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Abstract

The perovskite-type oxide La0.6Sr0.4FeO3–δ (LSF) is a mixed ionic and electronic conductor.
Its high ionic and electronic conductivity, acceptable catalytic activity for the oxygen exchange
reaction along with its chemical stability over a wide range of oxygen partial pressures make it
an attractive electrode material for solid oxide fuel cells and solid oxide electrolysis cells. In this
study electrochemical impedance spectroscopy was used to characterize well defined thin film
LSF electrodes in different atmospheres and at varying bias voltages. This allowed to study the
effects of chemical potential of oxygen in the atmosphere and electrical potential of the electrode
on charge carrier concentrations (defect chemistry) and oxygen exchange kinetics.
It could be shown, that the chemical capacitance (as a measure of the charge carrier concen-

tration in thematerial) solely depends on the potential of oxygenwithin the electrode, indepen-
dent of its origin (either by atmospheric oxygen partial pressure or applied electrode potential).
Comparison with calculations based on defect chemical bulk data exhibited qualitative agree-
ment between calculated andmeasured chemical capacitance over awide range of oxygen partial
pressure. However, the chemical capacitance of the thin films was shown to be lower than ex-
pected from bulk data.
Impedance spectroscopy on samples with three electrode geometry in different oxidizing at-

mospheres revealed different impacts of atmosphere and polarization on oxygen incorporation
and oxygen release reaction. While the oxygen incorporation reaction exhibits strong depen-
dance on the atmosphere at equal electrode potential, the oxygen release reaction was shown to
be less dependent on the atmosphere but strongly affected by the chemical potential of oxygen
within the electrode.
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1 Introduction

With the ever growing demands on electrical energy, various challenges have to be overcome.
Decentralized, adaptable energy production systems have to be established. Furthermore, re-
duced CO2 and particulates emission is strongly emphasized. Solid oxide fuel cells (SOFCs)
offer several advantages over conventional production of electrical energy, and therefore show
great potential for meeting these challenges.
In SOFCs, the chemical energy bound in fuel and oxidizer is directly transformed into electri-

cal energy, contrary to the conventional approach over thermal and mechanical energy. SOFCs
offer high energy conversion efficiency with experimentally realized values as high as 60 %. Fuel
flexibility as well as scalability make SOFCs a very adaptable versatile solution for a broad range
of applications, such as auxiliary power units and combined power and heating systems. [1]
When operated in the reverse direction, SOFCs can be used for electrolytic splitting of wa-

ter into oxygen and hydrogen. In this mode they are referred to as solid oxide electrolysis cells,
SOEC. A combination of SOECs and SOFCs offers great potential as load balancing system,
since excess energy from the power grid can be transformed into much easier storable fuel, and
reconverted to electrical energy when needed. With the current trend towards renewable en-
ergy sources, the availability of high performance load balancing systems is of vital importance,
as many renewable energy sources like solar power or wind power provide fluctuating power
output. [2]
However, for SOFCs to be competitive in the energymarket major obstacles have to be over-

come. Long term stability of the electrodes is still a problem, in part due to high operation tem-
peratures. Furthermore, special materials are needed for high temperature sealing and current
collection, which leads to economic obstacles. The development of high performance electrode
materials for lower temperatures is therefore a main goal. [1] [3] [2] [4]
State of the art anodes are currentlymade ofNi/YSZ (yttria stabilized zirconia) cermet. How-

ever, these electrodes are prone to sulfur poisoning, which is a major drawback if biogas or
diesel is considered as fuel. Finding alternative anode materials would therefore be desirable.
Perovskite type oxides offer an alternative to Ni/YSZ cermets. As they are often mixed ionic
and electronic conductors (MIECs) greater parts of the surface area are active towards oxygen
exchange reaction, compared with the Ni/YSZ where oxygen exchange only takes place at the
triple phase boundary. However, the reducing conditions at the anode side can proof challeng-
ing in view of thermochemical stability of these oxides. [5] [6] [7]
Perovskite type oxides are already employed as cathode materials in oxidizing conditions,

most SOFCs use (La,Sr)MnO3 as cathode material. However, because of its limited electro-
chemical performance, other perovskite materials like (La,Sr)CoO3, (La,Sr)(Cr,Mn)O3 and
(Sr,La)(Ti,Fe)O3 are investigated in search for high performance SOFC cathodematerials. Long
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term stability and resistance to poisoning effects are still major obstacles. A better understand-
ing of the electrochemical processes involved in the oxygen exchange reaction could help in over-
coming these issues. [8] [9] [10] [11] [12] [13] [14] [15]
A promising member of the perovskite class of mixed conducting oxides is La0.6Sr0.4FeO3–δ

(LSF). Due to its stability over a wide range of oxygen partial pressures LSF is both a promising
anode and cathode material for SOFCs and SOECs. Furthermore, LSF offers good compatibil-
ity with YSZ and gadolinium doped ceria (GDC) in terms of thermal expansion [16] [17], and
reactions between electrolyte and electrode material (at temperatures beneath 900 ◦C in case of
a YSZ substrate [18]). Various studies on electronic and ionic charge transport [19] [20] [21]
[22] [23] [24], oxygen exchange and diffusion coefficients [25] [26] [27] [28] and on the defect
chemistry [17] [29] [19] have been done at different oxygen partial pressures.
To gain better understanding of the fundamental processes governing the oxygen exchange,

it is helpful to investigate oxygen evolution and oxygen incorporation independently which is
possible by electrochemical impedance spectroscopy under polarization. Furthermore, a varia-
tion of the defect chemical state of the electrode independent of oxygen partial pressure could
also improve knowledge on parameters and processes governing the oxygen exchange. Such a
variation of defect concentrations in a fixed gas atmosphere is again possible by applying a bias
voltage. For example, Kawada et.al. showed that the defect chemical state of (La,Sr)CoO3–δ can
be tuned independent of the oxygen partial pressure. [30]
In this study, impedance spectroscopywas applied to investigate polarized LSF thin film elec-

trodes. The main goal was to evaluate the possibility of decoupling the effects of voltage and
external atmosphere on the defect concentrations and on the electrochemical processes at the
surface. The influence of bias polarization under different atmospheres on the defect chemistry
and oxygen exchange kinetics of LSF was therefore investigated in detail. Thus, the similarities
but also the differences of oxygen partial pressure changes and bias changes could be elucidated.
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2 Theoretical background

2.1 Crystal structure and defect chemistry in LSF
La0.6Sr0.4FeO3–δ crystallizes in the perovskite structure, depicted in figure 2.1. The general for-
mula of perovskites isABO3, whereA is a larger cation thanB,with a combined valence of+6. In
LSF the B site is occupied by Fe3+ and the A site is occupied by La3+ and Sr2+. LSF can therefore
be seen as solid solution of SrFeO3 in LaFeO3. The substitution of La3+ by Sr2+ causes a shortage
of positive charge, which in Kröger Vink notation can be expressed as a negative charge relative
to the pure LaFeO3 structure, Sr′La.

(a) A-centered (b) B-centered

Figure 2.1: Idealized cubic perovskite structure of LSF, A-centered and B-centered view.

Both, strontium and lanthanum have a fixed valence. Iron on the other hand can adopt dif-
ferent valence states, therefore the relative negative charge can be electronically compensated by
introduction of electron holes (FeFe) localized at or close to the iron ion which is equivalent to
an oxidation of the iron ion to a nominal oxidation state of Fe4+, see equation 2.1. Similarly
Fe2+ is interpreted as an electron (Fe′Fe). [17] [21] Electron holes and electrons are coupled by the
equilibrium described in equation 2.2.

Sr′La FeFe (2.1)

2 Fe×Fe Fe′Fe + FeFe (2.2)

3



2.2 Defect chemical calculations

Additionally, ionic compensation takes place via the introduction of oxygen vacancies, see
equation 2.3.

Sr′La 1/2VO (2.3)

These twomechanisms enable LSF to undergo oxygen exchange reaction, described by equa-
tion 2.4: Oxygen can be released from thematerial, thereby forming an oxygen vacancyVO and
two electron holes FeFe and vice versa.

VO + 1/2O2 + 2 Fe×Fe O×O + 2 FeFe (2.4)

From equations 2.2 and 2.4 it is evident, that the concentrations of the charge carriers (oxygen
vacancies, electron holes and electrons) depend on the oxygen partial pressure. At high oxygen
partial pressure the equilibrium is on the right hand side, thus few oxygen vacancies and many
electron holes are present, leading to low ionic and high electronic conductivity. At lower oxy-
gen partial pressures the equilibrium shifts to the left hand side, leading to more oxygen vacan-
cies and less electron holes. If the atmosphere contains hydrogen, the oxygen nonstoichiometry
is governed by different reacting species, see equation 2.5. [16] [17] [19] [21] [22] [24] [31] [32]

VO + H2O + 2 Fe′Fe O×O + 2 Fe×Fe + H2 (2.5)

2.2 Defect chemical calculations

2.2.1 Calculation of the Brouwer diagram
According to the defect model for LSF [17], there are two equilibria responsible for the concen-
tration of charge carriers. Equation 2.6 describes the mass action law for the oxygen exchange
reaction (equation 2.4).

KOx =
c(O×O) × c(FeFe)2

c(VO ) ×
√
p(O2) × c(Fe×Fe)2

(2.6)

Additionally the balance for oxygen sites (equation 2.7) has to be fulfilled, where c0(O) rep-
resents the concentration of oxygen sites in the crystal.

c(VO ) + c(O×O) = c0(O) (2.7)

The second equilibrium is the disproportion of iron, respectively the formation of electrons
and electron holes, see equations 2.2 and 2.8.

Ki =
c(FeFe) × c(FeFe)

c(Fe×Fe)2 (2.8)

Additionally, as both electrons and holes are located at the iron, the following balance, equa-
tion 2.9, has to be fulfilled, where c0(Fe) denotes for the concentration of iron sites in the lattice,
which is a third of the oxygen site concentration.
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2.2.1 Calculation of the Brouwer diagram

c(h ) + c(e′) + c(Fe3+) = c0(Fe) (2.9)

Since the material has to stay electroneutral, charge balance (equation 2.10) must be fulfilled.

c(Sr′La) + c(e′) = 2 × c(VO ) + c(h ) (2.10)

Combining equations 2.6 to 2.10 the concentrations of oxygen vacancies, electron holes
and electrons can be numerically calculated as a function of the oxygen partial pressure. Ki
and KOx can be calculated according to equations 2.11 and 2.12 using thermodynamic data
(∆HOx = −95.62 kJ mol−1, ∆SOx = −54.27 J mol−1 K−1, ∆Hi = 95.75 kJ mol−1 and ∆Si=
−21.63 J mol−1 K−1) determined by thermogravimetric measurements [17]and the concentra-
tion of oxygen sites from [25]. Figure 2.2 shows the resulting Brouwer diagram for LSF at
625 ◦C.

KOx = e
(
∆HOx
R×T −

∆SOx
R

)
(2.11)

Ki = e
(
∆Hi
R×T −

∆Si
R

)
(2.12)

Figure 2.2: Brouwer diagram for LSF at 625 ◦C, calculated from literature data [17]. The dot-
ted lines mark the two atmospheres mainly used in this work for impedance spec-
troscopy measurements.
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2.2.2 Calculation of the chemical capacitance

2.2.2 Calculation of the chemical capacitance
In MIECs two different charge carrier species are present. In LSF these are oxygen vacancies
(ionic) and, depending on the oxygen partial pressure, electrons or electron holes (electronic).
The equilibrium concentrations of these charge carriers depend on the chemical potential of
oxygen in LSF,which itself is given by oxygen partial pressure and polarization, see section 2.3.4.
Therefore, applying voltage shifts this equilibrium, thereby changing the stoichiometry of

the material. This can be seen as transfer of charge between ionic and electronic charge carri-
ers and causes a capacitive response to the applied voltage. This capacitance is referred to the
chemical capacitance. [33] [34] [35]
Assuming an ideal solution behaviorwith no interactions between individual charge carriers,

the chemical capacitance is given by equation 2.13. Based upon the concentrations of charge
carriers calculated in section 2.2.1, the chemical capacitance per volume can then be calculated as
a function of the oxygen partial pressure, see figure 2.3. From equation 2.13 it is obvious that the
concentration of theminority charge carrier species (ionic or electronic) dominates the chemical
capacitance, as shown in figure 2.3.

CChem =
e2

k × T
×

(
1

z2
ion × cion

+
1

z2
eon × ceon

)−1
(2.13)

If only electron holes are considered as electronic charge carriers, which is valid in oxidizing
atmospheres, equation 2.10 can be simplified to equation 2.14.

c(Sr′La) = 2 × c(VO ) + c(h ) (2.14)

The chemical capacitance is then given by equation 2.15.

CChem =
e2

k × T
×

(
1

2 ×
(
c
(
Sr′La

)
− c (h )

) + 1
c (h )

)−1
(2.15)

Thus, the chemical capacitance reaches a maximum if equation 2.16 is fulfilled.

c (h ) = c
(
Sr′La

)
×

(
2 −
√

2
)

(2.16)

Combining equations 2.15 and 2.16 then yields themaximumchemical capacitance, according
to equation 2.17.

CChem,max =
e2

k × T
× c

(
Sr′La

)
×

(
6 − 4 ×

√
2
)

(2.17)

Hence, as long as defects showan ideal solutionbehavior, themaximumchemical capacitance
solely depends on the dopant concentration c(Sr′La).

6



2.3 Impedance spectroscopy

Figure 2.3: Brouwer diagram and calculated chemical capacitance for LSF at 625 ◦C with char-
acteristic slopes. Chemical capacitances were calculated assuming charge carriers ex-
hibit perfect solution behavior.

2.3 Impedance spectroscopy
Impedance spectroscopy is among the most useful techniques for the characterization of elec-
trical or electrochemical systems. Advantages of impedance spectroscopy include a relatively
simple experimental setup, a broad usability and being a non destructive analysis method. One
of the major difficulties in impedance spectroscopy often is the correct interpretation of the
spectra, in order to obtain physically meaningful parameters.

2.3.1 Working principle
The basic working principle of impedance spectroscopy is the frequency dependent measure-
ment of the complex AC resistance, the impedance. For monochromatic sine shaped voltage
signals and linear systems the responding current also follows a sine wave shifted by the phase
angle φ. The impedance can then be expressed as the ratio of voltage amplitude divided by cur-
rent amplitude and a phase factor, see equation 2.18. Aphase angle of 0° represents purely ohmic
behavior, while phase angles of 90° and −90° characterize inductive and capacitive behavior.

Z (ω) =
U (ω)
I (ω)

× ei×φ(ω) (2.18)
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2.3.2 Impedance spectra

Similar to DC measurements, Kirchhoff’s laws apply to describe and characterize networks
of individual resistive, capacitive and inductive elements. The total impedance of elements in
series is equal to the sum of the individual impedances while for parallel elements it is equal to
one over the sum of the reciprocal impedances, see equations 2.19 and 2.20. The impedance of
the three basic elements of electronic engineering, resistor, inductor and capacitor is given by
equations 2.21 to 2.23.

Z1−2 = Z1 + Z2 (2.19)

Z1| |2 =
Z1 × Z2

Z1 + Z2
(2.20)

ZResistive = R (2.21)

ZInductive = i × ω × L (2.22)

ZCapacitive =
1

i × ω × C
(2.23)

2.3.2 Impedance spectra
Impedance spectra can be visualized in various ways of which two are common in electrochem-
istry:

• Nyquist plot: In theNyquist plot, the imaginary part of the impedance is plotted against
its real part.

• Bode plot: The Bode plot is usually a combination of two graphs, one describing magni-
tude and the other the phase angle as a function of the logarithmic frequency.

Both plots contain the same information but emphasize different aspects and characteristic
information.

2.3.3 Electrochemical impedance spectroscopy
In electrochemistry, various processes can be probed by impedance spectroscopy. Therefore,
often multiple individual processes contribute to a single impedance spectrum and complicate
quantitative interpretation.
In themost basic case, charge transport through amaterial (either electronic or ionic current)

can be described by a resistance. In addition to this Faraday current, displacement currents can
be described by a capacitance. Chemical reactions can be probed by impedance spectroscopy,
if they involve a net flow of current. The reaction is then driven back and forth by the applied
alternating voltage and the reaction rate can then be described as a resistance. Higher reaction
rates involve higher currents and thus lower resistances. At interfaces between different phases,
the charge transport across this interface can be described by a resistance. In addition interfacial
capacitances often occur.
Furthermore, if there are different charge carrier species present within the material, as is the

case in MIECs, the equilibrium of these charge carriers is periodically shifted by the applied

8



2.3.4 Measurements with DC bias

voltage signal, resulting in capacitive behavior, called the chemical capacitance. The chemical
capacitance therefore describes the ability of a material to change its stoichiometry with applied
voltage. Capacitances often behave non ideal, due to inhomogeneities, grain boundaries, etc. A
constant phase element can be used instead of a capacitance to account for non ideal behavior.
The impedance of a constant phase element is given by equation 2.24, where P quantifies the
nonideality , and T the capacitance. The capacitance of a constant phase element is given by
equation 2.25. A P value of 1 describes a perfect capacitor with a capacitance of T , a value of
zero describes a perfect resistor.

ZCPE =
1

(i × ω)P × T
(2.24)

CCPE =
(
R(1−P) × T

) 1
P (2.25)

2.3.4 Measurements with DC bias
As described, in electrochemical impedance spectroscopy a reaction is driven back and forth
by an alternating voltage, around its equilibrium i.e. around the voltage zero point. In bias
impedance spectroscopy an additional DC voltage (bias) causes an additional net reaction rate
and thus an additional net DC current. The reaction is then probed in the vicinity of a certain
non-equilibrium steady state, i.e. around a certain point on the current voltage curve. Figure
2.4 shows the voltage current characteristic for an arbitrary electrochemical reaction and two
ranges probed by impedance spectroscopy with and without bias.
Figure 2.5 shows the electrochemical potential distributions of oxygen µ̃(O), oxygen ions

µ̃(O2−), and electrons µ̃(e−) across an idealized cell. In the gas phase the electrochemical po-
tential of oxygen is equal to the chemical potential of oxygen and defined by the partial pressure
of oxygen. The gas phase is assumed to be homogenous, therefore the electrochemical potential
of oxygen is constant and equal for both sides.
In an oxide electrode, there is no oxygen present, therefore the electrochemical potential of

oxygen is defined by the electrochemical potentials of electrons and oxygen ions according to
equation 2.26. An ideal counter electrode (CE) is always in equilibriumwith the gas phase, and
therefore has a fixed electrochemical potentials of oxygen, oxygen ions and electrons, irrespective
of applied voltage.

µ̃(O) = µ̃(O2−) − 2 × µ̃(e−) (2.26)

Between working electrode (WE) and counter electrode (CE) a voltage UDC (Bias), i.e. a
difference in the electrochemical potential of electrons, is applied, see equation 2.27.

∆µ̃(e−) = F × UDC (2.27)

Asboth electrodes havehigh electronic conductivity, these electrochemical potentials are con-
stant within each electrode. This potential difference and the finite ionic conductivity of the
electrolyte cause the electrochemical potential of oxygen ions to change across the thickness of
the electrolyte, according to equation 2.28, where IDC is the DC current and RYSZ is the ionic

9



2.3.4 Measurements with DC bias

Figure 2.4: Voltage current characteristic of an arbitrary electrochemical reaction (blue) and
measurement ranges for impedance spectroscopy with (green) and without (red)
bias.

transport resistance of the electrolyte.

∆µ̃(O2−) = 2 × F × IDC × RYSZ (2.28)

This difference in electrochemical potential of oxygen ions is a part of the applied voltage,
and is referred to as the Ohmic overpotential, ηYSZ , according to equation2.29.

ηYSZ = IDC × RYSZ (2.29)

In the working electrode (WE), the electrochemical potential of oxygen is also defined by
the electrochemical potentials of oxygen ions and electrons respectively. As the electrochem-
ical potentials of oxygen ions of working and counter electrode differ by the electrolyte loss
∆µ̃(O2−), the difference in the electrochemical potentials of oxygen of both electrodes is lower
than the electronic electrochemical potential difference, see equation 2.30. This difference in
electrochemical potential of oxygen can also be expressed as a fraction of the applied voltage,
referred to as electrode overpotential η, according to equation 2.31.

10



2.4 Equivalent circuit models

Figure 2.5: Electrochemical potentials of oxygen (red), oxygen ions (blue) and electrons (green)
in an idealized electrochemical cell.

∆µ̃(O) = ∆µ̃(O2−) − 2 × ∆µ̃(e−) (2.30)

η = UDC − IDC × RYSZ (2.31)

Therefore, the polarized working electrode is no longer in equilibrium with the oxygen par-
tial pressure of the gas phase. According toNernst’s equation (2.32), the electrode overpotential
can be converted into an oxygen partial pressure ratio (p1/p2). Hence, an equivalent oxygen
partial pressure can be defined, see equation 2.33. The defect chemical state of the working elec-
trode is then defined by this equivalent oxygen partial pressure, independent of whether it is
governed by the actual atmospheric oxygen partial pressure or the applied bias voltage.

η =
R × T
z × F

× ln
(
p1

p2

)
(2.32)

pequivalent = pactual × e−
η×z×F
R×T (2.33)

2.4 Equivalent circuit models

2.4.1 Basic model circuit for mixed ionic electronic conducting electrodes
Figure 2.6a shows the basic basic model circuit for mixed ionic electronic conducting electrodes
provided by Jamnik andMaier [35], which can be simplified and adapted toLSF. In theirmodel,
a three point measurement with a reference electrode in close proximity to the MIEC|YSZ
interface is assumed, therefore neglecting ionic transport resistance through the YSZ and the
impedance of the counter electrode. For two pointmeasurements the ionic transport resistance

11



2.4.2 Position of current collector

through the electrolyte also contributes to the total impedance. A single resistanceRYSZ is there-
fore introduced.
For microelectrodemeasurements the impedance of the counter electrode can often be com-

pletely neglected, as it is generally much lower compared to the working electrode impedance
due the much larger surface area of the counter electrode. In the case of identical working and
counter electrodes the corresponding equivalent circuits are also identical and thus cause iden-
tical impedance responses. As both electrodes are in series, the total impedance without bias is
given by the sum of the impedances of both electrodes.
Assuming high electronic conductivity the electronic transport resistance reon can be ignored

and the electronic rail is short circuited. Furthermore, if the reaction is limited by the surface
exchange resistanceRSurf as it is in LSF, the ionic transport resistance rion can be neglected, and
the chemical capacitors cChem, being parallel now, can be summed up to a single chemical ca-
pacitance CChem. Therefore a simplified equivalent circuit is obtained without any differential
elements, see figure 2.6b. In this circuit the surface capacitance CSurf,ion is in parallel to the usu-
ally big chemical capacitanceCChem and thus is not visible in impedance spectra. RLSF |YSZ is the
interface resistance and CLSF |YSZ is the interface capacitance.

(a) General transmission line (b) Simplified circuit

Figure 2.6: General transmission line according to [35] with additional electrolyte resistance,
and a simplified equivalent circuit assuming high electronic and ionic conductivity
and oxygen surface exchange as limiting step.

2.4.2 Position of current collector
If an additional current collector is used to guarantee high electronic conductivity, the simple
equivalent circuit in figure 2.6 has to be adapted. Two different 2-dimensional circuits are ob-
tained depending on whether the current collector is placed above or below the working elec-
trode, as shown in figure 2.7a and 2.7b according to [36].

Current collector above the electrode - Top geometry

Oxidizing conditions In oxidizing conditions, the electronic transport resistance reon is low
and can thus be neglected. Furthermore, the interfacial resistance RYSZ |LSF is neglected as it
is small compared to the surface exchange resistance RSurf . The chemical capacitances CChem
and the interfacial capacitance CYSZ |LSF are then in parallel, and thus can be summarized by a
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2.4.2 Position of current collector

(a) Top current collector (b) Bottom current collector

(c) Simplified equivalent circuit 1 (d) Simplified equivalent circuit 2

Figure 2.7: Equivalent circuits for MIEC electrodes, according to [36], for current collectors
above or beneath the electrode film. General circuits (2.7a and 2.7b), and simplified
circuits (2.7c and 2.7d).

single capacitance, which is dominated by the large chemical capacitance of the entire electrode
volume. The surface exchange resistance is then in parallel to the chemical capacitance and thus
a simplified circuit can be obtained, see figure 2.7c

Reducing conditions In reducing conditions, the electronic transport resistance Reon is high.
This causes a complex transmission line which results in a Warburg type slope feature in the
intermediate frequency range, see figure 2.8. The low frequency domain however is dominated
by the chemical capacitanceCChem in parallel to the surface exchange resistanceRSurf . Thus, the
simple equivalent circuit, figure 2.7c can be used to describe large parts of the low frequency
semicircle.

Current collector below the electrode - Bottom geometry

Oxidizing conditions In oxidizing conditions the lateral ionic transport resistanceRion is high
compared to the surface resistanceRSurf . Therefore, the left branch (A) is blocked by this resis-
tance and doesn’t contribute to surface exchange and chemical capacitance. Furthermore, the

13



2.4.2 Position of current collector

electronic conductivity in oxidizing conditions is again high and can therefore be neglected in
the right branch (B). The circuit can then be simplified, see figure 2.7d.

Reducing conditions In reducing conditions, the lateral ionic transport resistance is low.
Therefore both branches (A and B) contribute to surface exchange and chemical capacitance.
The low electronic conductivity again causes a Warburg type slope feature in the impedance
spectrum, while the low frequency domain is again dominated by the surface exchange resis-
tance in parallel to the chemical capacitance. Thus, the equivalent circuit shown in figure 2.7c
can again be used to describe the low frequency semicircle.
Figure 2.8 shows simulated spectra for the right branch (B) of figure 2.7a and 2.7b respectively.

As can be seen, if the surface resistance is sufficiently high compared to the electronic transport
resistance, the transmission line results in a semicircle. Lower ratios of surface exchange resis-
tance to electronic transport resistance cause a slope feature.

(a) High electronic conductivity (b) Low electronic conductivity

Figure 2.8: Simulated spectra for the right branch of the circuits shown in figure 2.7. Simula-
tion is done with 1000 repetitions of the element in brackets, with different ratios of
surface exchange resistance to electronic transport resistance. Interfacial resistances
and capacitances are neglected.
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3 Experimental

3.1 Sample preparation

3.1.1 Degradation experiments
Different electrode geometries were investigated, to determine the optimal geometry with re-
gards to the stability of the surface resistance. Symmetrical square 5 mm × 5 mm thin film
macroelectrodes and circular microelectrodes with a diameter of 200 µm were tested. To min-
imize the sheet resistance, current collector grids were deposited either on top of or below the
electrode films. Figure 3.1 shows a sketch of the tested sample geometries.

(a) Macro, Top CC (b) Micro, Top CC

(c) Macro, Bottom CC (d) Micro, Bottom CC

Figure 3.1: Schematics of different electrode geometries used for impedance measurements.

LSF thin film electrodes of 200 nm thickness were prepared by pulsed laser deposition. Films
were deposited on YSZ (100) single crystals (9.5 mol% Y2O3 , Crystec Germany) of 5 mm side
length and 0.5 mm thickness, polished on either one side for microelectrodes or both sides for
macroelectrodes, either onto the YSZ substrate or onto a predeposited current collector grid.
A target prepared from LSF powder (Sigma Aldrich) by cold isostatic pressing (150 MPa) and
sintering (12 h, 1200 ◦C)was used for ablation by aKrF excimer laser (Complex Pro 201F). Table
3.1 shows the parameters used for deposition.
Platinum grids with a height of 100 nm, a strip width of 15 µm and amesh size of 35 µmwere

used as current collectors. They were produced via lift-off photolithography and magnetron
sputtering. To improve bonding between the substrate and the platinum grid, a titanium layer
of 5 nm thickness was deposited. For lithography, the sample was coated with a photoresist (N-
1430 MicroResist Technology, Germany) by a spin-coater (SCC-200 KLM, Germany), dried
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3.1.1 Degradation experiments

PLD parameters
laser wave length 248 nm
deposition time 30 min
laser energy per pulse 400 mJ
pulse frequency 5 Hz
depostition temperature 600 ◦C
oxygen partial pressure 4 × 10−2 mbar
target distance 6 cm

Table 3.1: Paramteres used for deposition the electrode films.

and the polymer was cross linked by UV exposure (350W, USHIO 350DP Hg,Ushio, Japan).
Developing of the structures was done by bathing the sample in developer solution (MicroRe-
sist Technology, Germany). The current collectors were deposited either onto the electrode film
(top geometry) or onto the YSZ substrate (bottomgeometry). AMED020Coating Systemma-
chine (BAL-TECGermany)was used for deposition. The parameters for photolithography and
sputtering are shown in table 3.2.

Photolithography Sputtering
photoresist 100 µl Titanium Platinum
spincoater speed 100 rpm sputter time 27 s 125 s
prebaking 2 min at 100 ◦C argon pressure 7 × 10−3 mbar 2 × 10−2 mbar
developing time 40 to 60 s sputter current 100 mA 100 mA
exposure time 60 to 90 s target distance 6 cm 6 cm

Table 3.2: Parameters used in the application of the current collector grids.

Structuring of themicroelectrodes was done via photolithography and consecutive ion beam
etching (tectra GmbH, ionEtch Sputter Gun). For both, top and bottom current collectors,
these steps were done after deposition of the electrode films and current collectors. Parameters
for these steps are shown in table 3.3.

Photolithography Ion beam etching
photoresist 2 times 100 µL etching time 20 to 25 min
spincoater speed 70 rpm argon pressure 9.8 × 10−5 to 1.2 × 10−4 mbar
spincoater time 30 s plasma current 1.8 to 2.3 mA
exposure time 60 s beam voltage 3 kV
developing time 50 s extractor voltage 2 kV
prebaking 2 min at 100 ◦C magnetron current 25 mA

Table 3.3: Parameters used for microstructuring

As counter electrodes, porous platinum electrodes were prepared by brushing platinum
paste. To minimize high temperature exposure of the electrode film, the platinum paste was
only dried at 130 ◦C for about 5 min.
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3.1.2 First set of bias experiments

3.1.2 First set of bias experiments
Samples for the first set of bias experiments were prepared as described above (section 3.1.1), but
a finer current collector grid of 10 µm mesh width and strip width was used. This was done to
minimize the sheet resistance, and thus to ensure that the entire LSF film is polarized.

3.1.3 Counter electrodes
After the first set of bias experiments, new counter electrodes had to be investigated, see chapter
3.2.4. Three different types of electrodeswere considered: dried porous platinumelectrodes, an-
nealed porous platinum electrodes and porous combined LSF/platinum electrodes. Platinum
electrodes were prepared by brushing platinum paste on a 5 mm × 5 mm, both side polished
YSZ substrate, and either dried at 130 ◦C for several minutes or annealed at 850 ◦C for 2 h. The
combinedPt/LSF electrodewas prepared by brushingLSFpaste onto the YSZ substrate, drying
it at 130 ◦C, followed by brushing a layer of platinum paste and annealing at 850 ◦C for 2 h.

3.1.4 Second set of bias experiments
For the second set of bias experiments counter electrodes of porous LSF/Pt were used. The
counter electrode was prepared first, by brushing LSF paste and Pt paste onto a YSZ crystal,
and annealing at 850 ◦C for 2 h. Subsequently the current collector grid was sputtered on the
free YSZ surface on the back side using the parameters in table 3.2. Then the electrode film was
deposited on top of the current collector, see table 3.1, and microstructured, see table 3.3.

3.1.5 Investigation of the surface resistance
Since for the second set of bias experiments unexpectedly high surface resistances were found
in oxidizing atmospheres, various samples were prepared by different routes to determine the
detrimental preparation step. The following types of samples were prepared:

• Microelectrodes without current collector: Preparation of counter electrodes (section
3.1.4), followed by deposition of the LSF film (table 3.1) and microstructuring (table 3.3).

• Macroelectrodes with bottom current collector: Preparation of current collector grids by
lift-off lithography (table 3.2), followed by deposition of the electrode films (table 3.1).

• Macroelectrodes with bottom current collector: Preparation of current collector grids by
sputter deposition (table 3.2) and ion beam etching (table 3.3), followed by deposition of
the electrode films (table 3.1).

• Macroelectrodes with top current collector: Deposition of the electrode films (table 3.1),
followed by application of the current collector grids via lift-off lithography (table 3.2).

• Microelectrodes with thin film counter electrode: Preparation of the current collector
grid by lift-off lithography (table 3.2) followed by deposition of the electrode film (table
3.1) and structuring ofmicroelectrodes and counterelectrode from the same electrode film
(table 3.3).
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3.1.6 3-point measurements

• Microelectrodes from measured macroelectrodes: Preparation of macroelectrodes with
bottom current collector by lift-off lithography (table 3.2) or ion beam etching (table 3.3),
followed by microstructuring (table 3.3).

3.1.6 3-point measurements
Samples for 3 point measurements were prepared on 5 mm × 5 mm × 1 mm slabs of YSZ (100)
which had a notch carved around their circumference. Platinum paste was brushed into this
notch and annealed at 850 ◦C for two hours. Then the current collector grids were prepared
on both sides by lift-off photolithography and sputtering, see table 3.2. Finally 200 nm of LSF
were deposited on both sides by PLD, see table 3.1.

3.2 Impedance spectroscopy

3.2.1 Description of the measuring apparatus
The measuring setup consists of two parts, a measuring apparatus on which the sample was
mounted and contacted (see figure 3.2) and a tube furnace. The measuring apparatus consists
of the following elements:

• A plank of fused silica (A) was used as base.

• The counter electrode (B) consisted of a sheet of platinum, folded tightly around the tip
of the base.

• Pt wires(C) in a housing of fused silica.

• A type K thermocouple (D) mounted in a fused silica housing.

• A platinum needle (E) was used to contact the working electrode. The needle was at-
tached to the tip of a fused silica cantilever, which also served as housing for the electrical
wiring.

• The base was mounted onto a stainless steel flange (F)

• Gas inlet and outlet (G)

• Feedthroughs for the electrical and thermocouple wires (H)

• A fused silica tube was inserted into a tube furnace, which was mounted on guide rails.

Samples were contacted using the following procedure:

• The tube furnace was moved to the right, to give access to the counter electrode.

• The sample was placed with the counter electrode face down on the platinum sheet (B).

• The contacting needle was positioned onto a microelectrode of the sample
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3.2.1 Description of the measuring apparatus

(a) Measuring apparatus, open

(b) cantilever tip, side view (c) cantilever tip, top view (d) flange with feedthroughs

Figure 3.2: Measuring apparatus used in the impedance spectroscopy measurements. A) fused
silica base, B) platinum sheet, C) electrical wiring, D) thermocouple, E) needle
mounted on cantilever for contacting the working electrode, F) flange, G) gas in-
and outlet, H) feedthroughs for thermocouple and electrical contacts
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3.2.2 Degradation experiments

• The tube furnace was moved very gently back over the fused silica cantilever to prevent
the needle from slipping off and decontacting.

• The fused silica tube was then fixated on the flange.

• The sealed apparatus was purged with the desired gas mixture for at least 30 min.

• The oven was heated to measuring temperature.

3.2.2 Degradation experiments
The prepared samples were measured with impedance spectroscopy, using an Novocontrol Al-
pha AHigh Performance Frequency Analyzer, in the setup described above. The samples were
mounted on a sheet of platinum, thus contacting the counter electrode. The working electrode
was contacted using a platinum tip.
Measurements were carried out either in synthetic air or in humidified hydrogen. The hu-

midified hydrogen was provided by letting a mixture of 2.5 % H2 in Argon bubble through
distilled water at room temperature, to ensure saturation with water. This corresponds to an
effective oxygen partial pressure of about 9.5 × 10−24 bar at measuring conditions, see section
3.2.8. Measurements were carried out at 600 ◦C for about 16 to 18 h per sample.
The samplesweremounted in the cold apparatus, whichwas then sealed andpurgedwith the

respective gas mixture for at least 30 min. The oven was heated to the measuring temperature
of 600 ◦C. This way, reactions between the samples and possible contamination in the lab air at
elevated temperatures were eliminated.
Measurementswere taken in a frequency range of 1 MHz to 10 mHzwith 5 points per decade,

going to lower frequencies when necessary, and a voltage of 10 mV was used. Each frequency
was measured for either one second or one period, which corresponds to about one spectrum
every three minutes.

3.2.3 First set of bias experiments
In the first set of bias experiments a similar sample mounting procedure was used. Measure-
ments were done at 625 ◦C in synthetic air and humidified hydrogen. At the start of the mea-
surements a couple of bias free spectra were measured, to estimate the initial state and degrada-
tion behavior of the samples. Bias was applied stepwise in 25 mV and 50 mV steps, up to the
maximum bias, and thereafter lowered back to 0 V bias in the same way.
In humidified hydrogen, experiments with maximum bias voltages of up to 1200 mV ca-

thodic and anodic bias were done. In synthetic air experiments were done with up to 500 mV
cathodic and anodic bias. At each bias level two spectra were recorded. After each second bias
step, two bias free spectra were measured, to observe irreversible changes in the sample caused
by the applied bias.

3.2.4 Counter electrodes
For investigation of suitable counter electrode materials samples were mounted and measured
byEIS as described above, at a temperature of 625 ◦Cwith varying oxygen partial pressures from
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3.2.5 Second set of bias experiments

1000 to 0.25 mbar.

3.2.5 Second set of bias experiments
In the second set of bias experiments a similar procedure of sample mounting was used. Mea-
surements were again done at 625 ◦C in humidified hydrogen, synthetic air and different mix-
tures of oxygen and nitrogen. Bias was applied stepwise as described in section 3.2.3. In humid
hydrogen maximum bias voltages of ±1200 mV were used in anodic and cathodic direction, in
oxidizing conditions cathodic bias of up to −1200 mV was used. For the different mixtures of
oxygen and nitrogen cathodic bias of up to −500 mV was used.

3.2.6 Investigations on the high surface resistance
Since the samples in the second set of bias measurements showed unexpectedly high surface re-
sistances in oxidizing atmospheres, measurement parameters were varied to ascertain the origin
of this effect. The following sample preparation andmeasurement parameters were considered
as causative:

• Target used in the PLD deposition

• Presence of a current collector grid

• Placement of the current collector grid

• Influences from the counter electrode

• Microstructuring process

• Measurement apparatus

To determine the crucial parameter a multitude of samples with different parameters regard-
ing measurement and preparation condition was prepared, as described in section 3.1.5. Mea-
surements were done in synthetic air at 625 ◦C. No bias was applied since these measurements
only served to determine the crucial step that lead to the unexpectedly high surface resistances
encountered in the second set of bias experiments.

3.2.7 3-point measurements
For three point measurements samples were clamped between to sheets of platinum to con-
tact working and counter electrode. The reference electrode was contacted with a noose of fine
platinum thread around the circumference of the sample chip. The impedance analyzer was
connected in 4-point mode, as sketched in figure 3.3. Measurements were done in different oxy-
gen/nitrogen mixtures at 625 ◦C.
Bias voltages of−600 to 600 mVwere applied between counter andworking electrode, which

corresponds to overpotentials of about±300 mV at each electrode side. In the first experiment,
working and counter electrode were measured both against the reference electrode and against
each other to detect possible parasitic currents paths. In later experiments only one electrode
was measured against the reference electrode.
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3.2.8 Calculation of the oxygen partial pressure in humidified hydrogen

Figure 3.3: Sketch of sample contacting used for three point measurements. The gray lines are
connected in all three modes, colors represent different measurement modes "work-
ing electrode versus reference electrode" (green), "counter electrode versus reference
electrodes" (blue) and "working electrode versus counter electrode" (red).

3.2.8 Calculation of the oxygen partial pressure in humidified hydrogen
Humidified hydrogen was used as reducing atmosphere during EIS experiments. In order to
achieve saturationwithwater, amixture of 2.5 %hydrogen in argonwasbubbled throughwater.
At laboratory temperatures of 21 ◦C the vapor pressure of water is about 25 mbar [37], there-
fore the resulting gas mixture consists of roughly 25 mbar hydrogen (p0(H2)), 25 mbar water
(p0(H2O)) and 963 mbar argon, with a total pressure P of about 1013 mbar. At measurement
temperature of 625 ◦C this defines an oxygen partial pressure according to the oxyhydrogen
equilibrium and the corresponding mass action law, see equations 3.1 and 3.2.

H2 + 1/2O2 H2O (3.1)

K =
p(H2O) ×

√
P

p(H2) ×
√
p(O2)

(3.2)

Based on thermodynamic data from [37], the equilibrium constant at 625 ◦C was calculated
according to equation 3.3.

K = e−
∆rG0
R×T (3.3)

Since for everymole of oxygen twomoles of hydrogen are formed and twomoles of water are
consumed, equations 3.4 and 3.5 apply, where the index zero indicates partial pressures in the
initial cold gas mixture.

p(H2) = p0(H2) + 2 × p(O2) (3.4)

p(H2O) = p0(H2O) − 2 × p(O2) (3.5)

Using equations 3.2 to 3.5 the oxygen partial pressure in humidified hydrogen is calculated to
9.5 × 10−24 mbar.
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4 Results

4.1 Sample preparation
Using lift-off photolithography and sputtering, well defined platinum grid structures were pro-
duced on the electrode film as well as on the YSZ substrate, as shown in figure 4.1. Circular
microelectrodes were produced by photolithography and ion beam etching, see figure 4.2.

(a) Coarse current collector on LSF (b) Fine current collector grid on
YSZ

(c) Coarse current collector grid, de-
tail

(d) Fine current colelctor grid, detail

Figure 4.1: Current collector grids on YSZ substrate (4.1b and 4.1d) and on the LSF electrode
film (4.1a and 4.1c). Grids are 35 µm/35 µm (4.1a and 4.1c) and 10 µm/10 µm (4.1b
and 4.1d).
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4.1 Sample preparation

(a) Top current collector (b) Bottom current collector

(c) Microelectrode with top current
collector

(d) Microelectrode with bottom
current collector

Figure 4.2: Microelectrodes with top an bottom current collectors. Grids are 35 µm/35 µm
(4.2a, 4.2b and 4.2c) and 10 µm/10 µm (4.2d)
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4.2 Degradation experiments

4.2 Degradation experiments

4.2.1 Measurements in synthetic air
In synthetic air all impedance spectra consisted of an x-axis intercept and a dominant low fre-
quency semicircle, see figure 4.3. Spectra of macroelectrodes showed an additional shoulder
in the high frequency region of the semicircle. A simple equivalent circuit consisting of one
R||CPE element and resistance in series has been chosen to fit the spectra. This circuit can be de-
duced from the equivalent circuits described in section 2.4.2, by neglecting contributions from
the YSZ|LSF interface and the Pt|LSF interface. Since earlier measurements suggest that they
are much smaller than the exchange resistance and the chemical capacitance, features attributed
to these elements are only expected in the high frequency region of the spectrum. Deviations
from a semicircle in the high frequency range were therefore excluded from the fitting range,
only a serial offset resistance was used to cover all high frequency effects. Furthermore the lat-
eral electronic transport resistance can be neglected in oxidizing conditions. Thus a simplified
equivalent circuit (figure 4.4) can be used for fitting.
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4.2.1 Measurements in synthetic air

(a) macroelectrode, no CC (b) microelectrode, no CC

(c) macroelectrode, top CC (d) microelectrode, top CC

(e) macroelectrode, bottom CC (f) microelectrode, bottom CC

Figure 4.3: Impedance spectra of different electrode geometries and current collector placement,
measured in synthetic air. Each figure shows the initial spectrum as well as spectra
after 8 and after 16 h of degradation. Data points represent measured values and the
solid line the corresponding fit according to figure 4.4. Measurements were done at
600 ◦C.
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4.2.2 Measurements in humidified hydrogen

Figure 4.4: Equivalent circuit used to fit impedance spectra.

4.2.2 Measurements in humidified hydrogen
In reducing atmosphere, the impedance also showed an x-axis offset and a dominant semicircle.
For samples with bottom current collectors an additional slope of approximately 45° at the high
frequency onset of the semicircle was visible, see figure 4.5. This slope is most likely caused by
a complex in plane transmission line, due to an increased electronic transport resistance in re-
ducing conditions [26]. However, spectra were again fitted using the equivalent circuit shown
in figure 4.4. Accordingly, also the in plane electronic transport resistance is neglected, as the
feature of interest is the dominant semicircle, interpreted as the surface exchange resistance in
parallel to the chemical capacitance. Hence, fitting was done in the low frequency range of
the semicircle, while the slope feature was excluded. Therefore the offset resistance is not only
caused by the electrolyte resistance and some interfacial effects but also accounts for the elec-
tronic transport resistance.
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4.2.2 Measurements in humidified hydrogen

(a) macroelectrode, top CC (b) macroelectrode, bottom CC

(c) microelectrode, top CC (d) microelectrode, bottom CC

Figure 4.5: Impedance spectra of different electrode geometries and current collector placement,
measured in humidified hydrogen. Each figure shows the initial spectrum as well as
spectra after 8 and after 16 h of degradation. Data points represent measured values
and the solid line the corresponding fit according to figure 4.4. Measurements were
done at 600 ◦C.

28



4.2.3 Comparison of electrode geometries

4.2.3 Comparison of electrode geometries
To compare different electrode geometries, surface resistance and chemical capacitance were
normalized to the active electrode surface and the active electrode bulk volume respectively, see
equations 4.1 and 4.2 for macroelectrodes and equations 4.3 and 4.4 for microelectrodes. Here
d is the electrode diameter,A is the electrode area and h the film thickness. For top current col-
lector geometry, part of the area is blocked by the dense platinum grid and thus cannot take part
in the oxygen exchange reaction, thus an active area factor fA of 0.49 was used for the surface
resistance. However, the electrode volume beneath the current collector still contributes to the
chemical capacitance, thus an active volume factor fV of 1 was used.
For bottom current collector geometry there is a difference between oxidizing and reducing

atmosphere. In oxidizing atmosphere the high resistance of the lateral ion transport prevents
the area above the current collector grid from being polarized, thus fA and fV are 0.49. In re-
ducing atmospheres, the ionic transport resistance decreases accordingly as the concentration
of oxygen vacancies increases [26] and the areas above the current collector thus contribute to
surface exchange and chemical capacitance, therefore fA and fV are 1. Figure 4.6 and table 4.1
show the progressions of surface resistance and chemical capacitance thus obtained.

RSurfaceExchange = RSurface ×A × fA (4.1)

CChem =
(
T × R(1−P)

Surface

) 1
P
×

2
A × h

× fV (4.2)

RSurfaceExchange = RSurface ×
d2 × π

4
× fA (4.3)

CChem =
(
T × R(1−P)

Surface

) 1
P
×

4
d2 × π × h

× fV (4.4)

In synthetic air, the initial values of the surface resistance are lower for macroelectrodes. The
surface resistance increases significantly over time. This effect is most visible for samples with-
out current collector but is not clearly correlated to any electrode geometry or current collector
placement. The chemical capacitance is also quite independent of the current collector place-
ment and is slightly lower for microelectrodes. The samples without current collector show
significantly lower chemical capacities and higher surface resistances, which indicates that only
a part of the electrode is polarized because of the sheet resistance within the electrode. This is
consistent with the offset resistance being much higher than expected for those samples. Based
on the known ionic conductivity of YSZ values of about 5000Ω are expected for microelec-
trodes of 200 µm diameter at 600 ◦C. [38] In humidified hydrogen the surface resistance shows
higher initial values for macroelectrodes and similar initial values for microelectrodes compared
to synthetic air. With exception of the microelectrode with top current collector, the surface
resistance decreases over time.
Considering these data, microelectrodes with bottom current collector grids were chosen for

consecutive experiments, as they showedmore stable surface resistances than top current collec-
tors. Moreover microelectrodes provide the advantage, that the counter electrode can be com-
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4.2.3 Comparison of electrode geometries

Figure 4.6: Progression of the surface resistance and chemical capacitance of different electrode
geometries over 16 h of degradation at 600 °C.The small peaks present on some lines
are caused by temperature fluctuations.
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4.3 First set of bias experiments

Parameters Surface resistance Chemical capacitance

Size CC Atm. Start After 16 h Rel. Increase Start After 16 h
Ω cm2 Ω cm2 F cm−3 F cm−3

Macro None S. air 12 146 12 128 201
Macro Top S. air 6.1 7.2 1.2 457 422
Macro Bottom S. air 2.3 10 7.7 342 334
Micro None S. air 105 545 5 230 221
Micro Top S. air 39 102 2.6 290 290
Micro Bottom S. air 42 76 1.8 243 253
Macro Top H2/H2O 30 16 -0.5 78 59
Macro Bottom H2/H2O 31 22 -0.7 66 50
Micro Top H2/H2O 31 66 2.1 103 75
Micro Bottom H2/H2O 31 26 -0.8 84 57

Table 4.1: Surface exchange resistance and chemical capacitance of different electrode geome-
tries (5 mm × 5 mm macroelectrodes, or circular microelectrodes of 200 µm diame-
ter), different positions of the current collector grid (no current collector, above the
electrode film (top) or below the electrode film (bottom) and different atmospheres
(synthetic air or humidified hydrogen), measured at 600 ◦C.

pletely neglected as it has amuch smaller impedance than themicroelectrode and the electrolyte.
Finally, the placement of the current collector below the electrode film rules out catalytic activity
from the platinum.

4.3 First set of bias experiments

4.3.1 Measurements in reducing atmosphere
Cathodic Polarization

Cathodic bias experiments were done with bias cycles of up to −500 mV in steps of 25 mV and
up to −1200 mV in steps of 50 mV. Figures 4.7 and 4.8 show corresponding spectra. At low
bias voltages spectra showed a high frequency offset and a low frequency semicircle, with an
additional slope feature in the high frequency onset of the semicircle.
The first notable feature is the offset resistance being about 15 000Ω (for experiments with

up to −500 mV bias) and 11 000Ω (for experiments with up to −1200 mV bias), contrary to
an expected offset resistance of about 5000Ω based on the known ionic conductivity of YSZ
[38]. Comparison of chemical capacitances with previous results from the degradation experi-
ments (see section 4.2.2) also showvalues lower than the expected value of about 60 F/cm3. One
possible explanation is a displacement of the contacting needle onto a neighboring smaller mi-
croelectrode due to vibrations during the sealing of the tube. When normalizing the chemical
capacitance and the offset resistance to smaller electrodes (100 µm and 80 µm formeasurements
with up to−500 mV bias and up to−1200 mV bias respectively, both chemical capacitance and
offset resistance match expectations, thereby supporting this assumption. Microscopic images
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4.3.1 Measurements in reducing atmosphere

yielded visual confirmation, since marks from the contacting needle were found on electrodes
with 100 µm and 80 µm respectively.
With increasing polarization, the high frequency slope feature changes into a distinguishable

semicircle, which upon further increase of bias gets more and more pronounced, while staying
roughly the same size. If this slope feature originates from a low electronic conductivity as sug-
gested byKogler et al. [26], it is thenmost reasonable for it to disappear under cathodic bias. As
with cathodic polarization the concentration of electronic charge carriers increases, a decrease of
the electronic transport resistance can be assumed. Furthermore, if the electronic transport re-
sistance decreases, other features of similar peak frequency originating from the interface might
become visible. This was indeed observed, as with increasing cathodic bias, a second small semi-
circle became visible.
The low frequency semicircle decreases significantly in size upon polarization, which fits ex-

pectations as nonlinear current voltage characteristics are assumed. This vast decrease down
to about 5000 to 10 000Ω can be potentially disadvantageous as the impedance of the counter
electrodemight influence the impedance spectra. Amore detailed investigation on counter elec-
trodes is given in section 4.4.
For bias voltages up to −500 mV spectra were fitted using an equivalent circuit consisting

of a resistance, followed by one R||CPE element, while limiting the fit range to the low fre-
quency semicircle, see figure 4.9a. For higher bias voltages,the entire spectrum was fitted using
the equivalent circuit shown in figure 4.9b. The surface resistance was normalized to an elec-
trode of 100 µmand 80 µmdiameter respectively using equation 4.3with an active area factor fA
of 1. Since part of the applied bias is lost at the electrolyte, at the interface or through electronic
transport, the effective overpotential at the electrode surface has been calculated according to
equations 4.5 and 4.6 respectively.

η = UDC − IDC × ROffset (4.5)

η = UDC − IDC ×
(
RYSZ + RYSZ|LSF

)
(4.6)

The values thus obtained for surface exchange resistance and effective electrode overpoten-
tial are shown in the following figure 4.10. The initial surface exchange resistance at 625 ◦C,
about 10Ω cm2, is lower than in the degradation experiments, see section 4.2.2, by a factor of
three. This is at least partly because the temperature was 25 ◦C lower in the degradation ex-
periments. In both bias experiments degradation of the oxygen exchange kinetics was observed
on the bias free spectra, whereby with polarization of up to −1200 mV these effects were far
more pronounced. As such negative potentials are beyond the thermochemical stability range
of LSF (approximately 1 × 10−27 bar oxygen partial pressure, [17]), irreversible effects are real-
istic. Furthermore a vast reversible decrease of the surface resistance with increasingly negative
polarization is notable.
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4.3.1 Measurements in reducing atmosphere

(a) 0 to −150 mV bias (b) 0 to −150 mV bias, zoom

(c) −175 to −325 mV bias (d) −175 to −325 mV bias, zoom

(e) −325 to −500 mV bias (f) −325 to −500 mV bias, zoom

Figure 4.7: Impedance spectra of amicroelectrodewith 80 µmdiameter andbottomcurrent col-
lector under cathodic bias measured in humidified hydrogen at 625 ◦C. Data Points
aremeasured values, fits according to figure 4.9 are representedby solid lines. Dotted
lines are drawn as guide to the eye.
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4.3.1 Measurements in reducing atmosphere

(a) −550 to −850 mV bias (b) −900 to −1200 mV bias

(c) 0 to −600 mV bias (d) −750 to −1200 mV bias

Figure 4.8: Impedance spectra of a microelectrode with 100 µm diameter and bottom current
collector under cathodic bias measured in humidified hydrogen at 625 ◦C. Fig-
ures4.8a and 4.8b are entire spectra, figures4.8c to 4.8d show the intermediate fre-
quency region. Data Points are measured values, fits according to figure 4.9 are rep-
resented by solid lines. Dotted lines are drawn as guide to the eye.
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4.3.1 Measurements in reducing atmosphere

(a) Used for bias of 0 to −500 mV
(b) Used for bias of −500 to −1200 mV

Figure 4.9: Equivalent circuits used for fitting in reducing atmospheres with cathodic polariza-
tion.

(a) 0 to −500 mV bias (b) to −1200mV bias

Figure 4.10: Progression of surface exchange resistance and overpotential over the course of ca-
thodic bias cycles. Measurements were taken in humidified hydrogen at 625 ◦C on
microelectrodes with diameters of 100 µm (4.10a) and 80 µm (4.10b) and bottom
current collector.
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4.3.1 Measurements in reducing atmosphere

Anodic bias measurements

Anodic bias measurements were done with bias cycles of up to 500 mV in steps of 25 mV and
up to 1200 mV in steps of 50 mV. Spectra are shown in figures 4.11 and 4.12. At low polarization
a high frequency resistive offset, a low frequency semicircle and a slope feature at intermediate
frequencies, similar to previous measurements in reducing atmosphere were found.
This slope feature again shows bias dependent behavior. With increasing anodic polarization

up to about 400 mVbias, this slope gets slightlymore pronounced. With further increase of po-
larization the slope changes into a small depressed semicircle. Considering that anodic bias first
decreases the electronic charge carrier concentration, by decreasing electrons down to a mini-
mum after which further decrease in electron concentration is overcompensated by an increase
in hole concentration, this behavior is not unlikely. A comparison of the potentials at which
the first notion of an underlying semicircle can be observed in the spectra yields potentials of
about−300 mV for cathodic polarization and about 850 mV for anodic polarization. These val-
ues correspond to electrode overpotentials of roughly−250 mV and 650 mV respectively. From
the Brouwer diagram, see section 2.2.1 the concentration of electronic charge carriers at these po-
tentials can be estimated, and comparison shows similar values for both potentials in question.
This again supports the assumption that this slope is connected to a limited electronic conduc-
tivity. Again the surface exchange resistance shows a vast decrease upon polarization, which can
be disadvantageous in terms of influences of the counter electrode, as described above.
Spectra were fitted, using the equivalent circuit described in figure 4.9a. From the fit results

the overpotential and the surface resistance were calculated as described above. The progression
thus obtained is shown in figure 4.13. In both experiments, the initial surface exchange resistance
is higher than in previous experiments (40Ω cm and 60Ω cm compared to 10Ω cm) by a factor
of 4 and 6 respectively, which is due to thermal history of the sample, caused by previous ex-
periments. However, no further degradation could be observed during the two 500 mV anodic
bias cycles. In the second experiment with bias of up to 1200 mV a drastic decrease in surface
exchange resistance is notable upon the first application of higher bias voltages. This decrease is
irreversible as bias free spectra takenwithin consecutive cycles show. Amore detailed discussion
on this effect is given in section 4.5.1.
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4.3.1 Measurements in reducing atmosphere

(a) 0 to 150 mV bias (b) 0 to 150 mV bias, zoom

(c) 175 to 325 mV bias (d) 175 to 325 mV bias, zoom

(e) 325 to 500 mV bias (f) 350 to 500 mV bias, zoom

Figure 4.11: Impedance spectra of a microelectrode with 80 µm diameter and bottom current
collector under anodic bias measured in humidified hydrogen at 625 ◦C. Data
points aremeasured values, fits according to figure 4.9a are representedby solid lines.
Dotted lines are drawn as guide to the eye.
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4.3.1 Measurements in reducing atmosphere

(a) 550 to 850 mV bias (b) 550 to 850 mV bias, zoom

(c) 900 to 1200 mV bias (d) 900 to 1200 mV bias, zoom

Figure 4.12: Impedance spectra of a microelectrode with 100 µm diameter and bottom current
collector under anodic bias measured in humidified hydrogen at 625 ◦C. Data
points are measured values, fits according to figure 4.9a are represented by solid
lines. Dotted lines are drawn as guide to the eye.
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4.3.2 Measurements in oxidizing atmosphere

(a) 0 to 500 mV bias (b) 0 to 1200 mV bias

Figure 4.13: Progression of surface exchange resistance and overpotential over the course of an-
odic bias cycles. Measurements were taken in humidified hydrogen at 625 ◦C on
microelectrodes with diameters of 80 µm (figure 4.13a) and 100 µm (figure 4.13b)
and bottom current collector.

4.3.2 Measurements in oxidizing atmosphere
Cathodic polarization

In synthetic air, cathodic biasmeasurements were performedwith bias cycles of up to−500 mV
in steps of 25 mV. At low bias voltages the spectra showed a high frequency offset, a small de-
pressed semicircle at intermediate frequencies, and a dominant semicircle at low frequencies.
With increasing bias, the dominant semicircle decreases in size, whereas the intermediate semi-
circle roughly maintains its size, while getting better resolved.
The low frequency semicircle of the spectra was fitted using the equivalent circuit shown

in figure 4.15a. From the fit results normalized surface exchange resistance and overpotential
were calculated, see equations 4.3 and 4.5, with an active surface factor of fA=0.25, since the
area of the electrode film above the current collector is believed to be inactive. The progression
thus obtained is shown in figure 4.15b. Initial values of the surface resistance (25Ω cm2) are
within reasonable deviation fromprevious experiments (45Ω cm2). Again the surface exchange
resistance decreases upon polarization, and additionally shows irreversible degradation effects.
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4.3.2 Measurements in oxidizing atmosphere

(a) 0 to −150 mV bias (b) 0 to −150 mV bias

(c) −175 to −325 mV bias (d) −175 to −325 mV bias

(e) −350 to −500 mV bias (f) −350 to −500 mV bias

Figure 4.14: Impedance spectra of a microelectrode with 100 µm diameter and bottom current
collector under cathodic bias from 0 to −500 mV, measured at 625 ◦C in synthetic
air. Points are measured values, fits are represented by solid lines. Dotted lines are
drawn as guide to the eye.
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4.3.2 Measurements in oxidizing atmosphere

(a) Equivalent circuit used for fitting (b) Progression of surface exchange resistance

Figure 4.15: Left: Equivalent circuit used for fitting of measurements in oxidizing atmosphere.
Right: Progression of surface exchange resistance and overpotential over the course
of two bias cycles.

Anodic polarization

Anodic bias measurements were taken with bias cycles of up to 500 mV in steps of 25 mV. Fig-
ure 4.16 shows the corresponding impedance spectra. At low bias voltages, the spectra showed a
high frequency offset, a small depressed semicircle at intermediate frequencies, and a dominant
semicircle at low frequencies.
With increasing anodic polarization this intermediate feature evolves into a slope feature,

andmight indicate a charge carrier transport limitation. The electronic conductivity is expected
to be high, due to the large hole concentration. Therefore a transport limitation of electronic
charge carriers is unlikely. However, the ionic conductivity decreases under anodic polarization
because of the decreasing oxygen vacancy concentration. Consequently, the transport of the
ionic charge carriers might turn into the rate limiting step of the exchange reaction. At around
150 mV the dominant semicircle becomes stretched out towards higher resistances at low fre-
quencies, which indicates degradation of the surface exchange resistance during the measure-
ment. With further increase of bias, the dominant semicircle changes into a depressed complex
feature.
It should be noted, that due to the decrease of the surface resistance and the complex shape

of the spectra, some features of the spectra might be caused by the counter electrode. A more
detailed investigation on the impedance of counter electrodes is given in section 4.4.
For low polarizations, spectra were fitted in the low frequency range with the equivalent

circuit described above (see figure 4.15a). At bias voltages over 300 mV spectra could not be
evaluated quantitatively by simple fit models, and values for electrolyte resistance and surface
resistancewere simply estimated by eye. Surface exchange resistances were normalized and over-
potentials were calculated according to equations 4.3 (with fA=0.25) and 4.5, see figure 4.17.
In analogy to reducing atmosphere an irreversible decrease in surface resistance was observed

upon first application of anodic bias. The relative decrease by a factor of three regarding the
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4.3.2 Measurements in oxidizing atmosphere

(a) 0 to 150 mV bias (b) 175 to 275 mV bias

(c) 300 to 400 mV bias (d) 425 to 500 mV bias

(e) Zoom on intermediate region (f) Zoom on intermediate region

Figure 4.16: Impedance spectra of a 100 µmmicroelectrodes with bottom current collectors un-
der anodic bias from 0 to 500 mV measured in synthetic air at 625 ◦C. Symbols
represent measured data points, fits are represented by solid lines. Dotted lines are
drawn as visual guides.
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4.4 Counter electrodes

bias free spectra is comparable to the effect under reducing atmospheres. However, this decrease
happens at lower potentials (bias of up to 500 mV) compared to measurements in humidified
hydrogen, where this effect was only observable at polarization with up to 1200 mV bias. An
explanation for this effect is thoroughly discussed in section 4.5.1.

Figure 4.17: Surface exchange resistance and electrode overpotential under anodic bias, mea-
sured on amicroelectrodewithwith 100 µmdiameter and bottom current collector
in synthetic air at 625 ◦C.

4.4 Counter electrodes
As the first set of bias experiments exhibited very low surface resistances under polarization as
well as additional features, the influence of the counter electrode on the overall impedance had
to be examined. Therefore different counter electrodes were investigated with regards to their
resistance in different oxidizing atmospheres.

4.4.1 Porous platinum paste, dried
The first electrodes tested were porous platinum electrodes, produced by brushing platinum
paste, and drying it at 130 ◦C. Figure 4.18 shows the respective impedance spectra. The elec-
trode resistance shows a very strong degradation, therefore no clear dependency on the oxygen
partial pressure could be observed. It can, however, be assumed, that the electrode resistance
decreases at lower oxygen partial pressures, which is overshadowed by the massive degradation
over the course of the experiment. As the electrode resistance (see figure 4.19), ranging from
1000 to 16 000 Ω, is within the same order of magnitude as the electrode resistance of the LSF
microelectrodes under bias, alternative counter electrodes or preparation routes had to be taken
into account.
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4.4.1 Porous platinum paste, dried

(a) 100 to 2.5 % oxygen (b) 1 to 0.025 % oxygen

(c) 0.025 to 1 % oxygen (d) 2.5 to 100 % oxygen

Figure 4.18: Impedance spectra of 5 mm × 5 mm symmetrical macroelectrodes, of dried plat-
inum paste, measured at 625 ◦C, with oxygen percentage decreasing stepwise from
100 to 0.025 % (4.18a and 4.18b), then increasing again from 0.025 to 100 % (4.18c
and 4.18d).
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4.4.2 Porous platinum, annealed

Figure 4.19: Estimated electrode resistance at 625 ◦C and oxygen partial pressures decreasing
from 100 to 0.1 % (black line), and increasing back to 100 %(red line).

4.4.2 Porous platinum, annealed
In a second approach, counter electrodes of annealed platinum paste were examined. Spectra
(see figure 4.20) showed complex depressed features, from which the total electrode resistances
were estimated. In comparison with the dried platinum paste electrodes, the annealed ones
showed much higher resistances from 10 000 to 60 000Ω, see figure4.21. Although no degra-
dation of the electrode resistance was observed, annealed porous platinum electrodes were not
considered as convenient counter electrodes due to their high impedance.

(a) 100 to 0.025 % oxygen (b) 0.025 to 100 % oxygen

Figure 4.20: Impedance spectra of 5 mm × 5 mm symmetrical annealed platinum paste macro-
electrodes, measured at 625 ◦C, with oxygen percentage decreasing stepwise from
100 to 0.025 % (4.20a), and increasing again from 0.025 to 100 % (4.20b).

45



4.4.3 Porous LSF and platinum combined

Figure 4.21: Estimated total electrode resistance of 5 mm × 5 mm symmetrical annealed plat-
inum paste macroelectrodes at 625 ◦C for oxygen partial pressure decreasing from
100 to 0.025 % (black line), and increasing again from 0.025 to 100 % (red line).

4.4.3 Porous LSF and platinum combined
Next, a counter electrode made of a combination of LSF paste and platinum paste, see section
3.1.3, was investigated. Spectra (figure 4.22) showed depressed features, which could be resolved
into a 45° slope and a dominant low frequency arc at lower oxygen partial pressures. The elec-
trode resistance (figure 4.23) showed comparatively low values from50 to 250Ω, and only slight
degradation effects. Therefore, porous LSF and platinum were used as counter electrode for
further bias experiments.
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4.4.3 Porous LSF and platinum combined

(a) 100 to 2.5 % oxygen (b) 1 to 0.025 % oxygen

(c) 0.025 to 1 % oxygen (d) 2.5 to 100 % oxygen

Figure 4.22: Impedance spectra of 5 mm × 5 mmsymmetrical porousLSF andplatinummacro-
electrodes, measured at 625 ◦C, with oxygen percentage decreasing stepwise from
100 to 0.025 % (4.22a and 4.22b), then increasing again from 0.025 to 100 % (4.22c
and 4.22d).
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4.5 Second set of bias experiments

Figure 4.23: Total electrode resistance of 5 mm × 5 mm symmetrical porous LSF and plat-
inum macroelectrodes at 625 ◦C for oxygen partial pressure decreasing from 100
to 0.025 % (black line), and increasing again from 0.025 to 100 % (red line).

4.5 Second set of bias experiments
The first set of bias experiments showed amassive decrease of the surface exchange resistance un-
der polarization, down to values within the order of magnitude of the resistance of the counter
electrodes. Moreover, measurements in oxidizing atmospheres exhibited complex features un-
der anodic polarization which could not be evaluated by any of the simplified equivalent cir-
cuits presented in this work. Therefore counter electrodes with lower resistance were used in
consecutive experiments. This also had the benefit of eliminating any contamination from the
formerly used (non annealed) platinum paste.

4.5.1 Measurements in reducing atmosphere
Cathodic polarization

Figures 4.24 and 4.25 show spectra measured on microelectrodes of 200 µm diameter and with
bottom current collector in humid hydrogen. Spectra show of a high frequency offset, a slope at
intermediate frequencies and a dominant low frequency semicircle. With increasing bias, begin-
ning at about−200 to−300 mV, the slope gets less and less pronounced and givesway to a small
semicircle that gets more and more distinguishable with increasing bias, while maintaining the
same size. This feature is again attributed to the electronic transport resistance, as discussed in
section 4.3.1. The dominant semicircle decreases in sizewith increasing bias, down to a resistance
of about 250Ω (0.07Ω cm2) under very high polarization. Therefore a significant portion of
the applied bias is lost in the electrolyte, and at the interface resistance.
Spectra were fitted using either of the circuits shown in figure 4.9 for bias voltages of up to

−500 mV and from −500 to −1200 mV respectively. From the fit results the area specific sur-
face resistance, and the chemical capacitance were calculated, see equations 4.3 and 4.4, both
normalized to the entire electrode (fA = 1 and fV = 1). Since part of the applied bias is lost
at the electrolyte resistance, or at the interface, the effective overpotential at the electrode was
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4.5.1 Measurements in reducing atmosphere

(a) 0 to −150 mV bias (b) 0 to −150 mV bias, zoom

(c) −175 to −325 mV bias (d) −175 to −325 mV bias, zoom

(e) −325 to −500 mV bias (f) −350 to −500 mV bias, zoom

Figure 4.24: Impedance spectra of microelectrodes with 200 µm diameter and bottom current
collectors under cathodic bias from 0 to −500 mV measured in humidified hydro-
gen at 625 ◦C. Entire spectra (4.24a, 4.24c and 4.24e) and magnifications of the
intermediate frequency region (4.24b, 4.24d and 4.24f).
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4.5.1 Measurements in reducing atmosphere

(a) 0 to −200 mV bias (b) −250 to −450 mV bias

(c) −500 to −700 mV bias (d) −750 to −950 mV bias

(e) −1000 to −1200 mV bias (f) 0 to −200 mV bias, zoom

Figure 4.25: Impedance spectra of microelectrodes with 200 µm diameter and bottom current
collectors under cathodic bias from 0 to −1200 mV measured in humid hydrogen
at 625 ◦C. Entire spectra (4.25a, 4.25b, 4.25c, 4.25d and 4.25e) and a magnifications
of the intermediate frequency region (4.25f).
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4.5.1 Measurements in reducing atmosphere

calculated, see equations 4.5 and 4.6 respectively. Hence, surface exchange resistance, chemi-
cal capacitance and effective electrode overpotential over the course of several bias cycles were
obtained, see figures 4.26a and 4.26b.
The initial values of the surface resistance (5Ω cm2 and 13Ω cm2) are within reasonable de-

viation from previous experiments. Under bias, the surface resistance showed a vast decrease.
Furthermore a continuous degradation of the surface resistance in the bias free spectra could be
observed over the course of the experiment. In the first experiment, with bias up to −500 mV,
the chemical capacitance increased with increasing bias while for the bias free spectra it showed
minor scattering, and a continuous slight decrease over the course of the experiment. When
applying higher bias voltages of up to −1200 mV, the chemical capacitance showed a similar
increase with rising bias, although after the first bias cycle, an irreversible decrease of the chem-
ical capacitance could be observed. Furthermore the bias free spectra showed strong variations.
These irreversible changes on the electrode propertiesmight be explained by the strong cathodic
bias that causes reducing conditions that are out of the stability range of LSF.

(a) 0 to −500 mV bias (b) 0 to −1200 mV bias

Figure 4.26: Progression of the area specific surface exchange resistance, the chemical capaci-
tance and the effective electrode overpotential over the course of several bias cycles,
from 0 to−500 mV (figure 4.26a) and from0 to−1200 mV (figure 4.26b) cathodic
bias. All data were obtained frommeasurements on 200 µm microelectrodes with
bottom current collector, in humid hydrogen at 625 ◦C.

Figure 4.27 shows the chemical capacitance (on a logarithmic scale) versus the electrode over-
potential. In the experimentwithup to−500 mVcathodic bias, the chemical capacitancewithin
the first phase of increasing bias shows significant deviations from the other cycles, both in the
absolute values and also in the slope. Furthermore a continuous decrease of the chemical ca-
pacitance over the course of the experiment could be observed. The curves were fitted using an
exponential equation (see equation 4.7), which yielded an average slope b of -9.7 for chemical
capacitance (logarithmic) versus overpotential which corresponds to a slope of -0.19 versus the
logarithmic oxygen partial pressure. This is slightly smaller than the slope expected from the
defect model (-0.24), as described in section 2.2.

CChem = A × eb×η (4.7)
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4.5.1 Measurements in reducing atmosphere

In the experiment with up to −1200 mV bias, differences between the cycles are much more
distinctive. The chemical capacitance decreases over the course of the experiment. Is in the
previously described experiment, there is a notable difference between the first phase and the
remaining phases, and a continuous decrease of the chemical capacitance over the course of
the experiment is again visible. The curves were again fitted using equation 4.7, where possible.
This yielded an average slope of -7.8 vs the overpotential and -0.15 versus the logarithmic oxygen
partial pressure respectively, again this is lower than expected from defect model calculations (-
0.24).
Figure 4.28 shows images of two electrodes from the same sample, one after applying a ca-

thodic bias of up to −500 mV, the other being subject to the same measuring conditions (at-
mosphere and temperature) but without any polarization. The only notable feature on the po-
larized electrode is a slightly darker spot, where the electrode was contacted with the platinum
needle. Aside from this, no further further differences could be observed in the microscopic
images. In figure 4.29 images of two microelectrodes are shown. Again the top row depicts the
polarized electrode, whereas the bottom row represents a notmeasured electrode from the same
sample. Similar to the previous experiment, a dark spot can be seen where the needle contacted
the electrode. Compared to the former experiment, the spot is more pronounced here. Addi-
tionally the area between the current collector grid is slightly darker for the polarized electrode,
whichmight be due to irreversible changes in the electrode, i.e. a exsolution ofmetallic iron [39]
or phase decomposition of the LSF.
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4.5.1 Measurements in reducing atmosphere

(a) 0 to −500 mV bias

(b) 0 to −1200 mV bias

Figure 4.27: Chemical capacitance as a function of the effective electrode overpotential, from 0
to −500 mV (figure 4.27a) and from 0 to −1200 mV (figure 4.27b) cathodic bias.
All data obtained from measurements on 200 µm microelectrodes with bottom
current collector, in humid hydrogen at 625 ◦C. Measured values are shown as
markers, the lines represent exponential fits.
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4.5.1 Measurements in reducing atmosphere

(a) polarized, bright field (b) polarized, dark field (c) polarized, DIC

(d) not polarized, bright field (e) not polarized, dark field (f) not polarized, DIC

Figure 4.28: Bright field images (4.28a and 4.28d), dark field images (4.28b and 4.28e), and dif-
ferential interference contrast images,DIC (4.28c and4.28f) of twomicroelectrodes
(200 µm diameter) from the same sample. The electrode in the top row was polar-
ized, while the one in the bottom row was subjected to the same atmosphere and
temperature but not polarized. Measurements were taken in humidified hydrogen
at 625 ◦C with cathodic bias of up to −500 mV applied.
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4.5.1 Measurements in reducing atmosphere

(a) polarized, bright field (b) polarized, dark field (c) polarized, DIC

(d) not polarized, bright field (e) not polarized, dark field (f) not polarized, DIC

Figure 4.29: Bright field images (4.29a and 4.29d), dark field images (4.29b and 4.29e), and
differential interference contrast images, DIC (4.29c and 4.29f) of two microelec-
trodes (200 µm diameter) from the same sample. The electrode in the top rowwas
polarized, while the one in the bottom row was subjected to the same atmosphere
and temperature but not polarized. Measurements were taken in humidified hy-
drogen at 625 ◦C with cathodic bias of up to −1200 mV applied.
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4.5.1 Measurements in reducing atmosphere

Anodic polarization

Figures 4.30 and 4.31 show spectra of microelecetrodes (200 µm diameter) under anodic polar-
ization. Measurements were taken in humidified hydrogen at 625 ◦C. Spectra consisted of a
high frequency intercept, a slope at intermediate frequencies and a dominant semicircle at low
frequencies. This slope increases slightly with rising bias up to about 150 mV. With further in-
creasing bias, the slope gets smaller. At about 600 to 700 mV a small semicircle becomes visible
and getsmore andmore pronounced at higher bias voltages. This behavior fits the expectations,
as the slope is believed to occur due to limited electronic conductivity. The dominant semicircle,
which is attributed to the surface exchange reaction, increases with rising bias up to amaximum
at about 150 mV. Thereafter it continuously decreases with increasing bias.
Spectra were fitted using the equivalent circuit shown in 4.9a. From the fit results surface

exchange resistance and the chemical capacitance of the low frequency semicircle were calcu-
lated, each normalized to the entire electrode (fA = 1 and fV = 1), see equations 4.3 and 4.4.
Since part of the applied bias drops at the electrolyte resistance or at the interface, the effective
overpotential at the electrode was calculated according to equation 4.5. This yielded the pro-
gression of area specific surface exchange resistance and chemical capacitance over the course of
the experiments.
The initial value of the surface exchange resistance (8.5Ω cm2) of the first experiment is

within expectations from previous experiments, the second experiment shows a higher initial
value (36Ω cm2) due to thermal history of the sample, caused by previous experiments. The
experiment with bias from 0 to 500 mV (figure 4.32a) showed a reversible increase of the sur-
face exchange resistance with increasing anodic polarization, up to a maximum followed by a
decrease at higher bias voltages. Over the course of the experiment this effect gets progressively
overshadowed by the degradation of the electrode resistance. In the second experiment (figure
4.32b), this effect is only slightly visible at the start of the first cycle. However, after applying
anodic bias the electrode resistance shows a irreversible decrease. The chemical capacitance ex-
hibits very similar properties in both experiments. With increasing bias, it first decreases to a
minimum at about 350 mV after which it continuously increases again. Additionally a slight
continuous decrease of the chemical capacitance could be observed over the course of the whole
experiment. In the experiment with 1200 mV bias, the chemical capacitance shows only mi-
nor changes after the first bias cycle, which is quite contrary to the drastic decrease of the elec-
trode resistance. Since the chemical capacitance is a bulk property whereas the surface exchange
resistance is a surface property on the surface, it is likely that high anodic polarization causes
irreversible changes to the electrode surface.
In figure 4.33 the chemical capacitance (on a logarithmic scale) is plotted versus the electrode

overpotential.
In the experiment with 500mV bias, there is an almost perfect exponential relation between

the chemical capacitance and the electrode overpotential in the region from 0 to 300 mV. At
higher potentials the chemical potential reaches a minimum, and increases again afterward. Be-
tween the individual bias cycles a steady decrease of the chemical capacitance is again noticeable,
however the slope stays the same for all cycles. Exponential fits (equation 4.7) yielded an average
slope of -3.7, which corresponds to about -0.07 versus the logarithmic oxygen partial pressure.
This slope is much shallower than expected from the Brouwer diagram (-0.22). The experiment
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4.5.1 Measurements in reducing atmosphere

(a) 0 to 150 mV (b) 0 to 150 mV, zoom

(c) 175 to 325 mV (d) 175 to 325 mV, zoom

(e) 325 to 500 mV (f) 350 to 500 mV, zoom

Figure 4.30: Impedance spectra of microelectrodes (diamteter of 200 µm) with bottom current
collectors under anodic bias from0 to 500 mVmeasured in humidified hydrogen at
625 ◦C. Full spectra (4.30a, 4.30c and 4.30e) andmagnifications of the intermediate
frequency region (4.30b, 4.30d and 4.30f).
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4.5.1 Measurements in reducing atmosphere

(a) 500 to 700 mV bias (b) 500 to 700 mV bias, zoom

(c) 750 to 950 mV bias (d) 750 to 950 mV bias, zoom

(e) 1000 to 1200 mV bias (f) 1000 to 1200 mV bias, zoom

Figure 4.31: Impedance spectra of amicroelectrode (200 µmdiameter) with bottom current col-
lectors under cathodic bias from 0 to−1200 mV measured in humidified hydrogen
at 625 ◦C. Entire spectra (4.31a, 4.31c and 4.31e) and magnifications of the interme-
diate frequency region (4.31b, 4.31d and 4.31f).
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4.5.1 Measurements in reducing atmosphere

(a) 0 to 500 mV bias (b) 0 to 1200 mV bias

Figure 4.32: Progression of the area specific total electrode resistance, the chemical capacitance
and the effective electrode overpotential over the course of several bias cycles, from
0 to 500 mV (figure 4.32a) and from 0 to 1200 mV (figure 4.32b) anodic bias. Data
obtained frommeasurements on amicroelectrode (200 µmdiameter) with bottom
current collector, in humidified hydrogen at 625 ◦C.

with up to 1200 mV bias again shows an exponential relation between the chemical capacitance
and the electrode potential, both left and right of the minimum. Exponential fits of the left
branch again yielded an average slope of -4.3 versus the potential and -0.08 versus the logarith-
mic oxygen partial pressure respectively. This is again lower than expected from defect model
calculations. For the right branch, from450 to 650 mV, exponential fits yielded an average slope
of 10.9 versus the potential and 0.21 versus the logarithmic oxygen partial pressure. From defect
calculations a slope of 0.23 is expected, which is within reasonable agreement. Furthermore, in
the experiment with up to 1200 mV bias a steady increase of the chemical capacitance over the
course of the experiment is notable. This is especially pronounced at higher polarizations. A
detailed discussion on the chemical capacitance with a comparison of different experiments is
given in section 4.5.3.
In figure 4.34 images of two electrodes are shown. The top row represents themeasured elec-

trode, the bottom row represents another, not measured, electrode from the same sample. On
the measured electrode, a change in the surface morphology is clearly visible in the area of the
current collector. Furthermore, a scratch from the contacting needle is visible. During the mea-
surement the sample was subjected to a bias of 1200 mV, of which about 650 mV drop at the
LSF film. This potential difference can be converted into a pressure ratio, using Nernst’s equa-
tion (equation 2.32). For 650 mV this corresponds to a pressure of about 16 orders ofmagnitude
higher than the atmospheric pressure. Therefore, it is possible that oxygen or water is formed
at the YSZ|Pt, the YSZ|LSF or the Pt|LSF interface. Hence, the resulting pressure might cause
physical damage to the electrode film or the current collector grid. This also fits to the observed
progression of electrode resistance and chemical capacitance. After the first application of high
anodic bias, the electrode film gets physically deformed,which leads to amuch larger surface and
thus a much smaller surface resistance. Since the electrode appears to stay compact, meaning it
doesn’t completely disintegrate, but maintain a more or less cohesive structure, the chemical
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(a) 0 to −500 mV bias

(b) 0 to −1200 mV bias

Figure 4.33: Chemical capacitance as a function of the effective electrode overpotential, from 0
to 500 mV (figure 4.33a) and from 0 to 1200 mV (figure 4.33b) anodic bias. Data
obtained from measurements on a microelectrode (200 µm diameter) with bot-
tom current collector, in humidified hydrogen at 625 ◦C. Data points are shown
as markers, the lines represent exponential fits.
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capacitance, being a bulk property, shows only minor changes. At lower bias of up to 500 mV
neither surface resistance nor microscopic pictures suggested any structural damage to the LSF
film.

(a) polarized, bright field (b) polarized, dark field (c) polarized, DIC

(d) not polarized, bright field (e) not polarized, dark field (f) not polarized, DIC

Figure 4.34: Bright field images (4.34a and 4.34d), dark field images (4.34b and 4.34e), and
differential interference contrast images (4.34c and 4.34f) of two microelectrodes
(200 µm diameter) from the same sample. The electrode in the top row was polar-
ized, while the one in the bottom row was subjected to the same atmosphere and
temperature but not polarized. Measurements were taken in humidified hydrogen
at 625 ◦C with anodic bias of up to 1200 mV applied.

4.5.2 Measurements in oxidizing atmospheres
Cathodic Polarization

Figures 4.35 and 4.36 show impedance spectra of a microelectrode with a diameter of 200 µm,
measured in synthetic air at 625 ◦C with polarization of up to −500 mV. Spectra with bias of
up to −1200 mV are shown in figures 4.37 and 4.38. Spectra at bias voltages of up to −700 mV
show the same three featureswhich are a small depressed semicircle at high frequencies, a second
medium sized semicircle at intermediate frequencies and a very large arc at very low frequencies.
The latter belongs to a semicircle that could not bemeasured completely in a reasonable amount
of measuring time, due to its low peak frequency.
In both experiments, spectra differ significantly from spectra measured in previous experi-

ments, see section 4.2.1 and section 4.3.2. Firstly, the total electrode resistance is much higher.
Secondly, spectra show an additional semicircle in the lower intermediate frequency range,
which partly overlapswith the low frequency arc. With increasing bias voltage the dominant arc
and the intermediate frequency semicircle decrease in size, whereas the small semicircle at high
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frequencies doesn’t change its appearance upon polarization. Furthermore, at higher bias volt-
ages (over 700 mV) the former visible high frequency semicircle and the intermediate frequency
shoulder are not distinguishable, only one slope feature remains at intermediate frequencies,
and one dominant low frequency semicircle was observed.
At a first glance, one might suppose an additional serial process of the oxygen exchange re-

action as origin of the additional semicircle. A preliminary analysis of the spectra with 3 serial
R||CPE elements (see figure 4.39b), however, reveals that both capacitances C2 and C3 are very
high, and typical for chemical capacitances. Furthermore, both capacitances show essentially
identical bias dependencies, see figure 4.40. Based on these observations, an alternative expla-
nation is suggested, which can explain all these observations.
As discussed in section 2.4.2, for LSF electrodes with bottom current collector geometry in

oxidizing atmospheres spectra are expected to show one dominant low frequency semicircle
caused by surface exchange resistance in parallel to the chemical capacitance, and a small semi-
circle caused by the interfacial resistance and capacitance in parallel at intermediate frequencies.
However, this is only valid under several assumptions. Firstly, the electronic transport has to
be fast. Secondly the surface exchange resistance has to be low compared to the lateral ionic
transport resistance, but high compared to the across plane ionic transport resistance. These
conditions are reported to apply to LSF [26]. Then, the LSF area above the current collector
does not participate in the oxygen exchange.
However, if the surface exchange resistance is sufficiently high compared to the lateral ionic

transport resistance, the equivalent circuit shown in figure 2.7b can no longer be simplified to
that shown in figure 2.7d by ignoring the branch above the current collector. At high frequen-
cies the circuit (see figure 4.39a) is short circuited by the capacitance of the current collector
CYSZ |Pt and the interface capacitance CLSF |YSZ . The electronic transport resistance Reon can be
neglected, because of the high electron hole concentration and the presence of a current col-
lector grid supporting the lateral electron distribution. With decreasing frequency, the right
branch (B), above the substrate becomes active, whereas the left path (A), above the current
collector is unfavorable because of the high ionic transport resistance Rion. In both cases the
high surface exchange resistance RSurface is shorted by the chemical capacitance(s) CChem. With
further decrease of frequency, the impedance of the chemical capacitance(s) CChem increases,
causing the left branch (A) above the current collector to become more and more favorable, as
the impedance of both branches is now dominated by the much high surface exchange resis-
tanceRSurface. This causes larger and larger areas to be polarized until the whole electrode area is
active. Therefore, in the spectra an additional semicircle appears. The overlap between the in-
termediate and low frequency semicircle represents the current redistribution from one branch
(B) to both branches (A and B). Furthermore at more negative potentials the concentration of
oxygen vacancies increases, therefore the ionic conductivity is expected to increase too. This
causes the whole electrode area to be active towards oxygen exchange even at high frequencies
as is the case in reducing atmospheres. Moreover, the concentration of electronic charge carriers
decreases, thereby increasing the electronic transport resistance. A non negligible electronic re-
sistance would cause a slope feature at intermediate frequencies, which indeed can be observed
in the spectra.
Because of the complex spectra and interpretation of certain features, fitting was done with

an equivalent circuit of 3 serial R||CPE elements and an offset resistance shown in 4.39b over
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(a) 0 to −150 mV (b) 0 to −150 mV, zoom 1

(c) −175 to −325 mV (d) −175 to −325 mV, zoom 1

(e) 0.350 to −500 mV (f) −350 to −500 mV, zoom 1

Figure 4.35: Spectra of a microelectrode of 200 µm diameter measured in synthetic air at 625 ◦C
under cathodic polarizaion. Figures 4.35a, 4.35c and 4.35e show the original spectra,
figures 4.35b to 4.35f showmagnifications.
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(a) 0 to −150 mV, zoom 2 (b) 0 to −150 mV, zoom 3

(c) −175 to −325 mV, zoom 2 (d) −175 to −325 mV, zoom 3

(e) −350 to −500 mV, zoom 2 (f) −350 to −500 mV, zoom 3

Figure 4.36: Spectra of a 200 µm microelectrode measured in synthetic air at 625 ◦C under ca-
thodic polarization. Figures 4.36a to 4.36e and 4.36b to 4.36f show different zoom
levels of the spectra in 4.35.
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(a) −500 to −700 mV, original (b) −500 to −700 mV, zoom 1

(c) −750 to −950 mV, original (d) −750 to −950 mV, zoom

(e) −1 to −1.2 V, original (f) −1 to −1.2 V, zoom 1

Figure 4.37: Spectra of amicroelectrode of 200 µmdiameter,measured in synthetic air at 625 ◦C
under cathodic polarization. Figures 4.37a, 4.37c and 4.37e show the original spec-
tra, the remaining spectra showmagnifications.
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(a) −500 to −700 mV, zoom 2 (b) −500 to −700 mV, zoom 3

Figure 4.38: Spectra of a microelectrode (200 µm diameter) measured in synthetic air at 625 ◦C
under cathodic polarization. Figures 4.38a and 4.38b show magnifications of the
spectra in 4.37

(a) General case (b) Used for fitting

Figure 4.39: Equivalent circuit used for fitting in oxidizing atmospheres under cathodic polar-
ization.
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(a) 0 to −500 mV (b) 0 to −1200 mV

Figure 4.40: Capacitances obtained frommeasurements on a microelectrode of 200 µm diame-
ter, in synthetic air at 625 ◦C under cathodic polarization. An equivalent circuit of
3 serial R||CPE elements was used for fitting, and capacitances are normalized to
the free electrode volume.

the entire frequency range. The resistance and the capacitance of the low frequency semicircle,
which is attributed to the surface resistance in parallel to chemical capacitance, were used to
calculate the surface exchange resistance and the chemical capacitance according to equations
4.3 and 4.4, assuming a fully polarized electrode (fV = 1 and fA = 1).
The chemical capacitance of the bias free spectra is in good agreement with the chemical ca-

pacitancemeasured on similar samples (microelectrodeswith 200 µmdiameter andbottom cur-
rent collector) during the degradation experiments, see section 4.2. The surface exchange resis-
tance, however, shows a drastic increase of one to two orders of magnitude compared to the
measurements done during the degradation experiments. The progression of surface exchange
resistance and chemical capacitance is shown in figure 4.41. As mentioned before, the surface
exchange resistance is high, compared to samples measured earlier. Spectra under bias, and bias
free spectra measured after every four bias spectra both show intense degradation within the
first 4 cycles (bias of up to 500 mV). Again, the surface exchange resistance reversibly decreases
with increasing bias. Upon the first application of higher bias voltages (up to 1200 mV), the
surface exchange resistance drastically decreases for both bias free and bias measurements, and
shows almost no further degradation over the following three cycles. Reduction of the surface
resistance by polarization has been reported for other perovskite MIECs. [40] [41]
As described in section 4.6 this unusually high surface resistance is caused by contamination

or irreversible changes to the electrode surface during microstructuring of the LSF film. There-
fore, reasonable measurements on kinetic properties of LSF in its initial state are not possible
on microelectrodes. However, the high surface exchange resistance offers an advantage for in-
vestigations on the chemical capacitance. As described above, for moderate surface exchange
resistances at high oxygen partial pressures only the area between the current collector grid is
active, as the high lateral ionic transport resistance hinders any current flow over the current
collector. In reducing conditions, however, the whole electrode is active due to the low ionic
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transport resistance. Therefore, when polarizing cathodically at some point larger and larger
areas of the sample will become active, thereby preventing normalization to the active electrode
volume. However, as due to the high surface exchange resistance the whole electrode is active
at all potentials, experiments for determining the chemical capacitance can be done even at po-
tentials where normally a change of active area is to be expected.
Reproducible results were obtained for the chemical capacitance over the course of the first

4 cycles, with bias up to 500 mV. Within the following three cycles (up to 1200 mV bias), the
chemical capacitance is still quite reproducible, but strong scattering is found for bias free mea-
surements.

(a) Up to 500 mV cathodic bias (b) Up to 1200 mV cathodic bias

Figure 4.41: Progression of surface exchange resistance and chemical capacitance of a microelec-
trode (200 µm diameter) measured in synthetic air at 625 ◦C. The left plot shows
4 bias cycles of up to 500 mV cathodic bias, the right shows 3 consecutive bias cy-
cles of up to 1200 mV, measured immediately after the first 4 cycles, on the same
electrode.

In figure 4.42 the chemical capacitance is plotted versus the electrode overpotential, in a half
logarithmic plot. During the first 4 cycles with up to 500 mV bias, the chemical capacitance
is excellently reproducible. Upon application of up to 1200 mV bias, aside from the first cy-
cle, the chemical capacitance is again very stable, indicating some irreversible effects taking place
upon the first application of higher bias voltages, where also the surface resistance drastically de-
creases. Beginning at bias free conditions and going tomore negative potentials, the chemical ca-
pacitance increases until reaching amaximum at around−200 mV. Afterward it decreases until
reaching aminimumat around−750 mV. Atmore negative potentials the chemical capacitance
first shows a shallow increase, a bend at about−1000 mV followed by a slightly steeper increase.
The general characteristics fit the expectations, with regards to the Brouwer diagram. Under
bias free conditions, ionic charge carriers (oxygen vacancies) are the minority charge carriers,
and thus dominate the chemical capacitance. With more negative potentials the concentration
of vacancies increases, causing also the chemical capacitance to increase. At around −250 mV
the concentration of vacancies exceeds the electron hole concentration. Therefore the electronic
charge carriers (almost exclusively electron holes at these conditions) become minority charge
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carriers and thus dominate the chemical capacitance. As the electron hole concentration de-
creases, so does the chemical capacitance with more negative potentials. At around −700 mV
the concentration of electron holes equals the concentration of electrons. Thus the total con-
centration of electronic charge carriers reaches aminimum, which also causes aminimumof the
chemical capacitance. At evenmore negative potentials the chemical capacitance increases again
as the concentration of electrons keeps increasing. In the regions from −1200 to −1000 mV,
−900 to −750 mV, −600 to −250 and −150 to 0 mV, the CChem versus overpotential curves
were fitted using an exponential fit (equation 4.7). This yielded average slopes of -7.1, -3.3, 10.1
and -7.1 for the respective sections, versus the electrode overpotential. These slopes correspond
to -0.14, -0.06, 0.19, -0.14 versus logarithmic oxygen partial pressure. This is shallower than ex-
pected from the defect model based on thermogravimetry and coulometric titration by Kuhn
et. al. [17] (-0.24, 0.24 and 0.46). The bend at 1000 mV is not expected from the defect model
at all.
Microscopic images of the electrodes, taken after the EISmeasurement showedno alterations

of electrode appearance, see figures 4.43 and 4.44. Compared to non measured electrode from
the same sample, the one subjected to 1200 mV bias showed a slight darkening of the electrode,
especially in the area between the current collector grid. A small spot near the center of the elec-
trode where the contacting needle was placed appears slightly brighter. The electrode subjected
to nomore than 500 mV of cathodic bias showed no visible changes aside from a scratch which
was caused by the needle in the contacting process. This darkening of the electrode was also
observed on cathodically polarized electrodes in humidified hydrogen, but already at 500 mV
bias. In addition to the vast decrease of the surface resistance and the slightly different chemical
capacitances within the first 1200 mV bias cycle this leads to the conclusion that such a negative
potential, be it induced by atmosphere or by application of voltage, leads to permanent changes
of the electrode.
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(a) Up to −500 mV bias

(b) Up to −1200 mV bias

Figure 4.42: Chemical capacitance versus electrode overpotential with set bias voltages from 0
to −500 mV (Figure 4.42a) and from 0 to −1200 mV (Figure 4.42a), measured on
a 200 µm microelectrode with bottom current collector in synthetic air at 625 ◦C.
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(a) polarized, bright field (b) polarized, dark field (c) polarized, DIC

(d) not polarized, bright field (e) not polarized, dark field (f) not polarized, DIC

Figure 4.43: Bright field images (4.43a and 4.43d), dark field images (4.43b and 4.43e), and
differential interference contrast images (4.43c and 4.43f) of two microelectrodes
(200 µm diameter) from the same sample. The electrode in the top row was polar-
ized, while the one in the bottom row was subjected to the same atmosphere and
temperature but not polarized. Measurements were taken in synthetic air at 625 ◦C
with cathodic bias of up to 500 mV applied.
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(a) polarized, bright field (b) polarized, dark field (c) polarized, DIC

(d) not polarized, bright field (e) not polarized, dark field (f) not polarized, DIC

Figure 4.44: Bright field images (4.44a and 4.44d), dark field images (4.44b and 4.44e), and
differential interference contrast images (4.44c and 4.44f) of two microelectrodes
(200 µm diameter) from the same sample. The electrode in the top rowwas polar-
ized, while the one in the bottom row was subjected to the same atmosphere and
temperature but not polarized. Measurementswere taken in synthetic air at 625 ◦C
with cathodic bias of up to 1200 mV applied.
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Variation of oxygen partial pressure

In addition to measurements in synthetic air, experiments were also done in mixtures of 0.1 %,
1 % and 100 % oxygen in nitrogen. These percentages correspond to oxygen partial pressures of
1.013 × 10−3 bar, 1.013 × 10−2 bar and 1.013 bar. Figures 4.45 to 4.48 show the corresponding
impedance spectra. All spectra are of the same general appearance as the ones measured in syn-
thetic air. Again, the surface resistance is very high, causing an additional feature, as described
in the beginning of section 4.5.2.
Spectra were fitted using an equivalent circuit of three R||CPE elements and an offset resis-

tance in series (figure 4.39), from which surface exchange resistance and chemical capacitance
were calculated using equations 4.3 to 4.4, assuming a fully polarized electrode (fA = 1 and
fV = 1). This yielded the following progression of surface resistance and chemical capacitance
over several bias cycles, see figure 4.49. In all cases, the surface resistance is extremely high, and
in 1 % oxygen increases with time even further. The chemical capacitance on the other hand is
very stable over the course of several cycles. Figures 4.49b to 4.49f show the chemical capaci-
tance plotted versus the overpotential at the respective partial pressures. All three curves show
a very similar appearance but are shifted on the potential axis. The maximum of the chemical
capacitance is very similar to that measured in synthetic air.
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(a) 0.1 % oxygen (b) 0.1 % oxygen, zoom 1

(c) 0.1 % oxygen (d) 0.1 % oxygen, zoom 1

(e) 1 % oxygen (f) 1 % oxygen, zoom 1

Figure 4.45: Spectra of microelectrodes (200 µm diameter) measured at 625 ◦C. 0.1 % oxygen
(Figures 4.45a to 4.45d) and 1 % oxygen (Figures 4.45e and 4.45f). Entire spectra
(left) and magnifications (right).

74



4.5.2 Measurements in oxidizing atmospheres

(a) 0.1 % oxygen, zoom 2 (b) 0.1 % oxygen, zoom 3

(c) 0.1 % oxygen, zoom 2 (d) 0.1 % oxygen, zoom 3

(e) 1 % oxygen, zoom 2 (f) 1 % oxygen, zoom 3

Figure 4.46: Spectra of microelectrodes (200 µm diameter) measured at 625 ◦C. 0.1 % oxygen
(Figures 4.46a to 4.46d) and 1 % oxygen (Figures 4.46e and 4.46f). Further mag-
nifications of the spectra shown in figure 4.45.
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(a) 1 % oxygen (b) 1 % oxygen, zoom 1

(c) 100 % oxygen (d) 100 % oxygen, zoom 1

(e) 100 % oxygen (f) 100 % oxygen, zoom 1

Figure 4.47: Spectra of microelectrodes (200 µm diameter) measured at 625 ◦C. 1 % oxygen
(Figures 4.47a and 4.47b) and 100 %oxygen (Figures 4.47c to 4.47f). Entire spectra
(left) and magnifications (right).
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(a) 1 % oxygen, zoom 2 (b) 1 % oxygen, zoom 3

(c) 100 % oxygen, zoom 2 (d) 100 % oxygen, zoom 3

(e) 100 % oxygen, zoom 2 (f) 100 % oxygen, zoom 3

Figure 4.48: Spectra of microelectrodes (200 µm diameter) measured at 625 ◦C. 1 % oxygen
(Figures 4.48a and 4.48b) and 100 % oxygen (Figures 4.48c to 4.48f). Further mag-
nifications of the spectra shown in figure 4.47.
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(a) 0.1 % Oxygen
(b) 0.1 % Oxygen

(c) 1 % Oxygen
(d) 1 % Oxygen

(e) 100 % Oxygen
(f) 100 % Oxygen

Figure 4.49: Left: Progression of surface exchange resistance, chemical capacitance and elec-
trode overpotential over the course of several bias cycles. Right: Chemical capaci-
tance versus the electrode overpotential. Measurements were taken on microelec-
trodes of 200 µm diameter at 625 ◦C at different oxygen partial pressures.
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4.5.3 Comparison of different atmospheres
According toNernst’s equation, for each experiment the equivalent oxygen partial pressure, the
potential versus synthetic air and the potential versus humid hydrogenwere calculated based on
actual electrode overpotential and oxygen partial pressure, see equations 4.8 to 4.10.

ηvs. synthetic air = ηactual +
R × T
z × F

× ln
(

0.21 bar
p (O2)actual

)
(4.8)

ηvs. humidified hydrogen = ηactual +
R × T
z × F

× ln
(

9.5 × 10−24 bar
p (O2)actual

)
(4.9)

p (O2)equivalent = p (O2)actual × e
z×F
R×T ×ηactual (4.10)

The chemical capacitance was then plotted versus the equivalent partial pressure, to com-
pare the CChem versus overpotential curves of the individual experiments in different atmo-
spheres, see figure 4.50. The experiments in oxidizing atmospheres exhibit a perfect match of
the chemical capacitance versus overpotential curves measured at different oxygen partial pres-
sures. Therefore the defect chemistry in thematerial can be influenced by a voltage independent
of the outer chemical potential (oxygen partial pressure) and vice versa.
While the slopes of of thesesCChem versusη curves are shallower than expected fromthedefect

model, they are consistent with slopes obtained in experiments in reducing atmosphere. For
most negative potentials from−1200 to−1000 mV a slope of -0.14 has been determined. These
potentials correspond to cathodic biaswhenpolarizing in humidified hydrogen, where slopes of
-0.19 and -0.15were found. In the area from−900 to−750 mVa slope of -0.06was found, which
is comparable to the slope of -0.07 observed in reducing atmosphere under anodic polarization.
At more positive potentials, from −600−250mV, the slope was calculated to 0.19. Under the
corresponding anodic polarization in humidified hydrogen, a slope of 0.21 was determined.
Measurements done in reducing atmosphere with anodic bias show small deviations from

measurements done in synthetic air, mostly because of the drift of the chemical capacitance in
reducing atmosphere. While the first cycles in reducing atmosphere yielded a lower chemical ca-
pacitance thanmeasurements in synthetic air, this differences diminish over the course of several
cycles. The quantitative values frommeasurements in reducing atmospheres with cathodic bias
are significantly lower than extrapolation from anodic polarization measurements in reducing
atmosphere and cathodic polarization measurements in oxidizing atmosphere would suggest.
However such negative potentials are outside the stability limit of LSF, [17]. Nevertheless, the
slope of the curves is still comparable.
Finally, themeasuredCChem versus partial pressure curves are quantitatively compared to the

ones calculated frombulk defect chemical data, see section 2.2.2. The position ofmaximum and
minimum fit quite well, despite a slight shift of the minimum to more reducing conditions for
the calculated curve. Keeping in mind that calculations are based on bulk data, whereas mea-
surements were done on thin films, differences are not unlikely. There are several differences
between thin film and bulk samples which might cause lower values for thin film chemical ca-
pacitance. Firstly, stress or strain can be induced in the thin film due to different thermal ex-
pansion coefficients. Secondly, a strong bonding between substrate and thin film can also cause
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stress because of different lattice parameters, or because of the chemical expansion of the thin
film during oxygen release [17]. Furthermore, PLD grown thin films have much smaller grains
(about 50 nm, [25]. Therefore grain boundaries, which most likely have different properties
than the bulk, make up a larger fraction of the material. Preferred growth orientations might
also cause different chemical capacitances.
More surprisingly are partly strong deviations of the absolute values with differences becom-

ing large for large values of the chemical capacitance. These deviations are most probably not
caused by the difference of bulk and thin film since the same maximum chemical capacitance
is expected for all defect chemical data. As shown in section 2.2.2, the maximum chemical ca-
pacitance is a function of the dopant concentration alone, see equation 2.17. Reasons for these
deviations are yet unknown, and a detailed investigation is beyond the scope of this work. For
the related perovskite oxide La1–xSrxCoO3–δ Kawada et. al. also found that the chemical capaci-
tance was lower in thin film electrodes compared to bulk data. [30]
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(a) 0.1 to 100 % Oxygen

(b) Humidified hydrogen and synthetic air

Figure 4.50: Comparison of chemical capacitance measured in different atmospheres, versus
the equivalent partial pressure corresponding to the actual electrode overpotential.
Measurements were done at 625 ◦C on microelectrodes of 200 µm diameter.
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4.6 Investigation of the surface resistance
To ascertain the origin of the unexpectedly high surface resistance encountered during the sec-
ond set of bias experiments, sample preparation and measurement parameters were varied. A
comparison of these samples, and samples from the degradation experiments (section 4.2), is
shown in table 4.2.
Possible influences of the measurement apparatus or the target used for PLD deposition

could be ruled out, as variation of these parameters does not lead to differences in surface ex-
change resistance. Moreover, macroelectrodes with bottom current collector consistently show
surface resistances of about (3 ± 1)Ω cm2. Values in this order of magnitude are also found in
literature. [25]
Microelectrodes show surface resistances of either about (63 ± 15)Ω cm2 or over 500Ω cm2,

regardless of current collector placement. No correlation is found between the vastly degraded
microelectrodes and sample preparationormeasurement conditions. It is therefore conceivable,
thatmicrostructuring of the electrodes alters the oxygen surface exchange kinetics by one or over
two orders of magnitude.
Measurements done on microelectrodes which were prepared from previously measured

macroelectrodes show an increase of the surface exchange resistance from (3 ± 1)Ω cm2 to
(70 ± 18)Ω cm2, supporting this assumption. Furthermoremeasurements onmacroelectrodes
with top current collector also yielded surface resistances of either about 60Ω cm2 and over
500Ω cm2. This again suggests the lithography as crucial step, as these electrodes were also sub-
jected to lithography, whereas electrodes with bottom current collector, being deposited onto
the grid, never came in contact with the photolithography process.
In addition, XPS measurements were done on three samples, one macroelectrode with bot-

tom current collector, one microelectrode with a surface exchange resistance of 60Ω cm2 and
onemicroelectrodewith a surface exchange resistance of 500Ω cm2. While chromium and plat-
inum are present on two of three samples each, no correlation with sample preparation or mea-
surement conditions could be found. Additionally, on the two microelectrodes large amounts
of sodium were found, again confirming the lithography as factor of influence regarding con-
tamination.
Since microelectrodes were shown to exhibit unpredictable surface exchange resistance, re-

produciblemeasurements of kinetic properties was not possible onmicroelectrodes. Therefore,
additional on macroelectrode measurements with three electrode geometry were done, see sec-
tion 4.7.
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PLD- Current- Size Measurement Counter- Surface
Target collector apparatus electrode Resistance
Target 2 Bottom Macro Athene Symmetric 2.1Ω cm2

Target 1 Bottom Macro Nemesis symmetric 2.3Ω cm2

Target 2 Bottom Macro Athene Symmetric 3.4Ω cm2

Target 2 Bottom Macro Athene Symmetric 3.5Ω cm2

Target 2 Bottom Macro Morpheus Symmetric 4.3Ω cm2

Target 2 Bottom Macro Athene Symmetric 4.4Ω cm2

Target 1 Top 200 µm Nemesis Porous Pt 45Ω cm2

Target 1 Bottom 200 µm Nemesis Porous Pt 47Ω cm2

Target 2 Top Macro Athene Symmetric 60Ω cm2

Target 2 Bottom 200 µm* Athene LSF film 60Ω cm2

Target 2 Bottom 200 µm* Athene LSF film 62Ω cm2

Target 2 Bottom 200 µm Athene LSF film 62Ω cm2

Target 2 Bottom 200 µm* Athene LSF film 63Ω cm2

Target 2 Bottom 200 µm Nemesis LSF film 69Ω cm2

Target 2 Bottom 200 µm* Athene LSF film 98Ω cm2

Target 1 Bottom 200 µm Morpheus Porous LSF/Pt >500Ω cm2

Target 1 None 200 µm Morpheus Porous LSF/Pt >500Ω cm2

Target 1 None 200 µm Morpheus Porous LSF/Pt >500Ω cm2

Target 2 Bottom 200 µm Morpheus LSF film >500Ω cm2

Target 2 Bottom 200 µm Nemesis LSF film >500Ω cm2

Target 2 Top Macro Athene Symmetric >500Ω cm2

Table 4.2: Comparison of the surface exchange resistance of various samples with different pa-
rameters. * Measurements done on microelectrode prepared from previously mea-
sured macroelectrodes. All measurements were done at 625 ◦C in synthetic air.
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4.7 3-point measurements

4.7.1 Experiments in synthetic air
As described in section 3.1.6, sampleswith three electrode geometry consist of two similarmacro
electrodes, working electrode (WE) and counter electrode(CE), on either side of the substrate
and a ring electrode of porous platinumaround the circumference, the reference electrode (RE).
Therefore the distinction between working and counter electrode is only nominal.
In a first experiment measurements were done in synthetic air at 625 ◦C under set bias volt-

ages of±600 mV between working and counter electrode. Both working and counter electrode
weremeasured against the reference electrode (3-pointmeasurement) and against each other (2-
point measurement). This was done in order to rule out parasitic current paths to the reference
electrode. Figures 4.51 and 4.52 show spectra ofworking and counter electrodemeasured against
each other and versus the reference electrode.
Shapes of spectra measured between working and counter electrode are similar to previous

measurements on symmetric macroelectrodes. They exhibit a high frequency offset, attributed
to the electrolyte, a shoulder at intermediate frequencies, and a dominant semicircle at low fre-
quencies, which is attributed to the surface exchange resistance and the chemical capacitance.
The size of the dominant semicircle decreases and getsmore andmore depressed under polariza-
tion. Because of different surface exchange resistances under anodic and cathodic polarization
the peak frequency of each electrode changes differently, thus causing a depressed semicircle in
the impedance spectra.
When measured versus the reference electrode, both electrodes exhibit new features in the

intermediate frequency region. The counter electrode shows a loop at the onset of the dominant
semicircle instead of the former visible shoulder. The working electrode shows an increase in
the size of this shoulder, which changes into a separate semicircle under cathodic polarization.
To check for potential parasitic current paths over the reference electrode, for each set bias

value the spectra of working electrode versus reference electrode and counter electrode versus
reference electrode were summed up according to equation 4.11 and compared with the spectra
of counter electrode versus working electrode at the respective set bias. As shown in figures
4.53a and 4.53b for some exemplary spectra, the calculated sum spectra and themeasured spectra
agree within minor deviation of about 0 to 5 %, which can also be caused by degradation of the
electrodes between individual measurements.

ZWE−CE (ω) = ZWE−RE (ω) + ZCE−RE (ω) (4.11)
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4.7.1 Experiments in synthetic air

(a) WE vs. RE 0 to −0.15 V (b) WE vs. RE−0.2 to−0.35 V (c) WE vs. RE −0.4 to −0.6 V

(d) CE vs. RE 0 to −0.15 V (e) CE vs. RE −0.2 to −0.35 V (f) CE vs. RE −0.4 to −0.6 V

(g) WE vs. CE 0 to −0.15 V (h) WE vs. CE −0.2 to −0.3 V (i) WE vs. CE −0.4 to −0.6 V

Figure 4.51: Impedance spectra of 5 mm × 5 mmmacroelectrodeswithbottomcurrent collector
grids (10 µm mesh and strip width) measured against each other and versus a refer-
ence electrode. Measurements were taken in synthetic air at 625 ◦Cwith a set bias of
0 to −600 mV between working and counter electrode. Points represent measured
spectra, lines represent fit curves, using the circuit shown in figure 4.4.
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4.7.1 Experiments in synthetic air

(a) WE vs. RE 0 to 0.15 V (b) WE vs. RE 0.2 to 0.35 V (c) WE vs. RE 0.4 to 0.6 V

(d) CE vs. RE 0 to 0.15 V (e) CE vs. RE 0.2 to 0.35 V (f) CE vs. RE 0.4 to 0.6 V

(g) WE vs. CE 0 to 0.15 V (h) WE vs. CE 0.2 to 0.35 V (i) WE vs. CE 0.4 to 0.6 V

Figure 4.52: Impedance spectra of 5 mm × 5 mm macroelectrodes with bottom current collec-
tor grids (10 µm mesh and strip width) measured against each other and versus a
reference electrode. Measurements were taken in synthetic air at 625 ◦C with a set
bias of 0 to 600 mV betweenworking and counter electrode. Points representmea-
sured spectra, lines represent fit curves, using the circuit shown in figure 4.4.
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4.7.2 Variation of oxygen partial pressure

(a) Positive set bias (b) Negative set bias

Figure 4.53: Impedance spectra of 5 mm × 5 mm macroelectrodes with bottom current collec-
tor grid (10 µm mesh and strip width) measured against each other and versus a
reference electrode. Measurements were taken in synthetic air at 625 ◦C with a set
bias of 0 to 600 mV between working and counter electrode. Solid lines are the
summed spectra ofWE vs. RE and CE vs. RE, dotted lines are measured spectra for
WE vs. CE.

4.7.2 Variation of oxygen partial pressure
In a second experiment, different oxygen/nitrogen mixtures were used to investigate the effect
of oxygen partial pressure and electrode overpotential on the oxygen surface exchange kinetics.
Measurements were done in 0.025 %, 1 % and 100 %oxygen, at 625 ◦C. To reducemeasurement
time and thereby minimize degradation effects, only one electrode was measured against the
reference electrode. In figures 4.54 to 4.56 the spectra obtained in different atmospheres with
different set bias voltages are shown.
Samples measured in 1 % oxygen show an additional semicircle in the high frequency regime,

which is quite unexpected in view of the spectra in other oxidizing atmospheres. As many spec-
tra showed loop features in the high frequency range, an average offset resistance of 45Ω was
estimated by eye. During the impedance measurements, also the DC current was measured.
In figure 4.57 the DC current in different atmospheres is plotted against the actual electrode
overpotential and over the potential against synthetic air.
A clear difference between anodic and cathodic polarization can be seen, especially for lower

oxygen contents. Under cathodic polarization, the current is much lower in atmospheres with
less oxygen, particularly at more negative potentials. Considering that the cathodic branch is
mostly governed by the oxygen incorporation a strong influence of the atmosphere is not sur-
prising but expectable. The electrode potential versus synthetic air was calculated according to
4.8. Thus, for a given potential versus synthetic air, the defect chemistry in the LSF electrode
is the same, regardless of the oxygen partial pressure. Plotting the DC current over this poten-
tial shows that indeed the atmosphere is the main factor of influence for the cathodic oxygen
incorporation.
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4.7.2 Variation of oxygen partial pressure

(a) 0 to 300 mV (b) 350 to 600 mV

(c) 0 to −300 mV (d) −300 to −600 mV

Figure 4.54: Spectra of a 5 mm × 5 mm macroelectrode with bottom current collector grid
(35 µm/5 µm mesh and strip width) measured against a reference electrode. Mea-
surements were taken in 0.025 % oxygen, at 625 ◦Cwith a set bias of 0 to±600 mV
between working and counter electrode. Points represent measured spectra, lines
are guides to the eye.
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4.7.2 Variation of oxygen partial pressure

(a) 0 to 150 mV (b) 0 to −150 mV

(c) 200 to 350 mV (d) −200 to −350 mV

(e) 400 to 600 mV (f) −400 to −600 mV

Figure 4.55: Spectra of a 5 mm × 5 mm macroelectrode with bottom current collector grid
(35 µm/5 µm mesh and strip width) measured against a reference electrode. Mea-
surements were taken in 1 % oxygen, at 625 ◦C with a set bias of 0 to ±600 mV
between working and counter electrode. Points represent measured spectra, lines
are guides to the eye.
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4.7.2 Variation of oxygen partial pressure

(a) 0 to 150 mV (b) 0 to −150 mV

(c) 200 to 350 mV (d) −200 to −350 mV

(e) 400 to 600 mV (f) −400 to −600 mV

Figure 4.56: Spectra of a 5 mm × 5 mm macroelectrode with bottom current collector grid
(35 µm/5 µm mesh and strip width) measured against a reference electrode. Mea-
surements were taken in 100 % oxygen, at 625 ◦C with a set bias of 0 to ±600 mV
between working and counter electrode. Points represent measured spectra, lines
are guides to the eye.
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4.7.2 Variation of oxygen partial pressure

The difference in DC current at a given cathodic potential between 1 % and 0.025 % oxygen
is larger when plotted versus the potential against air, than when plotted versus the actual elec-
trode overpotential. This suggests that higher oxygen contents in the atmosphere increase the
DC current, but also change the defect chemistry in the electrodematerial leading to lower oxy-
gen exchange currents. An increased oxygen partial pressure in the atmosphere causes a lower
concentration of oxygen vacancies in the LSF. The concentration of oxygen vacancies is there-
fore likely to be of great importance in the rate limiting step. Wang et.al. reported the impor-
tance of oxygen vacancies for the oxygen exchange kinetics in BaxSr1–xCoyFe1–yO3–δ. [42]
Under anodic polarization, which is dominated by the oxygen release reaction, the differences

between individual atmospheres aremuch less pronounced. Whennormalizing to the potential
versus air, thereby to the samedefect chemical state, these differences are even smaller anddimin-
ish under higher polarization. At higher polarization the oxygen release current corresponds to
the total current, whereas at lower potentials the incorporation current still contributes to the
total current. This suggests that the oxygen release reaction is mostly governed by the defect
chemical state within the electrode, and that the surrounding atmosphere plays only a minor
role. Howevermore detailed investigationswith larger ranges of polarizations and awider range
of oxygen partial pressures are needed for more detailed investigation on this topic.

(a) DC current over actual overpotential (b) DC current over potential vs. air

Figure 4.57: DC current versus overpotential curves in different oxidizing atmospheres. Over-
potential is plotted as actual electrode overpotential versus the respective atmo-
sphere during the measurement and as overpotential versus synthetic air.
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5 Summary

Well defined LSF thin film electrodes were prepared by pulsed laser deposition on YSZ sin-
gle crystal substrates. Electrodes were produced as symmetric 5 mm × 5 mm macroelectrode or
as microelectrodes of various size. Platinum current collector grids were produced by lift-off
lithography and sputter deposition to ensure uniform polarization of the LSF thin films.
Impedance spectroscopy was used for electrochemical characterization of the LSF thin film

electrodes. Measurements were done with different polarizations and in different atmospheres
to compare effects of polarization and atmosphere on defect chemistry and oxygen exchange
kinetics of the LSF thin film electrodes.
The microstructuring procedure could be shown to increase the surface exchange resistance

of microelectrodes compared to as deposited macroelectrodes by at least one order of magni-
tude in oxidizing atmospheres. In reducing atmospheres no influence of the microstructuring
process was observed.
Measurements in humidified hydrogen and synthetic air revealed a drastic decrease of the

surface exchange resistance under polarization. A comparison of the bias dependent chemical
capacitance in oxidizing and reducing atmospheres showed almost perfect accordance after nor-
malization to the same equivalent oxygen partial pressure. Thereby, it could be shown that the
defect chemical state of LSF thin film electrodes solely depends on the potential of oxygen in the
electrode, defined by atmosphere and polarization, independent of the reactive species involved
in the oxygen exchange reaction.
Comparisonofmeasured chemical capacitanceswith defectmodel calculations based onbulk

samples showed qualitative agreement between calculated and measured chemical capacitance.
However, measurements show significantly lower absolute values of chemical capacitance in
oxidizing conditions compared to calculations from bulk data.
Impedance spectroscopy in three point geometry was used to investigate the kinetics of the

oxygen exchange reaction on as deposited macroelectrodes. Emphasis was put on analyzing the
effects of atmosphere andpolarization. Comparison of different oxidizing atmospheres revealed
great impact of the atmosphere on the oxygen incorporation reaction, while the oxygen release
reaction is mostly governed by the oxygen potential within the electrode.
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