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Abstract

Performance and Structural Evolution of Nano-Scale
Infiltrated Solid Oxide Fuel Cell Cathodes

Ann Virginia Call

Nano-structured mixed ionic and electronic conducting (MIEC) materials have garnered
intense interest in electrode development for solid oxide fuel cells due to their high surface areas
which allow for effective catalytic activity and low polarization resistances. In particular,
composite solid oxide fuel cell (SOFC) cathodes consisting of ionic conducting scaffolds
infiltrated with MIEC nanoparticles have exhibited some of the lowest reported polarization
resistances. In order for cells utilizing nanostructured morphologies to be viable for commercial
implementation, more information on their initial performance and long term stability is necessary.
In this study, symmetric cell cathodes were prepared via wet infiltration of SrosSmosCo03 (SSC)
nano-particles via a nitrate process into porous Ceo9Gdo.1O195 (GDC) scaffolds to be used as a
model system to investigate performance and structural evolution. Detailed analysis of the cells
and cathodes was carried out using electrochemical impedance spectroscopy (EIS). Initial
polarization resistances (Rp) as low as 0.11 Q cm? at 600°C were obtained for these SSC-GDC
cathodes, making them an ideal candidate for studying high performance nano-structured
electrodes.

The present results show that the infiltrated cathode microstructure has a direct impact on

the initial performance of the cell. Small initial particle sizes and high infiltration loadings (up to



30 vol% SSC) improved initial Rp. A simple microstructure-based electrochemical model
successfully explained these trends in Rp. Further understanding of electrode performance was
gleaned from fitting EIS data gathered under varying temperatures and oxygen partial pressures to
equivalent circuit models. Both RQ and Gerischer impedance elements provided good fits to the
main response in the EIS data, which was associated with the combination of oxygen surface
exchange and oxygen diffusion in the electrode. A gas diffusion response was also observed at
relatively low pO..

The cells were subjected to life testing at temperatures between 650°C and 800°C for as
long as 1500 h. EIS measurements, carried out periodically during the life tests, were done in air
at 600°C, a typical expected intermediate-temperature SOFC operating temperature. These were
accelerated tests because the aging temperatures > 600°C should accelerate most degradation
processes such as nano-particle coarsening. Long-term Rp versus time data was fitted to a
combined surface resistance and coarsening kinetics model, and a t®2 power law coarsening model
was found to provide the best fits to the data, suggesting that surface diffusion is the dominant
mass transport pathway in SSC-GDC infiltrated cathodes. That is, cathode degradation was due
primarily to the coarsening-induced decrease in active SSC surface area. Scanning electron
microscopy (SEM) performed after electrochemical life testing confirmed the extent of coarsening
of the SSC nanoparticles. The model is used to make predictions regarding long-term stability of
infiltrated SSC electrodes, and is also compared with prior results on a similar perovskite MIEC
electrode, LSCF. Animportant new finding is that increasing infiltration loadings yields a marked

decrease in the long term degradation rate. Predictions based on accelerated life tests found the



lowest possible operating temperature while achieving a degradation rate of 0.5% per kh is 595°C,

corresponding to an initial particle size of 40 nm.
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Chapter 1

Introduction

Solid Oxide Fuel Cells (SOFCs) are one of a class of energy conversion devices which uses
an oxidant and a fuel to convert chemical energy to electrical energy. Although SOFCs can reach
efficiencies of over 60%, more than twice that of an internal combustion engine [1-5], they are not
currently in widespread commercial use. This is because fuel cell performance is currently limited
by the materials utilized in its construction. By lowering the operating temperature, more cost-
effective materials can be used for system components and a wider range of materials can be
utilized in cell development [2, 4, 6-9]. However, the resistance of the electrodes and electrolyte
of the fuel cell increase rapidly with decreasing temperature, causing the performance of the fuel
cell to be reduced accordingly [10-13]. In low temperature operation (600°C or lower), the primary
source of loss is considered to be the cathode, the electrode at which reduction occurs [2, 7, 13].
A large focus in current SOFC research is on improving electrode microstructures and materials
to lower the operating temperature with minimal losses.

One method of reducing losses originating in the cathode is to utilize nano-structured
materials. There are a number of benefits to this approach, the most obvious being that reducing
the average particle size of these electrocatalytic materials significantly increases the active surface
area that is available for the oxygen reduction reaction to occur, resulting in low area specific
polarization resistance (Rp). Additionally, the multiple step processing that is used to produce
composite nano-structured materials allows for separate formation temperatures for the different

components and opens the possibility of using materials which cannot otherwise be used due to
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incompatible reactivity during high temperature formation and co-sintering temperatures between
cell components.

The most common cathode materials in use today are perovskites which exhibit high
surface activity for the oxygen reduction reaction at intermediate operating temperatures. Typical
materials that are of interest for intermediate temperature operation are LaixSrxMnQOs.s (LSM),
La1-xSrxCo1-yFeyO3.s (LSCF), Smo.5SrosC003.5 (SSC), Bao.sSro.5C00.8F€0.203-5 (BSCF), and LaNis-
xFexOz5 (LNF) [6, 14]. Of these materials, SSC was chosen as the model system for a number of
reasons: it has been previously characterized for its bulk properties in the literature [6, 9, 11, 15],
it has very low reported values of Rp — SSC nano-composite cathodes have reported Rp literature
values as low as 0.21  cm? at 500°C and 0.052 Q cm? at 600°C [16], it is chemically compatible
with other cell components in our system (Ceo.9Gdo.101.95 (GDC), LSM, Ag), and it is relatively
simple to produce phase-pure nano-material via nitrate decomposition [17, 18].

Although the perovskite cathode materials have been characterized for their bulk material
properties, it is still important to understand the underlying rate-limiting behavior of these
materials under electrochemical operation. This is particularly true for nano-structured materials,
as we are most interested in the proportional change in observed surface activity for the oxygen
reduction reaction with increasing active surface area and how microstructure modification affects
cell performance, but also because the intrinsic properties of the materials could change with
significant changes in size. A complete understanding of electrochemical loss mechanisms is
necessary in order to improve performance through rational design.

A significant drawback to nano-structured electrodes is their unknown long-term stability
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at operating temperature (~500-700°C). The combination of elevated operating temperature and
high interfacial area of the nanostructure can drive coarsening behavior and increase degradation
rates. In order for nano-scale materials to be commercially feasible, performance stability will
need to meet or beat degradation requirements related to the U.S. Department of Energy 2015
target for stationary power, 0.5% per kh, and next the more stringent 2020 target of 0.2% per kh
over the expected SOFC operation lifetime of 40,000 h [19-21]. At the laboratory scale it is not
feasible to conduct 40,000 h life tests, so it is necessary to develop accelerated degradation testing
techniques and models.

The objective of this dissertation is to explore a state-of-the-art MIEC perovskite electrode
material, SSC, infiltrated into GDC scaffolds, in order to advance the understanding of the
electrochemical processes and long term performance of nano-scale infiltrated cathodes. Cathodes
tested were prepared in symmetric GDC-electrolyte cells via wet infiltration of SSC nano-particles

via a nitrate process into porous GDC scaffolds.
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Chapter 2

Background

2.1 Solid Oxide Fuel Cells
Solid oxide fuel cells (SOFCs) are solid state devices, which convert chemical energy into
electrical energy and heat. Fuel is oxidized at the anode while oxygen is reduced at the cathode.
The electrolyte acts as both an oxygen ion conductor and an electrical barrier which forces the
electrons through an external circuit, producing useful work in the form of DC electricity. Oxygen
ions travel through the electrolyte due to a potential gradient in the system which develops in
response to half-cell reactions occurring at both the anode and the cathode, as is described by the

Nernst Potential, E, which relates the reversible cell voltage, E°, as a function of chemical activity

[2, 4]:
Mak
(21) E=F0— El 1z])roducts
nF I aréactants
Where azimducts and a,’ ... are the activities of products and reactants, respectively.

Electrons and oxygen ions then reunite at the anode to react with a fuel, such as hydrogen, to
produce heat. A schematic which includes the chemical half reactions occurring at each electrode
during hydrogen-oxygen use is shown in Figure 2.1. The inherent potential difference between the
anode and cathode in the fuel cell system is due to the presence and separation of fuels and oxidants,

which ensures that electricity and heat will be generated as long as these reactants and an available
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electrical pathway between these two components are available [2, 4].

2e
4—

H,+ 0> > H,0+2e

Q Electrolyte

15 0,+2e > 0%

Figure 2.1: Schematic of a SOFC consisting of a porous anode and porous cathode separated by a
dense electrolyte. Oxygen is reduced at the cathode and the oxygen ions are transported through
the electrolyte and electrons flow through an external circuit to produce useful work before
recombining with at the anode to react with hydrogen to produce water.

Although there are several types of fuel cells [2], SOFCs are a particularly promising
energy conversion device due to the inherent properties of the system. SOFCs exhibit high power
densities in comparison to other fuel cell systems, fuel flexibility, and high efficiencies of up to
60% [1-5, 20]. Additionally, the waste heat produced can be utilized in a number of residential and
industrial uses such as water heating or reducing the cost of high temperature processes, thereby
increasing efficiencies further [1, 2, 4].

The primary components of a SOFC are the electrolyte, cathode, anode, and interconnect.
Each of these components has their own materials and engineering requirements. The scope of the

present work will focus on the cathode, which is discussed in further detail in the pages following.
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2.2 Cathodes
The reduction of oxygen occurs at the cathode, with a high-performance cathode exhibiting
the following traits [2, 6, 7]:
= Catalytically active toward the reduction of oxygen

= Electronically and ionically conductive to allow for sufficient transport to the
external circuit and the electrolyte respectively

= Sufficiently porous to allow the flow of oxidant to active sites in the electrode

= Chemically and mechanically compatible with the electrolyte and interconnect

under operating conditions, and with temperature and/or current cycling

As the operating temperature is decreased the number of materials which meet these
conditions increases, allowing for a wider range of low cost materials to be used. A consequence
of decreased temperature is decreased conductivity and catalytic activity of cathode materials. At
low and intermediate operating temperatures, 700°C and below, the cathode is considered the main
source of loss in SOFCs. Cathode materials exhibit slow oxygen-reduction and ion transport
Kinetics at these temperatures, which lead to high polarization resistances (Re) and performance
loss [4, 6, 14].

For the oxygen-reduction reaction to take place, it must occur at a site which is catalytically
active, has sufficient access to gas phase reactant (oxygen), and is both electronically and ionically
conductive to allow for electrons to flow through an external circuit and ions to jump to the
electrolyte. In order to effectively increase performance, research into both cathode materials and

cathode microstructures is necessary.
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Currently, the most common electrode material is Lai-xSrxMnOs.s (LSM) mixed with 8%
yttria-stabilized zirconia (YSZ) to form a two-phase composite cathode [6, 14]. A representation
of a traditional composite cathode microstructure is shown in Figure 2.2. The low ionic
conductivity of LSM requires that it be mixed with a strong ionic conductor to increase
performance. The primary advantage of two-phase cathodes is that the properties of both the ionic
conducting phase and the electronic conducting phase can be optimized separately. This not only
allows for easier materials selection depending on operating conditions, but also can increase the

overall performance of the cathode in comparison to single-phase electrodes.

Figure 2.2: Three-dimensional representation of traditionally prepared ceramic composite
electrode microstructure. The electrically conducting material, typically LSM, is represented in
purple and the ionically conducting material, typically YSZ, is represented by white. Open
porosity is represented by black.

There are a number of ways to incorporate multiple phases. The most common method is

to simply mix the materials in powder form together and co-deposit them via screen-printing or
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tape casting, as is done with LSM-Y SZ cathodes [22]. Another method that is of particular interest
for this project is infiltrated cathodes, which will be discussed in further detail in the following

section.

2.2.1 Infiltrated Cathodes

A number of groups have reported promising reduced-temperature performance using
cathodes that are comprised of nano-scale mixed ionic and electronic conducting (MIEC) materials
[6, 12, 17, 23-28]. MIEC materials are active for the oxygen reduction reaction over their free
surfaces, while the nano-scale structure provides a high surface area.

Infiltrated cathode microstructures are typically comprised of either ionically conducting
or electronically conducting scaffolds paired with electronically or ionically conducting nano-
particles respectively [6, 12, 14]. Research efforts have been made in both configurations, with
advantages and disadvantages being apparent in both systems. Electronic scaffold configurations
tend to allow for easy formation of the desired nano-particle infiltrate phase, but require high
infiltrate volume percent to achieve good performance - limiting pore volume within the cathode.
lonic scaffold configurations require fewer infiltration steps, however infiltration of the desired
composition is more difficult [6, 29]. The present work will focus on the latter.

Regardless of which material acts as the scaffold or the infiltrate, the resulting
microstructure of the cathode plays a key role in the performance of the cell. Reports in the
literature give varying values for Rp vs. infiltration loading, and performance is more often

attributed to the fine microstructure of the cathode layer than to the relative amount of active
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material. It is most often seen that cathodes with high surface areas, both scaffold and infiltrate
material, and high loading result in very low, and often record-breaking, values for Rp att = 0 [30].
This is often achieved by infiltrating the scaffold material many times, resulting in increasing

surface area coverage. A computer generated representation of this process is shown in Figure 2.3.

Figure 2.3: Three- dimensional representation of an infiltrated cathode (computer generated).
Scaffold is represented in white, infiltrated particles are represented in purple, and pore is
represented by black. 0) scaffold with zero infiltrations, 1) scaffold after one infiltration, 2)
scaffold after two infiltrations.
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While the initial performance of infiltrated cathodes is promising, the long term stability
of nano-scale materials under SOFC operating conditions has not been extensively investigated.
At elevated temperatures for long periods of time, the infiltrated nanoparticles in these cathodes
may coarsen significantly, leading to reduced active areas and a decrease in performance [31-36].
Extended testing of several materials systems is unrealistic at the laboratory stage due to the long
expected lifetimes (t > 40,000 h) [20, 21] of these devices as well as the near limitless number of
unique system parameters to be investigated. This places a premium on mechanistic modeling of
degradation and electrochemical mechanisms, which can be used to predict long-term behavior

based on a number of shorter, accelerated tests.

2.3 Performance and Evaluation
The ever-increasing number of potential cathode materials and long testing times make
modeling techniques for accurately determining cathode performance necessary to identify and
develop materials that provide the requisite performance and stability. Computational attempts
have been made to understand the reaction kinetics involved [37-39]; however the complexity of
cathode materials and microstructures causes difficulty in accurately modeling a wide variety of
material systems in varied operating conditions. In order for infiltrated cathodes to be a viable

choice, both initial performance and long term behavior must be characterized.

2.3.1 Initial Microstructure and Performance

Microstructure-based models have been proposed to predict the initial performance of
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mixed conducting materials, most notably the Tanner-Fung-Virkar (TFV) [39] and Simple
Infiltrated Microstructure Polarization Loss Estimation (SIMPLE) models [17, 23, 40]. Good
agreement with experimental results for these models makes apparent that the model assumptions
- material properties, microstructure, and transport kinetics play a significant role in cathode
performance - must be valid.

Initial microstructure and performance of infiltrated cathodes will be covered in Chapters
2, 3, and 4. Chapter 2 will cover studies in determining if the concentration and number of high
temperature infiltration steps has a significant impact on initial infiltrate particle sizes. Fractured
cathodes are studied via SEM image analysis to determine if the particle size achieved during
infiltration can be tuned.

Previous work has shown that the SIMPLE model is a sufficiently accurate predictor of Rp
values for LSCF nano-infiltrated cathodes [17]. This is true in systems where contributions from
gas-phase diffusion, the ionic conductor-MIEC interface reactions, electronic transport losses in
the MIEC, or ionic transport losses in the MIEC are negligible [17, 39, 40]. Results from this
study are presented in Chapter 3 of this dissertation.

Finally, Chapter 4 covers an in-depth study of the effect of varying partial pressures of
oxygen and temperature on LSCF-GDC infiltrated symmetric cells. In cooperation with the Ivers-
Tiffée group at Karlsruhe Institute of Technology, advanced EIS tests were completed to verify
the transport properties of novel infiltrated cathodes. Symmetric cell cathodes of varying infiltrate
amounts and varying oxygen partial pressures were tested to obtain a clearer understanding of the

reaction mechanisms occurring within these novel cathodes and how it relates to the overall
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performance of these cells.

2.3.2 Long Term Performance and Degradation

Although the Rp of cathode materials at t = 0 is important to assessing the expected
performance of cathode materials, considerable work needs to be completed in order to predict
how these materials will evolve over time. Evolution at these time scales is difficult to realize due
to lack of long term data on these systems, as well as the inherent complexity of fuel cell systems
themselves.

Annealing can be used to accelerate coarsening degradation effects and to predict Rp at
long time scales. Infiltrated SSC-GDC symmetric cell cathodes were assessed for their long term
performance capabilities using this method. Accelerated degradation tests were completed on
SSC-GDC symmetric cell cathodes following the experimental design of Shah [34, 35]; with the
added change of infiltrate percentage. An improved model for predicting long term performance
from these degradation tests is discussed in Chapter 3 and the results from this study are shown in

Chapter 6.

2.4  Summary and Conclusions
Solid Oxide Fuel Cells (SOFCs) are promising energy conversion devices that deliver high
efficiencies, high power densities, and are fuel flexible. A major road block for widespread
commercialization is performance limitations by the materials utilized in construction. In low

temperature operation (600°C or lower), the primary source of loss is considered to be the cathode
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and subsequently a large focus in current SOFC research is on improving cathode microstructures
and materials to improve performance.

Groups studying the performance of infiltrate cathodes have reported some of the lowest
values of Rp for cathode materials. While the initial performance of infiltrated cathodes is
promising, the long term stability of these nano-scale materials under SOFC operating conditions
has not been extensively investigated. The focus of this dissertation is to use known material
parameters to aid in predicting both the initial performance of infiltrated cathodes and their long

term degradation behavior.
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Chapter 3

Methods

The work detailed in this thesis necessitated a very rigorous procedure in producing, testing,
and analyzing the resulting data. As is seen in the literature [6, 17, 23, 35, 36] and most notably
in Chapters 4 and 7 of this thesis, microstructure plays a significant role in determining the
polarization resistance (Rp) of an infiltrated cathode and the conditions which SOC devices are
operated, specifically the temperature in the case of nano-infiltrated cathodes, facilitate
microstructure evolution resulting in degradation. Control over both the initial microstructure and
the methodology used in accelerated degradation studies is necessary in order to track the results
to our proposed models. To this end, Section 3.1 covers cell fabrication and Section 3.2 details
the testing equipment and accelerated coarsening procedures used in this thesis. Details on the
derivation of the equations used to model cell behavior and predict cathode degradation due to
coarsening are outlined in Section 3.3 to both appropriately compare and contrast the
appropriateness of the results obtained using such models and also to not detract from the results
and discussion in later Chapters. Finally, the method used to verify nano-particle coarsening in

the symmetric cells tested are discussed in Section 3.4.

3.1 Cell Fabrication
Symmetric cell cathodes were used in this study consisting of porous Ceo.9Gdo.101.95 (GDC)
scaffolds that are coated with either SrosSmosC003.5 (SSC) or LaosSro.4Coo2Fe0sOz-5 (LSCF)

nanoparticles, which act as the active electrode. Separating the two infiltrated electrodes is a dense
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GDC electrolyte. Both electrodes have Lao.gsSro1sMnOzs (LSM) layers that act as a current
collector and a silver mesh which both aids in current collection and attaches to wires used for
testing the cell. It should be noted that LSM is capable of acting as a cathode material, however
the thickness of the active cathode layer used is sufficiently thick,~ 25 pm, that it is
electrochemically inactive and acts solely as an electronic conductor [17]. A schematic of the cell
configuration can be seen in Figure 3.1. Further details on the methods used to fabricate these

cells are detailed in the subsections following.

Silver Grid

Current Collector |

Cathode

Electrolyte

Figure 3.1: a) Schematic of a symmetric cell (not to scale), b) photo of a button cell. Electrolytes
are composed of Ceo9Gdo10195 (GDC), cathodes are a GDC scaffold infiltrated with
Sros5SmMosC003.5 (SSC) nanoparticles, and the current collect is a Lao.gsSro.1sMnO3z.5 (LSM) layer.
A Ag mesh is also screen printed prior to attaching Ag wires to use as test leads.

3.1.1 Electrolyte

GDC was used as the electrolyte over the course of this work. It was selected because of
its high ionic conductivity at intermediate temperatures, chemical stability in relation to the other
components in the system, and also to keep consistent with previous work done on this project by

Shah on LSCF-GDC infiltrated cathodes [34]. 0.5 g of GDC (Rhodia) powder was uniaxially
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pressed using a %" inch diameter die and fired between two dense GDC weights at 600°C for 1 h
to ensure burnout of any trace organics that may be present in the powder, and then ramped to
1450°C for 6 h to achieve densification. Samples were then polished flat using 600 grit SiC

sandpaper to ensure a consistently thick scaffold is screen printed on all samples.

3.1.2 Scaffold

Scaffolds of a high ionic conductivity were used in this study to complement the properties
of the infiltrated nano-structure. To ensure compatibility (chemical, thermal expansion, etc.) and
a reduction of charge transfer losses between the electrolyte and the scaffold, both were made from
the same Rhodia GDC powder. To achieve this, a GDC ink was prepared to be used in screen
printing by first coarsening Rhodia GDC powder at 800°C for 4 h. The resulting powder was
mixed with an organic vehicle (Heraeus V-737) using a three-roll mill to achieve an ink with
uniform distribution of GDC. 0.5 cm? scaffold layers were applied to both sides of the dense
electrolyte by screen printing, and then fired at 600°C for 1 h to burn out the organic vehicle before

ramping to 1100°C for 4 h, resulting in a cathode of ~ 25 pum thickness.

3.1.3 Infiltration

SSC precursor solution was produced by mixing the appropriate stoichiometric ratios of
SM(NO3)3, Sr(NO3z)2, and Co(NOs), and diluting with 18.2 MQ (Millipore) H2O to reach a
concentration of either 0.5 M or 2 M. A 2:1 ratio of citric acid-to-cation metal ions was used as a

chelating agent to avoid phase separation of metals prior to nanoparticle synthesis. In the case of
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using a GDC scaffold material, an additional surfactant was not necessary to aid in infiltration.

Prior to sol-gel infiltration, a mask was applied to ensure that the infiltration material was
localized to only the porous GDC scaffold and not to the surrounding dense electrolyte area. Early
samples utilized a water-diluted acrylic paint (Liquitex), which was carefully applied to the
surrounding dense electrolyte without touching the porous scaffold layer. This method was
abandoned due to the high possibility that the mask would accidentally spread into the active
cathode layer during infiltration and block porosity. Later samples used a scotch-tape mask that
was punched to the same size as the scaffold in order to leave the scaffold layer exposed after
application. This layer could then either be removed prior to the firing step where the sol-gel was
decomposed, or be decomposed along with the nitrate solution in cases where the cell was too
fragile to risk peeling off the tape.

Sol-gel infiltration was completed by pipetting SSC nitrate solution onto porous GDC
scaffolds. The capillary effect pulls the infiltration solution into the pore structure. Once the
solution has fully receded into the scaffold, the infiltration solution was gelled at 60°C for a
minimum of 30 minutes before being decomposed in air at 800°C for 1 h. This infiltration
procedure was repeated as many times as necessary in order to achieve the infiltration loading
desired. For the final infiltration step, the decomposition time is increased to 2 h to ensure phase
purity of SSC. Infiltration loading was calculated using the known density of SSC and the weight

change of the cell from before the start of infiltration until after the last decomposition cycle.
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3.1.3.1 Monolithic Deformation

Phase purity of the resulting infiltration solutions was tested via X-ray powder diffraction
(XRD) by drying the nitrate solution onto a ceramic plate and decomposing the nitrate solution at
800°C for 2 h. This corresponded to the amount of time which the infiltration solution was
processed in the final infiltration step. The resulting powder was scraped off the plate and analyzed
via X-ray powder diffraction using a Scintag XDS200 diffractometer at room temperature. Figure

3.2 shows the resulting X-ray spectra.
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Figure 3.2:: X-ray powder diffraction pattern for SSC powder produced via sol-gel method (black)
and compared to reported XRD values (red) (JCPDS card 00-053-0112).
3.1.4 Infiltration

Once the target infiltration loading was achieved, a porous LSM layer was screen printed
on top of the active cathode layer to act as a current collector and fired at 600°C to burn out the
organic screen printing vehicle before being ramped to 800°C for 1 h. Finally, a Ag mesh was

screen printed (Heraeus-C4400UF Silver Conductor Paste) on top of the LSM current collector
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and Ag leads attached for use in testing. Ag contacts were fired in-situ during ramping of the cell

to operating temperatures. Firing profiles for all cell components can be found in Figure 3.3.

GDC Electrolyte | 1450°C GDC Scaffold 1100°C

Nitrate Solution 800°C LSM Current Collect 800°C
Decomposition

Figure 3.3: Firing profiles for each fabrication step for infiltrated symmetric cell cathodes.

3.2 EIS Testing
A determination of the polarization losses in nano-structured symmetric cell cathodes was
completed using electrochemical impedance spectroscopy (EIS). This is a standard method of
evaluating the performance of a SOC in the field [2, 4]. Changes in the size, shape, and
characteristic frequency of the resulting impedance arcs can give significant insight into the

magnitude and source of polarization resistance (Rp). Further information on the testing setup and
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subsequent analysis techniques used are described in the sections following.

3.2.1 Testing Rig

Cells produced for this dissertation work were tested either at Northwestern University
(Chapters 3, 6, and 7) or at the Karlsruhe Institute of Technology (KIT) (Chapter 5). Due to the
very different testing setups and testing methodologies used for each, cells tested at either facility
were not directly quantitatively compared to one another. Most notable of these differences were
gas compositions and flow rates (stagnant air vs. flowing O2/Ar mixtures) which may show subtle

changes in mass transport which are difficult to account for accurately in the data.

3.2.1.1 Northwestern University Test Setup

A majority of the cells analyzed during the course of this dissertation were
electrochemically tested at Northwestern University (NU). With the exception of the data
presented in Chapter 5, all data presented in this dissertation were collected at NU. Cells were
mounted on a ceramic tube and tested in a clamshell tube-furnace under stagnant ambient air. In
some cases, up to four cells were tested in the same furnace, as can be seen in Figure 3.4. For
these tests, all cells were placed close together and within the hot-zone of the furnace. Temperature
was verified by additional K-type thermocouples, ensuring that the temperature difference
experienced between cells was less than 10°C, resulting in at most a 1.6% error due to temperature
variation between cells. EIS was completed using a BAS-Zahner IM6 impedance analyzer

between 10-1 and 106 Hz with a 20mV amplitude AC signal and no applied DC bias.
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3.2.1.2 Karlsruhe Institute of Technology Test Setup

Symmetric cell cathodes tested at KIT were used to analyze the impedance response of
cells tested under varying temperature and partial pressures of oxygen. This testing setup was used
in lieu of the one at NU, as it was optimized to have very low inductance contributions, which
skew data at high frequencies and make circuit fitting analysis difficult. Cells were mounted in a
pressure Au contact rig [40] and were tested under flowing Oz, gas balanced with Ar gas, at O
fractions from 1-100% at 1 atm. EIS measurements were carried out using a Solartron 1260

frequency response analyzer at frequencies between 10-1 and 106 Hz with no applied DC bias.
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Figure 3.4: Schematic of the symmetric cell cathode testing setup used at Northwestern University.
Up to four symmetric cells can be tested in the same clamshell tube-furnace.
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3.3 Analysis Methods
The resulting EIS data were analyzed by measuring Rp, comparing Rp to predictions
calculated using the Simple Infiltrated Microstructure Polarization Loss Estimation (SIMPLE)
model, circuit fitting, analysis of differences in impedance spectra (ADIS), and calculated
degradation rates using a combined surface resistance and coarsening theory model. These

methods are detailed in the sections following.

3.3.1 Re Measurement

Re is measured to be the difference between the real intercepts of an EIS spectrum when
plotted as -Imaginary Z (Z”) vs. Real Z (Z’) in so-called “Nyquist” fashion. This measurement is
then normalized to the footprint area of the cathode, and in the case of symmetric cathodes, divided
by two to account for the two electrodes being measured. The resistance associated with the value
of the first intercept is the ohmic resistance, Rq, and the sum of Rp and Rq gives the total resistance

associated with the cell. Figure 3.5 illustrates this.

A

Z”

Y |
Rq Rp
Figure 3.5: Representative Nyquist plot of fuel cell EIS data. The resistance associated with Rq is

measured by the distance between the origin and the first intercept of on the real axis. Rp is
represented by the difference between the two intercepts of the impedance curve.



37

3.3.2 Simple Infiltrated Microstructure Polarization Loss Estimation (SIMPLE)
Predictions for polarization resistance (Re) were made using the Simple Infiltrated
Microstructure Polarization Loss Estimation (SIMPLE) model [17, 40]. Unlike basic surface
resistance calculations based on infiltrate surface area, this model accounts for losses associated
with MIEC surface resistance and oxygen ion transport through the ionic-conducting scaffold
material. The model is derived from the Tanner-Fung-Virkar (TFV) model [39], which was

originally developed for micro-composite electrodes.

Infiltrated Mixed Conductor Reference Point A

—

Anode

Figure 3.6: SIMPLE model idealized electrode geometry. Here the ionic conducting scaffold has
been approximated as a series of columns and the infiltrated nano-particles have been
approximated as an infinitely thin layer with an effective surface resistance dependent on the
infiltrate surface area and the intrinsic infiltrate surface resistance, as described by Equation 3.1.
Image taken from [17] with permission.
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The simplified model cathode structure used in this approach can be seen in Figure 3.6.
The columned simplification of the microstructure allows for the consideration of oxygen ion
diffusion losses. The resistance associated with infiltrated MIEC is also simplified as a uniformly

spread layer across the surface of the cathode. The resulting equations for the SIMPLE model are

as follows:
RgAsc
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(3.1) Rp = » - <1+B(_7h)) -
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In these equations, Rs is the surface resistance value for the infiltrate material, Asc and Aint
are the surface areas associated with the scaffold and the infiltrate material respectively, and oV,
refers to the ionic conductivity of the scaffold material. It is important to note that all parameters
associated with this model can be determined experimentally and do not require additional fitting

parameters.



39

This model has been shown to be a significant improvement over simple estimations of the

active surface area the infiltrated material using the surface resistance model,

Rsn
(34) Rp = AIan f
/ Afpp

where the polarization resistance is equal to the surface resistance of the infiltrated material,
divided by the surface area of infiltrated material normalized by the cathode footprint area, as the

SIMPLE model takes into account losses associated with ion transport [17].

3.3.3 Circuit Fitting

EIS data gathered in this study were fit using a combination of two impedance elements:
RQ and a Gerischer element. Both of these elements are commonly used to characterize EIS data
obtained from SOC cell tests. The complex non-ohmic response of the cell is primarily attributed
to a modified RC circuit where the resistor is in parallel with a capacitance element, characterized

by a constant phase element, Q, and is represented by the following equation [2]:

_ RRrq
(3:9) R0 = T wmrg)”
where
(36) TRQ = L

(L)RQ
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and n can have values between 1 (pure capacitor) and O (pure resistor). Q elements have no direct
physical electrical equivalent, but are characterized by a distribution of relaxation times which
result in a depressed semicircular response, as seen in Figure 3.7. This response takes into account
the fact that the separation of charge at an interface cannot be modelled as an ideal capacitor,
making it commonly in impedance modelling of SOFC components. In the case where n =1, the
resulting impedance simplifies to that of an RC circuit. Gerischer elements are used to model
polarization resistance in electrodes where the diffusion losses are significant [38].

Mathematically, this element is described by equation 2:

_ Rge
(3.7) Zge = T Gateon
Where
1
(3.8) Tge = Oge

Again, n can take values between 0 and 1. This modeling approach is most often attributed to
porous materials. An example of the shape of this impedance response can be seen in Figure 3.7.
“Best fits” to experimental data were achieved by using a least squares fitting program. The

resulting fits and analysis of data is explored further in Chapter 6 of this thesis.
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Figure 3.7: Representative shapes for RC (left), RQ (center), and Gerischer (right) circuit elements.

3.3.4 Analysis of Differences in Impedance Spectra

In order to determine definitively if mass transport resistances at high pO2 were being
observed, the subtraction method was utilized to interpret the data. This method is more commonly
used to subtract the cathode response from a full cell EIS data set in order to track changes in the
anode response or vice versa, as it accentuates small differences between data sets and gives a
clearer picture of what sort of changes are occurring. This is particularly noticeable in Bode data
(impedance vs. frequency). To obtain subtraction data, the imaginary impedance at any given
frequency between two data sets is subtracted from one another. Further information on this

analysis method and its use can be found in the literature [41, 42].

3.3.5 Combined Surface Resistance and Coarsening Theory Model

The evolution of Re over time for SSC-GDC infiltrated symmetric cell cathodes was fit to
a combined surface resistance and coarsening kinetics model. Detailed information on the
derivation of this model can be found in the literature [34-36], but will be summarized here for

completeness.
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Assuming that coarsening theory holds, the evolution of a characteristic length scale as a

power law in time defined as [35]:

(3.9) 2~ 1o = Kot

Where I grows with time t from an initial size of I , at a rate defined by the n power [33]. K}, is

proportional to a cation diffusion coefficient:

(310) KD = KD,Oe(_ED/kT)

Where K, o is a pre-factor, Ep is an activation energy, k is Boltzmann’s constant, and T is the
ageing temperature. Size evolution defined by the above equations can then be used to predict the

change in infiltrate surface area such that:

(3.11) Rp « Rgl

At this point, it is necessary to define how the exact relationship between RP and RS is
defined. In earlier iterations, the surface resistance model (Equation 3.4) was used as a generalized
simplification. This has proven to be much too simplified, as it did not take into account any losses
in the system and therefore gave an upper limit to performance which could not be achieved
experimentally. The most recent development of the model relates Rp to microstructure and

materials properties to the transmission-line model [36, 43-47], which has been successfully
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applied to infiltrated composite electrodes [36, 46],

_ Rs a
(3.12) Rp = /—%na coth <L oionRs>

Where g;,,, 1S the effective ionic conductivity of the oxide scaffold (GDC), a is the surface area of
the MIEC, and L is the electrode thickness. What is most notable about this equation is that in the
limit where the argument is small, when electrodes are exceptionally thin and ionic transport losses
are expected to be negligible, coth(x) reduces to 1/x. This results in Equation 3.12 reducing to the
form of Equation 3.4.

The value of a, the SSC surface area, is given by the relation a = fC/l., where C is the
surface to volume shape factor ratio that depends on the geometry of the SSC infiltrate particles
and f is the SSC volume fraction. For our system, a value of ~6 is used to approximate a
hemispherical cap. Combining this expression with Equation 3.9 and Equation 3.12 yields the

time dependence of the resistance:

Rs
OionCf

(3.13) Rp =

(120 + Kpt)*/?™ coth (L(lg0 +Kpt) " | L )

OionRs

This equation was used with values measured experimentally in Chapter 6. To determine
fit parameters, cells of varying infiltration loading were coarsened at temperatures ranging from

650°C to 800°C. EIS testing for all cells was completed at 600°C and Rp was determined by the
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difference between the real intercepts of the Nyquist data, as seen in Figure 3.5. Application of

this model to predict long term degradation can be found in Chapter 7.

3.4 SEM Particle Size Analysis

Once infiltration and impedance testing was complete, symmetric cells were fractured,
sputtered with 10 nm of Au and the cross-section was imaged using either a Hitachi S-4800-11 or
Hitachi SU8030 microscope. Size measurements of infiltrate material could not be determined
within the cathode structure due to both the comparable size of infiltrate particles to the scaffold
and the lack of phase contrast between the scaffold and infiltrate material. To circumvent this issue,
infiltrate particle sizes were taken from SEM images taken at the electrolyte-cathode interface,
where SSC nanoparticles could be best differentiated from the scaffold and accurately measured.
Particle diameters were averaged over a minimum of 50 infiltrated particles from at least 3

different regions along the interface. A sampling of these images is shown in Figure 3.8.

3.4.1 Simple Infiltrated Microstructure Polarization Loss Estimation (SIMPLE)

As detailed further in Chapter 7, small changes in infiltrate particle size greatly affect the
resulting polarization resistance of these infiltrated cathodes. For this reason, it is important to
determine the reproducibility of particle size, as well as whether the size of the infiltrated particles
could be tuned and optimized experimentally.

For much of the analysis completed over the course of this thesis, a reliable estimate of the

initial average particle size, I¢ o, is necessary. To determine this value, the concentration of SSC
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material was varied by both infiltration cycle (uL of solution infiltrated as well as varied cathode
thickness) plus varying the number of infiltration cycles. For the purposes of this study, one
infiltration cycle was taken to consist of deposition of nitrate solution onto the ionic scaffold
(GDC), gelation of solution at 60°C, and synthesis at 800°C for 1 h. Table Al lists the

experimental design and results.

SSC Nanoparticles at
Electrode/Elecrotlyte Uninfiltrated Scaffold

Infiltrated Scaffold

n 0,
interface (~11 Vol%)

Figure 3.8: Representative SEM images of infiltrated cathodes. Top and Bottom images are of the
same area of the cell, but taken at different magnifications. Left images show the
electrode/electrolyte interface with isolated nanoparticles of SSC on the GDC electrolyte. Center
images shows a GDC scaffold infiltrated with ~11 vol% SSC. There is no phase contrast between
the scaffold and infiltrate material. Right images show an example of an uninfiltrated GDC
scaffold for comparison.

Initial results based on the mean and mode of particle sizes measured made it appear that

varying concentration of infiltrate solution allowed for systematic changes in particle size.
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Evidence of this can also be seen in Figure 3.10. Further investigation showed that while average
particle sizes decreased with increasing infiltration solution concentration, most samples were
within standard deviation of one another, as noted in Table Al, with the exception of cells with
very high infiltration solution concentrations per infiltration cycle, where there was a marked
decrease in particle size.

Subsequent cells produced over the course of this thesis utilized a “max infiltration”
methodology where 2 M nitrate solution was infiltrated into the scaffold structure until the pore
structure was completely filled. Excess nitrate solution was blotted off prior to gelation and high
temperature decomposition. Vol% infiltration loadings were calculated based on the weight
uptake of SSC on the cells and the known density of SSC. This method was used to ensure that
the concentration of solution infiltrated per unit volume was similar for all other cell produced,

regardless of variation in scaffold thickness.
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Increasing concentration per infiltration step

Figure 3.9: SEM micrographs of infiltrate particles produced with increasing concentration per
infiltration step
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Chapter 4

Polarization Resistance Prediction Using the Simple Infiltrated
Microstructure Polarization Loss Estimation Method

A study using symmetric cells consisting of Lao.eSro4C0o.2FeosOs-5 (LSCF) nanoparticles
infiltrated into Ce.9Gdo.101.95 (GDC) scaffolds was completed in order to verify the validity of a
modified Tanner-Fung-Virkar (TFV) model, the Simple Infiltrated Microstructure Polarization
Loss Estimation (SIMPLE) Model [17, 40], for use in predicting initial performance of infiltrated
nano-structured cathodes. This model accounts for both surface effects and bulk ionic transport
through the cathode layer, and gives a more accurate prediction of polarization losses than surface
resistance models which do not take into account losses associated with ionic transport.

A series of symmetric cell cathodes were systematically infiltrated with 1 ul of 0.5 M LSCF
citric acid nitrate solution with increasing numbers of infiltration cycles to produce samples with
variable mixed ionic and electronic conducting (MIEC) particle infiltrate loadings. By
determining the average infiltrate particle size, known MIEC loading, and known cathode volume,
the volume percent of LSCF was determined and samples were compared using this metric to their
measured polarization resistance (Rp) values. Measured microstructural parameters and materials
properties gathered from literature sources [10, 11, 17] were employed as inputs for the SIMPLE
model to obtain predictions on polarization losses to compare with experimentally gathered data.

A large portion of the contents of this chapter have been co-authored and published with
Dr. Jason Nicholas as first author of this work. Additional work published alongside this study

was done on GDC-SSC infiltrated cathodes, which is not reported in this thesis, was conducted by
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Ms. Lin Wang [17].

4.1 Experimental Methods

GDC-LSCF symmetric cell cathodes were prepared via sol-gel infiltration and tested using
electrochemical impedance spectroscopy (EIS) as outlined in Chapter 3 of this dissertation.
Briefly, cells were produced by screen printing a porous GDC layer with a footprint size of 0.5
cm? on both sides of a dense GDC electrolyte support, and firing at 1100°C for 4 h. The resulting
porous scaffold layers, were then infiltrated with a sol-gel solution consisting of Millipore water
solvent containing metal nitrates with concentrations designed to produce LSCF. Citric acid was
added to the solution in a 1:1 molar ratio of (metals : citric acid) to act as a chelating agent to
ensure the production of single phase SSC upon decomposition of the nitrate solution at 800°C in
air for 1 hour. The wet infiltration and decomposition step was repeated as many times as
necessary in order to obtain the desired loading of LSCF. Post-test analysis of the cross-section
via scanning electron microscopy revealed the particle size to be ~50 nm, as seen in Figure 4.1.
Time at operating temperature was considered sufficiently low (> 24 h) so as to not induce
considerable increases in particle size over the course of EIS testing, allowing the measured
particle size to be used in subsequent calculations.

Details on additional microstructural properties (cathode thickness, scaffold surface area,
SSC surface area) were calculated using data obtained through profilometry measurements and
microstructure estimates pulled from SEM image analysis. Expected values of Rp were obtained

through calculations based on the SIMPLE model. More information on this model can be found
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in Chapter 3 of this dissertation.

Figure 4.1: Representative images of LSCF particles that were measured to predict polarization
resistance. Particle sizes are ~ 50 nm in diameter. Figure adapted from [17] with permission.

4.2 Results and Discussion

SEM images of these cathodes revealed networks of LSCF particles with ~50 nm size
coating the porous GDC structure. EIS measurements of samples with symmetrical LSCF-GDC
cathodes on GDC electrolytes showed that increasing the LSCF volume infiltrated decreased
cathode Rp, to as low as 0.23 Q cm? at 600°C for 12 vol% infiltrated LSCF. Rp predictions were
made assuming that the mixed-conducting LSCF surface effect and bulk ionic transport through
the cathode layer were the major factors limiting polarization, using literature values from
Baumann of LSCF surface resistance [11] and LSCF surface areas estimated from SEM images.
The two methods used are the Surface Resistance Model (Equation 4.1) and the SIMPLE Model

(Equation 4.2) more thoroughly explained in Chapter 3.

Rsn
(4.) Rp = 7,7
/ Afp
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It should be noted that there were not significant differences between the calculated values
of Re for either model, as shown in Figure 4.2, and the predicted and measured values using both
the Surface Resistance (dashed lines) and SIMPLE (solid lines) models appear to agree over a
wide range of LSCF volume fractions tested. Experimental values for polarization resistance
deviate widely from SIMPLE model predictions at low infiltration loadings. While not ideal, this
is to be expected since the model assumes complete electrical connectivity throughout the
electrode. At low infiltration loadings, a large fraction of infiltrated MIEC are comprised of
isolated particles which are not electrically connected and are therefore not electrochemically
active in the fuel cell. Any material which is not electrically connected in the cell will not
positively contribute to the polarization resistance of the electrode, leading to inaccurate
estimations of Rp. To avoid this effect, it is important to use an infiltration loading that is high
enough to allow percolation of electrons through the length of the microstructure, in this case > 5
vol% infiltrate loading.

At high infiltration loadings, the data appear to "beat" the estimation for polarization
resistance given by the SIMPLE model using Baumann values. This result is unexpected as the
model only takes into account losses associated with surface effect and bulk ionic transport through

the cathode layer, and therefore should give a “best performance” estimate for the microstructure
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defined. Model predictions were made using the extrapolated 600-750°C LSCF Rs values from
Baumann et al. [11] and extrapolated 425-550°C LSCF Rs values from Xiong et al [10]. There is
roughly an order of magnitude difference in Rs values depending on which source is used, so it
should come as no surprise that the experimental data lies approximately between model
predictions using either source material. Both models are sensitive to changes in Rs and this result
confirms the need for accurate materials property data for polarization loss estimation to be a useful

tool in predicting the performance of novel nano-scaled microstructure and materials systems.
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Figure 3.2: Comparisons of measured LSCF-GDC polarization resistances (symbols) to surface
resistance (dashed line) and SIMPLE model predictions (solid lines) obtained using intrinsic LSCF
surface resistance values from [11] (thin lines) and [10] (thick lines). Measured resistance errors
are less than the size of the symbols. Image taken [17] from with permission.
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4.3 Conclusions

In summary, the SIMPLE model was used to predict Rp values for LSCF-GDC infiltrated
nano-composite symmetric cell cathodes and was found to fit experimental data to within an order
of magnitude for samples infiltrated at ~5-15 vol% LSCF. For heavily infiltrated samples, use of
the SIMPLE model can be used to determine a “best performance” estimate for a nano-infiltrated
composite cathode. Data obtained at low infiltration loading (< 5 vol%) deviated from the model
due to the prevalence of isolated and inactive regions. Furthermore, the accuracy of SIMPLE
model estimations is dependent on the use of accurate materials property data on the constituent
materials used in the cathode system. For polarization loss estimation to be a viable method of
identifying high performance material systems and parameters, accurate values for surface and

bulk materials properties must be obtained.
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Chapter 5

Electrochemical Impedance Spectroscopy Analysis of Infiltrated
SmosSrosC00s-5 Solid Oxide Fuel Cell Cathodes

Most studies on infiltrated cathodes are focused on improvement of polarization resistance
(Rp) values as this is often considered the best measure for comparing cathode performance
between systems. This has led to large number of publications with varying performance reported
for what appear to be the same cathode systems [7, 12]. Due to the novel microstructure inherent
in infiltrated cathodes, performance variation can be caused by changing the material systems
being studied [7, 12], varying infiltration loading (vol% scaffold : vol% infiltrated nanoparticles)
[17, 36, 39], as well as scaffold and infiltrate microstructures [18, 30]. The general trend in the
literature is to strive for very fine scaffold microstructures to increase available surface area
available for nano-particle deposition. Infiltration loadings are then done to provide full surface
area coverage to maximize the available active area for the oxygen reduction reaction.

Basic calculations to determine the performance associated with infiltrated microstructures
typically assume that most, if not all, of the resultant Rp value from an infiltrated cathode is due to
the properties of the infiltrated material and the available surface area of the cathode microstructure.
Work has been completed to model the polarization loss behavior more accurately [17, 19, 20, 37,
39, 48], with limitations being on the availability of accurate materials parameters available for
such calculations. Additionally, with decreasing characteristic sizes of both infiltrate materials
and their corresponding scaffold, additional loss mechanisms from mass transport and grain

boundaries may have an important role in electrode design. An in-depth experimental analysis of
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data with changing infiltration loading, microstructure, temperature, and pO> has not been
completed for infiltrated cathodes, though there is literature is available on single-phase porous
MIEC cathodes [40, 49-54].

In this study, symmetric-cathode cells with GDC electrolytes were prepared via infiltration
of aqueous nitrate solutions to form SSC nano-particle coatings in porous GDC scaffolds with
varying SSC infiltrate loading. Electrochemical impedance spectroscopy (EIS) measurements
were completed for cells with different SSC loadings, at temperatures ranging from 400°C - 750°C
and oxygen partial pressures from 100-1% O». The data were fit using two different equivalent
circuit models, featuring either an RQ element or a Gerischer impedance element to characterize
mid-frequency responses. Equivalent circuit fitting allows for the isolation of different cathode
responses. The results indicate that the primary source of cathode resistance is associated with
oxygen surface exchange and bulk diffusion, while gas diffusion and grain boundary resistances,
either within the cathode GDC phase or the GDC electrolyte, were also observed to have

measurable influence on Rp.

5.1 Experimental Methods
The symmetric cathode cells tested in this study were prepared using the procedure
described in Chapter 3. Briefly, cells were produced by screen printing a porous GDC layer with
a footprint size of 0.5 cm? on both sides of a dense GDC electrolyte support, and firing at 1100°C
for 4 h. The resulting porous scaffold layers were then infiltrated with a sol-gel solution consisting

of Millipore water solvent containing metal nitrates with concentrations designed to produce
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Sro5SmosC003-5 (SSC). Citric acid was added to the solution in a 1:1 molar ratio of (metals : citric
acid) to act as a chelating agent to ensure the production of single-phase SSC upon decomposition
of the nitrate solution at 800°C in air for 1 hour. The wet infiltration and decomposition step was
repeated as many times as necessary in order to obtain the desired loading of SSC, as measured by
weighing the cells before and after infiltration. The present cathodes had 6, 15, or 20 vol% SSC;
these amounts were selected based on prior work [17] as being representative of low, medium, and
high loading levels. As described in Chapter 3, this procedure results in SSC particles of ~50 nm
diameter decorating GDC scaffold surfaces. Prior to electrochemical testing, Lao.gsSro.1sMnQOs-s
LSM current collectors were screen printed on top of the infiltrated cathode layer and fired in air
at 800°C for 2 hours.

Cells were mounted in a pressure Au contact rig [40] and were tested under flowing O gas
balanced with Ar gas, at O fractions from 1-100% at 1 atm. EIS measurements were carried out
using a Solartron 1260 frequency response analyzer at frequencies between 10-1 and 106 Hz. Note
that complete sets of pO2 and temperature variation tests were done on each of the cells, so
internally consistent data sets were obtained avoiding any issues with sample-to-sample variations.
Temperature was varied from 750°C to 400°C in 50°C increments, and was completed in order of
highest to lowest temperature, with the complete set of pO. variation tested before decreasing in
temperature. This was done so that any particle coarsening was completed at the beginning of the
tests, minimizing cathode variations within a given data set. Some test conditions were repeated
at intervals during the testing process, and it was found that cell performance was stable throughout

at any given temperature setting.
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5.2 Analysis of Differences in Impedance Spectra

As a first step taken to determine the number of loss mechanisms which are evolving in
our system, an analysis of differences in impedance spectra (ADIS) was completed on pO2 and
temperature data. Another name for this technique is the subtraction method. This method is more
commonly used to subtract the cathode response from full cell EIS data sets in order to track
changes in the anode response or vice versa [41, 42]. Small differences between data sets are
accentuated and it gives a clearer picture of what sort of changes are occurring and at what
frequencies they are evolving. Further information on how this technique is implemented can be
found in Chapter 3 of this dissertation and in the literature [41, 42]. Figure 5.1 shows a bode plot
of the subtraction data for a high-loading sample (20 vol% SSC) at 600°C with varying pO». Data
obtained from flowing 100% O is used as the baseline, which is subtracted from all other EIS
spectra. Two distinct peaks as shown are visible in the subtracted data. This shows that there are
two different mechanisms that are likely evolving with pO2: mass transport and surface exchange

reaction.
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Figure 5.1: a) Bode plot showing for a high loading sample (20 vol% SSC) at 600°C with varying
pO2 balanced with Argon and b) subtraction of the same data set. Data obtained from flowing
100% O is used as the baseline which is subtracted from all other EIS spectra. Two peaks are
clearly seen evolving with changing pO: at all O2%.

It is important to note that we only see two processes changing and that any other processes
occurring in the cell do not appear to have a pO2 dependence. In order to confirm the responses
observed, impedance fitting is necessary. Additionally, while this is a powerful method in
determining the presence of loss mechanisms in EIS data, it is not possible to fit these losses
directly from subtraction data. This is because any shift in the characteristic frequency of these
loss mechanisms will lead to abnormally wide peaks which cannot be accurately fitted by circuit

analysis in a meaningful way.

5.3 Impedance Model Fitting

EIS data gathered in this study were found to fit acceptably using two different equivalent
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circuit models: one containing an RQ element and the other a “Gerischer” element to represent the
primary impedance response. Circuit diagrams for both models are provided in Figure 5.2.
Definitions of RQ and Gerischer circuit elements can be found in Chapter 3 of this
dissertation. To summarize briefly, RQ fits take into account minor variations within a cell, unlike
RC circuit elements, and is common in impedance modeling of SOFC components. The
impedance response is characterized by a depressed semi-circle in a Nyquist plot (Figure 5.3).
Gerischer elements are used to model polarization resistance in electrodes where diffusion losses
are significant and are frequently attributed to the response expected from porous materials. An

example of the shape of this impedance response can be seen in Figure 5.3.
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Figure 5.2: Circuit diagrams for the two fitting models used in this study. A) Cathode characterized
by an RQ impedance response to electrochemical losses. B) Cathode characterized by a Gerischer
impedance response to electrochemical losses. Both models include considerations for ohmic,
grain boundary, and gas diffusion losses.
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Figure 4.3: Representative shapes for RC (left), RQ (center), and Gerischer (right) circuit elements.

Both models utilize a resistor to model the ohmic resistance of the electrolyte and RQ
elements to describe both grain boundary resistance and gas diffusion losses. In the case of
RQgaspiffusion, the value of a = 1, which is equivalent to an RC circuit and is expected for this
impedance response [55].

“Best fits” were achieved by using a least squares fitting program and confirming that the
fits evolved within each changing variable for the data set being fit, as well as logically between
an entire set of data comparing pO2 variation and temperature variation. As can be seen in Figure

5.4, both models give reasonable fits.
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Figure 5.4: Representative fits for RQ and Gerischer fits. Both models give reasonable fits for

the data presented.

5.4 EIS Data and Impedance Fitting Results

5.4.1 Effect of SSC Loading

Three infiltration loadings were used in this study: 6 vol%, 15 vol%, and 20 vol%, where

vol% loading is defined by the infiltrate material volume (SSC) with respect to the total volume

of the cathode. These loadings were chosen as representative cases of very low, average, and high

infiltration volumes, in order to characterize the effect of loading on the resulting EIS spectra.

Infiltration loading changes not only the SSC surface area, particle connectivity, etc., but also

impacts the pore volume, which is displaced by the SSC.
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Figure 5.5 shows Bode and Nyquist plots of the low, average, and high infiltration EIS
spectra tested at 600°C and 20% O». The average and high loading samples show what appear to
be a single peak at a frequency that decreases from ~ 104 to ~ 103 Hz with increasing loading.
The 20 vol% loading sample showing a lower Rp value than the 15 vol% sample, as expected if
increasing the SSC loading results in increased SSC surface area [17-19, 29, 37, 39, 48].

In contrast, the 6 vol% sample is very different, exhibiting two responses, one at ~ 102 Hz
and the other at 105 Hz, both of which are much different than the single response seen at higher
loadings. Based on prior SSC infiltration results, [17, 48] the relatively high Rp is expected, given
the lower SSC surface area combined with the likelihood that a significant fraction of SSC particles
are electrically isolated from the current collector, and hence electrochemically inactive. In this
case, the cathode layer could be acting more like an extension of the electrolyte layer. Although
one might suggest that the lower frequency peak corresponds to a contribution from the
electrochemical activity of the LSM current collector, this is unlikely because the polarization
resistance is much lower than that expected from an LSM cathode. Considering the high resistance

and atypical results from the 6 vol% sample, this case is not considered further in this study.
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Figure 5.5: Bode (top) and nyquist plots (bottom) from high (20%) mid (15%) and low (6%)
loading SSC infiltrated samples tested at 600C in 20% O». Variations in RQ, seen in the nyquist
plot, is due to electrolyte thickness, which was not held constant in this study. Low loading
samples showed atypical behavior, particularly at low frequencies.

As mentioned earlier, infiltration loading also effectively changes the microstructure of
these cathodes due to pore volume being displaced by MIEC nanoparticles. As pore volume

decreases, mass transport losses can have a larger effect on polarization resistances and

significantly contribute to Rp. Additionally, it is possible for some infiltrated areas to become
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isolated and inactive, further decreasing performance. Highly infiltrated samples showed
decreased surface exchange/diffusion losses, but also showed a small increase in mass transport
losses, which became visible in samples tested at high temperatures and intermediate/low pO2
concentrations (< 20%). In order to combat this effect, it will be necessary to vary the
microstructure so that there is a larger pore volume in the initial scaffold. This may decrease
performance slightly, as scaffold surface area will likely be sacrificed. Further observations on the
subject of scaffold microstructure with infiltration loading held constant can be found in the

literature [18, 30].

5.4.2 Temperature Dependence

Figure 5.6 shows representative impedance data and their corresponding Gerischer fits for
the 20 vol% loading sample and 20% O atmospheric condition between 550°C and 700°C. Trends
to note are the strong temperature dependence that Rqo and Rg exhibit. The response at > 105 Hz,
discussed further below, also decreased in magnitude with increasing temperature, but more slowly
than Rg, such that it became a larger portion of the total resistance at higher temperature. The
upturn in the data at high frequencies, particularly noticeable at low temperatures, confirm that at
least part of the resistance measured in these cells is due to this high frequency response and not
entirely from the oxygen surface exchange reaction. Finally, a low frequency response is noted in
tests at high temperatures (600-700°C). This contribution, which does not appear to vary with
temperature, is only measurable at the highest temperature where the Gerischer response is

sufficiently small. It does not appear to vary with temperature, and so it is likely associated with
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Figure 5.6: Bode (top) and nyquist (bottom) of a 20 vol% infiltrated cathode tested at 550-700°C
and 20% O- content. Data from temperatures below 550°C is not shown at the impedance response

was so large as to dwarf high temperature data.
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Figure 5.7 is a plot showing the temperature dependence of Rg with respect to temperature
for both the high and mid loading samples, based on fits using a Gerischer element. Rg increases
with decreasing temperature following an Arrhenius behavior with activation energies of ~0.64
eV for 15 vol % SSC and 0.84 eV for 20 vol % SSC. Figure 5.7 also shows the values obtained
assuming an RQ element in the equivalent circuit instead of a Gerischer element. Other than a
minor offset in the resistance value reported, both circuit models fit the data equally well and yield
the same activation energies as the Gerischer model. While it might normally be possible to
distinguish between Gerischer and RQ responses based on shape, in the present data there is
significant overlap with the higher-frequency response, making deconvolution difficult.
Regardless of the equivalent circuits used, however, Figure 5.7 shows that the model used has little
impact on extracting the resulting temperature dependence. This is also the case for other variables,
including the SSC loading and pO..

Although the cathode polarization is shown to be dominated by oxygen surface exchange
and oxygen ion diffusion in the cathode at mid-frequencies, there is also a non-negligible
contribution observed at high frequencies. Additionally, the magnitude of this response appears
to be independent of infiltrate loading, though it is difficult to track due to its overlap with the
lower frequency response. Since only a small portion of this high frequency response is seen in
the data, it is not possible to achieve an accurate fit.

It is possible that this response is associated with grain boundary resistances in the
electrolyte material. Another possibility is that this grain boundary resistance is associated not

with the electrolyte layer, but the cathode itself. This could either be associated with the grain
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boundary resistance of the GDC scaffold layer, or from charge transfer between the SSC infiltrate
particles and the GDC scaffold layer. Further tests with modified microstructures, as well as EIS

tests at much higher frequencies will be necessary to confirm the source of this resistance.
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Figure 5.7: Arrhenius plot of Rp vs. 1000/T modelled with both G and RQ elements at 20% Oo.
Other than a minor offset in the resistance value reported, both circuit models fit the data with very
similar results and gave activation energies of ~0.64 eV and 0.84 eV for 15 and 20 vol % SSC
loadings respectively.
5.4.3 Digital Image Correlation

Figure 5.8 shows an example of EIS data from the 20 vol % SSC infiltrate loading cell

tested at 600°C at varying levels of pO>. The main oxygen exchange/diffusion response grows in

magnitude and shifts to lower frequency with decreasing pO2. A lower-frequency response
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becomes visible at pO2 below ~ 0.1 atm, growing rapidly and shifting to lower frequency with
decreasing pO.. This response could not be reliably fit above 20% O2 and below 500°C where it
was overwhelmed by the oxygen exchange/diffusion response. Figure 5.9 shows a plot of the
resistances used in the Gerischer and RQ elements to fit these data. Both were fit well with simple
power law dependences (pO2)", where n = -0.12 for the oxygen exchange/diffusion response and
n = -1.0 for the lower-frequency response. The low n value for the oxygen exchange/diffusion
response is consistent with prior reports for many MIEC cathode materials [41, 56]. The lower-
frequency response was identified as gas diffusion concentration polarization, based on the power

law dependence of -1 and its lack of any variation with temperature [41].
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Figure 5.8: Bode (top) and Nyquist (bottom) of a 20 vol% infiltrated cathode tested at 600°C with
varying O partial pressure. Low frequency contributions due to oxygen diffusion losses are
apparent in the low frequency regime.
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Figure 5.9: Plot of RQ resistances measured against varying pO: for the 20 vol% SSC-GDC
infiltrated sample. Low frequency contributions were only measurable between 1 and 10% O
conditions, and fit a power law dependence of -1 which is expected for gas diffusion losses.
5.5 Conclusions

Electrochemical impedance spectroscopy measurements were completed between 750°C
and 400°C to simulate intermediate and low temperature operation on samples of varying
infiltration loading. Electrical impedance spectroscopy with pO2 variation was used to gain
insights into electrochemical processes. EIS data were fit using both RQ elements and Gerischer
elements. Both equivalent circuits gave reasonable fits within standard operating conditions.

Regardless of the fitting model used, all samples exhibited a high, mid, and low frequency

response, which corresponded to mass transport, oxygen surface exchange reaction, and a
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microstructure based contribution. The microstructural response can be attributed to grain
boundary resistances in the electrolyte material, grain boundary resistance of the GDC scaffold
layer, from charge transfer between the SSC infiltrate particles and the GDC scaffold layer, or a
combination of these. Further tests with modified microstructures, as well as EIS tests which
extend to higher frequencies if such equipment is becomes available will be necessary to confirm
the source of this resistance.

Infiltration loading effectively changes the microstructure of these cathodes because pore
volume is being displaced by MIEC nanoparticles. While high infiltration volumes will yield
lower polarization resistances due to a higher active surface area/volume, mass transport
resistances increase due to a reducing pore volume. Mass transport effects were verified in our
data even for samples tested at pO> greater than 10% O.. In order to combat this effect, it will be
necessary to vary the microstructure so that there is a larger pore volume in the initial scaffold.

This may decrease performance slightly, as scaffold surface area will likely be sacrificed.
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Chapter 6

Accelerated Testing of SmosSrosC00s.5 Infiltrated Scaffolds

Long-term stability is a concern for all SOFC materials systems. Between the harsh testing
environment which includes and both highly oxidizing and highly reducing conditions, high
temperature operation, 750-850 °C for current state of the art SOCs, and long expected lifetimes,
>40,000 hours, there are a number of degradation pathways that need to be explored to determine
the viability of both the SOFC system generally and the specific material components utilized in
the SOFC itself. To mitigate many of these issues, reduction of the operating temperature to a
range of 400°C-600°C is being explored [57]. This temperature decrease is widely viewed as
being critical for more widespread applications in fuel conversion to electricity (fuel cells) [58-
60], electricity conversion to fuel (electrolysis) [61], electricity storage (reversible cells) [62, 63],
and chemical processing (catalytic membrane reactors and oxygen generators) [62-66]. The
cathode oxygen reduction reaction is usually the process limiting operating temperature reductions.
Thus, there has been considerable activity on the discovery, study, development, and application
of oxygen electrodes (cathodes) usually mixed ionically and electronically conducting (MIEC)
oxide materials; the focus has been almost entirely on oxygen transport properties — oxygen
diffusivity and vapor-solid oxygen exchange rate [67-70].

Achieving acceptable IT-SOC performance generally also requires modification of the
electrode microstructure to achieve high active surface areas. To this end, nano-scale cathode
morphology has been utilized in IT-SOC cathodes and have been successful in giving comparably

high performance when operated at 500°C and below [6, 17]. Whilst these results represent a path
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forward, it is of particular importance to explore how the performance of infiltrated materials
evolves over time and much of the reported life testing has been limited to relatively short times
(<500 h) compared to typical desired device lifetimes of >40,000 h. It is well known that nano-
scale structures coarsen at elevated temperatures [71], and significant performance degradation is
observed even under the short timescales reported in the literature [72]. In one study, the
electrochemical performance degradation of Lao.sSro4Coo.2Feo.sOs (LSCF) cathodes fabricated by
wet-chemical impregnation (infiltration), a commonly-used method for producing nano-scale
cathodes, was measured at temperatures higher than nominal operating temperatures in order to
accelerate any degradation due to coarsening [35]. Unfortunately, both the amount of data and the
testing time was limited (200-500 h), such that it was only possible to make approximate
predictions regarding long-term degradation of these electrodes.

Evolution of the microstructure due to high temperature testing conditions can have a
severe impact on long term degradation rates, rendering electrodes non-viable in long term
operation. This is particularly true of infiltrated materials, which are comprised of materials with
a relatively low melting point in comparison to the operating temperature of the cell. In order for
them to be viable for commercial implementation, more information on their long term
performance stability is necessary. As of the writing of this dissertation, there are relatively few
studies that explore the long term performance of such materials [28, 34-36, 73-75].

In this study, the time- and temperature-dependent performance of a state-of-the-art nano-
scale MIEC cathode — SmosSrosCo0O3 (SSC) infiltrated into a Ceo.9Gdo.102 (GDC) scaffold is

explored. Symmetric cells used in this study were subjected to accelerated degradation by aging
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at temperatures between 650°C and 800°C for as long as 1500 h. The design of these experiments
were to improve upon prior accelerated life tests by using more extensive lifetimes (1500 h) and
repetition to ensure reproducibility of degradation behaviour under increasingly harsh coarsening
conditions.  Electrochemical impedance spectroscopy (EIS) measurements, carried out
periodically during the life tests, were done in air at 600°C, a typical expected intermediate-
temperature SOFC operating temperature. This produced an appropriate comparable condition for
all tests, allowing long-term data to be fitted to a combined surface resistance and coarsening
kinetics model. From this, a t®?° power law dependence was found, indicating that surface
diffusion is the dominant mass transport pathway in SSC-GDC infiltrated cathodes. Scanning
electron microscopy (SEM) was performed post-mortem to confirm the extent of coarsening of the
MIEC nanoparticles. To simulate realistic degradation rates over cell lifetimes (40,000 h), long-
term data were fitted to a combined surface resistance and coarsening kinetics model, and
degradation rates were calculated over expected lifetimes. The model enables one of the first
predictions of electrode stability over the 40,000 h times desired for SOC operation.

A large portion of the contents of this chapter have been published with significant
contribution by Dr. Justin Railsback in refining the method of calculating degradation predictions
[36]. Additionally, work by Dr. Megna Shah on LSCF infiltrated cathodes is referred to frequently

as the direct predecessor to this work [23, 35].

6.1 Experimental Methods

Symmetric cell cathodes were used in this study to isolate cathodic degradation due to
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nanoparticle coarsening. SSC-GDC cathode symmetric cells were prepared as described
previously in Chapter 2. Cells of varying infiltration loading (7 vol%, 20 vol%, 30 vol%, 40 vol%
SSC) were tested in order to determine the best infiltration loading for both short and long term
performance. All loadings were aged at 650°C, 700°C, 750°C, and 800°C, but were periodically
ramped down to 600°C for EIS testing in order to determine the performance of the cell at the
target operating temperature at accelerated time points. Figure 6.1 illustrates graphically the
testing process. Aging times that are given in this analysis do not include time spent at the target
operating temperature. Such acceleration of degradation is successfully practiced in cases where
device lifetimes are too long to allow extensive full-life tests, such as in integrated circuits [76].
Polarization resistances were measured as the difference between the real intercepts from
Nyquist plots generated from EIS measurements. This data were then plotted against aging time
and fitted to a combined surface resistance and coarsening theory model to both determine the
resulting dependence on time and temperature, but also to predict the lifetime performance and

behavior of these infiltrated samples.

3 Coarsening Temperature

_____ g____g————gv—- Testing Temperature

EIS tests at these points > t

Figure 6.1: Graphical representation of testing regime for long term coarsening study. Cells are
kept at an elevated temperature in comparison to the testing temperature in order to accelerate
coarsening behavior and are periodically reduced in temperature to determine the performance at
periodic time points.
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Post-test analysis was done using either a Hitachi S-4800-11 microscope or a Hitachi
SUB030 microscope. Cells were fractured and the cross-section was examined for changes in

microstructure from similar cells which experienced no thermal aging.

6.2 Experimental Results
6.2.1 Initial Re Enhancement
Polarization resistance decreased between the initial and first time point, typically between
12 and 48 h. All time points afterward showed an increase in polarization resistance over time, as
can be seen in Figure 6.2. The source of the decrease in polarization resistances at very short
testing times is currently unknown, but has been observed in all SSC-GDC samples that have been
tested as part of this thesis work, as well as in similar studies by Shah on LSCF-GDC infiltrated

cathode systems [23].

0.4

0.35 wo—o—'

R, at 600°C

0 500 1000 1500
Time at 800°C

Figure 6.2: Rp vs. time. Rp values at t=0 are higher than subsequent time-points and not
representative of the degradation trend observed over longer time periods.
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It is possible that this initial change in performance is due to strontium surface enrichment,
which is observed in strontium-containing cathode materials such as LSM, LSC, and LSCF during
short operating times (< 100 h) [73, 77-83]. It is unknown what the effect of strontium segregating
from the cathode material has on electrochemical performance. Most studies have seen a decrease
in performance, however, in the case of some LSM report; polarization resistance was improved
by strontium enrichment [84]. Several groups are currently studying this effect further [73, 78,
80-84].

What is most interesting about the performance enhancement we see in these samples is
that it is only seen at times < 48 h before the onset of thermal degradation sets in. It is possible
that this is a break-in mechanism that is similar to that which is seen in LSM cathodes [85, 86],
however determination of the effect of this particular phenomenon is outside of the scope of this

thesis work.

6.2.2 Power-Law Fit of Long Term Data
The evolution of Rp over time for SSC-GDC infiltrated symmetric cell cathodes was fit to

a combined surface resistance and coarsening kinetics model,

Rs

(61) RP == GionCS

(120 + Kpt)*/?™ coth (L(lg0 +Kpt) " | )

OionRs

which is explained in further detail in Chapter 3 and in the literature [36]. Briefly, polarization

resistance is related to the surface resistance of the infiltrated material and evolves based on
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changes to the feature size via the relation a = fC/l., where C is the surface to volume shape
factor ratio that depends on the geometry of the SSC infiltrate particles [87], typically ~6 for a
hemispherical cap, and f is the SSC volume fraction. This model, developed by Dr. Railsback
[36], is more accurate in predicting the behavior of infiltrated cathodes than previous models used
[17, 23, 35], as will be described in further detail in Section 6.3.3 of this thesis. Cells of varying
infiltration loading were coarsened at temperatures ranging from 650°C to 800°C. EIS testing for
all cells was completed at 600°C and Rp determined by the difference between the real intercepts
of the nyquist data and fit to this model.

In order to determine the value of n in Eqn 6.1 that best fits the experimental data, least
squares analysis was used to evaluate the quality of the fits. An example of fits with different n
values is shown in Figure 6.3. For most data sets it was only possible to obtain accurate fits over
the entire range of infiltration loadings with n = 4. The results clearly show that n = 4 , a value
expected if cation transport takes place via surface diffusion [48, 88], gives the best fits, in

agreement with prior work on infiltrated LSCF cathodes [34, 35].
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Figure 6.3: An example of best fits for modeling long term coarsening behavior. Fits were obtained
via least-square fitting.

Figure 6.4, taken directly from [36], summarizes the results of electrochemical impedance
spectroscopy (EIS) measurements carried out during life tests of five different but identically-
prepared symmetric cells. The samples all showed the same initial value of Rp, within ~10%,
showing the good cell-to-cell reproducibility. As expected, each of the life tests shown in Fig. 6.3
shows an increase in Rp with time. At 800 °C, the initially fast resistance increase slows gradually
during the life test. At lower temperatures, the rate of increase is less, and remains essentially
constant throughout the test. Samples tested under identical conditions showed good agreement,
with the exception of a noted slight offset of initial Rp values for samples degraded at 700°C. This

offset did not affect the comparable rate at which the samples degraded.
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Figure 6.4: Cathode polarization resistance of SSC-infiltrated symmetric cells, taken from EIS data
measured in air at 600 °C versus ageing time at various temperatures. Also shown are the overall
best fits to the data using equation (6.1). The slight cell-to-cell variations in the initial resistance
were modeled by assuming slight variations in the initial cathode. Note that the fits to the two
800°C aged cells were essentially identical, and so only one curve is visible. Solid curves indicate
predictions using best fit values, while the broader shading indicates predictions for the range of
Kb,0 and Ep values that provide good overall quality of fit. Figure taken directly from [36] with
permission.

The results in Figure 6.3 can be explained by particle coarsening models that have been
successfully applied to a range of materials, including catalyst nano-particles on oxide supports
[33, 89, 90]. In the present model, only the SSC coarsening is considered, because it is primarily
the SSC surface area that determines Rp. The GDC backbone presumably evolves much less than
the SSC because of its larger particle size and higher melting point; furthermore, any changes are

not expected to greatly impact the role that GDC plays in the electrode — oxygen ion transport

between the electrolyte and the SSC.
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Since the EIS measurements were always done at 600 °C, the values in Equation 6.1 that
relate to electrode function were taken for this temperature, i.e., Rs(SSC) = 25 Q cm? [17] and
cion(GDC) = 0.0024 S cm™L. The latter value is an effective conductivity, taken to be less than the
conductivity of sintered sub-micron GDC at 600 °C (0.007 S cm™1) [91], accounting for a cathode
GDC solid fraction of 0.46 and a tortuosity factor of 1.29 as determined by FIB-SEM [36]. The
values of C, ~6, and f, ~0.2, were allowed to vary somewhat for each cell corresponding to
sample-to-sample variations in SSC particle shape and volume fraction, respectively.

Equation 6.1 yields good fits to the time- and temperature-dependent polarization
resistance data. Best fits were obtained with n = 4, a value expected if cation transport takes place
via surface diffusion [48, 88]. Figure 6.4 shows the overall best fit to the data that was obtained
with the values I ;= 50 nm, Ep = 2.81 eV, and Kpo = 1.85 x 103 cm s™™. In order to probe the
quality of the fitting results, a range of Kpo and Ep values were used, up to a point where the
quality of fit ¥* value increased by 10% above the optimal fit value. This yielded fit values that
ranged from Ep=2.60 eV and Kpp = 1.77 x 10 * cm s™* at one extreme, to Ep = 2.92 eV and Kp,

=6.50 x 1073 cm s at the other. Fig. 6.4 shows the range of these fits as shaded regions.

6.2.3 Nano-particle Coarsening

Post-test analysis was completed on cells that were both not tested under accelerated
degradation conditions and those that were completed as part of this study to confirm the extent of
coarsening on infiltrated nano-particles. Coarsening of nano-scale SSC particles is readily

observed after ageing at elevated temperatures, as demonstrated in Figure 6.5, which shows an
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examples of SEM images taken from as-prepared SSC-infiltrated GDC scaffolds and after ageing
at 800°C for 400 and 1471 h. To quantify this increase in particle size, measurements of particle
diameters based on particles that were deposited at the electrode/electrolyte interface were
averaged over a minimum of 15 infiltrated particles from at least 3 different regions along the
interface. Analysis of the images indicates that the average size, I ;, was measured to be 50 nm
initially, increased to 65 nm after 400 h and 173 nm after 1500 h ageing. Further information on

the method used for determining I , can be found in Chapter 3.
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Figure 5.5: SEM images of SmosSrosC003 (SSC) particles on Gd-doped Ceria (GDC) surfaces
taken for ageing times t = 0 h (the as-prepared cathode), t = 400 h, and t = 1500 h at 800 °C. These
images were taken at a flat portion of the GDC electrolyte at the electrode/electrolyte interface;
this was done because it was not possible to resolve the SSC particles within the electrode via
either contrast or size differences. Figure taken directly from [36] with permission.

While it was found that particle sizes increased with temperature and time, increasing by a
factor of three from estimated initial particle sizes, I ;, for samples coarsened at 800°C for 1500
h, both initial and final average particle sizes were not consistent with particle sizes that were

calculated via surface resistance model [17],

(6.2) Rp = s8¢

~ Assc /a
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Here the polarization resistance is equal to the surface resistance of SSC, divided by the surface
area of SSC normalized by the cathode footprint area. Initial Rp values suggested a much larger
initial particle size than those that were measured via SEM image analysis. Approximately 550
nm in diameter was predicted using the surface resistance model for initial particle sizes as opposed
to the 50 nm particle sizes expected from the infiltration particle size analysis presented in Chapter
3. Final particle sizes were estimated to be 785 nm in diameter in comparison to the measured
particle size of 173 nm that was measured via SEM image analysis.

It was possible that these exaggerated particle sizes were partially due to fact that the
surface resistance model used in the coarsening model to estimate polarization resistance does not
take into account any losses associated with the microstructure of the cathode or the material used
for the scaffold, so the expected value of I, was recalculated using the SIMPLE model, which
accounts for polarization loss due to both the surface resistance of the infiltrate material and ionic

transport through the ion-conducting scaffold material [17].

(6.3) Rp = r(%)
148 ~h (”ﬁ exl’(%)) h
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The underlying factors are explained in further detail in Chapter 3 and in the literature [17,
18, 23, 34]. Values of r, denoting the initial particle size in this model, which were calculated
using the SIMPLE model were lower than those calculated using the SR model, but were not quite
as low as those observed in SEM images. Values of 210 nm initial particle size and 400 nm final
particle size were calculated using this method. Calculations using the improved Equation 6.1,
which utilizes the transmission line model, does a much better job of calculating this discrepancy,
by producing an initial particle size of 70 nm and a final particle size of 156 nm [36].

A second look at how nanoparticles are represented in all of these equations leads us to the
understanding that the representation of the infiltrate geometry and how it interacts with the
scaffold must be as accurate as possible and over-simplification will lead to significant errors. For
each of these calculations it is assumed that the volume of SSC infiltrated onto the GDC scaffold
material is made of discrete hemispherical nanoparticles and that the entire surface area of these
hemispheres is active. It is more likely, particularly for samples with high infiltration loading, that
these nanoparticles are not discrete, but rather overlapping to produce non-hemispherical
agglomerates with reduced surface area. In this case, the effective nanoparticle size would be
much larger because the active surface area represented is lower than that of the discrete
hemisphere nanoparticle case. A schematic representing this geometry can be seen in Figure 6.6.

This hypothesis is also supported by the increase in Rp value for 30 vol% SSC samples over their
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20 vol% SSC counterparts, as seen in Figure 6.7 (taken directly from [36]).
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Figure 6.6: Schematic illustrating how nanoparticles can agglomerate and have geometries that are
non-representative of hemispherical particles.

What this means is that as infiltration loading increases, it will appear that degradation rates
will decrease when in fact the effective value of the initial particle size has increased and these
larger effective particles will coarsen at a slower rate than their smaller, more isolated counterparts.
High infiltration loading not only decreases polarization resistance by increasing active surface
area for the ORR reaction, but it also increases the effective feature size, which leads to cells with

higher stability and lower degradation rates.
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Figure 6.7: Cathode polarization resistance of SSC-infiltrated symmetric cells with varying SSC
volume fractions f, taken from EIS data measured in air at 600°C, versus ageing time at 750°C.
Also shown are the overall best fits to the data using Equation 6.1. Figure taken directly from [36]
with permission.

It should be noted that different degradation rates were obtained for samples of varying
loading, as can be seen in Figure 6.7. This effect has not been previously reported in the literature.
Initial particle size was estimated to be the same for all samples, as reported in Chapter 3,
regardless of infiltration loading, which contradicts the performance expected based on the model.

Further analysis of the data showed that for samples with high infiltration loading (> 30 vol %

infiltrate), there was an increase in initial polarization resistance that was inconsistent with
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estimations on the approximate active surface area of SSC nanoparticles available for the oxygen
reduction reaction.

Based on the expected trends resolved from the coarsening model and assuming that SSC
feature size does not increase with loading, the value of Rpo is expected to decrease with increased
loading due to higher SSC surface area, but the rate of coarsening at a given temperature should
be the same. Instead it was observed that the degradation rate decreased with increasing loading,

as can be seen most clearly in Figure 6.6.

6.3 Conclusions

SSC-GDC symmetric cell cathodes were subjected to accelerated degradation by aging at
temperatures between 650°C and 800°C for as long as 1500 h. Microstructural and electrochemical
degradation of infiltrated SSC-GDC cathodes is observed and fitted to a combined surface
resistance and coarsening kinetics model and a t%% power law dependence was found, indicating
that surface diffusion is the dominant mass transport pathway in SSC-GDC infiltrated cathodes.
From this, a coarsening model is presented that accurately fits the data, as well as previously
reported accelerated life test data for infiltrated LSCF-GDC cathodes.

The data presented shows that infiltrated cathodes appear to have an inverse dependence
on infiltrate loading, however, this loading dependence is associated with effective initial particle
size. Low loading samples may exhibit unusually large degradation rates, as infiltrate particles
may become isolated, and therefore inactive, over time. High loading samples will have non-

representative nano-particle sizes due to overlapping particles at to, causing the effective feature
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size to be high. This is supported by an observed increase in Rp in high loading samples,
suggesting a decrease in active surface area over cells with lower infiltrate loading. Results suggest

that degradation due to thermal conditioning is both reproducible and predictable.
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Chapter 7

Long Term Performance Predictions of SrosSmosCo00s.5 Infiltrated Cathodes

Infiltrated cathodes have been shown to yield low polarization resistances during
intermediate temperature operation [6, 8, 12, 92]. While the initial performance of these cells is
quite promising, long term behavior of these nano-composite materials need to be understood in
order for these cathode systems to be viable in commercial devices. Long expected SOFC lifetimes
(>40,000 h) require that degradation losses be small, around the order of 0.2 % / kh [19].

Work reported in Chapter 6 of this thesis on SSC-GDC infiltrated electrodes, as well as
previous work by Shah on Lao6Sro.4Coo2FeosO27 (LSCF) infiltrated GDC electrodes determined
the extent of cell degradation for infiltrated cathodes due to particle coarsening[34, 35]. By
annealing at elevated temperatures, between 650°C and 850°C, and confirming particle evolution
fits that were expected from coarsening theory, particle size fits were then extrapolated for long
testing times and used to predict Rp. Fitting parameters obtained through accelerated coarsening
experiments were used to calculate the expected degradation of infiltrated cathodes when tested
over the expected lifetime of an SOFC system. Material dependent fitting parameters were
experimentally determined, allowing for calculated predictions of electrodes with varying
microstructure parameters to be explored without necessitating time intensive experimentation.

In this study, results from electrochemical performance degradation studies discussed in
Chapter 6 are used to predict cell operating conditions where required performance and long term
stability are both achieved. In addition, a new electrode material figure of merit based on both

performance and stability metrics is proposed. An implication of this study is that cation diffusion,
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which determines the coarsening rate, must be considered in concert with oxygen transport kinetics
in the selection of electrode materials to achieve the high performance and stability required. The
model enables one of the first predictions of electrode stability over the ~40,000 h times desired
for SOC operation, and shows that there are clear limits on the starting MIEC particle sizes,
operating temperatures, and polarization resistance values that can be achieved while maintaining

acceptable stability.

7.1 Lifetime Performance Prediction of Infiltrated Cathodes
The model used in Chapter 6 can also be used to make predictions of expected cathode
performance for extended times under various conditions. Substituting the operating temperature
in lieu of the coarsening temperature in our combined surface resistance and coarsening theory

model,

(7.1) Rp = R_ (1%, + Kpt)/?" coth (L(lgo + KDt)_l/zn /L)
OionCf OionRs

and evaluating over the expected lifetime of a SOFC device provides the expected degradation
curve for infiltrated cathodes due to nano-particle coarsening. Unlike Figure 6.4 where the cell is
maintained at higher temperatures to accelerate degradation but the resistance is measured at
600°C, Figure 7.1, taken directly from [36], shows an example where SSC particle sizes are varied
in order to the predict Rp versus time for a cell operated at 600°C. The ranges, shown as shaded
regions, indicate the variability in the predicted values based on acceptable fitting ranges

calculated in Chapter 6. It is seen that reducing the initial size below 50 nm yields a substantial
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decrease in initial Rp, well below the 0.2 Q cm? target, but coarsening is much faster, resulting in
rapid particle size and Rp increases in the first 10,000 h. In fact, it is seen that regardless of starting

particle size below 50 nm, particle size and Rp values are nearly the same after 10,000 h operation.
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Figure 7.1: Predicted polarization resistance versus time for cathodes with initial SSC particle sizes
of 10, 25, 50, and 100 nm, operated at a temperature of 600 °C. Solid curves indicate predictions
using best fit values while the broader shading indicates predictions for the range of Kp, and Ep
values that provide good overall quality of fit. Figure taken directly from [36] with permission.
These observations suggest dual criteria for infiltrated cathodes. A balance between the
value of Rp, which should be less than some acceptable value, e.g., 0.1 or 0.2 Q cm?, and the
degradation rate, which should be less than an acceptable value, e.g., 0.2 or 0.5% resistance

increase per kh of operation.

Figure 7.2, taken directly from [36], illustrates a combined plot of these criteria with both
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the less stringent 0.5% per kh degradation requirements related to the U.S. Department of Energy
2015 targets for stationary power and a more stringent requirement of 0.2% per kh, which is stricter
than the 2020 targets of 0.3% per kh [19]. The aqua and blue curves indicate the boundary where
initial particle size generates a degradation rate is 0.2% per kh or 0.5% per kh over 50,000 h
respectively, versus operating temperature and values above these boundaries will produce lower
degradation rates. The red and pink curves denote the boundary where initial particle sizes produce
initial Rp values of 0.2 Q cm? and 0.1 Q cm? respectively, versus operating temperature. Particle
sizes below these boundaries will produce even lower values of Rp. Cathodes must satisfy both
criteria outlined, as indicated by the shaded region in Figure 7.2, and therefore electrodes will need
both have the appropriate initial particle size and be operated within the range of temperatures
shown to have acceptable degradation rates. For an infiltrated SSC-GDC electrodes, this relates to
a minimum operating temperature of 590 °C, corresponding to a starting particle size of 40 nm for
the least stringent requirements. For the lower resistance and degradation rate targets, the minimum

operating temperature is 670 °C, corresponding to an initial size of 100 nm.
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Figure 7.2: A plot of critical SSC particle diameters that provide target performance and stability
values, versus cell operating temperature. The red and pink curves show the diameter yielding
target cathode resistance values of Rp = 0.2 or 0.1 Q cm2. The aqua and blue curves show the
diameter yielding target degradation rate. The shaded area shows the SSC particle sizes and cell
operating temperatures that yield the desired stability and performance; for clarity, the shading is
shown only for the target values Rp < 0.2 Q cm? and < 0.5% per kh. Figure taken directly from
[36] with permission.

The same analysis was completed on LSCF-GDC data collected by Shah [REF] using the
applicable material values for LSCF and GDC. The results can be seen in Figure 7.3, where the
curves again have similar meaning, and show that the higher surface resistance for LSCF (28.5 Q
cm? at 600°C versus 25 Q cm? for SSC) and different Kp and Ep values (see Table A2) significantly
narrows the range of usefulness for LSCF compared to SSC. Minimum operating temperature is

achieved with the less stringent degradation rate of 0.5% per kh at 595°C, corresponding to an

initial particle size of 40 nm.
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Figure 7.3: A plot of critical LSCF particle diameters that provide target performance and stability
values, versus cell operating temperature. The red and pink curves show the diameter yielding
target cathode resistance values of Rp = 0.2 or 0.1 Q cm? The aqua and blue curves show the
diameter yielding target degradation rate. The shaded area shows the LSCF particle sizes and cell
operating temperatures that yield the desired stability and performance; for clarity, the shading is
shown only for the target values Rp < 0.2 Q cm? and < 0.5% per kh. Figure taken directly from
[36] with permission.

The results for SSC and LSCF cathodes illustrate the behaviour of coarsening processes in
this class of materials and it seems likely that other compositions consisting of an MIEC infiltrated
into an ionically-conducting scaffold will exhibit qualitatively similar behaviour, however the
quantitative predictions described above are only valid for the infiltrated material system they

represent. Structural differences between different cathodes can be expected to affect long-term

degradation behavior, as this model does not take into account complex interactions where, for
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example, multiple infiltrate materials or coatings are implemented [81, 93]. Nonetheless,
coarsening processes which are inherent in high temperature SOC systems will ultimately limit
the degree to which particle size and operating temperature can be decreased. Identification of
materials with suitably high low cation diffusion and high oxygen transport and surface resistance
will be necessary to produce reliable next generation SOC electrodes.

It should be noted that this study focused on coarsening as the source of cathode
degradation, however other mechanisms may also play a role in cathode degradation. For example,
possible loss of electronic percolation during coarsening is not explored and may be a significant
contributor of degradation if the amount of infiltration material is not sufficient to maintain
electrical connectivity. Additionally, Sr segregation has been observed to degrade MIEC electrode
performance over time [77-79]. For this particular study it is observed that increases in Rp correlate
quantitatively with increases in SSC particle size, which provides strong evidence that coarsening
is the primary mechanism here, but does not rule out the possibility for other Sr containing MIEC
materials. Furthermore, the present results show that coarsening is fast, and hence is likely to be
the dominant degradation mechanism. Results from both SSC and LSCF studies suggest that this
will be the case for other MIEC electrodes with sufficiently small particle sizes. For larger particle
sizes, such as those in conventionally produced SOFC electrodes, coarsening is expected to be

very slow such that other degradation mechanisms may become dominant.
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7.2 Conclusions

Fitting parameters extracted from accelerated coarsening tests were used in a combined
surface resistance and coarsening theory model to calculate expected degradation behavior over
SOFC device lifetimes (> 40,000 h) with varying operating temperatures and initial infiltrate
feature sizes. These results represent the first example of SOFC cathode data and modeling leading
to quantitative long-term stability predictions and demonstrate qualitative trends which have a
critical implication for the development of SOC electrodes. Long-term stability, particularly
coarsening Kkinetics, must be considered in concert with oxygen transport properties to select
optimal cathode materials which can meet target performance criteria. Equation 7.1 shows that
electrode resistance depends not only on materials constants, such as surface resistance Rs and
oxygen conductivity cion, but also on the initial particle size of the MIEC as it relates to the active
surface area. As shown by the present results, the initial particle size has important implications
on long-term stability. This leads to the unintuitive possibility of a material with inferior Rs and
oion Pproducing superior performance if it is characterized by slower coarsening Kinetics.
Experimental and theoretical studies of cathode materials have largely ignored coarsening kinetics
in favour on focusing on producing low initial values of Re by prioritizing oxygen transport
properties [67-70]. This approach could miss useful materials with improved stability or promote

non-viable materials.
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Chapter 8

Conclusions

This dissertation presents several studies on the electrochemical processes and stability of
nano-scale infiltrated cathodes. Advancement of our understanding of these high-performance
cathodes, particularly their rate limiting behavior under operating conditions and their
microstructural stability under long testing times, can allow for future iterative improvements
though rational design of these microstructures.

In this study, symmetric cell cathodes were prepared via wet infiltration of Sro5SmesCo03
(SSC) nano-particles or LaosSro.4Coo.2Fe0803-5 (LSCF) nano-particles via a nitrate process into
porous Ceo.9Gdo.101.95 (GDC) scaffolds, to be used as model systems to investigate performance
and structural evolution. Detailed analysis of the cells was carried out using electrochemical
impedance spectroscopy (EIS). Initial polarization resistances (Re) as low as 0.11 Q cm? at 600°C
were obtained for these SSC-GDC cathodes, making them an ideal candidate for studying high-
performance nano-structured electrodes.

The present results show that the infiltrated cathode microstructure has a direct impact on
the initial performance of the cell. Small initial particle sizes and high infiltration loadings (up to
30 vol% SSC) improved initial Rp. A simple microstructure-based electrochemical model
successfully explained these trends in Rp. Limitations of this model were due to the necessity of
having accurate values of materials properties. Infiltration loadings below 5 vol% exhibited large
polarization losses due to isolated and inactive particles. Infiltration loadings past 30 vol%

exhibited a slight increase in initial Rp, indicating that SSC particles were overlapping, causing the
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active surface area available for the oxygen reduction reaction to decrease with additional
infiltrations. This, in turn, can lead to inaccurate estimations of [¢ , as infiltrated particles can no
longer be modelled accurately as hemispherical in shape based on SEM measurements of particle
diameters.

Inaccuracies in the values of surface resistance, ionic conductivity, and infiltrate particle
size can lead to predictions that are not representative of the system being tested. For models such
as the simple infiltrated microstructure polarization loss estimation (SIMPLE) model to be useful,
accurate microstructural parameters and materials properties need to be obtained for the system
being modelled.

Further understanding of electrode performance was gleaned from fitting EIS data gathered
under varying temperatures and oxygen partial pressures to equivalent circuit models. Both (RQ)
and Gerischer impedance elements provided good fits to the main response in the EIS data, which
were associated with the combination of oxygen surface exchange and oxygen diffusion in the
electrode. Activation energies for this response was ~0.64 eV and 0.84 eV for 15 and 20 vol% SSC
loadings respectively, irrespective of the model used. A gas diffusion response was also observed
at relatively low pO., which while still small, was observable in the impedance data at 20% O and
identified in analysis of differences in impedance spectra (ADIS) analysis at 50% Oo.

The cells were subjected to life testing at temperatures between 650°C and 800°C for as long
as 1500 h. EIS measurements, carried out periodically during the life tests, were done in air at
600°C, a typical expected intermediate-temperature SOFC operating temperature. These were

accelerated tests because the annealing temperatures > 600°C will accelerate temperature
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dependent degradation processes such as nano-particle coarsening. Long-term Rp versus time data
were fitted to a combined surface resistance and coarsening kinetics model, and a t>% power law
coarsening model was found to provide the best fits to the data, suggesting that surface diffusion
is the dominant mass transport pathway in SSC-GDC infiltrated cathodes. That is, cathode
degradation was due primarily to the coarsening-induced decrease in active SSC surface area.
SEM performed after electrochemical life testing confirmed the extent of coarsening of the SSC
nanoparticles. Results suggest that degradation due to thermal conditioning is both reproducible
and predictable. From this, a coarsening model is presented that accurately fits the data, as well
as previously reported accelerated life test data for infiltrated LSCF-GDC cathodes.

Low loading samples may exhibit unusually large degradation rates, as infiltrate particles
may become isolated, and therefore inactive, over time. An important new finding is that
increasing infiltration loadings yields a marked decrease in the long term degradation rate. It is
noted, however, that increases in infiltration loading past 30 vol% may lead to a slight increase in
Re. High loading samples will have non-representative nano-particle sizes due to overlapping
particles at to, causing the effective feature size to be high. This is supported by an observed
increase in Rp in high loading samples, suggesting a decrease in active surface area over cells with
lower infiltrate loading

The combined surface resistance and coarsening kinetics model was used to make
predictions regarding long-term stability of infiltrated SSC electrodes. For an infiltrated SSC-
GDC electrodes, a minimum operating temperature is 670 °C, corresponding to an initial size of

100 nm was necessary to meet the U.S. Department of Energy 2015 target for stationary power
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requirement of 0.5% per kh degradation rate. These values were also calculated for a similar
perovskite MIEC electrode, LSCF, using previously published values, resulting in a minimum
operating temperature of 595°C, corresponding to an initial particle size of 40 nm to achieve a
degradation rate of 0.5% per kh. The results for SSC and LSCF cathodes illustrate the behaviour
of coarsening processes in this class of materials and it seems likely that other compositions
consisting of an MIEC infiltrated into an ionically-conducting scaffold will exhibit qualitatively

similar behaviour.



106

Chapter 9

Future Work

Extended Degradation Tests
While the accelerated coarsening tests covered over the course of this thesis work provide
values for the approximate degradation rate of infiltrated nano-composite electrodes expected due
to nano-particle coarsening, there is not an available data set of an infiltrated cathode tested for
extended into testing times (> 10,000 h) at operating temperature with which to compare these
values. Proof-of-concept work would be advantageous to both verify our fits and also determine

if additional fitting parameters need to be included in our fitting models.

Full Cell Testing/DC Bias condition

Additional degradation mechanisms can arise from full cell tests or tests utilizing a DC
bias. It has been seen that an increase in strontium segregation in LSM takes place under an applied
bias, causing a decrease in Rp due to a surface that is more active to the oxygen reduction reaction
[75, 83, 86, 94-96]. In other instances, applied bias may slow down the degradation rate. Harrison
suggests that an imbalance in the surface charge in perovskite materials may lead to surface
segregation [81]. Applied bias may offset or accelerate this process if this is indeed the source.

Previous work has also found that some materials, such as silver, migrate under applied
load [97-99]. While this is a degradation mechanism that should be avoided, it is not inherently
associated with the cathode, but rather a degradation mechanism that is associated with the choices

of current collect and sealing materials. It does, however, illustrate that applied bias can have
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unintended effects on the materials utilized in the cell. Further work to understand how cathode
materials behave under these conditions will be necessary to determine if chemical instability

under load causes changes in performance.

Decreased Degradation Rate Due to Surface Modification

As shown in Chapter 2, in order to have an acceptably low initial polarization resistance at
intermediate operating temperatures, initial particle sizes If , for infiltrated materials need to be
sufficiently small. However, the driving force for coarsening is much higher for small particles
and any initial performance benefit that is achieved by reducing the value of I, could be lost
within the first several hundred hours, leading to much higher lifetime degradation rates.

In order to balance the need for low Rpg values and the requirement of low degradation
rates, on the order of 0.2%/kh over a lifetime of ~40,000 h for cathodes, a number of actions can
be taken. One is to use a material with lower surface exchange resistance. Another is to increase
the infiltration loading so that the value of I¢:  is effectively larger. Additionally, a material with
slower coarsening kinetics could be used. While each of these options are possible, they may not
necessarily be easy or cost-effective to determine experimentally.

Previous work by Shah showed a decrease in the degradation rate of LSCF-GDC infiltrated
cells over the course of 100 h when GDC was also infiltrated into the cathode [34]. It appeared
that the addition of GDC nano-particles acted as a coarsening inhibitor between LSCF particles,
but this conclusion has not been verified. Additions of a second phase via infiltration or ALD

deposition may slow the coarsening kinetics of infiltrated nano-particles.
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Work by Gong et al suggested that a nanoscale layer of ZrO» deposited via atomic layer
deposition (ALD) lends a dramatic reduction in degradation rate for infiltrated cathodes made of
LSCo-GDC [73, 92]. This decrease of degradation rate was also, surprisingly, accompanied by a
decrease in Rp. Work done by Yu et al suggests that non-continuous coverage will give enhanced
performance, while complete coverage of material may act as an insulating later [94].

It is difficult to tell at this stage what role ALD modification will play. Further work to
characterize not only the surface composition and evolution of active surface area, but also in the

surface kinetics of enriched/modified surfaces will need to be completed.
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Supporting Data

7.4 Table Al. Particle sizes for SSC samples of varied infiltration loading

Sample Thickness (um) 1l 15ul 2 pul Diameter (nm) Std. dev. (nm)

19.177 4 X X 86.35 19.21
20.398 X 4 X 79.60 26.06
19.836 X X 4 40.62 9.69
19.177 4 X X 86.35 19.21
17.881 4 X X 75.87 18.24
15.819 4 X X 77.88 23.14
15.292 4 X X 61.19 19.36
15.245 4 X X 78.81 19.96
14.475 4 X X 40.13 9.48
12.746 4 X X 39.14 19.36
11.825 4 X X 27.64 8.90
23.450 2 X X 68.94 24.10
18.902 2 X X 66.18 13.64
14.395 2 X X 62.08 12.45
11.869 2 X X 68.00 15.64
20.240 X X 2 52.07 15.49
19.836 X X 4 40.62 9.69
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7.5 Table A2. Model Parameters determined by fitting degradation data for SSC and

LSCF cathodes

Sample SSC LSCF
Ep (eV) 2.81 2.9
Kp,o (cm?/s) 1.85x1013 8.98x101
R; at 600°C (Q cm?) 25 28.5
L (cm) 0.002 0.002
o (S/cm) 0.0024 0.003
C 5-7 6
f 0.2-0.25 0.12
Ic,o(cm) 5.0x10° 3.8x10°




