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Zusammenfassung

In den letzten Jahren besteht zunehmend Interesse an der Festoxidbrennstoffzelle (engl: Solid
Oxide Fuel Cell, SOFC), die eine effiziente und emissionsarme Stromerzeugung bei gleichzeiti-
ger Flexibilitat bei der Wahl des Brennstoffs ermoglicht. Fiir eine breite kommerzielle Nutzung
sind jedoch die Punkte Leistungsverbesserung, Langzeitstabilitit und Kostenreduktion
entscheidend. Es besteht insbesondere Verbesserungsbedarf mit Hinblick auf die Verlustpro-

zesse an der Anode.

Grundvoraussetzung fiir die Verbesserung der Anodenleistung stellt dabei die Kenntnis der
elementarkinetischen Reaktionsschritte der elektrochemischen Oxidation des Brenngases (H,,
CO oder Reformatgase) dar. Diese Reaktion findet an der Drei-Phasen-Grenze (engl: Triple-
Phase-Boundary, TPB) von Elektrode, Elektrolyt und Gasraum statt. Dabei sind Untersuchun-
gen an sogenannten Modellanoden mit zweidimensionaler Geometrie vorteilhaft, denn
zusatzlich zur Vereinfachung der Geometrie ist eine Entkopplung der Oxidation von weiteren
Verlustmechanismen in der pordsen Struktur technisch relevanter Ni/8YSZ Cermetanoden

moglich.

Gegenstand dieser Arbeit ist die detaillierte elektrochemische Charakterisierung von strukturi-
erten Ni-Anoden (Modellanoden) sowohl in H,-H,O als auch CO-CO, Atmosphare. Die mittels
Impedanzspektroskopie ermittelten Parameterabhdngigkeiten des linienspezifischen Wider-
stands (engl: Line Specific Resistance, LSR) stellen fiir jede der beiden Atmosphéaren einen um-
fassenden Datensatz dar. Die Starke der Datensatze liegt dabei in den begleitenden, umfangrei-
chen Untersuchungen zur Stabilitait der Modellanoden sowie der Reproduzierbarkeit der
Messergebnisse, ergdnzt durch eine detaillierte Untersuchung auf Verunreinigungen der Drei-
Phasen-Grenze. Die erstmals mogliche Vergleichbarkeit des Anodenverhaltens in den beiden
Gasatmosphédren erlaubt zusitzlich wertvolle Einblicke in den Reaktionsmechanismus und
deutet auf dhnliche Reaktionsmechanismen hin. Der Vergleich zu technisch relevanten Cer-
metanoden mittels eines Kettenleitermodels zeigt eine grofe Ahnlichkeit der beiden An-
odenkonzepte sowohl fiir die absoluten flachenspezifischen Widerstande (engl: Area Specific
Resistance, ASR) als auch fiir die Parameterabhdngigkeiten. Damit wird die Anwendbarkeit
von Modellanoden zur Untersuchung der elektrochemischen Oxidation des Brennstoffs an
SOFC-Anoden abschliefiend bestatigt.

Im Einzelnen wurden die folgenden, mafigeblichen Ergebnisse erzielt:



Entwicklung eines Ersatzschaltbildmodells

Eine hochauflésende Messdatenanalyse ermdoglichte die Identifizierung von drei Verlustprozes-
sen. Der grofste Verlustprozess entsteht erwartungsgemafl durch den Ladungstransfer an der
TPB der Modellanode (P,g), die weiteren Prozesse sind auf Gasdiffusion (P,,) und die Cermet-
Gegenelektrode (P,,) zuriickzufiihren. Dabei ist die Trennung der Verlustprozesse von Gasdif-
fusion und Ladungstransfer an der Modellanode besonders bei hohen Temperaturen entschei-
dend und ermdglicht erstmals die Bestimmung der Parameterabhéngigkeiten des reinen La-

dungstransferwiderstands LSR...

Identifikation von Relaxations- und Degradationsmechanismen

Es wurde gezeigt, dass die Stabilitat der Modellanodenstruktur sehr stark von der Schichtdicke,
und den Auslagerungsbedingungen (insbesondere Temperatur) abhdngt. Dariiber hinaus wur-
den wahrend der elektrochemischen Charakterisierung von nominell stabilen Modellanoden
(Schichtdicke: 800 nm) mehrere Relaxations- und Degradationsmechanismen mit unerwartet

grofien Zeitkonstanten beobachtet:

(1) Anfangliche Abnahme von LSR, um 60 % mit einer Stabilisierung bei 54 (O-m nach
ca. 20 h bei 800 °C, verursacht durch eine Veranderung der Ni-Struktur.

(ii) Grofie, gasabhdngige Degradationsraten, mit stirkerer Degradation in H,-H,O
(0.4 % / h) als in CO-CO, (0.18 % / h), vermutlich aufgrund der Bildung von gasfor-
migem Ni(OH),.

(iii) Langsame Relaxationsprozesse nach Gasvariation von pH, und pH,O mit
Einschwingzeiten von 2 - 3 h bei pH, und 5 - 8 h bei pH,O (800 °C), vermutlich auf-
grund von langsamen Bulkprozessen. In CO-CO, Atmosphaére erfolgt die Stabilis-

ierung von LSR hingegen innerhalb weniger Minuten.

(iv)  Schnelle Zellaktivierung wahrend der Aufzeichnung von Strom-Spannungs-

Kennlinien, gefolgt von einem langsamen Relaxationsprozess wahrend ca. 20 h.

Die reproduzierbare Charakterisierung von Modellanoden erfordert damit als Voraussetzung
die standardisierte Vorbehandlung aller Zellen, sowie entsprechend lange Haltezeiten nach

Variation der Gaszusammensetzung oder der Aufzeichnung von Strom-Spannungs-Kennlinien.

Ermittlung der Parameterabhingigkeiten von LSR in H,-H,O

Alle relevanten Parameterabhéngigkeiten von LSR, in H,-H,O Atmosphare fiir Variationen der
Gaszusammensetzung (pH,, pH,O, B..), der Temperatur (T) und der Uberspannung (1) wurden

bestimmt:

(i) Die starke, negative Abhangigkeit von pH,O (b = 0.68) bestatigt die Beobachtungen

aus der Literatur.

(ii) Die Abhangigkeit von pH, ist gering.
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(iii)  Die Aktivierungsenergie dndert sich mit der Gaszusammensetzung mit Werten von
E..=1.01-1.37 eV (T =450 bis 800 °C).

(iv)  Der Ladungstransferkoeffizient o = 0.61 bis 0.69 (T = 650 bis 800 ° C) wurde mit Im-

pedanzspektren unter Polarisation ermittelt.

Der durch die Charakterisierung von Proben mit unterschiedlichem Design ermittelte lineare
Zusammenhang von LSR, und l;p bestatigt, dass die Reaktion an der Drei-Phasen-Grenze
stattfindet.

Dartiber hinaus wurde der Einfluss der Doppelschichtkapazitdt an der Zwei-Phasen-Grenze
(2PB) von Elektrode und Elektrolyt bei der Auswertung des kapazitiven Beitrags von Model-
lanoden berticksichtigt. Durch die Charakterisierung von Zellen mit stark unterschiedlichem
2PB/TPB Verhiltnis war erstmals eine Aufteilung der Kapazitdt in einen linienspezifischen
Anteil des Ladungstransfers und einen flachenspezifischen Anteil der Doppelschichtkapazitat
moglich. Die experimentell ermittelten Werte fiir die Doppelschichtkapazitit zeigen eine gute

Ubereinstimmung zur theoretischen Abschétzung entsprechend der Theorie von Stern.

Ermittlung der Parameterabhingigkeiten von LSR in CO-CO,

Entsprechend den Arbeiten in H,-H,O, wurden die Parameterabhangigkeiten von LSR in CO-

CO, fiir Variationen von Gaszusammensetzung (pCO, pCO,, f3,;) und Temperatur (T) bestimmt:

() Die starke negative Anhéngigkeit von pCO, (d = 0.61 bis 0.79) zeigt grole Ahnlich-

keit zum Verhalten bei einer Variation von pH,O.

(ii) Das Verhalten bei pCO Variation zeigt einen Knick bei pCO = 2:10* Pa von negativer
Abhéangigkeit bei kleinerem pCO zu schwacherer negativer Abhédngigkeit bzw. zu
leicht positiver Abhangigkeit, je nach pCO,.

(iii)  Mit zunehmendem pCO andert sich die Aktivierungsenergie E, von 0.85 zu 1.42 eV.

Zudem wurde der lineare Zusammenhang von LSR,, und l;pg bestétigt.

Vergleich zu Cermetanoden mittels eines Kettenleitermodells

Der Vergleich der an Modellanoden erzielten Ergebnisse zu technisch relevanten Cermetan-
oden wurde durch die Verwendung eines Kettenleitermodells realisiert. Ein solches Modell
kombiniert die Verlustprozesse von Ladungstransfer an der TPB und von ionischem Transport
im Elektrolyten. Dabei miissen Annahmen fiir die Modellparameter volumenbezogene TPB-
Lange (Irps,) und effektive ionische Leitfahigkeit im Elektrolyten (o, ) getroffen werden. Die
Berechnung zeigt eine sehr gute Ubereinstimmung der beiden Anodenkonzepte mit Hinblick
auf absolute ASR Werte und die Aktivierungsenergie. Bei den Abhdngigkeiten von der
Gaszusammensetzung zeigt sich eine gute qualitative Ubereinstimmung, allerdings ergeben
sich jeweils starkere theoretische Abhangigkeiten als die experimentell an Cermetanoden bes-

timmten Werte. Dies kann einerseits auf die Parameterschatzung zuriickzufiihren sein, ander-
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erseits aber auch ein Indikator flir einen zusatzlichen Verlustmechanismus an der TPB von

Modellanoden sein, beispielsweise durch Verunreinigungen.

Riickschliisse zum Reaktionsmechanismus

Die Ahnlichkeit der Ergebnisse in Bezug auf absolute LSR, Werte und Parameterabhingig-
keiten, die bei der elektrochemischen Charakterisierung in H,-H,O und CO-CO,-Atmosphare
ermittelt wurden, deuten auf dhnliche Reaktionsmechanismen in beiden Gasatmosphéaren hin.
Im Fall von H,-H,O wird dabei meist ein H-Spillover Mechanismus als ratenbestimmender
Schritt angenommen. Interstitieller Ladungstransfer {iber die Zwei-Phasen-Grenze wird im CO-
CO, Betrieb aufgrund der Molekiilgrofie als unwirksam eingeschatzt. Im Fall von H,-H,O kon-
nte dieser Mechanismus jedoch teilweise zur Stromdichte beitragen und damit die beo-

bachteten, langsamen Relaxationsprozesse im H,-H,O Betrieb erklaren.

Obwohl aufgrund der Parameterschatzung fiir das Kettenleitermodell ein zusatzlicher geringer
Verlustmechanismus an der TPB von Modellanoden - beispielsweise durch Verunreinigungen -
nicht ausgeschlossen werden kann, deutet die gute Ubereinstimmung der Leistungen von Mod-
ell- und Cermet-Anoden auf den gleichen zugrundeliegenden Reaktionsmechanismen hin.
Damit bestadtigt diese Arbeit die Anwendbarkeit von Modellanoden zur Untersuchung der

elektrochemischen Oxidation des Brenngases an SOFC-Anoden.
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1 Introduction

In the past few years, interest in Solid Oxide Fuel Cells (SOFC) has increased significantly. Their
advantages include an efficient and low emission power generation as well as fuel flexibility [1].
However, major challenges on the way to a commercial launch include performance improve-
ment, long-term stability and cost reduction. With respect to overall performance improve-
ments, a recent comparison of electrode performance clearly indicates the necessity to improve
the anode side of SOFCs [2].

The knowledge of the elementary kinetic steps of the electrochemical oxidation of fuel gas at the
anode is a basic requirement for the improvement of anode performance [3]. This reaction takes
place at the so-called Triple-Phase-Boundary (TPB), where electrode, electrolyte and gas phase
join. So far, several reaction mechanisms have been proposed for the charge transfer reaction
[4], but still the exact mechanism is unclear. For a deeper understanding of the reaction mecha-
nism, various simplified geometries of model anodes have been established. This includes point

and patterned Ni anodes with two-dimensional TPBs.

In order to draw conclusions on the rate determining reaction mechanism, an experimental data
basis of the anodic activation polarization is required in combination with elementary kinetic
modeling studies. Such a data basis includes the Line Specific Resistance (LSR) attributed to
charge transfer and its dependencies on gas composition, temperature and polarization voltage.
Although several studies have been performed so far with patterned Ni anodes in H,-H,O at-
mosphere, these turn out to be either inconsistent or incomplete [5-9]. For instance, considerable
discrepancies between the different studies exist for the LSR and the respective parameter de-
pendencies and no information is given on reproducibility and impurities. Furthermore, the
evaluation of impedance spectra is typically performed without a separation of the different

loss mechanisms.

Even less information exists on the electrochemical characterization of SOFC anodes in CO-CQO,
atmosphere and in reformate gases. However, these fuel gases are of special interest for SOFC

operation with a variety of fuels.

In this work, a detailed experimental characterization of patterned Ni anodes will be performed
in H-H,0O and CO-CO, atmosphere. With respect to the observed discrepancies in previous

studies in literature, emphasis will be on sample stability, measurement reproducibility and
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impurity analysis. High resolution data analysis will be used to separate charge transfer from
other loss mechanisms. Furthermore, this work allows a comparison of patterned Ni electrode
performance in the two gas atmospheres as well as a comparison to point anode and cermet
anode performance and thus contributes to a deeper understanding of the reaction mechanisms

of the electrochemical oxidation of the fuel gas at SOFC anodes.



1.1 INTRODUCTION TO SOLID OXIDE FUEL CELLS

1.1 Introduction to Solid Oxide Fuel Cells

In this section, the key features of SOFCs which are necessary for the understanding of this

work are introduced. A special focus will be directed to the anode and its microstructure.

1.1.1 Working Principles

The main component of a Solid Oxide Fuel Cell (SOFC) is the gas tight but oxygen-ion conduct-
ing electrolyte. It separates the two gas chambers that are continuously supplied with the corre-
sponding gases: fuel gas (e.g. H,, CO, reformate gases) at the anode side, and oxygen or air at
the cathode side, see figure 1.1a. The strong difference in chemical potential between the high
oxygen partial pressure at the cathode and a very low oxygen partial pressure at the anode is

the driving force for oxygen ion diffusion through the electrolyte.

H,0 b)

H,O 2e

H2
anode
Ni/YSZ cermet

N=——TPB
electrolyte /
cathode YSZ . 4 Ni
LSM, LSCF Oz
YSZ

TPB: O* +H,=—H,0+2e"

02’ N2 NZ

figure 1.1: a) Scheme of the functioning of SOFCs: oxygen and fuel (here: H,) react via a dense, oxide ion-
conducting electrolyte. The spatial separation of reduction and oxidation reaction enables the utilization of the
electrons involved in the redox process, and b) schematic concept of a Ni/8YSZ cermet anode: the electrochemical
oxidation of H, takes place at the Triple-Phase-Boundary (TPB), where electrode, electrolyte and gas phase join.

At the cathode, the O, is reduced to O” by taking up two electrons and is incorporated into the

electrolyte in a subsequent step, see equation 1.1:
%Oz (gas)+2e" ==0" (electrolyte) 11

At the anode, H, is oxidized with O%, forming gaseous water and releasing two electrons:
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O™ (electrolyte) + H, (gas)==H,O(gas) +2e" 1.2
The overall reaction at SOFC fuel cells driven with H, — H,O atmosphere is then:
1 N
EOZ(gas)+H2(gas)*HZO(gas) 1.3

At open circuit, when electrons are not able to move back to the cathode, an electric field force is
established and impedes further oxygen ion diffusion through the electrolyte. In the case of an
ideal, reversible SOFC, this Nernst voltage can be expressed using the Gibbs free energy for the
oxidation of the fuel gas [10]:

AGO,HszZO (T) _ RT 1 L pHZOan J

\[ pOZ,cat pHZ,an

Here AGy;, 110 is the Gibbs free energy of the H, oxidation reaction, T is the absolute tempera-

U =

- n
Nernst neF neF 14:

ture, n, the number of electrons involved in the reaction (n, = 2 in the case of SOFC), R is the

universal gas constant, and F the Faraday constant.

In the case of an ideal, loss-free functioning of the fuel cell, the change in Gibbs free energy of
the reaction is completely converted into electrical work. The maximum obtainable Nernst
voltage is a function of the atmosphere (e.g. H,-H,O or CO-CQO,), the gas composition and tem-

perature.

In real SOFCs at load, the voltage will be lowered compared to the thermodynamically pre-
dicted value Uy, as the cell performance is limited by three loss mechanisms namely (i) ohmic

losses, (ii) polarization losses due to gas diffusion and (iii) losses by activation polarization.

1.1.2 Microstructure of the Anode

The electrochemically active area of the SOFC anode is restricted to the Triple-Phase-Boundary
(TPB), where electrode, electrolyte and gas phase join, see figure 1.1b. Only at these points, the
reactants for the oxidation reaction (i.e. oxygen ions and fuel gas) are supplied and the reaction
products (i.e. electrons and water vapor) are removed. Thus, the anode performance increases
with increasing amount of TPB. Therefore, the quantity l;p is introduced to indicate the TPB
length per electrode area. By the fabrication of a porous mixture of electrode and electrolyte

particles, large values of l;p5 can be realized in the electrode volume.

State of the art technical anode structures are composed of a combination of ceramic electrolyte
particles and metallic electrode particles, denoted as cermet (short for Ceramic Metal) where the
notation Ni/8YSZ indicates the materials: for the electrode, the catalytically active and compara-
tively inexpensive Nickel is used, and for the electrolyte 8mol% Y,0O;-stabilized ZrO, (8YSZ) is
used. Considering the material composition, the percolation of the ionic and the electronic path

as well as the gas phase must be maintained. Furthermore, the addition of electrolyte material
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to the anode also allows for a stabilization of the porous electrode structure by preventing the
Ni grains from sintering together and by matching the thermal expansion coefficients of both

materials [1].

In addition to the activation polarization losses, another loss mechanism arises due to gas diffu-
sion in the porous cermet structure. In order to keep both polarization losses as low as possible,

an anode structure composed of two layers with different properties is advantageous [11, 12]:

(i) Inthelayer close to the electrode-electrolyte interface, a high value of lyp is realized by
small particles and low porosity of about 20 %. Since the electrochemical oxidation

takes place in this layer, it is denoted Anode Functional Layer (AFL).

(ii) In the outermost layer of the electrode, sufficient gas supply is enabled by a high po-

rosity of the substrate of about 40 %. This layer is referred to as anode substrate.

In the case where the single cell is built on an anode substrate, the concept is denoted Anode
Supported Cell (ASC). Compared to Electrolyte Supported Cells (ESC), where the fuel cell is
supported by the electrolyte, ASCs allow to reduce the ohmic losses in the electrolyte since very

thin layers can be realized.

The activation polarization at the anode is attributed to the reaction mechanisms at the TPB and
represents a Line Specific Resistance (LSR) with unit Q)-m, which is a function of gas composi-
tion, temperature and polarization resistance. It is determined experimentally based on the
polarization resistance attributed to charge transfer (R.) multiplied with the TPB length per

electrode area (I;p) and the electrode area (A):

LSR, =R_ 1., - A 15

However, in technical cermet anodes the TPB length is not well known and the polarization
resistance includes an additional contribution of ionic transport in the YSZ matrix. Therefore,
the electrode performance of technical cermet anodes is described by an Area Specific Resis-

tance (ASR) that combines the contributions of charge transfer and ionic transport.

1.1.3 Kinetics

In elementary kinetic studies, electrochemical reactions such as the anode reaction in equation
1.2 are further divided into individual reaction steps [13]. These individual reaction steps in-
clude the electron transfer reaction (typically referred to as charge transfer), heterogeneous

chemistry as well as surface and bulk diffusion.

For the charge transfer reaction, different steps have been suggested and discussed in literature,
see figure 1.2. An overview is given by Adler and Bessler in [4]. These mechanisms include
charge transfer at the TPB during hopping of:

(i) adsorbed hydrogen from Ni to YSZ, denoted H spillover (figure 1.2a)
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(ii) oxygen ions from YSZ to Ni, denoted O spillover (figure 1.2b)
(iif)  hydroxyl either from Ni to YSZ or inverse, denoted OH spillover (figure 1.2c).

Additionally, the possibility of charge transfer at the Two-Phase-Boundary (2PB) of electrode

and electrolyte by interstitial transport of atomic hydrogen is proposed, see figure 1.2d.

a) H, b) H,
o HO
H )
Ni L "9 H,0, OH- Ni o
A A
s 2-
YSZ o YSZ O
Hy, +O0? = OHyg, +ey; +0y 1.6 0% +oy=Of; +ey; +0ys, 1.8
Hy, +OH _ =H,O,, +ey; +0y 1.7 O +0y=O0y; +2 ey, +Oyg; 1.9
0 =0y, +ey 1.10
O, 0ni= Oy +ey; +D0ysz 1.11
C) H,0 d)
J H,0 e
Ni WOl Ni B[] 410 O
? =4
2- 2-
YSZ o YSZ O
OHyg, +0y = OHy; +ey; +0ys; 1.12 H;(,Ni +Vyg, &= H;,YSZ +tey + Vi 1.13

figure 1.2: Scheme and equations of different elementary kinetic reaction mechanisms for the electrochemical oxida-
tion of hydrogen: a) charge transfer during hopping of surface adsorbed Hy; from Ni to YSZ surface with reaction

with O* to H,Oysz or OH" also denoted hydrogen spillover, b) charge transfer during hopping of O* or O from
YSZ to the Ni surface also denoted oxygen spillover, c) charge transfer during hopping of OH" from YSZ to Ni or
Ni to YSZ, also denoted hydroxyl spillover, d) charge transfer between interstitial hydrogen H; at the electrode-
electrolyte interface, denoted interstitial charge transfer. Here, O indicates a free surface site, V indicates a bulk
vacancy and the subscripts Ni and YSZ denote the respective surface or bulk.

Herein, a distinction is made between single and two step mechanisms. In the former, the two
electrons of an O™ ion are transferred at once (e.g. equation 1.9), in the latter the two electrons

are transferred in two consecutive steps (e.g. following equations 1.10 and 1.11).

The reaction mechanisms of figure 1.2a-c apply for clean surfaces of electrode and electrolyte
and especially a clean TPB. In the case of impurity segregations at the TPB, the reaction mecha-
nisms may be subject to a blocking and a change in the reaction mechanism e.g. in favor of

interstitial charge transfer, see figure 1.2d.

In the case of CO-CO, atmosphere, only sparse literature exists. Mostly, charge transfer mecha-
nisms with oxygen spillover are considered. Especially the interstitial pathway seems improb-

able, since solubility and diffusivity of CO in Ni are assumed to be very low [14].
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In most studies, the charge transfer step is denoted according to the accompanying transfer
mechanism of either Ni-surface adsorbed Hy; from Ni to YSZ or YSZ-surface adsorbed Oy,
from YSZ to Ni. These are typically referred to as spillover mechanisms [4, 15, 16]. This expres-
sion is borrowed from heterogeneous catalysis, where it is defined as the transport of an acti-
vated species from one surface to another surface on which it cannot adsorb under similar con-
ditions [17]. While the applicability of this definition for the electrochemical oxidation at the
SOFC is argued [15, 18], the common denotation as spillover mechanisms is maintained

throughout this work.

1.1.4 Model Anodes

Due to the complex structure of cermet anodes, model anodes are increasingly used for experi-
mental and theoretical investigations of the anode reaction mechanisms. These anodes exhibit a
two-dimensional and thus easily accessible l;pz. Among them are micropatterned electrodes,

point electrodes or grid electrodes, see

figure 1.3. Furthermore, the simplified geometry allows to separate the elementary kinetic

charge transfer reaction at the TPB from the role of the anode morphology.

Among the different model anode concepts, patterned Ni anodes enable the reproducible
preparation of comparatively high values of l;p5 up to several meters. With higher values of lypg,

parasitic influences are reduced in favor of the measurement accuracy.

Even though patterned Ni anodes represent a simplified anode structure, results from electro-
chemical characterization indicate difficulties with respect to the reproducibility of electro-
chemical data [6-9]: the comparison of results from different studies in literature shows signifi-

cant deviations in absolute values of LSR, as well as controversial parameter dependencies.

) b) 0

Nickel H,

YSZ H,O

\\o \
H,0 H, HO
H, Nickel
wire
YSZ YSZ

e )y Pz

figure 1.3: Scheme of the reaction mechanism at different anode concepts: a) cermet structure with long transport
paths for oxygen ions, electrons and fuel gas, b) micropatterned Ni anode with well defined TPB, and c) point anode
prepared by bending and pressing a Ni wire on the electrolyte substrate.
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1.2 Goals of this Work

The aim of this work is to establish a complete data basis of the electrochemical characterization
of patterned Ni anodes in H,-H,O and CO-CO, atmosphere, including the parameter depend-
encies of the Line Specific Resistance (LSR) on gas composition, temperature and polarization

voltage.

With respect to the persisting discrepancies in literature, special focus will be directed to (i) the
stability of the Ni structure and (ii) the measurement reproducibility, as well as (iii) the com-
bined analysis of impedance spectra with Distribution of Relaxation Times (DRT) calculation
and Complex Nonlinear Least Squares (CNLS) fitting in order to separate the contribution of
charge transfer from other contributions. Furthermore, the possibility of an influence of impuri-
ties on the reaction mechanisms will be considered by a detailed surface analysis and the identi-

fication of impurity features.

By the comparison of the obtained LSR values and parameter dependencies on gas composition
and temperature for the two analyzed atmospheres, a deeper understanding of the reaction

mechanism is expected.

Furthermore, a comparison of different anode concepts (patterned -, cermet -, and point anodes)
will be performed to gain valuable insight on the elementary kinetics: the comparison of differ-
ent model anodes with known impurity content gives information on a possible influence of
impurities. Finally, the comparison to experimental data of technical Ni/8YSZ cermet anodes by
means of a transmission line model gives evidence whether the geometry simplifications ap-
plied for model anode studies are valid. Hence, the applicability of model anodes for the identi-

fication of the elementary kinetic reaction mechanism at the SOFC anode is analyzed.

1.3 Outline

In the following chapter 2, a detailed review of previous patterned Ni anode studies dealing
with (i) the electrochemical characterization and (ii) the modeling of the elementary kinetics in
H,-H,O and CO-CQO, atmosphere is given, as well as (iii) the state of the art of impurity analysis
studies. The main characteristics of patterned Ni anodes — fabrication, stability, electrochemical

characterization and data analysis, and impurity features — are addressed in chapter 1.

The subsequent chapters present the results of electrochemical characterization of the patterned

Ni anodes:

(i) In chapter 4, the degradation and relaxation mechanisms observed during the char-

acterization of nominally stable patterned Ni anodes are described and discussed.

(ii) In chapter 5, the results of the electrochemical characterization in H,-H,O atmos-
phere are given together with the comparison to data from patterned Ni anode stud-

ies in literature and to data from point anodes with known impurity features.
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(iif)  In chapter 6, the results of the electrochemical characterization in CO-CO, atmos-
phere are given and a comparison of the electrode performance in H,-H,O and CO-

CO, is discussed with respect to possible reaction mechanisms.

(iv)  In chapter 7, the comparison to electrochemical performance of technical Ni/8YSZ
cermet anodes is performed using a transmission line model and the results are dis-

cussed.

A concluding discussion of the achievements of this work is given in chapter 8.






2 Evaluation of Previous Studies

This chapter summarizes the state of the art in both electrochemical characterization and ele-

mentary kinetic modeling of SOFC anodes with special emphasis on patterned Ni anodes.

The main step in order to obtain evidence on the rate determining reaction mechanism consists
of combined studies on electrochemical characterization of simplified geometries and on ele-
mentary kinetic modeling. Herein, the dependencies of LSR on pH,, pH,O, pCO, pCO,, T, and 1)
are important parameters. Additionally, other effects such as the influence of impurities give

valuable insight.

An overview of previous studies on the oxidation reaction of H, and CO with patterned Ni
anodes is given (i) with respect to the electrochemical characterization in section 2.1, and (ii)
with respect to the elementary kinetic modeling in section 2.2. The findings of the studies on the

impurity analysis of Ni point anodes are summarized in section 2.3.

2.1 Electrochemical Characterization

2.1.1 H,-H,O Atmospheres

A lot of studies exist for the electrochemical characterization of SOFC anodes in H,-H,O atmos-
phere. These include model anodes — mainly point anodes [19-26] and patterned anodes [5-9,
27-30] — as well as technical Ni/8YSZ cermet anodes [31-35]. With respect to the large number of
studies and the scope of this work, only the electrochemical performance of patterned Ni an-
odes is discussed in detailed. Further aspects of the characterization that have not been reported

for patterned anodes are summarized briefly.

Patterned Ni Anodes

Standard literature data for patterned Ni anodes comprises the studies by three groups with
comparable experimental conditions [6-9]: patterned Ni anodes with a layer thickness around 1
um, lipg between 0 to 12 m-cm?, smallest stripe width between 5 to 10 um, three-point meas-
urement setup with Pt reference electrodes, and single gas atmosphere. The parameter studies
include variations of pH, and pH,O in different ranges at temperatures between 400 to 850 °C.
However, a comparative analysis of the investigated gas compositions reveals almost no coinci-

dent points, as shown in figure 2.1. Furthermore, the range of relative water vapor content ([3,.;)
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is different. The relative water vapor content is calculated following £, = pH,O / (pH,O + pH,).
As a consequence, the existing experimental data can only be compared at around pH, = 10* Pa
and pH,O = 10° Pa.

10°75 Mizusaki
= De Boer a
o Bieberle
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E %@\ 2 A|:||:| %D l:%gAn oo u‘;g
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figure 2.1: Comparison of experimental conditions of pH, and pH,O variation in the studies with patterned Ni
anodes by Mizusaki [8, 9], de Boer [7] and Bieberle [6]. B indicates the relative water vapor content, the bold line
indicates atmospheric pressure.
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figure 2.2: Comparison of LSR values reported in literature [6-9] at a gas composition of pH, = 10* Pa and pH,O =
10° Pa together with the activation energy behavior.

table 2.1: Comparison of LSR values reported in literature [6-9]. The values are recorded at similar gas compositions

and projected to 700 and 850 °C using the respective activation energy E.

Study Ref. LSR T pH0 PH, B lppA E,.. LSR.,(700°C) LSR,,(850°C)

[Qm] [°C] [Pa] [Pa]  [%] [m] [eV] [Qm] [Qm]
Mizusaki [8,9] 20419 700 22-10° 1.1-10* 17.0 364 075 20419 6182
De Boer [7] 344 850 23-10° 9.9-10° 188 831  1.60 4400 344
Bieberle [6] 349 700 2.2-10° 1.510° 127 3.65  0.88 349 86
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The comparative study of data gathered from samples with different pattern designs is enabled
by the line specific resistance (LSR). The LSR is calculated as the product of polarization resis-
tance (R,), TPB length per electrode area (l;p5) and electrode area (A). So far, only values for the
polarization resistance (R,,) have been reported in literature [6-9]. In this work, the absolute
LSR values have been calculated by extracting the reported values for R, Itpg and A from the
respective studies. The resulting LSR values are shown in figure 2.2. An additional summary of
the values projected to 700 and 850 °C using the reported activation energies (E,.) is given in
table 2.1. The deviation is significant, with LSR values differing by almost two orders of magni-
tude for both temperatures. Further disagreements concern (i) the number of arcs observed in
the impedance plot, (ii) the activation energies (E,.) reported, as well as (iii) the LSR dependen-
cies on pH,O and pH, (including a controversial behavior upon pH, variation), as summarized
in table 2.2. Data by Mizusaki further indicates a difference in gas composition dependency

upon temperature changes [9].

The studies reported neither (i) results from an impurity analysis, nor (ii) the exact measure-
ment program, nor (iii) the measurement reproducibility. De Boer suspected a correlation be-
tween previous measurements and momentary electrode resistance, but no further analysis has
been performed and no information is given with respect to the exact conditions of data acquisi-
tion [7].

table 2.2: Comparison of experimental results reported in literature [6-9]. Values a and b describe the dependencies

of LSR on pH, and pH,O respectively, according to the expression LSR = c-pH,*pH,O".

Study Ref. # EIS arcs a b E,.[eV]
Mizusaki [8,9] 1 -0.09to0.15 0.32 t0 0.88 0.75
De Boer [7] 3 -0.26 0.37 1.60
Bieberle [6] 1 0.11 0.67 0.88

Further studies indicated problems encountered in the characterization of patterned anodes,
even though this has not been at the focus of the respective analysis: Sukeshini [29] and Ehn [27]
reported that patterned Ni anodes have ended up as separate Ni islands with an undefined TPB
length after testing. This result clearly demonstrates that structural changes during the charac-
terization need to be taken into account. Unfortunately, in both studies the course of the polari-
zation resistance with time was not measured and a variation of pH,, pH,O and T has not been
performed. In a recent study, Ehn reported on the degradation behavior of two different types
of patterned Ni anodes (dense and porous) [36]. However, for the determination of the parame-

ter dependencies, pH, and pH,O have not been varied independently.

For stability reasons, Yamamura [30] used two different samples for the characterization in the
range of 500 — 750 °C and 700 — 800 °C. A comparison of the polarization resistances at 700 °C
and 750 °C shows deviations of up to one order of magnitude. Unexpectedly, the higher resis-

tance is reported for the sample characterized at the higher temperature. Thus, the difference in
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performance can not be attributed to a pronounced grain growth and higher l;; at elevated
temperatures, but hints at a degradation process.

So far, only one study has addressed the influence of the electrolyte on the electrochemical
performance of patterned Ni anodes. Using YSZ electrolytes with different crystal orientations,
Rao et al. [37] have determined capacitances between 200 - 350 pF-cm? at 550 °C. This value
combines the capacitive contributions of charge transfer and double layer. However, no separa-
tion of the distinct contributions has been performed. In general, literature dealing with the
double layer capacitance at solid-solid interfaces is sparse [38-41].

Rate Determining Reaction Mechanism

When it comes to the interpretation of the rate determining reaction step, the expected linear
correlation was found between polarization resistance and l;p [6, 7, 9], indicating that the reac-
tion takes place at the TPB. As rate determining step, Mizusaki [9] suggested either dissociative
adsorption of H, or surface diffusion of H,4 as rate determining step, whereas Bieberle et al.

suggested either adsorption/desorption of H, or removal of O” from the electrolyte [6].

For a deeper understanding of the reaction mechanism and especially the role of electrode and
electrolyte, several additional experiments have been reported. However, they were not per-
formed with patterned anodes but with Ni/8YSZ cermet anodes: Primdahl reports a tempera-
ture dependent isotope effect upon a change from H,-H,O to D,-D,O [42]. This is interpreted as
a shift in the rate determining step where at low temperature either a transport limitation or a
limitation by a H, species reaction are suggested. The observed significant effect of the metal on
electrode performance with best performance for Ni indicates that the rate determining reaction
involves the Ni electrode [18]. Primdahl comes to the same interpretation with data of a sulfur
poisoning experiment: the increase in resistance with H,S addition to the fuel gas is explained
by a blocking of Ni surface sites. However, Sasaki showed that Sc-doped ZrO, (ScYSZ) is less
affected by sulfur poisoning [43], which rather indicates a reaction mechanism involving either

reaction on or diffusion through the electrolyte [18, 43].

2.1.2 CO-CO, Atmospheres

Studies with CO-CO, atmosphere are of interest (i) for the comparison of the performance to
data obtained in H,-H,O atmosphere, which allows conclusions on the kind of the reaction
mechanism, and (ii) because the common fuel for SOFC is reformate gas that — upon internal
reforming — splits up into CO components. Hence, the electrochemical characterization of the
pure CO-CQO, system can be considered as intermediate step towards the characterization with

reformate gases.

A general discussion is whether different mechanisms apply for the electrochemical oxidation
in H,-H,O and CO-CO, atmospheres: whereas several studies state that the anodic reaction is
not affected by the kind of fuel but only by the partial pressure of oxygen (pO,) and hence the

14
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reaction mechanisms are similar in both atmospheres [44, 45], other studies report a 2 — 10 times
higher polarization resistance for CO-CO, atmospheres compared to H,-H,O [14, 29, 46-50]. In
the following, an overview of existing literature dealing with the electrochemical characteriza-

tion of Ni anodes in CO-CO, atmosphere is given.

Patterned Ni Anodes and Model Anodes

So far, literature on the electrochemical characterization in CO-CO, with patterned Ni anodes is
sparse. Studies by Sukeshini et al. [29] as well as Ehn et al. [27] were performed with rather thin
electrode layers of 200 nm and 0.5 — 1 um thickness, respectively. In accordance with the find-
ings of the stability study for Ni thin films performed in this work (see section 3.1.3 and [51]),
theses structures proved to be unstable: bubbles formed under the Ni film or the continuous
film even split up into separate islands during electrochemical characterization. Furthermore,
no data is given on the polarization resistance as a function of the parameters pCO, pCO, and T.
Hence, no quantitative parameter dependencies can be extracted from these studies. However,
the studies by Sukeshini and Ehn report larger polarization resistances for CO-CO, than for H,-
H,O atmosphere. A recent study by Ehn showed that the increase in polarization resistance for
a shift from H,-H,O to CO-CO, is most pronounced for porous patterned Ni anodes, whereas
dense electrodes show only a slight performance change [36]. This indicates an increase in po-
larization resistance due to an additional transport limitation rather than due to a change in
reaction mechanism. Additionally, data by Sukeshini showed a dominance of H, oxidation

during the oxidation of CO-H, mixtures [29].

Boulenouar et al. reported a study with Ni grid electrodes in CO-CO, atmosphere [47]: an expo-
nent of d = 0.5 is reported for pCO, variation and of ¢ = 0.5 for pCO variation at high pCO val-
ues. For the entire variation range of pCO a smaller exponent of ¢ = 0.25 is obtained. Here, the
exponents ¢ and d are determined in accordance to a and b in H,-H,O atmosphere, using the

expression LSR = c;pCO“pCO,*“. No values are given for the activation energy.

In a combined experimental and modeling study, Lauvstad et al. characterized Ni and Pt point
anodes in CO-CO, atmosphere [49]. Neither the reaction orders nor the activation energy are
reported, as too few operation points were used for the determination of the quantitative de-
pendencies. However, an increase in polarization resistance with increasing pCO (thus negative

value of c¢) and a decrease with increasing pCO, (thus positive value of d) were observed.

Ni/8YSZ Cermet Anodes

A comprehensive study on Ni/8YSZ cermet anodes has recently been performed by Leonide et
al. and reports the parameter dependencies for pCO, pCO, and temperature variations [52, 53].
The dependencies for pCO (c = -0.06) and for pCO, (d = 0.25) are in qualitative agreement with
data by Lauvstad for Ni point anodes. An activation energy of E, ., = 1.23 eV is reported. The
dominance of H, oxidation during the oxidation of CO-H, has been shown in a study by Weber
et al. for Ni/8YSZ cermet anodes [50].
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2.2 Modeling the Reaction Mechanisms

The major unsolved question in research on SOFC anodes is the reaction mechanism of the
electrochemical oxidation of the fuel gas (i.e. H,, CO and reformate gases). Here, detailed mod-
eling studies are required in addition to experimental results from electrochemical characteriza-

tion.

Depending on the aim of the study, modeling of the SOFC is performed on different levels.
Sorted by decreasing scale, these levels include the system level, stack level, cell level, electrode
level, surface level and finally the molecular and interphase level, for a detailed description see
[15]. Following this definition, the surface level describes the elementary kinetic chemistry and
surface diffusion, yielding information on the reaction pathways and rate limiting steps. It is

also commonly denoted elementary kinetic modeling.

In contrast to global modeling e.g. on the cell and electrode level, where global kinetic expres-
sions such as the Butler-Volmer equation are applied, the elementary kinetic modeling ap-
proach consists of the description of the individual physical or chemical step reactions of sur-
face and gas phase transport, heterogeneous chemistry (i.e. adsorption / desorption) and charge
transfer by mass action laws. This allows the modeling in non-equilibrium conditions and the
calculation of parallel charge transfer pathways [4, 54]. However, it also leads to a complex
framework including numerous parameters such as thermodynamic data of all involved species
and diffusion coefficients. The determination of these parameters is often difficult due to a lack
of experimental data in the temperature range of interest or considerable deviations between
results of different studies [16, 55].

For the parameter adaptation as well as the experimental validation of the elementary kinetic
models, simplified geometries such as model anodes are used preferentially. Several modeling
studies have been performed so far both for the H,-H,O and the CO-CO, atmosphere, an over-

view is given in the following sections.

2.2.1 H,-H,O Atmospheres

For the modeling of the H,-H,O atmosphere, several elements (e.g. H,, H,O, O%) in different
states (e.g. in the gas phase or surface adsorbed on Ni or YSZ) need to be considered and are
typically denoted species. For example, Vogler et al. have considered a total of 12 species, inter-
acting by 8 surface reactions and 7 charge transfer reactions [16]. In order to reduce the model-
ing complexity, most studies have made certain simplifications e.g. reduced the dimensions of
the system using simplified geometries, disregarded some contributions or applied single step

mechanisms exclusively.

For the validation of the modeling studies, the problem of the discrepancies between different

experimental data sets persists, as already discussed in section 2.1.1. Due to the different abso-
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lute LSR values and the discrepancies in parameter dependencies, it is not possible to cover all

experimental studies with a single model.

table 2.3: Comparison of elementary kinetic modeling studies reported in literature for the H,-H,O atmosphere [13,
16, 54-57] with respect to the type of model, the considered processes (‘CT" indicates the charge transfer mecha-
nism), the experimental data set used for validation and conclusions on the rate determining reaction step. Addi-

tionally, some simplifications taken in the respective model are given.

Study  Ref. Type Processes Exp data Result Comments
Bieberle [55] State Space Model 1CT: Bieberle [6] No definite conclu-  Ni surface active,
Single step O spillover sion on rate limiting  YSZ surface inactive,
0D + heterogen. chem. step possible no surface & gas phase
transport,
scaling of kinetic pa-
rameters
Bessler ~ [56] Elementary mass 5 CT: Mizusaki [8] Mizusaki: H spillover Only charge transfer,
action kinetics O spillover, deBoer[7]  or Hinterstitial no surface & gas phase
Single step OH spillover, Bieberle [6] De Boer: no clear transport,
1D H spillovers, trend no heterogen. chem.
H interstitial Bieberle: H spillover  exchange current den-
to OH sity scaled to exp. data
series
Vogler  [16] Elementary mass 7 CT: Bieberle [)] Two H spillovers (to  Scaling of rate coeffi-
action kinetics O spillover, O and OH) yield best cients,
Single & two step  H spillover, agreement adjustment of diffusion
1D OH spillover coefficients
+surface transport
+ heterogen. chem.
Vogler  [57] Elementary mass 1CT: Bieberle [6] Interstitial H transfer ~ Scaling of rate coeffi-
action kinetics interstitial feasible, but surface  cients,
Single step + surface & bulk spillover preferred  adjustment of diffusion
2D transport coefficients
+ heterogen. chem.
Bessler  [13] Elementary mass 2 CT: Utz [58] Change in rate Scaling of rate coeffi-
action kinetics H spillover, determining step for ~ cients,
Single & two step  + surface transport different temperature  adjustment of diffusion
1D +heterogen. chem. (co-limitation) coefficients
Goodwin [54] Elementary mass 4 CT: Mizusaki [8] Dual channel H Scaling of rate coeffi-
action kinetics O spillover, spillover represents  cients,
Single & two step  H spillover data well adjustment of symmetry
1D + surface transport factor

+ heterogen. chem.

Therefore, most studies limit the model validation to a single experimental data set, which
considerably compromises its significance. Furthermore, different studies have focused on

different aspects of the electrochemical characterization and no complete data set exists: data for
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2 EVALUATION OF PREVIOUS STUDIES

cathodic polarization is reported exclusively by Mizusaki, while a large temperature variation is
only performed by Bieberle. In an early study, Bessler and coworkers have compared modeling
results to all available experimental data sets, but applied other simplifications that affect the
modeling result: only charge transfer was considered and — due to the unknown preexponential
factors and activation energies - the simulated exchange current densities were scaled to ex-
perimental data [56]. Nevertheless, this work emphasizes the difficulty to draw conclusions
based on an inconsistent experimental data set. Later on, Bessler and coworkers only used data
by Bieberle for the validation [16, 57], whereas Goodwin et al. validate their model with data by

Mizusaki [54]. Thus, a direct comparison of the two modeling approaches is not possible.

An overview of modeling studies with patterned Ni anode data is given in table 2.3. Despite the
differences in (i) the modeling approach, (ii) the number of included charge transfer mecha-
nisms, (iii) the simplifications regarding heterogeneous chemistry, and in (iv) scaling of results
to experimental data, the general consensus is that charge transfer is the rate limiting step and
most probably proceeds as H spillover. However, the actual procedure is not clear: whereas
Bessler and Vogler suggest a temperature dependent co-limitation of H spillover to O and OH
[13, 16], Goodwin et al. are in favor of a dual channel H spillover, where the mechanism of H

spillover to OH appears twice with different rate constants [54].

Only one study considers interstitial charge transfer that is proposed in the context of a block-
ing of the TPB, see section 2.3 [4]. Vogler was able to reproduce the experimentally determined
parameter dependencies of pH,, pH,O and T of the study by Bieberle, but it is questionable,
whether the measured exchange current density can be obtained with the diffusion coefficients
for interstitial H in the YSZ bulk [57]. However, a certain amount of the exchange current den-
sity may be supplied by this mechanism in parallel to a surface spillover mechanism [59].

Further modeling studies on the electrochemistry exist for cermet anodes [39, 60], but will not

be treated in detail in this work. A comprehensive review is given by Adler and Bessler in [4].

2.2.2 CO-CO, Atmospheres

Only few modeling studies have been carried out with CO-containing fuels so far [14, 49, 61,
62]. In an early study, Etsell et al. [62] characterized porous Pt anodes in CO-CO, atmosphere
and found that two species are involved in the reaction. However, no definite conclusion was
possible whether — besides gaseous CO, — gaseous or adsorbed CO was involved. A combined
modeling and experimental study has been performed by Lauvstad et al. including four differ-
ent mechanisms for charge transfer [14, 49]. The application to experimental data from Ni point
anode characterization indicates a reaction mechanism involving at least two adsorbed inter-

mediates that were assumed to be O,4 and CO,,.

Recently, Yurkiv et al. performed a modeling study on the CO-CO, reaction mechanism com-
bined with Temperature Programmed Desorption (TPD) measurements to determine the kinet-

ics of adsorption/desorption [61]. For the charge transfer, five different mechanisms have been
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2.3 EFFECT OF IMPURITIES

modeled. Best agreement to experimental data from Lauvstad et al. [49] was obtained for a two
step charge transfer consisting of a transfer of one electron on the YSZ surface and a consecutive

O spillover from YSZ to the Ni surface (see equations 1.10 and 1.11).

A comparison of the modeling studies is given in table 2.4.

table 2.4: Comparison of elementary kinetic modeling studies reported in literature for the CO-CO; atmosphere [14,
49, 61] with respect to the type of model, the considered processes (‘CT’ indicates the charge transfer mechanism),
the experimental data set used for validation and conclusions on the rate determining reaction step. Additionally,

some comments to the respective model are given.

Study Ref. Type Processes Exp data Result Comments

Lauvstad [49] Elementary mass 4 CT: Lauvstad Rate determining Calculation of steady
action kinetics O spillover [49] step with 2 adsorbed  state relationships
Single & two step  CO spillover species (Ou, COu) CT at TPB or electrode-
0D + heterogen. chem. electrolyte interface

+ surface transport

Yurkiv. ~ [61] Elementary mass 5CT: Lauvstad Two step O spillover  Scaling of rate coeffi-
action kinetics O spillover [49] represents data well  cients,
Single & two step  + heterogen. chem. adjustment of diffusion
1D + surface transport coefficients

2.3 Effect of Impurities

Impurities at the surface of electrode or electrolyte, and especially at the TPB, are considered as
barriers for the charge transfer reaction. They are suspected to influence the charge transfer
mechanism, e.g. in favor of interstitial charge transfer [4, 63]. As a consequence, the avoidance
of impurities as well as the knowledge of the impurity amount is of special interest in the analy-

sis of the elementary kinetics of SOFC anodes.

A low amount of impurities is always present in the raw material of the electrolyte, since their
complete removal is very expensive. In some cases, impurities are even added intentionally in
order to improve the sintering behavior [64]. Additionally, impurities can be introduced by the
preparation method, during sintering in an oven with inappropriate crucible or during the
surface cleaning process. Due to the high surface energy of unrelaxed YSZ and the high affinity
of Si0, to the surface, a strong driving force for impurity segregation to the surface exists [18].
The segregation and accumulation of impurities at the surface leads to the formation of a glassy
alkali silicate phase [65].

As the impurities on the surface originate mainly from the bulk material, the surface to volume
ratio is a decisive parameter [66]. In this matter, model anodes are disadvantageous compared
to micro- or nano-sized cermet structures and therefore require special focus on (i) the avoid-

ance of impurities and (ii) the determination of the impurity amount.
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2 EVALUATION OF PREVIOUS STUDIES

So far, no impurity analysis has been performed for patterned Ni anodes. However, a consider-
able amount of impurity analyses has been performed for Ni point anodes by Mogensen and
coworkers [18, 21-23, 26, 34, 63, 65-73]. In addition to the electrochemical characterization of Ni
point anodes, the impurity content on the surface of the electrodes has been determined by
various surface analysis tools, including Energy Dispersive X-ray Diffraction (EDX), X-ray Pho-
toelectron Spectrometry (XPS), and Time-Of-Flight Secondary Ion Mass Spectroscopy (TOF-
SIMS). The analyses include comparisons of different purity levels of the Ni electrode [23, 65,
68, 73] as well as of different electrolytes (YSZ and ScYSZ) [26, 70, 71]. Furthermore, studies
have been performed at a lower temperature of 500 °C in order to reduce impurity segregation
[67].

A difference in the initial behavior during the first 50 h of thermal exposure at 1000 °C was
observed for samples with two different purity levels of the Ni electrode (99.8 % and 99.995 %):
while for the purer electrode the LSR decreases, which is attributed to an increasing l;pg, the LSR
of the less pure material increases due to a build-up of a high impurity ridge. Even though
considerable sample to sample scatter superimposes the data, the observed trend is that the LSR
value of the impure electrode is up to an order of magnitude higher than for the pure electrode
[23]. At the same time, both observed impurity features — the impurity ridge and a hill-and-
valley structure at the electrode-electrolyte interface — are more pronounced for the less pure Ni

electrode.

For two different purity levels of ScYSZ electrolyte substrate, a difference in absolute LSR val-
ues has been observed with the higher value for the less pure electrolyte. The only difference in
impurity content is observed for the electrode-electrolyte interface, whereas the electrolyte
surface outside the contact area as well as the impurity ridge at the TPB exhibit no perceivable
differences in height and composition. Furthermore, a lateral difference in impurity concentra-
tion has been observed, distinguishing between a core zone with high impurity content and a
rim zone with low impurity content. The zone with reduced impurity content is believed to be

caused by metallic creep during the initial exposure to temperatures of 850 — 1000 °C [71].

From these two observations it is concluded that the reaction mechanism takes place at the
electrode-electrolyte interface, more precisely in the purer rim zone. In this case, a proton trans-

port across the electrode-electrolyte interface is the most probable step [26, 71].

Further studies have investigated the effect of impurities: Hughes et al. found that the surface of
a YSZ single crystal is fully saturated with SiO, after 300 min at 900 °C [74]. Calculations based
on thermodynamic equilibrium segregation show that impurity levels below 10 ppm are neces-
sary to avoid a full coverage of the surface by impurities [75]. However, the surface to volume
ratio of the electrolyte is also a decisive point. Furthermore, the origin of Si mainly from the
electrolyte is validated by a study by Hegh with an electrolyte wrapped up in a Pt foil [67]. De
Ridder et al. attempted a depletion of the bulk impurities by steps of sintering and consecutive
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2.3 EFFECT OF IMPURITIES

cleaning of the surface using Ar sputtering [75]. However, within 13 steps no considerable im-

provement was achieved.

Based on the above findings, a model for the different effects observed during electrochemical
characterization of Ni point anodes has been setup by Mogensen and coworkers that includes

the presence of impurities:

(i) Initial behavior: The assumption of a reaction by interstitial transport through the
bulk (and not across the TPB barrier) is supported by the initial behavior of the point
anode. During creep of the Ni electrode, a rim zone of high purity is forming at the
electrode-electrolyte interface, explaining the decrease in LSR described by Schmidt
etal. [71].

(ii) Effect of water: The glassy impurity layer that acts as barrier for the charge transfer
reaction changes its electrical properties upon uptake of water from the atmosphere.
Whereas the impurity ridge is almost entirely electrically insulating in dry atmos-
phere, it is getting considerably proton conducting for increasing water vapor con-
tent, leading to a decrease of LSR [66]. As further explanation, the formation of
highly volatile Si(OH), and thus a decrease of impurity content with increasing water
vapor content is suggested [63].

(iii)  Activation during polarization: The short term activation observed for anodic and
cathodic polarization is assumed to be caused by a change in the electrical field at
the interface and a consecutive redistribution of the impurities at the electrode-
electrolyte interface yielding an unblocked area. This is supported by the fact that
the activation for pure electrodes is less pronounced than for impure electrodes [65].

(iv)  Current oscillation: The observed current oscillation during polarization is attributed
to a short-term passivation of the Ni surface by Ni(OH), and NiO formation, or a
coupling of both [71, 72].

Based on these arguments, it is concluded that the contradictions found in earlier literature on
model anodes may be due to different impurity levels and different impurity compositions [63].
For instance, a strong difference in resistance of soda-silicate glasses as a function of material

composition has been shown by Seddon et al. [76].

While a detailed analysis of Ni point anodes has been performed by the comparison of absolute
LSR values of samples with different impurity levels, the parameter dependencies on the partial
pressures of H, and H,O as well as on temperature have not been determined. Hence, no defi-

nite conclusion on a change in reaction mechanism as a function of impurity content is possible.
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24 Conclusions

The strong deviations in existing literature on the electrochemical characterization of patterned
Ni anodes in H,-H,O atmosphere emphasize the need of a new data set with parameter varia-
tions of pH,, pH,O, T and n over a large range. Additionally, explanations for the differences
are required. In this work, the characteristics of patterned Ni anodes including stability and
reproducibility as well as an impurity analysis will be addressed in chapters 1 and 4. A new,
comprehensive data set of the electrochemical characterization of patterned Ni anode in H,-H,O

is determined in chapter 5.

So far, no data set of the electrochemical characterization of patterned Ni anodes in CO-CO,
atmosphere has been reported that includes the parameter dependencies on pCO, pCO, and T.
However, such a data set is strongly needed, e.g. for the validation of modeling studies. In this
work, a comprehensive data set for the characterization in CO-CO, atmosphere is established
and the absolute LSR values and parameter dependencies are compared to the results obtained

in H,-H,O atmosphere.

Furthermore, more studies on the determination of the parameters used in the elementary ki-

netic modeling studies are needed for the temperature range relevant for SOFCs.
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3 Characteristics of Patterned Ni Anodes

In this chapter, the general characteristics of patterned Ni anodes as they are used in this work
are described. The fabrication and stability of the samples is addressed in section 3.1 and the
measurement setup is explained in section 3.2. In section 3.3, the equivalent circuit for the inter-
pretation of the impedance spectrum is introduced. The results of a detailed impurity analysis

of the characterized patterned anodes are given in section 3.4.

3.1 Preparation of Patterned Ni Anodes

3.1.1 Fabrication Procedure

Prior to the characterization of the patterned Ni anodes, a comparative analysis of different
fabrication procedures has been performed with emphasis on reproducible sample properties,
good edge quality and feasible pattern design [77]. The results reported in this work have all

been obtained by the same fabrication procedure, which is specified in the following.

Patterned Ni anodes were fabricated on 8.5 mol% polycrystalline Y,O; —stabilized ZrO, (8YSZ)
substrates (Itochu Ceratec Corp., Japan) by a standard photolithography process [78].

For structuring, the substrates were covered with a two layer resist system, ensuring an under-
cut pattern for easy lift-off. Both bottom-resist layer (Allresist AR-P 5480) as well as photoresist
(Allresist AR-P 3540) were applied employing spin coating with 3000 and 6500 rpm for 90 sec
respectively. After bottom-resist coating, the substrates were prebaked at 150 °C for 5 min,
whereas prebaking of the photoresist layer was carried out at 100 °C for 2 min. Structuring of
the substrates was performed using a SUSS MJB300/400 mask aligner working with UV-light in
the 300 - 400 nm range. The exposure time was adapted to the mercury vapor lamp yield and
the required photoresist dose (50 - 100 mJ-cm™®). After structuring of the patterns, 800 nm thick
Ni layers were deposited by magnetron sputtering (Von Ardenne CS 730S, 60 W, no bias, purity
of Ni: 99.98 %), followed by the lift-off (Allresist AR300-72) of the unexposed regions of the
patterns. This fabrication procedure enabled reliable and reproducible manufacturing of pat-
terned Ni anodes. The adhesion of the Ni pattern on the substrate proved to be good: no re-

moval of Ni was observed after a scotch test.
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3 CHARACTERISTICS OF PATTERNED NI ANODES

The purity of the raw materials — YSZ substrate and Ni sputter target — is given in table 3.1 and
table 3.2.

table 3.1: Purity of the Ni target: impurity species and their amount as stated by the target supplier (FHR Anla-
genbau GmbH, Germany).

Species Concentration [w. %]

Ni 99.98
Zn 0.0001
Fe 0.0014
Co 0.0029
Cu 0.0019
Pb 0.0040

table 3.2: Purity of the YSZ substrate: impurity species and their amount as stated by the supplier (Itochu Ceratec

Corp., Japan).
Species Concentration [w. %]
Y,0; 13.79
AL O, 0.074
Sio, 0.032
Fe, O, 0.003
MgO 0.001
Na,O 0.035
Hf,0 1.6

3.1.2 Pattern Design

In this work, two different pattern designs have been prepared, see figure 3.1. In both designs,
the Ni pattern is positioned in the center of the 20 x 20 mm? YSZ substrate. Pattern type #1 with
a size of 10 x 10 mm’ is composed of parallel stripes and two perpendicular stripes at the ends
that ensure contacting of all stripes. Pattern type #2 with a size of 10.25 x 10.25 mm” is com-
posed of an area of 9.25 x 9.25 mm’ with parallel Ni stripes and a 500 um wide frame that al-
lows contacting with a special contact block. In both designs, different TPB lengths between 1 to
8 m-cm™ have been realized by a variation of stripe width and spacing, see sample list in section
9.4.

The reproducible sample quality was affirmed by SEM and light-microscopy analyses of the
samples before the electrochemical characterization. SEM images at two different magnifica-

tions are shown in figure 3.2.
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a) b) <)
pattern type #1 pattern type #2
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figure 3.1: Scheme of pattern design for the patterned Ni anodes prepared in this work: a) the Ni pattern of size 10 x
10 mm? (type #1) or 10.25 x 10.25 mm? (type #2) is positioned in the center of the 20 x 20 mm? YSZ substrate, b)
pattern type #1 consists of parallel stripes, two perpendicular stripes at the ends ensure a contacting of all stripes,
and c) pattern type #2 consists of parallel stripes within a 500 um wide frame, which allows contacting with a
special contact block. For information on stripe width and spacing see the list of samples in section 9.4.

figure 3.2: SEM images at two different magnifications of a prepared patterned Ni anode with pattern design #1: 15
um stripe width / spacing and 15 um wide perpendicular stripe at the end, layer thickness: 800 nm.

3.1.3 Stability Analysis

The stability of Ni thin films on YSZ substrates has been addressed in a detailed study and the
findings have been published in [51]. In the following, the key results are summarized briefly.

The analysis of samples with different Ni layer thickness between 50 nm to 1.2 um for a varia-
tion of temperature and gas composition revealed that the stability of a Ni thin film strongly
depends on (i) exposure temperature, (ii) exposure time, (iii) layer thickness, and (iv) water
vapor content of the anode gas. Thin Ni layers exhibit considerable grain growth followed by
hole formation in the continuous film and a separation into Ni islands with increasing tempera-
tures. An increase in water vapor content leads to an acceleration of this degradation process.
Thicker Ni layers proved to be more stable at elevated temperature, yet the average grain size
also increases with Ni layer thickness and leads to a roughening of the formerly straight and
sharp edge. However, the exact knowledge of the TPB length is required for the characteriza-
tion of patterned Ni anodes. It is therefore important to keep the Ni layer thickness as thin as

possible to reduce the increase in l;pg, and also the time of stabilization that is required until the
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3 CHARACTERISTICS OF PATTERNED NI ANODES

morphological changes (i.e. grain growth) have attained equilibrium. Additionally, thinner Ni
layers reduce the risk of delamination of the Ni film due to internal stress, and the smaller grain
size allows the fabrication of narrow stripes with a minimum stripe width of 5 um at a layer

thickness of about 1 pm, see also [9].

A Ni layer thickness of 800 nm was determined to assure the stability of the patterned Ni anode
during the electrochemical characterization at temperatures of 700 - 900 °C in H,-H,O atmos-
phere for water vapor contents up to (3, = 90 %. Therefore, all patterned Ni anodes character-
ized in this work were prepared with a Ni layer thickness of 800 nm. SEM analysis after the
electrochemical characterization of the patterned Ni anodes in CO-CO, atmosphere for
700 °C < T <800 °C confirmed the stability in this atmosphere as well.

The above mentioned morphological changes lead to an initial activation of LSR through an
increase in lpy and in in-plane conductivity. After about 20 h, this activation reaches equilib-
rium with no further grain growth during the subsequent electrochemical characterization.
Therefore, an initial heat treatment with fixed temperature, gas composition and duration was

established in order to achieve reproducibility of the Ni pattern. For more details see section 4.1.

H 2 um
figure 3.3: SEM images of patterned anodes: a) as prepared with straight and sharp edges. The dotted line indicates
Irps.m, and b) after electrochemical characterization at 700 °C < T <800 °C, 6.9-10° Pa < pH,0 < 8.3-10* Pa, 1.8-10*
Pa<pH,<8.7-10* Pa, 13 % < Bra < 82 %, balance N, exposure time = 210 h. The solid line indicates the increase in
Irps during characterization compared to the ideal Itpg s (dotted line).

The increase in l;py due to the grain growth needs to be considered for the interpretation of
results from electrochemical characterization. Therefore, the actual lipg (l1ppcorr) Was determined
based on SEM images using the image processing tool SPIP [79]. A correction factor of T, =1.3
was obtained as quotient of lpg ., and the theoretical lipg (lyppy,), see figure 3.3. The average
value determined for different positions on one sample as well as for several samples is almost
constant and is therefore taken as a standard value. The same value was observed after electro-
chemical characterization in H,-H,O and CO-CO, atmosphere, which affirms that no further

grain growth occurs in the Ni thin film after the initial heat treatment.
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3.2 Measurement Setup

Cell Setup

For the characterization in this work, a pseudo-symmetric cell composed of two different an-
odes has been chosen: the patterned Ni anode is the working electrode, while a screen-printed
Ni/8YSZ cermet anode is applied as counter electrode. Herein, the contribution of the counter
electrode is known and even negligibly small compared to the contribution of the patterned
anode. This cell setup differs intentionally from previous studies in literature that characterized
the patterned Ni anode against a reference electrode [6-9] in order to avoid the inaccuracies
related to a characterization with reference electrodes. Adler et al. showed that even for per-
fectly aligned electrodes, inherent distortions of the impedance such as frequency dispersion

and inductive artifacts occur [80].

The Ni/8YSZ counter electrode was screen-printed following the procedure described by Sonn
[35]. In the same contribution, the electrochemical characteristics of this type of electrode have
been identified. This counter electrode was applied to the substrate prior to the preparation of
the patterned Ni anode, since the fabrication steps of sintering at 1300 °C and NiO reduction at
850 °C require the highest temperatures.

Contacting

According to the pattern design, two different contacting methods have been realized in this
work, see figure 3.4. The samples with pattern design #1 are contacted on both sides by a fine
Ni-mesh (3487 wires-cm?, 0.065 mm wire thickness); the counter electrode is positioned on the
Al,O, sample holder. An additional weight of 18 g on top of the pattered anode contact mesh
ensures the electrical contact for both electrodes. The samples with pattern design #2 are con-
tacted by a special contact block that is positioned on two sides of the frame perpendicular to
the stripe pattern, see figure 3.4b. A fine Ni mesh on the contact surface ensures uniform con-
tacting. The counter electrode is contacted by a combination of a fine and coarse Ni mesh on a
Ni sample holder with flow field. Compared to the first setup, these modifications have re-
duced the influence of gas diffusion on overall electrode performance through direct gas flow to
the patterned Ni anode and improved gas supply to the counter electrode. At the same time, the

contribution of charge transfer is unaffected by these modifications (see section 9.1).

Measurement Setup

The sample holder is placed in a gastight Al,O, chamber of a horizontal tube furnace with single
chamber setup, see figure 3.5. The electrochemical characterization is performed at ambient
pressure with variations of pH,, pH,O or pCO, pCO, and pN, in between 0 and 100 % at a gas
flow of 100 — 300 ml'min". The independent variation of pH,, pH,0O, pCO and pCO, respectively
is realized by the addition of inert N, as balance gas. Herein, gas composition and gas flow are
controlled by a mass flow controller (MFC) battery, denoted gas mixing battery. The employed

measurement setup was developed at the Institute of Materials for Electrical and Electronic
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Engineering (IWE) and is optimized for the characterization of patterned Ni anodes in very dry
atmospheres.

a) b)
2x thermocouples 2x thermocouples
Au weight Il:{io(clﬁntact
Al,O, plate

u(t)

Ni mesh
' patterned anode

electrolyte
"""" counter anode
/_% mesh

Al,O, sample holder
(no flow field)

Ni mesh
patterned anode

electrolyte
counter electrode

Ni mesh

Ni sample holder
with flow field

figure 3.4: Scheme of the measurement setup for the electrochemical characterization of patterned Ni anodes: a)
contacting of the patterned anode with Ni mesh on the entire electrode surface. An Al,O;s plate and an additional Au
weight ensure good electrical contact. The counter electrode is contacted by a combination of fine and coarse Ni
mesh on top of the Al,Os sample holder without flow fiel, b) contacting of the patterned anode with a special Ni
contact block only on two opposite sides of the frame. A fine Ni mesh on the contact area ensures electrical contact.
The counter electrode is contacted by a fine Ni mesh on top of a Ni sample holder with flow field.

gas mixing battery
! “ - combustion chamber patterned electrode
H.+%0. > H.O electrolyte
‘MFC ‘MFC ‘MFC H 2 2 2 / / cermet electrode
S
;’ Nernst
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e e |
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FRA Al,O; tube ceramic heating coil

figure 3.5: Scheme of the measurement setup for the characterization of patterned Ni anodes in a horizontal tube
furnace. The gas composition in the setup is precisely adjusted by the gas mixing battery. The humidification of the
gas is realized by an upstream combustion chamber and monitored by a Nernst probe.

Gas composition and control

In this work, patterned Ni anodes have been characterized in H,-H,O as well as in CO-CQO,
atmosphere. The parameter dependencies of LSR, on pH, pH,O, pCO and pCO, were deter-

mined by individual variation of the respective partial pressure by the addition of N,.
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The humidification of the gas was realized by feeding oxygen and hydrogen into an upstream
combustion chamber. With this method it is possible to obtain very stable gas conditions even at
high water vapor contents. A Nernst probe located near the sample monitors the partial pres-
sures. This allows to determine the actual gas composition instead of the theoretical calculation
based on the flow rates of the gases. Thus, possible leakages in the setup are taken into account.

As the set-up has been designed to ensure maximum gas tightness, very low leakage rates were
achieved (< 0.02 %).

For the selection of gas variation range, two restrictions need to be considered: (i) oxidation of
Ni at elevated oxygen partial pressures following the oxidation reaction (equation 3.1), and (ii)
solid carbon formation at high concentrations of CO following the Boudouard reaction (equa-

tion 3.2) with subsequent metal dusting of Ni [81].
Ni+%02 = NiO 3.1
2CO0=C+CO, 32

Both limits have been calculated using the thermodynamic database MALT [82] and the range
of parameter variation of pH,-pH,O and pCO-pCO, that avoids these effects is indicated for
different temperatures in figure 3.6. At 800 °C, the critical pO, for oxidation of Ni is 1.2-10” Pa.

a) s b)
10 nickel ~ .
oxidation
104 - C
N ° ’
s P g
gN 103 _0)0)0\0 . . o. . .o. 8N
Qo (W
102 {S® ’
oo oo . ° o\o: 00 é carbon
101 S P ke Q> 100 N & formation
101 102 103 104 10° 10! 102 1038 104 105
pH,/Pa pCO /Pa

figure 3.6: Summary of parameter variation range of gas composition realized in this work: a) pH, and pH,O varia-
tion. The limit of Ni oxidation at 800 °C, as well as the respective relative water vapor content f,q are indicate, and.
b) pCO and pCO, variation. The critical regions of carbon formation and of Ni oxidation are indicated for tempera-
tures of 700, 800 and 900 °C. The red dots indicate parameter conditions that have been realized for the electro-
chemical characterization, the black line indicates the limit of atmospheric pressure.

In figure 3.6, the realized gas variations for both atmospheres are indicated. Compared to pre-
vious literature on patterned Ni anodes (see figure 2.1), wide ranges of the partial pressures are
realized with 8-10% Pa < pH, < 9-10* Pa, 210" Pa < pH,O < 6:10* Pa, as well as 4.0-10% Pa < pCO <
5.1-10* Pa, 9.5-10% Pa < pCO, < 9.2-10* Pa. Note that in CO-CO, atmosphere, the characterization
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3 CHARACTERISTICS OF PATTERNED NI ANODES

was performed in all gas compositions at 800 °C, while for the characterization at 700 °C the

critical gas compositions have been omitted.

In this work, the gas compositions are, in addition to the indication of the gas partial pressures,
described by their ratio of reaction product to reactant. For H,-H,O atmosphere, the ratio is
denoted relative water vapor content {3, and calculated according to equation 3.3. In CO-CO,
atmosphere, the ratio is indicated by Preicoico2 and calculated according to equation 3.4. The
variation of gas compositions in figure 3.6 corresponds to large variations of 0.02 % < 3,,, <88 %
and 8 % < B,e cocor < 99 %. The characterization for such a large parameter range is important to

identify possible changes in the reaction mechanism as a function of gas composition.

p - PO
rel pHZO + sz 3.3
__ pCO,
Pret,corcon pCO, + pCO 34
3.3 Equivalent Circuit Development

For the interpretation of impedance spectra, an equivalent circuit has been developed that is
appropriate for the interpretation of all impedance spectra in this work. This model was first
established for H,-H,O atmosphere and proved to be applicable in CO-CO, atmosphere as well.
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figure 3.7: a) Impedance spectra plotted for a variation of polarization voltage between 0 mV <1< 300 mV at con-
stant conditions (800 °C, pH, = 8.3-10° Pa, pH,O = 6.7-10° Pa, balance N,, By =45 %, sample: NiYSZ_146), and b)
corresponding DRT spectra. A clear separation of the two processes Pa. and Pag is observable for increasing polari-
zation voltage.

In figure 3.7, examples of impedance spectra for patterned Ni anodes are given together with
the corresponding result of the Distribution of Relaxation Times (DRT) calculation [83]. This
methodological approach allows to clearly separate the time constants of two low frequency

processes, particularly at an elevated polarization voltage 1. Altogether, three different proc-
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3.3 EQUIVALENT CIRCUIT DEVELOPMENT

esses are distinguished in patterned Ni anodes (P, Pag Pa,). The respective physical origin is

identified by a systematic parameter variation of gas composition, temperature and polarization

voltage. This procedure has recently been presented for highly efficient Ni/8YSZ cermet anodes

in [33]:
@)

(if)

(iii)

a)
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The low frequency process P,, at a relaxation frequency of 1 to 6 Hz and its depend-
ency on temperature and gas composition is shown in figure 3.8. The temperature
activation with E,, = 0.03 eV is negligible. The dependency on gas composition is de-
termined for binary H,-H,O mixtures without addition of N,. The proportionality of
the resistance R,, is expressed in equation 3.5, which has been introduced by Prim-
dahl [84]. Both parameter dependencies clearly assign P, to gas diffusion. The small
influence of polarization voltage on this process is explained by the small currents
(<20 mA at 1 =300 mV) and the small amounts of gas converted at the TPB of pat-

terned Ni anodes.

1 1
RAa CX:[ + J 3.5

XH20 1- XHZO

Process P,z shows strong temperature activation and depends on gas composition
and polarization voltage. This behavior is attributed to the charge transfer process in
the patterned Ni anode. The relaxation frequency ranges from 0.1 to 100 Hz, the area
specific resistance (ASR) is by far the largest with ASR = 5.5 to 3.4-10° Q-cm’.

The high frequency process P,, shows strong dependencies on temperature and gas
composition. The extracted values (relaxation frequency 5-10° - 10* Hz and a very
small ASR < 1 Q-cm?) are characteristical for highly efficient Ni/8YSZ cermet anodes

[35], which have been applied as counter electrode in this work.
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figure 3.8: Parameter dependencies of Pa.: a) dependency of Ra. on temperature together with the activation energy
E.: =0.03 eV (pH, = 8.3-10° Pa, pH,0 = 6.6:10° Pa, balance Ny, B = 44 %, =150 mV, sample: NiYSZ_140), and
b) dependency of Raa on variation of the molar fraction of H,O together with the fit according to equation 3.5. Only

binary gas mixtures are studied, thus xmo equals pH,O (T =800 °C, n=0mV, sample: NiYSZ_148).
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3 CHARACTERISTICS OF PATTERNED NI ANODES

A summary of the resistance R, the relaxation frequency £, and the exponent n of the processes
Paa Pag and Py, is given in table 3.3. The relaxation frequency is calculated by f,, = (2m1)". The
exponent n is extracted from Zy, = R/(1+(jw)"RQ), where n indicates the deviation from an ideal
RC behavior with n = 1 [85]. The patterned Ni anode shows only a small deviation with
n,e=0.9 - 0.95, whereas the Ni/8YSZ cermet counter anode shows a distinct deviation with
n,, =0.7-0.78. The gas diffusion process P,, is almost ideal with n,,=0.95. The resulting
equivalent circuit model is composed of three RQ elements (RQ,., RQ,p RQ,,), see figure 3.9.

a)
b)
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N o N > ‘
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figure 3.9: a) Equivalent circuit model with three RQ-elements representing contributions of gas diffusion (Paa),
charge transfer at the patterned anode (Pag) and the cermet electrode (counter electrode) (Pa,), and b) impedance
spectrum and corresponding CNLS fit recorded at T = 800 °C, pH, = 1.0-10° Pa, pH,O = 5.8-10° Pa, balance N, B
=85 %. The individual processes Paa, Pag, and Pa, are indicated by the dotted line. The spectrum is corrected for the
inductance of the setup of L =4-107 H.

table 3.3: List of the processes taking place in patterned Ni anodes, together with the values for the real part of the
respective resistance, the relaxation frequency determined by f.a =(270-T)" and the exponent n according to Zrg =
r/(1+(jw)"RQ). Additionally, the temperature and frequency dependencies and the attributed physical origin are
given. Note that for the charge transfer process Pag, both values of ASR and LSR are indicated.

Abbr. fro ASR LSR n Dependency Electrode process /
[Hz] [Q-cm?] [Q-m] physical origin
P,. 1to6 1to20 0.95 pH,O, pH, Gas diffusion

Pag 0.1t0100 55t03.410° 36to3-10* 09t00.95 pHO,pH, T Charge transfer reaction at
patterned Ni anode

Py 5-10° to 10* <1 0.7t00.78 pH,O,pH, T Charge transfer reaction in
Ni/8YSZ cermet electrode
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3.4 IMPURITY ANALYSIS

Additionally, ohmic and inductive contributions have to be considered in the equivalent circuit
model. The total ohmic contribution is attributed to the electrolyte (R,,) and the measurement
setup Ryewp(800°C) = 1.3 Q. Ry, was determined by a short circuit measurement and shows a
negligible temperature dependency. L accounts for the inductance of the setup (i.e. the wiring)
with L =4-10" H.

The separation of the processes P,, and P, i.e. gas diffusion and charge transfer, is favorably
performed at T = 800 °C. The gas diffusion process is almost temperature independent and the
DRT calculation yields very stable numerical results for the charge transfer process in this tem-
perature regime. This separation is important as it allows for the first time to determine the
LSR,, instead of the overall LSR of patterned anodes.

3.4 Impurity Analysis

In this work, a detailed impurity analysis has been performed on patterned Ni anodes after the
electrochemical characterization. This characterization included various parameter conditions
of temperature, partial pressures of H, and H,O and polarization voltage. The combination of
SEM with several surface analysis tools, including Scanning Electron Microscopy (SEM),
Atomic Force Microscopy (AFM), X-ray Photoelectron Spectrometry (XPS) and Time-Of-Flight
Secondary Ion Mass Spectroscopy (TOF-SIMS) allows to locate and quantify impurity features

and to determine their size.

Two different types of samples have been analyzed: (i) patterned Ni anodes after the electro-
chemical characterization and (ii) patterned Ni anodes after the characterization on which the
Ni electrode has been removed by an acidic solution of HNO;. Hence it is possible to assess all
regions of interest: (i) the YSZ surface, (ii) the Ni surface, (iii) the electrode-electrolyte interface
between YSZ and Ni, and (iv) the Triple-Phase-Boundary (TPB).

SEM
The SEM analysis was performed using a Zeiss 1540 XB (Carl Zeiss GmbH, Germany).

SEM images of a patterned Ni anode after characterization in varying H,-H,O atmospheres at
800 °C for 200 to 400 h are shown in figure 3.10: at high resolution, traces of impurities at the
TPB are observable. In related literature on impurities at the TPB of point anodes, the notation
of ‘impurity ridges’ is introduced for features with a size of up to a few microns in height [22].
With respect to the small dimensions of the features found in the present study, the notations

‘impurity striation” and ‘impurity imprint’ seem more adequate.

The image of the sample with Ni electrode (figure 3.10a) shows impurity striations at the TPB.
The width of these impurity striations differs between 100 nm to 1.6 pm, composed of adjacent

lines starting from an almost straight line to a curved line next to the TPB. The individual lines

33



3 CHARACTERISTICS OF PATTERNED NI ANODES

are clearly distinguishable. With increasing distance from the TPB, the lines become more pro-

nounced.

The images of the sample where the Ni electrode has been removed after electrochemical char-
acterization are shown in figure 3.10b and c. They reveal impurity imprints of the Ni grain
boundaries on the former electrode-electrolyte interface. No impurities are observable at the
YSZ grain boundaries. Furthermore, no change in the electrolyte surface appearance, e.g. the
hill-and-valley structure as reported in Ni point anode literature [22], is observable.

“impurity imprint”
" . .
of Ni grain boundary

impurity | -
striations §FYSZ - beneath Ni 5 F

+— 500 nm —— 500 nm 500 nm

figure 3.10: SEM images of the patterned Ni electrode sample with Ni electrode after electrochemical characteriza-
tion at 800 °C and varying Hy-H,O atmospheres: a) with Ni electrode showing impurity striations close to the TPB,

and b) and c) after removal of the Ni electrode with acidic solution. The varying width of the TPB impurity striation
and the impurity imprints on the electrode-electrolyte-interface at the former Ni grain boundaries are visible.

AFM

For the AFM analysis, a DualScope atomic force microscope (DME Danish Micro Engineering
A/S, Denmark) was used in tapping mode. The image resolution was 256 x 256; in combination

with the appropriate tip this yields a height resolution of 9 pm.

The AFM analysis has been performed on the sample without the Ni electrode. High resolution
and small area scans are necessary to detect the small impurity striations at the TPB and the
former electrode-electrolyte interface, see figure 3.11. The broad impurity feature at the TPB is
composed of several smaller adjacent striations. The height is determined to values in the range
of 8 to 15 nm. An individual striation is about 10 to 30 nm wide, whereas the whole feature can
extend up to 1.6 um. The impurity imprints at the electrode-electrolyte interface are even

smaller, they have an average height of 3 to 7 nm and are about 10 nm wide.

The detection of the impurities is extremely difficult as the curvature of the electrolyte surface is
typically 150 to 250 nm and therefore exceeds the elevation of the striations by far. Furthermore,
their small size makes determining the composition of the impurity feature almost impossible,

as e.g. the XPS analysis covers a bigger area, with typical minimum spot sizes of 20 — 30 um.
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figure 3.11: Results of AFM analysis on the sample without Ni electrode (removed after electrochemical characteri-
zation at 800 °C in H,-H,O atmosphere). Very small impurity striations at the TPB and impurity imprints on the
electrode-electrolyte interface at the former Ni grain boundaries are observable. The curvature of the YSZ surface of
150-250 nm exceeds the dimensions of the impurity features of 3-15 nm by far.

TOF-SIMS
TOF-SIMS was performed on a TOF-SIMS IV (ION-TOF GmbH, Germany) at a pressure of 4-10°

torr. High mass resolution spectra (low lateral resolution) were obtained using 25-ns pulses of
25-keV Bi" (primary ions), which were bunched to form ion packets with a nominal temporal
extent of <1 ns at a repetition rate of 10 kHz, thus yielding a target current of 0.9 pA. High
lateral resolution images with about 250 nm (low mass resolution) were obtained using 160-ns
pulses of 25-keV Bi" at a repetition rate of 10 kHz, thus yielding a target current of 150 fA. The
data was post-processed using the TOF-SIMS IV software package (version 4.1). For a more
detailed description of the procedure see [73].

The TOF-SIMS analyses have been performed on the surface of samples with and without Ni
electrode. Two different areas with different lateral resolution have been chosen: (i)
150 x 150 um” with high mass resolution and low lateral resolution, and (ii) 60 x 60 um* with
high lateral resolution and low mass resolution. These surface sizes ensure that several Ni

stripes and YSZ surface stripes are covered by the scan. The detected species include the main
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3 CHARACTERISTICS OF PATTERNED NI ANODES

components of the sample (Ni, Y and Zr) as well as the following impurity species: Na, Mg, Al,
Si, K, Ca, Ti and Mn. A different lateral distribution corresponding to the Ni electrode stripe
pattern could be observed for both sample types, see figure 3.12 and figure 3.13. By analyzing
the intensity profiles of samples with Ni electrode and without Ni electrode, the location of the
different impurities can be determined, see figure 3.14. Note that the signal intensity does not
give quantitative information for different species. Furthermore, due to matrix effects different

signal intensities may be detected for the same element on different substrates [73].

Y

—1 50 um

figure 3.12: TOF-SIMS ion images (150 x 150 um?) of the surface of a sample with Ni electrode (stripe width 20
um, spacing 20 um) after electrochemical characterization at 800 °C in varying H,-H,O atmosphere. High mass
resolution and low lateral resolution was used. Black is the lowest and white the highest ion intensity measured. The
signal intensity of all detected species is different between Ni and YSZ surface, indicating the preferential location of
the species.

On the sample with Ni electrode, Mn, Al and Si show a higher intensity on the Ni surface than
on the YSZ surface, whereas Na, Mg, K, Ca, and Ti show a higher intensity on the YSZ electro-
lyte. However, this difference in signal intensity does not necessarily indicate a difference in
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3.4 IMPURITY ANALYSIS

concentration but may also be attributed to matrix effects. Interestingly, on the sample with Ni
electrode, the higher Si intensity is found on Ni (see figure 3.14a), whereas on the sample with-
out Ni electrode, the higher Si intensity is found on the YSZ surface (and not on the former
interface). This indicates that the electrode-electrolyte interface is not favorable for Si segrega-
tion. Ti shows also a weaker intensity at the former electrode-electrolyte interface. Ca and Mg
have a constant signal on the sample without Ni, indicating that the whole electrolyte is covered
with these species even at the electrode-electrolyte interface, whereas Mn is mainly located at

the electrode-electrolyte interface.

Ti Ni Y Zr
F——— 50 um

figure 3.13: TOF-SIMS ion images (150 x 150 um?) of the surface of a sample where the Ni electrode (stripe width
20 um, spacing 20 pum) has been removed after electrochemical characterization at 800 °C in varying H,-H,O
atmosphere. High mass resolution and low lateral resolution was used. Black is the lowest and white the highest ion
intensity measured. Only some species (Al, Si, Mn, Ti) show the former stripe pattern, whereas the others are
equally distributed on the entire surface (Na, Mg, Ca, K). As expected, no Ni signal is detected.
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figure 3.14: TOF-SIMS line intensity profile of individual species compared to Ni signal taken from the 60 x 60 um?
TOF-SIMS scan of the sample with Ni electrode: a) impurity profiles of Al and Si. Both species show a higher
intensity on the Ni surface than on the YSZ surface, and b) intensity profiles of K, Ca and Mg. Ca and Mg show an
increase in intensity close to the Ni electrode and might indicate species accumulation at the impurity striations.
However, the lateral extension of ca. 4 um is rather large compared to an impurity feature width of 1 um determined
from AFM.

In figure 3.14b the line intensity profile of a 60 x 60 um? scan of the sample with Ni electrode is
shown. Whereas K shows constant signal intensity on the width of the YSZ surface, the signal
intensity of Ca and Mg increases towards the TPB and may be an indicator for accumulation of
these species at the TPB. However, the peaks have a width of about 4 um, whereas the AFM
analysis suggests a width of 1 um for the TPB impurity striations. Another possible explanation

for the increase in signal intensity is a shading effect of the Ni electrode on the signal intensity.

XPS

Chemical surface analysis was performed on a K-Alpha XPS (Thermo Fisher Scientific, UK),
using a spot of monochromatized AlKa X-rays and employing charge compensation during
measurements. Survey spectra were recorded using a pass energy of 150 eV. For the analysis, a
spot size with a width of 200 um width was used (400 um for the sample without electrode) and
a total of 25 scans have been chosen. Data analysis was performed using the software Thermo

Avantage (Version 4.53).

The XPS analyses have been performed on the surface of a series of YSZ electrolytes: (i) as
shipped, (ii) after sintering of the Ni/8YSZ cermet electrode at T = 1300 °C, and (iii) after charac-
terization at 800 °C in H,-H,O atmosphere. A series of Ni electrodes has been analyzed as well:
(i) after fabrication of the patterned Ni anode on the sintered YSZ substrate (before the electro-
chemical characterization), and (ii) after electrochemical characterization at 800 °C in H,-H,O

atmosphere.

Besides the sample components (Ni, Y, Zr) and unavoidable C (due to exposure to air), the
following impurity species were detected: Mg, Na, Si, Al, Mn, Ti, Zn and Fe. Ca could not be

detected in the spectra as potentially present Ca peaks come very close to the peaks of Zr.
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3.4 IMPURITY ANALYSIS

In table 3.4, the concentrations of all detected species are listed, and table 3.5 lists the ratio of
selected species compared to the Zr signal. Additionally, the results are compared to values
reported by Norrman et al. for the YSZ surface of ‘pure’ and ‘impure” Ni point electrodes (last

two columns) [73].

table 3.4: Results of XPS analysis with amount of main components (Y, Zr, O, Ni) and impurity species in at. %.
The sum of all elements is 100 %.

Species YSZ YSZ YSZ YSZ Ni Ni
as shipped  after sintering after char. after char. before char. after char.

(T=1300°C)  800°C, H,-H,0 electrode removed 800 °C, H,-H,0

Zr 23.33 17.37 23.11 18.1 13.31 15.57
Y 4.80 3.26 5.03 3.97 2.46 2.78
@) 57.89 48.44 58.28 47.03 4457 49.79
Ni - - - - 9.04 8.10
C 7.46 26.68 7.76 24.71 18.50 12.69
Mg 2.11 0.27 1.59 4.63 0.11 0.39
Na 0.02 0.76 0.46 0.33 0.43 0.38
Si 4.04 2.05 0.57 0.49 1.27 1.78
Al 0.35 1.18 0.07 - 0.71 0.87
Mn - - 2.78 0.15 6.50 4.66
Ti - - 0.35 0.17 - -
Zn - - - 0.42 - -
Fe - - - - 3.11 3.00

table 3.5: Ratio of selected elements on the YSZ substrate compared to the Zr signal. Additionally, the results are
compared to values reported by Norrman et al. for ‘pure’ (99.995 %) and ‘impure’ (99.8 %) Ni point electrodes at
the free YSZ surface [73]. “X imp/Zr’ refers to the sum of all impurity species excluding C signal.

Species YSZ YSZ YSZ YSZ YSZ YSZ
ratio as shipped  after sintering after char. after char.  “pure’ Ni electr. ‘impure’ Ni

(T=1300 °C) (T=1300°C)  800°C,H,-H,0 electr. removed [73] electr. [73]
Y/Zrx 0.21 0.19 0.22 0.22 0.37 0.35
Mg/Zr 0.090 0.016 0.069 0.256 - -
Na/Zr 0.001 0.044 0.020 0.018 0.19 0.26
Si/Zr 0.173 0.118 0.025 0.027 0.35 0.6
Al/Zr 0.015 0.068 0.003 - - -
Mn/Zx - - 0.12 0.01 - -
Ti/Zr - - 0.015 0.009 - -
L imp/Zr 0.28 0.25 0.25 0.34 0.54 0.86

No increase in impurity content is observed during sintering of the electrolyte, which is an
indication of a very pure electrolyte material and no contamination during sintering. Further-
more, the amount of impurities is stable during electrochemical characterization at 800 °C. The

amount of Si and Al even decreases, whereas the species Mn and Ti appear during characteriza-
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3 CHARACTERISTICS OF PATTERNED NI ANODES

tion, possibly segregating from the Ni electrode. The overall impurity amount with a ratio com-
pared to the Zr signal of 0.28 is very small and significantly smaller than the result of 0.54 re-
ported for point anodes with pure Ni electrode (99.995 % Ni) [73], see table 3.5. The same is
valid for the Si/Zr signal with 0.025 after characterization compared to 0.35 reported by

Norrman. This is of particular importance as SiO, is considered blocking the electrolyte surface.

The Y/Zr signal for the YSZ electrolyte with values of 0.19 to 0.22 is slightly higher than the
signal ratio of 0.18 obtained for a polished electrolyte surface, which is assumed as composition
of the YSZ bulk. This indicates that a minor demixing from the original composition of 8 mol %

Y,0; to 9 mol% Y,0; has occurred near the surface.

The positioning of the XPS spot on the Ni electrode proved to be difficult. Therefore, the spectra
contain also signals of Y and Zr. The Ni electrode shows a slightly higher impurity content than
the YSZ electrolyte. This is expected as the purity of the Ni target is only 99.98 %. The major
impurity component is Mn, which is not listed in the chemical analysis of the Ni sputter target
delivered by the supplier, see section 3.1. During the electrochemical characterization, the Si
amount increases slightly, but remains very small with 1.27 and 1.78 a.% before and after char-

acterization respectively.

Discussion

The surface analysis of the patterned Ni anodes revealed small impurity features at the TPB and
on the electrode-electrolyte interface at the former Ni grain boundaries. Furthermore, the TOF-
SIMS analysis showed different surface compositions on the free YSZ surface, the Ni surface
and the electrode-electrolyte interface. The size of the impurity striations at the TPB with a
height of up to 20 nm is comparable to values reported for very pure point anodes, whereas
heights exceeding 1 um were observed for less pure Ni electrodes [23]. Herein, a height of
20 nm corresponds to about 40 atomic layers of SiO,. In the case of a direct location at the TPB,
this would mean a barrier for the ion transfer reaction and favor a reaction mechanism involv-
ing interstitial transport of hydrogen, as proposed in earlier studies with point anodes [26, 63,
71]. However, for the patterned anodes in this work it is assumed that, due to the initial shrink-
age of the Ni pattern, this impurity striation is not exactly located at the TPB, as will be dis-
cussed later. In any case, this impurity level can be considered as the best achievable, that was
enabled by the careful choice of materials and a measurement setup that avoids further con-
tamination. Especially the amount of the critical impurity element Si is very small, demonstrat-

ing that no contamination source was present in the sintering oven or the measurement setup.

A major difference between the present patterned electrodes and point electrodes by Hegh [67]
is that SiO, and Al,O; contamination was found on top of the Ni patterns and even with a con-
centration higher than on the YSZ. SiO, and Al,O; were not detected on the Ni-wires by Hogh.
The cause of this difference is not yet clear but may be due to impurities in the contact mesh
(purity > 99.6 %).
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3.4 IMPURITY ANALYSIS

The lateral distribution of impurities at the electrode-electrolyte interface differs between the
patterned Ni anodes of this work and results reported for point anodes: no distinction between
a purer rim zone compared to an impure core zone as reported by Schmidt et al. [26, 71] was
found. It is assumed that this is due to the differences between the two electrode types with
respect to anode preparation and morphological development: While patterned anodes are
joined permanently to the electrolyte, point anodes are realized by temporarily pressing a bent
Ni wire on the electrolyte; proper contacting is ensured by a load. During electrochemical char-
acterization, the Ni film of the patterned anode exhibits shrinkage of the stripe width caused by
Ni grain growth, whereas the electrode-electrolyte interface of the point anode area increases
due to Ni creep caused by the load. Assuming that segregation of impurities to the free YSZ
surface is more favorable than to the electrode-electrolyte interface, the interface of patterned
anodes should be less contaminated than the core zone of a point electrode. Based on the same
assumption, the YSZ surface directly at the TPB is supposed to exhibit fewer impurities than the
free YSZ surface, as it has originally been covered by Ni. This is in accordance with findings by
Schmidt with a flattened electrode [71]: compared to a standard point electrode that showed an
initial decrease in LSR during thermal exposure, which is ascribed to slow creep of electrode
and formation of less impure rim zone, the flattened electrode showed an almost constant LSR

from the beginning.

The assumption of a less contaminated Ni-YSZ interface could also explain the initial behavior
observed for the patterned Ni anodes analyzed in this work and reported in [58]: the initial
decrease in LSR is caused by an increase in lps as well as a widening of the active reaction zone
due to the shrinkage of the Ni electrode. The observed degradation could then be attributed to a
slow, gas composition dependent diffusion of impurities closer to the TPB. This assumption is
based on the increase in the production rate of volatile Si(OH), with increasing pH,O [86],

which leads to a higher mobility of the impurities.

> t

figure 3.15: Scheme for the development of the impurity film topography found at the TPB of patterned Ni anodes
over time: a) after sputtering, the Ni film is composed of small grains, b) during thermal exposure the Ni grains
grow in size. At the same time, first impurities segregate to the TPB originating either from Ni, YSZ or both, c) the
Ni grains grow further and lead to a shrinkage of the Ni stripe width, yielding a broadening of the impurity film. It
is assumed that the electrolyte surface in direct neighborhood of the electrode is less contaminated, d) the top view
illustrates that the impurity film varies in width depending on the grain structure.

Based on these observations, the following model for the initial behavior of patterned Ni elec-

trodes has been developed and is illustrated in figure 3.15. After sputtering, the Ni pattern is
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3 CHARACTERISTICS OF PATTERNED NI ANODES

composed of very small grains (few nm); no segregation of impurities at the TPB has occurred
at room temperature (figure 3.12a). During thermal exposure at 800 °C, impurities from elec-
trode and electrolyte material segregate to the TPB and the free Ni and YSZ surfaces. At the
same time, the Ni stripe width reduces due to grain growth, leaving a less contaminated surface
directly at the TPB. The assumption is that the electrolyte surface directly adjacent to the TPB is
not covered by an impurity striation and is even less contaminated than the free YSZ surface
(figure 3.12b). With further shrinkage of the Ni stripe, several adjacent striations form next to
the TPB. The observation that the first striation at the outermost position from the TPB is most
pronounced indicates that segregation is very fast and occurs before the initiation of grain
growth, e.g. already during heating (figure 3.12c and d). Another favorable place for segrega-

tion is at the Ni grain boundaries rather than at the YSZ grain boundaries.

Additionally, a theoretical calculation has been performed to determine the probability of the
electrolyte surface being completely covered by bulk impurities, see section 9.2 and [87]. It has
been found that, due to the unfavorable surface to volume ratio of patterned and point anodes,
impurities at the surface are almost unavoidable for these anode concepts. Hence, it is impor-
tant to consider size and possible effects of impurity features in the interpretation of the electro-

chemical performance.

3.5 Summary

In this chapter, the following characteristics of the patterned Ni anodes used in this work have

been determined:

A reproducible fabrication method for patterned Ni anodes with sharp edges was introduced

consisting of Ni sputtering on structured photoresist followed by lift-off of the photoresist.

The optimal Ni layer thickness was determined that ensures stability up to temperatures of
800 °C in reducing atmosphere. The initial morphological changes of the Ni film during thermal
exposure stabilize after about 20 h at 800 °C. The correction factor T, = 1.3 accounts for the
corresponding increase in TPB length for H,-H,O and CO-CO, atmosphere. A standard initial

heat treatment ensures comparability between different samples.

Typical errors induced by reference electrodes were avoided by the characterization against a

Ni/8YSZ cermet counter electrode with known contribution.

The electrochemical characterization was performed in a gas tight measurement setup that
allows a precise adjustment and monitoring of the gas composition. A large variation of water

vapor contents of 0.02 % < {3, < 88 % was realized by an upstream combustion chamber.

The combined analysis of impedance data by DRT calculation and CNLS fits allows the separa-

tion of the charge transfer reaction at the patterned anode (R,g) from contributions of gas diffu-
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sion (R,,) and counter electrode (R,,). Hence, for the first time the pure charge transfer contri-
bution LSR,, of patterned Ni anodes and its parameter dependencies have been determined.

Even though impurities cannot be avoided entirely for Ni electrodes at an elevated temperature
of 800 °C, their amount has been kept at a minimum by the careful choice of materials and a

measurement setup that avoids further contamination.
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4 Investigation of Relaxation and Degradation
Mechanisms

In this chapter, the reproducibility of the electrochemical characterization of patterned Ni an-
odes is addressed. So far, the strong deviations in existing literature on patterned anodes could
only vaguely be attributed to impurities. However, no information on the impurity features for
the different studies is available. Based on the suspicion that the reported experimental data is
also subject to stability problems and degradation, a detailed analysis of the long-term behavior

of patterned anodes has been performed.

By a systematic observation of the behavior of patterned Ni anodes, four different peculiarities
could be described: (i) the initial decrease in LSR during thermal exposure is described in sec-
tion 4.1, (ii) the degradation rate at constant conditions is described in section 4.2, (iii) the slow
relaxation process upon changes in the gas composition is addressed in section 4.3, and (iv) the

relaxation upon polarization is described in section 4.4.

4.1 Initial Behavior

In this work, only samples with a layer thickness of 800 nm have been characterized. This thick-
ness, combined with a minimum stripe width of 5 um, has been shown to ensure the stability of
the Ni structure during electrochemical characterization at temperatures up to 800 °C in reduc-

ing atmosphere [51].

Nevertheless, the geometrically stable patterned Ni anode structure is still undergoing morpho-
logical changes during characterization. At 800 °C, the LSR,, initially shows a considerable acti-
vation within the first 20 - 25 hours of thermal exposure, see figure 4.1. In this time range, a
decrease in LSR of 60 - 65 % is observed with subsequent stabilization at an average value of

LSR,, of 54 (O-m (note that for this calculation lypg 4, has been chosen).

This reproducible initial activation of all samples is attributed to morphological changes in the
Ni thin film (grain growth, agglomeration, surface roughness) that result in both an increase of
l;ps and a change of in-plane conductivity. After 20 - 25 h the morphological changes are almost
entirely completed, and further alterations in lypz during characterization are negligible. This
assumption is affirmed by the SEM images of a patterned Ni anode at different stages of the

characterization, see figure 4.2. The grain growth and the consequential increase in lypy after the
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4 INVESTIGATION OF RELAXATION AND DEGRADATION MECHANISMS

initial heat treatment for 20 h (pH, = 8.6:10* Pa, pH,O = 1.5-10" Pa) is obvious, see figure 4.2a and
b. For the calculation of LSR, this increase in lrpy is accounted for by the correction factor T,
which is the quotient of actual lypg ., and theoretical lipgq. A value of T, = 1.3 was estimated
using the image analysis tool SPIP [79]. Comparing figure 4.2b and ¢, no further increase in

average grain size and lypg is observed and the same correction factor is obtained.

With respect to a possible effect of impurities, the strong decrease in LSR,, could additionally be
attributed to the creation of a ‘clean” TPB area as a consequence of the shrinkage of the Ni elec-
trode, see discussion in section 3.4.
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figure 4.1: Average LSR value of all patterned Ni anodes with different lrpp plotted over time during the first 20 h
of thermal exposure at constant conditions, together with the error bars for minimum and maximum values obtained
for the different samples (layer thickness: 800 nm, T = 800 °C, pH, = 8.6:10* Pa, pH,0 = 1.5-10* Pa, Bra =15 %).

b)
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figure 4.2: SEM images of the patterned Ni anode at different stages of the electrochemical characterization: a) as
prepared, b) after initial heat treatment at T = 800 °C, pH, = 8.6-10* Pa, pH,O = 1.5:10* Pa, By = 15 % for 20 h, and
c) after electrochemical characterization at 700 °C < T < 800 °C, 6.9-10° Pa <pH,O <8.3-10* Pa, 1.8-10* Pa <pH, <
8.7-10* Pa, 13 % < Bra <82 %, balance N, exposure time = 210 h.

With respect to this initial behavior of patterned Ni anodes and the need of reproducible meas-

urement data, the necessity of a standard initial heat treatment is apparent. It has been shown
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4.2 DEGRADATION RATE

that the morphological changes of the Ni layer are strongly dependent on temperature, see
section 3.1.3 and [51]. Therefore, it is important to perform the initial heat treatment at the high-
est temperature of interest for the electrochemical characterization in order to avoid a further
increase in lpg after this initial stabilization. Throughout this work this was realized by the
introduction of a standard initial heat treatment: before the actual measurement program, all
samples were exposed to 800 °C and 15 % relative water vapor content (pH, = 8.6-10" Pa,
pH,O = 1.5-10* Pa, pN, = 0 Pa) for 20 h. To ensure a reproducible starting point for the charac-
terization in CO-CQO,, the same standard initial heat treatment was applied.

4.2 Degradation Rate

After the first period of activation, a constant degradation of LSR,, is attained as a function of
gas composition. In H,-H,O atmosphere, a degradation rate of 0.4 % / h is observed at 800 °C
and a high water vapor content (pH, = 3.9-10* Pa, pH,O = 6.2:10* Pa, pN, = 0 Pa), see also figure
4.8. This is a very high degradation rate, exceeding the degradation rate of highly efficient
Ni/8YSZ cermet anodes (0.004 % / h) [2] by two orders of magnitude. A comparison among
patterned Ni anodes in literature is not possible, as none of the previous studies reported a
degradation rate [6-9]. In CO-CO, atmosphere, a slower degradation rate of 0.18 % / h is ob-
served at 800 °C and pCO = 4.8-10" Pa, pCO, = 5.4-10* Pa, see figure 4.3.
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figure 4.3: Degradation behavior of a patterned Ni anode recorded at 800 °C for pCO = 4.8-10* Pa and pCO, =
5.4-10* Pa (sample: NiYSZ_291), together with the degradation rate obtained for characterization in H-H,O at-
mosphere from figure 4.8.

The high degradation rate in H,-H,O atmosphere may be attributed to a removal of Ni via the
gas phase e.g. by Ni(OH),. However, in CO-CO, atmosphere the patterned Ni anode is still
subject to degradation, indicating an additional degradation mechanism. One assumption in-
volves the diffusion of impurities to the TPB. In the study on impurity features in patterned Ni
anodes, it has been suggested that the YSZ surface directly at the TPB is rather pure, due to the

morphological changes of the Ni pattern during thermal exposure (i.e shrinkage), see section 3.4
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4 INVESTIGATION OF RELAXATION AND DEGRADATION MECHANISMS

and [87]. As soon as the stripe width stabilizes, no new pure YSZ surface at the TPB is uncov-
ered by the shrinking stripe. Instead, impurities will start segregating to the TPB e.g. by surface
diffusion. As the properties of a glassy silicate are strongly dependent on the water vapor con-
tent, this may additionally explain the gas composition dependent degradation rate observed

for H,-H,O atmosphere.

4.3 Relaxation upon Changes in Gas Composition

The systematic observation of the degradation behavior additionally enabled the assessment of
relaxation processes with large time constants taking place during the characterization of pat-
terned Ni anodes. Consecutive impedance measurements in intervals of 60 min recorded after
each gas composition change reveal reversible relaxation processes of LSR with long settling
times for the H,-H,O atmosphere, see figure 4.4. The behaviors upon a variation of pH, and
pH,O vary significantly: whereas settling times for changes in pH,O are 2 - 3 h, settling times
following pH, variations exceed 5 h for most gas compositions at 800 °C, and even increase at
lower temperatures. For pH,O, the direction of relaxation depends on the direction of gas
change, for pH, the correlation is more complex. On the one hand, the direction of relaxation
depends on the actual pH,: above a certain pH, (here 3:10* Pa) LSR decreases, below this value
LSR increases. The amount and the settling time of the relaxation process seem to be inversely
proportional to the actual pH, value. On the other hand, the recording of rapid series of pH,
variation with only 5 min delay at each gas composition indicates that the actual LSR value
additionally depends on the direction of gas change: at a certain pH,, two different LSR values
are measured depending on the previous pH, (higher value for increasing pH,), see figure 4.5b.

Such a hysteresis is not observed in the case of rapid pH,O variation, see figure 4.5a.
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figure 4.4: Relaxation behavior upon changes in gas compositions for H,-H,O atmosphere: a) LSR measured for
pH:O variations at constant pH, = 4.6-10* Pa (sample: NiYSZ_143), and b) LSR measured for pH, variation at
constant pH,O = 7.0-10° Pa (sample: NiYSZ_146). .. indicates the relative water vapor content of the respective
gas composition in percent. (T =800 °C, balance: N>).
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4.3 RELAXATION UPON CHANGES IN GAS COMPOSITION
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figure 4.5: LSR measured for rapid gas changes of pH,O and pH, with only 5 minutes hold time per operation point:
a) no hysteresis observable for pH,O variations (pH, = 4.6-10* Pa), and b) considerable hysteresis observable be-
tween increase and decrease of pH, (pH,O = 8.6-10° Pa). T = 800 °C, balance: N,, sample: NiYSZ_148.

The corresponding measurement with 5 hours delay time per gas composition for CO-CO,
atmosphere is shown in figure 4.6. No elongated settling times as for pH, and pH,O changes are
observed, instead equilibrium is typically attained within one hour. Furthermore, no differences
were found between the behavior for pCO and pCO,.
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figure 4.6: Relaxation behavior upon changes in gas composition for CO-CO, atmosphere: a) LSR measured for
pCO; variations at constant pCO = 9.8-10° Pa, and b) LSR measured for pCO variation at constant pCO, = 2.1-10¢
Pa. For each gas composition, By coicos is given in percent. (T =800 °C, balance: N, sample: NiYSZ_259).

In figure 4.7, LSR values for pH, and pCO variation are compared at the same scale to illustrate
the strong difference in relaxation behavior. From these observations it is evident that the pa-
rameter variation series for pH, variation are strongly affected by the delay between a change in

gas composition and the actual recording of impedance spectra.
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figure 4.7: Comparison of relaxation behavior upon gas composition changes for H,-H,O and CO-CO, atmosphere:
a) LSR measured for pH, variation at constant pH,O = 7.0-10° Pa (sample: NiYSZ_146), and b) LSR measured for
pCO; variation at constant pCO = 9.8-10° Pa (sample: NiYSZ_259). For each gas composition B and Bye,coico: are
given respectively (T =800 °C, balance: N,,).

Gas phase processes can be excluded as a cause for the long settling times, as a constant Nernst
potential is attained within few minutes after a change in gas composition. With respect to the
long settling times of 2 to 5 hours, surface processes such as adsorption, diffusion or chemical
reactions seem improbable too, as they are expected to proceed much faster, see e.g. the high
mobility of H on Ni [34]. A probable explanation involves a slow settling of species concentra-
tion in the bulk of the Ni electrode or the YSZ electrolyte, for example hydrogen atoms in Ni or
interstitial protons in YSZ [88, 89]. Contrary to the high solubility of hydrogen in Ni, CO is not
soluble in Ni and YSZ due to the large molecule size.

Thus, the long settling times in the case of H,-H,O atmosphere may be interpreted as a slow
equilibration between bulk, surface and gas phase, whereas no equilibration takes place for CO-
CO, and consequently settling times are fast. At the same time, this is an indication of a rate

limitation including interstitial transport in the case of H,-H,O atmosphere.

4.4 Relaxation upon Recording of Current-Voltage Curves

After the recording of current-voltage curves, a reproducible drop in LSR of 20 % is observed,
followed by a slow relaxation process with a settling time of about 20 h, see figure 4.8. This
effect is reproducible and increases with repeated recording of current-voltage curves. The
corresponding current-voltage curve for -350 mV <1 <400 mV is shown in figure 4.9. A consid-
erable hysteresis is observable between rising and falling polarization voltage for anodic and
cathodic polarization. For both polarizations, the current density increases between rising and
falling voltage, indicating that the resistance is activated by the applied overpotential. Hence, a

reproducible short term activation of patterned anodes takes place during the recording of a
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4.4 RELAXATION UPON RECORDING OF CURRENT-VOLTAGE CURVES

current-voltage curve. This activation is followed by a slow relaxation process with settling
times of about 20 h.
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figure 4.8: LSR measured at constant conditions interrupted by current-voltage curves with -350 mV < n <350 mV
(see lower part). A slow relaxation after each recording of a current-voltage curve is observed as well as a linear
degradation of 0.3 Q-m / h=0.4 % / h. (pH, = 3.9-10* Pa, pH,O = 6.2-10* Pa, B,a = 61.4 %, T = 800°C, sample:
NiYSZ_151).
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figure 4.9: Typical current-voltage curve recorded during the measurement with constant conditions from figure

4.8. Arrows indicate the directions of rising and falling voltages (speed of recording: 2 mV-s'). A considerable
hysteresis is observed especially for anodic polarization.

Temperature activation as a consequence of current passage can be excluded as explanation for
the hysteresis as the currents are too small. Again, the most likely explanation involves a tem-
porary change in the (Ni or YSZ) bulk species concentration as already discussed for the relaxa-

tion processes after gas variation.

For point anodes, similar dynamics have been observed and additional oscillations of the cur-
rent density at constant potential have been reported by Hansen at T = 1000 °C on the scale of
few hours for Ni purity of 99.8 % [65] as well as by Schmidt at T = 850 °C on the scale of few

minutes [72]. In this work, no such oscillations of the current were observed. However, the
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4 INVESTIGATION OF RELAXATION AND DEGRADATION MECHANISMS

suggested explanations are of interest. Schmidt assumes a periodical change between (i) activa-
tion due to local increase in pH,O, (ii) passivation of the Ni surface by Ni(OH),, slowing down
the oxidation reaction, and (iii) reduction of Ni(OH), as pH,O decreases. Hansen explains the
instabilities in current density by changes in the chemical composition of impurities and a
physical redistribution of impurities [65, 68]. In a similar way, Heogh explains the observed
decrease in polarization resistance after high cathodic polarization by a reduction of the impu-
rity species at the TPB [67].

4.5 Conclusions

This chapter investigated the reproducibility of the electrochemical characterization of pat-
terned Ni anodes. It was found that patterned Ni anodes are undergoing considerable relaxa-

tion and degradation processes with time constants in the order of several hours:

(i) An initial decrease of LSR by 60 % to an average value of 54 (O-m during the first
20 h of thermal exposure at 800 °C was observed. This process is verified by SEM
studies and attributed to morphological changes in the Ni thin film.

(ii) A degradation rate as a function of gas composition was observed. A value of
0.4%/h was determined for a high water vapor content (pH, = 3.9:10" Pa,
pH,O = 6.2:10" Pa, B, = 61 %) at 800 °C. In CO-CO, atmosphere, a lower degradation
rate of 0.18 % was observed. It is assumed that the degradation is caused by the for-

mation of gaseous Ni(OH), and eventually the diffusion of impurities to the TPB.

(iii) A slow relaxation process after variations of pH, and pH,O was discovered. For
pH,O variations, settling times are 2 - 3 h at 800 °C, while pH, variations necessitate
longer settling times of 5 - 8 h at 800 °C. For CO-CO, atmosphere, equilibrium values
were attained within few minutes. Therefore, it is assumed that this behavior is cou-

pled to variations in hydrogen concentration in the bulk of electrode and electrolyte.

(iv) A reproducible sequence of fast activation of cell performance during the recording
of current-voltage curves followed by a slow relaxation process with settling times of
about 20 h is observable.

In order to assure the reproducibility of characterization results, a standardized initial heat
treatment was established, a sufficient delay (several hours) between parameter variation and
measurement was applied and the degradation rate especially at high water vapor contents was
considered. Hence, this is a significant improvement compared to previous studies on patterned
Ni anodes, which did neither (i) report these slow processes, nor (ii) specify the entire meas-

urement procedure.
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5 Electrochemistry of the H, Oxidation

This chapter summarizes the results of the electrochemical characterization of patterned Ni

anodes in H,-H,O atmosphere.

The Line Specific Resistance (LSR) and its parameter dependencies give evidence on the reac-
tion mechanism of the electrochemical oxidation of H, [56]. Thus, a comprehensive data set of
the dependencies on gas composition, temperature and polarization voltage represents the basis
for the validation of elementary kinetic modeling studies. With respect to already existing ex-
perimental data, special focus needs to be directed to the identification of deviations and their

explanation.

The experimental setup is explained in section 5.1. In section 5.2, the analysis approach with a
description of the parameter dependencies according to the Butler-Volmer equation is given,
together with the resulting parameter dependencies. A detailed comparison to literature data is
performed in section 5.3, and to point anodes with known impurity features in section 5.4.
Additionally, the influence of the double layer on the capacitive behavior of patterned Ni an-

odes is addressed in section 5.5.

5.1 Measurement Setup

For the electrochemical characterization described in this chapter, the sample design was com-
posed of parallel stripes. Two perpendicular Ni stripes at the ends ensure proper contacting of
all stripes. For details to the fabrication procedure and the contacting of the samples see chapter
1. For the measurement, the setup described in the same chapter in figure 3.4a has been chosen.

The contacting is realized by a Ni mesh on the entire area of the Ni pattern.

Electrochemical impedance spectra (EIS) and current-voltage (C/V) curves were recorded over
an extended range of gas compositions: 8-10* Pa < pH, < 9-10* Pa and 2-10' Pa < pH,O < 610" Pa.
As shown in chapter 1 in figure 3.6a, three series of gas variation of pH, and pH,O respectively
were realized with up to 7 points per series; N, was used as balance gas. This corresponds to a
variation in relative water vapor content of 0.02 % < {3,y < 88 %. Further parameter variations

comprise temperature 450 °C < T < 800 °C and polarization voltage -300 mV <1 <300 mV.
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5 ELECTROCHEMISTRY OF THE H2 OXIDATION

The recording of impedance spectra was performed both by a Zahner IM6 and a Solartron 1260
FRA, in a frequency range of 100 mHz — 1 MHz. Due to the high impedance of the patterned

anodes voltage stimulus was chosen instead of current stimulus; the amplitude was 10 mV.

5.2 Results of Cell Measurements

The following results were recorded considering the relaxation and degradation mechanisms
described in chapter 4. For the description of the parameter dependencies of LSR, on gas com-
position, temperature and polarization voltage the Butler-Volmer equation is applied, see equa-
tion 5.1. In this way, comparability is enabled to previous studies with patterned Ni anodes [6-
9] as well as to the study by Leonide et al. for Ni/8YSZ cermet anodes [90].

i foe{ ) g p1- 0|

Here j, is the (partial pressure and temperature dependent) exchange current density, n, the
number of exchanged electrons (in our case n, = 2), a the charge transfer coefficient and n the
activation overpotential. The charge transfer coefficient a is an indicator of the symmetry of the

activation energy barrier when a positive or negative overpotential is applied [91].

The exchange current density j, is described by a power law ansatz for the partial pressure

dependencies of pH, and pH,O and an Arrhenius-type temperature dependency [91, 92]:
. a b Eact
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The Butler-Volmer equation does not consider the individual steps at the TPB as applied in
modeling studies of the surface level, but represents a global approach that is typically used in
cell level modeling [15]. It is based on the assumption of a single or few charge transfer steps
with well defined energy barrier. Hence, it only applies if charge transfer is the rate determining
step and no limitation or co-limitation of adsorption/desorption and surface transport persists
[18, 91].

The current-voltage characteristics consist of a linear behavior of current to overpotential for
small applied overpotentials and Tafel behavior for large overpotentials. The observed behavior
of LSR,, is reasonably well described by the Butler-Volmer equation and therefore this equation
is applied in this work. The detailed modeling considering the individual elementary kinetic

steps is subject of a separate study.

The parameter dependencies of LSR,, are determined based on the inverse proportionality of
exchange current density and resistance (LSR ~ 1/ j,) and are described by the exponents a and
b (dependency of LSR, on pH, and pH,O respectively), E,. (temperature dependency) and «

(dependency on overvoltage), where ¢;, ¢, and c; are proportionality constants:
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LSR, =c,(pH,)" 5.3
LSR, =¢, (pH,0) " 5.4
LSR, =c, exp(h) 5.5

Cl RT .

In the following, the gas composition dependencies are presented in a double logarithmic plot
with pH, or pH,0O as abscissa and LSR,, as ordinate. With this presentation, the exponents a and
b correspond to the negative slope, see equations 5.3 and 5.4. For the temperature dependency a
plot of inverse temperature 1000-T" as abscissa and the logarithm of LSR,, to base 10 as ordinate
is chosen throughout this work, even though the activation energy E, is calculated using the

natural logarithm, see equation 5.5.

5.2.1 Partial Pressures of H,O and H,

The dependencies of LSR,, on pH,O and pH, are shown in figure 5.1 and figure 5.2 respectively.
A strong dependency on pH,O is observable with an exponent b = 0.68, whereas LSR, is almost
independent of pH, variations with an exponent of a = 0.07. Additionally, in the characteriza-
tion of pH, variation, a considerable scattering of the exponents between different samples was
observed in the range of -0.15 <a < 0.14.

The qualitative pH,O dependency determined in this work is in agreement with previous pat-
terned Ni anode literature; good quantitative agreement is observed with data from Bieberle
with b =0.67 [6]. Data by de Boer and Mizusaki indicate a weaker dependency, see the literature
review in chapter 2, table 2.2.
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figure 5.1: LSRy measured for pH,O variation at constant pH, = 9.0-10° Pa and T = 800 °C. N is used as balance,
sample: NiYSZ_139.
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figure 5.2: LSRy measured for pH, variation at constant pH,O = 6.7-10° Pa and T = 800 °C. N is used as balance,

sample: NiYSZ_139.

Compared to the pH,O dependency, a weaker dependency is observed on pH,, which is in
agreement with literature. The reported dependencies spread from positive values of the expo-
nent a of 0.15 [9] and 0.11 [6] to a stronger negative value of a =-0.26 [7]. Additionally, data by
Mizusaki indicates an increased dependency on pH, for elevated temperature and low partial
pressures [9].

Discussion

In a theoretical study, Skaarup et al. [93] found that the surface coverage of Ni with hydrogen
Oy changes with gas composition and is non-negligibly small, e.g. for T = 700 °C and
pH, = 6.5-10" Pa, a value of ®,; = 0.51 is reported. This may explain the differences in gas compo-
sition dependencies reported in the different literature studies.

The strong decrease in LSR, with increasing pH,O is counter-intuitive as water is the reaction
product. According to the principle of Le Chatelier, an increase in product concentration should
decrease the reaction rate. However, the oxidation of H, is an electrochemical process and there-
fore the reaction rates are also strongly affected by the electrode potential. When changing the
gas composition, the electrode potential changes as well. In an elementary kinetic modeling
study, Bessler at al. attributed the strong dependency to so-called equilibrium potential effects
[13, 56].

A further explanation involves the presence of glassy impurities whose electrical properties are
strongly dependent on the gas composition. At very low pH,O the impurity layer behaves as an
electrical insulator, whereas at higher pH,O the proton conductivity increases due to an uptake
of water [66]. An estimation of the proton conductivity of 10° to 10°S-cm™ at 800 °C is given for
silica glass in [66], even higher values are expected for metal ion containing glasses in wet at-
mospheres. Additionally, the formation of highly volatile Si(OH), at high water vapor contents
with consequent depletion of the impurity species SiO, from the surface could explain the de-

crease in LSR, with increasing pH,O [63].
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While the reasoning with a changing electrode potential only explains the observed qualitative
trend of LSR upon variation of pH,O, different sample specific impurity compositions can addi-
tionally explain the deviations in absolute LSR values between the different studies in literature.
However, as already discussed in chapter 4, the considerable relaxation and degradation
mechanisms occurring during electrochemical characterization are considered to strongly ac-
count for these deviations as well, especially in the case of pH, variation. As previous studies
did not specify the conditions of electrochemical characterization and the impurity features, the
interpretation of the respective experimental data is questionable.

In modeling studies of the elementary kinetics performed by Bessler and coworkers, the nega-
tive proportionality of LSR,, and pH,O can be reproduced by all applied charge transfer mecha-
nisms (hydrogen, oxygen and hydroxyl spillover) and is caused by the so-called equilibrium-
potential effects [16, 56]. In contrast, the pH, behavior has been shown to be a distinguishing
feature between hydrogen spillover (decrease in LSR for increasing pH,) and oxygen spillover
(increase in LSR for increasing pH,). With respect to the scatter in experimental data for pH,
variation and the discrepancies between literature data, a statement on the reaction mechanism
is difficult. However, the observed weak dependency is rather ascribable to hydrogen spillover
than to oxygen spillover [16, 56].

5.2.2 Temperature

The activation energy E,, has been determined in the temperature range 450 °C < T < 800 °C at
pH, = 8.44-10* Pa, pH,O = 1.69-10* Pa, pN, = 0 Pa, PBret = 16 %, see figure 5.3. The trend in LSR
exhibits a slight kink at 700 °C: a value of E,. = 1.01 eV is obtained for T > 700 °C, whereas for
T <700 °C the value is higher with E,,=1.37 eV.
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figure 5.3: LSR.; measured for temperature variation at pH, = 8.4-10* Pa, pH,O = 1.7-10* Pa (B = 16.8 %) at OCV,
sample: NiYSZ_141. The temperature dependency exhibits a kink at 700 °C, yielding two different values for E,..
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figure 5.4: Activation energy E. for different relative water vapor contents measured between 700 — 800 °C at
OCV, sample NiYSZ_141. E, varies considerably with water vapor content, with very high activation energy for
dry gas atmosphere.

Additionally, the activation energy has been determined for different gas compositions of pH,,
pH,O and pN, between 700 °C < T < 800 °C. Different values have been obtained for the differ-
ent gas compositions, see figure 5.4: (i) at very dry atmosphere, an unexpectedly high value of
E.« = 20 eV was obtained, (ii) between 1 — 20 % relative water vapor content it is
0.8eV<E, ;<13 eV, and (iii) for B, > 20 % again slightly higher values of 1.4 — 1.6 eV are ob-

served.

Discussion

In literature, lower values for the activation energy are reported between 0.73 eV at 3., = 4.4 %
and 0.96 eV at (3, = 54.4 % by Mizusaki [9] and 0.88 eV at (3,, = 0.3 % by Bieberle [6]. De Boer
reported a high activation energy of 1.6 eV at 3,,=2.3 % [7].

The activation energies determined in this work refer exclusively to the contribution of charge
transfer, as the contributions of gas diffusion and counter electrode have been separated during
data analysis, see section 3.3. Thus, the lower activation energies reported in literature can po-
tentially be attributed to a contribution of gas diffusion that is known to have a smaller and
even slightly negative activation energy [33]. According to the gas composition dependency of
gas diffusion in equation 3.5, the contribution of gas diffusion will be most pronounced at very

low and very high water vapor contents.

A comparison to data from Ni/8YSZ cermet anodes is not straightforward, as the thermal be-
havior of the activation polarization depends on two coupled processes, namely oxygen ion
transport in the YSZ matrix and charge transfer at the TPB. Using a transmission line model,
Sonn [35] was able to determine separate values for the activation energy of the ionic transport
losses (0.90 eV) and the charge transfer resistance (1.35 eV). Thus, a very good agreement for the
charge transfer resistance is obtained between 1.35 eV from Sonn and this work with 1.37 eV for
450 < T <700 °C.

The observed change in activation energy with gas composition can be an indication for a

change in reaction mechanism, e.g. an adsorption/desorption or surface transport reaction being
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rate determining at very dry gas atmosphere. For instance, activation energies between 0.34 -
4.87 eV have been reported by Zhu et al. for typical heterogeneous reaction mechanisms at Ni
electrodes [60]; some reactions are even not temperature activated at all. Reaction mechanisms

involving impurity species at the TPB are suspected to increase the spread in activation energy.

In a related study, a sensitivity analysis was performed for the elementary kinetic modeling
framework that includes heterogeneous chemistry, surface transport and two hydrogen spill-
over charge transfer mechanisms [13]. The comparison of sensitivity analysis results for two
different temperatures revealed a change in the reaction mechanism between 500 — 900 °C: at
500 °C, the only rate-determining reaction is the charge-transfer step of hydrogen spillover from
the Ni surface to hydroxyl ions on the YSZ surface. At 900 °C, this reaction becomes co-limited
by a second charge-transfer step (H spillover from the Ni surface to oxygen ions on the YSZ
surface) together with hydroxyl diffusion on YSZ, and H,O desorption from YSZ. This model-
ing study was able to reproduce the experimentally determined temperature behavior of figure
5.3, including the kink at 700 °C [13].

Similar to the discussion for the dependency of LSR, on pH,O, degradation and relaxation
processes may be the reason for the discrepancies in literature: for a recording with increasing
temperature, the actual temperature activation of LSR, is superimposed by morphological
changes unless the stabilization of the Ni film morphology has been ensured by an initial heat

treatment at the maximum temperature.

5.2.3 Polarization Voltage

In order to determine the charge transfer coefficient «, impedance measurements need to be
performed under polarization. This procedure allows to determine the resistance of the activa-
tion polarization (R, = R,p) separated from the contributions of gas diffusion and counter elec-
trode. In contrast, a current-voltage curve does not allow for this separation and therefore the

fitting of a Tafel slope to the current-voltage curve yields an erroneous value of a.

The characterization was carried out in potentiostatic mode with stepwise increase of the anodic
overpotential (n =0, 50, 100, 150, 200, 250, 300 mV), while the corresponding current density j
was recorded (pH, = 8.3-10° Pa, pH,O = 6.6:10° Pa, pN, = 8.6:10" Pa, B, = 44 %, for T = 700, 750,
800 °C). The differential resistance attributed to charge transfer dR(j) is shown in figure 5.5a. It
has been derived from the Complex Nonlinear Least Square (CNLS) fits according to the
equivalent circuit described in section 3.3. Note that R, =R,z = dR(j = 0) in the special case of

open circuit voltage.

The Butler-Volmer equation is an implicit equation of current density j as a function of over-
voltage n.. Thus, a graph with n, as abscissa and j as ordinate is required in order to fit the
charge transfer coefficient a. To this end, the differential resistance dR.(j) is integrated with
respect to the electrical current density j, using a linear interpolation and stepwise integration,

see equations 5.6 and 5.7:
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oy dn,
dR,, (J)=%j 5.6
j
na ()= [dR., (j)dj+c 5.7

0

With the boundary condition n(j=0) = 0, the integration constant c is zero. By inserting the
current densities into the integration, the corresponding activation overpotential 1, can be
calculated for each operating point and the Butler-Volmer equation is fitted to the data j(n.), see
tigure 5.5b. The current - overpotential behavior can very well be described by a Butler-Volmer
ansatz. The fit yields a charge transfer coefficient o = 0.69 for 800 °C, lower values of 0.65 and
0.61 are obtained for 750 °C and 700 °C respectively.
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figure 5.5: Determination of charge transfer coefficient « for different temperatures: a) dR. at various current
densities j for polarization voltages of n =0, 50, 100, 150, 200, 250, 300 mV, and b) current density j as a function
of the activation overpotential 1., together with the respective Butler-Volmer fits (pH, = 8.3-10° Pa, pH,O = 6.6-10°
Pa, balance N, Bra=44 %, NiYSZ_146)

Discussion

For patterned Ni anodes so far no charge transfer coefficient has been reported following this
procedure. The values in the study by de Boers — a,, = 0.75 to 1.25 for anodic polarization and
&= 0.25 to 0.75 for cathodic polarization — are extracted from the current-voltage curve with a
fit to the Tafel equation [7]. The same applies for data by Mizusaki with a,, = 0.87 and «.,, = 0.36
to 0.53. However, this method is only valid if the gas diffusion losses can be neglected com-
pared to the activation losses. The results in section 3.3 showed that this is not always the case,

especially for elevated temperatures with T > 700 °C.

Note that in this work, the charge transfer coefficient a has been calculated according to the
Butler-Volmer equation (see equation 5.1) with n, = 2. In several studies, the charge transfer
coefficient is determined from the Tafel slope o-F/(RT) of the logarithmic current density over
the polarization voltage, thus assuming n, =1 [7, 16, 54]. Hence, the resulting value of &’ is twice

the value of a in this work.
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5.2 RESULTS OF CELL MEASUREMENTS

In modeling studies, the charge transfer coefficient is often generally assumed to be 0.5 [94] due
to the lack of experimental data. However, this already implies preconditions on the reaction
mechanism: from electrochemical theory, a single rate determining charge transfer mechanism
is expected to yield a proportionality of Aln(j)/An = 0.5-F/(RT), thus o’ = 0.5; two consecutive
charge transfer steps with the second step being rate determining, yield 1.5-F/(RT). The cathodic
slope is expected to be as high as to yield a,,” + o’ = 1 or 2 [16]. In experimental studies, typi-
cally values exceeding o’ = 0.5 (i.e. a = 0.25) are obtained, see results reported above. As expla-
nation, Vogler proposes either a coupling to an additional rate determining step (e.g. diffusion)
or two consecutive charge transfer steps [16]. From the sum of anodic and cathodic coefficient

exceeding 2, Goodwin assumes that two charge-transfer mechanisms proceed in parallel [54].

5.2.4 Triple-Phase-Boundary Length (I1pgp)

The effect of the TPB length is shown in figure 5.6 by plotting R, as a function of l;pg .. The
sample to sample scatter accounts for a deviation in 1/R values of up to a factor of two. How-

ever, a decrease in R, with increasing l;pg .., is clearly observable.
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figure 5.6: Polarization resistance of charge transfer reaction R for different TPB lengths recorded at similar condi-
tions after stabilization of Ry during thermal exposure (pH, = 8.6:10* Pa, pH,O = 1.5-10* Pa, T = 800 °C): a) pro-
portionality of 1/Re and ltpp corr, and b) double logarithmic graph of R. as a function of ltpp,corr.

Discussion

A linear proportionality between charge transfer resistance and TPB length is expected, as
charge transfer is supposed to takes place at the TPB. This is also one of the reasons for the
electrochemical characterization with model anodes and the definition of a line specific resis-
tance in the first place. The same trend has been reported by most groups for patterned Ni an-
odes [5, 7, 9, 95]. However, some were not able to determine the lpz due to instabilities of the Ni
film [27, 29].
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5 ELECTROCHEMISTRY OF THE H2 OXIDATION

Straightforward from the definition of LSR in equation 1.5, a slope of -1 is expected for R as a
function of l;ps in a graph with double logarithmic scale, see equation 5.8. As can be seen in
figure 5.6b, in this work a slightly stronger slope of -1.19 was obtained. Bieberle reported a
much weaker slope of -0.7, that is independent on the applied polarization voltage [6]. Values of

-0.5 and -0.68 are extracted from the data by Mizusaki [9] and de Boer [7] respectively.

log (R, )=—-log (1l )+1log(LSR )+log(A) 5.8

A comparison of the slopes in the linear graph such as performed in [6] is not adequate: in this
case, the proportionality factor corresponds to the reciprocal value of LSR, and is therefore
strongly dependent on gas composition, temperature and polarization voltage, see equation 5.9.
Hence, unless the comparison is performed with data at similar measurement conditions,

strong deviations in the slope will be obtained.

1 1

- Lo A
R, LSR(T,pH,,pH,O,n) ™ >9

ct

In the linear graph of 1/R, as a function of lpg ..., the passage of the fitted line comes close to the
axis origin, affirming that the rate determining reaction takes place at the TPB, see figure 5.6a.
Furthermore, it shows that in this work the Ni layer was very dense and did not expose a sig-
nificant amount of TPB other than the l;p of the pattern design.

5.3 Comparison to Literature Data

For the validation of modeling studies with experimental results, a presentation of the LSR
values as a function of pH,O, pH, and temperature is desirable [16]. Additionally, such a pres-
entation of LSR,, values is advantageous for the comparison of LSR data from different studies.
Based on the weak dependency of LSR, on pH,, a plot showing LSR, as a function of pH,O has
been chosen. Data recorded at varying pH, values is calculated to a standard pH, = 10* Pa, con-
sidering the obtained pH, dependencies described by the exponent -0.15 < a < 0.14, see figure
5.7. This calculation is based on the assumption of linearly independent variables pH, and
pH,O, on which also the Butler-Volmer equation with its power law ansatz for the exchange
current density j, is based, see equations 5.1 and 5.2 [91, 92]. Hence, the following equation
applies. (Note that neglecting the dependency of LSR, on pH, (i.e. a = 0) would result in a

maximum error in LSR, of 10 %):

log [LSRCt (szlS )J =-a- [log (pHZ,s ) —log (sz,m )J +log [LSRCt (pHZ,m )] 5.10

Here, subscript s represents the standard pH, values (in this case 10* Pa) and subscript m the

pH, value of the actual measurement.
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The resulting plot for data recorded at 800 °C is shown in figure 5.7. It includes the data recalcu-
lated from figure 5.1 (closed symbols) as well as further data points from various measurements
at 800 °C. Even though the degradation and relaxation processes described above have been
considered in data recording and analysis, considerable deviations in absolute LSR, values
persist. Therefore, under the assumption of a normal distribution of the data points, a 30 confi-

dence interval has been introduced and is indicated by the colored area in figure 5.7.
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figure 5.7: LSRy at T = 800 °C calculated for pH, = 10* Pa for data points from figure 5.1 (closed symbol) and

further measurement results of this work (open symbol). The calculated confidence interval (30) is displayed by the
colored area.

Since different studies report data at different temperatures, the experimental data has been
extrapolated in order to extend the temperature range. This extrapolation is especially interest-
ing for T > 800 °C where the structural stability of the patterned Ni anode used in this work is
insecure (see section 3.1.3). In a first step, the confidence interval has been extrapolated to
T =700 °C using the activation energy (E,, = 1.01 eV), see figure 5.8a. The extrapolated confi-
dence interval is in good agreement with results from the electrochemical characterization at
700 °C with the same patterned Ni anodes. Hence, it is concluded that the extrapolation to fur-
ther temperatures using the activation energy is possible under the assumption of a tempera-
ture invariant reaction mechanism. Additionally, accounting for deviations in the activation

energy, an uncertainty is introduced to the extrapolation, see figure 5.8a and c.

In order to allow a comparison of all patterned Ni anode data, literature data from Mizusaki, de
Boer and Bieberle [6-9] are also included in these graphs. To this end, the reported R, values as
well as the reported TPB length and electrode area are extracted from the respective studies to
calculate LSR, see equation 1.5. Note that in this case a separation of charge transfer from gas
diffusion is not possible, hence the notation LSR instead of LSR,,. In a next step, LSR values are
calculated to pH, = 10* Pa using the parameter dependency a, which is reported in literature, see
section 2, table 2.2. The LSR values obtained at the temperature of characterization are shown in
the same plot with the LSR values and the confidence interval determined in this work. Fol-
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5 ELECTROCHEMISTRY OF THE H2 OXIDATION

lowing this approach, it is possible to compare the results reported in this work with patterned
Ni anode literature [6-9], both with respect to absolute LSR values and parameter dependencies.
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figure 5.8: Comparison of measured LSR.; data with the calculated confidence interval and different literature data

[6-9] for pH, = 10* Pa: a) at 700 °C, b) at 800 °C, and c) the extrapolated values at 850 °C. The lighter areas indi-
cate the uncertainty of the activation energy (Eq. = 2.0 eV instead of 1.0 eV).
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LSR values of Mizusaki are high up by one order of magnitude and scatter in pH,O dependency
with values for b between 0.32 and 0.88. LSR values of Bieberle are below, and rather close to
the confidence interval determined in this work. Additionally, the pH,O dependency with
b =0.67 is very similar. However, LSR values at 700 °C differ by almost two orders of magni-
tude between Mizusaki and Bieberle. Data from de Boer are within the confidence interval at
850 °C, but deviate strongly in pH,O dependency with b = 0.37. This demonstrates the strong

deviations in existing literature on patterned Ni anodes.

In figure 5.9 the LSR values are additionally plotted as a function of temperature. With respect
to the different gas compositions applied, data is again calculated for the standard gas composi-
tion of pH, = 10" Pa and pH,O = 10’ Pa. Large deviations persist both for (i) absolute LSR values
and (ii) the activation energy with values between 0.75 — 1.6 eV. The deviations in absolute LSR
values increase for decreasing temperature and at 600 °C already exceed two orders of magni-

tude between de Boer and Bieberle.
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figure 5.9: Comparison of LSR. data from this work and literature [6-9] as a function of temperature. Data are
calculated to the standard gas composition of pH, = 10* Pa and pH,O = 10° Pa.

Discussion

The calculation of LSR for different gas compositions and temperatures is based on the assump-
tion of (i) linearly independent parameters pH,, pH,O and T and (ii) a constant reaction mecha-
nism over the entire characterized parameter range. The former assumption is at the basis of the
Butler-Volmer equation and can be considered as valid, whereas the latter is uncertain with
respect to the experimental observation of a change in activation energy for T = 700 °C (figure
5.3), and for different gas compositions (figure 5.4). However, only with these calculations com-

parability between the different studies could be obtained.

There is a variety of explanations for the deviations in absolute LSR values: (i) an erroneous

estimation of the active TPB length due to delaminated stripes, due to a blocking of the TPB by
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impurities or due to morphological changes in I, (ii) differences in data recording with respect
to degradation rates, or (iii) measurement after parameter variation before the equilibrium state
has been attained. De Boer showed that the time of measurement affects the LSR value [7]: for
the same measurement conditions, LSR values deviate more than one order of magnitude dur-
ing an interval of 200 h, see figure 5.8c labeled ‘fig 3.14’. Similar observations can be made for
Mizusaki and Bieberle if data from different graphs are compared. This underlines once more

the importance of the consideration of relaxation and degradation effects.

The different parameter dependencies are assumed to be due to (i) disregard of a potential gas
diffusion contribution or (ii) different measurement conditions. The weak (even slightly nega-
tive) temperature activation of gas diffusion together with the pronounced dependency on
water vapor content can lead to a decrease in observed overall activation energy as well as an
increase in pH,O dependency in the case that gas diffusion and charge transfer contribution are
not separated. Furthermore, it has been shown in this work, that the direction of gas variation,
the measurement interval and the time of recording are important parameters that strongly
influence the results. Especially for the variation of pH,, this was shown to be a critical issue in

data recording due to the long time constants of stabilization, see section 4.3.

By the separation of the different contributions and the consideration of the encountered relaxa-
tion and degradation processes, it was possible to achieve a new, consistent data set for pat-

terned Ni anodes in H,-H,O atmosphere.

5.4 Comparison to Point Anodes

As discussed earlier in section 2.3, so far no detailed impurity analysis has been performed for
patterned Ni anodes. However, this is a decisive point in the interpretation of electrochemical
performance of model anodes, as impurities influence the reaction mechanism. The only studies
that have combined electrochemical characterization and impurity analysis are reported for
point anodes. Therefore, in addition to the comparison of the electrochemical performance of
different patterned Ni anodes, the performance of patterned and point anodes is compared with
respect to the impurity content. To this end, data of point electrodes reported by Jensen, Hogh
and Schmidt are used [23, 67, 68, 71].

As most data by Jensen and Hogh is reported for a gas composition of 3 % H,O in H,, all other
data is corrected to this gas composition. This correction is performed in accordance to the
previous section, using equation 5.10 applied for pH, and pH,O. For the patterned Ni anode,
the exponents a = 0.07 and b = 0.68 are used (see section 5.2). For Ni point electrodes, a smaller
exponent of b = 0.27 is reported for the pH,O dependency, the pH, dependency is considered to
be negligible [18].
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In figure 5.10, the LSR values are shown as a function of temperature including the error bars

and the calculated activation energy, where applicable. A summary of sample purity and impu-

rity features of the respective samples is given in table 5.1.

table 5.1: Summary of conditions of samples with respect to purity of components and impurity features after elec-

trochemical characterization (conditions are specified in column “char.’). Note the difference in impurity specifica-

tion: * impurity contents refer to substrate after tape casting and sintering, ** impurity contents refer to powder.

Name Ref. Electrolyte Electrode Char. Interface TPB
This 8.5YSZ 99.98 % Ni 400-800 °C  YSZ: impurity imprints at  Impurity striations
work Polycrystalline Si0,amount  Hy-H,0  form. Ni grain boundaries Height: 8-15 nm
0.032 w. % SiO, n.a. Height: 3-7 nm Width: 10-30 nm
Width: 10-30 nm Entire width: 0.1-1.6 um
Jensen  [23, 8YSZ(7.7-7.8 mol%) 99.8 % Ni 1000°C  Ni: impurity particles (7-8 Impurity ridge (Si, Al)
impure  68]  Polycrystalline 0.003w.% Si0, H,r-H,0  um), richinSi, Al triangular, several peaks
0.003-0.005" w.% @ 0.38 mm YSZ: hill-and-valley Height: up to 1.6 pm
Si0, structure, impurity Width: 4 um
,bands” (>20 pm)
Jensen  [23, 8YSZ(7.7-7.8 mol%) 99.995%Ni  1000°C  Ni: few impurity particles Impurity ridge
pure 68]  Polycrystalline 0.0003 w.% HyH,0  YSZ:hill-and-valley Height: 13-20 nm
0.003-0.005" w.%  SiO, structure Width: 150-250 nm
Si0, @:0.5 mm
Schmidt [71] 8YSZ 99.999 % Ni 850 °C YSZ: hill-and-valley Impurity ridge
pure Polycrystalline 0.00002w.%  HyH,0  structure, distinctionof ~ Height: 20 nm
0.0009" w.% SiO, Sio, rather pure rim zone and
@: 0.5 mm less pure core zone
Hegh, [67] 13YSZ 99.999 % Ni  550-750 °C  YSZ: hill-and-valley Impurity ridge
13YSZ Single crystal, [100]  0.00002w.%  H,-H,0  structure Height: 2-16 nm
Purity: 99.99"% Si0,
@:0.5 mm
Hegh, [67] 10YSZ 99.999 % Ni 400-500 °C  YSZ: hill-and-valley Impurity ridge
10YSZ Single crystal 0.00002w.%  HyH,0  structure Height: 2-16 nm
Purity n.a. 5i0,
@:0.5 mm
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figure 5.10: Comparison of LSR values reported in different studies for Ni point anodes (Jensen [23, 68], Schmidt
[71] and Hogh [67]) and patterned Ni anodes of this work at pH,O = 3-10° Pa and pH, = 9.8-10* Pa as a function of
temperature. Data from this work is corrected for the gas composition using LSR = c-pH,*pH,O" with a = 0.07 and
b =10.68. As no gas composition dependency is given for data by Schmidt, two corrections have been applied: correc-
tion for pH, and pH,O with a = 0.07 and b = 0.68 (denoted ‘a+b’) and correction only for pH,O with b = 0.27 deter-
mined with data from Hogh (denoted ‘b=0.27"). For details to the impurity content see table 5.1

Discussion

The size of the impurity striations at the TPB with a height of up to 20 nm is comparable to
values reported for very pure point anodes, whereas heights exceeding 1 um were observed for
less pure Ni electrodes, see table 5.1. As discussed earlier in section 3.4, this very low impurity
level was only achievable by special emphasis on the choice of materials and measurement

setup.

The comparison of LSR values obtained from electrochemical characterization of model anodes
shows that the deviation is within one order of magnitude. This is a very good agreement, espe-
cially with respect to the strong sample to sample variation and the considerable difference in
lps between few millimeters for point and several meters for patterned anodes. By contrast, the
strong deviations in electrochemical performance of different patterned anode studies of almost
two orders of magnitude indicate strong differences in impurity level as well as differences in
the electrochemical characterization with respect to the dynamic processes observed for pat-
terned Ni anodes and point anodes [58, 65, 72].

5.5 Double Layer Capacity

For patterned Ni anodes the electrode-electrolyte interface area (also denoted Two-Phase-
Boundary, 2PB) is very large, compared to the small contact area in technical Ni/8YSZ cermet
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anodes: for the latter the A,pp/lypg ratio is around 107 m, compared to 10° m in the case of a typi-
cal patterned Ni anode with 20 um stripe width. Hence, besides the capacitive contribution of
charge transfer (C,), a considerable capacitive contribution of the electrical double layer (Cg) is
expected. The origin of the electrical double layer is a physical charge separation at the inter-

face, leading to the formation of space-charge layers.

As charge transfer takes place at the TBP and the double layer forms at the 2PB, a Line Specific
Capacitance (LSC) for the charge transfer contribution and an Area Specific Capacitance (ASC)
for the double layer contribution are expected. The overall, experimentally measured capaci-
tance is then the sum of both contributions multiplied with their characteristic measure (I in
m-cm”and A,pg in cm*cm™ respectively):

C=C_,+C,=LSC:-1,;-A+ASC-A,,;-A 5.11

5.5.1 Experimental Determination

By the characterization of patterned Ni anodes with different Ayp/lipp ratios, the parameters
LSC and ASC can be determined experimentally using equation 5.11. Therefore, in this work a
sample with a continuous Ni layer of 800 nm thickness and an area of 1 x 1 cm” was character-
ized in addition to typical patterned anodes. The results of temperature variation for LSR, and

C for two samples are shown in figure 5.11.
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1000-T- / K1 1000-T-1 / K1

figure 5.11: Electrochemical performance as a function of temperature for two different anode designs: continuous 1
cm? Ni surface with 800 nm thickness denoted ‘continuous’ (sample: DLC_1) and standard patterned Ni anode
denoted ‘pattern’ (sample: NiYSZ_220): a) comparison of LSR., and b) comparison of capacitance.

As expected, the values of LSR,, which consider the respective l;p; of the two sample designs,
are in good agreement and thus justify the comparison of the capacitive behavior. The absolute
capacitance values differ, with higher values for the patterned anode than for the continuous
layer. As two contributions with different causes (l;pg and A,ps) are combined, no single stan-

dardized comparison value such as the LSR can be calculated. However, ASC and LSC can be
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5 ELECTROCHEMISTRY OF THE H2 OXIDATION

calculated based on at least two data sets with different design, see equation 5.11. The resulting
values for variation of temperature and variation of relative water vapor content are shown in

figure 5.12.

ASC and LSC both increase with increasing temperature, see figure 5.12a. For ASC this is re-
lated to an increase in oxygen ion mobility that is responsible for a double layer capacitance in
the first place. Additionally, the dielectric constant of the electrolyte was shown to increase with
temperature [40]. LSC increases due to the accelerated charge transfer reaction, see the tempera-
ture activation of LSR, in figure 5.11a.

a) b)
102 102
pH, =9.9-104 Pa « LSC T =800 °C
pH,O =2.5-10° Pa = ASC
1034 103
- o . 026eV - 9 . 005 .
B 104, &0+
%% 0.17 eV %8 0.30
<105, : <10+
s LSC
= ASC
10'6 T T T T T 10-6 T
08 09 10 11 12 13 14 1 10 100
1000-T- / K- B/ %

figure 5.12: ASC and LSC calculated from the capacitance of samples with different Azps/ltes vatio according to
equation 5.11: a) for temperature variation at pH, = 9.9-10* Pa, pH,O = 2.5-10° Pa calculated from the data set of
figure 5.11b, and b) for variation of the relative water vapor content B, at 800 °C.

With respect to the gas composition dependency, ASC is supposed to be invariant to gas com-
position changes. This is in accordance with the experiments, where only a slight increase was
observed, see figure 5.12b. By contrast, the charge transfer related LSC increases as expected
with increasing water vapor content, since LSR, decreases due to the accelerated charge transfer

reaction.

This procedure of a seperation of the capacitive contributions of charge transfer C, and double
layer C; reveals a strong difference between the two samples: for the patterned anode, the
contribution of the double layer to overall capacitance amounts to 40 — 57 %, whereas it is above
96 % for the continuous Ni electrode. An extrapolation to cermet anode geometry (with Ay =
3.8:10° m*m>, lypg, = 4.0-10” m'm™ [39]) yields a contribution of double layer capacitance of
about 1 %.

This result shows that the double layer needs to be considered in the interpretation of capacitive
contribution of patterned Ni anodes. Furthermore, the double layer capacitance represents a
distinguishing feature between patterned Ni anodes and Ni/8YSZ cermet anodes.
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5.6 CONCLUSIONS

5.5.2 Theoretical Calculation

A theoretical estimation of the double layer capacitance has been performed following the the-
ory of Stern with a serial connection of an internal Helmholtz double layer at the interface and
an outer diffuse double layer according to Gouy and Chapman [91, 96]. Thus, this calculation
describes the double layer more detailed than former studies that estimated the double layer

capacitance by a simple parallel plate capacitor [37, 41] or a diffuse double layer [40].

The capacitance of the Helmholtz double layer (Cyy,) directly at the interface is calculated using
the equation for a parallel plate capacitor with the vacuum permittivity ¢, the dielectric con-
stant ¢, of YSZ, the capacitor area A and the distance do, of the plates, see equation 5.12. The
distance of the plates is taken as the radius of O, dg,. = 140 pm. In literature, a strong variation
of the dielectric constant of YSZ between 1 and 60 has been reported [97]. This results in values
for C;y;, between 0.063 to 3.79 F-rm™

_ g8, A
Hh Ty i 512

o-

C

The diffuse double layer capacitance (Cgy) can be calculated in accordance to the calculations by
Hendriks et al. [40] with the elementary charge e, the vacuum permittivity ¢, the dielectric
constant ¢, of YSZ, the density cys; of the YSZ unit cell, the Boltzmann constant kg, the tempera-

ture T, and the molar fraction of oxygen vacancies in the YSZ bulk [V, Jpun:

Coiee = 4e\/%[vg]5ulk (1_[\/(; :lBulk) 513

For 8.5 mol% YSZ it is cys; = 2.9810° m” and [V "] = 0.07835. Using ¢, between 1 to 60, this
yields values for Cyy between 1.28 to 9.98 F-m~at T =800 °C.

The serial connection of Helmholtz double layer capacitance and diffuse double layer capaci-
tance results in a double layer capacitance Cy between 0.06 and 2.75 F-m™. The ASC values from
experimental data of 1 to 5 F-m” lie in the upper range of the theoretical double layer capaci-
tance. This variation may be due to the estimate of the dielectric constant which is discussed to
differ between the space charge region and the bulk [40] or due to additional chemical capaci-

tances e.g. from redox reactions of impurities such as Mn*/Mn* [13, 24, 65].

5.6 Conclusions

Parameter dependencies of LSR, on pH,, pH,O, T and polarization voltage have been deter-
mined for an extended parameter range with special attention to distortions induced by relaxa-
tion and degradation processes. All relevant parameter dependencies for the electrochemical
oxidation of H, have been determined: the negative dependency of LSR, on pH,O (b = 0.68)

confirmed observations from literature and the dependency on pH, was found to be very small.
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5 ELECTROCHEMISTRY OF THE H2 OXIDATION

This indicates a hydrogen spillover as the rate determining step. Together with the activation
energy of E,,=1.01 - 1.37 eV (T =450 °C - 800 °C) and the charge transfer coefficient o = 0.61 to
0.69 (T =700 - 800 °C), a complete data set for the modeling of reaction kinetics of patterned Ni

anodes has been established.

The proportionality between LSR, and l;p has been shown to be close to the expected value of

-1 in double logarithmic plot, affirming the assumption of charge transfer at the TPB.

The calculation of LSR, data to standard conditions and the extrapolation to temperatures
higher than the experimentally performed 800 °C enabled for the first time the comparison of
data from different literature studies. The observed considerable deviations between previous
studies are attributed to (i) disregard of gas diffusion contribution in analysis of impedance
spectra, (ii) differences in the measurement procedure regarding relaxation and degradation
processes as well as (iii) erroneous estimation of the active TPB length and possible blocking

with impurities.

Good agreement is found between the performances of patterned Ni anodes and pure point
electrodes at OCV with a deviation of less than one order of magnitude. Additionally, the im-
purity features at the TPB exhibit a similar and small size, which emphasizes the high purity of
the electrodes.

For the first time, the effect of a double layer capacitance at the electrode-electrolyte interface
has been considered in the evaluation of the capacitive contribution of patterned Ni anodes. By
the electrochemical characterization of samples with different A,pg/l1pg ratio, the separation into
a Line Specific Capacitance (LSC) attributed to charge transfer and an Area Specific Capacitance
(ASC) attributed to a double layer was enabled. The experimentally determined values come
close to the theoretical double layer capacitance.
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6 Electrochemistry of the CO Oxidation

This chapter summarizes the results of the electrochemical characterization of patterned Ni

anodes in CO-CO, atmosphere.

The analysis of the electrochemical oxidation of CO in CO-CO, atmosphere represents a first
step towards the operation of SOFCs with reformate gases. Especially the comparison between
results from the characterization in H,-H,O and CO-CO, atmosphere is important with respect
to differences in the reaction mechanisms. Therefore, the parameter dependencies for the CO-

CO, atmosphere need to be determined in the same way as for the H,-H,O atmosphere.

The experimental setup is explained in section 6.1. In section 6.2, the parameter dependencies
according to the Butler-Volmer equation are given. A comparison to existing literature data is
performed in section 6.3, and the comparison to results from H,-H,O atmosphere is performed

in section 6.4.

6.1 Measurement Setup

For the electrochemical characterization described in this chapter, the sample design was com-
posed of a 500 um wide frame around the actual stripe pattern on a surface of 9.25 x 9.25 mm?®
(thus electrode surface of 10.25 x 15.25 mm?). For details to the fabrication procedure and the
contacting of the samples see chapter 1. Accordingly, the measurement setup described in the
same chapter in figure 3.4b has been chosen. This allows a contacting without Ni mesh on the

entire surface, but only on two sides of the frame using a special contact block.

Electrochemical impedance spectra (EIS) were recorded over an extended range of gas composi-
tions that avoid Ni oxidation and carbon formation: 4.0-10> Pa < pCO < 5.1-10* Pa and 9.5-10° Pa
< pCO, £9.210" Pa, resulting in 8 % < Bye,cocor < 99 %. As shown in section 3.2, figure 3.6b, two
series of gas variation of pCO and pCQO, respectively were realized with up to 9 points per
series; N, was used as balance gas. In accordance to the relative water vapor content for H,-H,O
atmosphere, .. coco. Was calculated following .. cocor = PCO, / (pCO + pCQO,); the variation
was 8 % < B < 99 %. Additionally, temperature variation was performed for 700 °C < T < 800

°C. The polarization voltage has not been varied in order to avoid carbon formation.
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6 ELECTROCHEMISTRY OF THE CO OXIDATION

The recording of impedance spectra was performed by a Solartron 1260 FRA, in a frequency
range of 100 mHz — 1 MHz. Due to the high impedance of the patterned anodes, voltage stimu-

lus was chosen instead of current stimulus; the amplitude was 10 mV.

6.2 Results of Cell Measurements

In accordance to the procedure for H,-H,O atmosphere, the parameter dependencies of the
electrochemical characterization in CO-CO, atmosphere are described using the Butler-Volmer
equation. The exchange current density j, is described by a power law ansatz for the gas compo-
sition (partial pressures of CO and CO, respectively), and an Arrhenius type temperature de-
pendency:

. ‘ E,
j» =v(pCO)' (pCO,)’ exp(—ﬁ) 6.1

The parameter dependencies of LSR,, are determined based on the inverse proportionality of
exchange current density and resistance (LSR ~ 1/j,) and are described by the exponents c and
d (dependency of LSR, on pCO and pCO, respectively) and E,, (temperature dependency),

where ¢,, ¢; and ¢4 are proportionality constants:

LSR, =¢,(pCO) " 6.2
LSR, =c,(pCO,) " 6.3
LSR, =c, exp(hj 6.4

Ci RT .

In a graph with double-logarithmic scale of pCO and pCO, as abscissa and LSR,, as ordinate,
the negative slopes correspond to the exponents ¢ and d respectively. The activation energy is
obtained by plotting In(LSR,) as a function of the inverse temperature 1000-T".

6.2.1 Partial Pressures of CO and CO,

The dependencies of LSR,, on pCO, and pCO are shown in figure 6.1 and figure 6.2 respectively.
A strong negative dependency of LSR, on pCO, is observable for both analyzed pCO values.
However, the quantitative dependency is slightly different: at pCO = 3.9-10* Pa an exponent of d
= 0.79 is obtained, and at pCO = 1.0-10* Pa a weaker dependency with d = 0.61 is observed.
However, the latter dependency exhibits a slight kink at pCO, = 2:10* Pa, with a higher slope
(d =0.76) for lower pCO, values and an attenuated slope (d = 0.41) for higher pCO, values.

The dependency of LSR,, on pCO is less pronounced: for pCO, = 5.1:10* Pa a value of ¢ = 0.24 is
obtained, and at pCO, = 2.0-10* Pa opposite behaviors are found for low and high pCO values.
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6.2 RESULTS OF CELL MEASUREMENTS

For pCO < 10* Pa, LSR,, decreases with increasing partial pressure (c = 0.47), whereas for higher
pCO values, LSR, increases with increasing pCO (c =-0.34).

2) 100 B) 101

= 10°] /50.79 +0.02 g 10
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T3 104 310

o 101/ PCO=39-10¢ Pa o 01| PCO=1.010¢ Pa

— T =800 °C — T =800 °C
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pCO, / Pa pCO,/ Pa

figure 6.1: Parameter dependency of LSR« as a function of pCO, at T = 800 °C for two different values of pCO: a)
pCO =3.9-10% Pa, and b) pCO = 1.0-10*. LSR.: values are corrected for the degradation during recording of parame-
ter variation, yielding LSRc,cor, sample: NiYSZ_291.
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figure 6.2: Parameter dependency of LSRu as a function of pCO at T = 800 °C for two different values of pCO,: a)

pCO; = 5.1-10* Pa, and b) pCO, = 2.0-10*. LSR.; values are corrected for the degradation during recording of pa-
rameter variation, yielding LSR 4 cor, Sample: NiYSZ_291.

Discussion

The parameter dependencies are similar to those observed for H,-H,O, with a strong negative
dependency on the reaction product (H,O, CO,) and a weaker dependency on the reactant (H,,
CO). By contrast, Boulenouar reported similar dependencies for pCO and pCO, of about 0.5 in
the case of Ni grid electrodes [47]. For technical Ni/8YSZ cermet anodes, Leonide reported ap-
parent gas composition dependencies of ¢ = -0.058 and d = 0.25 [53, 98, 99]. These are the de-
pendencies of the coupled processes of ionic transport in the YSZ matrix and charge transfer at
the TPB, that are expected to be weaker than the pure charge transfer dependency, since ionic
transport is gas composition invariant. However, this data affirms the observation of a stronger

dependency on the reaction product than on the reactant.
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6 ELECTROCHEMISTRY OF THE CO OXIDATION

6.2.2 Temperature

The activation energy has been determined in the temperature range of 700 - 800 °C. A value of
1.42 eV is obtained for pCO = 3.9-10" Pa and pCO, = 4.2-10" Pa, see figure 6.3. Additionally, the
activation energy in three operation points of pCO variation at pCO, = 2.0-10* Pa has been de-
termined, see figure 6.4a. A clear difference in activation energy is discernable for the three gas
compositions between 0.85 eV to 1.42 eV, with increasing activation energy for increasing pCO.
Additionally, the pCO dependency of LSR, for T =700, 750, 800 °C is shown in figure 6.4b. The

previously observed kink in dependency of LSR, on pCO at around pCO = 2-10* Pa is repro-
duced for all temperatures.

T/°C
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£ E,.=142eV
G
% 102+
Mﬁ
n
— pCO=3.9-104 Pa

pCO, =4.2-10* Pa
100 balance: N,
0.90 0.95 1.00 1.05 1.10

1000-T! / K1
figure 6.3: Temperature dependency of LSR. recorded at pCO = 3.9-10* Pa and pCO; = 4.2:10* Pa. The activation

energy is E.: = 1.42 eV. LSR. values are corrected for the degradation during recording of parameter variation,
yielding LSRctcorr. Sample: NiYSZ_291.
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figure 6.4: a) Temperature dependency of LSR., recorded for different pCO at constant pCO, = 2.0-10* Pa. The
activation energy varies considerably between E,. = 0.85 - 1.42 eV, and b) LSR as function of pCO for T = 700,

750, 800 °C together with the data series at 800 °C from figure 6.2b, pCO, = 2.0-10* Pa. Values are corrected for the
degradation during recording of parameter variation, yielding LSRccorr. sSample: NiYSZ_291.
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6.2 RESULTS OF CELL MEASUREMENTS

For Ni grid electrodes, no activation energy has been reported by Boulenouar. For Ni/8YSZ
cermet anodes, a value of 1.23 eV is reported. However, this is an apparent parameter depend-

ency, including the contribution of ionic transport and charge transfer.

Discussion

A summary of the dependencies of LSR, on parameter variations of gas composition and tem-
perature as a function of pCO and pCQO, is given in figure 6.5. It is noteworthy that both the
pCO, dependency as well as the pCO dependency change at about pCO = 10° Pa,
pCO, =2-10" Pa. This is in accordance with the change in activation energy between 0.82 eV for
pCO < 10* Pa and 1.42 eV for pCO > 10* Pa. At pCO = 10" Pa, an intermediate activation energy
of 1.22 eV is obtained. Together, these reproducible changes in the parameter dependencies are
strong indicators for a change in the reaction mechanism within the characterized parameter
range. One possible limit for gas compositions with different reaction mechanism is the
pCO,/pCO ratio: as shown in figure 6.5, the line indicating a value of {3, co/co. = 60 % separates
the two regions with different (i) dependencies on pCO and pCO,, and (ii) different activation
energies. According to the findings in H,-H,O atmosphere, the change in mechanism may in-

clude a co-limitation of charge transfer, e.g. with adsorption/desorption [13].
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figure 6.5: Summary of the parameter dependencies ¢, d and E.: of LSR. as a function of pCO and pCO, together
with a possible limit for a change in the reaction mechanism at Bra,coico» = 60 %. The values of ¢ and d were deter-
mined at 800 °C.

6.2.3 Triple-Phase-Boundary Length (I1pg)

The effect of the TPB length is shown in figure 6.6 by plotting R, as a function of lypg .o, In order
to determine whether the rate determining reaction step takes place at the TPB, samples with
two different values of lp5 have been characterized in CO-CO, atmosphere. However, a quanti-

tative analysis would require further values of l;pg.
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figure 6.6: Polarization resistance of charge transfer reaction R for different TPB lengths recorded at same condi-
tions (pCO = 3.9-10* Pa, pCO, = 4.2:10* Pa, T = 800 °C): a) proportionality of 1/R.; and lrps, b) double logarithmic
graph of Ry as a function of lrpgcorr. Values of lrps have been corrected for the increase due to grain growth, yielding

l TPB,corr-

In the graph with 1/R, as a function of lyp, the linear fit of the data points yields an axis inter-
cept with the ordinate of 0.0003 and thus comes very close to the origin, see figure 6.6a. In the
double logarithmic plot, a slope of -0.99 is obtained which is very close to the expected -1, see
figure 6.6b. Therefore, it can be concluded that the electrochemical oxidation of CO takes place

at the TPB and consequently the polarization resistance is governed by a constant LSR.

6.3 Comparison to Literature Data

Sparse work is reported that realized systematic parameter variations of one parameter at a
time that allows determining quantitative parameter dependencies. Among them is no study
with patterned Ni anodes. Hence, the only source for a comparison of the electrochemical per-
formance of model anodes is the study with Ni grid electrodes by Boulenouar [47]. A direct
comparison of LSR data with Ni grid electrodes is difficult since the value of l;pz is not known
exactly. Nevertheless, a quantitative comparison is attempted in this work. To that aim, the
polarization resistances are extracted from the study by Boulenouar and a coarse estimate of the
TPB length (I1pp) is determined: assuming a reaction line at both sides of each Ni wire and a Ni
grid with 400 wires per inch, a value of lyps = 6.27 m-cm™ is obtained (A = 0.071 cm?). The lower

error bar then corresponds to one reaction line underneath each wire.

A difference persists with respect to the temperature of characterization: whereas data in this
work has been recorded at 800 °C, data by Boulenouar is reported at 850 °C and no information
is given on the activation energy. Additionally, no correction for the gas composition is per-
formed for this comparison as similar gas compositions were applied for pCO, and pCO varia-

tion respectively.
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figure 6.7: Comparison of patterned Ni anode results obtained in this work to literature data of a Ni grid electrode
[47]: a) for variation of pCO,, and b) variation of CO. Note that a slight difference in gas composition exists and
that data by Boulenouar is reported for 850 °C, contrary to 800 °C in this work. The error bars for the Ni grid
electrode indicate an error in lrp estimation of a factor of 2.

The resulting graphs for pCO: and pCO variation are given in figure 6.7. Even though data by
Boulenouar is reported for higher temperatures (T = 850 °C), the absolute LSR values exceed
data from this work (T = 800 °C) by up to one order of magnitude. Possible causes include
(i) poor contacting between Ni grid and electrolyte substrate and thus an overestimation of
active lpg or (ii) a considerable amount of impurities at the TPB and the electrode-electrolyte
interface that have segregated from YSZ bulk and Ni grid during the annealing process of the
Ni grid on the YSZ substrate at 1400 °C.

Comparing the pCO: dependency, the same trend is observed between data from this work
(d=0.61 to 0.79) and Boulenouar (d = 0.54) for pCO, > 10* Pa, whereas at lower pCO, values,

opposite behavior is reported by Boulenouar with d =-0.3, see figure 6.7a.

Comparing the pCO dependency, no agreement is found, see figure 6.7b. Whereas Boulenouar
reported a negative proportionality between LSR, and pCO throughout the investigated pCO
range with ¢ = 0.19 - 0.45, in this work a kink is observed in proportionality for pCO, = 2:10* Pa.
For low pCO values, negative proportionality (c = 0.47) is observed and direct proportionality at
higher pCO values (c =-0.34).

Discussion

Boulenouar et al. analyzed impedance spectra with an equivalent circuit composed of a double
layer capacitance in parallel to a series connection of charge transfer resistance and two RC
elements [47]. The physical origin of the RC elements is a limitation by adsorption. Boulenouar
suggests adsorption of atomic oxygen on the electrode or the electrolyte and adsorption of CO
on the electrode. In this work, charge transfer is represented by an RQ element in series to two
RQ elements for the contributions of gas diffusion and counter electrode (see section 3.3). No

further separation was necessary to represent the impedance spectra. A better agreement be-
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6 ELECTROCHEMISTRY OF THE CO OXIDATION

tween the parameter dependencies on pCO and pCO, of both studies is obtained when data by
Boulenouar is interpreted as the sum of R, and the two resistive contributions of the RC ele-

ments. In this case, the resulting dependencies are c=0.25 and d = 0.5.

Furthermore, the observed differences in electrochemical performance between this work and
Ni grid electrodes may be explained by a non negligible influence of impurities on the perform-
ance of the grid electrode. No information is available on the purity of the electrode and electro-
lyte materials for preparation and neither SEM images nor further impurity analysis are re-
ported. Especially due to the described annealing process of the Ni grid on the YSZ substrate at
1400 °C, it must be assumed that impurities from the bulk materials have segregated to the
surface and the TPB. Impurities at the surface and the TPB may (i) change the kinetics of ad-
sorption/desorption and (ii) slow down the charge transfer reaction at the TPB due to impurity
barriers [22, 63]. This may explain the higher absolute LSR values as well as different parameter

dependencies reported by Boulenouar compared to the results obtained in this work.

6.4 Comparison to H,-H,O Data

In the following, a comparison of the LSR values determined for pH, and pCO as well as pH,O
and pCQ, is performed. In figure 6.8, the dependencies of LSR on the partial pressures of pCO,
and pH,O are given for pCO = pH, = 10* Pa. Both the absolute LSR,, values as well as the de-
pendency on pCO, (d = 0.61) and pH,O (d = 0.68) are unexpectedly similar.

The variation of pCO and pH, for two different values of pCO, is shown in figure 6.9. Again,
similar LSR, values are obtained. However, the agreement with respect to parameter depend-
ency is not as good as between pH,O and pCO,. For CO-CO, atmosphere, a clear and repro-
ducible kink was observed, whereas for pH, variation no such pronounced kink was found.
Nevertheless it is affirmed that in both atmospheres the dependency on reactant concentration
is different from the dependency on product concentration, with a weaker dependency for the

reactant than for the product.

10°

T=800°C
pCO =1.0-10% Pa
100 or pH,= 1I.O-104 Pa . .
10t 102 103 104 10°

pCO, or pH,0O / Pa
figure 6.8: Comparison of LSRy values of H»-H,O and CO-CO, atmosphere for variations of pH,O and pCO;
respectively (pH, = 1.0-10* Pa, pCO = 1.0-10* Pa, T = 800 °C). Data originates from figure 5.1 and figure 6.1.
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figure 6.9: Comparison of LSR.: values of H»-H,O and CO-CO, atmosphere for variations of pH, and pCO respec-
tively: a) pH,O = 6.7-10° Pa, pCO, = 2.0-10* Pa, T = 800 °C, b) pH,O = 6.7-10° Pa, pCO, = 5.1-10° Pa, T = 800 °C.
Data originates from figure 5.2 and figure 6.2.

The activation energy for 700 °C < T < 800 °C for H,-H,O at standard conditions is 1.01 eV.
Herein, changes in the activation energy for different gas composition were observed between
0.8 to 2.0 eV. The electrochemical characterization in CO-CO, atmosphere exhibits a difference

in activation energy from 0.85 to 1.42 eV, with increasing activation energy for increasing pCO.

Discussion

The comparison of results from electrochemical characterization in H,-H,O and CO-CO, gives
evidence on the reaction mechanism in both atmospheres. So far, studies advocating the same
reaction mechanism [44, 45] as well as completely different mechanisms [14, 29, 46-50] have
been reported. The similar characteristics in both atmospheres found in this work indicate simi-

lar reaction mechanisms for the electrochemical oxidation of H, and CO.

Although a lot of experimental and modeling studies have been performed in H,-H,0O, no evi-
dence exists on the rate determining mechanisms, yet most results are in favor of a rate limita-
tion by H spillover [13, 16, 39, 54, 100]. In CO-CO, atmosphere, a H spillover would correspond
to a hop of a Ni-adsorbed CO to the YSZ surface and instantaneous reaction with an oxygen ion
to form CO,. A similar reaction mechanism has been introduced in the study by Lauvstad for
the interpretation of experimental data with point anodes [14]. However, results suggest a pref-
erential reaction mechanism with two adsorbed species (O and CO) and charge transfer by O
spillover [49]. In a modeling study with five different reaction mechanisms of O spillover
mechanisms (one or two step mechanisms), Yurkiv found best agreement for data by Lauvstad
[49] with a two step charge transfer (transfer of one electron to the YSZ surface and a consecu-
tive O spillover from YSZ to Ni surface) [61]. However, no CO spillover was included in this

modeling framework.

Interstitial transfer of CO has not been discussed so far, as CO diffusion in Ni and YSZ is ex-

pected to have no influence due to the large molecule size and the low solubility. With respect
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to the similar electrode performance, this renders interstitial transfer also improbable for H,-
H,O. It may contribute in parallel to a surface spillover as proposed in [59], but it is not as-

sumed to account for the entire exchange current density.

However, the observed difference in relaxation and degradation behavior for the characteriza-
tion in H,-H,O and CO-CO, atmosphere may be interpreted as an indicator for a difference in
reaction mechanisms: long settling times were observed upon variation of pH,O and especially
pH,, and the degradation rate for LSR, determined in H,-H,O atmosphere is higher than the
one in CO-CO, atmosphere. It is suggested that the long settling times are caused by a slow
equilibration of species concentration between bulk, surface and gas phase in the case of H,-
H,0O atmosphere. Due to the low solubility of CO in Ni and YSZ, no equilibration takes place for
CO-CO, atmosphere. A limitation of LSR,, involving bulk species as observed for the H,-H,O
atomsphere may be explained by an interstitial charge transfer.

6.5 Conclusions

Parameter dependencies of LSR,, on pCO, pCO, and T have been determined with patterned Ni
anodes for a large parameter variation under avoidance of Ni oxidation and carbon formation.
The following parameter dependencies for the electrochemical oxidation of CO have been ob-
tained: (i) a negative dependency of LSR, on pCO, (d = 0.61 - 0.79), (ii) a kink in the depend-
ency on pCO at pCO = 2-10* Pa from negative to direct proportionality or weaker dependency,
depending on the value of pCO,, (iii) a change in activation energy from 0.85 — 1.42 eV with
increasing pCO. Additionally, the expected proportionality between LSR, and lps has been
affirmed. In combination with the results from experimental characterization in H,-H,O, these
new results for the CO-CO: atmosphere represent a powerful data basis e.g. for modeling stud-

ies of the reaction mechanisms at SOFC anodes.

A comparison of LSR, data with data for grid anodes revealed considerably higher values for
the grid electrode (deviations exceeding one order of magnitude). It is suggested that these
deviations as well as different parameter dependencies are caused by a considerable impurity

content as a consequence of an annealing process at 1400 °C.

Similar results for (i) absolute LSR,, values and (ii) parameter dependencies have been obtained
for the electrochemical characterization in H,-H,O and CO-CO, atmosphere, indicating similar
reaction mechanisms in both atmospheres. However, so far modeling studies advocate H spill-
over for H,-H,O atmosphere, whereas mostly O spillover mechanisms have been implemented
for CO-CO, atmosphere. This emphasizes the need of a detailed modeling study for CO-CO,.

Interstitial charge transfer is assumed ineffective for CO-CO,, whereas it may contribute to the

current density in H,-H,O and may be responsible for the observed slow relaxation processes.
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7 Comparison to Technical Cermet Anodes

In this chapter, the electrochemical performance obtained for patterned Ni anodes is compared
to data reported for technical Ni/8YSZ cermet anodes. This comparison is important with re-
spect to the question, whether findings from model anodes can be transferred to cermet anodes.
For this comparison, the coupled processes in a cermet — namely charge transfer at the TPB and
ionic and electronic transport processes in electrolyte and electrode — are implemented in a

transmission line model.

The transmission line model is introduced in section 7.1. A comparison to results obtained by
considering charge transfer exclusively and neglecting transport processes is given in section
7.2. The effect on the parameter dependencies with the denotation of apparent parameter de-
pendencies is shown in section 7.3. Finally, results of patterned and cermet anodes are com-

pared in section 7.4 with respect to parameter variations of pH,, pH,O, pCO, pCO, and T.

7.1 Transmission Line Model

In technical Ni/8YSZ cermet anodes, a porous mixture of electrode and electrolyte particles is
realized in order to obtain a large number of electrochemically active TPB points in the anode
volume [1]. This geometry and the high ionic conductivity in the YSZ enable an expansion of
the active reaction zone from the electrode-electrolyte interface into the anode volume. The loss
mechanisms in such an electrode include contributions of (i) electrochemistry, (ii) gas diffusion
and (iii) gas conversion. Herein, the electrochemistry includes charge transfer at the TPB as well
as the ionic and electronic transport. It has been shown that the gas phase contributions can be
separated from electrochemistry e.g. by the calculation of the Distribution of Relaxation Times
(DRT) [33, 35, 83, 90].

A basic equivalent circuit element for the contribution of electrochemistry is the Transmission
Line model (TL) [101, 102]. Sonn et al. have applied this model for the interpretation of a screen-
printed Ni/8YSZ cermet anode [35].

The scheme of a typical Ni/8YSZ cermet anode with the TPB distributed in the anode volume is
given in figure 7.1a. The corresponding transmission line model is composed of (i) the distrib-
uted resistances x; and x,, that represent the resistance load per unit length (unit: Q-m™) in the
electrolyte and the electrode respectively, and (ii) the interface impedance C at the TPB, mod-
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7 COMPARISON TO TECHNICAL CERMET ANODES

eled as RQ element, see figure 7.1b. Ionic and electronic current density (i, and i, respectively)
as a function of the distance from the electrode-electrolyte interface are shown in figure 7.1c: iy
increases with increasing distance from the interface. The penetration depth A is defined as the
distance where 63 % of the current exchange from ionic to electronic has taken place. Hence, the

penetration depth is an indicator for the spatial extension of the active reaction zone.

a) . b)
H
YSZ \ ? HO o X £ YSZ: ionic transport
\\o 2 C { TPB: charge transfer
\ = Ni: electronic transport
X X Xo
) .
( 1ion’ 1el
e — / 1 1 ie
YSZ ion,0 ion /l
0374, e
/ ion,0 ' —x

A L

figure 7.1: a) Scheme of transmission line model with location of electrochemical oxidation at the TPB (indicated by
the bold lines), b) equivalent circuit of the cermet anode by a transmission line: )1 and X, represent ionic and
electronic transport, C represents the charge transfer at the TPB, c) ionic and electronic current density (i, and i
respectively) as a function of the distance from the electrode-electrolyte interface. The penetration depth A indicates
the position where 63 % of the current exchange from ionic to electronic has taken place.

The impedance of the transmission line model with a geometric length of L is given by [101]:

2 2
Zp = Xia g, 2] XX coth(Ej 71
X: + X sinh(L/A) X; + X A

Herein, the penetration depth A is defined by:

C
Xi+X,

A:

7.2

Due to the high electrode conductivity, it is x; >> x,. In the case of Ni/8YSZ cermet anodes, the
simplification X, = 0 is applied, thus:

ZTL =A- X4 'COth(%j 7.3

/\:\/% 7.4

The ionic transport is represented by a distributed ohmic resistance z, = 1, = x;. The total resis-
tance R, in the electrode is obtained by integration over the anode thickness L, see equation 7.5.

The charge transfer is represented by an impedance length z; = C (unit: (Q-m), thus the total
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resistance of charge transfer Z; (in the case of direct current R;) decreases with increasing anode

thickness, see equation 7.6.

R1:Z1'L:X1'L 7.5
z G
7 % _5
STLTL 7.6

As charge transfer is represented by an RQ element, it is:

I

z, =
} 1+1,q, - (iw)" 7.7

In the case of direct current, it is z; = r; und thus the resistance of the transmission line model

Ry is calculated by:

I

R =4rr, 'COth(L r—lj 7.8

Herein, the quantity 1, is calculated based on the effective ionic conductivity of the electrolyte

Oionerr and the electrode area A:

_ 1
L= A 7.9

O-ion,eff :
And the quantity r; is calculated based on the line specific resistance of charge transfer LSR,,
the TPB length per volume lypg, and the electrode area A:
L LSR,,
N | A 7.10

TPB,v

An overview of the components of the transmission line model and their definitions are given
in table 7.1.

table 7.1: Overview of the components in the transmission line model.

Value Process  Unit Distributed Distr. DC Total DC Value
impedance resistance  resistance

1

X1 Ionic transport in YSZ Q-m-! Z, =1, I R,=r-L L= A
ion eff

. . . 1

X2 Electronic transport in Ni  QO-m-! Z, =1, I, R,=r1,-L L= —~0

O et " A
B I, I, _ LSR,
C Charge transfer at TPB Q'm % T lira. o) 5 (i) I3 R, =1 L= m

The case distinctions of (i) very high charge transfer resistance and (ii) very low ionic conductiv-
ity are summarized in table 7.2. In the former case (R; >> R,), the resistance of the transmission

line model is almost equal to R; and the expansion of the active reaction zone into the electrode
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volume is high. This case is denoted charge transfer limitation. In the latter case (transport limi-
tation), the penetration depth is small.

table 7.2: Case distinction of high charge transfer resistance Rs and low ionic conductivity (high Rq) respectively,

together with their implication on the transmission line resistance Ry, and the penetration depth A.

Case Description R Pen. depth A
R;>> R, Charge transfer limitation Ry = %Rl +R, A= % 4
R >Ry Transport limitation Ry =RR, A= 1—3 N
7.2 Line Specific Resistance versus Transmission Line
Impedance

The quantities of Line Specific Resistance (LSR) and Area Specific Resistance (ASR) have been
introduced to enable the comparison of the electrochemical performance of samples with differ-
ent geometry (either lps or electrode area A). The former is common in the analysis of model
anode performance, the latter for cermet anodes. In principle, both quantities are interdepend-
ent by the parameter l;5 see equation 7.11. However, the calculation of ASR, values based on
LSRR, and l;p is only valid if charge transfer exclusively contributes to the polarization resis-
tance, while ionic transport is neglected. In the case of cermet anodes this does not apply. Cor-
respondingly, the comparison of the performance of cermet and patterned anodes by the calcu-

lation of LSR,, following equation 7.11 is not possible.
LSR, =R, - Al =ASR -l 7.11

The error introduced by neglecting the ionic transport for the calculation of ASR is demon-
strated in figure 7.2 by the comparison of ASR, and ASRy as a function of pH,O. Here, ASR is
the quotient of LSR, and l;pg, while ASRy; is calculated according to equations 7.8 to 7.10 and
takes into account the losses due to ionic transport. Therein, the ionic conductivity is assumed
to be independent on gas composition. The deviation between ASR,, and ASRy; is a function of
pH,O. With decreasing penetration depth and thus a limitation by ionic transport, the contribu-

tion of ionic transport to the polarization resistance increases, see figure 7.2a.

In figure 7.2b, the error introduced by neglecting the ionic contribution is shown together with
the difference of R; and R;. At low pH,O with high LSR the difference (R;-R;) is positive, indi-
cating charge transfer limitation; at high pH,O with low LSR the difference is negative, indicat-
ing transport limitation. Thus, for transport limitation conditions, the error made by neglecting
the contribution of ionic transport is largest due to (i) a high impedance loss in the electrolyte

and (ii) a small penetration depth leading to an overestimation of l;p3 in equation 7.11.
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a) b)
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figure 7.2: a) Comparison of ASR values calculated with contribution of ionic transport ASRr (equations 7.8 to
7.10) and neglecting ionic transport ASR. (equation 7.11). Additionally, the penetration depth is indicated. LSR
values are taken from figure 5.1 at pH, = 9.0-10° Pa, T = 800 °C; Gione=1.11 S'm* and Irpp = 2.53-10°m-cm?, and b)
deviation between values of ASRr. and ASR.: from a) together with the subtraction of Rs and R, indicating charge

transfer limitation for pH,O < 7.0-10° Pa and transport limitation for higher pH,O.

Neglecting the ionic transport contribution can lead to an error of almost 50 % in ASR determi-
nation, see figure 7.2b. Hence, for a meaningful comparison of the electrochemical performance
of patterned and cermet anodes, the calculation of the transmission line resistance Ry; including

charge transfer and ionic transport is essential.

7.3 Apparent Parameter Dependencies

The measurement setup and most importantly the analysis of the impendance spectra of
Ni/8YSZ cermet anodes have an influence on the observed parameter dependencies: they may
either describe the combined dependencies of charge transfer and ionic transport or the indi-
vidual dependencies. Sonn et al. have used a transmission line model for the analysis of the
electrochemical characterization of symmetrical Ni/8YSZ cermet anodes [35]. This enabled the
separation of the contributions of charge transfer and ionic transport. Additionally, the activa-
tion energies of both contributions have been determined individually. However, in most cases
this separation is not performed, but the reported parameter dependencies include contribu-
tions of charge transfer and ionic transport. These parameter dependencies are then referred to
as apparent parameter dependencies. Among others, this applies to the data reported by Leon-
ide for the electrochemical characterization of the anode function layer of anode supported cells
[33, 53, 99]

The difference between apparent dependency and pure dependency of charge transfer on gas

composition and on temperature is a function of the limitation regime and hence the R4/R,; ratio.
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Gas Composition Dependency

The ionic conductivity in the electrolyte is invariant to changes in the gas composition (pH,-
pH,O or pCO-pCQO,), whereas charge transfer is strongly affected, see chapters 5 and 6. Hence,
the apparent dependency will be reduced compared to the parameter dependency of pure
charge transfer. In the special case of transport limitation (R, >> R;), where the attenuation of the
effect of changes in the gas composition is strongest, the apparent parameter dependencies
amount only for half of the parameter dependencies of pure charge transfer, see equations 7.12
and 7.13.

Thus, depending on the Ry/R; ratio in technical Ni/8YSZ cermet anodes, the apparent parameter

dependency a,,, is expected to lie within an interval of 0.5-a < a,,, < a (same applies for b, ¢, and
d).
2 b
Zy (pHZ/pHZO) = \/Rl ‘R, = \/RI -¢; -pH, ?-pH,0O ? 7.12
< d
Z, (pCO,pCOZ)z\/R1 ‘R, = \/RI ¢ -pCO 2 -pCO,? 7.13

Activation Energy

The temperature dependency of the ionic transport resistance is weaker than for the charge
transfer resistance. Hence, the apparent activation energy will be reduced compared to the
activation energy of pure charge transfer. In the special case of transport limitation, the appar-
ent activation energy E, .o, = Earri is calculated as the mean value of the activation energies of
ionic transport E,z; and charge transfer E,. z; see equation 7.14. In the case of charge transfer

limitation, the apparent activation energy lies between the two activation energies E, ., and

Eact,R3~

_ act,Rq + Eact,R3
act, R — 2

7.14

As a consequence of the different activation energies, a change in the penetration depth A with

temperature is expected and was confirmed experimentally by Sonn et al. [35].

7.4 Comparison of Electrochemical Performance

As shown in equations 7.8 - 7.10, the calculation of the transmission line resistance at DC re-
quires the knowledge of LSR,, together with l;pg, and 0y, .. LSR, values have been determined
in this work for parameter variations of T in H,-H,O and CO-CO, atmosphere as well as of the
partial pressures pH,, pH,O, pCO and pCO,. The parameters l;p, and oy, are unknown and

therefore estimated based on modeling and experimental studies respectively.

The value of l;pg, can be estimated using 3D reconstruction [103-106] or using microstructure

models [39]. Besides the material composition that is decisive for the amount of TPB [1, 39], the
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percolation percentage is an important factor in order to consider only the active TPB. Results of
different studies are summarized in section 9.3. With respect to the differences in material com-
position, they show good agreement with 15, values between 10" - 10" m™. In this work, lipp,y
was estimated based on a simulation of the electrode with COMSOL Multiphysics according to
the simulation studies reported by Riiger et al. [107, 108]. For a particle size of 500 nm and a
material composition of 48 - 30 - 22 vol% YSZ - Ni - pore, which corresponds to the anode func-
tional layer (AFL) characterized in the studies of Leonide et al. [33, 98], a value of lypg, = 3.61-10"
m~” was obtained. For a material composition of screen printed Ni/8YSZ cermet anodes with a
material composition of 35 - 30 - 35 vol % YSZ - Ni - pore [35], a slightly higher value of 4.21-10"

m™ was obtained.

The ionic conductivity of the YSZ skeleton in a cermet anode which is denoted effective ionic
conductivity O, . is different from the bulk conductivity o, .. This is taken into account by
the structural factor f as a function of porosity ¢ and tortuosity T of the YSZ skeleton [102]:

¢ 1-¢
Oion,eff = 'Gion,bulk = T Gion,bulk 715

Furthermore, the ionic conductivity exhibits a strong degradation due to a phase transition
from cubic to tetragonal leading to Y-depletion and Y-enriched regions with lower ionic con-
ductivity [109-111]. In Ni/8YSZ cermet anodes the phase transition and hence the degradation is
assumed to be induced by the diffusion of NiO into the YSZ during sintering and subsequent

reduction of NiO to Ni in reducing atmosphere.

In this work, ;s values were taken from conductivity measurements of an anode substrate,
where Ni has been removed after sintering. At 800 °C, a value of 0j,, (800 °C) = 4.61 S'm™ has
been obtained, yielding a value of 0., (800 °C) = 1.106 S'-m™” with € = 0.52 and t = 2. After ther-
mal exposure at 950 °C for 100 h in reducing atmosphere, the ionic conductivity has degraded
considerably to Oion (800 °C) = 1.49 S'm™ and thus 0;g,e¢q = 0.357 S'm™. The ASC cells charac-
terized by Leonide et al. have not been exposed to temperatures exceeding 870 °C [90], the
degradation of the ionic conductivity is therefore expected to be less pronounced.

The results of calculation of Ry, obtained using the LSR, values combined with lypg, and i, s
are shown in figure 7.3 to figure 7.6 compared to experimental data from anode supported cells
characterized in H,-H,O and CO-CO, atmosphere reported in [53, 90]. These samples are com-

posed of a 7 um thick anode functional layer on the anode substrate, hence L =7 um.

In figure 7.3 the dependencies of the resistances on pH,O and pH, are given. The closed sym-
bols refer to the non-degraded ionic conductivity, the open symbols to the degraded value after
thermal exposure at 950 °C for 100 h. The error bars indicate the effect of an over- or underesti-
mation of the lipg, of 50 %. As expected, the dependencies of the transmission line resistance
decrease compared to the dependencies of the LSR,, due to the contribution of gas composition
independent ionic transport in the YSZ skeleton. For non-degraded ionic conductivity, the

resistance is slightly higher than the value of the ASR,;; obtained for cermet anodes. The devia-
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tion increases when the degraded ionic conductivity is used. However, even in the case of de-

graded ionic conductivity, the deviation of the resistances is below one order of magnitude.

a) b)
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figure 7.3: Comparison of electrochemical performance of patterned and cermet anodes as a function of a) pH,O at
constant pH,, and b) pH; at constant pH,O. The subscript “IL’ refers to results from transmission line model

calculation, “TL,d" to a transmission line model including the degraded ionic conductivity, and ‘AFL’ to results
reported for an anode functional layer by Leonide [33].
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figure 7.4: Comparison of electrochemical performance of patterned and cermet anodes for H,-H,O atmosphere as a
function of temperature: a) comparison to data reported by Leonide for the anode functional layer of an anode sup-
ported cell [90], calculation with L =7 pum, and b) comparison to data reported by Sonn for a screen printed cermet
anode [35] with L =25 um. The subscript “TL’ refers to results from transmission line model calculation, “TL,d" to a
transmission line model including the degraded ionic conductivity, 'AFL’ to results reported for an anode functional
layer by Leonide [90], and "ESC’ to results reported for a screen printed cermet anode by Sonn [35].

For the activation energy in H,-H,O atmosphere, the comparison to data of a screen printed
Ni/8YSZ cermet anode characterized by Sonn et al. [35] is possible in addition to the comparison
of electrochemical performance to values of the AFL, see figure 7.4. For the gas composition of
figure 7.4a activation energies of 0.97 eV for 700 - 800 °C and 1.28 eV for 450 - 700 °C were ob-
tained. The value of 1.09 eV for the AFL lies within these values. Furthermore, the absolute ASR
values are in very good agreement. The ASR values of the screen printed anode are higher than
the values calculated based on LSR,,. However, the deviation is still less than one order of mag-

nitude, see figure 7.4b. Also the activation energy of 1.26 eV is higher than 0.94 and 1.14 eV
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obtained with the transmission line calculation. Note that the activation energy obtained with
the transmission line model changes with gas composition due to the different R,/R, ratio.

The comparison of electrochemical performance in CO-CO, atmosphere shows the same trend
as for H,-H,O with good agreement of the absolute ASR values, see figure 7.5. The parameter
dependencies of ASRy; are attenuated compared to those of LSR, but still stronger than for the
experimentally determined values for the AFL. For the pCO variation, good agreement is ob-
served for pCO > 10* Pa with ¢ = 0.06 for ASR,;; and ¢ = 0.07 obtained for ASRy;, see figure 7.5b.

The behavior for temperature dependency in CO-CO, atmosphere is similar, see figure 7.6. The
ASR 4y, values are even slightly higher than values of ASRy,. The activation energies are in good
agreement with 1.29 eV for the transmission line calculation of the patterned anode, and 1.23 eV

for the cermet anode.
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figure 7.5: Comparison of electrochemical performance of patterned and cermet anodes as a function of a) pCO; at
constant pCO, and b) pCO at constant pCO,. The subscript “TL’ refers to results from transmission line model
calculation, "TL,d’ to a transmission line model including the degraded ionic conductivity, and ‘AFL’ to results
reported for an anode functional layer by Leonide [98].
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figure 7.6: Comparison of electrochemical performance of patterned and cermet anodes for CO-CO; atmosphere as a
function of temperature. The subscript “TL’ refers to results from transmission line model calculation, “TL,d" to a

transmission line model including the degraded ionic conductivity, and ‘AFL’ to results reported for an anode
functional layer by Leonide [98].
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A summary of the dependencies of LSR,, ASRy, ASRy 4 and ASR, on the parameters T, pH,,
pH,O, pCO, and pCO, is given in table 7.3. It is clearly observable that the parameter depend-
encies of ASRy; have decreased compared to those of LSR,, since ionic transport in the electro-
lyte is invariant to gas composition and only slightly temperature activated. In the case of a
calculation with the degraded ionic conductivtity yielding ASRy 4 the dependencies decrease
further.

table 7.3: Comparison of parameter dependencies of LSR. and the resulting Ry to the apparent parameter depend-
encies reported for a Ni/8YSZ cermet anode (ASRar) by Leonide [90, 98]. a and b refer to pH, and pH,O dependen-
cies following equations 5.3 and 5.4, ¢ and d refer to pCO and pCO: dependencies following equations 6.2 and 6.3.

Parameter Range LSR Ry Rypg ASR g

dependency [33, 98, 991
total: 0.68 + 0.04 0.61 +0.05 0.54 + 0.06

b [-] s 0.33 + 0.008
>10° Pa: 035+0.004  0.28 +0.003

al-] 0.07 £ 0.04 0.05 +0.03 0.04+0.02 -0.10+0.01
700 - 800°C: 1.01 +0.01 0.97 + 0.008 0.97 + 0.006

E.. (H-H,0) [eV . e e e 1.09 £ 0.02

 (HH0) [eV] 450-700°C:  1374+0.02 1284002  1.21+0.02 *

C0O=3.9-10* Pa: 0.79 +0.02 0.57 +0.02 0.44 +0.02

d[-] P ? 0.25 + 0.006
pco=1-o.1o4 Pa: 0.61 +0.03 0.51 +0.05 0.42 +0.04
CO,=5.1-10* Pa: 0.24 +0.05 0.20 +0.03 0.15+0.03

cl] P -0.059 +0.016

E,.. (CO-CO,) [eV] 700 - 800°C: 1.42 +0.02 1.29 +0.02 1.22 +0.01 1.23 +0.07

7.5 Discussion

The basic question in the interpretation of experimental data of patterned Ni anodes is whether
findings on the elementary kinetic reaction mechanism can be transferred to technical Ni/8YSZ
cermet anodes. Among others, this involves the possible influence of impurity barriers for the
charge transfer reaction at the TPB. Due to the different surface to volume ratio between pat-
terned and cermet anodes, the effect of impurities on the electrochemistry of patterned anodes
is considered stronger than for the nano- or microstructured cermet anodes, see section 9.2. The
comparison of the electrochemical performance of patterned and cermet anodes gives evidence

to this question.

The comparison performed in this work yields a good agreement of the absolute ASR values as
well as of most parameter dependencies to experimental data of a Ni/8YSZ cermet anode. Yet,
for the pCO, variation a stronger dependency was obtained for the data of patterned anodes

than for the cermet anode.
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Additionally, the calculation according to the transmission line model depends on several pa-
rameters that need to be estimated (l1pp v, Tionpure aNd Oionerr). Hence, the result is subject to uncer-

tainties that will be discussed in the following sections.

Uncertainties in lypg,,

Two methods have been presented for the determination of lypg, including 3D reconstruction
and microstructural models that both show disadvantages. The result from 3D reconstruction is
only valid for the analyzed material composition and requires the reconstruction of the actually
characterized AFL layer, which has not been performed so far. Furthermore, image analysis is
strongly dependent on the contrast between the three different phases and the consecutive
segmentation step. The size of the analyzed image influences the reproducibility, and therefore
a representative volume element needs to be determined [106]. Additionally, the percolation
percentage is difficult to determine. In microstructural models the particles are typically repre-
sented by spheres or cubes and geometry changes due to sintering (e.g. agglomeration) are only
included to a limited extent. Therefore, the obtained values of 15, typically represent an upper
limit. The value of lypg, = 3.61-10” m? which has been chosen in this work based on a micro-
structural model, appears reasonable with respect to literature data of several studies that all

show similar values in the order of 10" m™ for different material compositions, see section 9.3.

Uncertainties in o;,,

For the ionic conductivity, the uncertainties are related to the experimental identification of
Oionpuls its degradation and the calculation of o, using the structural factor. For the calcula-
tion of the effective ionic conductivity Cionerr, all parameters — the structural factor £, the porosity
¢, and the tortuosity t — are strongly dependent on the material composition. For the AFL, val-
ues of ¢ =0.52 and t =2 (f = 0.24) have been used in accordance with a study representing t as a
function of € [107]. For the comparison to the screen printed Ni/8YSZ cermet anode, values of ¢
= 0.65 and T = 2.5 (f = 0.14) were used. The degradation of the ionic conductivity was shown to
be caused by a decomposition of the YSZ matrix from cubic to tetragonal with Y-enriched and
Y-depleted regions that both exhibit a reduced ionic conductivity compared to the original bulk
composition [109-111]. This decomposition is accelerated by the diffusion of NiO into the YSZ
matrix and subsequent reduction to Ni in reducing atmosphere. Therefore, the degradation is
especially relevant in Ni/8YSZ cermet anodes and strongly dependent on sintering temperature
as well as temperature and atmosphere during electrochemical characterization, with stronger
degradation in reducing atmosphere [111]. In this work, two different values for the ionic con-
ductivity were applied: (i) the non-degraded ionic conductivity oj,, . that has been experimen-
tally determined for temperatures of 600 — 950 °C in reducing atmosphere, and (ii) the degraded
ionic conductivity Oi,,Luiq that has been experimentally determined for the same temperature

range after thermal exposure at 950 °C for 100 h in pure H,.
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7 COMPARISON TO TECHNICAL CERMET ANODES

Absolute ASR Values

The comparison of ASRy and ASR,y values shows good agreement, see figure 7.4a. Better
agreement is obtained with values for non-degraded oy, This is attributed to the reduced
temperature during characterization with a maximum temperature of 870 °C in the study of
Leonide, whereas the degraded ionic conductivity refers to thermal exposure at 950 °C and
consequently a stronger degradation. However, even non-degraded ASRy, values are slightly
above ASR,y, especially in H-H,O atmosphere. An explanation involves an under-estimation
of lips,, which is rather improbable (see discussion above). Instead, the opposite case of a block-
ing of parts of the TPB seems more likely, leading to a further increase in ASRy;. Hence, with
the actual uncertainties in lypg, and O, ., it cannot be excluded that a slight difference between
patterned and cermet anode reaction mechanisms persists e.g. through a stronger effect of im-

purities at the TPB of patterned anodes, see section 3.4.

The deviation between ASRy; and data obtained for screen printed cermet anodes reported by
Sonn (ASRgsc) is higher, though still within one order of magnitude, see figure 7.4b. For this
data, the separation of ionic transport contribution R; and charge transfer contribution R; has
been performed, hence a comparison of the individual values can be performed, see figure 7.7.
The R, gsc values show good agreement with R, 44 for degraded ionic conductivity, whereas the
calculation with the non-degraded ionic conductivity results in too low values, see figure 7.7a.
This is expected, as the screen printed electrode has been characterized at 950 °C and the ionic

conductivity is therefore strongly affected by degradation.

a) T/°C b) T/°C
1o 900 800 700 600 500 400 . 900800 700 600 500 400
pH, = 9.6-10% Pa
1024 s 102 { pH,0 =5.1-10% Pa .
A A m]
E 101 P E 101 - o .
Q A A A 3] o -
S 100 ‘ﬁﬁ . < 100 =
R T +R 3 .-ﬁﬁmjﬂj . +R
10-1 i 1,ESC 10-1 i ** u RS,ESC
A Ripa o** -',pI " Ry psc
102 ARy gpa 102 o R e
0.8 09 1 1.1 12 13 14 15 08 09 1 1.1 12 13 14 15
1000-T1 / K1 1000-T1 / K1

figure 7.7: Comparison of values of Ry and Rs calculated in this work with values reported by Sonn [35] for a screen
printed Ni/8YSZ cermet anode as a function of temperature: a) good agreement for values of Ry is obtained when
using the degraded ionic conductivity, yielding Riapa. Using the standard ionic conductivity, the obtained Ripa is
inferior to Ry esc (factor 3 to 4), and b) a strong deviation in Rs is observed between data by Sonn and the calculation
in this work when using lrpp, = 4.2:10" m? (Rspa). With a correction of lrps, to 3.0 10" m?, good agreement is
obtained. The subscript ‘PA’ refers to data from this work with patterned anode and 'ESC’ to the cermet anode data
reported by Sonn with L =25 um.

The R; values strongly deviate by one order of magnitude, where data by Sonn is higher than

R,p, calculated using LSR, according to the equations in table 7.1. Using lyps, = 3.0-10" m™ in-
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stead of 4.2:10” m™ leads to a good agreement (see figure 7.7b, open symbols). However, this
would imply that only 7 % of the entire TPB actively contributes to the electrochemical reaction,
which is an improbably low value. Another explanation may be that due to the different tem-
perature regimes of characterization (450 °C < T < 800 °C for patterned anodes and 750 °C < T <
950 °C for the cermet anode), different reaction mechanisms prevail. For example, the kink
observed in the activation energy of the patterned anodes (figure 5.3) was attributed to a change
in the reaction mechanism with a limitation by two hydrogen spillover mechanisms at T > 700
°C [13, 112]. A similar observation was made in the impedance modeling study by Gewies et al.
[39]: the impedance data reported Sonn was only reproducible by changing the reaction mecha-

nism compared to the model adapted for data by Bieberle for patterned Ni anodes [6].

Parameter Dependencies of ASR

In the case of temperature dependency, good agreement is found for the activation energies.
The activation energy of ASR,y in H,-H,O atmosphere is between the two values determined
for patterned anodes for temperatures above and below 700 °C. In CO-CO, atmosphere, good

agreement is observed as well, see table 7.3.

In the case of gas dependencies, deviations persist for pH,O and pCO,, with ASR;; dependen-
cies by a factor of 1.5 to 3.4 higher than the experimentally observed dependencies. Using the
degraded ionic conductivity (thus higher R,;), the dependencies decrease and approach the
values for the cermet anode, see table 7.3. This is an indication that the ratio of R;/R; for the
experimentally characterized Ni/8YSZ cermet anodes is higher than in the transmission line
calculation. This means that in this work either R, is overestimated or R, is underestimated, or
both. On the one hand, this may be attributed to a false estimation of the calculation parameters
lpp,,, € and 1, as well as the degradation of the ionic conductivity. On the other hand, this can be
explained by a higher LSR,, at the TPB of patterned anodes than of cermet anodes, indicating a
blocking by impurities.

The dependencies of pH, and pCO are weaker and in general exhibit higher standard devia-

tions. Therefore, a detailed comparison to cermet anode data is not possible.

Good agreement has been observed between the performance and parameter dependencies of
patterned and cermet anodes. However, slightly different reaction mechanisms cannot be ex-
cluded due to (i) the tendency to higher ASR values for patterned anodes and (ii) the observa-
tion of weaker parameter dependencies than expected from transmission line calculation. A
possible difference may include an additional loss mechanism in the case of patterned Ni an-

odes due to impurity barriers at the TPB.
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7.6 Conclusions

The comparison of the electrochemical performance of patterned Ni anodes and Ni/8YSZ cer-
met anodes was enabled by the use of a transmission line model. Therein, ASRy; values have
been calculated considering charge transfer at the TPB and oxygen ion transport in the YSZ. The
comparison was applied to data reported for the anode functional layer of an anode supported

cell by Leonide and the screen printed cermet anode of an electrolyte supported cell by Sonn.

Very good agreement was obtained between the theoretical values and experimentally deter-
mined data by Leonide. This holds especially for absolute ASR values and the activation energy
in H,-H,O and CO-CO, atmosphere. For the dependencies on gas composition, the transmission
line calculation results in stronger dependencies than experimentally observed. This is attrib-
uted to a too high Ry/R,; ratio that may be explained by (i) a false estimate of the calculation

parameters (lipp,, Oionpuna, € and t) or (ii) a slight difference in the reaction mechanism.

The stronger deviations to data by Sonn - that are still within one order of magnitude — are
attributed to the different temperature during electrochemical characterization and may include
(i) an accelerated degradation of the ionic conductivity or (ii) a difference in reaction mechanism

as suggested by modeling studies.

Nevertheless, the good agreement with data by Leonide for the same temperature of characteri-
zation (T = 800 °C) indicates a similar reaction mechanism for patterned anodes and cermet
anodes, even though an additional limitation due to impurities at the TPB of patterned anodes
cannot be excluded with respect to the uncertainties in the estimation of the transmission line
model parameters l;pg, and oy, .. Hence, the applicability of patterned anodes for the investiga-

tion of the electrochemical oxidation of the fuel gas at SOFC anodes is affirmed.
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8.1 Concluding Discussion

In this section, the findings of the individual chapters of this work are discussed concludingly
with respect to the reaction mechanism of the electrochemical oxidation of H, and CO at SOFC
anodes. In this work, a deeper understanding is gained by the combination of results on differ-
ent aspects of patterned anode characteristics as well as of results obtained with different anode

concepts. These combinations include:

(1) The comparison of H,-H,O results to different patterned Ni anode studies in litera-
ture.

(if) The comparison of CO-CO, results to data for the Ni grid electrode reported by

Boulenouar.

(iii)  The combined comparison of electrochemical performance and impurity features to

results reported for Ni point anodes.
(iv) The comparison of results for H-H,O and CO-CO, atmosphere.

v) The comparison to results of technical Ni/8YSZ cermet anodes using a transmission

line model calculation.

The large deviations found between the studies with patterned Ni anodes [6, 7, 9, 34] — two
orders of magnitude for LSR and considerable scatter for the parameter dependencies pH,,
pH,O and T - indicate a significant difference in the characterization of the samples even
though seemingly similar experimental conditions prevailed, see section 2.1. In this work, a lot
of effort was directed to assure stability of the patterned anode and thus reproducibility of

measurement results:

(1) Different facrication procedures have been investigated, enabling the reproducible
preparation of stable patterned anodes with good edge quality [77].

(if) A detailed stability analysis of Ni thin films as a function of layer thickness, tempera-
ture, gas composition and exposure time was performed, yielding an ideal Ni layer
thickness of 800 nm for the electrochemical characterization up to temperatures of

800 °C and varying water vapor content [113].
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(iii)  The reproducibility of measurement results was studied and revealed an initial acti-
vation of anode performace, a water vapor dependent degradation rate of LSR,, as
well as slow relaxation processes with settling times up to 5 h after a change in gas
composition and up to 20 h after the recording of a current-voltage curve [58]. The
reproducible recording of parameter variations was enabled by a standard initial
heat treatment before the actual electrochemical characterization and long waiting

times after each gas variation step and polarization.

(iv)  The impurity features of the patterned Ni anode were studied in a detail impurity
analysis including AFM, XPS and TOF-SIMS and demonstrated the low impurity

level of the patterned Ni anodes characterized in this work [87].

Hence, this work differs significantly from patterned Ni anode studies in literature that did not
specify most of these points. Especially the initial heat treatment, the procedure of electro-
chemical characterization as well as the impurity level are decisive and may explain the ob-

served considerable deviations in experimental results.

Furthermore, for the first time the pure charge transfer contribution LSR,, of patterned Ni an-
odes and its parameter dependencies have been determined. This was enabled by the separa-
tion of the three loss mechanisms — charge transfer at the patterned Ni anode, gas diffusion and
charge transfer in the counter electrode — based on the analysis of impedance spectra with DRT
calculation and CNLS fits.

In the case of CO-CO, atmosphere, sparse literature exists on parameter dependencies with
model anodes. The observed strong deviation between results from this work and data from Ni
grid electrodes by Boulenouar [47], that exceed one order of magnitude, are attributed to the
significant differences between the two electrode concepts: in order to assure contacting of Ni
grid and YSZ surface, Boulenouar applied a sintering step at 1400 °C. However, it is assumed
that during this heat treatment a large amount of impurities from electrolyte and electrode bulk

segregates at the TPB. Note that the purity of both materials is not specified.

A very good agreement to results of point anodes was obtained with a deviation of LSR within
one order of magnitude, even though differences in the anode concept persist, e.g. a strong
difference in l;pp and a different method of contacting. This emphasizes the similar and low
impurity level that was achieved for both sample types by careful choice of materials and
measurement setup. Furthermore, it affirms that the description and consideration of the dy-
namic processes during the recording of impedance spectra yields reproducible experimental
data. By contrast, no detailed description of dynamic processes is given for most literature stud-

ies on patterned Ni anodes.

The comparison of results for H,-H,O and CO-CO, atmosphere is of special interest in the inves-
tigation of possible reaction mechanisms. On the one hand, the observed unexpected similari-
ties of absolute LSR,, values and parameter dependencies on partial pressures of reactant and

reaction product as well as temperature indicate similar reaction mechanisms in both atmos-
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pheres. On the other hand, differences exist for the degradation and relaxation behavior. In H,-
H,O atmosphere, a higher degradation rate is obtained which is attributed to a removal of Ni by
volatile Ni(OH), and / or diffusion of impurities to the TPB. In any case, both effects are very
small on the scale of the Ni structure, since SEM analyses of patterned Ni anodes after electro-
chemical characterization show no discernable difference for samples exposed to the two at-
mospheres [114]. Additionally, in H,-H,O atmosphere slow relaxation processes with long
settling times are observed for changes in the gas composition (especially for pH,), while stabi-
lization is fast in CO-CO, atmosphere with settling times of few minutes. The long settling times
in H,-H,O are most likely attributed to changes in bulk species concentration and may be at-
tributed to a limitation by an interstitial charge transfer. In the case of CO-CO, atmosphere, this
mechanism is not expected due to the large molecule size, and may therefore explain the differ-

ences in observed relaxation behavior.

So far, modeling studies of the CO oxidation were mostly limited to few reaction mechanisms
[14, 61]. With the similarity in performance between the two atmospheres, special focus will
need to be directed to the comparison of CO spillover and H spillover mechanisms, since the
latter is in favor of most modeling studies for the H, oxidation [13, 16, 54] and CO spillover
corresponds to H spillover in CO-CO, atmosphere. Additionally, uncertainty persists with
respect to a possible interstitial charge transfer. On the one hand, interstitial charge transfer is
considered ineffective in CO-CO, atmosphere due to the large molecule size. On the other hand,
interstitial charge transfer is advocated for point anodes in H,-H,O atmosphere [71]. Based on
the initial behavior of decreasing LSR and the dependency of LSR on electrolyte purity, the
reaction is interpreted as proceeding through the electrode-electrolyte interface with additional
loss mechanisms due to impurities at the interface. Furthermore, interstitial charge transfer is
suggested to proceed in parallel to a surface charge transfer mechanisms [59]. In a modeling
study of the interstitial charge transfer, Vogler showed that the mechanism is in principle feasi-
ble, but probably restricted to small current densities [57]. However, the underlying diffusion

coefficients are subject to large uncertainties of up to 3 orders of magnitude [16].

Therefore, in Hy-H,O atmosphere an interstitial charge transfer mechanisms may account for
parts of the current density in parallel to a surface spillover mechanisms. It would then be re-
sponsible for the observed slow relaxation mechanisms observed in H,-H,O atmosphere, in

contrast to CO-CO, where interstitial charge transfer is not relevant.

Finally, the comparison to cermet anode performance completes the investigation with an
evaluation of applicability and significance of the analysis of the anode reaction mechanisms by
means of patterned Ni anodes. For this comparison, a transmission line model calculation has
been applied that allows to combine the contributions of charge transfer and ionic transport in
the YSZ matrix. Results show very good agreement with data reported for the anode functional
layer of an anode supported cell by Leonide both for H,-H,O and CO-CO, atmosphere. Espe-
cially, good agreement is obtained for absolute ASR values and for the activation energy,
whereas the dependencies on the partial pressures of H,, H,O, CO and CO, are more pro-
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nounced for the calculated ASRy; values than for the experimentally determined ASR,;. These
parameter dependencies are strongly dependent on the Rs/R; ratio, with higher dependencies
for a higher ratio. This is due to the gas composition invariant total ionic transport resistanceR,,
whereas the total resistance of charge transfer R; is strongly dependent on gas composition.

Hence two explanations for the stronger theoretical parameter dependencies exist:

(1) R; may be overestimated in the transmission line calculation either by an erroneous
estimate of the TPB length or impurities at the TPB that lead to an additional loss
mechanism. This assumption is based on the finding that different impurity situa-
tions exist for compact electrolytes in the case of patterned anodes compared to the
porous anode structure of cermet anodes: While avoidance of a complete coverage of
the electrolyte surface with impurities seems almost impossible in the case of model
anodes, technical cermet anodes are less prone to surface coverage with impurities
due to the three orders of magnitude higher surface to volume ratio (see also the cal-

culcation in section 9.2).

(if) R, may be underestimated by an insufficient consideration of the degradation in
ionic conductivity or due to an erroneous calculation of the effective ionic conductiv-

ity using rough estimates of the cermet parameters porosity ¢ and tortuosity t.

Additionally, the YSZ electrolyte at the TPB of patterned and cermet anodes may be different
due to the fabrication procedure: whereas patterned Ni anodes are prepared by direct applica-
tion of the Ni thin film on the YSZ electrolyte, technical cermet anodes are prepared based on
NiO with subsequent sintering and reduction in order to realize a porous Ni/8YSZ structure.
During sintering, NiO diffuses into the YSZ volume and — upon reduction to Ni — accumulates
at the grain boundaries, causing an accelerated degradation of ionic conductivity [109-111]. This
difference at the TPB may result in an increased LSR and thus R; for cermet anodes. However,

this is not affirmed by the calculation in this work.

The results with similar parameter dependencies and the good agreement of absolute ASR
values indicate that the same reaction mechanism prevails for patterned anodes and for techni-
cal cermet anodes. However, slight differences e.g. an additional loss mechanism due to an
impurity layer at the TPB of patterned anodes cannot be excluded with respect to the uncertain-
ties for the parameters lpg, and 0y, ¢ in the transmission line calculation. It can be concluded
that — provided that sample stability and measurement reproducibility are ensured — patterned
anodes represent a meaningful method for the analysis of the electrochemical oxidation of the
fuel gas at SOFC anodes.
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8.2 Summary

In this work, valuable insight into the reaction mechanism of the electrochemical oxidation of
H, and CO at SOFC anodes was gained by (i) the establishment of comprehensive data sets of
the electrochemical characterization of patterned Ni anodes in H,-H,O and CO-CO, atmosphere
and (ii) the extensive comparison of results to a variety of different anode aspects and anode

concepts.

In the introductory literature review, the need of a new data set with large range of parameter
variation of pH,, pH,O, T and n was demonstrated by the significant deviations in literature
existing for the electrochemical characterization of patterned Ni anodes in H,-H,O atmosphere.
Additionally, explanations for these differences are essential. Furthermore, the electrochemical
characterization needs to be extended to CO-CO, atmosphere in order to study the reaction

mechanism of reformate gases.

The reproducible fabrication of stable patterned Ni anodes with sharp edges was realized by a
sequence of Ni sputtering on a structured photoresist followed by lift-off. A thickness of 800 nm
has been shown to ensure the stability of the Ni structure during electrochemical characteriza-

tion up to temperatures of 800 °C in reducing atmosphere.

The electrochemical characterization was performed in a gas tight measurement setup that
allows a precise adjustment and monitoring of the gas composition. Large variations of the
water vapor content of 0.02 % < 3, < 88 % were realized by an upstream combustion chamber.
Typical errors induced by reference electrodes were avoided by the characterization against a

Ni/8YSZ cermet electrode with known contribution.

In data analysis, the determination of the ‘pure’ LSR,, value of patterned Ni anodes was enabled
for the first time by the combined evaluation of impedance spectra with DRT calculation and
CNLS fits, yielding three separate processes attributed to (i) charge transfer reaction at the pat-
terned anode (Ryg), (ii) gas diffusion (R,,), and (ii) charge transfer at the counter electrode (R,,).

Even though impurities cannot be avoided entirely for Ni electrodes at elevated temperatures of
800 °C, in a detailed impurity analysis their amount has been shown to be very low. This was

realized by the careful choice of clean materials for the sample and the measurement setup.

The detailed analysis of measurement reproducibility revealed that nominally stable patterned
Ni anodes are undergoing considerable relaxation and degradation processes with time con-

stants in the order of several hours:

(1) An initial decrease of LSR, by 60 % to an average value of 54 (O-m with stabilization
within the first 20 h of thermal exposure at 800 °C, due to morphological changes in
the Ni thin film.
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(ii) A constant degradation rate as a function of gas composition, with higher values in
H,-H,0 (0.4 % / h at pH, = 3.9-10" Pa, pH,O = 6.2:10" Pa, T = 800 °C) than in CO-CO,
atmosphere (0.18 % / h at pCO = 4.8:10* Pa, pCO, = 5.4-10" Pa, T = 800 °C), probably
due to the formation of gaseous Ni(OH), and the diffusion of impurities to the TPB.

(iif) A slow relaxation process upon variations of pH, and pH,O with settling times of 2 -
3 h for pH,O variations and of 5 - 8 h for pH, variations, compared to an equilibra-

tion within few minutes in the case of CO-CO, atmosphere (at 800 °C).

(iv) A reproducible sequence of fast activation (few seconds) of cell performance during
the recording of current-voltage curves in H,-H,O atmosphere, followed by a slow

relaxation process with settling times of 20 h.

In order to assure reproducibility of characterization results, the following measures were
taken: (i) a standardized initial heat treatment was established for all samples (20h at
T =800 °C, pH, = 8.6:10" Pa, pH,O = 1.5-10" Pa), (ii) a sufficient delay was applied between pa-
rameter variation and measurement (5 h), and (iii) the degradation rate was considered in data
evaluation, especially at high water vapor contents. Hence, this is a significant improvement
compared to previous studies on patterned Ni anodes, which did neither report degradation

and relaxation processes, nor specify the entire measurement procedure.
Characterization in H,-H,O Atmosphere

All relevant parameter dependencies of LSR, on pH,, pH,O, T, and 1 have been determined for

patterned Ni anodes by electrochemical impedance spectroscopy for parameter variation:

(i) A negative dependency of LSR, on pH,O (b = 0.68) was found, confirming observa-

tions from literature.
(if) The dependency on pH, was found to be very small.

(iii)  The activation energy was found to vary with gas composition with values of
E,.=1.01-1.37 eV (T =450 °C - 800 °C).

(iv) A charge transfer coefficient a = 0.61 - 0.69 (T = 650 - 800 °C) was determined based

on impedance spectra under polarization.

Furthermore, the proportionality between LSR, and l;p; has been affirmed by the characteriza-

tion of samples with different design.

Additionally, the effect of a double layer capacitance at the electrode-electrolyte interface has
been considered for the first time in the evaluation of the capacitive contribution of patterned
Ni anodes. Herein, the separation into a Line Specific Capacitance (LSC) and an Area Specific
Capacitance (ASC) was enabled by the characterization of samples with different A,py/l;pg ratio.
The experimentally determined values come close to the theoretical double layer capacitance

calculated according to Stern theory, affirming the physical origin of the double layer.
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Characterization in CO-CO, Atmosphere

The parameter dependencies of LSR, on pCO, pCO, and T have been determined for a large

parameter variation under avoidance of Ni oxidation and carbon formation:
(1) A negative dependency of LSR, on pCO, (d =0.61 - 0.79) was found.
(ii) A kink in the dependency on pCO at pCO = 2-10* Pa was found: for pCO <2:10* Pa a

negative dependency is obtained, for higher values of pCO either a weaker negative

or a direct proportionality is obtained, depending on the value of pCO,,
(iii) A change in activation energy from 0.85 — 1.42 eV is observed with increasing pCO.

Additionally, the expected proportionality between LSR,, and l;p; has been found, affirming that
the electrochemical oxidation of CO takes place at the TPB.

Comparison to Literature Data

For the first time, a detailed comparison of the electrochemical performance of patterned Ni
anodes reported in literature has been performed. This was realized by the evaluation of LSR
values and their calculation to standard conditions of a constant gas composition and different
temperatures, where necessary by an extrapolation of LSR, to temperatures exceeding the ex-
perimentally performed 800 °C. The observed significant deviations between previous studies —
2 to 3 orders of magnitude for LSR, and scatter in gas composition dependencies — are attrib-
uted to (i) a disregard of the gas diffusion contribution in the analysis of impedance spectra, (ii)
differences in the measurement procedure regarding relaxation and degradation processes, as
well as (iii) an erroneous estimation of the active TPB length and a possible blocking of parts of

the TPB with impurities.

The comparison to the electrochemical performance of pure point electrodes shows very good
agreement with a deviation of less than one order of magnitude. Additionally, the high purity
of the characterized patterned anodes is emphasized by the similarity in the small size of the
impurity features at the TPB.

In the case of CO-CO, atmospere, considerably higher LSR values are reported for Ni grid an-
odes (deviations exceeding one order of magnitude by far). These deviations and the different
parameter dependencies are assumed to be due to a considerable amount of impurities at the

TPB of grid electrodes as a consequence of an annealing process at 1400 °C.

Comparison to Technical Cermet Anodes

The comparison of the electrochemical performance of patterned Ni anodes and Ni/8YSZ cer-
met anodes was enabled by a transmission line calculation that combines the contributions of

charge transfer at the TPB and oxygen ion transport in the YSZ.

Good agreement has been obtained for the calculated ASR;; and the experimentally determined

ASR,p, of an anode supported cell characterized by Leonide. This agreement holds especially
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for absolute ASR values and the activation energy in H,-H,O and CO-CO, atmosphere. For the
parameter dependencies on gas composition, the transmission line calculation results in
stronger dependencies than experimentally observed. This is attributed to a too high R4/R, ratio
in the calculation either due to (i) an erroneous estimation of the parameters lyps, and Oy, o5, (ii)
an underestimation of the ionic degradation, or (iii) a slightly stronger influence of impurities at

the TPB of patterned anodes than in technical cermet anodes.

Reaction Mechanisms

Similar results for (i) absolute LSR,, values and (ii) parameter dependencies have been obtained
for the electrochemical characterization in H,-H,O and CO-CO, atmosphere, indicating similar
reaction mechanisms in both atmospheres. In H,-H,O atmosphere, a hydrogen spillover is con-
sidered as most probable rate determining step. Interstitial charge transfer is assumed ineffec-
tive for CO-CO,. However, it may contribute to the current density in H,-H,O and be responsi-

ble for the observed slow relaxation processes.

The good agreement to the performance of cermet anodes indicates the same reaction mecha-
nisms at the TPB of patterned anodes and cermet anodes, even though an additional limitation
due to impurities at the TPB of patterned anodes cannot be excluded with respect to the uncer-

tainties in the estimation of the transmission line parameters lyps, and ;g e

Finally, the applicability of patterned anodes for the investigation of the electrochemical oxida-
tion of the fuel gas at SOFC anodes has been confirmed under the precondition that the stability
of the patterned anode as well as the relaxation and degradation processes are considered dur-

ing the electrochemical characterization.

In a next step, the detailed knowledge gained by the characterization of patterned Ni anodes in
H,-H,0 and CO-CO, atmosphere will be extended to the analysis of the electrochemical oxida-
tion of reformate gases at the anode of SOFCs. Herein, the comparison of the performance of
patterned Ni anodes and Ni/8YSZ cermet anodes will contribute to elucidate the reaction
mechanism and the reaction site of H, and CO oxidation respectively. Additionally, detailed

modeling studies of the elementary kinetic reaction mechanism are enabled based on this work.
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9 Appendix

9.1 Comparison of Sample Contacting

In this work, two different setups have been chosen for the samples with different Ni pattern
design, see the setups in section 3.2, figure 3.4: (i) the samples with design #1, with two thin
perpendicular stripes at the ends, are contacted by a Ni mesh on the whole surface, denoted ‘Ni
mesh/no flowfield” (figure 3.4a). (ii) The samples with design #2, with a 500 um broad frame,
are contacted by a special contact block, positioned on two opposite sides of the sample, which
improves the gas flow to the TPB. In order to reduce the contribution of gas diffusion, the Ni
sample holder was shaped with a flow-field, and an Ni mesh ensures contacting of the Ni/8YSZ

cermet electrode (counter electrode), denoted ‘contact block/flowfield” (figure 3.4b).

The considerable decrease in gas diffusion contribution R,, is observed in the impedance spec-
trum in figure 9.1. At anodic polarization voltage, the distinction of the gas diffusion and charge
transfer contribution is clearly visible. For the contacting with Ni mesh, the contribution of gas
diffusion is considerable, whereas it is less pronounced for contacting with the combination of

contact block and flowfield.

—— Ni mesh/no flowfield T =800 °C

—=— Contact block/flowfield p pH, =8.3-10% Pa
Ap pH,O =6.7-103 Pa

balance: N,

nN=150 mV

0.1...10¢Hz

7' [Q)

figure 9.1: Comparison of impedance spectra obtained with contacting of entire electrode surface by a Ni mesh and
contacting with special contact block at same conditions with ltrscor = 6.5 m. A considerable decrease in the contri-
bution of gas diffusion Pa« is observable. Ohmic contributions of electrolyte and measurement setup are subtracted.
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——Ni mesh/no flowfield T =800 °C
—=— Contact block/flowfield pH, =8.3-103 Pa
= 40 ' pH,0=6.7103 Pa
= balance: N,
o 30 oCV
+
2 20
&g
3
7 104 .
|./'.//-.’/’—<
0 T T
0 100 200 300

n/mV
figure 9.2: Comparison of gas diffusion contribution Ra to overall contribution of the patterned Ni anode for the two
different contacting methods as a function of the polarization voltage 1. A strong decrease in gas diffusion contribu-
tion between contacting of the entire surface compared to the special contact block is observed.

The ratio of gas diffusion resistance to the sum of gas diffusion and charge transfer for the two
different contact methods is shown in figure 9.2. The contribution of gas diffusion increases
with polarization voltage since R decreases. At 300 mV polarization, R,, accounts for 40 % in
the case of contacting with Ni mesh, whereas it accounts only for 10 % in the case of contacting
with the contact block.

As expected, the contribution of charge transfer (R,z = R) is not affected by the change in con-
tacting method, see figure 9.3: the values of R, for the two different sample designs as a func-
tion of ltpp o are in good agreement, with respect to the strong sample to sample deviations that

are observed in patterned Ni anode characterization.

103
T =800 °C
pH, = 8.6-10* Pa
pH,0O=1.5-10*Pa
- 102 H OCV
<& u n
P 101 ! 3.
¢ Ni mesh/no flowfield
100 = Contact block/flowfield

0 2 4 6 8 10
1TPB,corr / m
figure 9.3: Comparison of charge transfer contribution Rag for the two different contacting methods as a function of
ItpBcon (corrected for increase in Itps due to grain growth during initial thermal exposure). The good agreement
shows that determination of charge transfer contribution is not affected by the change in contacting method.

In this work, the contributions of charge transfer (R,z) and gas diffusion (R,,) can be deter-
mined separately by DRT calculations for both contacting methods. Hence, the applied contact-

ing method does no influence characterization results. However, as the gas diffusion contribu-
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tion is only slightly temperature activated, while charge transfer is strongly temperature acti-
vated, it is favorable to perform the electrochemical characterization at higher temperatures in

order to allow for a precise separation of the two contributions.
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9.2 Calculation of Effect of Impurity Amount

In order to get an idea of the effect of SiO, as a barrier for the electrochemical reaction, the pos-
sibility of the electrolyte surface being covered with a monolayer of SiO, is evaluated as a func-
tion of the impurity content. A similar calculation may be carried out for other impurities and
the results will be similar as atom sizes are all within a factor of 2 to 3. Based on the impurity
content (weight fraction), X, of SiO, in the electrolyte volume (Vys;), the overall amount of
Si0, is calculated. This amount is then related to the electrolyte surface Ay, using the base area
of the SiO, unit cell (Agoc = 8.8:10" m?). Herein, the ratio of electrolyte surface covered with
Si0O, is determined under the simplifying assumption that the whole amount of impurities
segregates to the surface. It is furthermore assumed that SiO, forms a complete monolayer

rather than to agglomerate at the TPB or grain boundaries.

The equation for the determination of the maximum area (Ag,), which a monolayer of the
available SiO, can cover, is:

A _ VYSZ "Cysz " Ximp "N, A
S0, — " 510, uc 9.1

MSiOZ

The coverage, i.e. the fraction of electrolyte surface blocked by SiO, is given in equation 9.2. A

value higher than one indicates a coverage exceeding one monolayer of SiO,:

V. Ximo * N A

/A _ _Yysz | CYSZ ’ imp

A =
Ysz
Aysy Mg,

Si0, : ASiOZ,uc 9.2
Here, Vyg; is the volume of the electrolyte, cys; the density of YSZ (cysz = 5.9 g-em™), Ximp the
impurity content of the electrolyte as absolute value, N, the Avogadro number, Mo, the molar

mass of SiO, (Mg, = 60 g/mol) and Ag, .. the ground area of the SiO, unit cell.

The critical impurity content X, for a complete coverage of the surface with one monolayer

of Si0, is calculated by setting Ag0,/Aysz = 1 and resolving for Xy,

A 1\/15102

_ Dvysz
imp,crit —
Vysz ASio2 ue " Cysz 'NA

X 9.3
From equations 9.2 and 9.3 it is evident, that the ratio of electrolyte surface to electrolyte volume
is decisive for the fraction of electrolyte surface covered with SiO,. Hence, completely different
situations arise for the effect of impurities on large compact electrolytes compared to nano- or
micro-scaled porous electrode-electrolyte structures: the deviation of surface to volume ratio is
more than three orders of magnitude between a sphere with 1 um diameter (Ays,/Vysz = 6:10° m’
") and an electrolyte with 20 x 20 x 0.5 mm® (Ays;/Vysz = 4.2:10° m™).
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9.2 CALCULATION OF EFFECT OF IMPURITY AMOUNT

The calculation of the surface to volume ratio as well as the critical impurity content for one
monolayer of SiO, at the electrolyte surface for several electrolyte geometries used in point and

patterned anode studies is given in table 9.1.

table 9.1: Geometry aspects and resulting critical impurity content for 1 monolayer of SiO, coverage on the electro-

lyte for different electrolyte designs of point and patterned electrodes.

Name Ref. Geometry = Widthor Thickness Aysz/Vysz Ximp,crit Ximp,crit Agio/Aysz
diameter (X;1np=0.0025w.%)

[mm] [mm] [abs] [w. %] [ppm by mol.] [abs]

this work square 20 0.2 1.02:10¢  0.000195 3.9 10
this work square 20 0.5 42010 0.000080 1.6 25
Mizusaki ~ [8] round 11.3 1 23510 0.000045 0.9 44
Bieberle [6] round 25 0.5 416106 0.000079 1.6 25
De Boer (7] round 25 0.13 1.55:10¢  0.000300 6.0 7
Hegh [21] square 10 3 1.07:100  0.000020 0.4 97
Riseg 3E  [115] ‘round’ 75/3  169/149 9.78:102  0.000019 0.4 105

The critical impurity content that (in the very worst case that all SiO, ends up at the surface)
theoretically may lead to a complete coverage of the electrolyte surface with SiO, for different
geometries is shown in figure 9.4. The large compact electrolytes typically used in point and
patterned anode characterization exhibit an unfavorable surface to volume ratio and imply
strong requirements to impurity level. The Risg three electrode electrolyte (denoted ‘Risg 3E’) is
already completely covered at impurity levels as low as 0.000019 w. % (0.4 ppm, refers to molar
percentage). The most advantageous electrolyte design used by de Boer, requires impurity
levels below 0.0003 w. % (6 ppm). This worst case estimate indicates that it is almost impossible
to avoid complete coverage of the surface by using very clean electrolyte and electrode materi-
als.

104

—— this work (square, thin)
—--—- this work (square, med.)
— Risg 3E (‘round’)

—---—- Hegh (square)
Mizusaki (round)

—— Bieberle (round)

< T ' —— De Boer (round)
102 S ——— cermet 1um (sphere)
L —--—- cermet 10um (sphere)
10'4 T T T T
0.00001 0.0001 0.001 0.01 0.1 1

impurity content / w. %
figure 9.4: Estimation of the fraction of electrolyte surface covered with one monolayer of SiO; as a function of the
impurity content under the assumption that all impurities segregate to the surface, see equation 9.2. Different
electrolyte designs for the characterization of point and patterned electrodes are given and compared to cermet
structures with spheres of 1 and 10 um diameter respectively. The grey area indicates typical impurity levels of YSZ
between 0.0025 - 0.1 w. %.
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With thermodynamical calculations, de Ridder et al. state that the impurity content needs to be
below 10 ppm to avoid full coverage of the surface [75]. However, de Ridder did not take into
account the surface to volume ratio and the absolute quantity of impurities, but seems to be
only considering the low solubility of impurities in the electrolyte compared to the high free

surface energy of the YSZ electrolyte.

For micro- or nano-structured electrolytes such as in the Ni/8YSZ cermet, a complete coverage
of the surface would require higher impurity levels. Moreover, the maximum coverage reduces
with reducing particle size at a given impurity level, see figure 9.5. For a diameter of 10 um, one
monolayer of Si0O, is obtained at an impurity level of 0.011 w. % (220 ppm). Whereas for 1 pm
particles, a value of 0.11 w. % (2200 ppm) would be required.

a) b)
100 100
101 o\o 10 -
. 2
N 102 olo g q ]
< ¥ £
\8 10—3_ o\o 2\‘ 0 1
< Q0 2
LY 2
1041 Q\«ﬁ- £ 0.01
QD
105 . : ; ; 0.001 ; ; : :
1 10 100 1000 10000 100000 1 10 100 1000 10000 100000
particle diameter / nm particle diameter/ nm

figure 9.5: a) Fraction of surface covered with SiO, as a function of particle diameter in the case of electrolyte

spheres for three different impurity levels of 0.1, 0.01 and 0.001 w. %, and b) impurity level that a monolayer of
SiO; constitutes of the total YSZ particle as a function of the particle diameter.

Typical impurity levels for commercial YSZ electrolytes vary strongly with values as low as
0.0025 w. % (ca 50 ppm.) [75] and up to 0.1 w. % (ca. 2000 ppm) [116]. The fraction of covered
surface for the smallest impurity level of 50 ppm in the right column of table 9.1 demonstrates
that it is impossible to avoid impurity coverage of the YSZ electrolyte, see also figure 9.4. Even
in the case that very pure substrates are used, 7 to 105 times the electrolyte surface is covered
with Si0O,, thus one monolayer is exceeded by far (always assuming that at working tempera-
ture in the range 600 — 1000 °C the majority of impurities has segregated at the interface). For
cermet structures, the situation is less critical: even in the case of very impure materials with 0.1
w. %, no entire S5iO, monolayer is forming for particles smaller than 1 um in diameter, see figure
9.5. However, as both Ni and YSZ contain other impurities, and as the impurities tend to segre-
gate to the TPB, there is never a guarantee of really ‘clean” TPBs in any electrode, if ‘clean’ is

taken as the surfaces at the TPB that have the same composition as the bulk.
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9.3 ESTIMATION OF TPB LENGTH

9.3 Estimation of TPB Length

In table 9.2, the values or TPB length reported in literature and determined following two dif-

ferent methods, namely 3D reconstruction and microstructure modeling, are summarized.

table 9.2: Comparison of values of lrpp reported in literature together with the percolation percentage and the pene-
tration depth. In the second column from the right, the resulting lrpp value, including percolation and penetration
depth is given in m-cm?. The subscript v refers to volumetric lrpgo values in m-m?>. * The penetration depth is
adopted from a study by Brown et al. [32].

Name  Ref. YSZ-Ni-pore lypg,  Perc. Lipg per.y A Lypg Comment
[vol %] [m2]  [%] [m?] [um]  [m-cm?]

Wilson  [104] 55-26-19 4.3-1012 63 27102 Ca.10* 2700 3D reconstruction

Shearing [103] 20-72-8 9.4-1012 45 42101 n.a. - 3D reconstruction
27-63-9 1.1-10% 51 5.4-1012 na. -

Thyden [117] 55-25-20 na. 60 na. 2D plane 53 3D reconstruction,

value for electrode-
electrolyte interface

Gewies  [39] 34.5-30.5-35 4.0-10 Microstructure
model, percolation

probabilities

This 35-30-35 1.1-1012-4.4-10%2 98 1.0-10%2-4.3-10%2 3to6 300-2600 Microstructure
work 48-30-22 9.5-10" - 3.8-10%2 96 9.0-10" - 3.6-1012 4t06 model and simula-

tion of performance
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9.4 List of Samples

Cell £ A Nistripe Spacing Ipgtn  lipcor Frame Electrolyte Comment
[em?] [pum] [um] [mem? [mem?  [um]
NiYSZ_139 12 15 15 6.7 87 15 85YSZ PC H,-H,0, ALO, holder
NiYSZ_151 12 15 15 6.7 87 15 85YSZ PC H,-H,0, ALO; holder
NiYSZ_143 12 15 15 6.7 87 15 85YSZ PC H,-H,0, ALO; holder
NiYSZ_146 12 15 15 6.7 87 15 85YSZ PC H,-H,0, ALO; holder
NiYSZ_140 12 20 20 5.0 6.5 20 8.5YSZ PC H,-H,0, Al,O; holder
NiYSZ_148 12 20 20 5.0 6.5 20 8.5YSZ, PC H,-H,0, ALO; holder
NiYSZ_150 12 20 20 5.0 6.5 20 8.5YSZ, PC H,-H,0, ALO; holder
NiYSZ_141 12 20 20 5.0 65 20 85YSZ PC H,-H,0, ALO, holder
NiYSZ 211 10252 20 15 5.0 6.5 500 8.5YSZ PC H,-H,0, Ni holder
NiYSZ 217 10252 20 15 5.0 6.5 500 8.5YSZ PC H,-H,0, Ni holder
NiYSZ_ 256 10252 20 15 5.0 65 500 85YSZ PC H,-H,0, Ni holder
NiYSZ_220 10252 12 10 80 104 500 8.5YSZ PC H,-H,0, Ni holder
NiYSZ_ 223 10252 12 13 7.0 9.1 500 85YSZ PC H,-H,0, CO-CO, Ni holder
NiYSZ_225 10252 12 13 7.0 9.1 500 85YSZ PC H,-H,0, CO-CO, Ni holder
NiYSZ_ 246 10252 20 9 6.0 78 500 85YSZ PC H,-H,0, CO-CO, Niholder
NiYSZ_280 10252 25 160 1.0 13 500 8.5YSZ PC H,-H,0, Ni holder
NiYSZ 259 10252 25 160 1.0 13 500 8.5YSZ PC CO-CO,, Ni holder
NiYSZ 291 10252 25 160 1.0 1.3 500 8.5YSZ PC CO-CO,, Ni holder
NiYSZ_276 10252 20 15 5.0 6.5 500 8.5YSZ PC CO-CO,, Ni holder
DLC_1 12 - - 0.04 0.4 - 85YSZ PC H,-H,0, ALO; holder
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Gion,eff
Gion,eff,d
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Symbols

charge transfer coefficient, for n, =2 [-]

charge transfer coefficient, forn,=1 [-]

relative water vapor content [-], [%]

pCO,/pCO ratio according to relative water vapor content [-], [%]
porosity [-]

vacuum permittivity [, = 8.854:10"* F-m™]

dielectric constant / relative permittivity [-]

interface impedance at TPB [Q'm]

polarization voltage [V]

polarization voltage attributed to charge transfer [V]

surface coverage with hydrogen [-]

penetration depth for transmission line model [m]

electronic conductivity [S'm™]

ionic conductivity [Sm]

ionic conductivity of bulk material [S'm]

degraded ionic conductivity of bulk material [S'm™]
effective ionic conductivity [S'm™]

degraded effective ionic conductivity [S'm™]

tortuosity [-]

correction factor [-]

resistance load attributed to ionic transport in YSZ [Q-m]
resistance load attributed to electronic transport in Nickel [Q-m™]
area [m’]

area of 2PB (electrode-electrolyte interface) [m’]

base area of SiO, unit cell [Agop o = 8.8:10%° m’]

exponent for pH, dependency of j, and LSR [-]

Area Specific Resistance [Q-cm?]

Area Specific Resistance of anode functional layer [Q-cm’]
Area Specific Resistance of electrolyte supported cell [Q-cm’]
ASR of charge transfer [Q-cm’]

ASR of charge transfer of transmission line model [Q-cm’]
ASR of charge transfer of transmission line with degrad. ionic conductivity [Q-cm’]
exponent for pH,O dependency of j, and LSR [-]

exponent for pCO dependency of j, and LSR [-]

integration constant [-]

proportionality factor, with subscripti=1, 2, 3,4,5,6,7,8
density of YSZ unit cell [cys; = 2.98:10%°m”]

capacitance attributed to charge transfer [F]
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Cdiff

Eact
E

act,app
Eact,Rl
Eact,R3

Eact,RTL

f
frel
F

GO,HZ-HZO

pHZ,m

114

diffuse capacitance [F-m?]

capacitance attributed to double layer [F]

internal Helmholtz double layer [F]

exponent for pCO: dependency of jo and LSR [-]

diameter of O” [dg,. = 140 pm]

elementary charge [e = 1.6022-10™" C]

activation energy [eV]

apparent activation energy (including charge transfer and ionic transport) [eV]
activation energy attributed to R, [eV]

activation energy attributed to R; [eV]

activation energy attributed to Ry, [eV]

structural parameter [-]

relaxation frequency [Hz]

Faraday constant [F = 96485.3 C-mol’]

Gibbs free energy of hydrogen oxidation reaction [k]-mol™]
current density [A-cm”]

exchange current density [A-cm?]

Boltzmann constant [k = 8.617-10° eV-K]

TPB length [m-cm™?]

corrected TPB length, considering morphological changes [m-cm™]
theoretical TPB length, based on pattern design [m-cm?]
volumetic TPB length [m-m”]

length of transmission line [m]

inductance of measurement setup [H]

line specific resistance [(2-m]

line specific resistance attributed to charge transfer [()-m]

molar mass of SiO, [Mg;q, = 60 g-mol'l]

exponent of RQ element, in the case of RC elementn=1 [-]
Avogadro number [N, = 6.0221-10* mol™]

number of transferred electrons (for SOFC n, = 2)

process of impedance spectrum: gas diffusion

process of impedance spectrum: charge transfer at patterned Ni anode
process of impedance spectrum: charge transfer at counter anode
partial pressure [Pa]

partial pressure of carbon monoxide [Pa]

partial pressure of carbon dioxide [Pa]

partial pressure of hydrogen [Pa]

measured partial pressure of hydrogen [Pa]

standard partial pressure of hydrogen [here: pH,, = 10* Pa]

partial pressure of water vapor [Pa]
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UNernst
[VO N ]bulk

XmH20
Ximp
Zq
Z)
Z3
Z
7’
77
Zn

partial pressure of nitrogen [Pa]

partial pressure of oxygen [Pa]

universal gas constant [R = 8.3145 J-mol™K™]

resistance

resistance load attributed to ionic transport in YSZ [Q-m]

resistance load attributed to electronic transport in Nickel [Q-m]
distributed DC interface resistance at TPB [Q2:m]

total DC resistance of ionic transport of transmission line [Q]

total DC resistance of ionic transport of TL for cermet anode [Q]

total DC resistance of ionic transport of TL for patterned anode [Q]

total DC resistance of degrad. ionic transport of TL for patterned anode [(]
total DC resistance of charge transfer at TPB [(]

total DC resistance of charge transfer at TPB of electrolyte supported cell [Q]
total DC resistance of charge transfer at TPB of patterned anode [Q]

total DC resistance of CT at TPB with adapted 1y of patterned anode [(]
polarization resistance attributed to charge transfer [Q]

ohmic resistance of the electrolyte [Q]

polarization resistance [Q]

ohmic resistance of the measurement setup [Q2]

polarization resistance of transmission line

temperature [K], [°C]

Nernst voltage [V]

molar fraction of oxygen vacancies in the YSZ bulk [-]

molar fraction of H,O [-]

impurity content of SiO, in weight fraction [-]

complexe resistance load attributed to ionic transport in YSZ [Q-m]
complexe resistance load attributed to electronic transport in Nickel [Q-m]
complexe interface impedance at TPB [(Q2'm]

complexe impedance [Q]

real part of the complexe impedance [Q]

imaginary part of the complexe impedance [Q]

complexe impedance [Q]
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9.6 Abbreviations

2PB Two-Phase-Boundary (electrode-electrolyte interface)
8YSZ 8.5 mol% Y,0, stabilized ZrO, —» see YSZ
at. % atomic percent
AFL Anode Functional Layer
AFM Atomic Force Microscopy
an anode, anodic
ASC Anode Supported Cell
Area Specific Capacitance
ASR Area Specific Resistance
cat cathode, cathodic
ct charge transfer
C Capacitance
CE Cermet Electrode / Counter Electrode
CNLS Complex Nonlinear Least Squares
CPE Constant Phase Element
CT Charge Transfer
C/V Current-Voltage curve
dl double layer
DRT Distribution of Relaxation Times
EDX Energy Dispersive X-ray Diffraction
EEI Electrode-Electrolyte Interface
EELS Electron Energy Loss Spectroscopy
EIS Electrochemical Impedance Spectrum
ESC Electrolyte Supported Cell
FRA Frequency Response Analyser
IWE Institute of Materials for Electrical and Electronic Engineering, at Karlsruhe
Institute of Technology (KIT)
LSC Line Specific Capacitance
LSR Line Specific Resistance
MALT Materials Orientated Little Thermodynamic Database
MFC Mass Flow Controller
Ni/8YSZ  Ni-8YSZ cermet structure
ocv Open Circuit Voltage
ppm parts per million
rpm rotations per minute
R Resistor
RC Resistor R in parallel with a capacitance C
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RQ
ScYSZ
SEM
SOFC
SPIP
TPB
TPD
TL
TOE-SIMS
w. %
YSZ
XPS

Resistor R in parallel with a constant phase element Q
Scandia and Yttria stabilized Zr,O,

Scanning Electron Microscopy

Solid Oxide Fuel Cell

Scanning Probe Image Processor
Triple-Phase-Boundary

Temperature Programmed Desorption
Transmission Line

Time-of-Flight Secondary Ion Mass Spectroscopy
weight percent

Y, 0O, stabilized ZrO,

X-ray Photoelectron Spectrometry
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9.7 List of Figures

figure 1.1: a) Scheme of the functioning of SOFCs: oxygen and fuel (here: H,) react via a dense,
oxide ion-conducting electrolyte. The spatial separation of reduction and oxidation reaction
enables the utilization of the electrons involved in the redox process, and b) schematic
concept of a Ni/8YSZ cermet anode: the electrochemical oxidation of H, takes place at the

Triple-Phase-Boundary (TPB), where electrode, electrolyte and gas phase join....................... 3

figure 1.2: Scheme and equations of different elementary kinetic reaction mechanisms for the
electrochemical oxidation of hydrogen: a) charge transfer during hopping of surface
adsorbed Hy; from Ni to YSZ surface with reaction with O* to H:Oysz or OH" also denoted
hydrogen spillover, b) charge transfer during hopping of O* or O from YSZ to the Ni
surface also denoted oxygen spillover, c) charge transfer during hopping of OH" from YSZ
to Ni or Ni to YSZ, also denoted hydroxyl spillover, d) charge transfer between interstitial
hydrogen H; at the electrode-electrolyte interface, denoted interstitial charge transfer. Here,
O indicates a free surface site, V indicates a bulk vacancy and the subscripts Ni and YSZ

denote the respective surface or bulk. ........c.cccoovoiiiiiiiiiiiic 6

figure 1.3: Scheme of the reaction mechanism at different anode concepts: a) cermet structure
with long transport paths for oxygen ions, electrons and fuel gas, b) micropatterned Ni
anode with well defined TPB, and c) point anode prepared by bending and pressing a Ni

wire on the electrolyte substrate. ............ccoooiiiiiiii 7

figure 2.1: Comparison of experimental conditions of pH, and pH,O variation in the studies
with patterned Ni anodes by Mizusaki [8, 9], de Boer [7] and Bieberle [6]. B indicates the

relative water vapor content, the bold line indicates atmospheric pressure. ............ccc.c....... 12

figure 2.2: Comparison of LSR values reported in literature [6-9] at a gas composition of pH, =

10* Pa and pH,O = 10° Pa together with the activation energy behavior. ........c.ccococccccueurnenece 12

figure 3.1: Scheme of pattern design for the patterned Ni anodes prepared in this work: a) the
Ni pattern of size 10 x 10 mm? (type #1) or 10.25 x 10.25 mm? (type #2) is positioned in the
center of the 20 x 20 mm? YSZ substrate, b) pattern type #1 consists of parallel stripes, two
perpendicular stripes at the ends ensure a contacting of all stripes, and c) pattern type #2
consists of parallel stripes within a 500 um wide frame, which allows contacting with a
special contact block. For information on stripe width and spacing see the list of samples in

LTl nT0) o TR SRR 25
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figure 3.2: SEM images at two different magnifications of a prepared patterned Ni anode with
pattern design #1: 15 um stripe width / spacing and 15 pm wide perpendicular stripe at the
end, layer thickness: 800 NIM. ........ccccviviiiiniiiiiiiici e 25

figure 3.3: SEM images of patterned anodes: a) as prepared with straight and sharp edges. The
dotted line indicates lrpsm, and b) after electrochemical characterization at 700 °C < T < 800
°C, 6.9-10° Pa < pH,O < 8.3-10* Pa, 1.8-10*Pa < pH, < 8.7-10* Pa, 13 % < Bra < 82 %, balance N,
exposure time = 210 h. The solid line indicates the increase in ltps during characterization

compared to the ideal lrppm (dotted 1ine). .......cccovoiviiiiiiiiiii, 26

figure 3.4: Scheme of the measurement setup for the electrochemical characterization of
patterned Ni anodes: a) contacting of the patterned anode with Ni mesh on the entire
electrode surface. An ALO; plate and an additional Au weight ensure good electrical
contact. The counter electrode is contacted by a combination of fine and coarse Ni mesh on
top of the AL,O; sample holder without flow fiel, b) contacting of the patterned anode with
a special Ni contact block only on two opposite sides of the frame. A fine Ni mesh on the
contact area ensures electrical contact. The counter electrode is contacted by a fine Ni mesh

on top of a Ni sample holder with flow field. ...........ccccoviiiiiiiiiiie 28

figure 3.5: Scheme of the measurement setup for the characterization of patterned Ni anodes in
a horizontal tube furnace. The gas composition in the setup is precisely adjusted by the gas
mixing battery. The humidification of the gas is realized by an upstream combustion

chamber and monitored by a Nernst probe. ............ccccoviiiiniiinnnii e, 28

figure 3.6: Summary of parameter variation range of gas composition realized in this work: a)
pH: and pHO variation. The limit of Ni oxidation at 800 °C, as well as the respective
relative water vapor content 3, are indicate, and. b) pCO and pCO; variation. The critical
regions of carbon formation and of Ni oxidation are indicated for temperatures of 700, 800
and 900 °C. The red dots indicate parameter conditions that have been realized for the

electrochemical characterization, the black line indicates the limit of atmospheric pressure.

figure 3.7: a) Impedance spectra plotted for a variation of polarization voltage between 0 mV <n
<300 mV at constant conditions (800 °C, pH: = 8.3-10° Pa, pH,O = 6.7-10° Pa, balance Ny, Brei
=45 %, sample: NiYSZ_146), and b) corresponding DRT spectra. A clear separation of the

two processes Pa. and Pag is observable for increasing polarization voltage. .............ccc........ 30

figure 3.8: Parameter dependencies of Pa.: a) dependency of Ra. on temperature together with

the activation energy E.. = 0.03 eV (pH, = 8.3-10° Pa, pH,O = 6.6:10° Pa, balance Ny, [ = 44
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%, n =150 mV, sample: NiYSZ_140), and b) dependency of Ra, on variation of the molar
fraction of H,O together with the fit according to equation 3.5. Only binary gas mixtures are

studied, thus xmo equals pH,O (T =800 °C, =0 mV, sample: NiYSZ_148)........ccccevvveuenene 31

figure 3.9: a) Equivalent circuit model with three RQ-elements representing contributions of gas

diffusion (Paa), charge transfer at the patterned anode (Papg) and the cermet electrode
(counter electrode) (Pay), and b) impedance spectrum and corresponding CNLS fit recorded
at T = 800 °C, pH: = 1.0-10° Pa, pH2O = 5.8-10° Pa, balance N, B.a = 85 %. The individual
processes Paa, Pap, and Pa, are indicated by the dotted line. The spectrum is corrected for

the inductance of the setup 0f L =4-107 H. ...c.ccooviiiiiniriiccieircceeieeeeieereeseeeeiene e 32

figure 3.10: SEM images of the patterned Ni electrode sample with Ni electrode after

electrochemical characterization at 800 °C and varying H,-H,O atmospheres: a) with Ni

electrode showing impurity striations close to the TPB, and b) and c) after removal of the Ni
electrode with acidic solution. The varying width of the TPB impurity striation and the
impurity imprints on the electrode-electrolyte-interface at the former Ni grain boundaries

ATC VISIDLO oottt ettt e et e e s e et e e s e te e e e e aa et e s eaaat e e saaateeeaa—teesaateeeaaateesanaaeesananeas 34

figure 3.11: Results of AFM analysis on the sample without Ni electrode (removed after

electrochemical characterization at 800 °C in H>-H,O atmosphere). Very small impurity
striations at the TPB and impurity imprints on the electrode-electrolyte interface at the
former Ni grain boundaries are observable. The curvature of the YSZ surface of 150-250 nm

exceeds the dimensions of the impurity features of 3-15 nm by far. ... 35

figure 3.12: TOF-SIMS ion images (150 x 150 um?) of the surface of a sample with Ni electrode

(stripe width 20 um, spacing 20 um) after electrochemical characterization at 800 °C in
varying H,-H,O atmosphere. High mass resolution and low lateral resolution was used.
Black is the lowest and white the highest ion intensity measured. The signal intensity of all
detected species is different between Ni and YSZ surface, indicating the preferential

location Of the SPECIES. ........c.cueviiiiiiciciciccc s 36

figure 3.13: TOF-SIMS ion images (150 x 150 um?) of the surface of a sample where the Ni

120

electrode (stripe width 20 um, spacing 20 pm) has been removed after electrochemical
characterization at 800 °C in varying H»-H,O atmosphere. High mass resolution and low
lateral resolution was used. Black is the lowest and white the highest ion intensity
measured. Only some species (Al, Si, Mn, Ti) show the former stripe pattern, whereas the
others are equally distributed on the entire surface (Na, Mg, Ca, K). As expected, no Ni
signal is detected. ... 37
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figure 3.14: TOF-SIMS line intensity profile of individual species compared to Ni signal taken
from the 60 x 60 um? TOF-SIMS scan of the sample with Ni electrode: a) impurity profiles of
Al and Si. Both species show a higher intensity on the Ni surface than on the YSZ surface,
and b) intensity profiles of K, Ca and Mg. Ca and Mg show an increase in intensity close to
the Ni electrode and might indicate species accumulation at the impurity striations.
However, the lateral extension of ca. 4 um is rather large compared to an impurity feature

width of 1T um determined from AFM. ........cccooiiiiiiiiicc 38

figure 3.15: Scheme for the development of the impurity film topography found at the TPB of
patterned Ni anodes over time: a) after sputtering, the Ni film is composed of small grains,
b) during thermal exposure the Ni grains grow in size. At the same time, first impurities
segregate to the TPB originating either from Ni, YSZ or both, c) the Ni grains grow further
and lead to a shrinkage of the Ni stripe width, yielding a broadening of the impurity film.
It is assumed that the electrolyte surface in direct neighborhood of the electrode is less
contaminated, d) the top view illustrates that the impurity film varies in width depending

on the Grain StIUCHUTE. .....coiiiiiic e 41

figure 4.1: Average LSR. value of all patterned Ni anodes with different lrps plotted over time
during the first 20 h of thermal exposure at constant conditions, together with the error bars
for minimum and maximum values obtained for the different samples (layer thickness: 800

nm, T =800 °C, pH: = 8.6:10* Pa, pH,O = 1.5:10% Pa, Bre1 = 15 %). w.ceevvveerreiecrricrciicieiciciienenes 46

figure 4.2: SEM images of the patterned Ni anode at different stages of the electrochemical
characterization: a) as prepared, b) after initial heat treatment at T = 800 °C, pH, = 8.6-10" Pa,
pH>O = 1.5-10* Pa, Pre = 15 % for 20 h, and c) after electrochemical characterization at 700 °C
< T <800 °C, 6.9:10° Pa < pH,O < 8.3:10* Pa, 1.8:10* Pa < pH, < 8.7-10* Pa, 13 % < Pra < 82 %,
balance Ny, exposure time =210 h. ....ccocoiiiiiiiiiiiii s 46

figure 4.3: Degradation behavior of a patterned Ni anode recorded at 800 °C for pCO = 4.8-10*
Pa and pCO, = 5.4-10* Pa (sample: NiYSZ_291), together with the degradation rate obtained

for characterization in H,-H,O atmosphere from figure 4.8. .........c.cccceciviviiinnniniinniinns 47

figure 4.4: Relaxation behavior upon changes in gas compositions for H,-H,O atmosphere: a)
LSR measured for pH,O variations at constant pH, = 4.6-10* Pa (sample: NiYSZ_143), and b)
LSR measured for pH, variation at constant pH,O = 7.0-10° Pa (sample: NiYSZ_146). Bra
indicates the relative water vapor content of the respective gas composition in percent. (T =

800 °C, DAlanCe: IN2). .eueeueriiieieieiieierieet ettt ettt ettt st b ettt b e sb et ettt et eaeenes 48
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figure 4.5: LSR measured for rapid gas changes of pH,O and pH, with only 5 minutes hold time
per operation point: a) no hysteresis observable for pH,O variations (pH, = 4.6-10* Pa), and

b) considerable hysteresis observable between increase and decrease of pH, (pH,O = 8.6-10°

Pa). T =800 °C, balance: N, sample: NiYSZ_148........cccccoeimiiiiiiiiiiiiiccccccccccccns 49

figure 4.6: Relaxation behavior upon changes in gas composition for CO-CO, atmosphere: a)
LSR measured for pCO, variations at constant pCO = 9.8:10° Pa, and b) LSR measured for
pCO variation at constant pCO, = 2.1-10* Pa. For each gas composition, (3, cojcon is given in

percent. (T =800 °C, balance: N, sample: NiYSZ_259). .....ccccooiviviniiininiiiiiniccnicccen, 49

figure 4.7: Comparison of relaxation behavior upon gas composition changes for H,-H,O and
CO-CO; atmosphere: a) LSR measured for pH, variation at constant pH,O = 7.0-10° Pa
(sample: NiYSZ_146), and b) LSR measured for pCO, variation at constant pCO = 9.8:10° Pa
(sample: NiYSZ_259). For each gas composition P and Precocoz are given respectively (T =

800 ©C, DAlANCE: N2 ). ettt ettt ettt sttt et e st e e te et et e ss e et e seesteneesseeneensesseensensesnnens 50

figure 4.8: LSR measured at constant conditions interrupted by current-voltage curves with -350
mV <1 < 350 mV (see lower part). A slow relaxation after each recording of a current-

voltage curve is observed as well as a linear degradation of 0.3 O-m /h=0.4 % / h. (pH. =

3.9-10* Pa, pHO = 6.2:10* Pa, Pre = 61.4 %, T = 800°C, sample: NiYSZ_151)...ccccccovuveueuruucunnce 51

figure 4.9: Typical current-voltage curve recorded during the measurement with constant
conditions from figure 4.8. Arrows indicate the directions of rising and falling voltages
(speed of recording: 2 mV-s™). A considerable hysteresis is observed especially for anodic

POLATIZAION. ...ttt 51

figure 5.1: LSR« measured for pH,O variation at constant pH, = 9.0-10° Pa and T = 800 °C. N is
used as balance, sample: NiYSZ_139......cccooiiiiiiiiiiiiciieeeeecee e 55

figure 5.2: LSR« measured for pH, variation at constant pH,O = 6.7-10° Pa and T = 800 °C. N is
used as balance, sample: NiYSZ_139.......ccccoiiiiiiiiii e 56

figure 5.3: LSR« measured for temperature variation at pH, = 8.4-10* Pa, pH,O = 1.7-10* Pa (B =
16.8 %) at OCV, sample: NiYSZ_141. The temperature dependency exhibits a kink at 700 °C,

yielding two different values for Eact. .coveeeiiiiiiiiii s 57

figure 5.4: Activation energy E.. for different relative water vapor contents measured between
700 — 800 °C at OCV, sample NiYSZ_141. E.« varies considerably with water vapor content,
with very high activation energy for dry gas atmosphere. .........cccccceceivniiinnniinnniiinn 58
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figure 5.5: Determination of charge transfer coefficient a for different temperatures: a) dR. at
various current densities j for polarization voltages of n = 0, 50, 100, 150, 200, 250, 300 mV,
and b) current density j as a function of the activation overpotential 1., together with the
respective Butler-Volmer fits (pH, = 8.3-10° Pa, pH,O = 6.6-10° Pa, balance N, B = 44 %,
NIYSZ_T46) ..o 60

figure 5.6: Polarization resistance of charge transfer reaction R« for different TPB lengths
recorded at similar conditions after stabilization of R. during thermal exposure (pH. =
8.6-10* Pa, pH,O = 1.5-10* Pa, T = 800 °C): a) proportionality of 1/R¢ and lrpscom, and b)

double logarithmic graph of R as a function of Ites,corr. «oveveveeviiviiiiiniiiiiiiiciiniiicccns 61

figure 5.7: LSR at T = 800 °C calculated for pH, = 10* Pa for data points from figure 5.1 (closed
symbol) and further measurement results of this work (open symbol). The calculated

confidence interval (30) is displayed by the colored area...........ccccccccoeoininiiinnniinniiiiies 63

figure 5.8: Comparison of measured LSR. data with the calculated confidence interval and
different literature data [6-9] for pH, = 10* Pa: a) at 700 °C, b) at 800 °C, and c) the

extrapolated values at 850 °C. The lighter areas indicate the uncertainty of the activation

energy (Ea: =2.0 eV instead 0f 1.0 @V)..c.ccooiiiiiiniiiiiiiiiicccc s 64

figure 5.9: Comparison of LSR« data from this work and literature [6-9] as a function of
temperature. Data are calculated to the standard gas composition of pH, = 10* Pa and pH,O

2 107 Pl ek h et Rttt ettt ettt et aebenenas 65

figure 5.10: Comparison of LSR values reported in different studies for Ni point anodes (Jensen
[23, 68], Schmidt [71] and Hegh [67]) and patterned Ni anodes of this work at pH,O = 3-10°
Pa and pH, = 9.8:10* Pa as a function of temperature. Data from this work is corrected for
the gas composition using LSR = c:pH;*pH,O" with a = 0.07 and b = 0.68. As no gas
composition dependency is given for data by Schmidt, two corrections have been applied:
correction for pH, and pH,O with a = 0.07 and b = 0.68 (denoted “a+b”) and correction only
for pH,O with b = 0.27 determined with data from Hegh (denoted "b=0.27"). For details to
the impurity content see table 5.1 ... 68

figure 5.11: Electrochemical performance as a function of temperature for two different anode
designs: continuous 1 cm? Ni surface with 800 nm thickness denoted ‘continuous’ (sample:
DLC_1) and standard patterned Ni anode denoted ‘pattern’ (sample: NiYSZ_220): a)

comparison of LSR«, and b) comparison of capacitance. ..., 69
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figure 5.12: ASC and LSC calculated from the capacitance of samples with different Aapp/lres
ratio according to equation 5.11: a) for temperature variation at pH, = 9.9-10* Pa, pH;O =

2.5-10° Pa calculated from the data set of figure 5.11b, and b) for variation of the relative
water vapor content Brei at 800 “C. .......cooviiiiiiiiiii 70

figure 6.1: Parameter dependency of LSR. as a function of pCO, at T = 800 °C for two different
values of pCO: a) pCO = 3.9-10* Pa, and b) pCO = 1.0-10%. LSR« values are corrected for the

degradation during recording of parameter variation, yielding LSRctcorr, sample: NiYSZ_291.

figure 6.2: Parameter dependency of LSR. as a function of pCO at T = 800 °C for two different
values of pCO,: a) pCO, =5.1-10* Pa, and b) pCO, = 2.0-10*. LSR. values are corrected for the
degradation during recording of parameter variation, yielding LSRctcorr, sample: NiYSZ_291.

figure 6.3: Temperature dependency of LSR. recorded at pCO = 3.9-10* Pa and pCO, = 4.2:10* Pa.
The activation energy is E. = 1.42 eV. LSR« values are corrected for the degradation during

recording of parameter variation, yielding LSRecorr. Sample: NiYSZ_291.........ccccccviviiiinnnns 76

figure 6.4: a) Temperature dependency of LSR. recorded for different pCO at constant pCO, =
2.0-10* Pa. The activation energy varies considerably between E.. = 0.85 - 1.42 eV, and b)
LSR. as function of pCO for T =700, 750, 800 °C together with the data series at 800 °C from
figure 6.2b, pCO; = 2.0-10* Pa. Values are corrected for the degradation during recording of
parameter variation, yielding LSRecorr. Sample: NiYSZ_291......cccoiiiiiviiiiiiniiiiiiiicie, 76

figure 6.5: Summary of the parameter dependencies ¢, d and E.. of LSR« as a function of pCO
and pCO, together with a possible limit for a change in the reaction mechanism at e, co/coz

=60 %. The values of c and d were determined at 800 °C. .......meeeeeeeeeeeeeeeeeeeeeeee e eeeeeeeeeeene 77

figure 6.6: Polarization resistance of charge transfer reaction R. for different TPB lengths
recorded at same conditions (pCO = 3.9-10* Pa, pCO, = 4.2:10* Pa, T = 800 °C): a)
proportionality of 1/R. and lres, b) double logarithmic graph of R« as a function of lregcor.

Values of lrps have been corrected for the increase due to grain growth, yielding lres corr. ... 78

figure 6.7: Comparison of patterned Ni anode results obtained in this work to literature data of

a Ni grid electrode [47]: a) for variation of pCO,, and b) variation of CO. Note that a slight

difference in gas composition exists and that data by Boulenouar is reported for 850 °C,
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contrary to 800 °C in this work. The error bars for the Ni grid electrode indicate an error in

LItrp €StMAtION Of @ FACTOT OF 2. eeviiiieeeiieeeeee ettt ettt ettt e st e e s sab e e s s saaeessssaaeesssasaeesas 79

figure 6.8: Comparison of LSR. values of H,-H,O and CO-CO, atmosphere for variations of
pH:O and pCO; respectively (pH = 1.0-10* Pa, pCO = 1.0-10* Pa, T = 800 °C). Data originates
from figure 5.1 and figure 6.1. .........cooviiiiiii s 80

figure 6.9: Comparison of LSR. values of H>-H,O and CO-CO, atmosphere for variations of pH»
and pCO respectively: a) pH,O = 6.7-10° Pa, pCO, = 2.0-10* Pa, T = 800 °C, b) pHO = 6.7-10°
Pa, pCO; =5.1-10° Pa, T = 800 °C. Data originates from figure 5.2 and figure 6.2................... 81

figure 7.1: a) Scheme of transmission line model with location of electrochemical oxidation at
the TPB (indicated by the bold lines), b) equivalent circuit of the cermet anode by a
transmission line: x; and X» represent ionic and electronic transport, C represents the charge
transfer at the TPB, c) ionic and electronic current density (iion and ia respectively) as a
function of the distance from the electrode-electrolyte interface. The penetration depth A
indicates the position where 63 % of the current exchange from ionic to electronic has taken

PLACE. et 84

figure 7.2: a) Comparison of ASR values calculated with contribution of ionic transport ASRr_
(equations 7.8 to 7.10) and neglecting ionic transport ASR« (equation 7.11). Additionally, the
penetration depth is indicated. LSR« values are taken from figure 5.1 at pH, = 9.0-10° Pa, T =

800 °C; Gioneri = 1.11 S'‘m™ and Irpg = 2.53-10°m-cm™, and b) deviation between values of ASRy.

and ASR. from a) together with the subtraction of R; and R, indicating charge transfer

limitation for pH,O < 7.0-10° Pa and transport limitation for higher pH,O. ........cccovvrrinrenncn. 87

figure 7.3: Comparison of electrochemical performance of patterned and cermet anodes as a
function of a) pH>O at constant pH,, and b) pH. at constant pH,O. The subscript “TL’ refers
to results from transmission line model calculation, ‘TL,d’ to a transmission line model
including the degraded ionic conductivity, and “AFL’ to results reported for an anode

functional layer by Leonide [33]. .....ccccoiiiiiiiiiiiiiiiicie e 90

figure 7.4: Comparison of electrochemical performance of patterned and cermet anodes for Ho-
H,O atmosphere as a function of temperature: a) comparison to data reported by Leonide
for the anode functional layer of an anode supported cell [90], calculation with L =7 um,
and b) comparison to data reported by Sonn for a screen printed cermet anode [35] with L =
25 um. The subscript ‘TL’ refers to results from transmission line model calculation, “TL,d’

to a transmission line model including the degraded ionic conductivity, “AFL’ to results
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reported for an anode functional layer by Leonide [90], and “ESC’ to results reported for a

screen printed cermet anode by Sonn [35].......ccccciiiiiiiiiiiiiiii 90

figure 7.5: Comparison of electrochemical performance of patterned and cermet anodes as a

function of a) pCO; at constant pCO, and b) pCO at constant pCO,. The subscript “TL’ refers
to results from transmission line model calculation, ‘TL,d” to a transmission line model
including the degraded ionic conductivity, and ‘AFL’ to results reported for an anode

functional layer by Leonide [98]...........ccoueueiriiiiiiiiic e 91

figure 7.6: Comparison of electrochemical performance of patterned and cermet anodes for CO-

CO, atmosphere as a function of temperature. The subscript ‘TL’ refers to results from
transmission line model calculation, “TL,d” to a transmission line model including the

degraded ionic conductivity, and “AFL’ to results reported for an anode functional layer by

| ITo) a1 Te L= 5 TSRS 91

figure 7.7: Comparison of values of R; and Rs calculated in this work with values reported by

Sonn [35] for a screen printed Ni/8YSZ cermet anode as a function of temperature: a) good
agreement for values of R; is obtained when using the degraded ionic conductivity,
yielding Ry qra. Using the standard ionic conductivity, the obtained Ripa is inferior to Ry esc
(factor 3 to 4), and b) a strong deviation in Rs is observed between data by Sonn and the
calculation in this work when using lresy = 4.2:10"> m? (R pa). With a correction of lrps to 3.0
10" m?, good agreement is obtained. The subscript ‘PA’ refers to data from this work with

patterned anode and “ESC’ to the cermet anode data reported by Sonn with L =25 um...... 94

figure 9.1: Comparison of impedance spectra obtained with contacting of entire electrode

surface by a Ni mesh and contacting with special contact block at same conditions with
ItpB,corr = 6.5 m. A considerable decrease in the contribution of gas diffusion Pa« is observable.

Ohmic contributions of electrolyte and measurement setup are subtracted......................... 105

figure 9.2: Comparison of gas diffusion contribution Ra to overall contribution of the patterned

Ni anode for the two different contacting methods as a function of the polarization voltage
n. A strong decrease in gas diffusion contribution between contacting of the entire surface

compared to the special contact block is observed.............cocoovviieiiiiiiiiiiiice 106

figure 9.3: Comparison of charge transfer contribution Rap for the two different contacting

126

methods as a function of lrpscor (corrected for increase in lws due to grain growth during
initial thermal exposure). The good agreement shows that determination of charge transfer

contribution is not affected by the change in contacting method. .........c.ccccccccecnniinnne 106
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figure 9.4: Estimation of the fraction of electrolyte surface covered with one monolayer of SiO,
as a function of the impurity content under the assumption that all impurities segregate to
the surface, see equation 9.2. Different electrolyte designs for the characterization of point
and patterned electrodes are given and compared to cermet structures with spheres of 1
and 10 pum diameter respectively. The grey area indicates typical impurity levels of YSZ
between 0.0025 - 0.1 W. %0.cuoiiiiiiiiiiiiiiiiiccc s 109

figure 9.5: a) Fraction of surface covered with SiO; as a function of particle diameter in the case
of electrolyte spheres for three different impurity levels of 0.1, 0.01 and 0.001 w. %, and b)

impurity level that a monolayer of SiO, constitutes of the total YSZ particle as a function of

the particle diameter. ........cooiiiiiiiii e 110
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In the past few years, interest in Solid Oxide Fuel Cells (SOFC) has increased
significantly. Their advantages include an efficient and low emission power
generation as well as fuel flexibility. However, major challenges on the way
to a commercial launch include performance improvement, long-term sta-
bility and cost reduction. With respect to performance improvement, the
comparison of electrode performance clearly indicates the necessity to im-
prove the anode side of SOFCs.

The knowledge of the elementary kinetic steps of the electrochemical oxi-
dation of fuel gas at the anode is a basic requirement for the improvement
of anode performance. This reaction takes place at the so-called Triple-Phase-
Boundary (TPB), where electrode, electrolyte and gas phase join. Several
reaction mechanisms have been proposed for the charge transfer reaction,
but still the exact mechanism is unclear. For a deeper understanding of the
reaction mechanism, simplified geometries such as patterned anodes have
been established.

In this work, a deeper understanding of the electrochemical oxidation at
SOFC anodes was gained by the detailed experimental characterization of
patterned Ni anodes in H2-H20 and CO-CO2 atmosphere. By high reso-
lution data analysis, the Line Specific Resistance (LSR) attributed to charge
transfer and its dependencies on gas composition, temperature and polari-
zation voltage were identified. Furthermore, the comparison of the per-
formance of patterned and cermet anodes was enabled by the use of a
transmission line model.
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