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Solid-Oxide-Fuel-Cell cathodes
Dynamics of interfaces

Summary

It is well known in the literature that Platinum/yttria-stabilized-zirconia
(Pt/YSZ) model electrodes for the cathode in Solid Oxide Fuel Cell (SOFC)
show activation at moderate to high cathodic polarization. Further, it is well
known that passage of current on a long timescale result in morphological
changes at the interface between the Pt electrode and the YSZ electrolyte.
It is also well known that similar, but less pronounced, activation take place
for SOFC relevant LSM model electrodes and that one chamber SOFC with
LSM as cathode show activation and deactivation as function of time during
operation.

The purpose of the Ph.d. project is to contribute to the knowledge and
to gain further understanding about the processes taking place at the cath-
ode in solid oxide fuel cells. Particularly of interest, are the processes which
are a consequence of the electrode reactions and are of great importance for
the long term stability. In the studies, simple model systems has been used
in the form of point-, mikro- and geometrically well defined pattern elec-
trodes upon a polished YSZ electrolyte. The basis has been Pt electrodes,
but other noble metals and SOFC relevant Lathanum-Strotium-Manganite
(LSM) electrodes has also been studied. The used electrochemical techniques
were chronoamperometry, linear voltammetry and impedance spectroscopy.

Introductory investigations were carried out regarding the influence of a fre-
quency dependent potential distribution on the traditional determination of
various impedance spectrum determined parameters, as well as the influence
on the shape of an impedance spectrum. The studies show that the frequency
dependent potential distribution can affect the shape of an impedance spec-
trum. Further, it is illustrated that the error, as a result of a frequency de-
pendent potential distribution when determining the polarization resistance
for normally applied point- and microelectrodes, in most cases is neglectable.

The performed electrochemical experiments with Pt microelectrodes and sub-
sequently scanning electron microscopy (SEM) investigations show that the
primary reason for Pt electrodes showing activating upon cathodic polariza-
tion is an increase of the electrode by migration of Pt electrode material.
The studies also show that the phenomena is not unique for Pt, but also



3

take place for noble metal electrodes such as silver (Ag) and Palladium (Pd)
electrodes. Gold (Au), on the contrary, shows no sign of electrode material
migration. Different designed experiments suggest that formed PtO2(g) and
AgO(g) is reduced at the cathodic polarized Three-Phase-Boundary (TPB).
Pd electrode material migration happens considerably faster than in the case
of Pt and Ag electrodes. Since the partial pressure of PdO(g) is so low that
it does not result in any significant evaporation of Pd, gas phase transport
can not explain the electrode material migration of Pd. An unknown surface
transport mechanism seems to be present.

Systematic impedance spectroscopy studies of an array of Pt microelectrodes
with varying size in a self build hotstage setup indicate that oxygen diffusion
is possible through the bulk of Pt. In the literature this is assumed to be
neglectable. The systematic impedance studies further show the presence of
two processes with different characteristic time constants.

High cathodic polarization of Au point-electrodes show that activation of Au
electrodes is also possible. Post mortem examination with SEM show that
considerable morphological changes of the interface have taken place, par-
ticularly at TPB. These changes are causing the observed activation. The
investigations suggest that the morphological changes are current induced
or accelerated by current. Similar investigations of LSM point-electrodes
and LSM films as electrodes reveal that the observed morphological changes
for Au electrodes also take place for LSM electrodes. Further, the LSM in-
vestigations show extensive formation of the poor electronic conducting and
catalytic La2Zr2O7 phase. This is unexpected since LSM with 5 percent
excess manganese has been used, which is reported to considerably reduce
the formation of La2Zr2O7.
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Faststof-Oxid-Brændselscelle katoder
Dynamik af grænseflader

Resumé

Det er velkendt i litteraturen, at platin/yttria-stabiliseret-zirkonia modelelek-
troder (Pt/YSZ), for katoden i faststof-oxid-brændselsceller (SOFC), udviser
aktivering ved moderat til kraftig katodisk polarisation, samt at længere tids
strømpassage skaber ændringer af morfologien af grænsefladen mellem Pt
elektrode og YSZ elektrolyt. Det er ogs̊a kendt, at tilsvarende, men knap s̊a
udpræget, aktivering af SOFC relevante LSM modelelektroder finder sted og,
at et kammer brændselsceller med LSM som katode udviser b̊ade aktivering
og passivering som funktion af tiden under drift.

Formålet med Ph.d. projektet er at bidrage til kendskabet og øge forst̊aelsen
af de processer, der finder sted ved katoden i faststof-oxide-brændselsceller.
Det er især processerne, som er en konsekvens af elektrodereaktionerne, og
som har stor betydning for den langsigtede stabilitet, der er af interesse.
I studierne er der anvendt simple modelsystemer i form af punkt-, mikro-,
og geometrisk veldefinerede mønster elektroder oven p̊a en polykrystallinsk
poleret YSZ elektrolyt. Udgangspunktet har været platin elektroder, men
ogs̊a andre ædelmetal og SOFC relevante Lathan-Strontium-Manganit (LSM)
elektroder har været studeret. De anvendte elektrokemiske teknikker har i
undersøgelserne været chronoamperometri, lineær voltammetri og impedans
spektroskopi.

Indledningsvis er det blevet undersøgt, hvor stor betydning en frekvens afhængig
potentialfordeling har for traditionel bestemmelse af diverse parametre fra
et impedans spektrum, og hvilken indflydelse det har p̊a udseendet af et
impedans spektrum. Det er vist, at en frekvensafhængig potentialfordeling
i princippet kan p̊avirke udseendet af et impedansspektrum. Desuden er
det vist, at fejlen som resultat af en frekvensafhængig potentialfordeling ved
bestemmelse af polarisationmodstanden er, i langt de fleste tilfælde for nor-
mal anvendte punkt- og mikroelektroder, negligerbar.

De udførte elektrokemiske forsøg med Pt mikroelektroder med efterfølgende
Skanning Elektron mikroskopi (SEM) undersøgelser, viser, at den primære
grund til Pt elektroders aktivering ved katodisk polarisation skyldes en forøgelse
af selve elektroden ved migration af Pt elektrodemateriale. Forsøgene viser
ogs̊a, at det ikke er et unikt fænomen for Pt men, at det ogs̊a finder sted for
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andre ædelmetalelektroder, s̊asom sølv (Ag) og palladium (Pd) elektroder.
Guld (Au) viser derimod ingen tegn p̊a elektrodematerialemigration. Forskel-
lige designede eksperimeter antyder, at elektrodematerialemigrationen for Pt
og Ag hovedsagelig skyldes, at dannet PtO2(g) og AgO(g) reduceres ved den
katodisk polariserede tre-fase-grænse (TPB). Pd elektrodematerialemigration
foreg̊ar betydeligt hurtigere end for Pt og Ag. Da partialtrykket af PdO(g)
er s̊a lille, at det ikke for̊arsager nogen signifikant fordampning af Pd, kan
gasfasetransport af Pd ikke forklare migrationen af Pd. Dette tyder p̊a, at
en ukendt overflademigrationsmekanisme er til stede.

Systematiske impedansspektroskopistudier af et array af Pt mikroelektroder
i en selvbygget hotstageopstilling antyder, at oxygen kan diffundere gennem
Pt, hvilket i litteraturen er antaget til ikke at finde sted. De systematiske
impedansstudier viser yderligere en tydelig tilstedeværelse af to processer
med forskellige karakteristiske tidskonstanter.

Kraftig katodisk polarisation af Au punktelektroder viser, at der ogs̊a kan
ske en aktivering af Au elektroder. Efterfølgende undersøgelser af kontak-
tomr̊adet med SEM viser, at betydelige morfologiske ændringer af kontak-
tomr̊adet har fundet sted, især ved TPB. Disse ændringer er årsagen til den
observerede aktivering. Undersøgelserne tyder p̊a, at de morfologiske æn-
dringer er strømfor̊arsaget eller fremskyndet ved strømpassage. Tilsvarende
undersøgelser af LSM punktelektroder og LSM film som elektroder afslører,
at de morfologiske ændringer for Au elektroder ogs̊a finder sted for LSM
elektroder. Desuden viser LSM undersøgelserne dannelsen af den d̊arlige
elektrisk ledende og katalytiske La2Zr2O7 fase. Dette er uventet, da der er
anvendt LSM med 5 procent overskud af mangan, som er rapporteret kraftigt
reducerende for dannelsen af La2Zr2O7.
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Chapter 1

Introduction

Even though fuel cells were discovered in 1839 by Sir William Grove it was
not until the apollo space missions (1961-1972) that the development and ap-
plication of fuel cells occurred. The large interest in fuel cells evolved during
the nineteen seventies oil crises which initiated large research and develop-
ment efforts. The increasing environmental awareness during the last 30-40
years has further contributed of making fuel cells an attractive technology.
The main advantage of fuel cells as compared to conventional fossil fuel power
generation is that the achievable efficiency is not subjected to any thermody-
namic limit (Carnot cycle). The thermodynamic limitation of conventional
power generation is a result of generating electrical energy from heat. In fuel
cells the stored chemical energy is directly converted into electrical energy.
In practice however, chemical reactions and mass transport energy and steric
barriers, and hence energy losses, will always be present. The challenge from
an engineering point of view is to understand and reduce these energy losses
as much as possible.
Fuel cells are traditionally classified according to the electrolyte. This the-
sis deals with fuel cells based on a pure oxygen ion conducting solid oxide
electrolyte, hence Solid Oxide Fuels Cells (SOFC’s), with a operating tem-
perature range from 6000C to 10000C. The benefits of SOFC as compared
to other types of fuel cell are a generally higher efficiency and a larger toler-
ance towards different fuels, but with the disadvantage of a high operating
temperature.

1.1 SOFC principle and characteristics

The operation principle of a SOFC can be seen in figure 1.1 page 11. The
cell consists of two electrodes cathode and anode with a solid electrolyte in
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between. At the cathode oxygen is reduced according to the reaction scheme:

1

2
O2 + 2e− → O2− (1.1)

The pure oxygen ion conducting electrolyte enables transport of oxygen ions
to the anode, where they react and participate in a oxidation of the fuel,
in this case hydrogen, resulting in the generation of water H2O and two
electrons:

O2− +H2 →
1

2
H2O + 2e− (1.2)

A typical single cell has, depending on operation conditions, an open circuit

Figure 1.1: Left: Principle of a SOFC. Right: Characteristics of a typical
fuel cell.

voltage of approximately 1V. To achieve the desired voltage cells are, with a
interconnect material, serial connected into a stack.
A typical voltage-current fuel cell characteristic is shown to the right in fig-
ure 1.1 page 11. The operating cell voltage E can be expressed as:

E = EOCV − IRr − ηc − ηa (1.3)

EOCV is the open circuit voltage and is dependent on operation conditions
such as gas composition, temperature and electrolyte pinholes. IRr is ohmic
loss, ηc and ηa are cathode and anode polarization losses. The right side of
figure 1.1 page 11 shows three characteristic regimes:

• At low current densities the main energy loss is due to reaction kinet-
ics of the electrodes. Improving the catalytic activity of the electrodes,



1.1. SOFC PRINCIPLE AND CHARACTERISTICS 12

hence lowering of the energy barrier or barriers to overcome, will re-
duce electrode polarization losses. Of the two electrodes, the cathode
contributes with the largest electrode overvoltage in modern SOFC´s.

• The ohmic resistance Rr of the cell is the sum of contact resistance
between the various cell components and the ionic/electronic conduc-
tion resistance from electrolyte and interconnect. The ohmic loss is
dominating at moderate current densities (the linear regime).

• When the current density is high the kinetics can become mass trans-
port controlled. The kinetics can either be limited by diffusion of reac-
tants to the electrode or by the removal of reaction products from the
electrode.
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Chapter 2

Literature findings

2.1 Introduction

In spite of the last 20-30 years of extensive research effort to elucidate
the cathode reaction kinetics, the details of the reaction 1.1 page 11 re-
mains to a large extent a mystery. A recent review by Stuart B. Adler
with 369 references summarizes the advances made in understanding the
oxygen reduction and the factors governing SOFC cathode performance for
electronic and mixed conduction cathode materials [1]. The studied cath-
ode systems can generally be divided into the following three categories:
model cathodes (noble metals), pure electronic ceramic cathodes of the type
LaxSr1−xMnO3+δ(LSM) and mixed electronic and oxygen ion conducting
cathodes such as pioneering materials LaxSr1−xCoO3+δ(LSC). The focus of
this thesis are issues concerning pure electronic conducting cathodes or more
specific noble metals and LSM.

2.1.1 Capacitance of SOFC cathodes

Common for cathodes on pure oxygen ion conducting electrolytes are an un-
usual high spread and value of the impedance estimated apparent double
layer capacitance Cdl. For Pt this is typically greater than 10−4F/cm2 [2, 3].
Attempts to measure the true Cdl using chronoamperometry have yielded
values of 10−6- and 10−5F/cm2 respectively [2, 4], which is argued to be
in reasonable accordance with the charge separation at the Pt/YSZ inter-
face [2], hence the expectable Cdl value. The origin of the high value of
impedance determined apparent Cdl remains so far unsolved, but M. Kleitz,
who was one of the first to notice and point out the abnormal impedance
Cdl value, has argued and proposed that a reservoir of electroactive neutral
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oxygen at cathode reactions is the cause [5]. The basis for this postulation
is mainly measurements on Ag electrodes where oxygen dissolves into the
Ag bulk. In this respect, it is worth mentioning that Metcalfe has argued
that the NEMCA effect, with spill over of ionic oxygen from the YSZ to the
electrode, can change the catalyst surface properties even at OCV [7]. This
alternation of the catalyst surface properties might be M. Kleitzs postulated
oxygen electrode reservoir of electroactive neutral oxygen.
For metal oxide ceramic cathode materials, an additional contribution to the
apparent Cdl exists in form of a chemical capacitance (oxidation/reduction
of the bulk). It is a result of the ability of oxide ceramic materials to change
oxygen stoichiometry at the electrode electrolyte interface upon polarization.
The magnitude of the chemical capacitance depends on the bulk oxygen diffu-
sivity and surface oxygen exchange coefficient for the given material. Capac-
itance values as high as 0.1-1 F/cm2 have been reported [6]. The capacitance
can therefore be used as a course measure for the involvement of the cathode
bulk in the overall electrode reaction.
In contrast of Cdl being a useful tool its existence also gives rise to problems.
The problems are mainly associated with impedance kinetic studies on pure
electronic cathode materials. The electrode reaction of these materials is
restricted to the Three-Phase-Boundary (TPB), that is the line where elec-
trode, electrolyte and air is in contact with each other, hence only a minor
part of the electrode is active. The large inactive area has a relatively large
capacitance that shunts the electrode reaction. The interference of capacitive
current at high frequency in impedance spectroscopy has proven to be rather
severe and in most cases the faradaic impedance information is overshadowed
and buried in the capacitive response [23, 26]. Acquiring information about
the electrode reaction is therefore non-trivial and will be discussed in more
detail in section 5.1 page 31.
Another characteristic common feature for different cathode materials is non-
stationary behaviour. The cathodes show activation, non-linearity and hys-
teresis phenomena at moderate to high polarization [8, 9, 10, 11, 12]. All
though these are well known phenomena, very little is known about the
cause.

2.2 Noble metals as model cathodes

2.2.1 Kinetics of Pt

Noble metals are generally believed to be a good foundation for acquiring
knowledge about the fundamental mechanisms associated with reduction
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and incorporation of oxygen into the doped ZrO2 electrolyte. The chem-
ical inertness and highly confinement of the electrode reaction to the TPB
is believed to provide a simple and well defined system for studying the pro-
cesses/reactions that take place near and at the TPB. The main focus of the
thesis will be on Pt since it is by far the most studied noble metal in kinetic
studies. The main necessary steps in the cathode reaction are transport of
oxygen to the TPB reaction zone, charge transfer and incorporation of oxygen
ions into the electrolyte. There is generally two pathways for transporting
oxygen to the TPB zone. Oxygen can either adsorb directly at the TPB
or/and adsorb some distance away and be transported to the TPB by sur-
face diffusion. Examples can be found in the literature of each of the above
mentioned steps, as being argued rate limiting for the overall reaction. One
reason for the apparent contradictory conclusions in the literature could be
and probably is a changing reaction mechanism as function of temperature,
oxygen partial pressure, polarization, presence of impurities etc. However
some reaction rate limiting factors are reported more frequently and better
supported than others.

2.2.2 Adsorption

An essential step in the reduction of oxygen is adsorption onto the Pt sur-
face. It has been well accepted for a long time that fast reversible dissociative
adsorption on Pt takes place at elevated temperatures [13, 14]. Nonetheless
low temperature studies on Pt(111) have shown that dissociative adsorp-
tion proceeds through sequential physi- and chemisorbed molecular precur-
sor states [16, 17, 18]. The SOFC relevant strong chemisorbed desorption
peak at approximately 720K in TPD measurements is reported to follow
first order desorption kinetics. This also applies to polycrystalline Pt with
oxygen supplied either by gas phase or electrochemically [15]. These results
could indicate that desorption of atomic oxygen goes through the precursor
states with desorption of molecular oxygen being rate determining. But it
could also indicate associative desorption of atomic oxygen. The significance
of precursor states and lateral interaction of adsorbed oxygen on adsorption
kinetics has been studied in the modelling work of Mitterdorfer and Gauck-
ler [25, 26, 27]. In this work kinetic parameter values and their dependency
on temperature and oxygen partial pressure was estimated from impedance
measurements. The conclusion was a significant dependency of the kinetic
parameters on surface coverage and hence it were concluded that the ordi-
nary Langmuir isotherm is not an accurate description at least not for the
whole coverage range from 0 to 1.
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2.2.3 Surface diffusion

Evidence for surface diffusion limitation has been observed many times. Sev-
eral authors have performed conductivity measurements over a large oxygen
partial pressure and temperature range showing that the conductivity as
function of oxygen partial pressure goes through a maximum [19, 20, 21].
The slope of the regions before and after the conductivity maximum can be
accounted for if diffusion controlled conditions is assumed. Another indica-
tion of diffusion limitations comes from the transient in chronoamperometry
measurements [22]. After charging the double layer capacity the current de-
cay from 150ms-1s could be modelled with a t−1/2 (Cottrell) dependency at
873K, which is the classical sign of diffusion control. Impedance evidence of
diffusion was first provided by Verkerk and Burggraaf [23]. They assumed
that the electrode reaction impedance is in parallel with the double layer
capacity (Randles circuit). This enabled them to subtract the double layer
capacitance. The result was the characteristic impedance Warburg element
with a finite diffusion layer for measurements at 983K. However, they did not
account how they determined the double layer capacitance value or whether
it was a pure capacitor or a constant phase element. It seems risky business
to subtract something that you in principle do not know the nature and value
of. More recently Mitterdorfer and Gauckler [25, 26, 27] used the method
developed by Berthier et al. [24] for subtracting the effect of double layer ca-
pacitance. The result was a smooth and suppressed Warburg finite diffusion
layer response at 975K. This was interpreted as and fitted with the gerisher
impedance, which describes the situation of co-limited diffusion and reaction.
In the case of platinum it corresponds to co-limitation of surface diffusion and
adsorption. This is intuitively a more appealing description since adsorption,
within the diffusion length, must take place. In order to evaluate whether
surface diffusion is likely to be observed in electrochemical measurements it
is essential to have knowledge about the surface diffusion constant for oxygen
on platinum. Unfortunately data in this area is very sparse. In the references
given above regarding diffusion, the measurements on Pt(111) field emitter
tips conducted by Lewis and Gomer is typically mentioned [13]. Using this
data the diffusion constant at 1000K can be estimated to 1∗10−11m2/s. How-
ever the more recent PEEM work on Pt(110) by Oertzen, Rotermund and
Nettersheim has seldom been mentioned. They measured surface diffusion as
function of coverage and identified to distinct regions with different diffusion
coefficients separated with a relatively sharp change at coverage 0.2 mono-
layer. This change is in accordance with the impedance estimated diffusion
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coefficient coverage dependency reported in the earlier mentioned modelling
work by Mitterdorfer and Gauckler [25, 26, 27]. The PEEM results give the
following diffusion coefficient values at 1000K Dθ<0.2 = 5 ∗ 10−8m2/s and
D0.2<θ<0.7 = 3 ∗ 10−8m2/s. Due to the different crystallographic orientations
direct comparison between the diffusion data is not possible, but it appar-
ently shows that surface diffusion is highly dependent on the crystallographic
orientation. It is difficult to make any predictions of which situation is pre-
dominant for polycrystalline Pt. The characteristic time τ for a pure diffusion
process can be expressed as τ = δ2

D
, with δ being the diffusion layer thickness.

τ can be extrapolated from the frequency in the impedance data, at which
deviation from the characteristic warburg ∼ 45o straight slope occurs. At
short times the gerisher impedance resembles warburg behaviour meaning
that it is possible to extract an order of magnitude τ value. Extracting τ
from the above mentioned data of Robertson, Verkerk and Mitterdorfer and
using the PEEM diffusion data gives diffusion lengths that vary from 10 to
10000µm, all of which are outside reason. Using the diffusion data of Lewis
and Gomer gives diffusion lengths from a couple of hundred nm (data of mit-
terdorfer) to several µm. Although the data of Mitterdorfer and Gauckler is
in the neighbourhood of what’s reasonable the remaining data still provides
diffusion lengths that are to large. Beside unrealistic diffusions lengths it also
shows that the data are inconsistent.

2.2.4 Influence of impurities on kinetics

A speculative explanation for this lack of consistency and apparent unreal-
istic results, could be, that diffusion is not surface diffusion, but diffusion
through an nm thick layer of impurities on the YSZ surface. The oxygen
diffusion constant for the impurity film is expected to be significantly lower
than the diffusion constant for surface diffusion on Pt. In this picture the
cathode provides an electrode dependent concentration of atomic oxygen at
the diffusion layer thickness and hence a performance variation for electrodes
with different catalytic properties. The existence of a thin impurity film on
the YSZ surface and impurity rim ridge at the TPB zone is well documented
for the SOFC anode Ni electrode [54, 55, 56]. Different compositions and
thickness of the impurity film might explain the inconsistent reported evi-
dence for diffusion controlled kinetics.
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2.3 LSM cathodes

2.3.1 Steady state measurements

The most detailed overview of the electrochemical properties of LSM is pro-
vided by steady-state d.c. characteristics and associated impedance of LSM
measurements conducted by Siebert, Hammouche and Kleitz [28] at 960oC in
air. They made measurements on cone shaped dense sintered LSM electrodes
on YSZ in order to minimize porosity effects. The result was an exponential
increasing current in the anodic region with a single suppressed semicircle
impedance response. In the cathodic regime the response from 0 to -150mV
was an increasing current towards a limiting current and a single suppressed
semicircle impedance response. From -150mV a sudden discontinous jump
in current and difficulty in reaching a steady state was observed. The cor-
responding impedance showed beginning distinct features at high frequency
and strong inductive effects at low frequency. From -200mV to -300mV
the onset of an exponential like increase in current was observed and above
this transition zone the impedance split up into a suppressed semicircle at
high frequency and a suppressed Warburg finite diffusion response at low
frequency. This was interpreted as the onset of ionic conductivity and is
in agreement with the 30 percent strontium substituted Lanthanum Man-
ganite electrode becoming substoichiometric with respect to oxygen around
-300mV [29].

2.3.2 Surface versus bulk oxygen transport

As in the case of Pt, Mitterdorfer and Gauckler has shown that subtracting
the electrolyte resistance and double layer capacitance from the suppressed
single semicircle impedance response of porous LSM on YSZ at 850oC, us-
ing the method of Berthier et al [24], reveals a Gerisher like impedance re-
sponse [30]. This result suggests that the cathode LSM kinetics is surface
controlled as in the case of Pt. Numerous attempts has been made to pro-
vide clues about the influence of mixed conductivity, especially near the TPB,
on the overall electrochemistry. It is well documented, that in the case of
thin dense LSM films with a large area to TPB length ratio, the electrode
resistance is controlled by electrode area and thickness, hence ionic con-
ductivity [31, 32, 33, 34]. Further an increasing resistance with increasing
oxygen partial pressure has been observed, indicating that the concentra-
tion of oxygen vacancies is of key importance [31]. LSM is at OCV in air
oxygen superstoichiometric with cat ion vacancies and therefore ionic con-
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ductivity is expected to be very poor [35, 29]. The polarisation at which
LSM in air becomes oxygen substoichiometric depends on strontium doping
and temperature and is located relatively far from the cathode polarization
in SOFC´s. Brichzin et al. has recently made measurements on 100nm thick
dense well defined circular electrodes with varying diameter (20-200µm) at
∼ 800oC [36, 37]. These measurements showed a clear correlation between
reaction resistance and electrode diameter at cathodic polarization, indicat-
ing that bulk ionic conductivity controls the overall reaction. Even though
the thickness resembles the particle dimension of real porous LSM cathodes,
the smallest electrode diameter 20µm certainly does not. In order to acquire
knowledge about the transition from bulk to surface, controlled reaction ki-
netics measurements on smaller or thicker electrodes are needed. LSM pat-
tern electrodes and isotope exchange experiments analyzed with SIMS has
revealed information about oxygen incorporation [40, 41], but is unable to
distinguish between surface and bulk kinetics [42].

2.3.3 Solid state chemical reactions

Another issue concerning cathodes are the chemical reactivity of the cathode
with the YSZ electrolyte. It is well known that LSM reacts with YSZ and
forms insulating secondary phases that inhibit the electrode/electrolyte inter-
facial processes. Typical secondary phases are La2Zr2O7 (LZ) and Sr2ZrO4

(SZ) [30]. The formation of these secondary phases is greatly accelerated
when LSM becomes manganese deficient. The solubility of manganese in
YSZ is rather high [38, 39], so in order to avoid or slow down formation of
secondary phases excess manganese is put into the LSM structure.
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Chapter 3

The thesis

3.1 Objective of thesis

It is well established that activation, non-linearity and hysteresis phenomena
take place for model electrode systems Pt-YSZ as well as electrode systems of
SOFC cathode and anode materials LSM-YSZ and nickel-YSZ. The cause of
the unexpected phenomena are unknown, but it is known that changes of the
morphology and chemical composition take place near and at the interface
between electrode and electrolyte. The objective of this thesis is to study the
above mentioned changes and in this matter the role of current and thereby
gain further insight to SOFC long term stability. Attempts will be made to
correlate the changes with electrochemical measurements. The experimental
approach is the use of different noble metals with different catalytic and
physical properties. This simplifies the system by excluding the possibility of
solid state chemical reactions, mixed conduction near the electrode perimeter,
and it reduces the effect of ill defined and bad contact between electrode and
electrolyte. The electrochemistry and characterized changes near and at the
interface between electrode and electrolyte of noble metals will be compared
with similar LSM experiments. The main characterization tool is SEM.

3.2 Thesis layout

Chapter 1 consist of introduction and the basic principle of SOFC together
with the I-V characteristic of SOFC’s. Chapter 2 is an overview of reported
results in the literature regarding SOFC cathode kinetics and issues im-
portant for the performance of the cathode. The chapter is followed by
the present chapter 3. Chapter 4 describes the experimental. Chapter 5
deals with some preliminary theoretical considerations with respect of using
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impedance spectroscopy in studies on SOFC model point electrodes, micro-
electrodes and thin films. Chapter 6-8 describe the obtained experimental
results on various electrodes. Chapter 6 are results on Pt electrodes, chapter
7 are results on other noble metal electrodes (Pd, Ag and Au) and chapter
8 are results on and comparison of LSM and Au electrodes. Each of the
last mentioned chapters starts either with a published, accepted or submit-
ted article that is followed by additional results obtained on the subject of
the chapter. This means that these chapters contain repetition of some of
the experimental description and results. References within in articles are
giving at the end of the articles, while references in additional result sections
are together with references in the remaining part of the thesis given at the
end. It is necessary to read the articles before reading the additional results
sections of chapter 6-8. Chapter 9 summarizes and discusses the obtained
results and state conclusions.
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Chapter 4

Experimental

4.1 Materials used in experiments

Tabel 4.1 page 23 provides an overview of the materials used in the experi-
mental work of the thesis.

4.1.1 Preparation of 8% YSZ electrolytes

Polycrystalline 8% YSZ electrolyte pellets were prepared by isostatically
pressing at 4Kbar followed by sintering for 2 hours at temperatures rang-
ing from 1300 − 17000C. Suitable pieces were cut with a diamond saw. 8%
YSZ powder supplied by Viking chemicals was sintered at 13000C and yielded
crystallites of ∼ 200nm in diameter and the resulting pellets were polished in
several steps ending with 3µm diamond paste. The Viking 8% YSZ was only
used in Pt microelectrode measurements. 8% YSZ from Tosoh Corporation
was sintered at temperatures from 1500 − 17000C resulting in crystallites
ranging from several µm to ∼ 10µm. The resulting pellets were also pol-
ished in several steps ending with 1µm and in some cases 1/4µm. The Tosoh
8% YSZ was used in Pt, Pd, Ag, Au and LSM electrode measurements. All
8% YSZ electrolyte pellets were cleaned in an ultrasonic bath of water and
ethanol before experiments.

4.1.2 Preparation of electrodes

An overview of the electrodes can be seen in figure 4.1 page 24.
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Electrolyte materials Source of Degree of purity
acquirement

Polycrystalline Al, Si and Fe < 10ppm
8% YSZ Viking chemicals Na and Ca < 20ppm

Hf natural abundance 2mol%
Polycrystalline Tosoh Al2O3 < 0.005Wt%

8% YSZ Corporation SiO2 < 0.003Wt%, SiO2 < 0.060Wt%
Fe2O3 < 0.002Wt%

Electrode materials
(Diameter)

Platinum wire (Pt) Johnson Matthey Thermocouple quality
(0.3mm)

Palladium wire (Pd) Johnson Matthey 99,9%
(0.5mm)

Silver wire (Ag) Johnson Matthey Unknown
(0.4mm)

Gold wire (Au) Johnson Matthey 99,9%
(0.5mm)

Pt80%/Ir20% wire Johnson Matthey Unknown
(0.1mm)

(La0.85Sr0.15)0.95MnO3±δ Topsoe Fuel cells Unknown
(LSM)

Table 4.1: Materials used in experimental work of the present thesis, source
of acquirement and degree of purity.

Microelectrodes

Pt, Pd and Ag microelectrodes were prepared by electrochemical etching of
wires. The tips of the wires were placed in an gently stirred aqueous solu-
tion containing 40 volume percent of a saturated calcium chloride solution
at room temperature [46]. With a graphite rod as counter electrode, a 50Hz
AC voltage with a amplitude of ∼ 35V was applied. By small adjustments of
the amplitude (±5V ) for the different metal wires, the desired cone shaped
tip was achieved. The microelectrodes were prepared when there no longer
was electronic contact between wire and solution.

The microelectrode wires were kept in place by putting the wire through
a 6 bores alumina tube and locked by bending the wire out through the
hole in the side of the alumina tube as shown on the image to the right of
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Figure 4.1: An overview of the electrodes used in experiments. The image
to the right is a Pt microelectrode in a 6 bore alumina tube holder.

figure 4.1 page 24.

Ball shaped noble metal point electrodes

Ball shaped point electrodes were prepared by melting a drop at the end of
a wire in a gas flame.

LSM point electrodes

The fragment of a dense sintered LSM tablet was pressed down onto a pol-
ished 8% YSZ tablet. Under assembly the LSM fragment was clued onto a
gold support with ordinary household glue and pressed down on the 8% YSZ
tablet before the whole assembly was heated.

Pt and LSM Films as dense geometrically well defined electrodes

The films were deposited on 8% YSZ substrates by pulsed laser deposition
(PLD) using a 1mm thick cobber mask with holes of 2mm in diameter. De-
positions were done by Katarzyna Rodrigo at Risø National Laboratory Den-
mark.

Array of Pt microelectrodes

A pattern for Pt microelectrodes were designed by the author of the present
thesis. Standard clean room lithography was performed by Ina Blom and
subsequent PLD Pt deposition was performed by Katarzyna Rodrigo. Both
are employees at Risø National Laboratory - Technical University of Den-
mark.
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4.2 Experimental setup

A sketch and an image of the 3 electrode experimental setup are presented
in figure 4.2 page 26. The reference electrode consist of a wire around the
YSZ tablet with painted Pt paste along the wire. The counter electrode was
painted Pt paste on the opposite side of the working electrode. In most cases
a two electrode setup was used with the reference electrode functioning both
as reference and counter electrode.

The furnace was a tubular furnace with a length of 600mm and an inner
diameter of 56mm. The experimental setup was mounted onto the furnace
cap, as shown in the right image of figure 4.2 page 26, which was lowered
down into the furnace. The shown horizontal alumina discs serves as radia-
tion shields. In order to measure the temperature of the working electrode,
a closed alumina tube with a thermocouple (Pt-10%Rh/Pt) inside, was low-
ered through a hole in the furnace cap down to the same level as the working
electrode. The temperature and the heating rate of the furnace was con-
trolled by an Eurotherm 902P temperature controller. The heating rate was
if nothing else stated 1000C/hour and cooling was done by switching off the
furnace. During experiments, air saturated with water at room temperature
was passed into the furnace by an inlet at the bottom of the furnace at a
typical rate of 2.5l/h. This was done to keep the humidity and oxygen partial
pressure fixed in the experiments making comparisons more reliable. Further
indications has been presented that the atmospheric water content has influ-
ence on the electrochemistry of the SOFC Ni/YSZ anode [47].

All the wires in the setup are Pt except the different electrodes. Beside
the YSZ electrolyte, all the internal parts of the furnace are solely made of
alumina.

4.3 Hotstage

The construction of the hotstage and the hotstage setup are shown in fig-
ure 4.3 page 27. The supporting alumina rods (2) are grounded in order
to reduce electrical noise from conducting ceramics at high operating tem-
peratures 700− 10000C. Thin sheets of sapphire are chosen to separate the
counter electrode from the ceramics of the hotstage for the following three
reasons: A) Sapphire is an insulator. B) Sapphire has, for ceramics, good
thermal conducting properties C) Sapphire is transparent. The transparency
allows heat exchange by radiation and thereby minimizes temperature gra-
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Figure 4.2: From the left a sketch of the 3 electrode setup. In the middle
an image of the 3 electrode experimental setup. To the right an image of
the furnace cap with the experimental setup which is lowered down into the
tubular furnace.

dients within the hotstage. The Pt foil (4) electronically connects the Pt
plate (5), which acts as a counter electrode. Since Pt is an excellent thermal
conductor, even at 10000C, it is assumed that no significant temperature
gradients exist within the relatively thick 1mm Pt plate (5). By melting a
thermocouple (6) onto the Pt plate it is possible to measure the temperature
of the counter electrode. The 1mm thick YSZ slice (7) with microelectrodes
is painted with Pt paste, on the opposite side of the electrodes, and placed
on the Pt plate (5). The hole in the top of the hotstage, through which it
is possible to electronically connect the microelectrodes, acts as a controlled
leak of heat.
The contacting needle consisted of a 2mm in diameter Ag wire onto which a
Pt80%/Ir20%, 0.1mm in diameter, wire was melted. The Pt80%/Ir20% wire
was electrochemical etched as described in section 4.1.2 page 23. The length
of the 20% Ir/Pt wire was 5-10mm.
When electronic contact to the microelectrodes was achieved the noise was
reduced by simultaneously looking at an oscilloscope and moving the elec-
trical ground along the heating coils, as described in section 4.4.3 page 29,
until a minimum in observed noise was found.
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Figure 4.3: Left: Construction of the homebuild hotstage. (1) Kanthal
heating coils. (2) 6 bore alumina support rods with a Pt wire through the
rods and Pt paste on top. Pt wire and paste is electrically grounded. (3) 0.5
mm thick sapphire sheets. (4) Pt foil. (5) 26x26x1mm Pt plate. (6) 10%
Rh/Pt thermocouple. (7) 1mm thick polycrystalline YSZ electrolyte with
deposited Pt microelectrodes. Right: Overview of the setup with optical
microscope, hotstage with the top and microminipulator.

4.4 Electrochemical measurements

The computer programs which are referred to in the following sections are
unless otherwise stated written by T. Jacobsen, Department of chemistry,
DTU. Polarization was kept on during cooling in all step polarization exper-
iments.

4.4.1 Data acquisition

A setup consisting of a laboratory developed potentiostat was controlled
by a Hewlett Packard HP 7500 series B controller. The HP applied signal
was passed through a low pass filter before reaching the potentiostat. The
controller transmitted data to and received instructions from a Pc with lab-
oratory developed software. The setup was used to conduct ultra slow linear
potential sweeps (1-100µV/s) and step polarization experiments.

A Gamry FAS 2 potentiostat was used to conduct impedance spectroscopy
and medium to fast linear potential sweeps (100µm/s-1V/s) as well as step
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polarization experiments with a high sampling rate (1 second) compared to
the HP setup (360-1000s). Ultra slow sweeps, with periodic impedance spec-
trum recording, was made possible using a by the author modified gamry
script. The script records with an adjustable time interval time, voltage,
current, an impedance spectrum and finally writes the results in a file and
repeats itself. The desired applied potential was provided to the control
signal input channel of the gamry potentiostat by the above mentioned HP
controller setup. The typical frequency range and amplitude in the recorded
impedance spectra was respectively 100KHz-1Hz and 25 mV RMS. The num-
ber of data points per frequency decade ranged from 7 to 13. Systematic
errors at high frequencies (above 1KHz), due to inductive behavior of cables
etc., were mapped by impedance measurements on resistances with known
values, that were close to the experimental values. The erroneous inductive
phase shift, as function of resistance, was empirically described by polynomi-
als. This was used in a small program to correct the high frequency part of
the recorded impedance spectra. The program was also able automatically
to correct systematic numbered impedance output files originating from peri-
odic impedance monitoring during ultra slow linear potential sweeps and step
polarization experiments. The corrected impedance spectra were fitted with
a given equivalent circuit, using a laboratory developed fitting program, that
is also able to automatically fit a series of systematic numbered impedance
spectra files and put the resulting fitted parameters into one output file.

4.4.2 Estimation of electrolyte resistance from impedance
spectra

Microelectrodes have small double layer capacitances, due to a limited reli-
able frequency window. This makes it difficult experimentally to make pre-
cise estimation of the electrolyte resistance, since considerable extrapolation
is necessary. Impedance spectra of microelectrodes are discussed in detail in
section 5.1 page 31.
The equivalent circuit Relectrolyte(RpolarizationQ) in Boukamp notation [51], is
used for the estimation of the electrolyte resistance in periodic impedance
monitored experiments. The recorded impedance spectra change shape dur-
ing the experiments and the chosen frequency window used in fitting is se-
lected in the following way: High frequencies are always included and the
lower frequency limit is chosen on the following criterion, that the experi-
mental data is well described by a suppressed semicircle in a nyquist plot.
That is, the impedance spectrum in a series of spectra, that deviates mostly
from a suppressed semicircle determines the lower frequency limit. To in-
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sure reasonable agreement between fit and experimental data, the fits are
inspected by eye after fitting. Examples of typical fitted impedance spectra
can be seen in figure 4.4 page 29.

Figure 4.4: Typical fits with experimental impedance data.

4.4.3 Reduction of 50Hz noise

At high temperatures the alumina ceramics of the furnace has a small but
finite electrical conductivity which introduces 50Hz noise from the heating
coils of the furnace. It is quite severe at 10000C when measuring currents of
around 1µA and lower. This is considerably reduced by moving the electrical
ground along the heating coils to the level of the electrochemical cell inside
the furnace using the method described in [48].

The Gamry FAS 2 potentiostat has some different build in filters that can
be useful in eliminating 50Hz noise.

50Hz noise, in ultra slow linear potential sweeps and step polarization mea-
surements with the HP controller setup, is eliminated by the computer pro-
gram by creating data points from averaging of measurements during a period
ranging from 360 to 1000s.
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4.5 Characterization tools

4.5.1 SEM/EDS

After experiments and removal of electrodes the YSZ surfaces were examined
for changes in morphology and chemical composition in a Scanning Electron
Microscope (SEM) at Risø National Laboratory. The YSZ samples were
coated with carbon in order to prevent charging. A JEOL JSM-840 micro-
scope was accessible during the whole project period and a Field Emission
Gun SEM (FEG-SEM) Zeiss SUPRA-65 was accessible during the last year
of the project. The recorded images are secondary electron images.
Chemical compositions were analyzed by the microscopes Energy Dispersive
X-ray Spectroscopy facility. The interaction volume of EDS is approximately
1µm3, which set the limit on how small features can be studied by the tech-
nique.
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Chapter 5

Preliminary theoretical
considerations

5.1 Considerations regarding choice of elec-

trode type and size

Considerations regarding the advantage and disadvantage of different types
of electrodes and electrode sizes are discussed in the following two sections
for different techniques and purposes.

5.1.1 Kinetic studies with impedance spectroscopy

For pure electronically conducting electrodes, two sources of current are
present in impedance recording.

• A current from the electrode reaction at the TPB

• A current from the double layer capacity

It is the current from the electrode reaction that is of interest. Interference
from the capacitive current is therefore undesirable. Microelectrodes are
useful in this respect because of a smaller interference from the capacitive
current than in the case of normally applied larger point-electrodes. This
is due to the fact that the current from the electrode reaction at the TPB
depends on the electrode perimeter, while the capacitive current from the
double layer capacity depends on the contact area between the electrode and
the electrolyte. The different powers of the radius dependency of the two
current sources means that the smaller the electrodes are the less is the rela-
tive interference from the capacitive current. There is however, a limit as to
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how small the electrodes can be in practical measurements. Two situations
are considered in the following:

(I) In the following, charge transfer is assumed to be rate limiting for the
electrode reaction. It is appropriate to describe the situation with a Randles
equivalent circuit. That is, an equivalent circuit consisting of an electrolyte
resistance Relectrolyte in series with a reaction resistance Rreaction in parallel
with a capacitor Cdl. Rreaction is in impedance spectroscopy determined as
Rreaction = Z(freq. → 0) − Z(freq. → ∞). Thus, a good determination
of Rreaction requires that the impedance reaches the real axis in a Nyquist
plot in the high and low frequency limit of the scanned frequency window.
In practice, the frequency window at disposal is approximately 1MHz-1mHz.
As the electrode size is decreased the capacitance is also decreased, and at
some point it is no longer possible for the high frequency limit to reach the
real axis in a Nyquist plot, and hence extrapolation is necessary. Continuing
decreasing the electrode size will in the end result in a situation where it is
no longer possible to determine the reaction resistance.

(II) In this scenario it is assumed that the electrode reaction is limited by
mass transport. As a case model, the impedance response is described by a
finite-length diffusion Warburg impedance response.

Z(jω) =
dE

dc
· 1

zF
·
tanh(δ

√
jω
D

)
√
jωD

(5.1)

The overall situation can be described by an equivalent circuit consisting of
an electrolyte resistance Relectrolyte in series with a Warburg element W in
parallel with a capacitor Cdl. The characteristic frequency νW for the War-
burg element is approximately νW ' 0.4D

δ2
[28], and hence independent of

electrode size. D is the diffusion constant and δ is the diffusion length. νW
is, for the discussed electrode reaction, assumed to be within the accessible
frequency window. For large electrodes severe interference from capacitive
current will be present and an impedance response very close to a semicircle,
as in situation (I), will be observed. But since the characteristic frequency
νW for the Warburg element is independent of the electrode size the Warburg
response will be more and more clearly observed as the electrode size is de-
creased. A decrease of the electrode size should therefore in principle reveal
an electrode reaction, which is diffusion controlled. This also applies to the
situation with the double layer capacitance, shunting a gerisher impedance
that is used for describing the situation where surface diffusion is co-limited
with adsorption [1].
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As mentioned in section 2.2.3 page 16, surface diffusion impedance responses
have been reported in the literature. The diffusion responses were identified
after using different procedures for subtracting the double layer capacitance
from the impedance responses. In doing so, many assumptions were made,
which are questionable. However, if the reported results and conclusions are
correct it should be possible to verify them with the use of micro- or submi-
crometer electrodes.
In the above treated situations, the effect of current constriction has not
been taken into account. This will be thoroughly dealt with in the sections
to come. Nonetheless the smaller the electrodes, the smaller is the current
constriction effect. This favors microelectrodes compared to the larger nor-
mally applied Point-electrodes.

5.1.2 Long term changes

In studies of the long term effects of polarization, it is desirable to have well
defined contact areas in order to correlate the electrochemical responses with
changes near and at the interface between the electrode and the electrolyte.
High sensitivity towards discrete events at the reaction zone is desirable and
is achieved with a small TPB length. This is due to the fact that the elec-
trochemical response is a less averaged response, than in the case of a large
TPB length. A relatively small TPB length can be obtained with the use
of microelectrodes. The use of electrochemical etched noble metal wires as
microelectrodes provides a fairly well defined system to study. The contact
between the electrode and the electrolyte is good. A fairly well defined con-
tact area for post mortem analysis is obtained along with a relatively good
sensitivity towards discrete events at the TPB. Paste electrodes, on the other
hand, have uncontrollable contact areas, which are unfit for post mortem
analysis. Pattern electrodes are difficult and time consuming to make and
they are difficult to contact. Besides this, they have a relatively short lifetime
before they break up into islands.
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5.2 Effects of potential distribution

5.2.1 Introduction

Impedance spectra of pure electronic conducting SOFC cathodes consist of
two different current distributions with different electrolyte resistance values
at the limiting situations of freq. → 0 and freq. → ∞. For disk electrodes
at low frequency, the electrochemical reaction restricts the current to that of
a ring electrode, and at high frequencies the whole disk electrode is active
due to the double layer capacity. The change in electrolyte resistance during
impedance recording introduces an error in the normal way of determining
the polarization resistance as Rpolarization = Z(freq.→ 0)− Z(freq.→∞),
with Z representing impedance. The questions addressed in the following
are:

• How large is this error in determination of polarization resistance.

• How does the change in current distribution affect the shapes of impedance
spectra.

• How does lateral resistance of films affect impedance spectra.
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5.2.2 Theory

Electromagnetic behavior is described by a set of equations known as Maxwell’s
equations. Formulated as partial differential equations, Maxwell’s equations
take the form:

∇× E +
∂B

∂t
= 0 (Faradays law) (5.2)

∇×H − ∂D

∂t
− J c = 0 (Ampères law) (5.3)

∇ ·D = ρ (Gauss law of electricity) (5.4)

∇ ·B = 0 (Gauss law of magnetism) (5.5)

E, B, H, D and J c are vector fields, while ρ is a scalar. A description of
the fields and the associated units can be seen in table 5.1 page 35. The

Quantity Description Unit
Constitutive parameters

σ Specific conductivity S/m
ε Electric flux density C/m2

µ Magnetic permeability H/m
Fields

E Electric field intensity V/m
D Electric flux density C/m2

H Magnetic field intensity A/m
B Magnetic flux density W/m2

ρ Electric charge density C/m3

ϕ Electric potential V
J Electric current density A/m2

Table 5.1: Constitutive parameters and field quantities

constitutive relations between the various fields are:

D = εE B = µH J c = σE (5.6)

where ε is the electric permittivity, µ is the magnetic permeability and σ
is the specific conductivity. In the following, only isotropic homogeneous
linear media are considered allowing free movement of the material properties
ε, µ and σ through the different operators of equation 5.2- 5.5. The time
dependency normally complicate the solution considerably, but if it is known
that a sinusoidal time dependency exists (like for example in impedance
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spectroscopy) the so-called time harmonic model can be applied [49]. The
model assumes that all scalar fields and components of the vector fields take
the form u(x, t) = Re(u(x, ω)e−iωt), for some constant real valued ω. The
result is:

∇× E − iωµH = 0 (Faradays law) (5.7)

∇×H − σ̂E = 0 (Ampères law) (5.8)

∇ · (εE) = ρ (Gauss law of electricity) (5.9)

∇ · (µH) = 0 (Gauss law of magnetism) (5.10)

σ̂ = σ− iωε is the complex conductivity, and multiplied with E, it describes
the total current J as the sum of the conduction current J c and the displace-
ment current Jd. The equations 5.7- 5.10 above are Maxwell’s equations in
the frequency domain. The great advantage is that, for constant frequency,
the equations are stationary and only dependent on the spatial coordinates.
Making the reasonable assumption that induction of current from magnetic
fields can be neglected, that is ∇×E = 0, which implies that the electric field
can be written as E = −∇ϕ. Further taking the divergence of equation 5.8
(remember the identity ∇ · (∇ × F ) = 0), we arrive, at what is called the
continuity equation expressing conservation of charge:

∇ · J = −∇ · ((σ + iωε)∇ϕ) = 0 (5.11)

This is the equation that is numerically solved for a given geometry, fre-
quency, set of boundary conditions and material properties by the Comsol
3.3a program using the Finite Element Method (FEM). From the complex
valued potential distribution the resulting complex valued current density
can be calculated:

J = −σ̂∇ϕ (5.12)

The Comsol 3.3a program was used to do a boundary integration of the
current through the ground area A (See figure 5.1 page 37). This makes it
possible to calculate the impedance as:

Z =
V0∫

A
−σ̂∇ϕ · dA

(5.13)

By varying the frequency, doing the potential and current calculations enables
a simulation of the entire impedance spectrum. In the case of electrostatics
(ω=0) equation 5.11 reduces to Laplace’s equation:

∇2ϕ = 0 (5.14)
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5.2.3 Geometry and parameters of the model

DC

The purpose of the calculations is to reflect situations in real measurements
with point electrodes. This means that the potential drop in the electrolyte
media should resemble that of an infinitely large electrolyte media. The
question therefore is how large the radius and height of the chosen cylindrical
electrolyte media should be, as compared to electrode radius, in order to fulfill
this criterion. The relationship between electrolyte resistance R, electrolyte
conductivity σ and electrode radius r in 3D for an infinitely large electrolyte
media is given by Newmans formula [50]:

R =
1

4σr
(5.15)

When σ and r are chosen to be 1S/m and 0.1m it follows that the electrolyte
media should have dimensions that result in a resistance of 2.5Ω. Calcula-
tions are done on a cylindrical electrolyte with a circular polarized area (1V)
on top with radius 0.1m, and with the bottom of the cylindrical electrolyte
as ground (0V). This is illustrated in the left figure of figure 5.1 page 37. All
other exterior boundaries are set to behave as insulators. A calculation of
the resistance is enabled by solving Laplace’s equation 5.14 and calculating
the total current as a current density boundary integration of the ground,
using Comsol 3.3a. The right figure in figure 5.1 page 37 shows the elec-
trolyte resistance as function of increasing cylindrical electrolyte radius and
height (radius=height). It is illustrated that the resistance is larger than

Figure 5.1: Left: Geometry of the model. Right: Electrolyte resistance as
function of dimensions (radius=height).
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the Newman value, when the electrolyte radius/height is close to that of the
electrode radius. This is because the electrolyte dimension prevents the cur-
rent from spreading out at the edge of the electrode, but as the electrolyte
radius/height is increased the resistance drops rather quickly below the New-
man value. On continuous increase of the radius/height asymptotic behavior
towards the Newman value is observed. This is reassuring since it shows that
the calculations, and hence meshing of the geometry, provides trustworthy
results.

AC

At a radius/height of 10 times the electrode radius the resistance is approx-
imately 1-2 percent from Newman value which is accurate enough, and this
is the scaling that is used in all the AC calculations. The electrode in the
AC case is modelled by revolving the 2D situation with the stated physical
parameters presented in figure 5.2 page 38. The outer DC active ring of
the electrode (R3) is modelled as a very good conductor, compared to the
electrolyte (R1), with a given permittivity ε, that has the same value as the
permittivity of the non-conducting inner part of the electrode (R2). In order
to make the calculations possible and less time consuming, calculations were
done on a 6 percent cake slice of the described cylinder geometry. The final
calculated complex valued current was scaled up to that of the whole cylinder
geometry by multiplication of 60.

Region Physical properties
R1 σ=1 S/m, ε=0 C2/Jm
R2 σ=0 S/m, ε=0.01 C2/Jm
R3 σ = 1 · 106S/m, ε=0.01 C2/Jm

Figure 5.2: Right: Cross section of the cylindrical model electrode. R2
and R3 are the electrode and R1 is the electrolyte with the dimensions ra-
dius=height=1. Left: Physical properties of the different regions R1, R2 and
R3.
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5.3 Current constriction

The absolute potential distribution at the two limiting cases of a simulated
impedance spectrum can be seen in figure 5.3 page 39. As shown in the fig-
ures, only the conducting ring electrode is active at low frequencies, while the
whole disk electrode is active at high frequencies. Simulations of impedance

Figure 5.3: Tilted cake slice showing absolute potential V =√
(Re(V ))2 + (Im(V ))2 distribution plots at different frequencies Right:

1mHz Left: 100Hz.

spectra for various width of the DC active ring electrode are shown in fig-
ure 5.4 page 40. Z(freq.→∞) is the electrolyte resistance when the whole
disk is active, and Z(freq.→ 0) is the electrolyte resistance of the ring elec-
trode at DC conditions. The common high frequency limit, of the simulated
spectra, is in accordance with the predicted value in figure 5.1 page 37 for
electrolyte dimensions height=radius=1. This corresponds to the Newman
value for the given geometry, with the whole electrode/electrolyte interface at
constant potential, confirming that the calculations are accurate. Very little
is known about the extension of the TPB zone for pure electronic conducting
cathodes, but it is generally believed to be of the length scale 1µm, and most
probably less. Typical point electrodes in SOFC studies have contact areas
with a radius larger than 50µm. This means that the width of the TPB zone
is around, and in many cases smaller, than 1 percent of the radius. Figure 5.3
page 39 shows, when this is the case, the error in polarization resistance is of
the same order of magnitude as the disk electrolyte resistance determined as
Z(freq.→∞). Great care should therefore be taken in the interpretation of
impedance spectra of catalytic good electrodes with polarization resistances
comparable to the Z(freq. → ∞) value. The current constriction effect
can be neglected for catalytic poor electrodes with polarization resistances
Rp � Z(freq.→∞).
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Figure 5.4: Simulated impedance spectra with different widths of the active
ring electrode at DC conditions. The frequency range of the spectra is from
100Hz to 10mHz.
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5.4 Influence of current distribution on the

shape of impedance spectra

A closer inspection of the simulated impedance spectra presented in figure 5.4
page 40 reveals that the spectra are not ideal semicircles as the response of
a resistor in series with a resistor in parallel with a capacitor, R1(R2C) in
Boukamp notation [51]. This is illustrated in figure 5.5 page 41 by fitting

Figure 5.5: Simulated impedance spectrum of figure 5.4 page 40 with the low
frequency part fitted with the equivalent circuit R1(R2C).

the low frequency part with the equivalent circuit R1(R2C), which shows
an increasing deviation from moderate to high frequencies with the fit. The
inset graph in the upper right corner of the figure shows a Nyquist plot of
the difference between simulation and fit. The distortion from an ideal par-
allel coupling between a resistor and a capacitor is due to a change in the
potential distribution of the electrode/electrolyte interface as function of fre-
quency. At low frequencies the conducting part of the electrode determines
the potential distribution with a corresponding electrolyte resistance R3TB.
At high frequencies it is the capacitive part of the electrode that determines
the potential distribution, with a different electrolyte resistance R2TB than
the low frequency electrolyte resistance. If the two potential distributions
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were frequency independent and no interaction occurred, the response would
be that of an ideal semicircle. This can be described with the equivalent cir-
cuit R2PB(∆RC), where ∆R = R3PB −R2PB. However, interaction between
the two limiting potential distributions do occur and frequency dependency
does exist. This implies that ∆R and C changes as function of frequency, re-
sulting in the distortion shown in figure 5.6 page 42. To illustrate a changing
potential distribution as function of frequency, simulations have been carried
out with the whole electrode active at DC conditions, but with the electrode
conductivity reduced to 0.1S/m. The changing potential distribution is il-
lustrated in figure 5.6 page 42. At low and moderate frequencies a clear

Figure 5.6: The absolute potential distribution at low, medium and high
frequency of an impedance spectrum, with the whole electrode active at
DC conditions, illustrating the changing potential distribution at the elec-
trode/electrolyte interface. The upper row shows the potential distribution
and the lower row shows equipotential lines.

bending of the equipotential lines is seen at the electrode edge, while the
bending disappears at the high frequency limit of freq.→∞. The resulting
shape of the impedance spectrum is similar to that of the spectrum in fig-
ure 5.6 page 42. If the edge effect is removed, and constant potential along
the electrode/electrolyte interface is obtained in the two limiting situations of
freq.→∞ and freq.→ 0, by changing the electrolyte media cylinder radius
to that of the electrode radius, a perfect semicircle is obtained. The influ-
ence of a changing potential distribution on electrode parameters is clearly
illustrated by doing impedance calculations on a pure capacitive electrode,
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with the equivalent circuit RelectrolyteC and the associated impedance:

Ztotal = Relectrolyte(ν) +
1

iωC(ν)
(5.16)

The calculated impedance is shown in the Nyquist impedance plot in the left
figure of figure 5.7 page 43. At very low frequencies the behavior is ideal
with a vertical line shifted Relectrolyte. As the frequency is increased, a clear
change of Relectrolyte is observed. The right figure of figure 5.7 page 43 shows
the Relectrolyte along with capacitance change as function of frequency. Two
very clear plateaus are observed, corresponding to a constant potential dis-
tributions at low and high frequency with a shift in between the two limiting
situations.

Figure 5.7: Left: Impedance of a pure capacitive electrode. Right: Elec-
trolyte resistance and capacitance as function of frequency. The capacitance
is calculated from the imaginary part of the impedance C = 1/ω(−ZIm).

5.5 Comparison with Literature

J. Fleig and J. Maier have made 2D impedance FEM simulations of mod-
elled imperfect contacted electrodes by ascribing a thin air gap with constant
thickness, a permittivity εAirgap and the electrolyte a permittivity εelectrolyte
and a conductivity σelectrolyte [52]. The result were impedance spectra with
two overlapping semicircles that were claimed to consist of two perfect semi-
circles in series. However, reconstruction of the geometry with the stated
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parameters, and setting the electrolyte permittivity εelectrolyte = 0, reveals a
similar distorted semicircle as the one shown in figure 5.6 page 42. Generally,
the permittivity of the electrolyte εelectrolyte and the associated capacitance
is of no interest, since it is extremely small and out of experimental reach
due to the large capacitor plate separation in real measurements. Further,
the selected geometry makes the electrolyte permittivity εelectrolyte behave as
that of a perfect plate capacitor, and an perfect semicircle is achieved. Fi-
nally, Fleig and Maier made 2D simulations on a geometry with an nonlinear
increasing air gap. This resulted in a clear distorted semicircle at high fre-
quencies in agreement with the shape of the impedance spectra in figure 5.4
page 40 and the interpretation in section 5.4 page 41.
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5.6 Simulated impedance spectra of films with

lateral ohmic resistance

The cross section of the revolved model electrode geometry, chosen for inves-
tigations of the impedance response of films with lateral ohmic resistance, is
shown in the upper left image of figure 5.8 page 47. The geometry is cho-
sen so it resembles the geometry of the LSM films presented in section 8.2.3
page 122. The material properties of the different regions are represented by
σ1, σ2, σ3, σ4 and ε. σ is representing conductivity, while ε is representing
permittivity. The chosen electrolyte conductivity σ4 value is an typical value
for YSZ at 10000C. The remaining values are chosen so that the freq.→ 0
resistance and the capacitance determined from the low frequency semicir-
cle are close to those estimated from impedance measurements on the LSM
films presented in section 8.2.3 page 122. The upper right impedance spec-
trum of figure 5.8 page 47 shows a situation with some lateral resistance.
Two semicircles are observed. The images in figure 5.9 page 48 shows the
equipotential surfaces at selected frequencies. At a high frequency of 1MHz
it is primarily the permittivity of the electrode that supplies the current
and a constant potential throughout the electrode is achieved, meaning that
Newmans formula 5.15 page 37 is valid. The 100Hz potential distribution
corresponds to the situation where a shift from the high frequency semicircle
to the low frequency semicircle in the impedance spectrum is observed. Sig-
nificant lateral resistance is present, but by careful inspection it is possible
to observe that the equipotential surfaces in the lateral direction is slightly
bend forward in the permittivity layer compared to the conducting layer.
This means that at this frequency and higher the current originating from
the permittivity begins to have a magnitude that determines the potential
distribution. At a very low frequency of 10mHz the electrostatic potential
distribution is achieved, and the potential distribution of a ring electrode is
observed.
The high frequency semicircle therefore corresponds to the shift from the
electrostatic conducting parts of the electrode determining the potential dis-
tribution to the situation where it is the current originating from the permit-
tivity thats determining the potential distribution. From figure 5.9 page 48
it can be seen that at the beginning of the high frequency semicircle 100Hz
only a small part of the electrode is active. At the end of the high frequency
semicircle 1MHz the whole electrode is active. The change in percentage of
the electrode being active is associated with a change in electrolyte resis-
tance. From the plot in figure 5.10 page 48, of the resistance according to
Newmans formula as function of radius, it can be seen that the 100Hz resis-
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tance corresponds to the situation where 40 percent of the electrode radius
is active.
The resistance of the low frequency semicircle, that is the diameter of the
semicircle, is the sum of lateral resistance (σ1), reaction resistance (σ3) and
change in electrolyte resistance from the 10mHz to the 100Hz situation. Sim-
ulation of mixed conductivity by setting σ2 6= 0 lowers not surprisingly the
total low frequency resistance, but leaves the high frequency semicircle in-
tact. From the fit of the low frequency semicircle with a capacitor in parallel
with a resistor deviation at the high frequency part of the semicircle can be
observed. From the investigations presented in section 5.4 page 41 it can
be concluded that the deviation represents a coupling between the potential
distribution from the electrostatic conducting part and the potential distri-
bution originating from the permittivity. Increasing the lateral resistance of
the film significantly increases the coupling between the two different poten-
tial distributions as can be observed in the two impedance spectra presented
in lower part of figure 5.8 page 47.
The question of key importance with respect to the impedance spectra pre-
sented in figure 5.8 page 47 is of course whether the layer with isotropic per-
mittivity resembles the properties of the electrochemical double layer. The
electrochemical double layer has a certain degree of anisotropy since it is
positively charged on one side of the interface and negatively charged on the
other side. Nevertheless the lateral resistance results in a non uniform polar-
ization of the interface, thus a difference in charge in the lateral direction of
the interface, which will give rise to a lateral current in the electrochemical
double layer.
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Figure 5.8: Upper left: Image of the cross section of the revolved model electrode geometry.
Upper right: Simulated situations with and without mixed conductivity. Mixed conductivity
is modelled by setting σ2 6= 0. The high frequency semicircle in the situation without mixed
conductivity was fitted with a CPE parallel coupled with a resistor, while the low frequency
semicircle was fitted with a capacitor in parrallel with a resistor. The fitted parameters are
as following: Qhigh = 3.902 ∗ 10−7, α = 0.9863, Rhigh = 22.56Ω and CLow = 7.801 ∗ 10−4F ,
RLow = 43.51Ω. Lower left: Impedance spectrum of the situation with increased lateral
resistance. Lower right: Impedance spectrum with maximum lateral resistance without
changing the freq.→ 0 resistance.
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1MHz 100Hz 10mHz

Figure 5.9: Contour plots and equipotential surfaces plots of the absolute
potential at selected frequencies of the situation in the upper right image of
figure 5.8 page 47.

Figure 5.10: Constriction resistance of a desk according to Newmans formula
as function of desk radius. The chosen electrolyte conductivity is 0.150S/cm.
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Three-phase-boundary dynamics at Pt/YSZ microelectrodes

J . N ielsen ⁎, T. J acobsen

Department of Chemistry, Technical University of Denmark, DK-2800, Denmark

R eceiv ed 31 O ctober 2 0 0 6 ; receiv ed in rev ised f orm 13 M arch 2 0 0 7 ; accepted 2 2 M arch 2 0 0 7

Abstract

Strong electrode activ ation, inductiv e hysteresis and non-linearity are w ell-k now n phenomena on model Pt-YSZ cathodes, and recently also a reg ular

current f luctuation pattern hav e been reported. The ox yg en electrode reaction w ith YSZ as electrolyte is studied at Pt microelectrodes prepared by

electrochemical etching of platinum w ire. The result is a w ell-def ined contact area of ∼ 2 5 μm in diameter. D ue to the small siz e and a f av ourable ratio

betw een the three-phase-boundary ( TPB ) leng th and the contact area, microelectrodes should hav e an increased sensitiv ity to local ev ents at the TPB

compared to larg er point electrodes normally applied. The electrode processes are studied by potential sw eep, step and impedance techniq ues. I nv estig ation

of the YSZ and Pt surf aces af terw ards rev eals the g row th of dendrite-lik e Pt structures f rom the TPB . The f ormation of these structures can ex plain the

observ ed reg ular current f luctuation pattern and contributes to the ex planation of the activ ation phenomena of the model Pt-YSZ and SO F C cathodes.

© 2 0 0 7 E lsev ier B . V . A ll rig hts reserv ed.

Keyw ord s: SO F C ; M icroelectrodes; Three-Phase-B oundary ( TPB ) ; Pt cathode; Surf ace mig ration

1 . I n tro d u cti o n

F or improv ement of solid ox ide f uel cells ( SO F C ) k now ledg e

of the ox yg en electrode reaction is of g reat interest since it of ten is

the limiting f actor f or the ov erall perf ormance of the cell. I n this

respect platinum electrodes on yttria stabiliz ed z irconia ( YSZ) has

been w idely accepted as a usef ul f oundation on w hich to build the

understanding of SO F C cathodes. O ne obv ious adv antag e of Pt

electrodes compared to modern ceramic and more complex mix ed

conduction cathodes is the ex pected chemical inertness and the

conf inement of the electrode reaction to three-phase-boundary

( TPB ) reg ion. I n spite of the ex pected simplicity compared to

ceramic SO F C cathodes, the details of the reaction are by nomeans

f ully understood. Strong activ ation upon moderate to hig h

polariz ation is observ ed, resulting in non-linearity and inductiv e

hysteresis in linear sw eep v oltammetry, ev en f or sw eep rates as low

as 1 μV /s [ 1] . L ately, a characteristic saw -tooth-lik e noise pattern

has also been identif ied [ 5 ] . Studies of the contact area betw een

electrode and electrolyte hav e show n that chang es at/near the TPB

and interf ace itself tak e place [ 2 –4 ] . A ctiv ation phenomena hav e

also been reported f or L a1−xSrxM nO 3 electrodes [ 6 , 8 ] and f or the

hydrog en electrode reaction at N i| YSZ electrodes [ 7 ] . These

observ ations strong ly sug g est that more caref ul studies of the

electrode reaction and the induced morpholog ical chang es are

needed. The aim of the present w ork is to contribute to this by a

microelectrode study utiliz ing needle shaped Pt electrodes

prepared by electrochemical etching . D ue to ex tensiv e creeping

upon contact w ith the polished YSZ tablet a w ell def ined interf ace

area is achiev ed enabling a reliable correlation betw een morpho-

log ical chang es and electrochemical response. F urthermore,

microelectrodes g iv e a more f av ourable TPB /area ratio and

smaller TPB leng th, compared to normal larg er point electrodes,

and is thus ex pected to ex hibit a hig her sensitiv ity tow ards local

ev ents at the TPB .

2 . E x p e ri m e n tal

Pt microelectrodes w ith a contact area of ∼ 2 5 μm in diameter

w ere prepared by electrochemical etching of Pt w ire. This w as done

by applying a 5 0 -H z A C v oltag e w ith 35 V amplitude to a Pt w ire in

an aq ueous solution containing 4 0 v ol. % of a saturated calcium

chloride solution at room temperature [ 15 ] . A f ter electrochemical

etching the electrodes w ere cleaned in an ultrasonic bath w ith w ater

and ethanol. The electrodes w ere mounted in a thin alumina tube

inside another alumina tube ( 1 mm Ø ) positioned a f ew millimetres

Solid State I onics 17 8 ( 2 0 0 7 ) 10 0 1–10 0 9
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above a polished (3μm diam on d past e) 8 % Y t t r ia S t abiliz ed

Z ir c on ia (Y S Z ) t ablet , an d t he w hole assem bly w as plac ed in side a

t u bu lar f u r n ac e an d heat ed. A t 1 0 0 0 ° C t he elec t r odes w er e g en t ly

low er ed an d allow ed t o t ou c h t he elec t r oly t e (Y S Z ). T he w eig ht on

t he elec t r odes w as in bet w een 2 . 5 an d 6 g . T he elec t r oly t e t ablet s

w er e eq u ipped w it h P t pain t ed r ef er en c e an d c ou n t er elec t r odes as

desc r ibed in [ 3] . D u r in g m easu r em en t s, air sat u r at ed w it h w at er at

r oom t em per at u r e w as passed t hr ou g h t he f u r n ac e. T he elec t r odes

w er e allow ed t o c r eep u n t il a st at ion ar y st at e had been r eac hed

bef or e t he elec t r oc hem ic al ex per im en t s w er e in it iat ed. T he c har ac -

t er ist ic t im e f or r eac hin g a st at ion ar y c on t ac t ar ea w as est im at ed by

m on it or in g t he elec t r oly t e r esist an c e w it h im pedan c e spec t r osc opy .

5 0 H z n oise f r om t he heat in g c oils of t he f u r n ac e w as r edu c ed as

desc r ibed in [ 3] . S t ep polar iz at ion an d dat a r eq u isit ion w as don e

u sin g a H ew let t P ac k ar d 7 5 0 0 0 / pot en t iost at / P C set u p. T he

pot en t iost at u sed an d P C sof t w ar e w er e of ow n c on st r u c t ion .

W hen t he st ep polar iz at ion ex per im en t s w er e c on t in u ou sly

m on it or ed w it h im pedan c e spec t r osc opy a G am r y F A S 2 F em t ost at

pot en t iost at w as u sed. T he f r eq u en c y r an g e w as 1 0 0 K H z –1 H z

w it h an A C am plit u de of 2 5 m V R M S . T he hig h f r eq u en c y r eg ion

w as c or r ec t ed w it h a m easu r ed st an dar d c u r ve c on st r u c t ed f r om

m easu r em en t s on r esist an c es w it h valu es c hosen c lose t o t he

ex per im en t al valu es.

T he im pedan c e r esu lt s w er e an aly sed u sin g an elec t r oly t e

r esist an c e Re in ser ies w it h a polar iz at ion r esist an c e Rp in

par allel w it h a c on st an t phase elem en t , Q , (RpQ)Re in B ou k am p

n ot at ion [ 9 ] . F it t in g w as don e w it h a labor at or y developed

pr og r am t hat en ables au t om at ic f it t in g of a ser ies of im pedan c e

spec t r a w it h a g iven eq u ivalen t c ir c u it .

3. Results

F ig . 1 show s t he developm en t of an elec t r oc hem ic al et c hed P t

w ir e m ic r oelec t r ode st ep polar iz ed − 1 1 2 m V . A s ex pec t ed, a

st r on g ac t ivat ion of t he elec t r ode is seen r esu lt in g in an appar en t ly

st eady - st at e c u r r en t t hat is 7 t im es lar g er t han t he in it ial level. O n

c loser in spec t ion a slow ly in c r easin g f lu c t u at ion pat t er n du r in g

ac t ivat ion is also seen . T his illu st r at es t he hig her sen sit ivit y of

m ic r oelec t r odes t ow ar ds disc r et e even t s at T P B c om par ed t o

pr eviou s obser vat ion s w it h lar g er elec t r odes [ 3, 5 ] . O n lar g e

elec t r odes t he disc r et e even t s at T P B t hat g ives r ise t o t he

f lu c t u at ion pat t er n ar e dam ped by aver ag in g over a lar g e T P B

len g t h. F u r t her m or e, m ic r oelec t r odes g ive a m or e c or r ec t

im pedan c e r espon se of t he pr oc esses of in t er est at T P B sin c e a

r elat ive lar g er par t of t he elec t r ode–elec t r oly t e in t er f ac e is

in volved in t he pr oc ess. O n lar g e sin g le poin t an d por ou s

elec t r odes t he pr oc esses at T P B ar e heavily dam ped by in t er f ac ial

c apac it y of t he ot her w ise passive in t er f ac e an d t he par t of t he T P B

n ot par t ic ipat in g . F ig . 2 show s S E M im ag es of t he c on t ac t ar ea on

t he elec t r oly t e Y S Z su r f ac e af t er t he ex per im en t . T he hole in t he

m iddle of t he br an c hed pat t er n is f r om t he r ip of f of t he elec t r ode.

T he im ag es show ver y c lear ly t hat P t has m ig r at ed f r om t he

elec t r ode an d f or m ed w hat c ou ld be desc r ibed as a 2 - dim en sion al

den dr it e- lik e st r u c t u r e. A n u n q u est ion able iden t if ic at ion of t he

den dr it es bein g P t by E D S is dif f ic u lt du e t o st r on g over lap w it h

peak s f r om y t t r iu m an d z ir c on iu m . H ow ever , S E M c on f ir m s t hat

t he den dr it es ar e hig hly c on du c t ive. B eside t his, t he den dr it es c an

on ly be r em oved by u se of hot (7 0 ° C ) aq u a r eg ia. T he su r f ac e of

m ig r at ed P t look s ver y sm oot h an d r ou n ded of f w it h som e

dr oplet s r an g in g f r om n m t o μm in diam et er . T her e is n o

c r y st allin e t en den c y , alm ost as if it had been a liq u id. B u t t his

c an n ot be t he c ase, sin c e t he ex per im en t s have been c on du c t ed at

1 0 0 0 ° C , i. e. f ar f r om t he m elt in g poin t of P t (1 7 6 8 ° C ). E ven

t hou g h t he polar iz at ion has been m ain t ain ed du r in g c oolin g of t he

f u r n ac e t he c oolin g r at e m ay have been t oo slow (∼ 2 0 0 ° C / h) t o

assu r e a q u en c hin g of t he st r u c t u r e at 1 0 0 0 ° C . T her ef or e it c an n ot

be r u led ou t en t ir ely t hat t he st r u c t u r e at 1 0 0 0 ° C has c han g ed

du r in g c oolin g , pr obably t o a st r u c t u r e w it h a lar g er deg r ee of

F ig . 1 . P ot en t ial st ep f r om 0 t o − 1 1 2 m V of P t elec t r oc hem ic al et c hed w ir e m ic r oelec t r ode on Y S Z at 1 0 0 0 ° C in air .

1 0 0 2 J . N i e l s e n , T . J a c o b s e n / S o l i d S t a t e I o n i c s 1 7 8 ( 2 0 0 7 ) 1 0 0 1 –1 0 0 9
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isolated islands. The relative large increase of TPB length caused

b y the Pt m igration ex p lains the activation p henom ena, and as w ill

b e discussed later also the ob served fluctuation p attern.

F ig. 3 show s an electrochem ical etched Pt w ire m icroelectrode

that has b een sub j ected to a stronger p olariz ation of − 2 5 0 m V .

H ere the fluctuation p attern is very distinct w ith a characteristic

saw - tooth- lik e look . This strongly confirm s the recent ob serva-

tions in [ 5 ] w here it is argued that the fluctuation p attern from Pt

electrodes has a characteristic shap e and not random . F ig. 3

rem oves any doub t w ith resp ect to this. F rom the onset of the

fluctuation p attern at 2 5 h to the end of ex p erim ent at 2 6 0 h a

general deactivation of the electrode is seen.

Overall m easurem ents have b een p erform ed on 3 0 Pt electro-

des on Y S Z tab lets. S om e of these ex p erim ents have b een

p erform ed on Y S Z tab lets p rep ared from p ow der of different

vendors, m eaning that the surface com p osition w ith resp ect to

im p urities etc. is ex p ected to b e different for som e of the Y S Z

tab lets. The sintering tem p erature has b een varied ( 1 3 0 0 –

1 7 0 0 ° C ) as w ell. I n all cases the electrodes show ed inductive

hy steresis in linear p otential sw eep s and activation b ehavior up on

step p olariz ation. E very tim e the contact area has b een insp ected

b y op tical m icroscop e or S E M Pt m igration has b een ob served.

The sam e Pt m igration electrochem ical characteristic on Y S Z has

also b een ob served on C e0 .9 G d0 .1 O1 .9 5 and C e0 .6 G d0 .4 O1 .8 ( C G )

tab lets [ 1 4 ] . This indicates that Pt m igration is not critically

dep endent on the chem ical surface com p osition. H ow ever, there

is som e difference in how p ronounced the activation is from

electrode to electrode. I n som e cases the activation follow ing step

p olariz ation w as p oor. F ig. 4 show s linear p otential sw eep s of an

electrode that show ed a p oor activation w ith no detectab le saw -

F ig. 2 . S E M im ages of Y S Z surface of disassem b led Pt electrode– Y S Z contact after ex p erim ent p resented in F ig. 1 .

1 0 0 3J. Nielsen, T. Jacobsen / Solid State Ionics 178 (2007) 1001–1009
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tooth-like fluctuation pattern when step polarized to − 1 1 2 m V .

T he potential was then swept from the hig her step polarization

potential ( − 1 1 2 m V ) to − 3 0 0 m V three tim es. T he first two

sweepswerewith a sweep rate of 5 μV / s and the final sweepwith a

rate of 1 μV / s. T he 5 -μV / s sweeps showed as ex pected inductiv e

hy steresis thoug h with a few ab rupt chang es in current near the

end of the sweeps. A t ultra-slow potential sweep rate ( 1 μV / s) the

electrode b eg ins to show the characteristic saw-tooth fluctuation

pattern with a less open current loop. T his, tog ether with the

representativ e step polarization responses shown in F ig s. 1 and 3 ,

sug g ests that the characteristic fluctuation pattern is correlated

with the electrode b eing close to a steady -state. A com m on feature

for all m easurem ents seem s to b e that the electrodes cannot b e

reactiv ated to the sam e lev el as in the initial activ ation process.

T he chang es in electrode area due to P t m ig ration can b e

m onitored as chang es in electroly te resistance with im pedance

spectroscopy . R esults of a 1 0 0 -μV / s potential sweep on a fresh

electrode can b e seen in F ig . 5 which shows a q uantitativ e

correlation b etween the current and electrode area in the cathodic

polarized reg ion. I n the anodic polarized reg ion a capacitiv e loop is

F ig . 3 . P otential step from 0 to − 2 5 0 m V of P t electrochem ical etched wire m icroelectrode on Y S Z at 1 0 0 0 ° C in air.

F ig . 4 . L inear potential sweeps from − 1 1 2 m V to − 3 0 0 m V of electrode that showed poor activ ation upon step polarization from 0 to − 1 1 2 m V at 1 0 0 0 ° C in air.

1 0 0 4 J. Nielsen, T. Jacobsen / Solid State Ionics 178 (2007) 1001–1009
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observed with the current being larger on the forward sweep

com pared to the return sweep. T he difference in current between

forward and return sweep is also in this region well correlated with

changes in electroly te resistance. T he capacitative behavior is m ost

lik ely due to the fact that at anodic polariz ation ox y gen is pum ped

to the electrode. A 1 0 0 - m V polariz ation relative to eq uilibrium

potential in air corresponds to a rather high ox y gen partial pressure

of 8 atm underneath the electrodewhich m ay reduce the interfacial

contact. A fter the sweep in F ig. 5 the electrodewas allowed to relax

4 h before a sweep was perform ed in opposite sweep direction

showing a sim ilar behavior as in F ig. 5 . T he electrodewas allowed

to relax 2 4 h and a 2 - μV / s sweep was conducted. D uring the last

F ig. 5 . L inear potential 1 0 0 μV / s sweep on a fresh P t electrochem ical etched wire m icroelectrode on Y S Z with changes in electroly te resistance m onitored with

im pedance spectroscopy at 1 0 0 0 ° C in air.

F ig. 6 . R epresentative im pedance spectra showing the change in im pedance response during sweeps of the electrode presented in F igs. 5 . and 7 fitted with ( RpQ)Re

eq uivalent circuit. L eft: ty pical im pedance spectrum of the initial 1 0 0 μV / s sweeps ( fit param eters Re = 74 0 , Rp = 2 1 9 3 , Q = 5 . 4 3 × 1 0 −8 and α = 0 . 9 0 ). R ight: ty pical

im pedance spectrum after the m ax im um cathodic polariz ation of the final 2 μV / s sweep ( fit param eters Re = 5 70 , Rp = 5 3 6 , Q = 1 . 6 5 × 1 0 −7 and α = 0 . 87).

1 0 0 5J . N i e l s e n , T . J a c o b s e n / S o l i d S t a t e I o n i c s 1 7 8 ( 2 0 0 7 ) 1 0 0 1 –1 0 0 9
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sweep the impedance spectrum changed in the cathodic polarized

region to a somewhatmore asy mmetrical shape as shown in F ig. 6 .

T he asy mmetrical shape was af ter the slow sweep permanent. A

S E M image of the electroly te surf ace af terwards can b e seen in

F ig. 7 . T he central crater is f rom the rip of f of the electrode and the

cry stalline particles with a diameter of 1 –2 μm in the ring around

the crater, is P t migrated during the potential sweeps. T reatment

with aq ua regia at 7 5 ° C etched away the P t, b ut the porous ring

with particles of 1 0 0 –20 0 nm in diameter remained. S ince

permanent shape change of the impedance spectra occurred during

the v ery slow sweep ( 2 μV / s) and similar aq ua regia etching

ex periments of −25 0 mV step polarized electrodes also shows

non- P t induced porosity , it indicates that another slower activ ation

mechanism prob ab ly tak es place at high cathodic polarizations

( lower than ∼ − 1 1 2 mV ) b esides the activ ation with P t migration.

T he relax ations in b etween potential sweeps were also monitored

with impedance spectroscopy and showed that at O C V the

electroly te resistance increased towards a certain v alue indicating a

passiv e b reak up/ loss of electronic contact to the migrated P t. T he

migration of P t and the f ollowing b reak up seems to change the

surf ace may b e b y reorganization of the surf ace impurities, which

could ex plain the less pronounced activ ation upon reactiv ation.

I n F ig. 8 the current f or a f resh activ ated microelectrode cal-

culated as ical=η/ ( Relectroly te+Rpolarization) is compared to the

changes in current measured. T he agreement implies that the im-

pedance describ es the f ull cell response hence there are no f re-

q uency dependent elements at lower f req uencies. F ig. 9 is a

comparison of the same current f luctuations shown in F ig. 8 with

f luctuations in electroly te resistance estimated f rom impedance

spectra. S ince the maj or Relectroly te f luctuations are approx imately

F ig. 7 . S E M image of Y S Z surf ace of disassemb led P t electrode– Y S Z contact af ter ex periments presented in F igs. 5 and 6 .

1 0 0 6 J . N ie l s e n , T . J a c o b s e n / S o l id S t a t e I o n ic s 1 7 8 ( 2 0 0 7 ) 1 0 0 1 –1 0 0 9
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synchronous with the measured fluctuations in current it seems

reasonab le to conclude that a correlation b etween cathodic current

fluctuations and electrode area, or rather the leng th of the T P B , ex its.

4. Discussion

T he v ery distinct saw- tooth lik e fluctuation p attern seen in

F ig . 3 with the imag es of P t mig ration in F ig . 2 in mind sug g ests

that the ab rup t decrease in current is due to loss of electronic

contact to mig rated P t. T he cut off of thin film lik e mig rated P t is

p rob ab ly caused b y surface tension forces. T he electronic

unconnected mig rated P t could then further b reak up into islands.

I f no further b reak up occurs, an ab rup t increase in current would

b e ex p ected as contact to the lost electrode area is reestab lished.

S ince the current increases g radually and P t drop lets are seen in

F ig . 2 a temp ting p icture of the fluctuation mechanism is that at a

certain time a considerab le p art of the P t mig ration structure loses

electronic contact to the electrode, p rob ab ly due to surface forces.

W hen left at eq uilib rium conditions the P t film b reak s up into

circular islands. S ince the islands are left at the eq uilib rium

p otential the concentration of ox idiz ed P t sp ecies, p resumab ly P t-

ox yg en comp lex es dissolv ed in a surface imp urity film in the

F ig . 8 . C omp arison of measured current and current calculated as i=η/ ( Relectrolyte+Rreaction ) for a fresh activ ated P t electrochemical wire microelectrode on Y S Z at

1 0 0 0 ° C in air.

F ig . 9 . C omp arison of fluctuations in measured current with imp edance estimated electrolyte resistance for the electrode p resented in F ig . 8 .

1 0 0 7J . N ie l s e n , T . J a c o b s e n / S o l id S t a t e I o n ic s 1 7 8 ( 2 0 0 7 ) 1 0 0 1 –1 0 0 9
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vicinity of a Pt island, will be higher than at the polarized Pt

electrode. T hu s isolated island will be dissolved and redeposit as

dendrites on the nearest Pt su rface which is in electronic contact

with the polarized and the stru ctu re will slowly be reestablished.

T he correlation shown in F ig. 9 confirm s this hypothesis, that the

observed cu rrent flu ctu ation pattern of Pt electrodes is du e to loss

of electrode area and as a conseq u ence T PB length. T his su ggests

that the m igrated Pt film is som ehow stabilized when polarized.

T his is su pported by F ig. 4 where the cu rrent retu rn to the initial

level after the sweeps. T he large hysteresis in the 5 - μV / s sweep

com pared to the 1- μV / s sweep shows that steady state conditions

have not been reached, even at these low sweep rates. F ig. 5

shows a steep increase in electrolyte resistance as zero the

eq u ilibriu m potential is approached from the cathodic region, this

su pports the pictu re of the Pt m igration pattern break ing u p, while

the electrode is not polarized.

A s already m entioned, the flu ctu ation pattern seem s to be related

to the electrode being close to or at a steady- state. I n this respect it is

im portant to k eep in m ind that the geom etry change from a disk to a

dendrite- lik e stru ctu re of the electrode u pon activation changes the

potential drop distribu tion across the reaction and electrolyte.

S egregation of im pu rities from the bu lk to the su rface increases the

electrolyte resistance at T PB . I nflu ence of eventu al m igration of

im pu rities to or from the T PB reaction zone is in this respect not

clear. T he segregation of im pu rities and m orphological changes at/

near the electrode–electrolyte interface reported previou sly [ 3] are

ex pected to change the potential drop across the reaction zone.

T hese processes proceed on a larger tim escale and cannot be

responsible for the flu ctu ations, bu t they m ay be involved in the

apparently constant slow deactivation from 24 h in F ig. 3.

G enerally there are two possible m echanism s for the form ation

of the Pt stru ctu re. I t can either be throu gh a gas phase or a su rface

transport m echanism . I t is well k nown that chrom iu m from

interconnect m aterials can form volatile species that by gas phase

are transported to the T PB of the electrode where they are redu ced

and block the electrode reaction [ 11–13] . R ecently Pt m igration

from Pt cu rrent collectors have been reported to cau se

perform ance changes of L a( S r) F eO 3–S O F C cathodes [ 10 ] . I n

these investigations Pt m igration was su spected to be cau sed by

gas phase transport of Pt ox ide to the T PB thou gh no definitive

m igration m echanism was given. A t 10 0 0 ° C in air the partial

pressu re of PtO 2( g) is in the order of 10
−7 bar [ 16 ] . I t is difficu lt to

j u dge whether gas phase transport is lik ely to be the ex planation

based on this partial pressu re of PtO 2( g) since the air flow in the

fu rnace also plays an im portant role. N o contam ination of Pt along

T PB on other electrodes su ch as strontiu m su bstitu ted lanthanu m

m anganite electrodes from u se of Pt wires and Pt paste cou nter

and reference electrodes has been observed in the present work .

B u t the diffu sion path, from the closest Pt sou rce to T PB , is m u ch

longer than in the Pt electrode case. I f gas phase transport is

responsible for the form ation of the dendrite the significant

difference in activation between individu al Pt electrodes is

u nex pected. T here will always be a negative overvoltage at the

T PB that wou ld redu ce gaseou s Pt- O species in eq u ilibriu m with

the PtO 2 interface and increase the T PB of the Pt stru ctu re on the

Y S Z su rface. T his wou ld m ost lik ely increase the T PB / cu rrent

and not lead to a deactivation of the electrode as seen in F ig. 3.

F u rther reactivation of the electrode to the sam e level as the initial

activation with tim e wou ld be ex pected if gas phase transport is

the m echanism . T hese argu m ents su ggest that gas phase transport

is not the m echanism for the m igration of Pt or at least not the

com plete pictu re.

A su rface transport m echanism on the other handwou ld have a

su rface com position dependency. T he dendrite lik e stru ctu re of

the m igrated Pt su ggests that the transport m echanism depends on

the potential or the cu rrent distribu tion. L ocally sharp points along

the electrode perim eter wou ld, with a potential dependent growth

m echanism , have a higher growth rate than a sm ooth electrode

perim eter. S u ch a growth m echanism cou ld give a dendrite lik e

stru ctu re as observed. T hink ing of potential dependent su rface

transport m echanism s charged Pt species dissolved in an im pu rity

film on the Y S Z su rface cou ld be responsible. B u t this is q u ite

specu lative and m ore conclu sive ex perim ents are obviou sly

needed.

H owever, Pt m igration cannot accou nt for sim ilar bu t less

distinct activation behaviou r observed for L a1−xS rxM nO 3 elec-

trodes and the hydrogen electrode reaction at N i| Y S Z . T his

indicates that another activation m echanism or m echanism s are

tak ing place bu t for Pt electrodes these are overshadowed by Pt

m igration.

5. Conclusion

E lectrochem ically etched Pt wire m icroelectrodes have proven

to be u sefu l in investigations of the dynam ical stru ctu ral changes

at T PB u pon polarization, with their higher sensitivity towards

discrete events at the T PB . Pt m igration was observed and can

ex plain the electrochem ical behaviou r with a strong activation

and accentu ated cu rrent flu ctu ation pattern. T he interpretation that

the observed flu ctu ation pattern was du e to changes in electrode

contact area was su pported by im pedance spectroscopy data.

Pronou nced indu ctive hysteresis in linear potential sweeps is also

observed at 9 0 0 ° C and can be observed down to arou nd 75 0 ° C

m eaning that Pt electrodes m ay not serve as a good m odel system

for the S O F C cathode in this tem peratu re range. H owever, a better

u nderstanding of the fu ndam ental m echanism behind the Pt

m igration is still of interest since Pt electrodes have often been

u sed in k inetic stu dies and Pt paste and leads are widely u sed in

ex perim ental S O F C stu dies.
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6.2 Additional results with platinum

6.2.1 Transport mechanism of migrated Pt

In an attempt to determine whether the transport mechanism of migrated Pt
is a surface or a gas phase transport mechanism, the experiment presented
in last part of the article ”TPB dynamics at metal/YSZ microelectrodes”
page 84 was constructed. The basic idea is to have a Pt reservoir within the
micrometer scale, in a controlled manor, of the TPB of a cathodic polarized
LSM electrode. This is achieved by deposition of a slightly shifted Pt film
on top of a LSM film as shown in the upper part of figure 6.1 page 59. The
whole assembly is contacted with a gold point electrode and polarized at
10000C. After 7 hours the furnace was turned off. The electrode remained
polarized during cooling. EDS along and EDS Pt mapping of the LSM film

Figure 6.1: The upper part shows images of Pt/LSM film samples while
lower part shows images and Pt EDS mapping of the LSM perimeter after
experiment.

perimeter reveals unambiguously the presence of Pt. An EDS spectrum of
pure Pt along with a typical spectrum of a point along the LSM perimeter
is shown in figure 6.2 page 60 while the lower part of figure 6.1 page 59
shows EDS Pt mapping and SEM images of the perimeter. The presence
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Figure 6.2: Top: EDS spectrum of pure Pt. Bottom: Typical EDS spectrum
along the LSM TPB of the polarized Pt/LSM film sample shown in figure 6.1
page 59. The vertical lines show the energy location of Pt EDS peaks and
the length of the vertical lines represent the mutual intensity between the
different Pt peaks.

of Pt along the LSM perimeter suggest that Pt is transported through the
gas phase as PtO2(g) and reduced by the cathodic polarization at the LSM
TPB. It seems highly unlikely that any surface transport mechanism can ac-
count for the Pt at the LSM TPB, especially when taking the transported
distance (∼ 300µm) into account. The complete evaporation of migrated Pt
in the temperature treatment experiments, presented in figure 7.1 page 83,
provides further evidence of a gas phase transport mechanism. The temper-
ature treatment experiments of migrated Pt show that evaporation is part
of the deactivation mechanism, since it is shown that the migrated Pt evap-
orates completely during the timescale of the Pt experiments. Evaporation
along with passive breakup of the deposited film composes the deactivation
mechanism.
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6.2.2 Morphology of migrated Pt

Figure 6.3 page 61 and figure 6.4 page 62 show representative high resolution
FEG-SEM closeup images of migrated Pt from Pt electrodes. These images

Figure 6.3: FEG-SEM images and AFM image of the Pt06 sample which is presented in the Pt
article.

show that the migrated Pt do show a crystalline tendency and that parts
of the migrated Pt have a film like look, but on closer inspection holes are
observed at the thinner areas of the apparent film. The AFM 3D image in
figure 6.3 page 61 gives a coarse estimation of the typical thickness of the
migrated Pt to be in the range from 200nm to 600nm. Peaks of the migrated
Pt are found to have a maximum thickness of ∼ 1µm. The lower left image



6.2. ADDITIONAL RESULTS WITH PLATINUM 62

of figure 6.3 page 61 shows examples of elongated Pt droplets that look like
they are just about to break up into two separate droplets due to surface ten-
sion forces. Figure 6.5 page 64 shows initial smooth and geometrically well

Figure 6.4: FEG-SEM images of sample Pt20 showing the structure of migrated Pt.

defined Pt films, deposited by PLD and heat treated at 10000C for 7 hours.
The images show that the perimeter of the films has become frayed. Moving
from the perimeter towards the center of the films a very frayed morphology
with Pt droplets is seen at the perimeter. Then there is a shift to a Pt meshy
structure which is followed by a smooth Pt film with a few holes and finally
a smooth Pt film is observed. Similar break up of Pt films at 8000C has been
observed in [53]. Dependent on the chemical surroundings (wetting proper-
ties), thin films may not be thermodynamically stable. It is well known that
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thin Pt films are not thermodynamically stable under the typical conditions
in the experiments of the present thesis. Thermodynamics is not the only
parameter that determines whether a film will break up. The kinetics of the
break up has to be fast enough. Similar elongated Pt droplets, just about
to break up into two separate droplets, as for the migrated Pt in figure 6.3
page 61 and figure 6.4 page 62, can be observed in the passive break up of the
Pt films in figure 6.5 page 64. The similarities between the appearance of the
migrated Pt and the heat treated thin Pt films suggest, that the migrated Pt
is originally deposited as a film. However, due to thermodynamics, the film
breaks up into the morphology observed in figure 6.3 page 61 and figure 6.4
page 62. This explanation is in agreement with the observed changes in elec-
trolyte resistance during polarization presented in the article. The difference
in current progression between the reported -112mV and -250mV step polar-
ization experiments, in the article, with a more pronounced saw-tooth like
behavior of the -250mV polarized electrode, can be explained with a more
rapid Pt film growth for the -250mV polarized electrode than the -112mV
polarized electrode. The initially formed Pt film has in both cases a cer-
tain thickness, and hence a certain lifetime, before it breaks up into islands.
When the breakup occurs, the -250mV polarized electrode loses contact to a
larger film, which causes a more pronounced saw-tooth like current fluctua-
tion, than in the case of the -112mV polarized electrode. The fact, that loss
of electronic contact to a large proportion of the formed Pt film is able to
occur, might very well be correlated with the directional dependent growth
of the Pt films. This will become more evident in the next section.
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Figure 6.5: Two different PLD deposited Pt films that were heat treated at 10000C for approxi-
mately 7 hours.

6.2.3 Impurities

The step polarized -250mV electrochemical etched Pt wire microelectrode
presented in figure 6.6 page 66 shows no saw-tooth like current fluctuation
as the similar polarized electrode presented on page 53. The decrease in
electrolyte resistance, and hence increase in contact area, seems to follow
the increase in current with time. An inspection of the contact area, after
experiment and removal of the electrode by rip off, reveals the images in
figure 6.6 page 66. The images show extensive and evenly distributed migra-
tion of Pt from the perimeter of the original electrode. The even distribution
of the migrated Pt from the perimeter of the original electrode reduces the
probability, that migrated Pt loses complete electronic contact to the polar-
ized electrode. The initial part of the deposited film, that breaks up into
islands, is the oldest deposited part. That is, the part close to the perimeter
of the original electrode. For electrodes with directional dependent Pt film
growth, the resulting dendritic outgrown Pt is cut off as the inner part of
the dendrites break up into islands. This loss of active electrode is prevented
for electrodes with a homogeneous Pt outgrowth, since electronic contact
is maintained due to the electronic contact perpendicular to the outgrowth
direction. This can explain why some of the electrodes show characteristic
saw-tooth like current fluctuations while other electrodes do not.
The closeup images on figure 6.6 page 66 reveal, beside crystalline Pt, the
presence of fine grained, approximately 100nm sized, presumable impurity
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particles. The presence of agglomerates made up of impurity particles is
highly correlated with the presence of Pt. The non-contact YSZ area seems
unchanged with a smooth surface. The dynamics, with break up of the Pt
film and the passage of current, has an unknown impact on the transport of
impurities. Electrophoresis might be involved. Each row in figure 6.7 page 67
shows images of a Pt electrode showing Pt migration, but also pronounced
presence of impurities. The first row is that of the electrode presented in
the Pt article in the figure on page 55. The first image in the first row is
a closeup image of the migrated Pt along with impurity particles. The re-
maining two images in the first row show the contact area after the Pt has
been removed by dissolution in 750C aqua regia. The images show that the
suspected impurity particles are still present after the treatment. By a closer
inspection it is also possible to see indentations in the YSZ surface where
the Pt crystallites used to be. This could indicate that the YSZ surface is
covered by an impurity film. Attempts to identify the composition of the
suspected impurity particles and film by use of EDS have been unsuccessful.
The particles are simply too small and the film too thin compared to the
EDS interaction volume of approximately 1µm3. However, the presence of
an impurity film and a rim ridge along the perimeter of the Pt crystallites are
in accordance with results on anode model Ni point electrodes [54, 55, 56].
The second row of figure 6.7 page 67 is also a Pt microelectrode subjected
to impedance monitored slow (100µV/s) linear potential sweeps. This shows
the same general trends with an outgrowth of Pt and a pronounced presence
of impurities. The last row of the figure shows images of the contact area
of the -250mV step polarized electrode presented in the Pt article page 53.
The first image in the row shows Pt migration and the following two im-
ages are after removal of Pt by dissolution in aqua regia showing the same
trends as the electrodes in the rows above with presence of impurities, but
also indentations as in the right image of the top row.
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Figure 6.6: Microelectrode sample Pt24 step polarized -250mV with the resulting current and
electrolyte resistance progression shown in the upper left image. The remaining images are of the
contact area after experiment and removal of the Pt microelectrode by rip off.
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Figure 6.7: Three different electrode samples which show migration of Pt, but also the presence of
impurities. Each row represents an electrode. In some of the images Pt has been removed from the
sample by dissolution in 750C aqua regia.
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6.2.4 Hotstage

Measurements and results

Figure 6.10 page 70 illustrates impedance spectra measurements on an ar-
ray of Pt microelectrodes, immediately after the counter/reference electrode
was heated to 9000C. The size of the 300-400nm thick Pt microelectrodes
ranged from 20-250µm in diameter. Typical images of the microelectrodes
after the experiment are shown in figure 6.9 page 69. The large hole in the
microelectrodes are from removal of the contacting needle. The electrodes
are still dense, put the initial stage in the creation of holes and later break
up into islands can be observed. For the largest electrodes 100− 250µm the
formation of pockets at the Pt/YSZ interface can be observed. Since the
largest microelectrodes are most severe effected by pockets, it suggest that
the formation is due to different expansion coefficients of Pt and YSZ.
Before each impedance spectrum recording the OCV was measured for 120s.

Figure 6.8: Left: An example of an OCV measurement before the impedance
spectrum recording. Right: Measured OCV, with the counter/reference
electrode at 9000C, as function of Pt microelectrode diameter. The OCV of
the Pt microelectrodes are converted into temperature by using 0.5mV/K as
a value for the thermoelectric power [57].

An example of such an OCV measurement is shown in figure 6.8 page 68.
It is seen that the OCV was rather stable. The magnitude of the OCV re-
flects the temperature difference between the two sides of the YSZ slice [57].
As the Pt electrode size was decreased, the cooling effect of the contacting
needle was increased and consequently the measured OCV increased. This
is plotted in the right part of figure 6.8 page 68. The temperature difference



6.2. ADDITIONAL RESULTS WITH PLATINUM 69

Figure 6.9: Microelectrodes after hotstage experiment. The large hole in the
electrodes are from removal of the contacting needle.

across the YSZ slice for the largest microelectrodes, determined from OCV
measurement, is in accordance with the calculated ∼ 500C in appendix C
page 136 and performed temperature control measurements with a two color
pyrometer. The limiting factor for how small the electrodes can be and still
provide reliable data, is in the present setup, the used microscope and the
contacting needle. Measurements on 30µm electrodes can be done, while
measurements on 20µm electrodes are difficult. Even though the precision of
the contacting was to be greatly improved, it is very likely that the cooling
effect of the contacting needle and the electrical noise of the setup set a limit
to the electrode size on which measurements can be performed.
Inspecting the recorded impedance spectra in figure 6.10 page 70, it can be
observed that, as the electrode size is decreased, the presence of two semi-
circles become evident. This means that two processes with different charac-
teristic time constants are present. All the recorded spectra can satisfactory
be fitted with a serial connection between an electrolyte resistance and two
times a CPE, each in parallel with a resistor, R1(R2Q2)(R3Q3) in Boukamp
notation [51]. Impedance measurement has been performed on a serial con-
nection, between an 2kΩ resistance and a 5nF capacitor in parallel with a
2MΩ resistance, to see whether the response was an artifact. Nothing suspi-
cious was observed. The presence of two semicircles for Pt point-electrodes
have been reported [58, 59]. In the latter mentioned case, the presence of two
semicircles were under anodic polarization, which lead to the conclusion that
it was oxygen pockets at the Pt/YSZ interface, that gave rise to the presence
of a second semicircle. Further, comparable impedance spectra with the 200
and 250µm Pt microelectrodes have been reported for elongated rectangular
Pt pattern electrodes [60]. The impedance spectra were stated to consist of
more than one semicircle arc, but unfortunately no fitting were performed.
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Figure 6.10: Impedance spectra of circular Pt microelectrodes at OCV with
varying diameter. Each spectrum represents a microelectrode and is fit-
ted with the equivalent curcuit R1(R2Q2)(R3Q3). The temperature of the
counter/reference electrode was 9000C.
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Interpretation of the acquired results

During the initial fitting, one of the two CPE elements had an alpha value
which was very close to 1. That CPE is in the following set as an ideal
capacitor C. This change results in no, by the eye, detectable change in the
quality of the fits. The change should make it easier to identify what is
changing as function of electrode size, since the degree freedom in the fitting
procedure is lower. The two equivalent circuits R1(R2Q2)(R3C3) (Circuit I)
and R1(R2Q2(R3C3)) (Circuit II), in Boukamp notation [51], are used in the
following analysis of the impedance data in figure 6.10 page 70. The latter
mentioned equivalent circuit is used to describe the situation with oxygen
pockets at the Pt/YSZ interface. It describes three contributions in parallel,
which are serially connected with an electrolyte resistance R1. The R2Q2

term describes oxygen pockets at the interface, with a finite reservoir of oxy-
gen, R3 describes the electrode reaction at the TPB and C3 describes the
double layer capacity. The fitted parameters from the Circuit I serves as a
basis for the analysis of the obtained results. The trends of the Circuit I
parameters are in the end, compared with the trends of the fitted Circuit II
parameters.
The physical properties, such as the reaction resistance Rreaction, the CPE
Q2 and the capacitance C3 are expected to be proportional to a radius de-
pendency. This can conveniently be expressed in the following way, when
taking Rreaction as an example:

Rreaction = k · rn (6.1)

⇓
Log(Rreaction) = n · Log(r) + Log(k) (6.2)

k is a constant, r is the radius of the electrode and n is a positive or negative
exponent. Similar expressions apply to the CPE Q2 and the capacitance C3.
Therefore, by plotting the logarithm of the different quantities as function
of the logarithm of the radius, it is possible determine the radius depen-
dency from the slope. As already mentioned some of the microelectrodes
are measured at different temperatures. Assuming that the specific electrode
conductivity σ = 1/Rreaction has an Arrhenius temperature dependence pro-
vide:

Rreaction(T ) = R0exp(
Ea
RT

) (6.3)

The relation between Rreaction at a temperature T1 and Rreaction at another
temperature T2, is as a consequence of equation 6.3:

Rreaction(T2) = Rreaction(T1)exp(
Ea
R

(
T1 − T2

T1T2

)) (6.4)
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The unknown parameter in equation 6.4 is, in the present case, the activa-
tion energy Ea. The activation energy Ea for chemical reactions typically
lie in range from 1eV to 2eV. This is in accordance with reported activation
energies for the cathodic reaction, on Pt/YSZ, as function of oxygen partial
pressure [60]. In order not to overcorrect, an activation energy of Ea = 1eV
was used in all situations where temperature corrections were performed.
This provides values that are closer to the true values without the possibil-
ity of overcorrection. The CPE Q2 and the capacitance C3 are assumed, in
temperature corrected data, to have no temperature dependency.
Figure 6.11 page 72 shows average values of the reaction resistance Rreaction as
function of electrode size. The reaction resistance is determined as Rreaction =
Z(freq.→ 0)− Z(freq.→∞). Two regions can be observed, and they be-
come even more evident, when Rreaction values are temperature corrected.
The region with microelectrodes from 100µm-250µm in diameter has a slope
very close to -2. This means that Rreaction is inverse proportional to the area
of the electrodes. The region with microelectrodes from 20µm-100µm in di-
ameter has a less steep slope of around -1. This indicates that Rreaction is
inverse proportional to the perimeter of the electrodes. In the case where it

Figure 6.11: Left: The average reaction resistance Rreaction values as function
of electrode size. Right: The average CPE Q2 and the capacitance C3 values,
determined from impedance fitting, as function of electrode size.

is possible for oxygen to diffuse through the thin film of platinum two reac-
tion pathways are possible. The resistance from the reaction at the TPB will
depend on the perimeter (Pathway I), while the resistance from diffusion of
oxygen through the bulk of the film will depend on the area (Pathway II).
Due to the different dependencies on the radius r of the pathways, the two
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contributions (Pathway I and II) to the total reaction resistance Rreaction is
dominant at different r values. For r → ∞ the Rreaction is inverse propor-
tional to the area, while for r → 0 the Rreaction is inverse proportional to the
perimeter. This means that a shift between the two pathways I and II will
be observable when scanning Rreaction as function of r. This is exactly what
is observed in the left representation of figure 6.11 page 72. However, the
author of the present thesis, is not aware of any reported indications in the
literature that oxygen diffusion through platinum is of any significance. Bulk
oxygen diffusion through silver has, though, been reported by M. Kleitz et
al [61]. They observed two semicircles as in the present case. If any significant
oxygen is able to be dissolved in Pt, this would provide an explanation for
the abnormal high capacitance of Pt electrodes as discussed in section 2.1.1
page 13. It would also confirm the postulation made by M. Kleitz, that a
reservoir of electroactive neutral oxygen exist for cathode reactions [5]. The
300-400nm thick Pt microelectrodes are intact after a few hours of exper-
iments at 800 − 8500C, as shown in figure 6.9 page 69. This leaves bulk
oxygen transport as the only apparent explanation that can account for the
r−2 dependency of Rreaction and would at the same time explain the presence
of two semicircles. If oxygen is dissolved in the Pt bulk it should, though, be
possible to provoke an impedance warburg diffusion response.
The clearly observed pockets at the Pt/YSZ interface for the largest elec-
trodes 100− 250µm can also explain the presence of two semicircles.
From the CPE Q2 a capacitance CW can be calculated according to [69] as:

CW = (R1−αQ)1/α (6.5)

The right part of figure 6.11 page 72 shows CW along with C3 as function
of electrode size. A slope of 2 is observed for CW . This means that CW is
proportional to the area of the electrode. C3, on the other hand, has a sud-
den abrupt change in magnitude from the 150µm to the 100µm in diameter
electrodes. Both a bulk reservoir of oxygen and a double layer capacitance
are expected to be proportional to the electrode area. More correct, the bulk
reservoir of oxygen capacitance is expected to depend on the volume, but
the height of the microelectrodes are constant. However, the double layer
capacitance is not expected to have a significant temperature dependence,
while a capacitance in the form of dissolved oxygen in the Pt bulk is. The
normal trend for solubility is a decrease with increasing temperature. When
measurements are made on smaller and smaller electrode sizes, it is not only
the size that is changed, but unfortunately also the temperature of the elec-
trodes, as shown in the right part of figure 6.8 page 68. This might explain
the abrupt change in C3. C3 is smaller than CW for the three largest mi-
croelectrodes, and larger than CW for the remaining electrode sizes. This
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can also be explained with the decrease in temperature as electrode size de-
creases.
In the case of no bulk transport of oxygen the following relations are valid:

Figure 6.12: Left: The top frequency of the R2Q2 semicircle as function of
electrode size. Right: The top frequency of the R3C3 as function of electrode
size. The average parameter values, acquired from fitting the impedance
spectra with the equivalent circuit R1(R2Q2)(R3Q3), were used in the calcu-
lation of the top frequencies.

Rreaction ∝
1

r
, C ∝ r2 (6.6)

For the top frequency νtop of an ideal semicircle this implies:

νtop =
1

2πRC
∝ 1

r
(6.7)

If bulk transport of oxygen is dominating Rreaction ∝ 1
r2

, then νtop would
be constant as function of the electrode radius. The top frequencies of
the two R2Q2 and R3C3 semicircles, in the fit with the equivalent circuit
R1(R2Q2)(R3C3), are plotted as function of electrode size in figure 6.12
page 74. The top frequency νtop, of the R2Q2 semicircle, is for the four
largest microelectrodes almost constant , while νtop, for the remaining micro-
electrodes, has a radius dependency close to r−1. The top frequency increases
with decreasing electrode size. This is opposite for the R3C3 semicircle, where
νtop decreases with decreasing electrode size. The dependency on the radius
is in the neighborhood of r2.
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Comparing the presented fitted parameters of Circuit I with the fitted pa-
rameters of Circuit II provides the same general trends. Rreaction is of course
independent of the chosen equivalent circuit. The same area dependency of
CW is observed and an abrupt change in C3 from the 150µm to 100µm mi-
croelectrode is observed. However, C3 is constant for microelectrodes smaller
and larger than abrupt change from the 150µm to the 100µm microelectrode.
The trend of the top frequencies do not show any new clear dependence on
the radius. Since C3 depends on the chosen equivalent circuit the inter-
pretation of it is unclear. The data from fitting with the Circuit I and II
equivalent circuits can be found in appendix B page 133. Further analysis
of the impedance spectra are necessary in order to elucidate the complete
physical meaning of the impedance spectra in figure 6.10 page 70. This is
unfortunately not possible in the present thesis due to lack of time.
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Abstract 

 Studies on microelectrodes prepared by electrochemical etching show that 

noble metals catalytically active towards oxygen reduction like Pt, Pd and Ag are 

not as inert at high temperature as commonly assumed. The results show that 

the morphology of the electrode and the reaction zone changes during 

polarization. Electrode material migrates from the electrode surface and deposits 

on the YSZ surface forming dendritic structures. Au electrodes, which are 

catalytically poor towards oxygen reduction, seem in comparison to be inert. The 

transport mechanism for the electrode material migration is studied by comparing 

the electrochemical responses and physical properties of the different noble 

metal electrodes. Also heat treatment of migrated electrode material experiments 

and polarization of geometric well defined dense thin ½-1µm layered Lanthanum-

Strontium-Manganite (LSM) and Pt films on YSZ experiments, were conducted in 

order to distinguish between a surface and gas phase transport mechanism.  

      

Keywords: SOFC, Microelectrodes, Three-Phase-Boundary (TPB), Cathode, 

Surface migration. 
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1. Introduction 
 

 
 Electrode overvoltage and especially the cathode overvoltage in solid 

oxide fuel cells (SOFC) is the main contributor to performance decrease. Without 

further understanding of the dynamics at the electrode/electrolyte and the 

electrochemistry, the overvoltage can be reduced by optimization of the reaction 

zone. For the cathode this implies increasing the Three-Phase-Boundary (TPB) 

length or introduction of materials with mixed ionic and electronic conduction, but 

after all this is not without problems and limits. Therefore, further insight and 

knowledge about reaction mechanisms and reaction pathways as well as 

changes of the reaction zone associated with operation is desirable. In order to 

exclude interference from chemical reactions between electrode and electrolyte, 

noble metal point electrodes have often been applied as model systems in more 

fundamental studies, and more recently geometrically well defined pattern 

electrodes have also been employed. As shown for Pt/YSZ electrodes, the TPB 

reaction zone is by no means a constant parameter due to migration of Pt when 

polarized at 10000C [1]. The Pt migration can cause undesirable effects, e.g. 

when Pt is used as current collector in SOFC research [2], but it also may be 

crucial for the interpretation of work reported in the literature on high temperature 

systems involving Pt and especially Pt/YSZ. The characteristic current 

fluctuations as a consequence of Pt electrode material migration have been 

shown, in temperature sweeps, to exhibit a strong temperature dependency [10]. 

It was found that below 9500C the current fluctuations are to close to non-

existing. A natural question that arises is whether Pt is exceptional with respect 
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to electrode material migration or if it is a common occurring phenomenon for 

high temperature cathode/YSZ systems. The purpose of the present study is to 

clarify how general electrode migration is and in doing so provide further clues 

concerning the transport mechanism. For comparison with Pt results and 

increase the possibility for detecting any electrode material migration with respect 

to other noble metals, experiments are conducted at 10000C and in the case of 

Ag at 9200C.  

 

2. Experimental 

 

 Pd and Ag microelectrodes were prepared by electrochemical etching of 

wires. This was done by applying a 50Hz AC voltage with 35V ±5V amplitude to 

the wire in an aqueous solution containing 40vol% of a saturated calcium 

chloride solution at room temperature [3]. After electrochemical etching the 

electrodes were cleaned in an ultrasonic bath with water and ethanol. Ball 

shaped gold point electrodes were prepared by melting a drop at the end of a 

gold wire in a gas flame. The electrodes were mounted in a thin alumina tube 

inside another alumina tube (1mm Ø) positioned a few millimetres above a 

polished (3µm diamond paste)  8% Yttria Stabilized Zirconia (YSZ) tablet, and 

the whole assembly was placed inside a tubular furnace and heated. At 10000C 

the electrodes were gently lowered and allowed to touch the electrolyte (YSZ). 

The weight on the electrodes was in between 2.5-6g. The electrolyte tablets were 

equipped with a large porous Pt painted counter electrode, the potential of which 
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is very close to the reversible oxygen electrode potential. This is also used as 

reference electrode. Thus, all potentials reported in this work are relative to the 

oxygen electrode potential in air. No attempts to correct for IR drops were made. 

During measurements, air saturated with water at room temperature was passed 

through the furnace. The electrodes were allowed to creep until a stationary state 

had been reached before the electrochemical experiments were initiated. The 

characteristic time for reaching a stationary contact area was estimated by 

monitoring the electrolyte resistance with impedance spectroscopy.    

 50Hz noise from the heating coils of the furnace was reduced as 

described in [4]. Step polarization, cyclic voltammetry and data requisition was 

done using a Gamry FAS2 Femtostat potentiostat.  

 

3. Considerations regarding the selection of metal electrodes 

 

 Pd is chosen for the following reasons: catalytically similar to Pt, oxides of 

Pd are as the oxides of Pt not thermodynamic stable at 10000C in air and as can 

be seen in Fig. 1 the partial pressure of PdO(g) is almost a factor 10000 lower 

than the partial pressure of PtO2(g) at 10000C. Electrode material transport of Pd 

through the gas phase with reduction of PdO(g) at TPB is therefore expected to 

be negligible compared with Pt electrodes. 

 Ag is similar to Pt with respect to being a good cathode in SOFC. The 

partial pressure of AgO is comparable to that of Pt/PtO2 and it is also widely 

utilized in SOFC research as counter electrode and current collector. The high 
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activity of Ag towards oxygen reduction is partly a result of oxygen dissolution in 

the Ag bulk that enables mixed conductivity and hence extends the reaction zone 

[6].   

 Au is in contrast to Pt, Pd and Ag a poor cathode material in SOFC and as 

Fig. 1 shows the partial pressure of AuO is very low compared to PtO2, AgO and 

even PdO. 

 Therefore, comparison of physical properties of the mentioned metal 

electrodes and the respective electrochemistry should give further knowledge 

about electrode material migration and the SOFC cathode electrochemistry at 

high temperature on YSZ.    

        

4. Results 

 

4.1 Palladium microelectrodes 

 

 As is shown in Fig. 2 step polarization of fresh Pd electrodes results in a 

very rapid strong activation of the electrodes that takes place on the timescale of 

seconds. The current increases a factor of around 40 and fluctuates dramatically 

in a saw-tooth like manner with amplitude 30-50 percent of the total current 

during the first 1½ hour after which the fluctuations dies out. Further Fig. 2 shows 

that the fluctuations can be revived by step wise increase of the cathodic 

polarization, in the present case from -150mV to -300mV. The experiment was 

terminated by the program due to a setting of max current to 1mA. Fast linear 
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potential sweeps of a fresh Pd microelectrode can be seen in Fig 3. Inductive 

hysteresis in the cathodic polarized region is seen for all fast sweeps even for 

sweep rates as high as 1V/s. In the 100mV/s sweep the onset of current 

fluctuations can be observed and at a sweep rate of 10mV/s the fluctuations 

become very pronounced. At very low sweep rates of 5µV/s the inductive loop is 

almost closed with no sign of regular characteristic current fluctuations indicating 

that the electrode is at a steady state during the sweep.  

 SEM images of the contact area afterwards can be seen in Fig. 4 showing 

a belt around the contact area of migrated Pd. The belt consists of 10-100 

nanometer sized apparently non crystalline spherical Pd particles.   

 

  

4.2 Silver microelectrodes 

 

 Fig. 5 shows linear potential sweeps of a fresh Ag microelectrode at 

9200C. At the highest sweep rate (100mV/s) the sweep is very close to being 

reversible. As the sweep rate is decreased from 100mV/s an increasing opening 

of an inductive loop in the cathodic region is observed. Fig. 6 shows step 

polarization of the electrode performed after the sweeps shown in Fig. 5 and 

results in an activation of the electrode on the timescale of hours. The activation 

is smooth with only a few minor abrupt changes in current. The current is 

increased 50 percent during 12 hours. 
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 Inspection of the contact area by SEM afterwards gives images like Fig. 7. 

The images show Ag outgrowth of fingers, with dendritic shape, from the 

electrode contact area. EDS confirms without any doubt that the outgrowth is Ag. 

The images strongly indicate that the outgrowth is driven by the electric field. The 

lack of outgrowth from the hollow part of the otherwise circular interface seen on 

the left in Fig. 7 shows, that the electric field is the driving force.          

 

4.3 Gold electrodes 

 

 Step and linear potential sweeps similar to those for Pd and Ag electrodes 

were conducted on Au electrodes. The contact area was of the same order of 

magnitude as the Ag electrode shown in Fig. 7. Small currents (<1µA), no 

significant activation and no inductive loop in the cathodic region of the linear 

potential sweeps was observed. Inspection of the electrode contact areas 

afterwards showed no sign of migration of electrode material.      

 

4.4 Temperature treatment of migrated electrode material 

 

 Since air flow in the furnace also plays an important role besides the 

partial pressures given in Fig.1 contact areas with migrated Pt and Pd were heat 

treated at 10000C and Ag at 9200C for 105 hours. The upper left of Fig. 8 shows 

the Pt contact area before temperature treatment. It was not possible to locate 
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the contact area afterwards leading to the conclusion that all migrated Pt had 

evaporated.     

 In the upper right of Fig. 8 is shown an image of the Ag electrode in Fig. 7 

after heat treatment. The outgrown tree like structures had almost disappeared 

and the inner half circular extensive Ag rim has been considerable reduced.  

 The lower left of Fig. 8 shows an image after temperature treatment of the 

Pd contact area in Fig. 4. The image shows that only a small part of the Pd has 

evaporated and that the small Pd particles have come together and grown into 

larger crystals. The lower right of Fig. 8 is a zoom in on the left image showing 

that a lot and maybe all of the Pd has become crystalline.          

 

4.5 Polarization of dense layered LSM/Pt films 

 

A ½-1µm thick circular dense film of (La0.85Sr0.15)0.95MnO3+δ  (LSM) on a polished 

8% YSZ was prepared by Pulse Laser Deposition (PLD) using a 1mm thick 

cobber mask with holes of 2mm in diameter. A similar shaped and sized, slightly 

shifted 0.2-0.5µm thick dense Pt film was deposited on top of the LSM film. The 

films were electronically contacted by placing a gold point electrode down on the 

Pt layer. The whole assembly was heated to 10000C with a heating rate of 

1000C/hour and immediately polarized at -140mV. The furnace was turned off 

after 7 hours, but with the polarization kept on during cooling. Fig. 9 shows the 

polarized Layered films together with a reference set of layered films on the 

same YSZ tablet that has not been subjected to polarization, but otherwise with 
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the exact same history. Comparison of the two set of films shows that the one, 

which had been subjected to polarization, shows Pt migration. Pt migration is as 

expected observed along the Pt/YSZ perimeter, but a thorough inspection of the 

LSM/YSZ perimeter also shows the presence of droplets of migrated Pt. Pt is 

identified with EDS by the high energy peaks at 9.437eV, 11.074eV and 

11.263eV. Beside this, similar polarization experiments with pure LSM films show 

no sign of droplet formation along the perimeter. The experiment has been 

conducted several times to check for reproducibility. It is therefore concluded that 

the observed droplets along the LSM/YSZ perimeter consist of Pt.                             

 

5. Discussion 

 

 The observed migration phenomena can conveniently be described in 

terms of an activation and deactivation process. The activation process involves 

an electric field driven electrode material migration process involving either a gas 

phase transport mechanism with metal oxides being reduced at the TPB or some 

kind of a surface transport mechanism. The known ingredients in the deactivation 

process are migrated metal evaporation and surface tension forces. The 

significance of eventual electrolyte surface changes is unknown, but probably 

very important in case of an electrode material surface transport activation 

mechanism.  

 Comparing the activation/deactivation process of the different electrodes 

shows that Pd has both the fastest activation and deactivation with characteristic 
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time constants of seconds while Pt and Ag seem to have comparable activation 

rates with characteristic time constants of hours, but certainly significantly 

different deactivation rates. The lack of a regular current fluctuation pattern for Ag 

electrodes means that the Ag deactivation does not take place, while Pt 

deactivation happens abruptly on the time scale of seconds. The very low rate of 

the Ag deactivation process probably reveals how the Pt and Pd electrode 

material migration would look like if no interference from the deactivation 

occurred. The deactivation results in a cut off of the outgrown fingers with tree 

like look thereby disturbing the potential distribution. This disruption causes a 

new potential distribution which results in a change in the outgrowth of electrode 

material that can lead to structures as the Pt structure shown in [1]. In the Pd 

case the fast deactivation mechanism results in an immediate breakup leaving an 

ocean of small Pd particles as shown in Fig. 4.  

 A somewhat puzzling phenomenon is the difference in current fluctuation 

pattern between Pt and Pd. In the case of Pt an abrupt decrease of the current 

followed by a slow increase is observed. This was interpreted as a cut off of 

electronically connected Pt followed by an outgrowth/regain of Pt with electronic 

contact to the electrode. This interpretation is in accordance with impedance 

spectroscopy data. For the Pd case the opposite is observed. Here a slow 

current decrease is seen followed by an abrupt increase. This behavior seems at 

first sight to be in conflict with the Pt current fluctuation hypothesis, but it is not 

totally clear for the Pd case at what situations the TPB length has an optimum, 

what influence surface forces has and whether these are affected by polarization. 



7.1. ARTICLE 87

 

It is unfortunately not possible to monitor the Pd migration with impedance 

spectroscopy since Pd changes are faster than impedance recording.                       

         It is well established that chromium from interconnect materials can form 

volatile oxidized chromium species that can be transported through the gas 

phase to the cathode TPB where they are reduced and causes a poisoning 

[7,8,9]. It is therefore very tempting to conclude that something similar, but with 

electrode metal oxides, is taking place in the present study. As already 

mentioned it is difficult to judge whether a gas phase transport mechanism is 

likely to occur based on the partial pressures given in Fig. 1 since air flow in 

furnace etc. also is of importance. The results of subsequent temperature 

treatment of the contact areas with migrated electrode material shown in Fig. 8 

and presented in section 4.4 shows that evaporation of Pt and Ag occur on the 

same timescale as the electrode activation. This is not the case for Pd where all 

the migrated Pd shown in Fig. 4 is transported within 3 hours but with the 

majority of Pd still remaining after 105 hours at 10000C. Instead of Pd 

evaporation a growth of considerable larger crystalline structures has taken place 

pointing towards some kind of Pd surface transport. The partial pressures 

reported in Fig. 1 are generally in agreement with temperature treatment 

experiments. The Pt migration distance, from the source Pt film to the perimeter 

of the LSM film, in the experiments presented in section 4.5 is very convincing 

evidence of a gas phase transport mechanism for the migration of Pt. Since Ag is 

very alike Pt in all comparisons, except the apparent lack of deactivation, it 

suggests that Ag migration also proceeds through the gas phase. The partial 
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pressure of gold oxide is very low as can be seen in Fig. 1 and the poor catalytic 

activity of Au towards oxygen reduction results in a very low current density. This 

means that neither an electrode material migration mechanism through the gas 

phase nor an electro migration mechanism is expected. This is in accordance 

with observations.  

 The possibility of different electrode material migration mechanisms can in 

principle not be excluded. Pd migration can only be explained by a surface 

transport mechanism based on the rapid activation with dramatically current 

fluctuations that can be revived by increasing the cathodic polarization further 

stepwise. Also the temperature treatment experiment shows no significant Pd 

evaporation. These arguments points to the conclusion that Pd migration takes 

place by an unknown surface transport mechanism, while Pt and Ag migration 

take place by reduction of gaseous metal oxides at the cathodic potential drop 

across the TPB.  

 

6. Conclusion 

It was shown that Pt electrode migration upon polarization and the corresponding 

activation is not a unique feature for Pt, since Ag and Pd shows similar behavior. 

Temperature treatment experiments of migrated electrode material at the same 

temperature and timescale, at which the transport of electrode material takes 

place, revealed in the case of Ag and Pt that evaporation is fast enough to 

suggest, that the observed electrode Ag and Pt material migration and hence the 

resulting activation is caused by reduction of gaseous metal oxides at the TPB. 
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This interpretation and the lack of Au electrode migration and Pd evaporation are 

in accordance with the partial pressures of the metal oxides. The Pt gas phase 

transport mechanism is further supported by cathodic polarization of 

geometrically well defined electrodes of layered dense LSM/Pt films. However, 

the gas phase transport mechanism cannot explain the observed Pd electrode 

behavior. The behavior of Pd electrodes seems to be distinctly different from the 

behavior of Pt and Ag electrodes. Only a surface transport mechanism seems to 

be ably to explain the behavior of Pd electrodes.    
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Figure 1: Partial pressure of selected metals and the oxides as function of temperature.
The partial pressures are calculated using thermodynamic data from Factsage database,
Thermo-Calc database and [5].

Figure 2: Fresh Pd microelectrode step po-
larized -150mV and later -300mV.

Figure 3: Linear potential sweeps of fresh
Pd microelectrode.
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Figure 4: Images of contact area of step polarized Pd electrode after the experiment in
Fig. 2 was performed. The large central crater is from rip off of the electrode.
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Figure 5: Linear potential sweeps of fresh
Ag microelectrode.

Figure 6: Step polarization of Ag microelec-
trode after the sweeps in Fig. 5.
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Figure 7: Images of Ag contact area after the experiments shown in Fig. 5 and 6. The
breakage in the middle of the top image is from rip off of the electrode.
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Figure 8: A: Contact area of Pt microelectrode with migrated Pt before temperature
treatment at 10000C in 105hours. B: Ag contact area shown in Fig. 7 after temperature
treatment at 10000C in 105hours. C: Pd contact area shown in Fig. 4 after temperature
treatment at 10000C in 105hours. D: Zoom in on the image in C.
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Figure 9: Upper image: 7 hour polarized overlapping LSM and Pt films at 10000C.
Lower image: Reference set of films not subjected to polarization.
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7.2 Additional results with noble metals

7.2.1 Pd microelectrodes

Figure 7.1 page 97 illustrates the reproducibility of the rapid activation which
is followed by pronounced current fluctuations of Pd microelectrodes upon
cathodic step polarization from OCV. The current fluctuations are damped
and die out within approximately 1-2 hours, and a final slow deactivation
with time is observed. These general trends are similar to what is observed
for Pt microelectrodes and is most clearly illustrated by the current progres-
sion of the -250mV step polarized Pt microelectrode page 53. Figure 7.2

Figure 7.1: Current progression of a typical Pd microelectrode that has been
step polarized from OCV.

page 98 shows selected images of polarized Pd microelectrodes. The upper
left image is the contact area of a Pd microelectrode on YSZ, which has been
subjected to a series of systematic linear potential sweeps, showing a finger
like dendritic outgrowth of Pd from the perimeter of the Pd electrode/YSZ
contact area. This supports the idea that if no deactivation of the electrode
material outgrowth were to occur, outgrown fingers of electrode material
from the electrode/YSZ contact area would be seen, like in the case of Ag
microelectrodes page 94. The upper right image is a typical image of mi-
grated Pd. As in the case of migrated Pt from Pt microelectrodes, examples
of elongated droplets that look like they are just about to break up into two
separate droplets, due to surface tension forces, can be observed. Besides
this, it can be observed that the YSZ surface below the migrated Pd is sig-
nificantly altered compared to the YSZ surface without migrated Pd. The
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altered surface seems to consist of holes. This is supported by the lower left
image showing a closeup, of the 105 hours temperature treated at 10000C
migrated Pd, which is already presented in the article page 95. The mech-
anism of hole formation is unknown, but it is tempting to believe that Pd
particles have been on top of or partly inside the holes at some point. To the
lower right of the figure is an EDS spectrum of the particles in the images,
confirming that it really is Pd that has migrated.

Figure 7.2: Selected images of migrated Pd upon polarization of Pd micro-
electrodes, along with an EDS spectrum of the migrated Pd particles.
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7.2.2 Ag microelectrodes

Figure 7.3 page 99 shows a closeup image of the migrated Ag presented in
the article page 94, along with an EDS spectrum of the migrated material
confirming that it really is Ag. The closeup image reveals a morphology and

Figure 7.3: Closeup image of migrated Ag presented on page 94 and an EDS
spectrum of the migrated electrode material.

a structure of the migrated Ag that seems comparable to that of migrated
Pt presented on page 61 and 62.
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Abstract 

The origin for the dynamic nature of (La0.85Sr0.15)0.95MnO3±δ (LSM) cathodes with 

activation and deactivation processes was studied by comparison between measurements on 

and electrode/YSZ interfacial changes of Au, LSM point electrodes and thin ½-1µm thick  

LSM film electrodes on YSZ. The techniques used in the study were linear potential sweeps 

and long term (250-300hours) step polarization. The electrodes were after experiments 

removed by dissolution and the YSZ contact areas were studied by SEM and EDS. The results 

show current induced YSZ morphological changes, which lead to an increase in the Three-

Phase-Boundary (TPB) length and consequently an activation of the electrode. In the case of 

LSM electrodes a current enhanced formation of La2Zr2O7 was observed that can result in 

deactivating phenomena of LSM electrodes. The interplay between these processes can to a 

large extent explain the dynamic nature of LSM electrodes.       

 

Keywords: SOFC, LSM, Gold, Non-stationary effects, Microstructure 

1. Introduction 

It is well known for Solid Oxide Fuel Cell (SOFC) electrodes and SOFC model electrodes 

on Yttria Stabilized Zirconia (YSZ) that their properties are dynamic with activation and 

deactivation processes [1-8]. Despite the important impact on performance and stability most 
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research has been focused on electrode kinetics. Knowledge about the nature and origin of the 

observed activation and deactivation phenomena is therefore very sparse. Especially the role 

which polarization or current might have on the long term stability is unknown. Numerous 

studies have been conducted on solid state chemical reactions between strontium substituted 

lanthanum manganite cathodes and YSZ showing that insulating phases such as La2Zr2O7 are 

formed and cause a degradation of the cathode [9-12]. However, this does not explain the 

reported activation of LSM cathodes. The exceptional strong activation of SOFC cathode, Pt 

model point and paste electrodes upon step polarization has recently been correlated with 

migration of Pt from Pt electrodes, resulting in an increase in the length of the electrochemical 

active Three-Phase-Boundary (TPB) and hence of the current [13]. Pt migration however, can 

not account for the activation processes of other SOFC electrodes such as Strontium 

substituted Lanthanum Manganite point and porous cathodes. This suggests the presence of 

another activation mechanism. The present study is an attempt to gain further knowledge 

about and to characterize the general non-stationary processes taking place at different 

polarizations by comparing electrochemical measurements on gold (Au) and dense sintered 

(La0.85Sr0.15)0.95MnO3 (LSM) point electrodes and thin dense LSM films.  

 

2. Preliminary considerations 

Gold electrodes are found to be stationary with respect to electrode perimeter upon 

polarization in contrast to Pt electrodes [13] and are therefore used as model electrodes. For 

the LSM experiments, LSM powder synthesized with excess manganese by the method used 

for commercial SOFC’s were chosen in order to mimic the behavior of practical SOFC 

cathodes. For experiments on point electrodes is cannot be ruled out that the LSM/YSZ 

interface is damaged by scratching, rip offs etc. during disassembly for postmortem analyses. 
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Use of thin films as electrodes is a way to avoid damaging the LSM/YSZ interface after 

experiments by dissolution of the film in conc. hydrochloric acid, but the films are also 

expected to provide information about the role of contact pressure applied to point electrodes 

in electrochemical experiments.  

3. Experimental 

The different electrode setups are sketched in figure 1. The electrodes were mounted in thin 

alumina tubes on top of polished 8% Yttria Stabilized Zirconia (YSZ). The YSZ electrolytes 

were sintered at 1500-17000C for 2 hours to achieve crystal sizes of several micrometer 

making it easier to detect and study any changes of the electrode/YSZ interface that might 

have occurred. The whole electrode assembly was placed inside a tubular furnace and heated 

to 10000C. The weights on the gold electrodes were in between 2.5-6g while the weights on 

LSM point electrodes were 6-12g. Gold electrodes were allowed to creep until a stationary 

state had been reached (1-2 days at 10000C) before electrochemical experiments were 

initiated. For the electrochemical experiments two electrode setups with reference/counter 

electrodes of Pt paste painted on the bottom of YSZ tablets were used. During measurements, 

air saturated with water at room temperature was passed through the furnace. 

(La0.85Sr0.15)0.95MnO3 (LSM) powder was obtained from Topsoe Fuel Cell A/S. ½-1µm thick 

circular dense films of LSM on 1mm thick polished (1/4 µm diamond suspension) 8% YSZ 

were prepared by Pulsed Laser Deposition (PLD) using a 1mm thick cobber mask with holes 

of 2mm in diameter. After electrochemical experiments Au and LSM electrodes were 

removed by dissolution in aqua regia and hydrochloric acid respectively. The changes at and 

near the electrodes/YSZ interfaces were studied by SEM and EDS.  
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50Hz noise from the heating coils of the furnace was reduced as described in [4]. Data 

acquisition was done using a Gamry Femtostat FAS 2 potentiostat.  

       

4. Results  

4.1 GOLD POINT ELECTRODES  

Figure 2A shows representative linear potential sweeps of Au electrodes followed by a 

long term (200-300hours) step polarization. The sweeps show an almost exponentially 

increase in current in the anodic region and an unexpected sweep rate dependence of the 

current below -300mV in the cathodic region, where the current increases with decreasing 

sweep rate and at a slow sweep rate of 100µV/s a pronounced inductive hysteresis indicating 

an activation reaction is seen. Step polarization to a potential in the activating region results in 

a current progress shown in the inset figure in figure 2A. During 250 hours the current 

increases by a factor of approximately 40. Removal of the electrode by dissolution in aqua 

regia and inspection of the contact area reveals images like the one in figure 2B. Three distinct 

regions are observed. From the right is the Au/YSZ interface with a structure similar to the 

well known hill and valley structure reported for anode model Ni point electrodes [14-16], in 

the middle is the TPB region with the hill and valley structure but with a significant more 

rough surface morphology and to the left is the non-contact area with an unchanged YSZ 

surface. EDS shows only the presence of zirconium and yttrium and no crystallographic 

structural change is detectable by confocal raman spectroscopy with a interaction volume of 

approximately 1 µm3.     
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4.2 LSM  POINT ELECTRODES 

Figure 3A shows representative linear potential sweeps initiated from 0V in the anodic 

direction on fresh LSM point electrodes. The sweep direction is found to have no significant 

influence. The inset figures show the initial sweeps with decreasing sweep rate in the potential 

window -150mV to 50 mV which was followed by a series of sweeps with a wider potential 

window from -250mV to 50mV. As sweeps are conducted a clear decrease in current from 

sweep to sweep is observed. The shape of the initial 100mV/s sweep is comparable to that 

expected from the classical Volmer-Butler equation as shown by the fit in the 100mV/s figure 

of figure 3A, but it is altered as irreversible processes take place during slower sweeps. At 

high sweep rate, 100mV/s, the current from the chemical capacitance, change in oxygen 

stoichiometry, i=Cchem*dV/dt is predominant and results in capacitive hysteresis. As the sweep 

rate is decreased the response of activating and deactivating processes can be observed as 

inductive and capacitive hysteresis respectively. Further, increasing current fluctuations from 

the electrode reaction for overpotentials lower than approximately -75mV can be observed as 

the sweep rate is decreased. At a sweep rate of 10mV/s an inductive loop is seen in the 

overpotential range -75mV to 0mV, where the electrode still has a capacitive loop at lower 

overpotentials. As the sweep rate is decreased the inductive loop increases and below 100µV/s 

the cathodic region behaves purely inductive. The general trend from measurements on 

approximately 20 LSM point electrodes is the existence of an inductive and capacitive loop in 

the cathodic region meaning that two parallel processes are taking place. The interplay 

between the two different processes is dependent on the thermal and polarization history of 

the electrodes as well as the geometry of the contact area or areas between LSM/YSZ. In 

situations with both capacitive and inductive loops in the sweeps, the inductive loop is always 

observed at low cathodic polarizations typical from approx. -100mV to 0V while the 
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capacitive loop is observed from approx. -100mV to lower potentials. In some situations one 

of the processes is predominant as illustrated in the 10µV/s sweep of figure 3A with a pure 

inductive loop the cathodic region. 

Removal of the electrodes by rip off and cleaning the YSZ surface in ultra sonic bath with 

conc. hydrochloric acid, water and ethanol after the electrochemical measurements results in a 

representative image of the LSM/YSZ contact area like the one shown in figure 3B. A porous 

hill and valley like structure is observed along the electrode perimeter while the interface 

between LSM and YSZ looks extensively damaged. Figure 3C shows that EDS on selected 

points and EDS mapping identifies the spongy like morphology of the interfacial area to 

contain lanthanum. 

 

4.3 LSM  FILMS AS ELECTRODES 

Two LSM films were deposited on top of each YSZ tablet. One of the LSM films is 

contacted with a gold electrode as shown in figure 1 and subjected to electrochemical 

experiments while the other LSM film serves as a reference with exactly the same preparation 

and thermal history. The films have a declining thickness as the perimeters of the circular 

films are approached from the middle. This variation in thickness is due to the shadowing 

effect of the holes in the mask during deposition. Further, the edges of the films are not abrupt 

but a gradual transition caused by imperfect contact between mask and the polished YSZ 

slice. Figure 4A shows linear potential sweep experiments of LSM films similar to those 

performed on point electrodes. The initial sweeps in the potential window -150mV to 50mV 

show, in contrast to the LSM point electrode sweeps presented, a slight increase in current 

with decreasing sweep rate although the following sweeps from -250mV to 50mV show the 

same decrease in current with decreasing sweep rate and hysteresis trends as the point 
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electrode sweeps. The shape of the initial 100mV/s sweep is more linear than in the case of 

the point electrode sweep and is probably due to lateral electronic resistance in the film. 

Beside this no fluctuating current with decreasing sweep rate is observed. After the sweeps the 

film was step polarized from 0V to -250mV. The current response can be seen in the inset 

figure of the 10µV/s sweep figure and shows initially deactivation, then activation and finally 

deactivation.  

Figure 4B shows the film after experiments with the gold electrode removed. A clear 

transformation from an initially smooth dense film to a film with a surface structure consisting 

of 1 µm sized crystallites is observed. The reference film showed only a minor change from 

the initial film morphology. A heat treatment experiment of a film in nitrogen atmosphere at 

10000C for 250 hours showed a similar change as the film presented in figure 4B. It is 

therefore concluded that the change is thermodynamic favorable but limited by kinetics which 

becomes enhanced as the oxygen superstoichiometry of LSM is diminished by cathodic 

polarization or a lowering of the oxygen partial pressure.           

 Figure 4C is an image of the LSM/YSZ contact areas after the LSM films have been 

removed by dissolution in conc. hydrochloric acid followed by cleaning in ultrasonic bath of 

water and ethanol. The bright areas in the image contain lanthanum according to EDS. 

Comparison between the reference and polarized film shows that the amounts of lanthanum 

along the perimeter of the films as well as the interfacial area are significantly larger for the 

polarized film. Further the whole contact area of the polarized film is changed to a rough 

surface morphology with a homogeneous distribution of islands. In contrast to this, the surface 

of the reference film contact area is smooth with only minor humps along the grain 

boundaries. The humps along grain boundaries in the interfacial area and the lanthanum 

containing ring along the perimeter of the reference film is most probably passive formation 
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of  La2Zr2O7. It represents the areas where the LSM is easiest depleted for manganese due to 

passive diffusion which lead to the formation of La2Zr2O7.     

 

5. Discussion 

The apparent induced activation of Au electrodes for overpotentials lower than 

approximately -300mV shown in figure 2A can, with the morphological changes in figure 2B 

in mind, can be interpreted as an extension of the TPB length by channel formation along the 

electrode perimeter. Since the structural changes are by far largest close to the electrode 

perimeter with passage of current, it is tempting to interpret the changes as current induced. 

Gold electrodes are poor catalysts towards the reduction of oxygen and relatively large 

overpotentials are needed to achieve appropriate current densities for the current induced 

activation to take place. This means that similar activation phenomena are expected at lower 

cathodic overpotentials for better catalysts such as LSM.     

The similarities between linear potential sweeps of LSM point electrodes and films suggest 

that the high contact pressure of point electrodes is of minor importance for the interpretation 

of the electrochemical measurements. Whether the observed electrochemical sweep rate 

dependent current fluctuations for point electrodes are due to a higher sensitivity or the 

presence of a high contact pressure is difficult to judge, but they strongly indicate that a 

process with a given characteristic time constant is taking place. The observed hill and valley 

like structure induced along the perimeter of LSM point electrodes and hence activation due to 

increase in TPB length seems to be similar to the activating morphological changes observed 

for gold electrodes, and as expected from the gold electrode experiments, the changes occur at 

considerable lower cathodic overpotentials. This however, is not the only process that takes 

place since the overall trend is a clear deactivation from sweep to sweep. The high abundance 
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of spongy lanthanum containing material insoluble in hydrochloric acid at the LSM/YSZ 

interface and electrode perimeter suggests that La2Zr2O7 phases have been formed causing the 

general deactivation. The activation due to morphological changes is initiated at potentials 

with inductive hysteresis in the sweeps presented sweeps but at higher cathodic polarization it 

is overshadowed by the formation of La2Zr2O7, resulting in the capacitive loops observed in 

the entire potential range. Hence, both the activation and deactivation process are current 

induced but with different overpotential dependencies. Inspection of figure 3C indicates that 

the highest abundance of what is presumed to be La2Zr2O7 is correlated with the current 

density of the electrode. The region with activation upon step polarization in one of the inset 

figures of figure 3A could be due to the film becoming leaky during the transformation from a 

dense smooth film to a film consisting of 1µm crystallites. The final long term degradation 

could conveniently be interpreted as a blocking of the TPB by formation of La2Zr2O7 at the 

leaky areas with a higher current density. This would explain the existence of the island 

LSM/YSZ interface morphology after removal of the film. This current induced formation of 

La2Zr2O7 is supported by electrochemical experiments on LSM films with Au paste painted 

on top of the film. The interfacial areas with Au on top are unchanged while current 

supporting areas are found to be greatly enriched with La2Zr2O7.  

The understanding the electrochemical properties of LSM has widely been based on the 

work of M. Kleitz and co-workers who attempted to provide an overview of LSM properties 

by steady-state I-V characteristic measurements at 9600C in air [17]. They observed 

difficulties in reaching a steady state from -150mV to -200mV that can be explained by the 

results of the present study, which indicate that the I-V characteristic measured by M. Kleitz is 

not that of LSM but that of a poorly defined mixture of solid state chemical reaction products 

and LSM and a continuous changing morphology of the interface. At cathodic overpotentials 
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higher than -200mV they observed an exponential like increase in current that was interpreted 

as the onset of mixed ionic and electronic conductivity. The present results on Au point 

electrodes along with results on LSM electrodes question this interpretation by strongly 

indicating that other processes take place which might be the main reason for the exponential 

like increase in current from cathodic polarization of approximately -200mV and higher.                              

 

6. Conclusions 

Strong indications of current induced YSZ morphology activating changes from 

measurements on Au electrodes together with LSM electrode measurements have been 

presented. In the case of LSM electrodes it was shown that current significantly enhances the 

formation of unwanted insulating La2Zr2O7 even though LSM with excess manganese was 

used. The fact that the formation of La2Zr2O7 is enhanced by the current density may be of key 

importance for the SOFC long term stability/efficiency. 
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Figure captions: 

Figure 1: Sketch of experimental setup of the different electrodes. 

 

Figure 2: A: Representative linear potential sweeps of fresh Au point electrodes followed by 

step polarization. B: Representative image after experiments and removal of Au electrodes of 

the YSZ changes along the Au electrode perimeter.  

 

Figure 3: A:  Representative linear potential sweeps of fresh LSM point electrodes on YSZ. 

Initially sweeps with a sweep rate from 100mV/s to 10µV/s were conducted in the potential 

window from -150mV to 50mV followed by similar sweeps in the potential window from -

250mV to 50mV. B: Representative image after experiments and removal of LSM electrode 

of the LSM/YSZ contact area. C: EDS on selected points and lanthanum EDS mapping. 

 

Figure 4: A:  Representative linear potential sweeps of fresh LSM films as electrodes on YSZ. 

Initially sweeps with a sweep rate from 100mV/s to 10µV/s were conducted in the potential 

window from -150mV to 50mV followed by similar sweeps in the potential window from -

250mV to 50mV. B: Image of LSM film after experiments with the electronic connecting Au 

electrode ripped off. C: Representative image after experiments and removal of reference and 

polarized LSM films of the LSM/YSZ contact areas.  
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Figure 1: Sketch of experimental setup of the different electrodes.

Figure 2: A: Representative linear potential sweeps of fresh Au point elec-
trodes followed by step polarization. B: Representative image after experi-
ments and removal of Au electrodes of the YSZ changes along the Au elec-
trode perimeter.
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Figure 3: A: Representative linear potential sweeps of fresh LSM point electrodes on
YSZ. Initially sweeps with a sweep rate from 100mV/s to 10 V/s were conducted in the
potential window from -150mV to 50mV followed by similar sweeps in the potential win-
dow from -250mV to 50mV. B: Representative image after experiments and removal of
LSM electrode of the LSM/YSZ contact area. C: EDS on selected points and lanthanum
EDS mapping.
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Figure 4: A: Representative linear potential sweeps of fresh LSM films as electrodes
on YSZ. Initially sweeps with a sweep rate from 100mV/s to 10 V/s were conducted in
the potential window from -150mV to 50mV followed by similar sweeps in the potential
window from -250mV to 50mV. B: Image of LSM film after experiments with the elec-
tronic connecting Au electrode ripped off. C: Representative image after experiments
and removal of reference and polarized LSM films of the LSM/YSZ contact areas.
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8.2 Additional results with LSM and Au elec-

trodes

8.2.1 Au point-electrodes

Figure 8.1 page 116 shows the activating current progression of an Au point
electrode step polarized from 0V to -400mV along with an image of the con-
tact area after experiment and removal of Au electrode. The behavior is in

Figure 8.1: Left: Current progression of Au electrode step polarized from
0V to -400mV. Right: Overview image of the Au/YSZ contact area after
removal of the electrode by dissolution in aqua regia and cleaning in an ultra
sonic bath with water and ethanol.

accordance with the results presented in the article page 104. A clear belt of
a more rough surface morphology is seen along the perimeter of the contact
area. This illustrates how a porous structure is formed from the original
perimeter and inwards. The formed porous structure, which oxygen can dif-
fuse through, results in an increase of the reaction zone and hence increase
in current. The continuous increase in current with time upon cathodic step
polarization can, in this interpretation, be explained by the formation of the
current induced interfacial porous YSZ structure. Since the changes are cur-
rent induced the rate, of which the reaction zone increases, is expected to
slow down as the oxygen diffusion length, within the formed porous struc-
ture, increases. Further, the loss of Au electrode support, by formation of
a porous structure underneath the Au electrode, increases the YSZ and Au
electrode contact pressure. This will, at some point, lead to a creeping of
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the electrode, and thereby a collapse of the formed porosity. These feed-back
mechanisms provide a limit to the extent of which the reaction zone can in-
crease.
The observations, with the most pronounced changes along the current-

Figure 8.2: Upper left: Image of the perimeter of the Au electrode/YSZ
surface contact area. Upper right: Close up image of the perimeter showing
the induced rough surface morphology. Lower left: The interface between
the Au electrode and the YSZ surface. Lower right: Close up image of the
interface between the Au electrode and YSZ surface.

carrying perimeter, support the conclusion that it is current that is causing
the changes. Closer inspections of the rough surface morphology along the
perimeter and the interfacial morphology changes are illustrated in figure 8.2
page 117. The images of the interface shows that the ”Hill and Valley struc-
ture” is formed on selected crystallite facets. The different energy of the
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different crystallite facets is apparently sufficient to cause variations in the
”Hill and valley structure” formation.
Point EDS at the perimeter and the interface is unsuccessful in detecting any
presence of impurities.
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8.2.2 LSM point electrodes

Using fragments of dense sintered LSM as electrodes generally provide uncon-
trollable sized contact areas with ill defined interfacial morphology. In some
cases a very small contact area is achieved. The impedance spectrum of such
a case is shown to the left in figure 8.3 page 119. The impedance response is

Figure 8.3: Left: The impedance spectrum of a LSM electrode, with a small
contact area, at OCV immediately after heated to 10000C. Right: The
impedance spectrum of a LSM electrode after substantial series of conducted
linear potential sweeps.

fairly well behaved and can almost be described with a slightly suppressed
semicircle. The α value of 0.897 is the same as that, typically observed for
impedance spectra of Pt microelectrodes, when using electrochemical etched
Pt wires as electrodes. However, deviation from the suppressed semicircle is
observed in the high frequency part of the impedance spectrum. The devi-
ation has been reported many times in the literature [28, 67, 68] and it is
interpreted as an interfacial reaction resistance at the LSM/YSZ interface.
This interpretation relies merely on the fact that an interfacial charge trans-
fer reaction resistance is expected to be observed at the high frequency part
of the impedance spectrum. There is however, a good resemblance between
the simulated impedance spectrum presented in section 5.5 page 41 and the
left LSM impedance spectrum in figure 8.3 page 119. In this interpretation
the deviation at high frequencies is due to LSM being only a moderately
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good electronic conductor, compared to metals such as Pt and Au. The high
frequency impedance response of LSM electrodes is further discussed in the
LSM film section page 122.
The typical impedance response of a LSM electrode at OCV, after differ-
ent performed linear potential sweeps, is presented to the right in figure 8.3
page 119. The impedance response can be described as a considerable sup-
pressed semicircle with α = 0.698. Nonetheless, deviation can be observed,
and in many cases a single suppressed semicircle is insufficient in describing
the impedance response at OCV of LSM electrodes with a polarization his-
tory. This is not surprising, when inspecting the LSM/YSZ interface after
cathodic polarization experiments. This reveals images as those presented in
figure 8.4 page 120. The interfaces are heavily altered with formation of a

Figure 8.4: LSM/YSZ contact areas after various polarization experiments.

La2Zr2O7 phase and induced porosity by the formation of the ”Hill and val-
ley structure”. The interface is a poor defined mixture of different materials
and a rough interfacial morphology, which depends on the polarization and
thermal history. The dynamic nature of the LSM/YSZ interface is clearly
illustrated by consecutive linear potential sweeps. Figure 8.5 page 121 shows
selected linear potential sweeps in a comprehensive series of sweeps. From
the sweeps to the left of the figure, the presence of a inductive and a capaci-
tive loop is clearly observable. This is interpreted with the ”Hill and Valley
structure” formation process being dominating in the potential range from 0
to -100mV, while the formation of La2Zr2O7 is dominating in the potential
range from -100mV to -300mV. At a sweep rate of 100µV/s, pronounced
current fluctuations are observed in the potential range with capacitive hys-
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teresis, indicating that competitive processes are taking place. By continu-
ously conducting sweeps and changing the atmosphere it is possible to play
around with the interplay between the two processes and thereby to force
the interface into different states. This gives rise to different responses in
linear potential sweeps as illustrated by the sweep to the right of figure 8.5
page 121.

Figure 8.5: Linear potential sweeps of an old LSM electrode with a long
linear potential sweep history in the potential window -300mV to 100mV.
Left: Early sweeps in the electrode sweep history. Right: Late 100µV/s
sweep in the electrode sweep history.
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8.2.3 LSM films as electrodes

In order to gain further knowledge about the role of bulk oxygen transport
versus the TPB, more and more researchers have focused their attention on
electrochemical measurements on dense ceramic films. However, the elec-
tronic conducting properties of ceramics can lead to significant lateral ohmic
resistance of the prepared films. The influence and significance of lateral
ohmic resistance in electrochemical measurements has generally not been
clarified. The lateral ohmic resistance Rfilm is therefore calculated for the,
in this thesis, relevant LSM and Pt films as function of thickness L, using
the following derived formula in appendix A:

Rfilm =
ln(1 + a

R
)

2πκL
(8.1)

κ is the conductivity, a is the radius of the film and R is the radius of the
contacting electrode at the center of the film. The results are shown in fig-
ure 8.6 page 122. These calculations show, that significant lateral resistance

Figure 8.6: Lateral resistance of LSM and Pt films as function of thickness
L. The used values for a and R are 1mm and 1µm respectively. The used
conductivities κ for LSM and Pt at 10000C are according to [62] 12850S/m
and 2.13 ∗ 106S/m respectively.

are expected for the LSM films, while this is not the case for Pt films. A typ-
ical impedance spectrum of LSM films, immediately after reaching 10000C
at OCV, is shown to the left in figure 8.7 page 123. The right image of the
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figure shows an impedance spectrum of a LSM film with similar prehistory
and conditions, but with painted Au paste on top. In both cases high and

Figure 8.7: Left: The impedance spectrum of a LSM film at 10000C at OCV
fitted with the equivalent circuit R1(R2Q2)(R3Q3). The fitted parameters
are R1 = 42.30, R2 = 36.49, Q2 = 7.860 ∗ 10−4, α2 = 0.386 R3 = 228.9,
Q3 = 6.016 ∗ 10−4, α2 = 0.863. Right: The impedance spectrum of a
LSM film with painted Au paste on top at 10000C at OCV fitted with the
equivalent circuit R1(R2Q2)(R3Q3). The fitted parameters are R1 = 13.12,
R2 = 23.08, Q2 = 1.054 ∗ 10−3, α2 = 0.467 R3 = 127.1, Q3 = 7.887 ∗ 10−4,
α2 = 0.883.

low frequency semicircles are observed. The responses can be well described
with a serial connection of an electrolyte resistance R1 and two times CPE’s
each in parallel with a resistor, R1(R2Q2)(R3Q3) in Boukamp notation. The
high frequency semicircle is in many cases very difficult to resolve for LSM
point electrodes, but is clearly resolved for the LSM films. By comparing
the two impedance spectra, it is seen that painting Au paste on top of the
film reduces both the resistance of the low and high frequency semicircle and
thus the freq. → 0 resistance. This clearly shows, as predicted, the pres-
ence of significant lateral resistance of the films. The electrolyte resistance
of the films can be calculated using the Finite-Element-Method (FEM) soft-
ware Comsol. The LSM film geometry was chosen, with a large electrolyte
film compared to the 2mm in diameter electrode. The thickness of the elec-
trolyte film was 1mm. The conductivity of YSZ at 10000C can be found in



8.2. ADDITIONAL RESULTS WITH LSM AND AU ELECTRODES 124

the literature to be ranging from 100 to 200mS/cm [63, 64, 65, 66]. Setting
the electrode to 1V, the ground to 0V, solving laplace’s equation and doing
a current boundary integration of the ground results in resistances between
7−15Ω. From this it can be concluded, that for the LSM film with Au paste
on top, the lateral resistance is reduced to an extent so that the extrapo-
lation freq. → ∞ determined R1 value corresponds to the situation where
the potential throughout the electrode is constant. This is not the case for
the LSM film without Au paste. In principle the double layer capacitance
should yield the Newman situation, with the whole LSM/YSZ interface at
constant potential, for the frequency → ∞. Since the Newman situation is
not reached in the impedance spectrum of the LSM film without Au paste
on top, further impedance spectrum features might be present at even higher
frequencies, which in practise are inaccessible. The high frequency semicir-
cles are exceptionally suppressed. The cause to this remains unknown and
only speculations can be made. A charge transfer resistance at the LSM/YSZ
interface can in principle explain the existence of the high frequency semi-
circle, but so can the lateral ohmic resistance of the LSM film as shown in
section 5.6 page 45.

8.2.4 Interfacial changes of polarized LSM films

Figure 8.8 page 125 shows images of the infacial changes of a LSM film, with
painted Au paste on top, after experiment and removal of LSM by dissolution
in aqua regia. The experiments were the exact same, with similar results,
as those of the article presented in figure 3 page 114 and figure 4 page 115.
From the images it is possible to observe areas with formation of La2Zr2O7

and areas with formation of the ”Hill and valley structure”. The La, Zr, Y
EDS mapping images of the figure show that the areas with ”Hill and valley
structure” do not contain lathanum and hence La2Zr2O7. The images show
that the formation of a ”Hill and Valley structure” is not unique for anode
Ni electrodes or cathode Au electrodes, but it also takes place at interfaces
of real SOFC LSM cathodes and YSZ.
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Figure 8.8: Images of cathodic polarized LSM film with painted Au paste on
top. The images illustrate that two parallel processes are taking place: the
formation of the (1) ”Hill and valley structure” along with the formation of
(2) the insulating La2Zr2O7 phase. The lower row of the figure shows La, Zr
and Y EDS mapping.
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Chapter 9

Discussion and conclusion

9.1 Effects of potential distribution

The finite element calculations, presented in section 5.3 page 39, deal with the
frequency dependent electrolyte resistance for pure electronically conduct-
ing point- and microelectrodes. The change in electrolyte resistance during
impedance spectrum recording results in an error in the estimated reaction
resistance Rreaction determined as Rreaction = Z(freq.→ 0)−Z(freq.→∞).
The results show that the error for relevant point- and microelectrodes is of
the same magnitude as the electrolyte resistance of the experiment. Depend-
ing on the catalytic properties, of the electrode the error in Rreaction might
be of significance, but for most point- and microelectrodes it is neglectable.

In section 5.4 page 41, it is shown that the two different potential distri-
butions at high and low frequency interact with each other at the transition
frequencies between the two potential distributions. The interaction resulted
in a distortion of the impedance spectrum. The distortion was shown to
be due to a continuous change in parameters, such as the electrolyte resis-
tance and the capacitance, as function of frequency. It is difficult to assess
whether these effects are significant in real measurement of point- and micro-
electrodes. The electronic conductivity of LSM is a factor 1000 lower than
for Pt. This might cause a bending of the equipotential lines in LSM near
the TPB, which can result in a distortion of LSM impedance spectra similar
to the simulated spectrum in figure 5.5 page 41. A distortion can in many
cases be observed for LSM as shown in figure 8.3 page 119, but it is very
difficult to assess whether the distortion is due to interaction between dif-
ferent potential distributions or if it is due to an interfacial charge transfer
resistance, as suggested in the literature.



9.2. ELECTRODE MATERIAL MIGRATION OF NOBLE METAL
SOFC MODEL CATHODES 127

The modelling of lateral ohmic resistance in films presented in section 5.6
page 45 provides two sources for current conduction. At high frequencies,
it is the permittivity of the model electrode that conducts current, which
results in a constant potential throughout the electrode. At low frequen-
cies, it is the electrostatic conductivity of the model electrode that conducts
current, and a potential gradient in the lateral direction of the film exist.
The shift between the two different potential distributions of the two current
sources results in an extensive interaction between the potential distributions
at medium frequencies. At high frequencies, the removal of the lateral ohmic
resistance can be observed. The modelling of the double layer capacity as a
thin slice with isotropic permittivity is, however, questionable. The double
layer capacity can in principle show lateral conduction to a certain degree.
However, the extent to which this is possible is unclear. The response from
lateral conduction of the double layer capacity might be at very high fre-
quencies, which are not experimentally accessible. The existence of a high
frequency very suppressed semicircle is clearly observed for LSM films with
lateral resistance as shown in section 8.2.3 page 122. Whether this is due
to the lateral ohmic resistance of the films or an interfacial charge transfer
resistance as in the case of LSM point electrodes, is an open question.

9.2 Electrode material migration of noble metal

SOFC model cathodes

The well known strong activating behavior of Pt upon medium to high ca-
thodic polarizations was clearly identified in section 6 page 49 primarily to
be caused by an extension of the electrode by Pt electrode material migra-
tion. The outgrowth of Pt, during cathodic polarization from the original
electrode, was shown in some cases to happen in a dentritic manner. In
such cases, characteristic saw-tooth like current fluctuations, were observed.
The current fluctuations were identified with impedance spectroscopy to be
synchronous with fluctuations in the electrolyte resistance and hence the elec-
trode area. This lead to the conclusion that the current fluctuations were
a consequence of cut off of dentritic shaped outgrown Pt by surface tension
forces.
Section 7 page 76 showed that the electrode material migration is not unique
for Pt. It is also observed for the noble metals Ag and Pd. However, Au
do not show any electrode material migration. All the electrodes with elec-
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trode material migration show inductive hysteresis in the cathodic region of
linear potential sweeps and an activating current progression upon cathodic
step polarization from OCV. Ag electrodes show activation on a comparable
timescale as to Pt electrodes, but without any current fluctuations. To-
gether with the post mortem analysis, it can be concluded that the dentritic
outgrown Ag from the original electrode is not as easily cut off by surface
tension forces as in the case of Pt. Pd, on the other hand, show a very
fast activation on the timescale of seconds that show fast and very extensive
current fluctuations. The Pd current fluctuations are different than the fluc-
tuations for Pt electrodes in the sense that a continues decrease in current
is observed followed by an abrupt increase. The exact opposite is observed
for Pt electrodes. Post mortem analysis of Pd electrodes shows an overall
dentritic outgrowth of Pd from the original Pd electrode. But the outgrown
Pd consist of an ocean of small 10-100nm sized Pd particles which indicate
that surface tension forces have an important role.

The transport of electrode material can generally happen by two transport
mechanisms. It can either be a surface transport mechanism or it can be a gas
phase transport mechanism where a volatile Pt, Ag or Pd specie is reduced
at the cathodic polarized TPB. Calculated partial pressures of the relevant
metal oxides are presented in figure 7.1 page 91. The partial pressures of Pt
and Ag oxides are comparable, while the partial pressure of Pd and Au oxide
is a factor 10000 lower. In an attempt to clarify whether it is possible to trap
Pt from the gas phase at the TPB of a LSM film, the experiment on page 84
was constructed. In this experiment, a reservoir of Pt was deposited approxi-
mately 100µm from a cathodic polarized LSM TPB. The presence of Pt along
the LSM TPB after the experiment was clearly identified by point EDS and
EDS element mapping. In order to get a better feeling regarding the evapo-
ration of noble metals, the temperature treatment experiments of migrated
Pt, Ag and Pd presented on page 83 were performed. The experiments show
that Pt and Ag evaporates on the same timescale as the cathodic polarized
electrodes activate. Pd is also in this respect different than the Pt and Ag
electrodes. The evaporation of Pd happens on a many orders of magnitude
longer timescale (> 105) than the cathodic polarized Pd electrodes activate.
The experiments mentioned above suggest that the migration of Pt and Ag
is transported through the gas phase as metal oxides which are reduced at
the cathodic polarized TPB. Pd migration is distinctively different than the
migration Pt and Ag. The combination of a very low Pd evaporation and a
fast Pd electrode activation means, that a gas phase transport mechanism of
Pd can be ruled out. This leaves an unknown surface transport mechanism
of Pd as the only explanation.
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9.3 SOFC cathode reaction kinetics of Pt

The development of a hotstage setup made it possible to conduct measure-
ments on an array of 300-400nm thick Pt microelectrodes with a varying
size from 20µm to 250µm in diameter. The measurements were conducted
before the Pt microelectrodes became leaky due to an inevitable breakup
into smaller islands. As the electrode size decreased the presence of two
semicircles became evident in the impedance spectra of the electrodes at
OCV. This reveals the presence of two processes with different characteristic
time constants. The determined reaction resistance Rreaction was found to
be inverse proportional to the electrode area for the largest microelectrodes,
while Rreaction was close to being inverse proportional to the perimeter for the
smallest microelectrodes. This suggest, that bulk oxygen transport is able to
take place for Pt. Similar behavior has been reported for Ag, which shows
that Ag and Pt are more alike than previously assumed in the literature.

9.4 Non-stationary TPB effects of Au and

LSM point-electrodes

In section 8 page 100, results were presented on heavily cathodic polarized
Au point-electrodes, medium cathodic polarized LSM point-electrodes and
LSM films.
The heavily polarized Au point-electrodes show activation which is revealed
by post mortem analysis to be caused by morphological changes at and near
the TPB. These morphological changes form a porous structure which ex-
tends the TPB length and hence results in an activation of the Au point-
electrodes. It is further shown, that the YSZ surface at the Au/YSZ inter-
face forms the well known ”hill and valley structure” reported for the anode
Ni model point-electrodes. The morphological changes are most pronounced
along the current-carrying TPB, which indicates that current causes or ac-
celerates the morphological changes.
Post mortem analysis of LSM point-electrodes and LSM film experiments
show that two processes are taking place for LSM electrodes. In the case
of Au point-electrodes, morphological changes are taking place at and near
the LSM/YSZ interface. The formation of the ”hill and valley structure”
can be observed. This shows that it is not a unique occurring phenomena
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for metal electrodes, but that it also applies to real SOFC cathode materi-
als. But besides this, the formation of the insulating La2Zr2O7 phase can
also be observed. This is even the case though LSM with 5 percent excess
manganese was used, which is believed to considerably reduce the formation
of La2Zr2O7. Both processes seem to follow the current-carrying perimeter
of the electrodes. This indicate that the current has a roll in the observed
changes. The morphological change causes an activation of the LSM elec-
trodes, while the formation of La2Zr2O7 causes a deactivation. The two
processes have different dependencies with respect to the current density.
This can be observed in linear potential sweeps as two hysteresis loops. One
of the loops is inductive, while the other is capacitive.



131

Appendix A

Lateral resistance of films
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Figure A.1: Top view and cross section of the considered situation.

Top view and cross section of the situation, treated in the following, is
sketched in figure A.1 page 131. The situation consist of a circular film with
radius (R+a), thickness L, conductivity κ. The film is contacted with a in-
finitely good circular conductor with radius R at the center of the film. The
lateral ohmic resistance of the film can be calculated in the following way:

Since cylinder geometry exists and conservation of charge must be obeyed
we have the following relation for the current density i:

i(R)2πR = i(r)2πr (A.1)

⇓
i(r) = i(R)

R

r
(A.2)
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The relationship between the current density i and the driving force, which
is gradient in potential, is:

i = −κ∇ϕ (A.3)

⇓
dϕ

dr
= −i(r)

κ
= −i(R)

R

κr
(A.4)

⇓

ϕelectrode − ϕR+a = −i(R)R

κ

∫ R+a

R

1

r
dr =

i(R)R

κ
ln(1 +

a

R
) (A.5)

The resistance can now be calculated as the potential drop divided by the
total current I:

Rfilm =
∆ϕ

I
=
ϕelectrode − ϕR+a

2πRi(R)L
=
ln(1 + a

R
)

2πκL
(A.6)
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Appendix B

Fitted hotstage data

The results of fitting the hotstage data with the two equivalent circuits
R1(R2Q2)(R3C3) and R1(R2Q2(R3C3)) are given on the following two pages
in table B.1 and table B.2.
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Table B.1: Fitted parameters with the equivalent circuit R1(R2Q2)(R3C3)
Diameter /µm R1 /Ω R2 /Ω Q2 α CW R2 /Ω C3 /F
20 1244 1.19E+06 4.49E-09 0.88 2.16E-09 3.49E+06 2.53E-08
20 1660 9.53E+05 4.93E-09 0.88 2.43E-09 9.75E+05 5.02E-08
20 986 1.28E+06 3.73E-09 0.88 1.76E-09 4.60E+06 2.13E-08
Average 1297 1.14E+06 4.39E-09 0.88 2.11E-09 3.02E+06 3.22E-08
30 1719 4.77E+05 7.80E-09 0.88 3.69E-09 1.89E+05 1.65E-07
30 1915 8.99E+05 6.46E-09 0.90 3.53E-09 1.62E+06 3.43E-08
30 1674 8.85E+05 6.85E-09 0.88 3.42E-09 1.13E+06 4.56E-08
30 1698 6.52E+05 6.43E-09 0.90 3.46E-09 4.34E+05 9.02E-08
30 1736 7.82E+05 6.10E-09 0.89 3.14E-09 7.89E+05 5.42E-08
30 1787 8.37E+05 6.27E-09 0.89 3.27E-09 9.05E+05 5.55E-08
30 1739 9.45E+05 6.57E-09 0.88 3.35E-09 1.31E+06 4.41E-08
30 1519 9.33E+05 6.37E-09 0.88 3.2E-09 1.40E+06 3.93E-08
Average 1723 8.01E+05 6.60E-09 0.89 3.40E-09 9.73E+05 6.61E-08
60 1400 4.80E+05 2.56E-08 0.84 1.12E-08 2.51E+05 1.48E-07
60 1647 4.98E+05 1.97E-08 0.88 1.07E-08 2.72E+05 1.47E-07
60 1261 5.24E+05 2.57E-08 0.85 1.22E-08 6.28E+05 7.72E-08
60 1576 5.47E+05 1.89E-08 0.89 1.08E-08 3.41E+05 1.22E-07
60 1578 5.76E+05 1.83E-08 0.89 1.07E-08 4.90E+05 8.88E-08
Average 1492 5.25E+05 2.16E-08 0.87 1.12E-08 3.97E+05 1.17E-07
100 1060 3.90E+05 1.33E-07 0.81 6.71E-08 4.99E+04 2.30E-07
100 1034 4.18E+05 9.62E-08 0.84 5.15E-08 8.54E+04 7.89E-08
100 498 2.90E+05 1.16E-07 0.79 4.65E-08 5.16E+02 2.57E-09
100 1106 4.42E+05 1.06E-07 0.83 5.73E-08 1.56E+04 5.17E-07
Average 925 3.85E+05 1.13E-07 0.82 5.60E-08 3.79E+04 2.07E-07
150 554 1.43E+05 3.10E-07 0.77 1.24E-07 2.17E+02 1.60E-08
150 836 2.04E+05 2.94E-07 0.81 1.54E-07 1.07E+04 6.40E-08
Average 695 1.73E+05 3.02E-07 0.79 1.40E-07 5.45E+03 4.00E-08
200 638 1.10E+05 4.83E-07 0.82 2.55E-07 3.98E+03 1.27E-07
200 620 1.06E+05 5.03E-07 0.81 2.54E-07 3.30E+03 1.37E-07
Average 629 1.08E+05 4.93E-07 0.82 2.54E-07 3.64E+03 1.32E-07
250 449 5.92E+04 1.08E-06 0.75 4.34E-07 8.14E+02 3.15E-07
250 460 5.70E+04 1.02E-06 0.76 4.24E-07 9.38E+02 2.76E-07
Average 455 5.81E+04 1.05E-06 0.76 4.29E-07 8.76E+02 2.95E-07
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Table B.2: Fitted parameters with the equivalent circuit R1(R2Q2(R3C3))
Diameter /µm R1 /Ω R2 /Ω Q2 α CW R2 /Ω C3 /F
20 1061 4.72E+06 4.42E-09 0.87 2.50E-09 2.11E+06 1.09E-08
20 795 5.93E+06 3.68E-09 0.87 2.09E-09 2.11E+06 1.03E-08
20 1621 1.93E+06 4.79E-09 0.88 2.58E-09 2.35E+06 1.01E-08
Average 1159 4.19E+06 4.29E-09 0.88 2.42E-09 2.19E+06 1.04E-08
30 1703 6.67E+05 7.71E-09 0.88 3.79E-09 2.02E+06 1.06E-08
30 1862 2.53E+06 5.98E-09 0.90 3.67E-09 1.99E+06 1.01E-08
30 1617 2.03E+06 6.54E-09 0.88 3.62E-09 2.14E+06 1.04E-08
30 1670 1.09E+06 6.29E-09 0.90 3.56E-09 2.04E+06 1.13E-08
30 1683 1.58E+06 5.91E-09 0.89 3.29E-09 2.04E+06 1.03E-08
30 1730 1.75E+06 6.08E-09 0.89 3.44E-09 2.10E+06 1.14E-08
30 1654 2.26E+06 6.35E-09 0.88 3.57E-09 2.21E+06 1.08E-08
30 1451 2.34E+06 6.07E-09 0.88 3.41E-09 2.13E+06 1.03E-08
Average 1671 1.78E+06 6.37E-09 0.89 3.59E-09 2.08E+06 1.07E-08
60 1407 7.36E+05 2.37E-08 0.85 1.13E-08 2.27E+06 8.99E-09
60 1637 7.73E+05 1.84E-08 0.89 1.06E-08 2.25E+06 1.05E-08
60 1247 1.16E+06 2.21E-08 0.86 1.22E-08 1.79E+06 1.09E-08
60 1564 8.91E+05 1.74E-08 0.89 1.06E-08 2.38E+06 9.95E-09
60 1561 1.07E+06 1.64E-08 0.90 1.03E-08 2.23E+06 1.01E-08
Average 1483 9.27E+05 1.96E-08 0.88 1.11E-08 2.18E+06 1.01E-08
100 1058 4.99E+05 5.00E-08 0.88 3.05E-08 3.47E+06 8.46E-09
100 742 4.41E+05 1.00E-07 0.77 4.00E-08 3.77E+03 1.07E-08
100 990 2.88E+05 1.01E-07 0.80 4.25E-08 1.48E+06 4.49E-09
100 1110 4.56E+05 9.25E-08 0.84 5.12E-08 9.48E+06 2.66E-09
Average 975 4.21E+05 8.59E-08 0.83 4.25E-08 3.61E+06 6.58E-09
150 705 1.41E+05 2.52E-07 0.79 1.05E-07 2.65E+05 1.71E-08
150 662 2.13E+05 2.11E-07 0.77 8.53E-08 1.45E+05 4.22E-08
Average 684 1.77E+05 2.32E-07 0.78 9.53E-08 2.05E+05 2.97E-08
200 564 1.14E+05 3.79E-07 0.78 1.59E-07 6.83E+04 6.24E-08
200 546 1.09E+05 4.13E-07 0.77 1.67E-07 6.84E+04 5.49E-08
Average 555 1.12E+05 3.96E-07 0.78 1.63E-07 6.84E+04 5.86E-08
250 425 5.99E+04 9.85E-07 0.73 3.49E-07 7.42E+04 5.30E-08
250 435 5.78E+04 9.07E-07 0.74 3.28E-07 6.06E+04 6.19E-08
Average 430 5.89E+04 9.46E-07 0.74 3.39E-07 6.74E+04 5.74E-08
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Appendix C

Calculated hotstage
temperature

Heat transfer from the YSZ slice, with microelectrodes, exposed to the sur-
roundings is mainly caused by radiation. The radiation from a blackbody as
heat flux per unit surface area qradiation is described by Stefan-Boltzmann’s
law:

qradiation = εσT 4 (C.1)

The heat from the YSZ side with counter electrode and temperature Tcounter
to the YSZ side exposed to the surroundings with temperature Tsurf is mainly
transported by thermal conduction of the YSZ and obeys the following equa-
tion:

qconduction = K
(Tcounter − Tsur)

∆x
(C.2)

At thermal equilibrium the following relation must be obeyed:

qconduction = qradiation(Tsurf )− qradiation(T = 298K) (C.3)

Setting Tcounter = 1173K, ∆x = 1 ∗ 10−3m and using the typical YSZ prop-
erty values stated below [62]:

Symbol Explanation Value
ε Emittance of YSZ 0.8 (typical value for ceramics)
σ Stefan-Boltzmann constant 5.5704 · 10−8 W

m2K4

K Thermal conductivity of YSZ 2 W
Km

yield a Tsurf = 1124K and hence the temperature difference across the YSZ
slice ∆T = 490C, when using maple to solve equation C.3 numerical.
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