ILQLWH HOHPHQWY 6XFK D FRPSXWD
technology, and has proven impossible with the available workstation at SIMaP laboratory.
That is why, a ampromiseis required between the particle size and theroabrlike block

size. The cube size was selected to be 400 nm in this study. Taking advantage of symmetry
boundaries (only a quarter of the microstructure is simulated), the collikenaiocks with

similar dimensions to real films were simulated.

In mockel 2, a columnatike block is represented by a single cube. The real microstructural
parameters such as porosity and specific surface area calculated from FIB/SEM tomography
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are used as input parameters. The effective transport parameters are incledddhdem the
porosity and phase fraction. This model is therefore a combination of finite element and
homogenizatiorapproaches. Thanks to the homogenization approach, one simulation takes a
few minutes on a standard Linux workstatiorc(@e Intel Xeon %660 processor, RAM 24Go).
Modell, largely inspired frontheliterature, was helpful to get started with FEM modelling of
SOFC cathodes and then to validate model 2. Model 2 has been developed to answer the

problems of model size and the hierarchical reatf ESD cathodes.

Figure5-2 The two models (geometries) that have been studied in this thesis.
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536LPXODWLRQYVY DQG DVVXPSWLRQV

A previously described 3D FEM model for single phase MIEC cathode on €&&xfolyte
[100,114,115,238,241% adopted. This model is based on the approach initially proposed by
Rugeret al [114]who modelled the system in two domains, the cathode and the electrolyte. In
WKH FDWKRGH GRPDLQ )LFN f\or® Bnd YhakR ¢dn¥ekatiodare s¥ved.R Q R |
In the electrolyte RPDLQ 2KPfV ODZ DQG FRQVHUYDWLRQ RI LRQL
resulting partial differential equations are coupled by a charge transfer equation at the
cathode/electrolyte interface. Appropriate boundary conditions account for the surface
exchangen the surface of the cathode column. The model includes the following processes as

illustrated ir[Figure5-3

1) Surface exchange process at the surface of LSCF in defined boundaries,
2) Bulk diffusion of redaed oxygen ions within the LSCF lattice,

3) Charge transfer at the LSCF (electrode) / CGO (electrolyte) and LSCF (electrode) / CGO

(electrode) interfaces,

4) lonic conduction in CGO (electrode and electrolyte).

The procedures, mesh convergence and damynconditions for model 1 can be found in

Appendix O COMSOL Multiphysics FEM software was used to solve the two coupled partial

differential equations governing bulk@iffusion within LSCF and CGO ionic conduction. A
numberof assumptions were made in the model. The model is applicable to any mixed oxide
conductor in which the only charge compensating defect is the oxygen anion vacancy. The
MIEC is assumed to have infinite electronic conductivity but finite ionic conductivitys, it

is only the transport of ionic current that contributes to the total resistance. Moreover, any
interfacial resistance between the current collector/electrode and counter electrode is neglected
together with the polarization resistance at thentemuelectrode. As a result, the applied
voltage distributes entirely across the electrode and causes a flux of oxide ions through the
electrolyte. In addition, the partial pressure of oxygen gas is assumed to be uniform everywhere.

It meansthat the porasy enables sufficient oxygen gas diffusion, i.e. the mass transport loss

128



Chaptels: Rational Design of Cathode Microstructures by 3D FEM Modelling

can be neglected. These assumptions imply that the behavior of each geometry is representative
of the electrode as a whole. Finally, a DC voltage (100 mV) between the currenocalfett

the reversible counter electrode on the other side is applied under steady state conditions and
the polarization resistance of the cathode is calculated. The output of the model is the

polarization resistance.

54 ' )(0 ORGHO

As discussed in the gvious section, addition of an ionic conducting second phase (CGO) to
LSCF, to enhance the electrode performance by extending the active thickness, gives rise to
significant changes in the wohespecific surface area, pamity fractionwithin the column
tortuosity and the particle size. It is of great importance to dyathie influence of these

microstructuraproperties to achieve fiAgining of the electrode performance for future SOFC

cathodesgFigure5-3|ill ustrates thprocesseaccounted for bynodel 1 for a composite cathode.

lllustrations on the boundary conditions are given in Appendix D.

Figure5-3 lllustration of the processes in the FEM model for mposite cathode. GC refers
to Gas (oxygen) partial pressure at tbathode, CE at th€ounterElectrode andnt refers to

interface.
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Governing equations

5.4.1.1Cathode domain

The electronic conductivity of the MIEC is assumed to be very high. Thus, the grafdieat
electrochemical potential of electronic charge carriers in the MIEC is almost vanishing. In this
case, the ionic current in the MIEC corresponds to the total current of the electrode. The flux

of oxygen ions iscalculatedby) LFNJV ILUVW ODZ RI GLIIXVLRQ LQ WKH

5-1

The flux of oxygen vacancies is related to the gradient in oxygen concentratidxi,steady

state, no change in vacancy concentration occurs and so the continuity eqolason

Eq. 51 and Eq. 2 were solved in the bulk of the MIEC for at steady state.

Oxygen is exchanged through the boundary faces between gasatthsixed conducting
material. This process is described empirically by the fluxes calculated by the variation of the

concentration from an equilibrium condition  of the form:

where &s the unit normal vector to the surface.

5.4.1.2Electrolyte domain

The ionic current densityintH HOHFWURO\WH LV JRYHUQHG E\ 2KPYV OL
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54
Where 1 is the ionic conductivityand Hs the electrical potential.

The ionic current conservation law applies as:

5-5

Non-coupling boundary conditianare used orce: an ideal reversible counter electrode (CE)

with a constant potential is considered, . 0.

5.4.1.3Charge transfer and coupling boundary conditions

Nernst equation is calculated between the current collector and the counter electrode

5-6

wherepsc= 0.21 bar angce= 102 bar are the partial pressure ofi@the gas channel and at
the counter electrode, respectivelycar is the potentialapplied on the cathode which is

assumed to be constahie tolarge electronic conductivity. , the total voltage Iassof the

model, is fixed at OXL [115].

The Nernst equation is applied at the cathode/electrolyte interface:

5-7
where is the potential in the electrolyte computed at the cathode/electrolyte inteaface (
= lei). is the equilibrium partial pressure of oxygen ions in the cathode calctiated

the computed oxygen concentration using E@ @nd Eq A9 in|Appendix
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(CT refers to charge tnafer) can be obtained using Be6 andEq.5-7 as function of the

input parameters and of the computed scalar fiejamd . A very small charge transfer

resistanceASRr = 10* : cn? is used to calculate the corresponding charge transfer current

The following boundary conditions are imposed at the electrolyte/cathode interace

on the cathode side and on the electrolyte side to ensure the

couplingbetween the two domains.

5.4.1.4Calculation of the ASR

The resolution of Eq.-4, 52, 54 and 55 with appropriate boundary conditions is performed

using FE analysis. The currdrlowing through the system is deduced by integration of

and theASRis calculagd as follows:

Model 1: Results and discussion

Two columnar microstructures represagtipure LSCF and composite 60:40 vol. %
LSCF/CGO films were generatel&igure 5-4a, 4b). Based on SEM image analys@ols

(Imaged), 15 % macsporosity arising from the macqwore channels was added in the

electrale layer (Chapter 3). Thus, surface exchange around the paerachannels was

activated. Making use of the symmetry, only a quartena884 P° columns were generated

as shown ifFigure5-4¢. Moreover, 22 + 7 % internal porosity was homogeneously distributed

in the simulations of pure LSCF, while 20 £ 3 % internal porosity was introduced in the first

1 P WKLFNQHVY RI WKH FRPSRVLWH JHRPHWU\ )RU WKH F
were assigned to CGO phase to represent 60:40 vol. % LSCF/CGO con@a).
The selection of the particle (cubs@ze was not straightforward. If one wants to represent the
GLPHQVLRQV RI WKH FROXPQDU EORFNV VLPLODU WR H[SHU
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choose the size dii¢ individual particles (cubehdhe order of a couple of hundred nanometers.
Otherwise, the FEM model does not converge to a solutiangasonable time (limits of CPU).

On the other hand, if one wants to simulate particlessingilar to the films, a concession has

to be made in the width and height of the columnar blBok.exanple, particle sizes smaller

than 100 nm can be simulatedly for columnar blockequal or smaller than | [ 5P
However, this can highly influence the results, since the surface area to volume ratio becomes
significant on the ORRs when the width of the column is relatively narrow (Appendix E). In
such a case, the ASR will be highly underestimatedking all these factsnto accountwe

choose the following compromisé00 nm sized cubes were built for both films in 8 x 8 x 4

P2 columnar blockusing symmetries.

Figure5-4 Columnar microstructurescluding 15% macr@ore channels. a) 100 vol. % LSCF
with 22 % internal porosity b) 60:40 vol. % LSCF/CGO composite film with 20 % internal

SRURVLW\ LQ WKH P GLVWDQFH IURP WKH HOHFWURGH

unit with numbered imrfacesDue to symmetry, no current flows across the Facet 3 and 4

The specific surface ared LSCF(the geometryf|Figure5-4q) LV “ -1 Cdémpared
to the real values dd as noted ifirable 3-1 “ 1, 5 to 10 fold of difference can be

observed. Still, the model calculates a much better performance for the composite in terms of

ASR at all temperaturg&igure5-5). This discrepancy compareddgperimental observations

(Section3.3) may be due to the fact that it was not possible to reproduce the actual specific
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surface aregcomputational limitations Nevertheless, the activation energies estimated from
the Arrhenus plot are in agreement with the experimental values. These resubigrtial
contradiction with experimenhave led us to design model 2 that accountthiierarchical
featureswith largerdifferences in scale, i.e. similar to the actual cathodes

Figure55 $SUUKHQLXV SORW RI $65 FDOFXODWHG E\ WKH PRGHC
DQG O “ LQ WKH ILUVW P DQG GHQVH DERYH LW IR

55 ' )(0 ORGHO

Similar assumptins as in model 1 were takgfigure5-6{sums up the approatdkenin model

2. As shown ifFigure5-6a, the actual columnar structure is described by cuboid pillars. The

macroporosity (~ 15 %) is taken into account by using periodic boundary corsla®n

illustrated inlFigure 5-6¢. The internal nanporosity within the column is accounted by

homogenization approach. A souteem is used to model the contribution of the specific
surface inside the column. The effective transport coeffisiand the source term are
computed using effective medium approximations. The bulk diffusion coefficients of pure

LSCF and pure CGO, as wellthe surface exchange coefficient of LSCF were extracted from
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the EIS measurements (all parameters used in the model can be found in Appendix D). Highly
controlled, regular and/or complex solid oxide structures are being achieved with the
advancement of falzation techniques and technologifg3]. With the homogenization

apprach, microstructures with interesting structural features and/or heterogeneities can be

modelled without compromising the CPU time.

3D simulations of columnélype films have been conducted on a 10 x 10 x Pdgeometry

for both 100 LSCF and 60:40 LSCF/CGO films. For the composite cathode, the column domain

is split into two domains representative of the lower and upper portions of the film: a porous
PLFURVWUXFWXUH LV DVVXPH GnRI@ aredtrblytelalebtidte interface; LV W D (
whereas it is considered dense above, in accordance with the 3BBMBobservations
Figure5-6p).

Figure5-6 a) Schemati of the 3D FEM model in pure LSCF. (1) Surface exchange process
at the surface of LSCK/®(1- 0(coeq- Co) is the incoming oxygen flux wheké®® ¢, andco eq

are surface exchange coefficient of MIEC for a given MIEC volume fraction, oxygen

concentration and equilibrium oxygen concentration, respectively. (2) Homogenization of the

suface exchange within the column in a source term S and bulk diffusion of the reduced
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oxygen ions in the lattice. is the flux of oxygen ions (3) Charge transfer at the interface. (4)
lonic conduction in the electrolyte. is the ionic current. b) Schematics of 3D FEM model

for LSCF/CGO composite illustrating the porous and dense layers. c) A representative pattern
of periodic conditions. d) Mesh refinement close to the electrode/electrolyte interface (region

of high gradients).

Governing Equations

5.5.1.1Cathode domain

Similar to model 1, the flux of oxygenions LV FDOFXODWHG E\ )LFNYfV ILUVW

the steady state (Eq-15: The surface exchange contribution due to internal panasity
within the column or a part of the column is taken into account via a source term S. The mass

conservation equation that accounts for the source term is then:

5-9
where,

5-10

is the effective surface exchange coefficient that is a function of the MIEC volume fraction.

The current density across the surface of the cathode is given by

on *sc 5-11

where &s the unit normal vector to the surface.
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5.5.1.1.1Cathode domain homogenization

For a composite and/or porous cathodiimn, the bulk and surface material propeffiéand
k’ are homogenized using the effective medium approximation proposed byalj242]for

the bulk and a rule of mixture for the surface.
Bulk:
The model proposed by Wat al. [242]and employed by Dusaste¢ al [52] in the context of

porous composite cathodes is used. The effective diffusion of a three phase MIEC / ionic

conductor (IC) / pores composite in 3D is given by the following expression:

5-12

whereD’ % (&p/ . & , are the diffusion coefficients and the volume fractions of

MIEC and ionically conducting phases, respectively.
Surface:

Assuming that only the MIEC material surface contributes to the oxygen exchange in a

composite column, the effisee exchange coefficient for a homogenized column is given by:

5-13

The equations in electrolyte domain, charge transfer emsain the interface and the

calculation of ASR are the same as model 1.

Model 2: Results and Discussion

Figure5-7a shows the Arrhenius plot of ASR calculated from the model. The model parameters

of the specificsurface area, and the porosityOwere directly taken from the reconstructed 3D
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FIB/SEM imageqTable3-1). Calculated activation energies of 1.5 eV for pure LSCF and 1.4

eV for the composite suggest that the parameters used in the FEM model defining tbe kinet

(chemical transport parametei®/ and K, concentration of oxygen?,) are reasonable.

Inspection orFigure 3-12|andFigure5-7a, shows that our FEM model realistically captures

the intriguing behavior of only a slight performance improvement in the composite at low
temperatures. This can be attributed to two combined effects. The first is related to the decrease
of the specific surface area brought by the addition of CGO, eVnesding to larger ASR

values at high temperatures. The second is related to an insufficient amount of CGO for
ensuring a percolating network for such porosity amount close to the electrode/electrolyte

interface (~20 % porosity). More precisely, the ifiodtion of the slope is directly related to

the effective diffusion coefficient of the compogite.

Figure 5-7p shows the effective diffusion coefficient of LSCF/CGO composite cathode

calculated from pure LSCF amire CGO diffusion coefficients. The amount of porosity as
well as the amount of CGO governs the effective diffusion coefficient. In particular, a drastic
decrease of effective diffusion coefficient is observed for 40 % CGO, by increasing the porosity
from O to 20 % (activation energy increases from 0.61 to 1.53 eV) at temperatures lower than
500 °C. At higher temperatures, the difference in diffusion coefficients between LSCF and

CGO becomes smaller, thus decreasing the relative effect of porosity.

To further illustrate the importance of CGO percolation, the effective diffusion coefficient has
been calculated for different amounts of CGO at 400, 500 and 650 °C as s|tgurad-7

CJ

A jump in the & ®YVYalue signifies that CGO percolation is reached at that particular
temperature and CGO amount. At 400 °C, percolation can be achieved for 40 % CGO for a
dense film (0 % porosity). In contrast, it can be reached with at least 50 % CGOO@ba 2
porous film. Thus, for 40 % of CGO and 20 % porosity, the activation energy of the effective
diffusion (1.53 eV) gets closer to the value of pure LSCF (1.81 eV), which in turn, increases

the ASR of the composite at low temperatures.

A model considering homogeneously distributed porosity would miss this effect of a locally
larger porosity and would not capture the experimentally observed trends. Indeed, an activation

energy of 1.07 eV is obtained when using values of porosity and specific surfaaeeaseped

over the whole cathode thickness ( B, 0= 7 %)]Figure5-8p). Such a value is far from

the experimental results (1.3 eV). The high amount of porosity, located near the interface,

decreases thé& @UBy impeding the percolation of the CGO phase. On the other hand, the
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porosity is imperativéo provide free surface for the oxygen exchange. Slightly increasing the

amount of CGQwhile keeping a high porosishould improve performances.

Assuming that the LSCF/CGO microstructural parameters are similar to those of pure LSCF
(e.g.a B, 0= 22 % for both), an offset of the ASR to lower values can be attained due

to an increase in specific surface afem\re5-8p). However, the slope of the curve remains

similar to pure LSCF, making this kind of microstructure and composition interesting only at
high temperatures. Thus, achieving a high performing cathode at low temperatures via the
addition of asecond ionically conducting phase to an existing optimized MIEC cathode is a

very challenging task for the following reasons:

1) The addition of CGO drastically influences microstructural parameters, including grain
size, pore volume fraction, pore size apeécific surface area. While a large amount of
porosity is generally beneficial in a pure MIEC cathode, it can be detrimental for a
composite cathode, especially at low temperatures. A fine tuning of porosity is thus
required.

2) A high amount of CGO may brkdhe percolation of the MIEC network. Here also a

fine tuning of the composition in relation with the microstructure is required.

It is also important not to disrupt the percolation network of the MIEC phase (electronic

percolation). The dependence of @ffective electronic conductivity as a function of CGO and

porosity amounts can be calculaféa].

Figure 5-7d indicates that, for a 20 % porosity, the maximum amount of CGO that can be

introduced in LSCF before breaking the percolation path of LISClse to 60 %.

To demonstrate the intricate relationship between the amount of porosity and of CGO in a
composite film, 49 runs were conducted from 0 to 60 % of porosity and 0 to 60 % CGO in
LSCF |a:igure 5-9). Assuming cylindrical interconnected pores, the specific surface area is

computed as a function of porosity and pore radius,

5-14

1

—
~
QJ°|C)

For a pore diameter of approximately 60 nm, a good estimation of surface area and porosity

was obtained in comparison to the experimentally observed values. Accordingly, the peak
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performance withI@ HVW UHV LV W D € &H beaobtained f6rR20 % porosity and 60 %

CGO at 500 °C. In the model, gas diffusion and electronic percolation of LSCF are not taking

into account for the ASR calculation. Thus, below 10 % porosity and above 50 % pevesity,

consider that the ASR is highly underestimated. Nevertheless, the estimation of the model is in
accordance with the literatufe4,57,58]

Figure5-9

indicates that approaching 60 vol. % CGO would be beneficial. As explained in

Chapter 3, we have attempted to deposit an ESD film with 40:60 LSCF/CGO with a similar

columnar mecrostructure using the same deposition parameters. However, a good adhesion to

the electrolyte could not be obtained. The present composite columnar film is the closest to the

optimal value that can be fabricated by ESD technique. Nevertheless this FENIaffers

the possibility to design new cathode materials and microstructures for numerous types of

deposition techniques. Moreover, it is a readily adaptable tool to examine numerous structured

ceramic frameworks from ordimensional nanostructures (emanotubes, nanowires) to

complex hierarchical morphologies (e.qg. infiltrated cathodes, 3D printed regular scaffolds) that

can be engineered beforehand.
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Figure5-7 a) Arrhenius plot of ASR calculated by ttRRGHO IRU Dt 0 ¢ P

IRU /16&) DQG D! 0~ P LQ WKH ILUVW P IRU WKH
Effective diffusion coefficient of 60:40 composite for 0, 10 and 20 % porosity calculated from
diffusion coefficients opure components. The activation energy is calculated for T below 500

U& F 7KH HIIHFW Rl SRURVLW\ RQ WKH SHUFRODWLRQ OLF
that can be added in LSCF without losing LSCF percolation.
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Figure58 $UUKHQLXV SORW RI $65 FDOFXODWHG E\ WRH PRGH(
LSCF and homogeneously distributed porosity in the reconstructed volume of 60:40
/6&) &*2 FRPSRVLWH ILOPOZLWK B DV \PXPile@idh HalktheSsRrnvel
microstructural parameters as that of 100 LSCF.
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Figure 5-9. Optimization of the composite cathode at 500 °C for 60 nm pore size: ASR vs
vol. % of CGO and porosity. The square rer@s the optimized CGO and porosity contents
for the ESD composite films.
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56 &RQFOXVLRQ

In order tofind an optimal CGO content and porosity, two 3D FEM models accounting for the
hierarchical nature of the microstructures for pure and composite fiimadeestoped for the

first time. Indeed, existing 1D continuum models are not appropriate for describing hierarchical
microstructures. These two models enable the calculation of ASR of periodic columnar

structures similar to experimentally observed ESD a#bhavith hierarchical porosity.

7KH pFXEH PRGHOY LV D FRQWLQXDWLRQ RI SUHYLRXVO\ Ut
microstructures and composite LSCF/CGO films were successfully demonstrated. However, it
is limited to smaller geometries if sihparticle (cube) sizes are used.

Similarly, model 2 describes columnaicrostructures. Inside the columns, all the transport
and microstructureelatedparameters are homogenized using a source term. In this way, real
microstructure parameters confaio 3D reconstruction of real images are simulaféds
approach concerns the modelling of all the macro structures with interesting structural features
and/or heterogeneities without compromising the CPU time. It gets particularly interesting with
the rapid advancement of fabrication techniques and technologies where highly controlled,
regular and/or complex solid oxide structures are achiewéth model 2, avery good
agreement has been found between the experimental and simulated ASR values at all
investigated temperatures. The model shows the importance of local morphological
heterogeneities. Finally, the intricate relationship between the amount of porosity and the
ionically conducting second phase (CGO) in the MIEC (LSCF) is revealed. For the given
transport parameters, the model estimates the peak performance for 20 % poroslly and 6
vol. % CGO in LSCF at 500 °C
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1. 8RQFOXVLRQV

Functional hierarchical nanostructured layers of well crystallizagleSr.4Coo.oFensO3-c
(LSCH and various compositions of LSCE.dGth.102-/ (CGO) composite filmshave been
examinedto operde in intermediate temperature rasgd00-700 °C) To decrease the Area
Specific Resistance (ASR) of the cathode finmtwo caseswere examinedin terms of

microstructure evolutian

In the first case, pure LSCF films @GO substrate were deposited by E8§uipped with a
substrate holdenoving in x-y directions. Different morphologies coral and columnatypes
were compared with similar films obtainky static ESDThe microstructure of the columnar
type filmis affected the mosBig differences in the width of the corresponding colunessils
in dramatic differencein the activation energiedhe influence ofmacrceporosity in the
overall specificsuiface area in the narrow columns is.ditpwever, narrow columns show
higher resistanseat low temperatures. This could simfgrelated to increased constriction
effects and/orto lower effective diffusion coefficient atow operating temperatures.
Nevertheless, in the new experimental desigeeptionally low ASR values of 0.02 and 0.07
FP at 650 and 600°C, respectivelyare recordedfor pure LSCFin columnastype

microstructure

In the seconatase the composition of theolumnarfilms is varied by adding 25, 40 and 60
vol. % CGO in LSCFThe addition of CGO to this staté-the-art cathodewvas previously
reported tamprove the electrochemicaégdormance especially at low operating temperatures.
The composite is usually preferreder pure films due to itsighertotalionic conductivityat

low operating temperature&s expected, the activation energy of the compesitd0 and 60
vol. % CGO (1.3 eV) are less than pure LSCK V). However, the ASR of the composites
at highoperatingemperaturess found to beconsiderabhhigherthanpure LSCF, whereabhe
gainin ASR at low temperatueis not thatobvious.While attempts to explain such behavior
by 1D analytical models incorporating microstructure and transport parameters work quite well
for pure LSCF,it fails for the composite.Indeed, 3D reconstructed images reveal
heterogeneous distribution of naporosity in the50:40 LSCF/CGQomposite The additon

of CGO drastically influenca®ie microstructue, includingparticlesize, pore volume fraction,

pore sizeand distribution as wieas the specific surface areah&innerporosityis located in
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WKH P GLVWDQFH IURP WKH HOHFWURGH HOHFWURO\W|
compositds larger than pure LSCF, thus the specific surface area  “¥is twothree fotl
Rl PDJQLWXGH VPDOOHU WKD Q'hWﬂﬁkﬂle}RMe@eNhﬂdss{,erwe are “ P

still amongst the highest specific surface area values achieved for SOFC cathodes.

60:40 vol. % LSCF/CGO composite filimcoral anccoumnartype microstructuresrechosen

to study theeffect ofgrain sizes and por@svarioussintering temperatuse Despite the coarser
surfaces, better necking between particles and better adherence edacthede/electrolyte
interface are expeci with increasing sintering temperature. However, the breadth of
processing parameters and environmental conditions that canthéegitimal microstructure

is vast. Therefore, it is difficult to reach a consensus as to which sintering temperature is
optimal. All the filmssintered from 800 to 1100 “@ere characterizedy SEM, XRD and EIS

SEM images revea significant difference igraingrowth in two microstructures, especially

at T >1000°C. TheLSCF grains ircolumnar films sintered above 1000 show much faster

grain growth compared to CGgains which leads to approximately three times larger LSCF
grains. On the other hand, the grain sizes increase in a similar rate in all coral films. At all
sinteringtemperatures, the coral filmseamore poraswith smallergrain sizes compared to

the columnarones This is attributed to the initial ESD deposition conditions. In terms of
electrochemical response, although films of both microstructures sintered at 800 to 900 °C
for 2 h in airgive similar ad lowerASR values the limiting cathode processa® different.
Above 1000 °C, the increase in ASR and therefore the activation energy in columnardilms
attributed to the disrupted CGO percolation due to excessive growth of LSCFAxtwameing

to these resultshigh sintering temperature doemt improve the cathode performance.
Therefore,t is concluded that the optimal sintering temperature for ESD cathodes should be
keptwell below 900 °CThepure LSCF columnar films sintered at 800W€re hecechosen

for the performance testsm NiO/Ni-YSZ anode suported fuekcells (4 cm in diameter).

Before the testdurther optimization on tlk thickness of the double layeECF films was
performedon symmetrical cellof smaler scale(1.6 cm in diamet@r The double layer films

(CFL-CCL) are composed of successive depositions of ESD and SP TiesSP layeis

YDULHG IURP WR P LQ P VWW S\NH SAK LI O[HH GV PNV (6 ' FO D2
other hand, the ESD layes YDULHG IURP8 P PKW®H WKH WIK¥FBQHVYV R
NHSW IL[HG DW P ,W ZDV VKR e&g@Emairsbhnitar agardlessOftireW U R G H
thickness. Thids in agreement witlthe estimaed utilization length which is only a few
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hundred nanometers from thie@rode/electrolyte interfacédence, the utilization length is
always within ESD layeiThe ASRof the cathod@ndseries resistana# the electrolytevere
monitored in the Nyquist impedance plot. The ionic conductivity of the CGO electrolyte
contacted wit various thicknesses of LSCF double layer filmas compared with the
theoretical values. Since it is an intrinsic property, a lower value signifies problems in the
current collecting. lis shown that ASR and series resistancenot influenced by theilm
thicknesses above P WKLFN (6' DQG P WKLFNBélGw&&sx &mbés, OD\H U
the current collection problenase evidencedlhe CFL-CCL films with optimized thicknesses

were deposited on larger @INi-YSZ anode supported cells. A dersarier layer of CGO

was deposited by ESD and sintered prior to the cathode film depositionéllwof the same

kind are studied for electrochemical measurements at 8Z5The first sample showa
maximum power density around 0.4 W-émvhile thesecond sampleeachenly up to 0.15

W cmi?. Nevertheless, these values are in good agreement to the previous reports on LSCF
films deposited on Ni/N¥ SZ anode supported cells. The durability tests uj®@h performed

on sample Zhowtotal potential degdation of 114 mV kh or 13.85 % kit compared to

initial value. The degradation issues need to be studied further if these materials are to be used

as cathode materials in SOFCs.

Two 3D FEM models were developed taking into account the hierarchicat iwthe cathode
microstructure. The macioore channels and columnar blogke modelledThe first model

was taken from the literature and adapted in the heterogeneous composite columnar
microstructure. However, due to big computational requirememsilaions of the cathode

with particle/pore sizes and width of the columns similar to the real microstrueterest
possible. Although the trend in activation energyilar to experimental results are obtained,
model 1 computesuch better ASR performae for the 60:40 vol. % LSCF/CGO composite

at all measuring temperatures. Following model 1, a new 3D FEM model was proposed (model
2) that would still take into accoutite hierarchicamicrostructures and would also enable
simulations of larger macrodéures. This was possible by combining finite element method
and homogenization approach in the cathode domain similar to 1D continuum approaches. For
the composite film with an inhomogeneous distribution of porosity within the thickness, two
cathode domais are defined: porous near the electrolyte and debdeR Y H P WKLFENQF
Thanks to the homogenization approach, the exact values of porosity and specific surface area
(from FIB/SEM)are introduced in the model.
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The major findings of the modelling are:

1) While a large amount of porosity is generally benafin a pure MIEC cathodet
could be detrimental for a composite cathode, especially at low temperalures
because the effective diffusion coefficient of the LSCF/CGO composite cathode
decreaseas the operating temperature is reducedine tuning of porosity is thus
required.

2) A high amount of CGO may break the percolation of the MIEC network. Here also a
fine tuning of the composition in relation with the microstructure is required.

3) For the given transport and microstructural parameters, asgsimiilar grain sizes of
LSCF and CGO, the FEM model estimated the peak performance for 20 % porosity and
60 vol. % CGO in LSCF at 500 °C. However, 40:60 LSCF/CGO ifiincolumnar
microstructurenad adherence problasnonthe electrolytesurface Neverthelss, 60:40
LSCF/CGOcomposite film wasalreadyclose to the optimal value predicted by the

model.

2. 3HUVSHFWLYHYV

Thefabrication of cathodes by ESapen doors for the optimization of electrode@sSOFCs
Although the deposition of LSCF by ESD dates back0@8 in LEPMI, there remains number
of aspects regarding the microstructure control with respect to initial deposition parameters and

sintering temperature treatments.

It has been shown that even a slight change in the configuration in experimenia{satic

or a moving substrate holders in ESBection 3.2)results in agreat change in the
microstructure of LSCF, i.e. columnar width and specific surface area, hence the performance
of the electrodeHowever, the correlated effect$ more gas diffusio and current collecting

with respect tdhe size of the columnawridth andmacrepore channels anmgot yetexplored

These came studied by electoemical impedance spectroscamnd modelling

In the full cell configuration, it is required to optimitiee thickness anthe densityof the
electrolyte sincethe YSZ/CGO bilayer electrolyteas quite thick(~9 Hn), and the CGO
barrier layer was porous. This probably has caused further performance lost. One can propose

to deposit CGO as a thinner and denser layer by ESD using shorter deposition time. An
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adjustment of ESD parameters has to be performed in ordeptsitthe flmson substates

with different scales. Tikis notsimple;some trials are necessary to get simmt@rostructures.

The degradation phenomeaohthe full cell after long term operatios not studied in detail
during ths thesis. The chages in the cathode microstructure before and after long term tests
can be determined by FIB/SEM technique. According to the observations in Chapter 4, anode
and electrolyte compartments seem to suffer nttaethe cathodefrom long term testsThis
needdo be verified by both impedance spectroscopy and FIB/SEM tomography. On a further
note,STEM-EDX elemental mapping analyses at the interfaeésre and after long term tests
must also be undertaken in order to see if new phases have foumedinter-diffusion of

elements

As for the FEM simulations, a time dependent impedance medelveloped basedn our
stationary modeP as shown inFigure 1. At the momentthe high frequency part of the
impedance speatm for pure LSCFdeviates from 45° GerischeharacterThis might be due

to very small utilization length in LSCF filmAccordingdy, bettermesting at the interface
might benecessaryThe simulations of the composites seem rather good, since the utilization
length is much larger than pure LSCFJdine meshing at the interface does not cause problems.
With this method, he evolution of impedance spectra as a function of microstructural
parameters and compositican be simulated and comparedthie experimental data. This

might also be useful fohe simulationgor long-termdegradationests

Figure 1 Simulated Nyquist impedancgpectrumat 500 °Cfor 100 LSCF and 60:40
LSCF/CGO compositeneasured at 600 °C, similar microstructural parameters are used as in
Chapter 5.
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Throughout this thesis,ahave shown that the LSCF/CGO composites is not better than pure
LSCF due to densification in the microstructure. For this reason, new materials or composites
should be considerett has been showm our laboratorythatthe architectural design at the
interfacesof Ln2NiOas+/ (Ln: La, Pr)depositecoy ESDon CGO electrolytes can substantially
decrease the ASfRom en? at 700°C [243] down to P [244]. In this design,

a porous layer of CGO is deposited on dense electrolyte by SP technique and sintered prior to
LnNNO deposition by ESDrhis LnNO ESD film partially penettes into the firsCGO porous

film leading to a denser CGENNO composite baskayer (Figure 2) To the best of our
knowledge, this composite sidyer plays a main role in obtaining the best electrochemical
properties of nickelates available in the litera. These preliminary results are very promising

and furthercompositions andharacterizatiogiarenecessary.

Figure2. SEM micrographs oEnzNiOa+, films a), b) crosssectionc) CGO#rNO sublayer
on the CGO electrolytd) schematic of the triple layedesign.Reprinted fron{244].
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Refinements of diffretion patterns by LeBail method@he FullProf software developed by
Juan Rodriguefarvajal was used to perform the refinement profile and structure of the
realting diffraction pattern$245]. The refinement profile with cell constraint was achieved
by exploiting the methd of Le Bail[246]. The Pseud®/oigt function was used to refine only
the angular positions to determine thgice parameters (a, b, ¢) and the profile of the lines.
By a set of successive iterations, calculated diffractograms are obtained, which has to be
consistent with the best experimental diffractograms. The value of the quality of fitting is given
accoding to the difference between the calculated and the experimental data. Several
confidence factors are calculated to account for the quality of the refinement. These factors are
designated bfReragg, Ro, andR e iNdRexp (in %) and §:

X TheRgragg  DFWRU UHIOHFWYVY WKH TXDOLW\ RI WKH VWUXFW

of peak profile. It is defined by the formula:

Al

where Iy, represents the integrated intensity observed ati'theeflection andlk. the
corresponding calculated intensity.
X The profile factord, andRg scharacterizes the quality of the refinement as a whole,
taking into account both the &be and the peak intensities as well as the background

noise:

A2

A3
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whereyi, andyic represent the observed individual intensity and individual intensity calculated
at each'™ step of the profilew; denotes the weight associated with the measured intensity.

x the minimum expected factor (taking into aagot the statistical experimental

diagram):

A4

whereN is the number of measured points in the diagiathe number of refined parameters

andC the numbe of constraints.

From these last two factorR4 sand Rexp), it is possible to calculate a statistical parameter,
called & which approaches unity when the model fits perfectly with experimental @ata:
(pr/ Rexp)z.

155



Appendices

$SSHQGL[ %

Fractal Gerischer Impedance

The impedance plots shown throughous thesis resemble a Gerischer impedance with a 45°
characteristic slope at high frequencies. However, the impedance spectra were slightly
depressed, indicating a naeal capacitive response. A depressed Geriddteermpedance
spectrum was also repodtdor the (LaiSk)CoO i, electrodeqg247]. A third parameteis
included, n, to account for the nadeal fractal Gerischer. When the fractal Gerischer
correction factorn, is close® 1, the impedance spectrum takes the form of a normal Gerischer
impedance with 45 ° slope at high frequency and when it is close to 0.5, it takes the form of a
semicircle. This concept has been discussed in a paper by Boekainfo which the reader

is referred for further detailR48].

~ Ei¢
<f; —_%t Ab5
¥E>1Y Oopgs

where il is the angular frequency antlyg zand Ryg sare the characteristic resistance and

time constant, rgectively. First Ryg sis calculated using the formw# Ryg 3 @fimax= Y41 t &
where fimaxis the maximum frequency in the impedance plot. The paranmetgas found in

between 0.8 and 0.9 in all the fittings.

Calculation of Transport Pameters from Gerischer impedance:

The oxygen surface exchange coefficieGf(cm s'), and bulk diffusion coefficien&, (cn?

s are calculated from the Gerischer impedd2d®] according to:

&4 5 5
A" 0 qopo

Ab

gi 8
&éL(E—CA(mA "

The parameter9a, and 2vere taken frovﬁ able3-1
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Properties of LSCF

In mixed-conducting materials such as LSOk bxygen vacancies in the perovskite structure
interact with the oxygen gas in the surrounding atmosphere. An oxygen equilibrium
concentration?;is reached depending on the oxygen partial pressure in the atmosphere. The
rate of exchange of oxygen dme surface is determined by the exchange coeffi&i€nn
equilibrium is reach between the oxygen ions at the surface and in the bulk by a diffusion
process. How fast this balance can be achieved is dependent on the chemical solid diffusion
coefficientD ¢ Since the electronic conductivity is orders of magnitude higher than the ionic
conductivity in the considered mixed conducting materials, these three material parameters are

critical to the performance of a cathode.

The oxygen ion concentration of thexed conductive material in equilibrium with the partial
pressure of oxygen in the surrounding atmosphere is a tempeadepgadent function. The
models considered in this thesis assume constant homogeneous temperature distribution.
Therefore, the relainship between the oxygen ion equilibrium concentration @najen
partial pressurenust be determined for all observed temperatures. In general, no direct method
other than the (expensive) neutron diffraction exists for the measurement of oxygen ion
conentration. The nostoichiometry of oxygen@Gand the lattice constants of the unit cell are
combined to determine the equilibrium oxygen ion concentration.

7

%L L @ A8
a-" € _ICz

WhereV is the volume of the unitceNa LV WKH $Y R JD G U R Kthe@ohbdatrhtiorD Q G
of oxygen ion lattice sites. There are available-smichiometry Udata of oxygen in the lattice
measured Y X-ray diffraction, thermogravimetry and solid electrolyte coulometry for various
temperature, ambient oxygen partial pressure and composition[t&ig249] The following

equation holds fothe oxygen nosstoichiometry data otJand log(’ s g plot[181].

%162 oL U:6; (HH2: cE U:6; A9
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where Uand Uparameters are the slope and intercept ofgsnd log(Lge graph. .,.values
above 600 °C are takdrom ref.[115] and extrapolated to room temperaturgs calculated
using Eqg. 88 andEq. 89.

The effective transport parameters are important parameters for the performance of a MIEC
cathode. The intrinsic values cannot be measured directly, therefore effective measurable
guantities are quantified, but the result is highly dependent erexperimental technique
applied. There are typically three experimental method: tracer diffusion (indicated with a suffix
*), chemical diffusion (indicated with a suffik} and electrical conductance (indicated with a

suffix q)[250]. The material parameters determined by means of various types of experiments

can be coverted into each othgFigure- A 1). Tracer and electrical measurements give similar

values for the surface exchange rate constant in case of a mixed conductor with predominant

electronic conductivity:

1 Gand &%1 &2 A10

ZKLOH WKRVH REWDLQHG |UR& ahét &)}HokreLshlizt@ritiathyf dhér tham Q W V

tracer parametef&50]:

G L Uéeand & L CE&Y A1l

The thermodynamic enhancement factgrelates the differential changes in oxygen partial

pressure to the oxygen stoichiometry of the pekibe$182].

~ 5!REx _, 5!BFEA
(6% oL otze 27 A12
016:% oLSH:sr; (HI2E E—CA A13
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Tracer diffusivity for oxygen ( ‘ﬂ includes the possibility for oxygen ions to jump back to their
original lattice sites, which is energetically favorable, after their first jump. Therefbie,
usually lower thanntrinsic valuesand they are correlated by a factor called the correlation
factor (o), which is close to unity (0.69 for MIE[251]). Assuming&Y L & @&and & G
[182]

v

10 A ~ ¢ ~
& Lﬁ@%’@Uanch L(%&%@U A14

A strong relationship has been found betwBeandk, which was interpreted as an indication

that oxygen vacancies also play an important role for the surface exchange [p26&ss

The correlation between diffusion coefficients measured by different techniques:

Figure- A 1 Scheme showing how the diffusion coefiats measured by different techniques
are related to each othdteprinted fronf253].
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Procedure

The commercial software COMSOL Multipsics 4.4 is used for the FEM modelling. As a
measure for the electrode performance, the area specific resistance ASR is calculated as a
function of material parameters and microstructure characteristics. The standard procedure for
COMSOL is to construct geometry by using bu#in CAD tools. All of the steps were
integrated into a single main MATLAB function consisting of a mafxcalls to COMSOL
commandsand standard MATLAB code to generate the appropriate assignment of geometric
features to a given donme(electronic conductor, ionic conductor or po@hce ggeometryis
constructed, physics and boundary conditions may be applied to thelsates, surfaces,

edges, and vertices. COMSOL equations and boundary conditions were applied automatically
by cugom script on the basis of this feature identification. Finally, the finite element problem

wasmeshedassembled and solved with COMSOL routines.

Automated featurassignment

Due to the number and complexity of geometric features and couplings, we pievelo
subroutine to automaticallgssign appropriate domain ¢ggometric featueand apply the
appropriate physics. Automation with a script ensures rapid execution of the simulation and
inclusion of all important features, as opposed to manual assignvhantt is very slow and
prone to errorsThe first part of the script identifies the various geometricfeatures and
tracks them with MATLAB arrays. The appropriate boundary conditions, rate equations, and

other features were assigned after identiforati

Mesh convergence

The accuracy of the results depends on the size of the finite elements defined by the mesh.
Therefore, an optimized mesh should be used within a reasonable computational time. The

mesh was generated by COMSOL Multiphysics. A parametesh convergence study was

conducted prior to the simulations for both model as shoyagure- A 2Error! Reference
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source not found. First, aperiodic geometry of 1k 10 x 80 cubegcube size50 nn) is

generated in model 1 witandomly distributed 30 %fqoorosity. ASR is calculated for

different mesh values (degree of freedom). In order to conduct the same study, the
microstructure and transport parameters of model 1 were homedenizhe same volume

(0.5x0.5x P) and were integrated in model 2. The results are compared to 1D ALS model

for verification. From coarse to fine mesh, model 2 easily converge to a value close to the one
predicted by ALS model. We choose to work WitD pQRUPDOY PHVK UHILQH DW
cathode interface (max element size set to 10/300 microns at this in{Eitare5-6d). This

mesh show less than 1 % difference with the finest mesh was taken gs@dnagtion to the

actual solution. On the other hand, the convergence of model 1 was not complete, even with a
fine mesh. Interestingly, model 1 calculates an ASR similar to that of model 2 and 1D ALS
model with a coarse mesh. This was also encounter&ditgret al [114] and Haffelinet al

[100] with their 3D cube modelhe reason behind it remains unclear.

Figure - A 2 The mesh convergence study in model 1 a) and model 2 b). The same
microstructure parameters aneosen for both models. The ASRadated by 1D ALS model
IRU WKLV PLFURVWUXFWXUH LV FP
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Boundary conditions for model 1:

Figure-A3 D &XEHV DFWLYDWHG IRU )LFENYV VW ODZ RI GLIIXYV
indicating symmetrical situatio c) Charge transfer at the electrode electrolyte interface,
coupling of two physics: transport of diluted species (cathode) and electric current (electrolyte)

d) oxygen exchange boundary sites
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Figure- A 4 Concentation gradient profile for pure LSCF calculated at a) 400 °C and b) 650 °C.
60:40 LSCF/CGO composite calculated at c) 400 °C and d) 650 °C.
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Figure- A 5 The current lines in composite electrode showing the coupling af {oalorful)

and electronic current (grey)
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Validation of Model 1

The proposed 3D FEM model is validated in comparison to theastablished 1D ALS model

[92] which assumes a macrohomogeneous geometry and a pure MIEC material. Next, this 3D
FEM model was simulated on columnar microstructure to calculate the ASR of pure LSCF and
LSCF/CGO composite. In this work, a model geometry consistinrgqraiomly distributed

cubes of pure MIEC (LSCF) and pore phase on top of the dense electrolyte (CGO) have been
generated as depicted Figure- A 6. Each cube represent LSCF particles and the voids
represent the porosity. The total geometry of the catlbodsists of 10 x 10 x 25 cubes in
which the length of a cube edge is 400. The required geometrical parameters were computed
on 10 numerically generated cubes with 30 % porosity. The averaged values were 1.3 for
W R UW X RV L W'fd Qespecific darface area. The parameters used in both models can
be found inTable A 1.Error! Reference source not found.

Figure- A 6. A macrohomogeneous porous MIEC cathode (LSCF) on CGO electrolyte.

Table Al. Parameters used in the ALS and 3D FEM nhode

7 (o, mol.n®  co, mol.nt® a(Ty b(T) D/ mPst  k/,ms?
550 85506 85075 448.33 218.47 85221 1.03E15 4.71E07
600 85399 84937 410.00 238.08 85097 4.49E15 1.04E06
650 85152 84773 378.75 257.69 84947 1.66El14 2.10E06

The comparison of ASR aallated by these two models can be fourid’a'\ltnle A 2| The
results are in good agreement and thus validating the 3D FEM model.
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Table A 2 Comparison of ASR of 100 LSCF between 550 U& E\ ' $/éel@amd 3D
FEM Model 1.

Model type U& U& U&
1D ALS 0.040 0.111 0.353
3D FEM model  0.041+0.003 0.121+0.007 0.393+0.020
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Model 1 is published in ECS Transactioj2l1] before we oldined real microstructural
parameters from FIB/SEM tomography. A 30 % internal porosity is assumed for pure LSCF
while completely dense structure for the 60:40 compdsilgure A 7) The results are as

follows:

Figure- A 7 Columnar microstructures including 15% magpare channels. a) 100 vol. %
LSCF with 30 vol. % internal porosity b) 60:40 vol. % LSCF/CGO composite without any

porosity within the column. The figures represent only a quarter of the total geometry.

Table A 3 Average ASR between550 U& REWDLQHG IURP ' )(0 PRGHO

Sample U& U& U&
100 LSCF 0.04 0.13 0.43
60:40 LSCF/CGO 0.05 0.09 0.19

Error! Reference source not found.shows the results of ¢h3D FEM simulations for 100

LSCF and 60:40 LSCF/CGO in model 1. ASR of the composite is slightly higher than that of
pure LSCF at 650 °C revealing that the composite may not be beneficial at high temperatures
due to the microstructural evolution relatedd@GO addition. However, in contradiction with

our experimental observations, the model shows superior performance for the composite
already at temperatures lower than 600 °C. Still, the correct trend is captured: as in the
experiment, the ASR increaseswer (smaller activation energy) for the composite as the
operation temperature decreases. The observed overestimation of ASR for pure LSCF sample
may be related to the selection of the particle/pore size (400 nm in model) leading to an

underestimation ahe specific surface area.
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Validation of Model 2

The model has been validated in comparison to 1D ALS model as shéiguie- A 8

Figure- A 8 Comparison of the full 3D FEM model and the 1D Airf®del[92] IRU D
thick macrohomogeneous cathode (i.e. without megl@eUH FKDQQHOV DRUG D0
29 %.
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Table A 4 The parameters used in the model 2.

T.,°C ¢, mol.m® co, mol.nt® . D/, mPst  k/,ms?
400 85659 85330 615.39 159.64 85437 3.30®0M 5.01®0"
450 85633 85271 547.00 179.25 85392 2.26®01 2.49®0°
500 85588 85156 493.19 198.86 85320 1.21®01? 1.00®0°
550 85506 85075 448.33 218.47 85221 5.23®01? 3.40®0°
600 85399 84937 410.00 238.08 85097 1.91®p!! 9.99@®0°
650 85152 84773 378.75 257.69 84947 6.06®01! 2.60®0*
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The influence of columnar width on activatienergy

Figure- A 9 The significance of macrpore channels calculated by columnar geometry in
FEM model.

As shown infFigure - A 9| the importance of macro pore channels can be observed by

comparng two columnar microstructures with different widths. The activation energghand
resistanceare calculated for these two columnar microstructures. Assuming 15 vol. % macro

pore channels without any porosity inside the columns, it is found that tiécsperface area

R P ZLGH FROXPQV DUH DERXW WHQ WLPHV KLJKHU WKD
great change in resistance and activation energy in the Arrhenius plot. This can be explained

by the influence of porosity in effective diffusionefficients, especially at T < 500 °C.
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Table 21 The ESD deposition parameters for CFL films with columnar and coral microstructut
refers to ethanol, B butyl carbitahd W distilled water§: é= 60 uS/cm,U= 0.027 N/m,
boiling point: 180°C;¥: é= 7500 uS/cm,U= 0.064 N/m, boiling point: 96C; 3 é= 10
pS/cm, U= 0.028 N/m, boiling point: 200C [154]...........cuuveveiiiieiicmmmmmmmiininneeeesemmmmmmem e 40

Table 31. PaDPHWHUYV FDOFXODWHG E\ DQDO\]LQJ WKH UHFR

and a (specific surface area) are calculated for three threshold values to provide an eval

the uncertainty [43]. For each parameter two values are given for thmsibencorresponding

es. E

QVWUXFV

hlation of

mages.
DOFXOD\

to: 0 P WKLENQHVYV POQWKLENQHMM. ... B
Table 32 The peak indexing study for the films with various concentrations of CGQ............ 68].
Table 41 Microstructural parameters calculated by analyzing the reconstructed 3D FIB/SEM i

0 SRURVLW\ DQG D VSHFLILF VXUIDFH DUHD DUH H

evaluation of the UNCERTRY [43].......cooiiiiiiiiiiiicmmmemeemr et e e emmmmmmmms e emmmmmmmma e DD
Table 42 Impedance fitting parameters of double layer €RLL (ESDSP film at 406500 °C...100
Table 43 Impedane fitting parameters of single layer CHESD film at 406500 °C................. 100
Table 44 Impedance fitting parameters of a) CEHSD and b) CFLCCL (ESD-SP films at 550 °C.

Table 45 Summary of performance results with cells withYiZ(anode)/YSZ(electrolyte) and Ni

YSZ(anode)/YSZCGO(bilayer electrolyte).........ceeeeiiii i i cemmmmmmm e L LT
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Figure 1 The working prinCiples of SOFC...........ooiiiiiiimmeeeeee s emmmmmmmm o

Figure 12 Schematic diagram illustrating the possible oxygen reduction reaction pathways in

A dense

MIEC cathoce. Bulk and surface pathways are in competition as they occur parallel to ea

h

)

other. Oxygen incorporation at the side walls is also shown. Reproduced from ref..[2]...9|.

Figure 13 Ideal vs. actal fuel Cell FV CUIVES...............ooiiiiiiieeeceeemeeee e e emmmmmmmme e e eeeeeeeveeseeenil ()

Figure 14 a) Electrode reaction sites restricted in TPB regions in electronic conducting cathoq

e.b)

Electrode reactions sites are extended to the whole voluthe efectrode in a MIEC cathodd.

Reprinted from ref. [4]. ..o e smmmmmnnmr e e e e e e e emmmmne LD
Figure 15 Representative composite cathode, blue is ionic conducting phase, red is electronig
conducting phase. Reprinted fronf.f®]. ............vviiiiiii e eeeeeemmmr e emee LD
Figure 16 Temperaturelependent ionic conductivity of solid electrolyte materials. The two latefal
OLQHYVY UHSUHVHQW WKH WKHRUHWLFDO LRQLF FRQGKFWLYLW
L1000 01 722 O PP UUUR T UPPUUPRPRRR L +1 I
Figure 17 Crystal structures of perovskite MIEC materials. Reprinted from ref. [40].............. 19{.

Figure 18 Cathode polarization resistance calculated by ALS model at 600 kD f@lues ranging

between 18108 cn’s? at pQ = 0.209 atm. Reprinted from ref. [40Q]..........c.....cveeeeeeee 20

Figure 19 Effective conductivity of LSCF/CGO composite films at 500 °C calculated by effecti

mediumtheory. Readapted according to ref [52]........ccceeeiiiiimmmmmce e eeeeeme 000, 23

Figure 10 Top view SEM images of freeze cast LSM/YSZ composite cathode with a} micro

porosity b) nangporosity. Reprinted from ref. [64]..........oovvvvvviiimmmmmmmmiee e vcee e 24

Figure 211 SEM images of micrtubular SOFC: a) whole tube, b) zoom in to the tube wall.

Reprinted from ref. [B5].......ccoo i s e e e emmnnnmr s emmmn DD

Figure 212 M images of sintered TiOnicro-pillars, fabricated on Ti@green tape. Reprinted

LLC0T 0 0 = TR U USPPPPPPPRD~:-> I

Figure 213 The microstructures that can be obtained by ESD, a) dense b) columnaraad [83¢

and d) coratype microstructure with platéke grains [84]...........cccuvviviirimcccccce s 26|..

Figure 214 The function Q(solid blue line) is approximated witD(dashed red line), which is a

linear combination of linear basis functiond s represented by the solid black lines). The

coefficients are denoted by & through Qyb) Q Karough Qf. Adapted from

https://www.comsol.com/multiphysics/firgeemerdmethod................coooiiioooeeee 29|...

Figure 21 The scheme of electrostatic spray deposition (ESD); the microstructure is controlle

I by

combined influences of Q (flowt), d (distance between needle and substrate), T (tempe

rature
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holder is moved ix-y direction within a certain speed for more homogeneous depositicd3

Figure 26 Schematic diagrams showing sinusoidal perturbation voltage and the corresponding

INAUCTIVE CIFCUITS. e ee e e e et e et e s e s e e e e s e e st s et e e e e s s e s v e e 0 D

Figure 27 Representation in the a) Nyquist plot and)Bode plots of the impedaa of a circuit e)

Figure 211 a) The schematics of the impedance cell configuration for a symmetatitebde

sample. b) The symmetrical sample showing the delalgkr electrode deposition and the

LSCF symmetrical CeIIS .. ...ttt mmmmmmmms s e e e e e e e e e e e s s e ee s sseesnne s smmmmm D4

Figure 213 a) Schematic representation of te#é structure. A circular grid of b) 1.6 cm and ¢) 3.7

L5511 U] o P PUPPPPPP -1 o

Figure 31 Top and cross sectioviews of columnar (a, b) and coral LSCF (e, f) by Mariahal. [83]

AEPOSIING CCL.iiiiiiiiiiiii i ettt mmmmmmmms s s e e e e e e e e e e e s st e s s s st ssnsss s smmmmmmmms e e e e s D2

and Marinh@t al TV >.c@.coeniieiieem ettt vt et s et e st vmmmmmmmt s e st s e et e s s smmnOD)
Figure 33 Top and crossection SEM images of a, d, g) 100 LSCF,,l)er5:25 LSCF/CGO and ¢
f, i) 60:40 LSCF/CGO composite films, sintered at 800 °C for 2 hinair................cccccee .65

volume in @) and b). 100 LSCF is the reconstruction of volume in c) and 60:40 LSCF/CGO

197

Figure 22 a) Spreading of droplets on the substrate b) Steps of film growth...............ccccceee.. 39
Figure 23 The scheme of SP; the support is pthtt cm below the screen (grid) and the squeegde
spreads the ink on the grid by applying 1 kg force.............cooiiimmmmmmmiieeeeeeeee e 4L
Figure 24 a) Schematic diagram of FBEM setting adapted from [160] b) and c) the nexfiee
marks of carbon deposition on the crgsstion and FIB milling under it. d) Segmented stack
IMAGES OFf CFL.. .o ceecemmms s e s e e e e e e e e s et e e e eevstees st mmmmmmmms s e s e e e e e e e e e e s smmmmmmmmr e s e e e s s 0D
Figure 25 Representation of a Nyquist plot of an RC element. Adapbed fef. [161]................. 47.

LT[ (0] Y7 (T PPPPPPPPPRTRIRY - X 1

Figure 34. 3D reconstructed images by FIB/SEM technique of a) 100 LSCF and b) 60:40Q&TF

composite. The micro/nanostructural parameters were extracted from a small region of the

of hotplate), V (voltage to create the spray) and the solvents in the solution [152]. The suibstrate

of

current

response { represents a phase difference) of a) purely resistive b) purely capacitive c) pyrely

(R1//C1)- (R2/IC2). Adapted from ref. [L6L]......cceeeiiiiiiii v eemmmmmm e A8
Figure 28 The representation of RQ circuit as a function of p parameter. Adapted from ref.4861].
Figure 29 Simulated Nyquist plot of a Gerischer element witfDA | Fand PRA I=
Figure 210 The impedance model used to fit the diagrams ap58C0C b) 406600 °C............... h2

Figure 212 a) Arrhenius plot of ASR when cooling down and heating up b) Reproducibility of pure

cm in diameter of Au are used in sample 1 and sample 2, respectively. d) The experimental test

and columnar (c, d) and coral (g, h) LSCF in this study. The SEM images were taken belore

Figure 32 Arrhenius plot of# 5 4 L Borhpared for coral and columnar 100 LSCF films in this study



composite is the reconstruction of volume in d); the white dotted lineatedi the separation
between the highly porous lower portion (0 P DQG WKH UHODWLYHO\|GHQVH X

P LQ WKH FRPSRVLWH H 7KH GLVWULEXWLRQ R| SRURVL
.66

from the electrodelectrolyte interface fothe COMpPOSIte........cooveviiii i i i e
Figure 35 Pore size distribution of a) LSCF in the whole volume, b) 60:40 LSCF/CGO composite in
P GLVWDQFH IURP HOHFWURGB Hz HOW B @ E/HR O R/\W |

WKH ILUVW
The distribution of pore sizes in the cathode volume was calculated in z direction (away {from
ributed

electrode/electrolyte interface) by ImageJ tool. Since the pores are heterogeneously dist
.67

in the composite, two layers are separatalgulated.............ccooeeiiii e e e eeeees
Figure 36 The Fullprof refinement of a) 100 LSCF b) 75:25 LSCF/CGO and c) 60:40 LSCF/C¢O

film sintered at 800 °C for 2 h. The experimental data in the diffractograms atk thee

calculated data from LeBail method are in black and their differences are in.blue........! 69|.

Figure 37 HRTEM electron diffractograms of the 60:40 composite film sintered at 800 °C. Thg
Al

arrowsmark the grain DOUNGAIIES.............iiiiii i et s

Figure 38 Elemental mapping by STEM EDX of the 60:40 composite film scratched from the
wend 2

deposited cell. Scale bars indicate B60.0M..................cccmmeeemiereniie e e emmmmmmmme e e e eeeeeereees

Figure 39 Crosssection TEM brighfield images of the 60:40 LSCF/CGO composite film on CGO
2

SiNtered at 800 CC......cooii oottt oo e e e e e e e e e m———— s
Figure 310 Nyquist impedance plots nsaed at OCV of #) 100 LSCF film ed) 75:25 LSCF/CGQ

and e, f) 60:40 LSCF/CGO at 600 and 500 °C, respectively. The numbers on the diagrar

indicate the corresponding frequency in log scale. The ohmic resistance of the electrolyt
.45

=}

subtracted from all da for COMpPAariSON PUINPOSES..........ceeiiuueremmmmmemreeeeeeee e e e s smmmmmmeme e
Figure 311. Oxygen selfliffusion and surface exchange coefficients calculated from electrochemical

impedance data and comparison with literature data measyditferent methods [53,184

Figure 312 Arrhenius plot of ASR, for 100 LSCF and 25, 40, 60 vol. % LSCF/CGO composite
18

films measured by EIS between 4680 °C in OCV..........uiiiiieii i eemmenenes
Figure 313 Sintering of 60:40 vol. % LSCF/CGO films in air for 2 h at 800 °C, 900 °C, 1000 °¢ and
1100 °C of a) to d) columndype films, e) to h) coral type films. The grains observable on

and d) are the nano sized Pd deposited prior to SEM imagingrease the conductivity of th
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Figure 316 The XRD patterns of LSCF/CGO composite films in a) columnar and b) coral type
sintered in air for 2 h at 800 °C, 900,°1000 °C and 1100 °C. The letter L represents LSCH
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1000 and 1100 °C agt @ 4) B/ C- 4t// 92’ t. All the coral films were fitted withd © 4s//
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Figure 319 Nyquist and Bode plots of symmetrical cells measured at 650 °C of a), b) colypms

=

and c), d) coratype films sintered in air for 2h at 800 °C, 900 °C, 1000 °C and 1100 °C. T

he fits

to the spectra are indicated in black line. The series resistance was omitted for comparis
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purposes. All films were fitted with - 4 O 4t// % 2t - 4v// % 2circuit, except the

columnar films sintered above 1000 °C:4 O 4t/ % 2t-4ull % 2U- 4vll % 2V........... 87

Figure 320 a) Capacitancand b) ASR values associated witls 2t, 2uand 2vprocesses versus
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Figure 41 Top views of SEM images of single layer LSCF film&p{CFL &P, b) CFL ESD and

double layer film CFECCL (ESD-SP. Crosssectional views of d) CFLSP), e) CFL ESD and

f) CFL-CCL (ESDSP. g) h) and i) are the magnified images showing the porosity and pa
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films from 400600 °C. The thickness of the electrolyte used in the measuterof double
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Figure 48 a) Scheme of a naimiform electrode with two different local polarization resistanges

ace.

and g, respectively. b) Current distribution in the vicinity of the electrode/electrolyte inter

199



The current density is unif@ RXWVLGH WKH / WKLFNQHVYV EXW VIKULQNV |
discrete CoONtaCtS [203].....uuuueieie i i e ee e eemmemmms e s e e e e e e e s emmmmmmmmn e s e eeeennensesmnmnnk Q4

Figure 49 The Arrhenius plot of the ionic conductivity of CGO electrolyte contacted with sigge| |
CFL (ESD and double layer CFCCL (ESDSP) films. ........ccvvvvviviiiii im0 106

Figure 410 The CFL thickness was varied by changing the time of deposition by ESD frAd02(0
1h, 1h45A3N t0 4h30A........eieieveiee e imemeemt et eve st smmemmnnms s veensesse s smmmmmmmms e sseessesse e smmnnnk 08

Figure4 S$UUKHQLXV SORW RI $65SRO IRU YDU\LQJ WKLFNQHVV RI ¢
fiXed ADOVE CFL.......oiiiiiiiiiiii i cmmmeeene e vmmmmmces e mmmmmmmms e e s s smmmmmmmme o2 LOD
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explicit 3D geometry based on an image sample of the microstructure. Reprinted frad2f®

Figure 52 The two models (geometries) that have been studied in this.thes.......................127

9.
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Figure 54 Columnar microstructures including 15% mapare channels. a) 100 vol. % LSCF with

22 % internal porosity b) 60:40 vol. % LSCF/CGO composite film with 20 %natgrorosity
LQ WKH P GLVWDQFH IURP WKH HOHFWURGH HOHF

numbered interfaces. Due to symmetry, no current flows across the Facet 3.and.4....133
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Figure 56 a) Sclematics of the 3D FEM model in pure LSCF. (1) Surface exchange process a

surface of LSCFK’ "(1- 0(Co.eq- Co) is the incoming oxygen flux wheké 7'¢, andc, eqare

surface exchange coefficient of MIEC for a given MIEC volume fraction, oxggecentration

and equilibrium oxygen concentration, respectively. (2) Homogenization of the surface

exchange within the column in a source term S and bulk diffusion of the reduced oxygen

WKH
the

ions in

the lattice. is the flux of oxygenadns (3) Charge transfer at the interface. (4) lonic condugtion

in the electrolyte. is the ionic current. b) Schematics of 3D FEM model for LSCF/CGQ

composite illustrating the porous and dense layers. c) A representative patteradit pe

conditions. d) Mesh refinement close to the electrode/electrolyte interface (region of high
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/6&) DQG D T“0 P = LQ WKH ILUVW P IRU WKH
diffusion coefficient of 60:40 composite for 0, 10 and 20 % porosity calculated from diffus

coefficients of pure components. TheBDWLRQ HQHUJ\ LV FDOFXODWHG IRU 7

effect of porosity on the percolation limit of CGO. d) Maximum amount of CGO that can be

added in LSCF without losing LSCF percolation................ooiceeeeevvvvvvvvven commmmmeen . 140
Figure5 $UUKHQLXV SORW RI $65 FDOFXODWHG E\ WIRK PR

and homogeneously distributed porosity in the reconstructed volume of 60:40 LSCF/CGD
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microstructural parameters as that of 100 LSCE.............cooiimmiiviiieeeeee s ccmmmmmemnnnn 142

Figure 59. Optimization of the composite cathode at 500 °C for 60 nm pore size: ASR vs vol. P6 of

CGO and porosity. The squaepresents the optimized CGO and porosity contents for the
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U \% Voltage
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