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Andreas Schuler has delivered a remarkable contribution. Contaminant poisoning, foremost
by Cr species at the cathode, is one of the major nuts to crack towards commercialisation
of SOFC technology, the most efficient energy conversion device for small scale combined
heat and power generation poised to fulfill an important part of our future energy provision
landscape worldwide, from both fossil and renewable sources. The contaminant poisoning
occurs on different levels and scales (electrode catalyst, current collectors, metallic inter-
connection plates, balance-of-plant alloy components) at medium to long term operation,
causing performance loss on the order of 1%/1000h and less. Everyone knows it’s there but
it'’s hard to detect, quantify and nail down. Indeed a needle in a SOFC stack which causes it
to gently bleed down if left uncontrolled. It required a thoroughly systematic and pluridisci-
plinary approach to search for the needle, its various sources, its deposition and poisoning
mechanisms, its separation from other superimposing influences, its quantification down to
nanometric scale, and finally its mitigation. Andreas Schuler has managed to do so, employing
a wide variety of techniques, methods and analyses, to answer many of the raised questions
and to propose, implement and validate solution strategies. His enormous efficiency and
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Abstract

This thesis focuses on Cr-poisoning in solid oxide fuel cells (SOFC), which currently presents a
key challenge for the development of this technology. By the implementation of dedicated
experimental tools, this work offers a new access to, and comprehension of, electrochemical
performance degradation caused by Cr contamination accumulation.

An experimental setup for the in situ assessment of Cr vapor concentrations within the hot
air flux of an SOFC system inlet gives direct proof, and a measure of severity, of the Cr con-
tamination issue. An energy-dispersive X-ray spectroscopy (EDX) based Cr quantification
methodology leads this work to objective and therefore comparable data from post-test obser-
vations performed by scanning electron microscopy (SEM). Moreover, the developed methods
are time-efficient.

To understand Cr-poisoning, in particular the deposition mechanisms of Cr\g’I toCr!!! elec-
tronic conducting cathode materials such as (La,Sr)MnO3 as well as mixed ionic electronic con-
ductors (MIEC) such as (La,Sr)CoQs, (La,Sr)(Co,Fe)Os3, (La,Sr)Mn0O3-(Y,Zr)O, and Ndj g5 NiO4+
are investigated during and after medium- to long-term electrochemical testing involving
deliberate exposure to Cr contamination in button cell and stack test arrangements. The
deposition rate of both chemically-driven and electrochemically-driven cathode mechanisms
related to Cr-poisoning depends on the material, its operating conditions as well as on super-
imposed degradation phenomena, such as sulfur-poisoning.

Investigation and subsequent results at the SOFC stack level combine the different aspects of
Cr contamination encountered within this work. The severity of Cr-poisoning of a cathode,
depending on the electrode overpotential, guides the development of less-sensitive materials
towards high performing cathodes, in particular MIEC electrode materials at lower tempera-
ture. The crucial role of electrode proximal layers within the cathodic half-cell, such as current
collectors and protective coatings of metallic interconnects (MIC) is found to be adequately
dispatched by present SOFC technology. Their role is to lower the concentration of Cr vapor
species reaching electrochemically active cathode regions both by diffusion resistance and
reactive trapping. In contrary, sealing materials do not achieve satisfactory tightness to hydro-
gen diffusion into the cathode compartment, causing aggravated Cr-poisoning by local steam
generation and hence increased Cr-evaporation. As the protection against Cr evaporation of
the entire balance-of-plant (BoP) of a real SOFC system, or its construction with non-emitting
components regarding Cr evaporation, is not practicable, a Cr-getter-based air filter, developed
within this work and validated in situ, offers a suitable solution for BoP-caused Cr pollution.
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Keywords: Solid Oxide Fuel Cell (SOFC), Cathode, Metallic Interconnect (MIC), Balance-of-
plant (BoP), Oxidation, Contamination, Degradation, Cr-Poisoning, Solid-State Chemistry,
Rare-Earth Compounds, Scanning Electron Microscopy (SEM), Energy-Dispersive X-ray Spec-
troscopy (EDX), In Situ Gas Sampling.
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Résume

Cette these porte sur I’'empoisonnement au Cr des piles a combustibles a oxyde solide (SOFC),
qui représente actuellement un défi majeur pour le développement de cette technologie. Par
la réalisation d’outils expérimentaux dédiés, cet ouvrage offre un nouvel acces a la dégradation
des performances électrochimiques causée par I'accumulation de Cr, ainsi qu’'une meilleure
compréhension des mécanismes liés a cette contamination.

Un dispositif expérimental pour I’évaluation in situ de concentrations de vapeurs de Cr dans
un flux d’air chaud a I’entrée d’un systéme SOFC donne ici une preuve directe du probléeme
de contamination au Cr et une mesure de sa gravité. Une méthodologie de quantification du
Cr basée sur la spectroscopie de rayons X a dispersion d’énergie (EDX) facilite dans ce travail
I’obtention de données objectives, et donc comparables, provenant d’observations post-test
effectuées par microscopie électronique a balayage (SEM), ceci de fagon rapide.

Pour comprendre I'empoisonnement au Cr, en particulier les mécanismes de déposition de
Cr\g" en Cr!!!, des matériaux de cathode conducteurs électroniques tels que le (La,Sr)MnOs,
ainsi que des conducteurs mixtes ioniques et électroniques (MIEC) tels que le (La,Sr)CoOs,
(La,Sr)(Co,Fe)03, (La,Sr)Mn0O3-(Y,Zr)O; et Nd;.g5sNiO4+ , sont étudiés pendant et apres des
tests électrochimiques. Ces experiences de moyenne a longue durée impliquent une expo-
sition délibérée a la contamination au Cr, effectuées sur des cellules "bouton" ou empilées.
Le taux de déposition lié au mécanisme d’empoisonnement au chrome est entrainé a la fois
chimiguement et par I'activité électrochimique de la cathode. Il dépend du matériau, de
ses conditions d’exploitation ainsi que de phénomeénes de dégradation superposés, tels que
I’empoisonnement au soufre.

L'examen et les résultats subséquents au niveau de 'empilement SOFC combinent les diffé-
rents aspects de la contamination au Cr rencontrés dans ce travail. Lintensité de I’'empoisonne-
ment au Cr d’une cathode dépend du surpotentiel de I'électrode ce qui guide le développe-
ment de matériaux moins sensibles vers des cathodes a haute performance, en particulier
vers les électrodes MIEC a plus basse température. Le r6le crucial des couches a proximité de
I’électrode dans la demi-cellule cathodique, telles que les collecteurs de courant et les revéte-
ments protecteurs des interconnecteurs métalliques (MIC), consiste a abaisser la concentra-
tion des vapeurs de Cr atteignant les régions de cathode électrochimiquement actives a la fois
par une barriére de diffusion et par le piégeage réactif. Ceci est adéquatement accompli par
I'actuelle technologie SOFC. Les matériaux de jointures au contraire ne donnent pas une étan-
chéité satisfaisante contre la diffusion d’hydrogéne dans le compartiment cathode qui peuty
générer de la vapeur d’eau et ainsi aggraver I'empoisonnement par une évaporation accrue.
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Comme la protection de I’ensemble de la périphérie(BoP) d’un véritable systeme SOFC, ou
sa construction avec des composants non-émetteurs de chrome, n’est pas envisageable, un
filtre d’air basé sur le piégeage de Cr, est mis au point dans ce travail avec une preuve in situ
de la réduction de contamination de Cr, et offre ainsi une solution adaptée a la pollution au Cr
causée par le BoP.

Mots-clé: Pile a Combustible (SOFC), Cathode, Interconnecteur Métallique (MIC), Systeme
Périphérique (BoP), Oxidation, Contamination, Dégradation, Empoisonnement au Cr, Chimie
du Solide, Composés de Terres Rares, Microscope Electronique a Balayage (MEB/SEM), Spec-
troscopie Dispersive en Energie (EDX), In Situ Echantillonage de gas.



Zusammenfassung

Diese Dissertation befasst sich mit der Cr-Vergiftung in Festoxidbrennstoffzellen (SOFC), die
gegenwartig eine zentrale Herausforderung fur die Entwicklung der SOFC Technologie dar-
stellt. Mit der Realisierung von adaptierten experimentellen Methoden bietet diese Arbeit
einen neuen Zugang und ein Verstandnis vom elektrochemischen Leistungsabbau, welcher
durch akkumulierte Cr-Verunreinigung verursacht ist.

Ein Versuchsaufbau fir die direkte Bewertung von Cr-Dampfkonzentrationen in situ im heis-
sen Luftstrom eines SOFC-Systems beweist und misst die Stérke des Cr-Verunreinigungspro-
blems. Eine auf energiedispersive Rontgenspektroskopie (EDX) basierte Methodik zur Cr-
Quantifizierung erleichtert einerseits die Beschaffung von objektiven und daher auch ver-
gleichbaren Daten aus post-Versuch-Beobachtungen durchgefiihrt mit Rasterelektronenmi-
kroskopie (REM), andererseits wird durch diese Methodik der Zeitaufwand gering gehalten.
Um die Cr-Vergiftung und insbesondere die Mechanismen der Ablagerung von Cr‘g“ inCr!'l,
zu verstehen, werden hier elektronisch leitende Kathodenmaterialien wie (La,Sr)MnQOg3, so-
wie gemischte ionische und elektronische Leiter (MIEC) wie (La,Sr)Co0Os3, (La,Sr)(Co,Fe)0s3,
(La,Sr)Mn0O3-(Y,Zr)02 und Nd;.95NiO4+ erforscht. Diese Untersuchungen werden wahrend
und nach mittel- bis langzeitigen elektronischen Experimenten vorgenommen, wobei ab-
sichtlich die Auslagerung von Knopfzellen oder Zellenstapel gegentiber Cr-Verunreinigung
involviert wird. Die Ablagerungsrate von Cr, welche sowohl durch chemische als auch durch
elektrochemische Kathodenaktivitat angetrieben wird, hangt einerseits vom Material, ande-
rerseits von den Betriebsbedingungen der Zelle, sowie von zusétzlichen Degradationsphano-
menen (wie Schwefel-Vergiftung) ab.

Die Untersuchungen und anschliessenden Ergebnisse auf der SOFC-Stapel-Ebene verbinden
die verschiedenen Aspekte der im Rahmen dieser Arbeit angetroffenen Cr-Verunreinigung.
Da die Heftigkeit der Cr-Vergiftung einer Kathode von der Elektrodeniberspannung abhangt,
fuhrt die Entwicklung von weniger empfindlichen Werkstoffen zu hochleistungsfahigen Katho-
den, insbesondere MIEC-Elektroden bei niedrigeren Temperaturen. Eine entscheidende Rolle
von elektrodenproximalen Schichten innerhalb der kathodischen Halbzelle spielen Stromab-
nehmer und Schutzschichten metallischer Interkonnektoren (MIC). Letztere bewirken die Sen-
kung der Konzentration des zu den elektrochemisch aktiven Kathodenbereiche vordringenden
Cr, was wiederum durch Diffusionswiderstand und reaktives Abfangen verursacht wird. Die
gegenwartige SOFC Technologie erfullt diese Rolle ausreichend. Die Versiegelungsmaterialien
liefern hingegen keine zufriedenstellende Dichtigkeit zur Verhinderung von Wasserstoffdiffu-
sion und der folgenden Cr-Vergiftungsverschlimmerung durch Wasserdampferzeugung. Da
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der Schutz der gesamten Systemperipherie (BoP) eines realen SOFC-Systems oder dessen
Konstruktion mit nicht-emittierenden Komponenten in Bezug auf Cr-Verdampfung nicht
durchfiuhrbar ist, bietet ein Cr-abfangender Luftfilter, der im Rahmen dieser Arbeit entwickelt
und in situ zur Senkung von Cr-Verunreinigung nachgewiesen worden ist, eine passende
Ldsung fur BoP-verursachte Cr-Verschmutzung.

Stichworter: Festoxidbrennstoffzelle (SOFC), Kathode, Metallischer Interkonnektor (MIC),
Anlagenperipherie (BoP), Oxidation, Kontamination, Degradierung, Cr-Vergiftung, Festkor-
perchemie, Seltene-Erden-Verbindung, Rasterelektronenmikroskop (REM/SEM), Energiedis-
persive Rontgenspektroskopie (EDX), In Situ Gasentnahme.
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Introduction

0.1 Context

The Swiss Federal Council recently set guidelines for the Swiss energy strategy by 20501, which
implies a gradual phasing out of nuclear power by the non-replacement of existing plants
at the end of their technically safe operating period. In order to ensure electricity supply,
emphasis is placed on increased energy savings (efficiency), the expansion of hydropower
and new renewables, as well as temporarily on imports and natural gas-based electricity
production (cf. Fig. 1).

In particular, decentralized combined heat and power (CHP) plants are expected to generate
by 2035 up to 7 TWh of electricity. CHP plants can especially in the winter, when the electricity
production from solar and wind is reduced, deliver band energy to contribute to grid stability,
while providing valuable heat. Only facilities, which fulfill certain requirements for electrical
efficiency, heat recovery and allowable CO, emissions per kwWh should be promoted.

Solid oxide fuel cell (SOFC) technology application as stationary energy conversion devices
that produce electricity and heat with a high total efficiency via electrochemical reactions of
air with a fuel such as natural gas, meet these requirements and should enter the Swiss market
as household electricity-generating heating equipment by 2013.

In this context, SOFC lifetime achievement of over 40’000 h is a prerequisite, where the con-
stituent components have to withstand different degradation phenomena. In particular, the
so-called Cr-poisoning degradation effect reduces the SOFC device lifetime. It involves Cr
emanation from cell-proximal Cr containing alloys, with subsequent Cr accumulation in
electrochemically active cathode regions. This blocks gaseous and electric paths, necessary
for the oxygen reduction reaction, and therefore causes electrode performance losses.

Consequently, methods have to be developed to understand this degradation phenomenon
and to protect SOFCs from Cr-poisoining. This thesis aims to contribute to these aspects.

0.2 Objectives

The main objectives of this thesis fit into the context of energy supply, more precisely the
electricity generation using solid oxide fuel cells with low lifetime degradation. They are: i)
Cr-poisoning detection ii) Cr-poisoning understanding iii) Cr-poisoning alleviation.

1Several documents from the Swiss Federal Office of Energy at : http://www.bfe.admin.ch/energie
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Figure 1: The Swiss energy strategy 2050 implies the non-replacement of existing nuclear
power plants at the end of their technically safe operating time. The shortfall to be covered
by an optimized mixture of hydroelectric power, new renewables, fossil fuel-based electricity
production (including CHP) and electricity imports, is foreseen to reach ca. 25 TWhe| under
the new energy politics, which are underpinned by the concept of the 2’000 W society or
1 tonne/year of CO, emissions per capita (adapted from [1]).

Thesis main objectives

i Develop Cr detection techniques to quantify Cr-poisoning in SOFC during (in situ) and
after (post-test) operation. Such detection methods can then be transfered, if required
in a simplified form, to industrial partners as a quality control solution regarding Cr-
poisoning.

ii Apply advanced investigations techniques to understand and predict the Cr-poisoning
phenomenon and its correlation to degradation. Such academic key competences
can then by extension also be used for SOFC degradation phenomena other than Cr-
poisoning.

iii Mitigate this degradation phenomenon with guidance from the industrial’s needs, where
Cr alleviating solutions can be delivered to industrial partners.

0.3 State-of-the-art

Although the Cr-poisoning phenomenon is well known in SOFC technology [2, 3, 4, 5], quan-
tification issues remain generally open in studies facing this degradation effect. State of the
art researches on Cr-poisoning on the three levels, i) cathode, ii) cell and iii) system, generally
involve the following techniques:

i For Cr investigations on the materials level, scanning electron microscopy (SEM) com-
bined to energy-dispersive X-ray spectroscopy (EDX) is the prevalent technique [3, 6, 7,
8,9, 10, 11]. The related wavelength-dispersive X-ray spectroscopy (WDS) technique



0.4. Structure of the present work

is less widespread [12, 13] as this method does not imply a quantification without
calibrated standards. Transmission electron microscopy (TEM) techniques are as pre-
vailing [12, 14, 15, 16] as X-ray diffraction (XRD) [9, 17, 18, 19]. Detection issues at
extremely low elemental concentrations are generally solved using secondary ion mass
spectrometry (SIMS) [20, 21, 22, 23] or X-ray photoelectron spectroscopy (XPS) [24, 25].
Whereas some studies apply rather exotic characterization techniques such as scan-
ning photoelectron microscopy (SPEM) [14], nanoprobe Auger electron spectroscopy
(NAES) [15] or synchrotron-based micro-focused X-ray probe [26], only few researches
make use of fairly simple, but probably under-exploited, techniques such as Raman
spectroscopy [15].

For the assessment of the Cr poisoning impact on electrochemical cell behavior, nearly
all researches rely, besides voltammetry, on electrochemical impedance spectroscopy
(EIS) [2, 3,7, 15, 27, 28, 29].

iii In situ gas sampling techniques have so far only been implemented on the anode
side [30, 31]. To judge on the contamination severity brought about by SOFC component
corrosion, ex situ methods include the transpiration technique [32, 33, 34], combined
with conductivity measurement of the condensed vapors in solution [35, 36] or with a
denuder technique [37] (Cr-trapping with Na,;CO3), or with Rutherford backscattering

spectroscopy (RBS) after thermophoresis (Cr vapors condensed on a cold plate) [38].

This thesis intends to shortcut complicated quantification issues: i) on the one hand by the
development of a fast and objective EDX methodology for post-test analysis, close to what
is achievable with image analysis [39], despite the challenge [40] caused by the strong X-ray
emission line overlaps [41, 42]; ii) on the other hand, by the application of this methodology on
samples from SOFCs that have been tested in controlled and therefore comparable operating
conditions, in combination with electrochemical performance data acquired during operation;
iii) finally, by the development of an in situ gas sampling technique for the assessment of
volatile Cr vapor concentrations under SOFC operating conditions.

0.4 Structure of the present work

The thesis comprises 10 chapters where the content of chapters 3-9 has been published in the
form, as presented here?, of 10 scientific journal articles. The synthetic chapter at the end of
this document summarizes the thesis results in a holistic manner: from nano to macro and
from powder to power.

Chapter 1: context and motivation for Cr-poisoning investigations in SOFC. The operat-
ing principle of an SOFC is given in this chapter, while highlighting the efficiency of its direct
energy conversion as key advantage. To meet lifetime requirements for stationary application,

2Footnotes refer to precisions requested by the thesis jury.
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SOFC material stability over long time-scale at elevated temperatures is a main issue. Elec-
trolyte, electrode and stacking materials are introduced in chapter 1. Degradation issues focus
on the cathode compartment, in particular on Cr-poisoning; its investigation is described as
searching for a "needle in a SOFC hay-stack". Three main questions arise, which this thesis
aims to answer: i) what is the effect of this Cr-""needle", ii) where is it localized and iii) how
can we dislodge it?

Chapter 2: experimental SOFC endurance testing at different scales. Experimental ar-
rangements for button cell, multicathode cell, single repeat-unit and stack testing are briefly
exposed in chapter 2. Focus is given on the different main Cr sources, including tubing, flanges
and (un)protected metallic interconnects (MIC).

Chapter 3: fast and objective Cr detection in post-test studies. Chapter 3 solves the initial
question whether Cr can be, quantitatively and not only qualitatively, detected, despite its
low concentration and the multi-element cathode composition. The identified tool is the use
of peak height ratios in energy-dispersive X-ray spectra. The outcome of this chapter isa Cr
quantification methodology [43], coming along with an emerging question: are Cr distribution
and amounts predictable?

Chapter 4: Cr-poisoning deposition mechanisms assessment by Cr profiling. The ques-
tion how and which amounts of Cr accumulations distribute in SOFC cathodes is addressed in
this chapter by Cr profiling, i.e. the application of the aforementioned Cr quantification tech-
nique on EDX spectra extracted from thin cathode slices. The feasibility of direct comparison
of Cr data from identical cathodes with different thicknesses, allowed the detected Cr amounts
to be linked to the electrochemical cathode activity (overpotential) [44]. This however raises
the question whether Cr deposition involves direct electrochemical reduction or chemical
interaction with polarization-induced Mn-nuclei in the case of (La,Sr)MnO3-based cathodes,
an issue of some controversy in literature.

Chapter 5: Cr-poisoning alleviating by the suppression of Cr\g’I nucleation sites? This
chapter investigates the feasibility of Mn-free and Sr-free cathode material as a first proposed
solution against Cr-poisoning. If Cr deposition was purely chemically-driven, the absence
of Mn and Sr, which form spinel or chromate phases upon reaction with Cr, would make a
material such as Nd-nickelate intrinsically tolerant to Cr-poisoning. This chapter however
shows Cr-poisoning not to be avoidable by only changing the cathode material [45]. Indeed
also Nd;NiOy is electrochemically Cr-poisoned. Solutions at the system level have therefore
to be found. Cr profiling through the complete airflow is suggested to pragmatically localize
places for appropriate solutions to be implemented.

Chapter 6: unavoidable degradation upon Cr contamination; Cr source localization. Chap-
ter 6 evidences how Cr profiling through the entire cathode compartment of a single repeat-
unit, to assess the main Cr sources, was approached. This was done by the application of the
herein developed EDX Cr quantification technique on numerous samples; the intrinsically
fast characteristic of the methodology was here very helpful. A crucial finding from this work
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was the major contamination source to be located upstream of the cell, polluting the air fed
to the cathode. Such notice triggered the inquiry if the contamination level can be assessed
directly within the hot air feed. A gas sampling technique was therefore developed, which
proved Cr vapor detection to be possible [46]. The quantification of trace Cr amounts within
the hot air flux moreover enabled correlations to be established between the oxidation of
Cr containing alloys with subsequent Cr species evaporation, transport of Cr vapors and
their deposition within the cathode compartment [47]. The supplementary identification of
other contaminants, mainly S and Si, raises the question of the influence of such additional
pollutants, in particular regarding their effect on Cr-poisoning.

Chapter 7: additional pollutant species contributing to overlaying degradation effects.
The application of space averaging EDX in combination with chemical tricks enabled addi-
tional Si and S contamination-caused degradation effects to be exposed within this chap-
ter [48, 49]. Thermodynamic considerations of multicomponent systems, involving combined
Cr and S contamination, pointed out new degradation/mitigation mechanisms related to
Cr-poisoning [50]. Are correlations between the poisoning extent and the performance degra-
dation feasible, with this extended comprehension of Cr-poisoning and the awareness of
additional air side contaminants?

Chapter 8: correlation between contamination and long-term degradation. This chapter
examines the severity of Cr-poisoning after long-term testing of an SOFC stack. Substantial
Cr profiling across and along the airflow enabled to depict the distribution of Cr accumula-
tions, which were found affected by the proximity to sealing locations [51]. Although a direct
quantitative correlation between Cr amounts and performance degradation could not be
established, an encouraging low-level Cr contamination was found to be induced by metallic
interconnects. This chapter therefore suggests that counteracting strategies, currently applied
in SOFC technology, seem well adapted to alleviate MIC-induced Cr-poisoning. The invariable
presence of extensive Cr pollution originated from system components located upstream of
the stack inquires additional solutions.

Chapter 9: counteracting by air filtering. By the implementation of the most pragmatic
choice, which is to use the Cr trapping properties of reactive cathode materials as an air filter,
Cr-poisoning reduction is shown in this chapter to be possible already at its source [52]. To
the final query, if the Cr "needle" has been completely removed from the SOFC "hay-stack",
the following chapter tries to answer.

Chapter 10: general synthesis. The main outcomes of this thesis are described on the cath-
ode material level, the cell/repeat-unit level and the SOFC system level while focusing on i)
measurement solutions, ii) knowledge of Cr-poisoning mechanisms and iii) counteracting so-
lutions. An impatient reader, or one who already encountered the publications from chapters
3-9 in the open literature, can readily be directed towards this general synthesis of the entire
work.
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Chapter 11: conclusions and outlook. This work concludes on the achievement of the
main objectives as well as on future work. The Cr-poisoning issue is encouragingly depicted
regarding the commercial application of SOFC.
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describes the segmented repeat-unit assembly [53]; post-test analysis are given in chapters
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rations [54], which find application in chapters 3.1, 4.1 and 5.1, as well as the description of
multicathode test arrangements (chapter 4.1 and 7.3).
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il The solid oxide fuel cell

1.1 SOFC operating principle

A solid oxide fuel cell (SOFC) is a direct energy conversion device, generating electrical power
and heat via the electrochemical reaction of a fuel and air. A gas-tight, electronically insulating,
ceramic ionic conductor (electrolyte) in contact with two electrically conductive electrodes
(anode and cathode) constitute the core of an SOFC. Figure 1.1 illustrates the oxygen reduction
reaction at the cathode and the fuel oxidation on the anode side, by the oxygen ions selectively
conducted through the electrolyte. The key advantage of this technology is the high achievable

electrical efficiency, hence reduced CO, emission per kWh of generated electricity.
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Figure 1.1: Schematic description of the working principle of a solid oxide fuel cell (SOFC).

The overall electrochemical reaction can be written as two half reactions occurring at the

cathode (1.1) and the anode (1.2)/ (1.3).
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Other fuels than hydrogen and carbon monoxide, such as methane from natural or bio-gas
via an additional fuel processing step (reforming eqgn. (1.4)), can be converted in an SOFC,
representing another key advantage of this technology. The equilibrium of the water-gas shift
reaction, equation (1.5), is translated to the right side at SOFC operating conditions, hence CO
is indirectly consumed through the predominant conversion of hydrogen.

CH4+H,O0 5B CO +3H; (1.4)

CO +H,0 S5CO, +Hy (1.5)

Stacked cells To increase the power output SOFC single cells are piled into a cell stack. In
particular, planar SOFC stacks, which are the focus in this thesis, achieve high power density. A
typical assembly includes a gas-tight interconnect plate electronically connecting anodes and
cathodes. In addition, current collecting and gas diffusion layers enable adequate contacting
and gas delivery between cell and interconnect within both electrode compartments. The
two atmospheres are partitioned with sealing materials. A planar stack illustration is given in
figure 1.2.

1.2 SOFC materials

Electrolyte The requisite gas-impervious, electronic insulating and ionic conducting prop-
erties are obtained by oxide ceramic materials, from which the solid oxide fuel cells obtained
their naming [55]. Yttria-stabilized zirconia (YSZ) is frequently used as electrolyte, with a cer-
tain amount of dopant to stabilize the fluorite phase and obtain maximal ionic conductivity,
i.e. 8mol% Y,03 - 92 % ZrO,. Higher conductivities can be achieved, with drawbacks on other
properties, by scandia doped zirconia (ScSZ) or gadolinia-doped ceria (GDC).

Anode The fuel electrode is usually constituted of a Ni-based cermet offering electrochemi-
cal activity for H, and CO oxidation as well as chemical activity for the reforming of hydrocar-
bons [56]. The ceramic phase, which is generally YSZ or GDC, enables oxygen ion diffusion
towards the electrochemically active anode sites located at metal-ceramic-pore triple-phase-
boundaries (TPB). The metallic phase, besides catalytic properties, implements electronic
conduction towards the interconnect.

Cathode The air electrode is generally composed of a perovskite material like strontium-
doped lanthanum manganite (La,Sr)MnO3; (LSM), which is an electronic conductor. The
extent of electrochemically active cathode sites, limited in this case to the electrolyte/electrode
interface, is amplified by mixing LSM to a electrolyte phase hence increasing the number of
TPB [57], or by the use of a mixed ionic electronic conductive (MIEC) compound, such as
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(La,Sr)(Co,Fe)03 [58]. Contacting the electrode to the interconnect is facilitated by the use of
highly conductive perovskite compositions that are typically cobaltites.

Interconnect and sealings Gas impermeability and high electronic conductivity can be ob-
tained from dense perovskite based ceramics, such as lanthanum chromite [56, 59, 60, 61] or
metallic alloys that can withstand the corrosive SOFC environment [62]. In particular, chro-
mia formers [63], i.e. Cr,O3-covered alloys in oxidizing conditions [64, 65], exhibit suitable
electronic conductivity [66] for their application as metallic interconnect (MIC) [67, 68, 69, 70].
Ferritic stainless steel is predominantly used in planar SOFC technology, as it offers a pondered
balance between performance, degradation and cost; such compromise is essentially required
for all SOFC components.

Different types of sealing solutions exist, spanning from rigid to compressive or hybrid types.
Compressive gaskets, typically based on mica-silicates [71] offer high compliance and there-
fore reduced efforts on proximal cell components, whereas metal brazes or glass-ceramic
hybrid materials present increased hermetic properties [72, 73].

1.3 Material Degradation

As the market entry for SOFC stationary application is promised for systems reaching reliably
a lifespan of 40’000 h and more, the above listed components have to withstand degradation
issues caused by the harsh SOFC operating conditions of high temperature and corrosive
atmospheres. Focus is given here on the cathode compartment only.

Numerous reactions between SOFC materials are listed in the literature [74, 75, 76]. For in-
stance, cathode and electrolyte materials react at high temperature, with resulting insulating
zirconate formation in the case of zirconia-based electrolytes [77, 78, 79]. This issue is sup-
pressed by the use of a GDC buffer layer, which is a prerequisite in the presence of reactive
cobaltite perovskite cathodes.

Impurities generally involve deleterious degradation by their interaction with the cathode and
cathode-proximal components. Impurity contamination generally originates from stacking
components such as interconnects or sealing materials [75], balance-of-plant system com-
pounds [80] or from the environmental air [81, 82, 83]. Adequate material compatibility within
the cell as well as the systern components is therefore essential.

Intrinsic cathode material degradation implies particle coarsening [84, 85, 86] and elemental
demixing [87, 86], both strongly affected by the operating conditions (temperature, current
density, Idots).

The decrease of ionic conductivity with time, known as electrolyte ageing [88, 89, 90, 91],
involves continuous increase of ohmic resistance [70, 92]. The same applies for MIC oxida-
tion and scale thickening [93, 94, 95] with operating time. Only the reduction of operating
temperature slows down these effects.
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1.4 Cr-poisoning: a needle in a haystack

MIC oxidation via Cr,O3 scale formation also relates to Cr evaporation [95, 96, 97, 98], which
is additionally influenced by water vapor [96, 97, 99] and the presence of alkali elements [100].
Cr-poisoning, i.e. the accumulation of Cr contamination within the cathode, blocking gaseous
and electronic paths necessary for the oxygen reduction reaction [2, 3, 4] and hence leading to
performance degradation, is a major degradation effect in high temperature electrochemical
devices (also relevant to solid oxide electrolyzer cells, SOEC [15]) and is the focus of this thesis.
Decreasing the Cr evaporation rate from MICs [101] by the application of an adequate protec-
tive coating is the most common mitigation strategy. The barrier coating layers are generally
perovskite compounds [102, 103, 104], ceramics with spinel structure [33, 105, 106] or metallic
coatings [33, 107]. Such protective layers react with the chromia scale to form a spinel phase
with reduced Cr evaporation rate, presenting moreover a lower contact resistance and a lower
increase of this resistance with time [106]. In addition, the MIC alloy composition is adjusted
to form intrinsically a spinel-type oxide scale upon oxidation [68, 108, 109], to limit the amount
and thickness of coating needed for an effective protection.

The cathode has to withstand > 40’000 h in proximity of Cr evaporating MIC, even when
low-emitting through protective coatings. As such time a span precludes repetitive testing
within a 4-year doctoral thesis, electrochemical SOFC tests over 1’000 h with subsequent Cr
analysis meet first assessments.

Accumulated Cr amounts are on the order of 18 gcm 2 Crand responsible for ca. 1 % voltage
decay at time-scales of 1’000 h (chapter 6.2). Figure 1.2 evidences such a quantity of Cr to
correspond to a sewing needle finely distributed within a 200-cell SOFC stack with a cathode
surface of 50 cm? per cell. The thesis objectives could be summarized by this question: " how
to dislodge a Cr needle from an SOFC haystack?".

12
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Figure 1.2: Representation of 18 gcm 2 Cr accumulation typically responsible for 1 % kh 1
degradation (chapter 6.2) with a 180 mg needle which would be distributed within the cathode
area (50 cm?2/cell) of this fictive 200-cell stack (10’000 cm?).
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