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Kurzfassung

In der vorliegenden Arbeit wurden LaggSry4C0035 Diinnschicht-Mikroelektroden auf YSZ-Einkristallen
mittels Impedanzspektroskopie und Strom-Spannungs-(I-V)-Messungen untersucht. Der Einsatz von
mikrostrukturierten Dunnschicht-Elektroden erlaubt eine bessere Definition der geometrischen Parameter.
Die Einflusse verschiedener Abscheidungparameter (Abscheidungstemperatur und Abstand zwischen Target
und Substrat) sowie der experimentellen Bedingungen (Temperatur, angelegte Spannung, Degradation) auf
die elektrochemischen Eigenschaften der Elektroden wurden untersucht. Die experimentellen Daten wurden
bearbeitet, um Fehlerquellen durch das Messverfahren zu entfernen (z. B. Thermospanung, Uberspannung)
und an Modelle angepasst um Informationen Uber den Pfad von Sauerstoffreduktion und —einbau zu
gewinnen. Einerseits wurden Proben mit unterschiedlichen Abscheidungsbedingungen gemessen bevor diese
durch  Degradationsmechanismen  verdndert  wurden.  Andererseits  wurden  verschiedene
Degradationsprozesse, verursacht durch Temperatur oder Spannung, untersucht. Impedanzspektroskopie,
sowie Strom / Spannung Messungen wurden vor, wéahrend und am Ende des Degradationsprozesses
durchgefihrt. Die gewonnenen Daten zeigen, wie die unterschiedlich hergestellten Elektroden auf die
langfristige Exposition bei verschiedenen Temperaturen und Spannungen reagieren.

Die Abscheidungsparameter zeigen offenbar einen starken Einfluss auf die Eigenschaften der Elektroden in
Bezug auf deren Widerstandswerte und |-V Charakteristik. Eine ausgepragte Aktivierung der Elektroden in
Bezug auf deren Widerstand wurde nach Anlegen eine Uberspannung bei 1S-Messungen fiir viele Proben
festgestellt. Dieser Effekt wurde noch deutlicher an degradierten Proben beobachtet, auch in jenen Féllen, in

denen dies vor der Degradation nicht beobachtet wurde.



Abstract

In the present work pulsed laser deposited LageSro4C0035 thin film microelectrodes on YSZ single crystals
were investigated by impedance spectroscopy (IS) and DC measurements. The use of microstructured thin
film electrodes allowed a better definition of the geometrical parameters. The influences of different
deposition parameters (deposition temperature and target distance) as well as those of experimental
conditions (temperature, applied voltage, sample prehistory) on the electrodes properties were studied. The
experimental data were edited in order to remove sources of errors due to the measurement procedure (e.g.
thermal offset), use the correct scaling and refer them to more representative parameters (overpotential).

First of all, the properties of the samples prepared with different deposition configurations were measured
before any significant degradation process could affect them. After these studies the samples were subjected
to two different degradation processes: one involving just an exposure to the measuring temperature, the
second one also applying a voltage during the degradation process. Current-Voltage (I-V) measurements as
well as IS measurements were carried out before, during and at the end of the degradation procedure. The
obtained data show how the electrodes deposited at different conditions respond to the long term exposure at
different temperatures and voltages.

The deposition parameters appeared to strongly influence the electrode properties in terms of electrode
resistance values and I-V characteristics. When applying a DC overpotential during IS measurements, a
pronounced activation process for the electrode resistance was found for many samples. This effect became
even more pronounced on the degraded samples, appearing also in those cases where before degradation it

was not or just slightly noticed.



1 Introduction

The development of new technologies has introduced significant changes in everyday life of our society as
well as in the industrial field. As a common consequence of these changes a vast increase in energy
consumption has. Nowadays the energy supply relies mainly on fossil fuels and, still to a minor percentage,
on nuclear plants (Figure 1.1). Both of these sources are under discussion because of safety issues. The
disposal of nuclear wastes raises several problematic aspects and the effects of malfunctions in nuclear plants
can have terrible impacts on human safety and environment even if their occurrence probability is quite low.
On the other side the damages caused by fossil fuels are well known and their effects on global warming
seem to be inevitable under today’s conditions. For these reasons many efforts have been made in the last
decade to implement new sources of energy with a lower impact on humans’ health and environmental
safety. Unfortunately for most of the new sources efficiencies and resulting electricity costs still need
improvement before these new technologies can replace significantly today’s energy sources.

M coal
= oil

natural gas
M nuclear

H renewable

Figure 1.1: 2009 global energy consumption by fuel [40].

In this context fuel cells appear to be very promising devices able to directly convert the chemical energy of
different “clean” fuels into electrical energy without involving a thermal engine. Thanks to their operation
principle, fuel cells offer potential for much higher efficiencies since they are not limited by Carnot’s law. A
fuel cell can be defined as a galvanic element in which the reactants and the products are continuously
supplied and removed. The oxidation and reduction processes are spatially separated by an electrolyte,
forcing the electrons to flow through an outer circuit. The basic principles of fuel cell operation are known

since the first half of 19" century thanks to the experiments of Schénbein and Grove [1].



At the moment several different technological solutions have been realized and are under investigation. The
most important and promising ones are the polymer electrolyte membrane fuel cells (PEM), the direct
methanol fuel cells (DMFC), the molten carbonate fuel cells (MCFC) and the solid oxide fuel cells (SOFC).
The main differences between these different technologies reside in the type of electrolyte and/or the type of
fuel. The gas supplied to the cathode is usually oxygen or air.

The Solid Oxide Fuel Cell (SOFC) concept is regarded as one of the most promising. SOFCs allow an
efficient, pollution-free and flexible transformation of fuels such as natural gas, hydrogen or biomass into
electrical power. In these fuel cells the reactant gases are separated by an ionically conducting oxide
electrolyte. Due to the high temperatures required for the operation of a SOFC, ceramic materials are
commonly used for the major parts of its building units [2-5]. The materials usually employed as electrolyte
are mainly stabilized zirconia (YSZ) or gadolinia doped ceria (GDC). Typical cathode materials are Pt,
(La,Sr)MnO3z 5 (LSM) and other perovskites such as (La,Sr)CoOs;;s (LSC), (La,Sr)FeOs; (LSF) or
(La,Sr)(Co,Fe)0Os5 (LSCF), which are often porous and used as composites [6]. As anode, composites of
metals such as Ni together with YSZ are often employed.

In case hydrogen is used as fuel gas, the reactions taking place at the two electrodes of a SOFC can be

described as follows:

Cathode: %02 (gas) + 2e~ - 07 (electrolyte) (1.1)
Anode: 20%" (electrolyte) + H, (gas) » H,0 (gas) + 2e~ (1.2)
sum: Hy + 20, = Hy0 (1.3)

The operation principle is also sketched in Figure 1.2. Since the voltage generated by one of these cells is
only about 1 V, a larger number of cells have to be connected in series in a fuel cell stack for technical
application. One possibility is to decentralize heat and electricity generation directly at the site of consumers
with a high electrical efficiency. For such combined systems a total efficiency up to 90% would be
achievable [7]. Before this technology is really suitable for larger scale application improvement of
efficiency and stability are still needed. Major problems on the way to commercialization of SOFC are long-
term stability and production costs. Both are related to the high operation temperature required. Despite of
the higher theoretical efficiency at low temperatures, fast electrochemical kinetics make high operation
temperatures (800° - 1000°C) necessary since the oxygen reduction reaction at the cathode is often the main

limiting factor of the general performance. The problems caused by the necessity to operate at such



temperatures are on one side the limitation of suitable materials and on the other increase degradation
phenomena.

For these reasons, it appears evident high performance SOFC cathodes operating at temperatures as low as
500° - 600°C are so important [8]. Strontium doped lanthanum cobaltite (LSC) and related mixed conducting
materials might be a promising solution for electrodes operating at intermediate temperatures (500° - 700°C).
However, problems could be caused by LSC reactivity toward YSZ electrolytes at higher temperatures [9-
11] and the differences between the thermal expansion coefficients of the two materials. Moreover
degradation due to surface chemical processes is reported [39]. Further research on these aspects is therefore
needed. Many available studies carried out on different cathode material were performed on porous
electrodes [12-16]. The limitation of this approach is the impossibility to separate the intrinsic properties of
the investigated material from the morphology of the obtained electrode. A positive alternative is the use of
thin-film electrodes [37].

In this work dense thin-film mirco-electrodes will be used to investigate the properties of LSC cathode
material and their dependence on deposition parameters and experimental conditions. Particularly the current
voltage characteristics will be analyzed in detail for the first time. Furthermore the investigations on these
electrodes will include a degradation process to study the influence of operating temperature and voltage on

the stability and functionality of the system.
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Figure 1.2: SOFC concept: oxygen and fuels (H,) react via a dense, ion conducting electrolyte; the spatial separation of
oxidation and reduction enables the utilization of the electrons involved in the redox process.




2 Theoretical Aspects

2.1 Electrochemical processes at SOFC cathodes

The sum reaction which describes oxygen incorporation at the cathode is expressed by the following

formula:
0,(gas) + 4e~ — 20?% (electrolyte) (2.1)

The cathode reaction could take place according to two different mechanisms: the surface and the bulk path
(Figure 2.1). In case of a pure electronic conductor (e.g. platinum) as electrode material and often also for
materials with mainly electronic conductivity (e.g. LSM), the surface path is the dominant mechanism. The
0O, molecules from gas phase are adsorbed on the cathode surface and diffuse to the three phase boundary,
the region where electrode, electrolyte and gas phase are in contact. Here oxygen is incorporated as O into
electrolyte’s vacancies with electrons from the cathode. Subsequently, the oxygen ions migrate to the anode.
If the electrode material itself is an oxide ion conductor the oxygen incorporation is not anymore restricted to
the three boundary phase zone, but oxygen can adsorb on the surface and be incorporated into the electrode.
The incorporated O% ions diffuse through the cathode bulk, passing the electrode/electrolyte interface and
migrate in the electrolyte toward the anode. The surface path is anyway not excluded for mixed conducting
electrode materials (e.g. LSC). Rather, the two processes can run in parallel and depending on geometry and

material one mechanism usually dominates.

0. % o 020 0, 00 %2 o % o
2 0,
02,24, 7Pz;d.
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l o* Electrolyte +02' Electrolyte
@ (b)

Figure 2.1: Schematic illustration of surface path (a) and bulk path (b)



The reaction written above is just a simplification of the real processes occurring. Several different steps are
involved in oxygen reduction: oxygen diffusion to the surface, oxygen adsorption on the surface,
dissociation of the oxygen molecule, charge transfer and ionization, incorporation of the oxygen species,
diffusion through the cathode towards the electrode/electrolyte interface and transport across the interface.

In multistep chemical reactions the rate of one particular step is usually much lower than the others. The
slowest step is the so-called rate determining step (rds) and determines the kinetics of the reaction, while all
other “faster” steps reach the equilibrium. Each single step could theoretically be the rds depending on
several parameters such as type of material, geometry and experimental condition. Even though considerable
research has been done over the last twenty years the knowledge about the details of this reaction, the nature
of oxygen species on the surface of the electrode and the order of reaction steps are still limited. Frequently
the rds in the total reaction kinetics cannot be identified for a certain system.

For the quantification of oxygen surface exchange and bulk diffusion in the case of mixed conducting
cathodes two parameters are frequently used: k (oxygen surface exchange) and D (oxygen bulk diffusion). k
refers to the surface-related steps (adsorption, dissociation, charge transfer and incorporation) while D is
related to the ionic conductivity of the material. The absolute values of these two parameters depend not only
on the measured system but also on the measuring method. k', D" refers to *0 “tracer” exchange
experiment, k%, D® to a “chemical” experiment and k% DY to an “electrical” measurement. The conceptual
difference between the three types of experiments lies in the nature of the applied driving force.
Investigations performed with porous electrodes may suffer from a not well defined geometry of the
electrode. For this reasons the experiments in this work have been made using thin-film micro-electrodes to
investigate well defined model system where the geometry can easily be adapted to get additional
information. Furthermore the possibility to have several electrodes on the same samples enables more

measurements without requiring additional time for the preparation of numerous samples.

2.2 Crystal structure and defect chemistry

In order to fulfill its scope, the cathode material is basically required to exhibit a high electronic conductivity
and activity towards oxygen reduction. Furthermore it has to be chemically stable towards degradation of the
crystal lattice structure under fuel cell operating conditions and particularly against the electrolyte. The
thermo-mechanical properties of electrode and electrolyte materials, i.e. their expansion coefficients, have to
be similar [2-4]. The LSC generally crystallizes in a perovskite structure, named after the mineral perovskite
CaTiOj3 [17-18]. The group of ABO; materials displays the possibility of varying their properties over a wide
range by doping and substituting the atoms in their structure.

The crystal structure can be described as follows (Figure 2.2): the A-cations are located at the corners of a

cube. O% ions occupy the face-centred positions and one of the smaller B-cations sits in the center of the
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cube, surrounded octahedrally by oxide ions. Perovskites are often distorted, for example when the oxygen

octahedron is elongated in one axis.

ST

‘ ‘ ‘ ‘ La3+

®-
@® Co
. '/‘

Figure 2.2: Perovskite structure.

In LSC, La atoms are partially substituted by Sr atoms. The stability of this material increases with the La
content. Lag ¢Sry4C0035 (LSC64) at room temperature is rhombohedrally distorted and transforms to a cubic
symmetry when heated above 450°C in air. Depending on the composition and the oxygen partial pressure
LSC at higher temperatures decomposes to Co, La,03 and SrO or to CoO and LaSrCoO, [18].

The defect chemistry of La;,Sr,CoOs.; will now be discussed using the Kroger-Vink notation [19]: capitals
denote defect ions or vacancies, the subscript gives information about the location and the superscript
indicates the relative charge of an ion. The substitution of La®* ions on the A-sites of the LaCoO; lattice by
the dopant Sr** requires charge compensation. To regain electroneutrality the system has two possibilities:
either by a valence change of Co®" and the creation of holes (electronic compensation) or by the formation of
an oxygen vacancy (ionic compensation). Usually both processes take place and compete with each other.
Which compensation mechanism plays a dominant role depends on composition, oxygen partial pressure and
temperature. The defect chemistry of La;,Sr,CoOz; in Krdger-Vink notation can be described by the

following reactions [20]:
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2510 + 2Lag, + 0,* - 251, + Vo™ + La,05 (2.2)
2Coc,™ & Coc,’ + Cogp” (2.3)

0, + 2Coc," & 1/20,+ V,*" + 2Coc,* (2.4)

The first reaction describes the doping of LaCoO; with SrO and will proceed completely. The second
reaction, describing disproportionation, and the third one, describing the oxygen exchange, will proceed until

the equilibrium has been reached. The equilibrium depends on oxygen partial pressure and temperature.

2.3 Preparation methods

2.3.1 Pulsed Laser Deposition (PLD)

Pulsed laser deposition (PLD) is a coating technique used for the realization of thin films of many different
materials, such as metals, oxides, nitrides and carbides. PLD belongs to the group of Physical Vapour
Deposition (PVD) techniques. The deposition process involves the evaporation of a target in an ultra high
vacuum chamber due to high energy laser pulses followed by the deposition of the ablated material on a
heated substrate. The process takes usually place in a specific atmosphere, for example with certain oxygen
content if the intent is to deposit oxides. Unlike thermal evaporation, which produces a vapour composition
dependent on the vapour pressures of the elements in the target material, the laser-induced mechanism
produces a plume of material (Figure 2.3) with stochiometry equal or very similar to that of the target [21].
Using targets with a well defined stoichiometry the PLD technique allows the realization of homogeneous
thin films with a complex composition. The energy per pulse delivered to the target develops temperatures
well above the evaporation temperatures of all elements. This avoids preferential ablation and enables the
conservation of the stoichiometry during the deposition process.

There are several processes involved in the interaction between the laser pulse and the target. First of all the
energy of the laser pulse absorbed from the target is transformed to electronic excitation. Subsequently this
energy is converted into thermal, chemical and mechanical energy, leading to the emission of atoms/ions,
ablation and plasma formation. After the laser ablation, the evaporated material deposits on the substrate
with nucleation and growth of the thin film.

The growth of the film is strongly influenced by several parameters such as the temperature, surface and the
type of the substrate, the pressure in the chamber, the laser parameters (pulse frequency, pulse duration,
power density) and the laser spot size on the target. Furthermore the target material and its distance from the

substrate also have a strong effect on the results. Generally even a small change in one of these parameters
12



could generate differences in the deposition results. The film thickness is proportional to the deposition time

for constant deposition rate. Typical deposition rates are about several nm/minute.

Figure 2.3: PLD during a deposition process [41].

2.4 Measurements methods

2.4.1 IS - Measurements

Impedance spectroscopy is a powerful tool to investigate electrical properties and electrochemical processes
in solid state ionics [22]. Most of the time, the electrical response of a system is determined by several
individual processes. The total resistance comprises electrode and electrolyte resistance, the last one can be
also divided into bulk and grain boundary contributions. Furthermore the electrode resistance can be caused
by electrode bulk as well as interfacial effects. In stationary DC measurements with two-electrodes the result
is the overall resistance, which means it is the sum of all individual contributions. In a four-electrode
arrangement the influences of electrodes can be eliminated using different electrodes for current supply and
voltage measurements.

In an impedance spectroscopy experiment a small, alternating electrical signal is applied and the response of
the sample by means of voltage or current is measured. The individual resistive processes can be

distinguished by varying the frequency o over several orders of magnitude because of their differences in
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relaxation time. If the time needed by two different electrochemical processes to equilibrate after an
electrical perturbation are sufficiently different, they can be separately measured by impedance spectroscopy.
In this work the word resistance is not strictly used to describe purely electrical processes (e.g. electrical
conduction in the electrolyte), but also electrochemical reactions such as oxygen exchange at a gas-solid
interface, which can also be a source of an electrical resistance in AC measurements.

Depending on the investigated system, the interpretation of measured impedance spectra could turn out to be
extremely difficult. The most common approach consists in constructing an electrical network representation
of the system under evaluation called equivalent circuit. The model is usually made of resistors R and
capacitors C and has to well approximate the measured impedance Z(w) over the whole frequency range. The
simplest case is a single RC-element, consisting of one resistor and one capacitor in parallel, with the total

complex impedance:

> _ A, . .1_ _R
Zre = (Rt 0)™ = o0 (25)

The result of this equivalent circuit in the complex impedance plane is a semicircle with diameter R. For
o—0 (nearly DC conditions) the influence of the capacitance vanishes and the resistance R is obtained. With
higher frequencies, due to the dielectric “opening” of the capacitance (displacement current) the imaginary
part of the impedance increases at the expense of the real part (R is short-circuited).

The frequency where the current flowing through the resistor R matches that flowing through the capacitor C
and the imaginary part of the impedance reaches its maximum is the relaxation frequency wg of the RC

element:

If two processes show relaxation frequencies that differ by some orders of magnitude they appear in the
impedance spectra as two well separated semicircles. The equivalent circuit which describes this kind of
spectra will be composed of two serial RC elements. The resistance and capacitance of each single process
can be then determined by fitting the semicircles. Difficulties arise when two serial processes show similar
relaxation frequencies, giving an overlapping of the semicircles. The obtained spectra may appear as a
single, distorted arc in the complex impedance plane [23].

In reality the impedance spectra differ from ideal semicircles and the required equivalent circuit
representation can be more complicated. In order to deal with depressed semicircles the capacitor in the RC

element is replaced by a so-called constant phase element Q.
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This element takes into account the “non ideality” of experimentally observed semicircles with the parameter
n as a measure of the degree of “depression” of such an arc. For n = 1, the constant phase element is identical
to a capacitor. Values under 0.7 discourage the possibility of evaluating the value of C for a measurement.
When the parameter n is between 1 and approximately 0.7 the value of the capacitance C can be calculated

from the constant phase element according to [24]

¢ = (R - Q)n (2.8)

Often the proposed equivalent circuits used for the fitting of experimental data are chosen because of their
apparent agreement with the measured spectra. A good correspondence between impedance spectra and fit
curves may be interpreted as a confirmation of a good description of the system under investigation by the
chosen equivalent circuit. Anyway even an excellent fit could not be enough as a proof for the correctness of
a model, especially since sometimes two physically different equivalent circuits exhibit an identically
“mathematical” overall response.

A proposed equivalent circuit describing oxygen exchange and diffusion in mixed conducted electrodes can
be found in [25]. In this model (Figure 2.4-a) the horizontal paths correspond to the conductivity of ionic and
electronic charge carriers while the vertical paths represent electrochemical reactions such as stoichiometry
variation. A simplification of this model (Figure 2.4-b), adapted to LSCF electrodes, can be found in [26].
The ionic and electronic rail can be considered short-circuited in case of materials with very high ionic and
electronic conductivity such as LSC. The chemical capacitors can be combined to one single element. The
contribution of the double layer capacitor can be neglected when fitting experimental data since it is
significantly smaller than the contribution of the chemical capacitance. Furthermore a resistor Ry, is added to
take into account the contribution of the oxygen ion conduction in the solid electrolyte and all the capacitors
are replaced by constant phase elements. In experimental measurements R, refers also to the lateral
electronic sheet resistance in a thin film electrode and to the resistance between electrical contact and mixed
conducting electrode [26].

In the final equivalent circuit (Figure 2.4-c) Rs represents the oxygen incorporation which is itself composed
by several individual steps such as adsorption and dissociation of the oxygen molecules, ionization and
incorporation of 0% into vacancies of the electrode material. The element R; represents the ionic transfer

resistance at the electrode/electrolyte interface. The chemical capacitance Ccner, describes the process leading
15



to the change of oxygen content in the electrode bulk. Finally, the capacitance C; refers to the interfacial
double layer and eventually to stoichiometric changes at the interface.

a R, R
= ——1 311 - ionic rail
I
O § = e 0
Cation Can G
| |

..... electronic rail

surface bulk interface

I &
o ||| Caa n o
e,
|| Cipen
c R,

\\ //
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Figure 2.4: Equivalent circuit: extended model for a mixed conducting electrode on a solid electrolyte (a), simplified circuit
(b) and circuit used for this work (c) (taken from [7]).
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2.4.2 1-V Measurements

The I-V curves of the samples are obtained by measuring the current flowing in the system to which a known
voltage has been applied. By variation of the voltage affecting the investigated system it is possible to
determine the curve characterizing the tested sample over a specific voltage range.

A thorough discussion of the I-V relationship of elementary charge transfer steps at an electrode/gas
interface is not available yet. First quantitative considerations can be found in [32]. However, in the last
decades detailed models describing charge transfer reactions have been developed for system such us
metal/liquid electrolyte [27-31].

An ion transfer process can be considered as a thermal activated energy barrier crossing, while an electron
transfer is considered as a fast quantum mechanical tunneling process requiring a donor or acceptor state.
Anyway, under particular condition, both processes lead to the same relation between current density j and

overpotential n, described by the Butler-Volmer equation:
. .0 alzIFn) . (—(1—a)|z|F77)
J=] (exp (—RT exp\——Fr (2.9)

The exchange current density j° corresponds to the forward and backward reaction rate in equilibrium, F is
the Faraday’s constant, R the gas constant, T the temperature and z the charge number of the particle
transferred (in our case O%). The overpotential 7 in this case drops across the electrode/electrolyte interface.
Finally, the charge transfer coefficient a depends on the transferred particles, for electrons the value is
usually close to 0,5.

A useful tool to analyze the applicability of this model to the experimental data is the so called Tafel plot
(Figure 2.5). In graph the logarithmic values of the current are plotted on the abscissa. In this way, the

parameter o, can be derived from the slope m, ; of the Tafel line according to the following equations (valid

RT ..
forn > m)

Inj=In [exp (@)] (2.10)
Inj= (aLZTlF)TI (2.11)
My = S4F = Dinj X7 2.12

Inj RT |z|F (2.12)
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Figure 2.5: Tafel line from current-voltage measurements for an LDT electrode deposited with target distance of 4 cm at
experimental temperature of 775 K

The problem in using this equation to describe the charge transfer reactions at gas/solid interface for mixed
conducting electrodes is mainly caused by the fact that n does not drop at the relevant interface. Rather there
is an electrostatic surface potential step y at the surface. When an overpotential n is applied to the
electrode/electrolyte interface, the surface potential step is expected to be modified by Ay from its
equilibrium. This modification leads to changes in forward and backward reaction rates, providing a net
reaction rate which results in a current. In general the change Ay in the surface potential step differs from the
applied overpotential . Another deviation from the aqueous electrochemistry conditions, whom the Butler-
Volmer equation refers to, is the absence of the so called “supporting ions”. Those electrochemically inactive
ions maintain the double layer at the electrode/electrolyte interface when active ions are consumed by the
reaction [27-37]. At the mixed conducting electrode surface, adsorbed oxygen ions are the responsible for the
surface potential step y. Since those ions are consumed in the reaction and “supporting ions” are not
available in the gas phase, the potential step y and the concentration of charge adsorbed species are coupled.
For these reasons application of the equation (2.9) could lead to errors in the description of charge transfer
reactions at gas/solid interfaces of mixed conducting electrodes. A more accurate but also complicated model

to calculate the 1-V characteristics of the electron transfer reaction O,y + € — O,4 can be:

« 0o~ FA (1-a)FA
. — Jeqa ped ad (u) — (_ _X)
Jet = k HOad 93% exp \—- exp o (2.13)
a
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where j; is the oxygen reduction reaction net current, k4 is an overpotential independent constant including
several factors (standard free enthalpy of the reaction, equilibrium surface potential step ...) and 8-,
denotes the surface coverage of O.4". From this basic equation it is possible to derive a relation between the
measurable quantities j and n, using quantitative relationships between Ay and n on one side and between

8o, and n on the other, as proposed by [32].
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3 Experimental

3.1 Samples preparation

3.1.1 Pulsed Laser Deposition (PLD)

The electrodes prepared for this work were all produced using the same target. The target material was
LagSry4Co035 (LSC64). The material was already available in the laboratory and originally synthesized by
the Pechini method [34]. Solutions of calcined La,O3; (Sigma Aldrich) and dried SrCO; (Merck) were
prepared in diluted HNO;3; (25%). The Co powder (Sigma Aldrich) was dispersed in water and concentrated
HNO; was added until it was dissolved. All solutions were mixed, heated and citric acid was added to the
boiling solution. After evaporation of water, the mixture started to form a viscous gel, which decomposed
with further heating in a spontaneous combustion. The powder obtained after the combustion was calcinated
for 20 h at 1000°C, isostatically pressed into a pellet and sintered for another 12 h at 1200°C in air. All films
were deposited on polished single-crystalline (100)-oriented YSZ substrates (9.5 mol% Y,03, CrysTech
GmbH, Germany).

The deposition process (sketch in Figure 3.1) was performed with 50 ns laser pulses, supplied to the rotating
target by an excimer laser (Lambda Physics, COMPexPro 201), working at 248 nm with a pulse frequency of
5 Hz. The fluence on the target surface was about 1.5 Jem™. The deposition time was 25 minutes for all the
samples taken into account in this work. As the deposition rate can endure changes due to uncontrollable
parameters the thickness of the films could slightly change. The background atmosphere during the
deposition was realized with an oxygen flow which provided an oxygen pressure of 0.4 mbar. Two different
deposition temperatures were used. In the first case, the so-called “low deposition temperature” (LDT), the
furnace temperature was set to 600°C, leading to a temperature on the substrate surface of circa 480°C. The
temperature on the substrate surface was monitored using a pyrometer (Heitronics KT, Germany). The
second case was the so-called “high deposition temperature” (HDT), where the furnace temperature was set
to 850°C and the temperature on the substrate surface reached a temperature of circa 650°C. The substrate
distance from the target was also changed during the sample preparation. Two different distances were used:
4 cm and 5.2 cm. The cool down process was the same for all the deposited films and consisted of a cool

down process in vacuum (0.001 mbar).
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Figure 3.1: Illustration of the PLD deposition process.

3.1.2 Micro-structuring

After the thin film deposition microelectrodes of the cathode material were prepared by standard
photolithographic technique (Figure 3.2) involving inert gas ion beam etching. Microelectrodes with
different diameters (50, 80, 100, 200 pm) were realized for the measurements on the geometry dependence
of the resistance and capacitance, while for all the other measurements microelectrode with 60 pm diameter
were prepared and used.

The first step of the photolithographic technique used was the application of 60 pl of photo resist (ma-N
1420 negative photo resist, micro resist technology GmbH) with a spin coater at 3000 rpm for 33 seconds.
The photo resist was then dried for 2 minutes at 100°C and illuminated for 80 seconds by UV-light through a
photo mask (Rose Fotomasken, Germany) with circular electrodes of the desired dimension. The photo resist
was then developed for an adequate time using a solvent (developer: ma-D 533 S, micro resist technology
GmbH) to remove those parts of the lacquer not exposed to UV light. The uncovered parts of the LSC thin
film were then removed with argon ion beam etching (10 mbar Ar, 2 mA Ar ions with an energy of 2 keV).
The etching time was determined optically, for this reason also a part of the YSZ substrate was
unintentionally removed during the etching procedure.

In order to provide reproducible samples for measurements at different condition the original 10x10 mm
samples were cut after the micro-structuring process into four smaller samples with the help of a diamond-

pointed cutter.
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Figure 3.2: lllustration of the photolithographic technique used to micro-structure the LSC thin-film.

3.2 Electrochemical experiments

3.2.1 IS — measurements

For impedance measurements the sample was placed on top of a heating stage and heated to the desired

measurement temperature. Once the temperature was reached one microelectrode and the counter electrode

were contacted under an optical microscope by steel needles using movable micromanipulators (Figure 3.3

and 3.4).

Analyser

CE

Heating table

Figure 3.3: Illlustration of impedance measurements configuration.
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A part of the LSC thin film present near the edge of the samples was used as the counter electrode (CE) for
the electrochemical measurements. This part of the film was protected during the etching because the spin
coating process formed a very thick photo resist layer in the region near the edge.

The measurements were accomplished in air by an Alpha-A high performance frequency analyzer
(Novocontrol) in the frequency range from 10° to 10 Hz with an amplitude of 10 mV. Measurements were
made over a bias voltage range between -1 and 1 V, always over the same frequencies and with the same
amplitude. Most of the measurement series were carried out starting from the most negative voltage and
increasing it with constant steps up to the most positive value trying to keep constant the number of
measurements made for each series. The reason for this procedure is to achieve the highest possible
reproducibility.

In order to determine the exact temperature of the electrodes the known conductivity of single-crystalline
YSZ was used for the evaluation. The parameters in the formula for calculations were determined by
conductivity measurements with macroscopic platinum electrodes instead of LSC electrodes on the same

Y SZ substrates to avoid measuring artefact from LSC electrodes [42].

Figure 3.4: Image of a microstructured sample under measurements [41].

3.2.2 |-V measurements

Current-voltage measurements were carried out analogous to the impedance measurements, replacing the
impedance analyzer by a Potentiostat/Galvanostat (Electrochemical test station Pot/Gal, Novocontrol). For
these experiments a voltage was applied to the system following the scheme 0 — +U — 0 — -U —0. The

scheme was usually repeated two times for every measurement to investigate the reproducibility of the
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obtained data. As a result the current was obtained as a function of voltage and — after a calculation (see
4.1.3) — also of the electrode overpotential.

Those measurements were used to investigate in first place how the deposition parameters affect the
electrodes behavior. Furthermore a second type of measurements was used to evaluate the effect of
degradation of LSC electrodes. The contact configuration used for the DC measurements is the same as the
one used for AC measurements described in the previous chapter. Also the evaluation of the exact
temperature of the electrode is conducted in the way described before, based on the conductivity of single-

crystalline YSZ.

3.2.3 Degradation measurements

As already mentioned, working with microstructured samples gives the possibility to have numerous
electrodes on the same sample. This advantage was used to evaluate within the same experiment the effect of
thermal degradation as well as that of the degradation due to application of voltage (Figure 3.5).

To investigate the degradation behavior of the electrode DC measurements lasting approximately 6 to 7
minutes were carried out in intervals of 20 minutes over several hours. In the time between every
measurement the electrode was kept under a certain voltage. By changing in the voltage kept during the
pauses the influence of voltage magnitude and sign can be investigated. Additionally impedance
measurements were also made before and after this degradation procedure to gather further information.
Thermal degradation refers to the degradation affecting the electrode by the effect of experimental
temperature over the time. To estimate this process dc as well as ac measurements were carried out on a
second micro-electrode just before and after the procedure used to evaluate the degradation under voltage. In
this way the investigated electrode was subject just to the effect of the temperature over a time very similar

to the other measurement.
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Figure 3.5: Illustration of measurements procedure for degradation experiments. The ME (a) undergoes continuos
measurements under voltage. The ME (b) is contacted and tested just at the beginning and at the end of the procedure to
investigate the effects related just to temperature.

Thanks to this procedure several data were obtained for the same sample, enabling the possibility to evaluate
not just the degradation behavior of the investigated electrode but also the different contributions of

temperature and voltage.
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4 Results and Discussion

4.1 Raw data elaboration

4.1.1 Electrode resistance and capacitance dependence on size

The first results presented refer to measurements carried out on a sample microstructured with electrodes
with different diameters (200, 100, 80, 50 um). Impedance spectra were measured at different temperatures
and after fitting with the model discussed in the previous chapter the values of electrode resistance and
capacitance were obtained. The scope of these tests was to determine the geometry dependence of the two
parameters.

Observing some of the impedance spectra it is possible to see how the interface resistance R; values are much
smaller compared to those found of the surface resistance R (Figure 4.1-a,b,c). In other cases it is not even
possible to distinguish the two different contributions and the obtained spectra appear as single depressed
semi-circles (Figure 4.1-d).

For this reason an equivalent circuit made of just one RC element was used to fit the impedance data,
delivering just one value for the resistance referring to the total electrode resistance R, which is the sum of
the two contributions R; and R,. This model differs from the equivalent circuits proposed in literature where
the impedance spectra were analyzed in terms of surface and interface processes [26, 35, 36] but for the
reasons already explained the equivalent circuit composed of just one RC element exhibits the best results in
fitting the data obtained in the investigation reported in this work. Consequently also the values displayed for

the capacitance will mainly refer to the larger of the two different contributions Cgpem, and Ci.

26



1,10E+05 /

4,00E+05

'Zim / Q
'Zim / Q

2,00E+05 R

\ 3,00E+04 /

1,00E+00 -5,00E+04
1,00E+05 3,00E+05 5,00E+05 7,00E+05 1,00E+05 1,50E+05 2,00E+05
zreaI/Q ZreaI/Q
—e—HDT(4cm)@750K —e—HDT(4cm)@750K
(a) (b)
7,00E+04 7,00E+05
@] =]
r_.\.
=% 3,00E+04 % 3,00E+05
N N
-1,00E+04 -1,00E+05
7,00E+04 1,10E+05 1,50E+05 0,00E+00 4,00E+05 8,00E+05
ZreaI/Q Zrea|/-Q-
—e— LDT(4cm)@770K —e— HDT(5,2cm)@880K

(c) (d)

Figure 4.1: Examples of typical spectra obtained with the impedance measurements on microelectrodes deposited at high
temperature and target distance of 4 cm, measured at 750 K (a, and the magnification in b), deposited at low temperature
and target distance of 4 cm, measured at 770 K (c) and deposited at high temperature and target distance of 5,2 cm,
measured at 880 K (d).

Since the resistance depends logarithmically on the inverse temperature the results displayed in a In(1/R)—
1/T plot are expected to give lines. Those lines will ideally fall together when the values are scaled to the
right quantity (area or circumference). A wrong scale up on the other hand will deliver lines running in
parallel in some distance. The two possible geometrical scalings illustrated in the Figure 4.2 are the

normalization to the surface area A and the scaling to the three phase boundary length (Lteg).
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Figure 4.2: Electrode resistance normalized to the surface (blue empty markers) and to the three phase boundary length (red
filled markers), for different geometries and measured at different temperatures.

According to what is shown in Figure 4.2, the electrode resistance gives better coincidence if scaled to the
electrode surface. The experimental lines found for the different electrode geometries appear closer than
those scaled to the three phase boundary length. The not perfect overlapping of the data may be explained
with experimental errors arising from the measurements as well as from the fitting of the measured spectra.
According to these results, the electrode resistance will be scaled to the surface and presented with the units
ohm*cm? in this work. Moreover, as a consequence of this result it can be said that for the investigated

micro-electrodes thin films the bulk path appears to have a higher influence than the surface path.
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Figure 4.3: Electrode capacitance scaled to the surface (blue empty markers) and to the three phase boundary length (red
filled markers), for different geometries and measured at different temperatures.

The accuracy of the data obtained for the capacitance appears to be lower than what was found for the
resistance values. Even if the displayed data only come from those spectra where the constant phase element
ideality n was suitable for the evaluation of the capacitance values, an additional source of errors may be
attributed to this non-ideality. Nevertheless, based on the results shown in Figure 4.3, it is possible to notice
a better overlap for the values scale to the surface, while the lines formed by the data scaled to the three
phase boundary are more distant. For this reason also the capacitance values will be scaled to the surface and

reported with the units F/cm?,

4.1.2 Thermal offset

The data obtained directly by dc measurements have been modified to give better illustration of the I-V
characteristics of the electrodes investigated. First of all in the raw data a shift on the x-axis was observable,
causing the points with zero current to be displayed at values of voltage being non-zero. This deviation from
ideality is called thermal offset. The cause of this shifting can be found in a thermal gradient formed on the
investigated samples which leads to a thermal voltage that modifies the measured data leading to this shift on

the x-axis [42].
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Figure 4.4: Thermal offset correction of raw data.

In order to remove the thermal offset the magnitude of this effect was graphically evaluated, correcting the
voltages values so that the points with zero current were also found at zero voltages. Since the thermal offset
doesn’t further affect current values, only the experimental values of the voltage needed to be corrected by

the difference found on the diagram as shown in Figure 4.4.

4.1.3 Overpotential

A second modification needed to get a better representation of the 1-V characteristics is the evaluation of the
overpotential. The overpotential n represents the effective voltage operating on the electrode. The voltage
applied to the system during the measurements is not completely working on the electrode but a part of it
will also affect the electrolyte part driving the ohmic ion transport. The distribution of the voltage between
the electrode and the electrolyte is proportional to their resistances. Since in many cases a much higher
resistance was found for the electrolyte, the values of the overpotential really working on the electrode are
usually much lower than the voltages U applied during the measurements. The equations used to calculate

the overpotential n of the electrode for current I are the following:

Na =Ry -1

n=U-nq

(4.1)

(4.2)
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The equation (4.1) calculates the overpotential affecting the electrolyte n, as the product of the total
measured current and the resistance of the electrolyte R,,. In the second equation the overpotential on the
electrode n is calculated as the difference between the total applied voltage and the overpotential in the

electrolyte. The resulting changes in the I-V plots of the measured data can be seen in Figure 4.5.
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Figure 4.5: Correction to effective electrode overpotential.

Since the dc measurements don’t allow the evaluation of the two different contributions taken the electrode
and the electrolyte to the resistance, the value R, used for the overpotential evaluation was from the
impedance measurements carried out on the investigated electrode just before the dc measurement. This
procedure introduces another source of errors due to the evaluation of the electrolyte resistance. In many
cases the values found for the electrolyte resistance are much higher than those obtained for the electrode.
For this reason a slight inaccuracy of the electrolyte resistance can strongly affect the results and partially
causing meaningless shapes of the I —n curves. In some cases data points are missing for low voltages due to

uncontrollable errors in the instrumental software (WinChem), see Figure 4.5.

4.2 1-V measurements

4.2.1 Measurements at experimental temperatures between 770 and 780 K

In the following section the data obtained from DC measurements on not degraded samples are displayed.

The results will be compared to investigate the effects of deposition parameters on the 1-V characteristics of
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the electrodes. The measurements were carried out applying a range of voltage from -0,6 V to +0,6 V and
measuring the current values. The data in Figure 4.6 refer to electrodes deposited with a low deposition
temperature. Measurements on two different samples are displayed in Figure 4.6-a, pointing out a good
reproducibility of the results.
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Figure 4.6: dc measurements of LDT samples, target distance 4 cm, at 775 K (a) and LDT sample, target distance 5,2cm, at
770 K (b).

The overpotential range measured for the two samples realized with a target distance of 4 cm corresponds to
1/6 of the maximum voltage applied in these investigations, meaning that the electrode resistance exhibits in
this case much smaller values than the electrolyte resistance. The most straightforward shape of the I-V
curve, as described in chapter 2.4.2, would have been exponential. The results on the other hand point out a
much more linear trend. The Figure 4.5-b refers to the results for an electrode deposited with a target
distance of 5,2 cm. The overpotential shows in this case a larger interval, indicating a higher value of the
electrode resistance since the electrolyte resistance remains constant. The data exhibit also a trend less linear
suggesting a better accordance to the Butler-Volmer equation. The values of current found on the electrode
deposited with a target distance of 5,2 cm are lower than those found on the electrode deposited at a higher
target distance even though the overpotential in the first case reach values two and a half time bigger than in
the other two experiments. According to the curves the samples show a symmetrical behavior in both regions
(cathodic and anodic).

The investigations made on HDT samples are shown in Figure 4.7. In this case two measurements on
samples prepared with a target distance of 5,2 cm are displayed in Figure 4.7-b. The results indicate a lower

reproducibility in comparison with what was seen for the LDT samples, especially in the cathodic region.
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Figure 4.7: dc measurements of HDT sample, target distance 4 cm, at 750 K (a) and HDT samples, target distance 5,2cm, at
780 K (b).

The overpotential range observed on the electrode deposited with a target distance of 4 cm covers more than
half the magnitude U applied during the tests, suggesting a higher electrode resistance than for the LDT
samples. However, in this case the calculated experimental temperature appeared also to be lower than
expected; so partially the increase of resistance could be attributed to by this fact. More detailed
investigations about the electrode resistance of the different samples will be discussed in the following
sections of this work. The behavior of the data appears to be strongly non-linear in the anodic region while
the non-linearity is less accentuated in the cathodic area with decreasing overpotential. An asymmetrical
behavior for the measured current is observable, leading to higher values in the anodic area. The data
collected for the samples prepared with a target distance of 5,2 cm show a similar overpotential range. The
non-linearity emerges also in this case, with a more symmetrical trend especially for the data reported with
blue empty markers. The measured current appears higher in comparison with the other electrode, especially
in the cathodic regime where the values are almost doubled.

For a more detailed look to the I-V characteristics of the electrodes in order to understand which kind of
behavior they better accord to, the data will be now plotted using the logarithmic absolute values of the
current. In case of accordance to the Butler-Volmer proposed model the data will appear as a line, meaning
that they follow an exponential trend. Figure 4.8 displays the data obtained from LDT samples already

discussed above in this logarithmic scale.
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Figure 4.8: dc measurements In |I| - overpotential plot of LDT samples, target distance 4 cm, at 775 K (a) and LDT sample,
5,2cm, at 770 K (b).

For both samples the data exhibit to a good approximation a linear behavior in the anodic region. It is clear
that at lower overpotential values lines cannot be expected. On the other side the cathodic region appears to

differ significantly from the Tafel line behavior.
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Figure 4.9: dc measurements In [I| - overpotential plot of HDT sample, target distance 4 cm, at 750 K (a) and HDT samples,
5,2 cm, at 780 K (b).

HDT samples show as well as already seen for LDT samples a better accordance to the Butler-Volmer model
in the anodic region (Figure 4.9). The behavior in the cathodic region of the electrodes deposited at 5,2 cm
appears to be more linear than in the other cases. According to the Butler-Volmer equation it is possible to
calculate the parameter o from the slope of the line fitting the data in the In |I| - overpotential plot in case of

an exponential trend.
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cathodic (c) region; LDT sample, 5,2 cm, at 770 K, anodic (b) and cathodic (d) region.

In figure 4.10 the data for the different voltage regimes of LDT samples measurements are shown together

with their fitting in order to evaluate the accordance to the model. The values of R? indicating the goodness

of the linear fitting, are not completely reliable since the points at lower voltages are expected to differ from
the behavior and can influence the results of fit goodness. The data from the anodic region of LDT samples

prepared with a target distance of 4cm are those that best follow the exponential trend in the displayed range

of overpotential. However, the available overpotential range was very small in this case. Also the sample

realized at 5,2cm shows an acceptable approximation of the model in the same range of overpotential. On the

other hand, the data of both samples don’t display a nice linearity in the cathodic region indicating that the

exponential model is not really suitable there.
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Sample LDT(4cm)@775K LDT(5,2cm)@770K
a (anodic region) 0,7866 (a) 0,5154 (b)
a (cathodic region) 0,8085 (c) 0,3759 (d)

Table 4.1: a parameters from the Tafel lines reported in Figure 4.10

The values for the o parameters evaluated with the equation 2.12 and |z| = 2 are reported in Table 4.10. The
electrode deposited with a lower target distance exhibits higher values for both voltage regimes. The value
found for the sample prepared at 5,2 cm in the anodic region approximates well the one reported in literature
for electron transfer. The same representation is given in Figure 4.11 for HDT samples. The HDT electrode
deposited with a target distance of 4 cm displays a good approximation of the Butler-Volmer equation in the
anodic region while the results of the electrodes deposited with a higher target distance exhibit an inflection

at higher voltages suggesting a progressive deviation from the expected behavior.
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Figure 4.11: dc measurements In |I| - overpotential plot of HDT sample, target distance 4 cm, at 750 K, anodic (a) and
cathodic (c) region; HDT samples, 5,2 cm, at 780 K, anodic (b) and cathodic (d) region.



In the cathodic region the electrodes deposited at 4 cm disagree totally from the expected linearity while the
other sample realized with a target distance of 5,2 cm, after a first relatively wide range of disagreement,

displays a linear trend for higher values of overpotential.

Sample HDT(4cm)@750K HDT(5,2cm)@780K
a (anodic region) 0,4955 (a) 0,5641 (b)
a (cathodic region) - (c) 0,3140 (d)

Table 4.2: a parameters from the Tafel lines reported in Figure 4.11

In this case the values found for the o parameters (Table 4.2) for the sample prepared at 5,2 cm are
comparable with those obtained for the LDT sample with the same target distance. The electrode realized
with a lower distance instead delivered a lower value in the anodic region if compared with the LDT sample
discussed above, while the data regarding the cathodic region don’t allow the calculation of a reasonable
value with the proposed model. However, the instability found for the electrode deposited at 5,2 cm in the

cathodic region for values of an overpotential lower than -0,2 V could have affected the result.

4.2.2 Measurements at experimental temperatures between 860 K and 880 K

The same investigations carried out in the previous section were repeated on other samples at higher
experimental temperatures (between 860 K and 880 K) with the same purposes. The results obtained on LDT

samples at higher experimental temperature show a better accordance to the exponential trend (Figure 4.12).
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Figure 4.12: dc measurements of LDT samples, target distance 4 cm, at 870 K (a) and LDT sample, target distance 5,2cm, at
860 K (b).
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The range of overpotential exhibits similar values in both measurements, denoting a similar electrode
resistance for both deposition configurations. However, asymmetrical curves are observed. Moreover, for the
electrode deposited at 4 cm the overpotential reaches a larger value in the cathodic region while the other
sample reaches higher overpotential in the anodic area. This asymmetry does not affect significantly the
current values that achieve almost the same magnitude in each regime except for the anodic values of the
sample realized with a target distance of 5,2 cm, where the values are slightly smaller.

HDT samples exhibit in both cases a flat response in the low overpotential region (Figure 4.13). For
increasing overpotential the behavior appears to correspond to the exponential relationship between
overpotential and current. The region displaying a flat current response to the applied voltage is narrower for
the electrode deposited with a target distance of 4 cm, between -0,1 and 0,1 V against -0,2 and 0,2 V for the
other sample.

Current [A]
Current [A]

2
I

n[v] ' n[v]
e HDT(4cm)@860K e HDT(5,2cm)@880K

(a) (b)

Figure 4.13: dc measurements of HDT sample, target distance 4 cm, at 860 K (a) and HDT sample, target distance 5,2cm, at
880 K (b).

The overpotential range evaluated for the electrode deposited with a target distance of 4 cm is smaller than
that one found for the electrode deposited at a higher target distance. This means the deposition configuration
with a greater distance results in a higher electrode resistance. However the experimental temperature is also
different and influences these parameters. The current measured for the sample in Figure 4.13-a in the
cathodic region shows higher values than in the anodic region, leading to an asymmetric curve. The |-V
response displayed in Figure 4.13-b instead exhibit a good symmetry but it reaches lower current values.

Observing now the Tafel diagrams with logarithmic values of the current of the LDT samples (Figure 4.14)

the asymmetry discussed before can be clearly seen.
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Figure 4.14: dc measurements In |I| - Overpotential plot of LDT sample, target distance 4 cm, at 870 K (a) and LDT sample,

5,2 cm, at 860 K (b).

The only region exhibiting a good linearity is the cathodic area of the sample prepared with a target distance

of 4 cm. The other results can only roughly be approximated by a linear behavior in this plot.

The HDT samples on the other hand, display a quite good approximation of the exponential dependence

between current and voltage in the anodic region (Figure 4.15). However, for both electrodes the cathodic

regime appears to be in disagreement with this model.
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Figure 4.15: dc measurements In |l| - overpotential plot of HDT sample, target distance 4 cm, at 860 K (a) and HDT sample,

5,2 cm, at 880 K (b).

The sample realized at 5,2cm first exhibits a range where the logarithmic plotted current has a linear trend

followed by a quite noticeable deviation.
Examining now more specific the different overpotential regime of the investigated LDT samples the linear

fitting seems to approximate the results in an adequate way even though partly very small overpotential
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ranges are considered (Figure 4.16). The data found for the sample with a higher target distance during

deposition show a slight deviation from the linearity at higher overpotential.
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Figure 4.16: dc measurements In |I| - overpotential plot of LDT samples, target distance 4 cm, at 870 K, anodic (a) and
cathodic (c) region; LDT sample, 5,2 cm, at 860 K, anodic (b) and cathodic (d) region.

Sample LDT(4cm)@870K LDT(5,2cm)@860K
a (cathodic region) 0,7117 (a) 0,3491 (b)
a (anodic region) 0,4777 (c) 0,6603 (d)

Table 4.3: a parameters from the Tafel lines reported in Figure 4.16

The values found in this case for the a parameters (Table 4.2) are quite different if compared with those

obtained on LDT samples at lower experimental temperatures (Table 4.1). The results vary between 0,3491

and 0,7117, also suggesting a great influence of the target distance during the deposition.
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For the available data for HDT samples (Figure 4.17), the evaluation of the o parameters was only made for

the anodic region. 1-V plots of both cathodic regions show a behavior difficult to approximate with a linear

model.
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Figure 4.17: dc measurements In |l| - overpotential plot of HDT sample, target distance 4 cm, at 860 K, anodic (a) and
cathodic (c) region; HDT samples, 5,2 cm, at 880 K, anodic (b) and cathodic (d) region.

Sample HDT(4cm)@860K HDT(5,2cm)@880K
o, (anodic region) 0,7491 (a) 0,5174 (b)
o (cathodic region) -(©) -(d)

Table 4.4: a parameters from the Tafel lines reported in Figure 4.17

Hence for these data it was only possible to calculate the a parameters the anodic regions. The electrode
deposited with a target distance of 4 cm seems to have a higher value in comparison with what found at

lower measurement temperatures, while the sample with a target distance of 5,2 cm doesn’t differ that much
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from the previous result. According to what is seen, the charge transfer coefficient o appears to be influenced

by both deposition parameters and measurement temperatures.

4.2.3 Comparison of results from I-V measurements

The measurements displayed in the previous sections are now compared to investigate the effects that the

different deposition parameters and the experimental temperatures have on the 1-V characteristics.

o Effects of measuring temperature
Measurements at different experimental temperatures carried out on samples with the same deposition
parameters will be compared. The data referring to results obtained at lower experimental temperatures are
displayed in red empty markers.

= =
5‘ 0}2 5
n[vl n[v]
o LDT(4cm)@775K o LDT(4cm)@775K

« LDT(4cm)@870K ° LDT(5,2cm)@770K e LDT(5,2cm)@860K

(a) (b)

Figure 4.18: Comparison between dc measurements of LDT samples, target distance 4 cm, at different temperature (a) and
LDT samples, target distance 5,2 cm, at different temperatures (b).

The LDT samples in Figure 4.18-a exhibit both a lower overpotential on the electrode and a lower current
response when tested at lower temperatures. This can be explained with a stronger decrease in electrolyte
resistance with increasing temperature compared to the decrease of the electrode resistance. This is
somewhat surprising since activation energies of electrodes are reported to be higher [38] but could be
caused by some degradation occurring at higher temperatures. The obtained data show that in the cathodic
region the curves can be reasonably overlapped, explaining the absence of exponential behavior in the low
temperature measurement with a too low overpotential. On the other hand, the data for the anodic region
display clearly a difference between the two behaviors. The electrodes deposited at a higher target distance
(Figure 4.18-b) show a similar overpotential for both temperatures. The measured current values are much

higher in experiments realized at higher temperature.
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For both deposition configurations the HDT samples (Figure 4.19) show much higher values of measured

current when tested at higher temperatures.
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Figure 4.19: Comparison between dc measurements of HDT samples, target distance 4 cm, at different temperature (a) and
HDT samples, target distance 5,2 cm, at different temperatures (b).

The electrode realized with a lower target distance leads to particularly low values of current at lower
temperature even though the overpotential range is broader. The sample prepared with a target distance of
5,2 cm instead exhibits a slightly higher range of overpotential by tests at higher temperature. A possible
explanation is that in this case the decrease of electrode resistance by higher temperatures is comparatively

more pronounced than the reduction of electrolyte resistance.

o Effects of deposition temperature
The data of samples realized at higher temperature are displayed with red empty symbols and with black

filled markers those of samples prepared at lower temperatures. In Figure 4.20 it is possible to observe that

the difference between HDT and LDT samples realized with a target distance of 4 cm is the most significant.
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Figure 4.20: Comparison between dc measurements of HDT sample at 750 K and LDT sample at 775 K, target distance 4 cm
(a) and of HDT sample at 780 K and LDT sample at 770 K, target distance 5,2 cm (b).

The overpotential range is much wider for HDT due to the higher electrode resistance. The current response
instead is higher for LDT sample even if the effective voltage is much lower. Regarding the electrodes
deposited at 5,2 cm the difference in overpotential ranges decreases as well as the absolute values. This
indicates a reduction of the electrode resistance in the HDT samples, together with an increase of those the
LDT samples in comparison with what found for the electrodes deposited at 4 cm. Measured current values
are still lower for the HDT sample but the difference significantly decreased. From this data it could be said
that increasing the deposition target distance slightly worsens the oxygen exchange kinetics at low deposition
temperatures while it evidently improves HDT electrodes functionality at experimental temperatures between
750 K and 780K.
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Figure 4.21: Comparison between dc measurements of HDT sample at 860 K and LDT sample at 870 K, target distance 4 cm
(a) and of HDT sample at 880 K and LDT sample at 860 K, target distance 5,2 cm (b).
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At higher experimental temperatures (Figure 4.20) the different behavior of samples prepared with a target
distance of 4 cm is less pronounced. The overpotential range of the HDT sample is still wider implying a
higher electrode resistance. The current response of LDT sample is significantly higher compared with that
of the electrode deposited at higher temperature, especially at lower voltages. In the anodic region the LDT
sample reaches higher current values at much lower overpotential while in the cathodic region both samples
exhibit comparable absolute values though the HDT sample requires higher overpotential. For higher target
distance during the deposition the differences between the two samples remain significant and similar. The
difference in the anodic region increases both in overpotential range and measured current values. The
response of the LDT sample in the cathodic region displays much higher current values despite significantly
smaller overpotential. For both experimental conditions the LDT samples exhibit better behavior than those
deposited at higher temperature. As seen for lower experimental temperatures, increasing the target distance
leads to a slight decrease in LDT samples performance but in this case also HDT samples seem to worsen
even though only slightly.

o Effects of target distance
The red empty data refer to the samples realized with a higher target distance while the data presented in

black filled points indicate experimental measurements of samples prepared at lower distance. Figure 4.22

shows the results from electrodes deposited at low deposition temperature.
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Figure 4.22: Comparison between dc measurements of LDT samples, target distance of 5,2 cm and 4 cm, tested respectively
at 770 Kand 775 K (a) and at 860 K and 870 K (b).

The wider overpotential range for the LDT electrode deposited with 5,2 cm target distance at both
temperatures suggests a higher electrode resistance achieved with an increase of this parameter. Also the

current response suggests better performance on samples realized with a lower target distance.

45



At higher deposition temperatures (Figure 4.23) the behavior observed for LDT samples is also appearing in

the results obtained at higher experimental temperature.
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Figure 4.23: Comparison between dc measurements of HDT samples, target distance of 5,2 cm and 4 cm, tested respectively
at 780 K and 750 K (a) and at 880 K and 860 K (b).

Only for measurements at lower temperatures instead the deposition configuration with a target distance of

5,2 cm seems to improve the sample features, providing a higher current response and a smaller
overpotential range.

4.3 1S — measurements

4.3.1 Resistance and capacitance values

Impedance spectroscopy measurements are used to analyze the electrode resistance and capacitance,
separating the contribution of the electrolyte and electrode to the total resistance. At first the evaluation of
electrode resistance and capacitance without application of voltage will be displayed to see the effect of
deposition parameters on samples features. The second type of investigation provides resistance and
capacitance values at different voltage bias conditions.

From the results of LDT samples (Figure 4.24) it is clearly confirmed that the electrodes deposited with a
higher target distance exhibit also a much higher electrode resistance when tested at lower temperatures. The

resistance values become comparable at higher measuring temperatures.
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Figure 4.24: Electrode resistance values of low deposition temperature (a) and high deposition temperature (b) samples
measured at different temperatures on different electrodes. Black indicates samples realized with target distance of 4 cm and
red samples realized with target distance of 5,2 cm.

For HDT samples this influence of target distance is not noticeable. The data obtained show a lack of
accuracy but anyway allow recognizing a trend which suggests a stronger influence of the temperature on
resistance values for both deposition configurations in comparison to the results obtained with electrodes
deposited at lower temperature. The activation (i.e. resistance decrease) by temperature showed by LDT
samples is much lower than for HDT samples, especially for those deposited with lower target distance.
Absolute values of electrode resistance are anyway much higher for HDT samples.
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Figure 4.25: Electrode capacitance values of low deposition temperature (a) and high deposition temperature (b) samples
measured at different temperatures on different electrodes. Black indicates samples realized with target distance of 4 cm and
red realized deposited with target distance of 5,2 cm.

The capacitance values instead don’t display any significant temperature dependence ( Figure 4.25). Even

the differences between LDT and HDT samples are smaller. From the data obtained in these investigations it
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is only possible to speculate a slight increase of the electrode capacitance for increasing the deposition
temperature while in this case an increased target distance seems to cause a slight decrease of the obtained

value.

4.3.2 Voltage effects on resistance

Impedance spectra were measured at different voltages to investigate how the voltage affects the resistance
and the capacitance. The measurements were carried out starting from the negative voltage and increasing it
until the last positive voltage measurement. Observing the results for LDT samples reported in Figure 4.26, it
is possible to notice an “activation” of the electrode resistance with voltage. The values in fact appear to
significantly decrease with the application of overpotential and the changes are more pronounced for small

overpotential values.
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Figure 4.26: Effects of overpotential on electrode resistance of LDT samples, target distance 4 cm, at 775 K (a) and LDT
sample, target distance 5,2 cm, at 770 K (b).

The LDT samples prepared with a target distance of 4 cm display already a low electrode resistance when
tested under zero bias condition. The values of the electrode resistance are still further reduced with
increasing values of the overpotential down to circa 50% of its original value. This behavior is more
pronounced for LDT samples with higher target distance during deposition, the initial value in this case is
reduced up to 80%. However the minimum value is still higher than for 4 cm. In both cases the activation
phenomenon takes place at very low values of overpotential. Especially in Figure 4.26-b it is easy to
recognize how, for increasing overpotential values in the cathodic region, the electrode resistance remains
constant. This behavior is also suggested by Figure 4.25-a, even though the available overpotential range in
this case is smaller mainly because of the lower electrode resistance values.

At higher measuring temperatures the samples display a similar behavior as already discussed above (Figure

4.27).
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Figure 4.27: Effects of overpotential on electrode resistance of LDT sample, target distance 4 cm, at 870 K (a) and LDT
samples, target distance 5,2 cm, at 870 K and 860 K (b).

The activation process caused by overpotential is strong for small overpotential values and seems to level out
when increasing the applied voltage. Also for HDT samples it is possible to observe an activation process
caused by the overpotential (Figure 4.28). The effect in this case is even more remarkable than that already

seen for LDT samples.
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Figure 4.28: Effects of overpotential on electrode resistance of HDT sample, target distance 4 cm, at 760 K (a) and HDT
samples, target distance 5,2 cm, at 780 K (b).

The absolute values of the electrode resistance are reduced by a factor of 90% or more. The phenomenon
takes again place for small overpotential values. The influence of small negative overpotential seems to be
slightly stronger. For one HDT sample realized with higher target distance (black filled circles in Figure

4.28-b) it is possible to observe a disagreement with what emerged in other investigations. The initial
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resistance value is significantly smaller and the influence of activation with negative overpotential is also
less effective, while for positive overpotential the effect is more pronounced. Anyway there is no evidence
that these particular results represent a real trend instead of simple experimental errors. Explainable are also
those points of the diagrams where the overpotential seems to be reduced even if, according to the
measurements scheme, the applied voltage is increased. Those problems arise from the calculation of the
overpotential based on the electrolyte resistance. Since at higher voltages the electrode resistance shows a
great decrease the influence of errors in the electrolyte resistance evaluation plays an increasingly important
role, leading to possible greater errors on overpotential calculation.

Increasing the temperatures at which the experiments are carried out the behavior observed before is still
found (Figure 4.29).
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Figure 4.29: Effects of overpotential on electrode resistance of HDT sample, target distance 4 cm, at 890 K (a) and HDT
sample, target distance 5,2 cm, at 880 K (b).

o Effects of temperature
Experimental data obtained from samples prepared with the same parameters and tested at different

temperatures are now compared. Red empty markers show measurements made at higher temperatures while

black filled markers refer to measurements at lower temperatures.
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Figure 4.30: Effect of temperature on experiments of LDT samples, target distance 4 cm (a) and by LDT samples, target
distance 5,2 cm (b).

For both deposition distances and temperatures it is possible to observe (Figure 4.30 and Figure 4.31) how
the activation effect delivered by overpotential has a stronger influence at higher working temperatures.

The LDT samples realized with 4 cm target distance exhibit this trend more significantly (Figure 4.30). In
this case at lower temperature the activation phenomenon is less relevant than at higher temperatures, where
the effect achieves almost one order of magnitude. The differences observed for samples prepared at 5,2 cm
are instead less pronounced. Anyway in both cases the absolute values of electrode resistance are lower at
higher temperatures over the whole overpotential range, indicating that the effect of temperature on the
functioning of an electrode is, for these experimental conditions, greater than the contribution of the
overpotential to the activation of the electrodes.

The HDT samples instead display a smaller difference of the activation effect for different experimental

temperatures (Figure 4.31).
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Figure 4.31: Effect of temperature on experiments of HDT samples, target distance 4 cm (a) and by HDT samples, target
distance 5,2 cm (b).

The influence of measuring temperature appears to be greater for electrodes deposited at low deposition
temperature.

4.3.3 Voltage effects on capacitance

The same measurements used to investigate the effects of overpotential on the electrode resistance were used

to also observe the changes in capacitance.
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Figure 4.32: Effect of overpotential on electrode capacitance of LDT samples, target distance 4 cm (a) and of LDT samples,
target distance 5,2 cm (b) measured at different temperatures.

As already mentioned, the data obtained for the capacitance of electrode were more complicated to fit and

analyze because of the relevant non-ideality of the constant phase element in many tests. Anyway a change
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in the measured values caused by the overpotential is noticeable also for this parameter (Figure 4.32). For
LDT samples realized with a lower target distance the effect appears to be more relevant. The result show
different behaviors for different samples investigated; some of them display a stronger influence of the
overpotential in the anodic region while others in the cathodic region and the increase of experimental
temperature doesn’t appear to significantly affect the results. The samples realized with higher target
distance instead display lower capacitance values. A negative overpotential exhibits stronger influence on the
capacitance decrease and higher measuring temperature also causes an increase on this effect.
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Figure 4.33: Effect of overpotential on electrode capacitance by HDT samples, target distance 4 cm (a) and by HDT samples,
target distance 5,2 cm (b) measured at different temperatures.

HDT samples exhibit also capacitance variation caused by overpotential application (Figure 4.33). The trend
does not appear to depend on experimental temperatures. The results obtained for samples prepared with a
target distance of 4 cm show that the decrease of the capacitance value is found only in presence of a
negative overpotential. On the other hand results obtained for samples with a higher target distance during
the deposition show that in some cases this effect is observable also for positive values of the overpotential.
The measured capacitance values are comparable for both target distance configuration.

In conclusion, the capacitance doesn’t seem to be widely affected by temperature while the overpotential still
develops a decrease in the measured values. The overpotential affects also in this case the measured values

but it works completely asymmetrically and the regions influenced by this process changes for the different
samples investigated.
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4.3.4 Comparison of IS — measurement results

o Effects of deposition temperature on capacitance

The data obtained by testing electrodes deposited at different temperatures are compared. Red empty markers

display the data from samples realized at high temperature while black filled markers show the results of
samples realized at low temperature.
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Figure 4.34: Comparison of capacitance values of samples prepared with target distance of 4 cm at experimental
temperatures between 760 K and 775 K (a) and of samples prepared with target distance of 5,2 cm at experimental
temperature of 770 K.

The reproducibility of this kind of measurements is worse than that found for other parameters. Absolute
values in both cases appear to be higher for electrodes deposited at higher temperature. The results from
samples with deposition target distance of 4 cm (Figure 4.34-a) suggest higher capacitance values for HDT
samples; the differences become less pronounced with the application of overpotential when the effect is
observable on the same voltage region. The same observations can be made for available data of electrodes
deposited with target distance of 5,2 cm (Figure 4.34-b). At higher experimental temperatures the available
data show great differences in the behavior of LDT and HDT samples (Figure 4.35).
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Figure 4.35: Comparison of capacitance values of samples prepared with target distance of 4 cm at experimental
temperatures between 860 K and 870 K (a) and of samples prepared with target distance of 5,2 cm at experimental

temperature of 860 K.

In both cases the compared results show different answers to the application of an overpotential. The HDT

sample realized with a target distance of 4 cm (Figure 4.35-a) exhibit comparable capacitance values to the

LDT sample where the both are not affected by the overpotential. When the capacitance decreases the HDT

sample reaches lower values. For the electrodes deposited with a higher target distance (Figure 4.35-b), the

HDT samples appear to have a higher capacitance and just with the application of a positive overpotential the

values become comparable with what was found for the LDT sample.

o Effects of target distance on capacitance

The results of different target distance deposition configuration are compared. Red empty markers display

the data referring to electrodes deposited with target distance of 5,2 cm while the data in black filled markers

refers to electrodes with 4 cm target distance.
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Figure 4.36: Comparison of capacitance values of LDT samples at experimental temperature of 770 K (a) and of LDT
samples at experimental temperatures between 860 K and 870 K (b).

In both investigations carried out on electrodes deposited at a lower temperature (Figure 4.36) the deposition
configuration using a target distance of 4 cm delivers higher values of the capacitance. In most of the cases

even the effect of the overpotential is not enough to lower the measured values to meet those found for
electrodes deposited with 5,2 cm target distance.
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Figure 4.37: Comparison of capacitance values of HDT samples at experimental temperatures between 770 K and 775 K (a)
and of HDT samples at experimental temperatures between of 860 K (b).

A similar behavior can be observed also in the results for HDT samples (Figure 4.37). In this case the
decrease of capacitance caused by the overpotential appears to be slightly stronger and at higher
experimental temperature the values found in the cathodic region for the electrodes deposited at 4 cm

become lower than those found for the electrode realized with a target distance of 5,2 cm.
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o Effects of deposition temperature on resistance

The effects of deposition temperature on the resistance based on the measurements already illustrated are
now analyzed in Figure 4.38 and Figure 4.39. The red empty markers refer to samples prepared at high

temperature and the black filled markers to samples realized at lower temperature.
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Figure 4.38: Comparison of resistance values of samples realized with 4 cm target distance (a) and samples realized with 5,2
cm target distance (b) at experimental temperatures between 760 K and 780 K.

The samples prepared with a target distance of 4 cm and measured at temperatures between 760 K and 775 K
display that the electrode deposited at a low temperature has considerably lower values of resistance over the
whole overpotential range even if the activation effect of voltage is significantly lower than for the HDT
samples. For the configuration with a target distance of 5,2 cm the differences are much smaller. Higher
values of the resistance for electrodes deposited at a higher distance are found even though the difference is
not so large. Furthermore the influence of the activation effect due to overpotential appears to have the same

magnitude on both kinds of samples leading to very similar behavior.
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Figure 4.39: Comparison of resistance values of samples realized with 4 cm target distance (a) and samples realized with 5,2
cm target distance (b) ate experimental temperatures between 870 K and 890 K.

For the results of measurements carried out at higher experimental temperatures (Figure 4.39) a similar trend

is observable. This is particularly the case for electrodes deposited with lower target distance at lower

experimental temperatures. The HDT samples exhibit higher resistance values and a strong activation effect

leading to a decrease of the resistance values up to almost two orders of magnitudes. The LDT samples

resistance values are lower for both target distance configurations and also including the activation effect

they always remain lower for the same overpotential.

Effects of target distance on resistance

The two different target distances are compared in Figure 4.40 and Figure 4.41. Red filled markers display

the data of resistance measured on samples prepared with target distance of 5,2 cm while black empty

markers refer to results from electrodes deposited with target distance of 4 cm.
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Figure 4.40: Comparison of resistance values of LDT samples at experimental temperatures between 770 K and 775 K (a)
and HDT samples at experimental temperatures between 760 K and 780 K (b).

The LDT samples resistance values measured at experimental temperatures between 770 K and 775 K
(Figure 4.40-a) appear to be lower for the deposition set up adopting a lower target distance. The electrodes
realized with a target distance of 5,2 cm exhibit a much more significant activation effect related to the
overpotential. However, this effect is still not strong enough to decrease the resistance to the values observed
for 4 cm target distance results. The HDT samples on the other hand don’t show such a behavior. The

differences noticed are not as big as for LDT electrodes. Resistance values decrease strongly when a voltage

is applied.
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Figure 4.41: Comparison of resistance values of LDT samples at experimental temperatures between 860 K and 870 K (a)
and HDT samples at experimental temperatures between 880 K and 890 K (b).

The results obtained at higher experimental temperatures show how for low deposition temperature the

configuration with a smaller target distance produces lower resistance values (Figure 4.41). With increasing
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overpotential the activation of the electrode taking place on samples prepared at greater distance reduces the
resistance of the electrode leading in the cathodic region to values below those of the electrodes deposited
with a target distance of 4 cm. In the anodic region instead the activation doesn’t achieve such a strong
decrease of the resistance for samples with a lower target distance. The samples realized at higher
temperature show instead a similar behavior for both distances. The influence of overpotential activation on
the electrode resistance is quite strong for both of them.

In conclusion, based on the presented data, it is possible to say that for low deposition temperature the best
configuration concerning resistance values appears to be the one adopting a target distance of 4 cm. The
influence of the target distance parameter is much lower for deposition at higher temperature. Considering
the absolute values of the resistance of the electrode the best results were found on samples realized at a low
deposition temperature and a target distance of 4 cm. This configuration provides electrodes with a resistance
of 0,8 ohm*cm? already at 775 K which decrease till values near to 0,3 to 0,4 ohm*cm? by an overpotential
of +0,1V.

To conclude Figure 4.42 and Figure 4.43 present some data obtained during the measurements already
presented in this section. The aim of these diagrams is to show how the degradation plays a role also during
this investigation, suggesting that some results could have been influenced by this phenomenon. The
illustrated data refer to values of capacitance and resistance measured at zero bias voltages on different
electrodes during the impedance investigations. Since this kind of measurement was repeated on some
electrodes several times among the various tests, it is possible to see how the resistance and capacitance

values changes during the experimental procedures.
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Figure 4.42: Changes in resistance values during measurements on LDT samples (a) and HDT samples prepared with target
distance of 4 cm.

From the data collected it is possible to notice how the degradation has a stronger effect on HDT samples

(Figure 4.42). For this reason the investigations were carried out in the most similar way possible on every
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sample, trying at least, since the degradation effects are not removable, to assure the same procedures to

achieve a better reproducibility. The effect is observable also on the capacitance and it appears to be more

pronounced on HDT samples even in this case (Figure 4.43).
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Figure 4.43: Changes in capacitance values during measurements on LDT samples (a) and HDT samples prepared with
target distance of 4 cm.

4.4 Degradation effects

4.4.1 1-V measurements

4.4.1.1 Degradation behavior

As already explained in chapter 3.2.3, the samples previously investigated were subjected to different
degradation procedures. On each sample the degradation effects caused by the experimental temperatures
were investigated on one micro-electrode over a time of at least 14 hours. Another micro-electrode on every
sample was kept under a certain voltage during this period and I-V measurements were carried out during the
process. The following diagrams display the changes in 1-V characteristics on samples over the degradation

procedure under voltage.
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Figure 4.44: 1-V measurements of LDT samples realized with 4 cm target distance, degraded under 0,5 V at 775 K (a) and at
870 K (b).

The results obtained on two LDT samples subjected to the same voltage of 0,5 V between every
measurement are shown in Figure 4.44. It can be clearly seen how the experiment carried out at higher
temperature illustrates a stronger effect of the degradation process on the sample. At the beginning of the
experiments the current values measured at higher temperature were much greater than those found for the
sample tested at a lower temperature, but after about 10 hours the comparison shows how the effects of
degradation lower those values much more for the samples at higher experimental temperature (by two

orders of magnitude). The increase of the overpotential range is also a consequence of the increased
electrode resistance.
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Figure 4.45: 1-V measurements of HDT samples realized with 5,2 cm target distance, degraded under 0,5 V at 780 K (a) and
at 860 K (b).
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A very similar behavior could be found for HDT samples, as shown in Figure 4.45 Here the degradation
effect at lower temperature appears to be very low. In this case the degradation lowers the measured current
values on the sample investigated at higher temperature by one order of magnitude, leading, in terms of

absolute values, to comparable current results on both samples after the degradation process.

4.4.1.2 Effect of temperature on degradation

The results refer to those micro-electrode investigated without the application of any potential during the
degradation procedure. At first the influence of different experimental temperatures on electrodes with the
same target distance and deposition temperature are compared.
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Figure 4.46: Degradation effects at different temperatures on LDT samples prepared with target distance of 4 cm (a) and
with target distance of 5,2 cm (b).

For both deposition configurations it is observable how the 1-V characteristics at lower temperatures display
lower current values from the beginning and consequently a lower influence of the degradation effects if
compared to the data obtained at higher temperatures (Figure 4.46). A similar answer to the degradation

effect of the experimental temperature can be observed also for HDT samples (Figure 4.47).
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Figure 4.47: Degradation effects at different temperatures on HDT samples prepared with target distance of 5,2 cm.

The absolute values of current measured are significantly higher for higher experimental temperature at the
beginning as well as after the degradation procedure. Furthermore the degradation seems to have a lower
relative influence for the data obtained at higher temperature compared with those observed by LDT
samples. The available results indicate that the activating effects in the I-V characteristics can be greater than
the effect of a temperature increase on the degradation of the investigated samples. The measurements
obtained allow also a comparison of the influence that the deposition parameters has on the behavior of the
samples.

In Figure 4.48 samples prepared with different target distances are compared. The results show how, even if
the differences at the beginning are obvious, after the degradation process the I-V curves don’t differ
significantly, especially in the anodic region. Considering the cathodic region instead slightly higher values
of current were found in these cases for the LDT electrode deposited with a target distance of 5,2 cm and for
the HDT electrode deposited with a target distance of 4 cm, in accordance to what was already observed for
the initial values.
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Figure 4.48: Degradation effects at experimental temperatures between 860 K and 880 K on LDT samples (a) and HDT
samples (b) prepared at different target distances.

If we compare instead the effect that the deposition temperature has on the degradation behavior of the

samples we can observe how a low deposition temperature enables a better stability to the effects caused by

exposure to high experimental temperature. This is found for both target distance configurations (Figure

4.49).

Current [A]

+ HDT(4cm)@880K - Begin
® HDT(4cm)@880K - 1080 min
* LDT(4cm)@860K - Begin

(a) ® LDT(4cm)@860K - 980 min

wuv

Current [A]
&

(b)

’ n[v]
* HDT(5,2cm)@880K - Begin
® HDT(5,2cm)@880K - 810 min
¢ LDT(5,2cm)@860K - Begin
® LDT(5,2cm)@860K - 940 minl

Figure 4.49: Degradation effects at experimental temperatures between 860 K and 880 K on samples prepared with target
distance of 4 cm (a) and of 5,2 cm (b) at different deposition temperatures.
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4.4.1.3 Effect of voltage on degradation

The following data refer to measurements carried out on micro-electrodes to which during the degradation
procedure a certain voltage was also applied as an additional source of degradation. When comparing the
results obtained at different experimental temperatures (Figure 4.50) the behavior don’t differ significantly
from what was observed in the previous paragraph. The positive effect gained by increasing the temperature
is still greater than the effect on the degradation process also in presence of a voltage. However, it can also
be observed that the influence of the degradation on the sample at higher experimental temperatures is
clearly greater for voltages with the same sign as the applied voltage during degradation. Especially for the
HDT sample, the data obtained on the degraded electrode at 880 K in the anodic region suggest even bigger
values of current than what was found at the beginning of the measurement.
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Figure 4.50: Degradation effects on LDT samples prepared with target distance of 4 cm (a) and HDT samples prepared with
target distance of 5,2 cm (b) subjected to the same voltages at different experimental temperatures.

More results to investigate the effect of the applied voltage on the degradation of the sample are displayed in
Figure 4.51 and 4.52. The measurements were carried out at lower experimental temperature. For LDT
samples no clear influence of the sign of the applied voltage arises from the obtained data. The discrepancies
of initial 1-V measurements for the electrodes with the same deposition temperature and target distance can
be explained by differences in experimental temperatures and differences in the initial set of measurements,
leading to diversities in the exposition time to the measurement temperature before the investigations on the
degradation effects began.
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Figure 4.51: Degradation effects on LDT samples prepared with a target distance of 4 cm subjected to different voltages at
experimental temperatures between 770 K and 775 K.

HDT samples instead exhibit a more pronounced asymmetry. The electrode subjected to a positive voltage
shows a degradation effect slightly higher in the anodic region as would be expected after what was
previously observed and discussed in Figure 4.49-b. The results displayed for the electrode subjected to a
negative voltage don’t indicate a stronger degradation in the cathodic region. On the contrary, the effect of

degradation appears to be higher in the anodic region also in this case, even if the influence seems to be
lower.
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Figure 4.52: Degradation effects on HDT samples prepared with a target distance of 5,2 cm subjected to different voltages at
experimental temperatures of 780 K.
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The differences could possibly be explained since the results observed in Figure 4.49-b were obtained at
higher experimental temperature. However, even if no clear relation between the applied voltage and the
resulting effect on degradation came out from these data, it is clear and it will be better shown in a following
section that the electrodes subjected to a voltage during the degradation procedure display a more
pronounced asymmetry in their I-V characteristics.

Figure 4.53 shows instead the influence of the target distance during the deposition of the electrode on the
degradation response. The differences found in the I-V curves measured on the degraded samples resemble
those from the measurement carried out at the beginning, suggesting no significant influences of the target

distance on the degradation of the sample at the investigated experimental conditions.
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Figure 4.53: Degradation effects on LDT samples prepared with different target distances subjected to the same voltages at
experimental temperature of 770 K.

Finally, some results are displayed to observe the influence of the voltage magnitude on the degradation
effect. The results shown in Figure 4.54 indicate that at the beginning the I-V measurements on the two

samples were much more similar than what was found at the end of the degradation procedure.
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Figure 4.54: Degradation effects on LDT samples prepared with target distance of 4 cm subjected to voltages with different
intensity at experimental temperature of 775 K.

The experiments were made at the same temperature but the electrode subjected to a voltage of 0,5 V was
tested for a longer time. The apparently stronger degradation shown for this sample can thus be explained
with the different time of investigation and also with lower values of current since the beginning of the
experiment. Anyway the final differences between the two degraded electrodes appear quite significant,

suggesting a possible influence of the magnitude of the applied voltage on the effect of the degradation.

4.4.1.4 Influences of temperature and voltage on degradation
In the following diagrams the answers to the two investigated degradation procedure (Thermal Degradation,

Degradation under Voltage) of different electrodes will be illustrated to show the influences of several
parameters.

69



Current [A]
Current [A]

+ LDT(4cm)@775K - Begin ® LDT(4cm)@770K - Begin
® LDT(4cm)@775K - Thermal ® LDT(4cm)@770K - Thermal
® LDT(4cm)@775K - Under Voltage ® LDT(4cm)@770K - Under Voltage

(a) (b)

Q NNr _Nec
T, U000

¢ LDT(5,2cm)@770K
- Begin

Current [A]

o

4 ®m LDT(5,2cm)@770K
- Thermal

® |DT(5,2cm)@770K
- Under Voltage

(oM aYalnllla¥al
O,0UC00
n[v]

(c)

Figure 4.55: Degradation effects on LDT samples subjected to +0,5 V (a) and -0,5 V (b,c) at experimental temperatures
between 770 K and 775 K.

The results from LDT samples investigated at experimental temperatures between 770 K and 775 K show
(Figure 4.55) how both degradation processes produced quite symmetrical -V characteristics, discouraging
the idea that the applied voltage could affect the behavior of this kind of electrodes. The differences between
the induced degradation appear not so significant in the Figure4.55-b and -c, while the effects observed in the
Figure 4.55-a would indicate a stronger influence of the voltage on the degradation of the sample. The
influence of an applied voltage is more significant for LDT samples at higher experimental temperatures
(Figure 4.56). The sample realized with a target distance of 4 cm exhibits a good stability to thermal
degradation but a very drastic effect caused by the application of a voltage during the investigation.
Observing the electrode deposited with a bigger target distance it is possible to notice how the stability to the
effect of experimental temperature decreases but the degradation remains stronger in the case of application
of voltage.

70



< < 1, 5
= Py
c [=
g g
59 5
o o 0,2 0}4
n[V]
¢ LDT(5,2cm)@870K - Begin ¢ LDT(4cm)@860K - Begin
®m LDT(5,2cm)@870K - Thermal ® LDT(4cm)@860K - Thermal
@ LDT(5,2cm)@870K - Under Voltage ® LDT(4cm)@860K - Under Voltage

(a) (b)

Figure 4.56: Degradation effects on LDT samples subjected to +0,5 V (a) and -0,5 V (b) at experimental temperatures
between 860 K and 870 K.

Another interesting observation is that in both cases the symmetry of the I-V curves for the electrode
degraded under potential decreases significantly. In these two cases, the values of current measured after the
degradation procedure is much lower in the overpotential range with the same sign of the applied voltage.

The HDT samples investigated at experimental temperature of 780 K show different results when tested with
different voltages (Figure 4.57). With a positive voltage during the degradation process in fact the I-V curve
of the electrode subjected to this procedure show pronounced degradation in comparison with the one caused
just by the temperature. The symmetry of the I-V answer, however, is conserved. Less clear are the data from
the test carried out with negative potential. The results in the cathodic region display a big similarity between
the curves and values of current, already from the measurement at the beginning, are lower than those found
in the cathodic region, where the effects of degradation appear more different and the electrode subjected to

voltage seems to be less affected.
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Figure 4.57: Degradation effects on HDT samples subjected to +0,5 V (a) and -0,5 V (b) at experimental temperatures of 780
K.

Finally the measurements with higher experimental temperature on HDT are shown in Figure 4.58. Also in
this case, the degradation process seems to affect strongly the overpotential region with the same sign of the
applied voltage. The effect of voltage appears to be stronger on the electrode deposited with a target distance
of 4 cm. Also the thermal degradation affects more significantly this kind of electrode. The sample prepared

with a bigger target distance instead show an effect similar to a activation process in the anodic regime for

the electrode subjected to a voltage during the experiment.
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Figure 4.58: Degradation effects on HDT samples subjected to +0,5 V (a) and -0,5 V (b) at experimental temperatures of 880
K.
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4.4.2 IS - measurements

4.4.2.1 Degradation effects on electrode resistance

After the degradation procedure some impedance measurements were also made on the investigated
electrodes to observe the changes of the electrode resistance caused by degradation. The first results
illustrated refer to electrodes subjected to thermal degradation. In both cases shown in Figure 4.59, though
more pronounced for electrodes deposited with a target distance of 5,2 cm, the effect of higher experimental
temperature outperform the degradation influence with a resistance increase. As a result the measured

resistance values remain smaller at higher temperatures also after degradation.

86—
= o 20T E :
E "..'-. Q
*"J % *E A0
-g < “+U
S, = .
= 2048
© ‘
-0,4 0,2 0 0,2
n[vl -0,4 -0,2 0 0,2

—+— LDT(4cm)@775K - Begin n V]

@+ LDT(4cm)@775K - 1000 min —— LDT(5,2cm)@770K - Begin

—— LDT(4cm)@770K - Begin --@--- LDT(5,2cm)@770K - 1080 min

—— LDT(4cm)@860K - Begin

(a) -++0-:+ LDT(4cm)@860K - 980 min (b) o LOT(5,2em)@860K - 960 min

Figure 4.59: Degradation effects over time at different temperatures on LDT samples prepared with target distance of 4 cm
(a) and LDT samples prepared with target distance of 5,2 cm (b).

An interesting effect of the degradation is also the increased significance of the activation effect caused by
the voltage on the resistance values. This effect, as already discussed before, was much more evident and
significant for HDT samples. After the degradation procedure also LDT samples exhibit a strong decrease of
the electrode resistance with the application of a small overpotential. However, the increase of resistance at
overpotential zero is still considerable. Even higher absolute values were found for the HDT samples (Figure

4.60). The behavior of the different samples is comparable to the one of LDT electrodes.
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Figure 4.60: Degradation effect at different temperatures of HDT samples prepared with target distance of 5,2 cm.

As already deduced from the 1-V measurements, an increase of 90-100 degrees in experimental temperature
has still positive effects on the electrode performance. Additionally, with an overpotential of £0,2 V, the
electrode resistance can reach values similar to those of not degraded samples.

The implementation of a voltage during the degradation procedure shows a similar response to the increase
of experimental temperature. The activation of the reaction by higher temperatures is more pronounced than

the effect of an increased temperature on the degradation of the electrode material (Figure 4.61).
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Figure 4.61: Degradation effects at different temperatures of LDT samples prepared with target distance of 5,2 cm subjected
to the same voltage.
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If we compare the effect of target distance on the degradation results for LDT samples (Figure 4.62) the
results suggest a better stability of the electrode deposited at 5,2 cm. However, with increasing overpotential

values the electrode resistance reaches small values also for the samples prepared with a target distance of 4

cm.
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Figure 4.62: Degradation effects of LDT samples prepared with different target distances subjected to the same voltage.

Based on the available data a stronger degradation effect on the electrode resistance can be observed for a
positive voltage (Figure 4.63) as already seen in some previous cases. Also a slight asymmetry can be found
in the results for the electrode subjected to a negative voltage. The magnitude of overpotential required to

reach low values of the resistance is slightly higher in the cathodic than in the anodic regime.
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Figure 4.63: Degradation effects of HDT samples prepared with target distance of 5,2 cm subjected to different voltages.

A last comparison can be made for samples realized with a target distance of 5,2 cm. In this case the thin

film realized with a high deposition temperature appears to be more stable against the effect of degradation
(Figure 4.64).
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Figure 4.64: Degradation effects of samples prepared with target distance of 5,2 cm at different deposition temperatures
subjected to the same voltage.

Comparing now the results obtained from electrodes degraded with different procedures it appears that for
LDT electrodes deposited with a target distance of 4 cm (Figure 4.65) the application of a voltage during the
degradation produced stronger effects in the case shown in Figure 4.65-a and, especially, in Figure 4.65-b.

Those two experiments were carried out with negative voltages. The results displayed in Figure 4.65-c refer
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instead to an electrode subjected to a positive voltage and show that the degradation is smaller under voltage

compared to a thermal process.
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Figure 4.65: Degradation effects of LDT samples prepared with target distance of 4 cm after 960 minutes at 770 K under a
voltage of -0,5 V (a), after 980 minutes at 860 K under a voltage of -0,5 V (b) and after 1000 minutes at 775 K under a voltage
of +0,6 V (c).

The electrodes deposited with a greater target distance instead are in line with what has been seen in most of
the experiments (Figure 4.66). In both cases the application of a voltage acts as an additional source of

degradation of the electrode with a bigger relative influence at higher experimental temperature.

7



56
L Ky
120
170 R an
R g
T 86 T 30
G h S OO S o @
* A *
E £ 20
S, i 3 )
I~ 40 % «
@ ...:-" e ’.
R ey Sty FYPNNIOY: PO o tgy WD
0,4 0,2 0 02 -03 0,1 0,1 0,3 0,5
n V] n[V]
-e+eee+ LDT(5,2cm)@770K - Begin seeeeee LDT(5,2cm) @860K - Begin
---m--+ LDT(5,2cm)@770K - Thermal ---m- LDT(5,2cm)@860K - Thermal
( ) --@--+ LDT(5,2cm)@770K - Under Voltage (b) ----@--- LDT(5,2cm)@860K - Under Voltage
d

Figure 4.66: Degradation effects on LDT samples prepared with target distance of 5,2 cm after 1080 minutes at 770 K under
a voltage of -0,5 V (a) and after 940 minutes at 860 K under a voltage of -0,2 V (b).

The only available data on HDT samples show conflicting results (Figure 4.67). The sample investigated
with a positive voltage exhibit a behavior similar to the most common one observed. The voltage influences
the degradation of the electrode producing an increase on its effect. The other sample, subjected to a negative
voltage instead, display a behavior seen also on the LDT sample in Figure 4.65-c, with a stronger

degradation noticed on the electrode subjected just to the effect of the temperature. In that case anyway the

applied voltage was positive.
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Figure 4.67: Degradation effects of HDT samples prepared with target distance of 5,2 cm after 900 minutes at 770 K under a
voltage of +0,5 V (a) and after 870 minutes at 860 K under a voltage of -0,5 V (b).
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Since in other cases it has also been observed how a positive voltage appears to amplify the degradation of
the electrode, it seems more plausible that the data obtained from the LDT sample was affected by some
experimental errors. In this case the results could indicate a kind of “activating” process caused by the

application of a negative potential which decreases the effect of thermal degradation.
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5 Conclusion

The aim of this work was to investigate the influence of deposition parameters and experimental conditions
on the oxygen reduction reaction on LSC model electrodes. The electrodes were also subjected to a
degradation procedure to observe their stability under different conditions.

The investigated samples were all prepared by pulsed laser deposition of LSC64 on polished single
crystalline substrates of YSZ. During the deposition process the temperature of the substrate and its distance
from the LSC target were varied. The deposited thin film was then microstructured by using
photolithographic technique to obtain micro-electrodes with a diameter of 60 um. The electrodes were then
investigated using the method of impedance spectroscopy and current-voltage measurements. The
experiments were carried out at different temperatures and applying different voltages to the tested
electrodes.

The first set of measurements, made on not-degraded samples, showed that I-V characteristics strongly
depend on the deposition parameters. The increase of target distance during the deposition process leads to
worse results during the current-voltage measurements. The electrodes realized at a lower deposition
temperature showed better properties regardless of the target distance. The experimental temperature had a
strong effect on the results, suggesting a strong influence of the Kkinetics controlling the reaction.
Furthermore, the results show that the model proposed by the Butler-Volmer equation for charge transfer
processes does not satisfactory describe the reactions taking place at the electrodes. In many cases the
relation between the overpotential and the measured current deviates from the expected exponential
behavior. In cases where it can be approximated by an exponential trend the calculated o coefficients deviate
in many cases from the value of 0,5 found in theory of electron transfer processes.

The same samples were also subjected to impedance measurements. The values of the electrode resistance
found are always lower than 3 Qcm? on LDT samples already at experimental temperatures of 760 K.
Increasing the temperatures to 860 K the resistances decreases it to 0,5 Qcm?® The HDT samples instead
exhibit higher values, reaching resistances of 1 Qcm? when tested at 860 K. Additional changes in the
electrode resistance were caused by the target distance during the deposition, especially on LDT samples
where an increase of this parameter worsened the measured resistance up to one order of magnitude.
Concerning the capacitance values obtained from the experiments, the influence of the deposition set up
appears to be much lower, delivering comparable values for all tested electrodes. Also the influence of the
experimental temperature is much lower than what was observed for the electrode resistance. Still the values
of capacitance appear to slightly increase during the measurements at higher temperature.

The results also show an activation process caused by the overpotential, i.e. a decrease of the electrode

resistance. This effect had a strong influence on HDT samples while on the electrodes deposited at lower
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temperatures it was less pronounced. LDT samples prepared with a target distance of 4 cm exhibited almost
no activation process, nevertheless the lowest values of resistance were found for this configuration (0,4
Qcm? at 770 K). Also the capacitance showed some changes due to the application of an overpotential to the
electrodes during the measurements. During these first measurements a degradation process was also
observable on the electrodes, especially on those realized with a higher substrate temperature. The influence
of degradation could be rather pronounced for the electrode resistance, but changes, even though
considerably smaller, were observable also for the capacitance values. To better investigate the degradation
process and its effect on the electrode functioning, the electrodes were subjected to different degradation
procedure in order to evaluate the influences of different parameters. The general effect of degradation
shown by the current-voltage measurements is to lower the values of current and increase those of the
electrode resistance, observable in these tests also as an increase of the applicable overpotential.

The intensity of changes in samples properties because of the degradation are strongly influenced by the
deposition parameters of the electrodes as well as by the experimental conditions to which the samples were
exposed during the investigation. Since the parameters involved in the investigations of degradation behavior
were numerous, more samples and investigations would have been needed to offer a more detailed and
systematic view of the influences of experimental conditions on electrodes realized with different deposition
parameters. On the same time, further tests would also clarify how different deposition set ups influence the
operating behavior of the electrodes. However, it was possible to show that the thermal degradation affects
more the samples realized at a higher deposition temperature and also, independent from the deposition
temperature, those with a higher target distance. From the available data it can be concluded that most of the
electrodes exhibited a stronger degradation when subjected to a voltage. Furthermore the application of a
positive voltage appears to have an even stronger influence. In some cases the degradation seemed to affect
more one part of the |-V characteristic according to the sign of the voltage applied.

The impedance measurements carried out on degraded samples show that, after the degradation procedures,
all samples exhibited a strong activation process due to the application of an overpotential, also those LDT
samples where this effect was not observable during the first measurements. In the majority of the
investigations it was found that the application of a voltage during the degradation causes a stronger increase
of the electrode resistance values. These investigations thus lead to a better understanding of the influences
that deposition parameters and operating conditions have on the electrodes, and may help realizing stable and

well-performing thin film cathodes for fuel cells application.
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6 List of Abbreviations

CE
DMFC
GDC
HDT

LDT
LSC
LSC64
LSCF
LSF
LSM
ME
MCFC
PEM
PLD
PVD
rds
SOFC
YSZ

counter electrode

direct methanol fuel cells

gadolinia doped ceria

high deposition temperature

impedance spectroscopy

low deposition temperature

generally: lanthanum strontium cobaltite; in this thesis: LaggSrg4C00s;
Lag 6Sr0.4C0035

lanthanum strontium cobalt iron oxide
lanthanum strontium iron oxide
lanthanum strontium manganite
measuring electrode

molten carbonate fuel cells

polymer electrolyte membrane fuel cells
pulsed laser deposition

physical vapour deposition

rate determining step

solid oxide fuel cells

yttria stabilized zirconia
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7 List of Symbols

Lres

Myp j

capacitance

chemical capacitance

interfacial capacitance

diffusion coefficient

Faraday’s constant

exchange current density

exchange current density at equilibrium
oxygen reduction reaction net current

oxygen exchange coefficient

overpotential constant

triple phase boundary length

slope of the Tafel line j(n)

constant phase element

gas constant

resistance

bulk resistance

electrode resistance

interface resistance

surface resistance

electrolyte resistance

temperature

voltage (applied during measurement)
charge number of transferred particles
impedance of the capacitance

total complex impedance

charge transfer coefficient
electrostatic surface potential step deviation from equilibrium
overpotential

electrolyte overpotential

electrostatic surface potential step

angular frequency
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WOR

Oo-

ad

relaxation frequency

surface coverage of adsorbed oxygen’s ions
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