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Development of Solid Oxide Fuel Cell
cathodes for operation at 600 °C

1 Introduction

This chapter illustrates the principles of Solid Oxide Fuel Cells, their advantages in con-
verting hydrocarbon fuels into electrical energy and the reasoning behind reducing the
SOFC operation temperature down to 600°C. Advantages of mixed conducting materials,

which are the preconditions for high cathode performance at 600 °C, are listed.

1.1 Functioning principle behind Solid Oxide Fuel Cells

Solid oxide fuel cells (SOFCs) are highly efficient devices for the direct conversion of
chemical energy into electrical energy and the conversion of the fuels into carbon dioxide
and water. The basic ideas and materials were already proposed by Nernst at the end of the
19™ century. However, during the past 100 years, considerable progress in its theory has
been made, and many experiments are still ongoing ever since Nest’s breakthrough [1].
Especially since the 1960s, an increase in development is being undertaken.

The component in the SOFC, from which the name is derived, is the solid electrolyte,
which is the oxygen ion conductor, such as yttria-stabilized zirconia (Yo.16Zr0.8401.02,
YSZ), which serves both to separate the two gas atmospheres and to transport the oxygen
ions without significant losses from the cathode to the anode via oxygen vacancies in the
oxygen sub lattice. Its ionic conducting properties were first found in 1899 by Nernst [2],
and Schottky suggested it in 1935 as electrolyte material for a fuel cell. The first demon-
stration using YSZ in an operating cell was presented by Baur and Preis in 1937 [3]. In
1943 Wagner recognised the existence of vacancies in the anion sub lattice of mixed oxide



solid solutions and hence explained the conduction mechanism of the Nernst glowers,
namely that they are oxide ion conductors [4]. At operating temperatures between 650 °C
and 1000 °C the electrode reactions are usually fast allowing the use of non-noble electro-
catalysts as electrodes. The electrodes together with the electrolyte form an all-solid-state
system. Fuel and oxygen are present in the gas phase [5], and the reacting species form in

contact to the electrodes.

The oxygen is absorbed, dissociated and reduced on the cathode surface and converted into
oxygen ions, transported through the solid electrolyte to the fuel electrode (anode) where
the oxygen ions can react with the fuel. During this reaction, the oxygen ion is releasing

two electrons to an external circuit. The principle is shown in Figure 1.

Electrical power

de ¥ 6 de’

athode reaction

Anode reaction S
0, + 4e" > 2 0%

H,4CO+20% —» H,0+C0 +de"

gas from FOSSILE
sources or BIOGAS

ODE

PRODUCTS: H,0 + CO, + waste heat ELECTROLYTE

Figure 1: The principle operating mode of a Solid Oxide Fuel Cell.

The advantage of fuel cells is to provide a highly efficient fuel conversion into H,O and
CO; as clearly defined reaction products. The solid oxygen ion conducting electrolyte is
the name giving the characteristic of the SOFC. The fuel cell consists of two separate

chambers divided by the solid and gas tight oxygen-ion conducting electrolyte. As shown



above in Figure 1, in the air chamber, at the cathode, oxygen is reduced to oxygen ions

which are incorporated into the solid electrolyte.
Y O, + 267 —0”
At the anode chamber the fuel, for example hydrogen, is oxidized
H, + 0% —H,0 + 2¢~
The electrochemical potential, created by the difference in the oxygen partial pressure be-
tween cathode and anode, is the driving force for an electrical current in an outer
circuit.

The overall reaction corresponds to the combustion of the fuel:

H, + 1.0, —-H,0

1.2 Thermodynamics of ideal and real SOFC systems

The fuels considered for SOFCs are reformates consisting of mostly hydrogen and carbon
monoxide. The fuels are oxidized in the presence of oxygen ions in the fuel chamber,

whereas water and carbon dioxide are formed at the anode as reaction products.

The thermodynamic aspects are described below as e.g. by Holtappels and Stimming [5].
The air and the fuel electrode being present in separated chambers possess different elec-
trochemical potentials that create a potential difference across the cell. The potential dif-
ference can be calculated with the Gibb’s Free Enthalpy AGsyr for the oxidation reaction

of both H, and CO as shown in Equations 1-4.

H, +%02 —->H,0 Equation 1



AG? Jp(O H
0 =— f,H20,T +E |n p( 2 )cathode p( 2)anode Equation 2
2F 2F P(H,0) .00
CO +%O2 — CO, Equation 3
AG? Jp(O coO
Uo - _ f,CO2,T +ﬂ|n p( 2)cathode p( )anode Equation 4

2F 2F p(H,0)

anode

The maximum available voltage (Uo) that can be reached from one single cell and is de-
pendend of the fuel type, the partial pressure of the reacting species, the ratio of hydrogen
to carbon monoxide, and the operating temperature. R is the gas constant, and F is the
Faraday constant. AG¢x in Equation 2 and 4 depends on the respective temperatures ac-

cording to the following Equation 5 and 6.

AG; 1150 (T) =-247.4+0.0541T Equation 5

AGZ,,(T) =—282.5+0.0866T Equation 6

The potential difference Uy decreases with increasing temperature. The reason is the con-
siderable contribution of the reaction entropy to the Gibbs Free Energy of the reactions.
The entropy contribution to AG¢ is also the basis for the existence of thermodynamic effi-

ciency,

AG
N =—— Equation 7
AH

being below 1 (0.7-0.9), and its further decrease with increasing temperature, as displayed

for the reaction between H, and O, in Figure 2. AH is the reaction enthalpy.



The effective efficiency of SOFCs producing electrical energy theoretically increases with
the decrease in temperature (refer to the red curve in Figure 2). A very basic example for
an empirical efficiency is the Carnot efficiency (Equation 8) for an engine model, in which
the higher the temperature difference of the fluid is, the higher the efficiency will be. For
example, the efficiency for conventional steam turbine machines with temperatures at
around 800 K is considerably lower than for fuel cells.

Ny = WVT—;VTK(TK = 320K) Equation 8

Tw and Tk are the temperatures of the hot fluid at the inlet and the exhaust of the engine,
respectively.

Thermodynamic efficiency of fuel cells compared with Carnot efficiency of combus-

tion engines
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X . .
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Q Fuel Cell
2
=
o

20

04
T T T T T T T T T
0 500 1000 1500 2000 2500
T/K

Figure 2: Comparison between theoretical Carnot (black) and thermodynamic (red) efficiency.

However, the efficiency of real SOFC systems is lower than the theoretical values above.
The electrolyte resistance and the polarization losses at cathode and anode contribute to the

losses of the fuel cell. Additionally, heat losses, limited fuel utilization at the anode side



and the resistances of cell interconnects reduce the electrical efficiency to approximately
60 %. If heat recovery is applied, overall system efficiencies can reach values between
80-90 %.

1.3 State-of-the-art Solid Oxide Fuel Cells and
current development

Presently, the basic differences between the various SOFC systems are in their designs.
Although a number of different materials have been investigated, yttria or scandia substi-
tuted zirconia, Ni-YSZ cermets and Sr-doped lanthanum manganite are the modern materi-
als used as electrolyte, anode and cathode, respectively [5]. These materials are applied in

various designs, within operating temperatures between 750 and 1000 °C.

Already in the 1960ies first tubular cells (Figure 3) were tested by Siemens-Westinghouse
showing a high performance for operating temperatures above 950 °C. However, the costs,
due to relatively expensive fabrication methods, and low volumetric power densities are
drawbacks of this system. Micro tubes, several millimetres in diameter have an increased
volumetric power density (increasing surface to volume ratio with decreasing diameter)
and their design is the highly focused subject of interest that is currently being researched

[6]. However, mass production of high performing cells at tolerable costs is needed.
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Electrolyte

Porous Air Electrode Tube

Figure 3: Tubular design of the solid oxide fuel cell from Siemens Westinghouse
from Singhal [7].

The flat plate design shows promise for mass production, because of the use of cheap fab-
rication techniques and its high volumetric power densities. Planar flat electrolyte sup-
ported cells and stacks, operating at 930-950 °C, have been developed worldwide, by com-
panies such as Siemens [8] and Ceramic Fuel Cells Limited [9]. Interconnection materials
are typically Cr-alloys. Stacks with both internal and external mani folding presently

widely produced.

Today cells with operating temperatures lower than 850 °C are already on the market. As
an example a cell made from the electrolyte applied by Ceramic Fuel Cells Limited
(CFCL) is shown in Figure 4a. The cells are typically 160 to 200 um thick and operate at
T > 800 °C. However, due to problems related to the high operating temperatures, electro-
lyte supported cells are losing its attraction to be produced. Recently, there is a clear trend

that anode-supported flat plate cells will become dominant Figure 4b.
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Figure 4: Electrolyte supported (a) and anode supported (b) fuel cells
(from Ceramic Fuel Cells Limited [10]).

After Julich demonstrated the feasibility of the anode supported electrolyte design, [11]
most SOFC developers worldwide have started their own development line of anode sup-
ported electrolyte cells. Anode supported fuel cells from CFCL's and Haldar Topsoe [12]
are typically around 300 microns thick and operate at < 780 °C with a much higher power
density compared to electrolyte supported fuel cells. The anode-supported electrolyte cells
have attracted high interest in recent years.

Solid oxide fuel cells at operating conditions produce an electromotive force between 0.7-
0.9 V, depending on the fuel usage. Therefore, the single cells are connected in series in
order to achieve larger electrical power. Bipolar plates is an example for connecting ele-
ments between cells, stacked on top of each other. These fuel cell stacks are consisting of
bipolar plates and electrode-electrolyte units. The anode supported design offers the possi-
bility to reduce the operating temperature so that cheap and easy to handle alloys, such as
ferritic steels, can be used to construct stacks. The reduction in the operating temperature is
supposed to reduce material stress and degradation for many SOFC components. Current



research and development have the aim to find the proper material systems for an operating

temperature of 600 °C.

Particularly, the problem of chromium evaporation from steel interconnects is present at
high operating temperatures. Normally, long-term stability of interconnects at such tem-
peratures is achieved using chromium alloys. Chromium also limits the thermal expansion
of the alloy, giving it a similar coefficient of expansion to the surrounding ceramic electro-
lytes. However, at operating temperatures of 800 °C, the chromium is released and de-
stroys the electrode/electrolyte interface [13]. The reduction of the operating temperature
allows the usage of ferritic steals instead of chromium alloys and so decreases the degrada-

tion of the fuel cell performance and the costs [5].

The material properties have to fit to the special preconditions at operating temperatures
lower than the state-of-the-art SOFC. The main requirements of SOFC materials are suffi-
ciently high conductivity and catalytic activity of the electrodes, chemical stability and
durability. The state-of-the-art electrolyte, anode and cathode materials are shortly pre-
sented here. Furthermore, new materials, considered to work effectively at lower operating

temperatures are briefly discussed.

The most commonly used electrolyte material today is zirconia, stabilized in the conduc-
tive cubic phase with up to 10 mol% yttria or scandia. Alternative electrolyte materials
with higher conductivity at temperatures around 600 °C are substituted LaGaO3 and substi-

tuted ceria (e.g. Gdo1Cep90; g5) that was chosen as electrolyte for the present study.

The solid electrolyte is the key component and has to fulfil the following criteria for the
effective operation of the SOFC [14]:

e High ionic conductivity, negligible electronic conductivity at operating tempera-
ture. Low resistance regarding the passage of oxygen ions is the precondition for a
high performance, while the electronic conductivity has to be as low as possible to
avoid parasitic losses due to short cuts that reduce the cell performance. These pre-
conditions have to be fulfilled in both anodic (reducing) and cathodic (oxidizing)

atmospheres.



e Gas tightness: the electrolyte must not show any porosity or cracks.

e Stability: the electrolyte has to be chemically and mechanically stable in oxidizing
and reducing atmosphere. No phase transitions between room and operating tem-
perature should occur, because in most cases they are connected with volume
changes inducing mechanical stress.

e Compatibility: the electrolyte has to be chemically compatible to the other cell
components with a fitting coefficient of thermal expansion. However, the above
mentioned condition limits the number of applicable electrolyte materials and

therefore, in most cases the anode and cathode materials are fit to the electrolyte.

First stage SOFCs used single-phase materials as anodes (e.g. graphite, iron oxide,
Pt-metal or transition metals). However, this approach contained a lot of drawbacks such
as corrosion, degradation processes, the mismatch of the thermal expansion between the
anode and the zirconia electrolyte, and the limitation of the fuel oxidation process only to a
triple phase boundary between gas — electrode — electrolyte.

The anode and the anode substrate have to fulfil the following criteria [14]:

e High mechanical and chemical stability: the mechanical stability of the cell has to
be mainly fulfilled by the anode substrate, which has to be stable under water va-
pour in highly reducing atmospheres.

e High electronic conductivity.

e Chemical compatibility with the electrolyte.

e Coefficient of thermal expansion fitting to the electrolyte.

e Sufficient open porosity: the gas transport to the electrochemically active area close
to the electrolyte should be fast to avoid losses due to diffusion over potentials.

e High catalytic activity for the oxidation of the fuel gas and preferably catalytic ac-
tivity and selectivity for the reforming of hydrocarbons.

These requirements are almost entirely fulfilled by cermets (ceramic-metal) consisting of
nickel (Ni) and yttria stabilized zirconia (YSZ). The cermet (Ni/YSZ) therefore has been
used now for more than 30 years as an anode material providing mixed conducting fea-

tures. YSZ provides ionic conductivity resulting from oxygen ion transport via vacancy
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mechanism, Ni as excellent catalyst for hydrogen reduction ensures the electronic conduc-
tivity. However, this system also contains several drawbacks requiring an optimization of
the microstructure to enlarge the efficiency of the fuel oxidation. The directed electric cur-
rent through the cell leads also to nickel agglomeration and the ability of nickel to crack
higher hydrocarbons leads to carbon deposition. Both these features reduce the effective-
ness of the anode process in the cell. Further potential anode materials (belonging to the
perovskite system) as La;—Sr«CrOs-s, S0 far used as interconnectors for SOFC or modified
aiming a maximized electronic conductivity and chemical stability in reducing atmos-

pheres La; xSrCri-yMyO3 -5 (M = Mn, Fe, Co, Ni) are topics of ongoing research [15].

The main requirements for the cathode material [14] are:
e High electronic conductivity.
e Chemical compatibility with the electrolyte material, as well as chemical and struc-
tural stability in air at operating temperature.
e Coefficient of thermal expansion close to the electrolyte and anode substrate.

e Sufficiently high surface exchange coefficient for the oxygen exchange including
high catalytical activity for the dissociation and reduction of oxygen molecules.

High performing cathode materials especially for lower operating temperatures furthermore,
should have a high conductivity for oxygen ions (as further described in Chapter 1.4).

Commonly used cathode materials for the temperature range between 800 °C and
1000 °C are (La,Sr)MnOs;.s (LSM) as cathode materials Current research and development
focuses on alternative materials for temperatures around 600 °C with comparable perform-
ance and longer life time. The two major groups of candidates for an operation temperature
between 600 °C and 700 °C belong to the Ln;Sr«Co;-,FeyOs-5 (LSCF, where Ln - e.g.
La, Sm, Nd, Gd, Dy) Ln; yAxM1-yMn,O3_5 (LSCM, where Ln —e.g. La, Nd, Pr; A —Ca, Sr;
M - a 3d metal different from Mn) systems. Furthermore, the compounds
La; xSr«Nii-yFe,O3-s and LaNi;—yCoyOs-s are systems of current interest [15]. These com-
positions have been described in the literature as materials with better electrochemical
properties than the manganese containing compositions [16-24]. However, they are more
problematic regarding the chemical compatibility [23, 25-28] with the electrolyte and the
CTE [29].
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However, materials for fuel cell components need to be modified in order to reduce the
losses at lower operating temperatures. All cell components from the anode and electrolyte
to the cathode and the current collector contribute to the losses of the SOFC reducing the
efficiency. The activation energy of the cathode (oxygen reduction electrode) is signifi-
cantly higher (110 — 140 kJ mol™) than the activation energy for the anode (80 — 90 kJ mol™)
and the one of the YSZ electrolyte (80 - 90 kJ mol™). Thus at lower temperatures the larg-
est part of the overall fuel cell resistance originates from the polarization resistance of the
cathode [30].

Due to a large variety of materials and approaches to achieve a well performing micro-
structure, particularly the cathode has a potential to be improved. Therefore, the develop-
ment of cathodes especially for lower operating temperatures is still in progress. Reducing
the operating temperature to the level of 600 °C will have a large impact on lifetime and
costs of SOFC system, thereby facilitating the commercial introduction of clean and effi-
cient SOFC technology for combined heat and power generation in society, as well as aux-

iliary power for transport applications.

1.4 Advantages of mixed conducting materials for
the use as cathode materials

Mixed ionic and electronic conductors (MIECs) are candidates for the application as cath-
odes in the temperature range between 550 °C and 650 °C. The advantage is the ability to
transport the oxygen ions trough the material to the electrolyte. Due to this fact the reaction
zone can be extended from the triple phase boundary (gas, cathode and electrolyte) to a
remarkably larger area of the cathode as illustrated in Figure 5. The comparison with an
exclusively electronic conducting material shows schematically the extended reaction
zones of molecular oxygen (marked in red) that is reduced into oxygen ions that can be
incorporated into the electrolyte after reduction. Appropriate cathode materials for low
operating temperatures should provide a high electrical conductivity, high catalytic activity

for the oxygen reduction reaction and preferably ionic conductivity.
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Figure 5: Comparison between electronic (a) and mixed conducting (b) cathode materials for SOFC.

Powders of four mixed conducting materials were synthesised to be compared regarding
the suitability as cathodes for operation at 600 °C. The approach to develop a well per-
forming cathode for the above temperature comprises the evaluation of the material proper-
ties, the selection of one suitable material and therewith the application as a cathode by
screen printing of dispersed powders and subsequent firing. The quality of the layers is
evaluated by scanning electron microscopy and impedance spectroscopy. The microstruc-
tures and the obtained polarization resistances of the layers are compared to literature val-
ues and models to evaluate the chosen approach to well performing cathodes for 600 °C

operating temperature.

The thesis first addresses the assessment of material properties of four different cathode
materials for SOFC cathodes from the (Ba,La,Sr)(Co,Fe)Os.s system. First of all the phase
purity, the chemical compatibility with the electrolyte, the shrinkage behaviour and the
CTE of dense specimen are evaluated. The selection of one material for the development
of screen printing slurries to be applied as SOFC cathode is addressed in chapter 3 and 4.
These two chapters are regarding the material synthesis and characterization as well as the
evaluation of the electrical conductivity and the kinetic parameters regarding the oxygen
exchange and transport properties of the materials. The different screen printing slurries
were used for the development of cathodes with diverse microstructures. Chapter 5 dis-
cusses the polarization resistance of cathodes as a function of the microstructure and the
precursor powders. Finally, the connection between microstructure, electrical properties,
oxygen exchange kinetics as material properties and the polarization resistance as perform-

ance parameter for SOFC cathodes are being discussed.
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2  SOFC cathodes for operating temperatures
between 550 °C and 650 °C

Suitable cathode materials have to show mechanical and chemical stability at high tem-
peratures as well as high electronic conductivity and catalytic activity for the oxygen re-
duction reaction. The thermal expansion of the cathode has to be matched with the electro-
lyte and the current collector requiring a coefficient of thermal expansion similar like the
used solid electrolyte. Furthermore, long term stability under operation conditions is desir-
able. BSCF, for example, is an upcoming cathode material, that shows a high performance

in the interesting temperature range between 550 °C and 650 °C.

Parameters of interest consequently are: electronic and ionic conductivity, surface ex-
change and diffusion coefficient, coefficient of thermal expansion and furthermore, ther-
modynamic stability of cathode materials in combination with the above mentioned impu-
rities and neighbouring materials. The polarization resistance and the area specific resis-
tance obtained from electrochemical measurements can be modelled from the kinetic pa-
rameters, the conductivity (o) and the cathode microstructure as shown by Adler et al.
[31], Segaard et al. [32] and Riiger et al. [33].

2.1 Oxygen reduction mechanisms

The most important mechanisms thought to cover the oxygen reduction in SOFC cathodes
are described in more detail by Adler et al. [34] and are displayed in Figure 6. o, and y
refer to the electronically conducting phase, the gas phase, and the ionically conducting

phase, respectively:

(@) Incorporation of oxygen into the bulk of mixed conductors

(b) Adsorption and/or partial surface reduction of oxygen on the a-phase
(c) Transport of O” in the bulk of the mixed conductor or

(d) Transport of 0% or O™ on the surface to the a/y interface

(e) Charge transfer of O% (electrochemically) or
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(f) Charge combinations of O™ and e, respectively, occurring through the B/y interface
(9) One or more of these mechanisms can be rate determining, the electrolyte acts generat-

ing and transporting oxygen ions.

Figure 6: Different mechanism concerning the oxygen reduction reaction in SOFC cathodes from
Adler et al. [34].

The overall cathode reaction can be expressed in the Kréger-Vink-notation

0,, +2V{,

O,electrolyte

& 203

O electrolyte

+4e_,

cathode Equation 9

where molecular oxygen of the gas phase is reduced in several steps. Finally the oxygen
ions are incorporated into the electrolyte via vacancies and transported to the anode side of
the fuel cell. An appropriate model to characterize the catalytic activity of the SOFC cath-
ode is based on the cathode microstructure. Furthermore, the electrical conductivity, and

the oxygen exchange and transport properties of the cathode material have to be considerd.

2.2 Models describing the influence of the kinetic parameters,
the conductivity and the cathode microstructure on the
cathode performance

2.2.1 Overview of different approaches

Different models are available in the literature to estimate the polarization resistance of a

SOFC cathode at a given temperature from the kinetic parameter and the conductivity.
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Prestat et al. give an overview [35, 36] regarding the development of LaxSri.xCoyFe1.yOs.5
(LSCF) cathodes starting with the Adler model considering the defect chemistry and the
impact of the mixed conductivity on dense and porous cathodes. Strontium- and iron-
substituted lanthanum cobaltites (LSCF) have become interesting as suitable materials for
intermediate temperature SOFCs since 1995 [18, 37]. The electro catalytic activity of
LSCF is higher than that of LasSr;«MnOs.s (LSM) regarding the reduction of oxygen.
Having similar electronic conductivity as LSM, LSCF exhibits better bulk transport prop-
erties of oxygen. Adler et al. [31] described one of the first models for mixed conducting
cathode materials. The impedance spectra of symmetrical cells were compared with the

modelled results and are the proof for the quality of this model.

The importance of the charge transfer at the electrode/electrolyte interface is concerned by
Liu and Wu [38], measuring the impedance of porous Lag7Sro3C0o2Feos03.5 electrodes at
equilibrium with various electrolyte materials. They observe a remarkable effect of the
electrolyte materials on the area specific resistance (ASR) of the cathode reaction. The
impedance of porous and dense LSCF electrodes was the topic of a comparison of Sirman
et al. [39]. The dense electrode of 1 um thickness showed a significantly larger polarization
resistance than the porous one. Steele and Bae [40] additionally measured the influence of
a dense LSCF layer (1 um thick) placed between a porous LSCF film and a CGO electro-
lyte. The area specific resistance of single layer porous cathodes was interpreted by the use
of oxygen surface exchange coefficients, available in the literature. The ASR was reduced
by a factor of 2-3 by introducing a thin (1 pum) dense layer of LaggSro4Coo2F€0s03-5
(LSCF) in contact to the gadolinium-doped cerium oxide (CGO) electrolyte. This effect
could be explained by the increase of the effective interfacial contact area between LSCF
and CGO. The calculations [40] using data for oxygen self diffusion coefficients resulted
in much higher ASR values than determined experimentally for these duplex layer cathode

structures possibly due to rapid diffusion via grain boundaries.

Esquirol et al. [41] pointed out the importance of oxygen non-stoichiometry. Their studies
cover the properties of the interface between porous LSCF and CGO. Above 600 °C LSCF
IS supposed to be oxygen-non-stoichiometric and shows mixed ionic-electronic properties
enhancing the contribution of the bulk pathway. Below this temperature the surface path-

way is favoured due to the absence of oxygen vacancies for bulk diffusion.
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2.2.2 Adler model and concept of penetration depth

The mechanism of the oxygen reduction is still discussed for mixed ionic-electronic elec-
trodes [34]. Adler et al. suggested a mechanism for oxygen reduction at porous
LagsCap4C0oo2Fe0 5035 and LSCF cathodes [31]. The authors assumed the oxygen surface
exchange as well as solid-state diffusion to be rate-determining, while the charge transfer
step at the electrode/electrolyte to be almost negligible. The total cell impedance (Equation

10) is mathematically equivalent to the Gerischer impedance.

1
Z=Ryem.[/—— Equation 10
1- Jmtchem
The characteristic resistance (Rchem Equation 11) describes the chemical contribution to the
cell impedance at a defined temperature (T), j the imaginary unit, o the frequency of the

perturbation and tchem the characteristic time constant.

R chem = R-I; \/ : Equation 11
2F°\ (1-¢e)c,D ar (o + )

R is the gas constant, F the Faraday constant, and (os and ay,) are constants depending on
the specific mechanism of the exchange reaction. The parameters are the porosity (€) of
the cathode, the vacancy concentration (c,), the vacancy diffusion coefficient (D,), the in-
ternal surface area (a) and the tortuosity (t), the exchange neutral flux density ro. They
have to be evaluated or assumed and put into the model. Furthermore, the gas diffusion and
the charge transfer between the cathode and the electrolyte play a role. The modelling and
experiments [31] were carried out with symmetrical cells in the equilibrium state. The sur-
face pathway was not considered in the reaction mechanism. The “chemical capacitance”
(Cchem), defined in Equation 12, can be obtained dividing the characteristic time constant
(tchem) by the characteristic resistance (Rchem),

ot

chem

2F*(1-€)c 8
chem R =

ART

C Equation 12

chem
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where & is the penetration depth that corresponds to the extension of the reaction zone be-
yond the three-phase boundary due to mixed conduction in the porous electrode. & is ob-
tained by the normalization of the critical length (L.= D/k) with structural parameters
(Equation 13).

—-e)L
d= 1/ =o)L, : Equation 13
T a

For large values of & (> 1 um), this extension results in a large chemical capacitance,

which allows to distinguishing the chemical contributions to the cell impedance because of
the different characteristic time constant. However, for large values of & the chemical ca-
pacitance will be on the same order as the interfacial capacitances (between cath-
ode/electrolyte and cathode/current collector) in the system. Chemical processes cannot be
distinguished from other processes that dominate near the three-phase boundary under
these conditions. Figure 7 shows a qualitative picture of the vacancy concentration profiles
in the cross section of an electrode particle. The reduction reaction can take place over the
entire surface of the particle when the penetration depth is much larger than the average
particle size (dy) and the entire particle is reduced (a). However, when & is much smaller
than d, only a small part of the mixed conductor close to the electrolyte is reduced (b),
leading to a reduction reaction restricted to a region close to the three-phase boundary [31].
Thus average particle sizes smaller than & are supposed to increase the catalytical activity

for the oxygen exchange reaction.

>>d

Figure 7: lllustration of the penetration depth according to Adler et al. [31] and the
influence of the particle size.
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2.2.3 Three-dimensional model and model using segmented layers

A three-dimensional model and the performance evaluation by the ASR of LSCF cathodes
was presented recently by Ruger et al. [33]. This model will be used for the comparison of
the cathode microstructures and the Ry of the cathodes in Chapter 5. The model takes into
account the processes (i) gas diffusion, (ii) surface exchange, (iii) bulk diffusion and

(iv) charge transfer as illustrated in Figure 8 at constant temperature and constant pressure.

+
@ oxygen atom
gas channel (GC) * I o glectron
gas diffusion 1> @ fJ MIEC ° hole
(pore) \~ bulk diffusion

%
e | MEQ)
surface exchange —7 @

(pore/ MIEC) |POT€

interface (IF)—€— charge transfer

(MIEC/ El)
® <
™~ ionic current
electrolyte (EI) (ED)
counter electrode (CE) ® \./-\

Figure 8: lllustration of the processes in a cathode/electrolyte interface after Ruger et al. [33].

The oxygen partial pressures on the anode and cathode side (psc, pce) as well as the poten-
tials of the electrodes (®miec, @ce) are defined as the four boundary conditions. The elec-
trode potential of the cathode (®wmec , Equation 14) contains all voltage losses (Mmodel) at-
tributed to the model. At nvogel = 0 V the current | = 0 A, whereas with increasing nmodel

values the current | in the model is created.

®upiec = Unemst(Pac, Pce) + Pce + Nuodel Equation 14

The area specific resistance of the cathode is calculated by Ruger et al. [33] as a character-
istic measure for the MIEC cathode performance (ASRmodel = Nmodel / | A), where A is the
corresponding area of the cathode. The current density is integrated in order to obtain the
current (I). The electrolyte resistance (ASRg = I / og) can be substracted, because the

electrolyte length l¢ and the ionic conductivity og of the electrolyte are known. Resulting
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from the above formula the area specific resistance of the cathode (ASRca = ASRmodel -
ASRg) can be calculated. Ruger et al. [33] take the influence of current constriction in the
electrolyte into account, which is in contrast to one-dimensional models. This additional

loss contributes to the ASR¢4, which can be compared with the measured values.

Figure 9 shows the simulated area specific cathode resistance (ASR.) at 800 °C. A, B, C,
and D denote different combinations of kinetic parameter (ko, Do). The calculated charac-

teristic map of the ASR., can be divided into three regions:

0] Surface controlled ASRc,: occurs in case of small ko-values, if the diffusion of
oxygen ions within the material is rather fast. The ASR, is exclusively deter-
mined by the value of ko (right of the dotted line).

(i)  Left to the dotted line, both surface exchange ko and diffusion coefficient Do

determine the ASRc,: equally and increases with decreasing ko and Do values.

(ili)  Small Do-values in contrast to large ko-values lead incorporation of oxygen fa-

vourably at the triple phase boundary (= short diffusion length, because diffu-
sion becomes negligible).

~ ]0-10

~N 105 o
10-:“I ] 0-() 10.4 \é'o

Figure 9: The modelled area specific cathode resistance ASRcat at 800 °C, from Riger et al. [33].
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The Riuger model [33] allows to calculate the ASR¢,: as a function of the particle size,
(cube length in the model). The four different combinations of the kinetic parameters (A,
B, C, D) with a constant cathode thickness of 12 um show an improvement (= decrease) of

the ASRc,; by a factor of ~ 2 decreasing the particle size from 1 um to 250 nm.

The ASR,: was simulated for cathode thicknesses (lci) of 12 and 30 um and is displayed
in Table I (taken from [33]). The parameter combinations (A, B, C and D) represent a
“typical” LSCF (Lap¢Sro4Co0o2Feos03.5) cathode at a temperature of 800 °C with exchange
coefficients ko between 10°® m/s and 10 m/s and with bulk diffusion coefficients Do be-
tween 10° m%s and 10° m?s, according to literature data [32, 42]. The ASR.y of an
LSCF cathode should vary between 38 mQcm? and 385 mQcm? related to that when its
thickness is between 12 and 30 um. The penetration depth (3) is additionally given as an
important measure for cathode structures. If & amounts in a large fraction of the cathode

thickness, a decrease of the ASRc,: is possible by an increase of the cathode thickness ac-
cording to Adler et al. [31].

Table I: The area specific cathode resistance ASR.,; and the penetration depth 6 at 800 °C as a
function of different parameter combinations (from Ruger et al. [33]).
(T =800°C, gm =4.72 3/m, Mupaar= 0.1 V, 48Rcr=0.1 mQ em? p = | bar, pge=0.21 bar, pee= 107 har)

{0/ pm Parameter kgl mis Dy mis ASR,_, / mQem*  change [ % &/ nm
Combinations

30 A 107 107 38 ~ 6

30 B 0% 1o1? 125 ~2

30 C 10°4 10 125 ~ 14
30 D 104 1010 385 -

12 A 0% 10°® 39 25 5

12 B 0% 1ot 123 1.6 19
12 C 104 107 188 50.4 7.5
12 D 104 10 389 1.02 .5

30 LSCF wi= <10 10" _<10*" =15

An entire cathode thickness I, of 12 um would be sufficient for parameter combination B
with ko = 10° m/s and Do = 10 m%/s and & ~ 2 um. However, for parameter combina-
tion C with ko = 10° m/s and Do = 10° m?/s and & ~ 14 um the cathode thickness e of 30
um is still insufficient. The three-dimensional model of Riger et al. [33] hence provides
information required for the selection of the “optimum” thickness I, of a MIEC cathode as

a function of ko and Do.

21



Sggaard et al. [32] presented a model for composite cathodes using an approach dividing
the cathode into segments. The percolation of the phases and the estimated contact area
with the electrolyte were taken into account modelling the polarization resistance of cath-
odes as a function of the different grain sizes of a mixed electronic/ionic cathode material
and CGO as ionic conducting part, cathode film thickness and porosity. They showed that
the measured results of the polarization resistance of two cathodes with different grain
sizes and porosity could be successfully approximated by the model. The results of meas-
urements and the corresponding models show that a decrease in the porosity from 50 to 30
per cent as well as a decrease in the particle size lead to a decrease in the polarization resis-
tance from approximately 1 Qcm? to 0.2 Qcm? at 600 °C and from 0.03 Qcm? to 0.01 Qcm?
at 800 °C.

2.3 Influence of cathode engineering on performance

2.3.1 LSCF

In the literature various approaches to obtain well performing cathode microstructures are
proposed. Differences in the performance of the layers are supposed to be not only de-
pendent on the microstructure but also on the preparation of the cathode.

Jiang et al. [43] investigated O, reduction reactions on (La,Sr)MnOss (LSM) and
(La,Sr)(Co,Fe)Os.5 (LSCF) electrodes at temperatures between 700 and 900 °C. They
devided the reduction of O, on the LSM electrode in three reaction steps: first surface dis-
sociative adsorption and diffusion, then charge transfer and oxygen ion migration into the
electrolyte. Dissociative adsorption and diffusion are rate determining at low temperatures
while the oxygen ion migration/diffusion into the zirconia electrolyte becomes dominant at
high temperatures. Regarding the results of the LSCF cathode of Jiang et al. [43], this
study indicates that both surface and bulk diffusion processes are essential for the overall
O, reduction kinetics. The lowest total resistance of the LSCF electrodes measured therin-
was between 0.32 Qcm? at zero polarization and 0.2 Qcm? at 28 mV polarization and 700 °C.
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Lei et al. [44] investigated cathodes from nano crystalline Lag gSro4C0o2F€0s03-5 (LSCF)
powder with a specific surface area of 22.9 m? g ! and an average particle size of 175 nm
as prepared by a glycine-nitrate solution combustion method and subsequent ball-milling.
The single cell Ni-YSZ/YSZ/LSCF with the cathode sintered at 750 °C demonstrates the
lowest polarization resistance. As a drawback of the low sintering temperature the instable
cathode microstructure is mentioned. Polarization resistances as low as 0.2 Qcm? are re-
ported at 650 °C for the sum of cathode and anode electrodes for cells with LSCF cathodes
sintered at 800 °C.

2.3.2 Composites

Zhao et al. [45] present Lag Sro.4Cop2Fes03-5 /Ceq7Bip 30, (LSCF-CBO) electrodes, pre-
pared by the polymer—gel method. and report a good contact between the composite elec-
trode and the Cep9Gdp10195 (CGO) electrolyte  after  sintering  at
900 °C for 2 h. The oxygen adsorption/desorption process was identified as the rate limit-

Y2 on the

ing step, indicated by the dependence of the polarization resistance Rpo oc p(O2 )
oxygen partial pressure. The area specific resistivity resulted in 0.16 Qcm? and activation
energies around 1.4 eV at 706 °C in air with an optimum additon of 35 vol% CBO in

LSCF.

Dusastre et al. [46] investigated the properties of LageSro4Coo2Feps03-5 /Cep9Gdo101.05
composite cathodes. A four times lower area specific resistivity could be reached by the
addition of 36 vol% CepoGdy101.95 t0 LageSrosCoo2FeosOs-s in comparison with pour
LSCF. The authors point out the consistence with the effective medium percolation theory.
At 590 °C pour faces of LSCF typically amount to 4 Qcm? and composites to values lower
than 1 Qcm? (best cathode 0.6 Qcm? at 590 °C) with activation energies between 0.95 and
1.5eV.

Hwang et al. [47] tested symmetrical electrochemical cells with various electrodes, namely
Lag eSro.4Cog.oFeqs03-s, (LSCF), LSCF—(Ceo_ngo_lol_gs) CGO 40 vol%, LSCF—pIatinum
(Pt) and LSCF-CGO-Pt 1 vol%. Impedance spectroscopy was used to investigate the rela-

tionship between the electro catalytic properties and electrode microstructure of the elec-
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trochemical cells. They concluded that Pt might accelerate the oxygen adsorption at high
temperature, CGO at lower temperatures (500-600 °C) seemed to serve as path for fast
oxygen ion diffusion. CGO/LSCF at 600 °C showed lower Ry (4 Qcm?) than the pure
LSCF cathode (12 Qcm?). The decrease of the activation energy from 1.47 eV to 1.26 eV
was attributed to the CGO addition.

Murray et al. [48] studied LaggSro4C0o2FepsOss (LSCF) and LSCF-CepsGdy 2019
(CGO20) composite cathodes on YSZ electrolytes for potential applications in low-
temperature solid oxide fuel cells (SOFCs). The impedance was measured over a tempera-
ture range from 500 °C to 750 °C at p(O,) between 10 and 1 atm. The LSCF electrodes
exhibit by a factor of 10 lower low-current interfacial resistance than observed for
(La,Sr)MnOs cathodes. The polarization resistance could be lowered further by a factor of
10 by the addition of 50 vol% CGO20 to LSCF. Values for the LSCF-CGO20 cathodes
were as low as 0.01 Qcm? at 750 °C and 0.33 Qcm? at 600 °C.

Mai et al. [49] studied various ferrite-based cobalt-containing perovskites as cathode mate-
rials. Differently to Murray et al. [48] and Lei et al. [44] they placed an interlayer of the
composition CepgGdy 2019 between the electrolyte and the cathode to prevent undesired
chemical reactions between the materials. Different compositions of Laj.x.,SrxC0o2FeogO3-5
(x =0.2 and 0.4; y = 0-0.05) were tested. The cathodes resulted in a factor two higher current
densities (1.76 Acm? at 800 °C and 0.7 V) than the state-of-the-art manganite-based cath-
odes. Addtionally the A-site deficiency (denoted with y) and high strontium content were
found to have a positive effect on the cell performance. The area specific resistance for

whole cells in operation was reported to be between 0.2 and 1 Qcm? measured at 650 °C.

2.3.3 Thin layers

Baumann et al. [50] studied dense thin film microelectrodes of Lag Sr.4Cog2FesO3-5 pre-
pared by pulsed laser deposition and standard photolithographic techniques on YSZ sub-
strates. The oxygen exchange reaction at the surface of the electrode was identified to be
the largest part of the electrochemical resistance (5 Qcm? at 750 °C) under zero or small dc

bias.The chemical capacitance of this main process is associated with oxygen stoichiome-
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try changes in the bulk of the electrode. Furthermore, an additional capacitance of the in-

terface between the electrode and the electrolyte is present.

Beckel et al. [51] showed the fabrication of LagsSro.4C002F€0503-5 (LSCF) based thin film
cathodes by spray pyrolysis with a maximum processing temperature of 650 °C. The study
shows that it is possible to reach comparable ASR (<1 Qcm? at 650 °C) with 500 nm thick
cathodes as with thick film LSCF cathodes (10-100 um) by reducing the grain size or in-
troducing a thin dense cathode layer between the porous cathode and the electrolyte. The

activation energy was reduced from 1.55 eV to 1.18 eV.

2.4 Material systems for SOFC cathodes at reduced
operating temperature

The compounds of LSC group are based on strontium-substituted LaCoOs-s, which shows
a quite high ionic—electronic conductivity up to 650 Scm ™" at 800 °C. However, this mate-
rial exhibits a relatively high coefficient of thermal expansion [29], much higher than the
electrolyte materials suitable for the application in SOFC (i.e. GDC, LSGM, YSZ). Coeffi-
cients of thermal expansion of the materials from the La;SrFeO3-; (LSF) group are con-
siderably low and close to those of the electrolytes; still, their conductivity is not satisfy-
ing. Nevertheless, it is possible to combine the benefits of these materials applying mixed
perovskites like LSCF.

The high metallic conductivity of the LaNi;-,Co,O3 type compounds with suitably low
thermal expansion coefficient seems to be promising [15]. However, these materials show
notably lower thermal stabilities and the influence of Ni on the ionic conductivity is not
fully understood so far.

Several materials of interest mostly from the (La,Sr)(Co,Fe)Os.5 system for the application
as cathode for SOFCs were compared regarding the CTE by Petric et al. [29]. Most mixed
conducting materials have a large mismatch in the CTE compared to the electrolyte mate-

rials in contrast to the almost pure electronic conductor (La,Sr)MnOgs_s (LSM).
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Ullmann et al. [52] show the correlation between the CTE and the ionic conductivity. High
ionic conductivity seems to be always connected with a high CTE in comparison with the
electrolyte material. This difference limits the applicability of the cathode material due to

mechanical stress especially when the fuel cell is thermally cycled.

Regarding the (Ba,Sr)(Co Fe)Os_s system that is of recent interest, Wei et al. [53] discuss
the crystal structure thermal expansion. Li et al. [54] studied (BagsSros)1-xLaxC0o sF€0.203.5
(BSLCF; 0.05<x<0.20) in relation to their potential use as intermediate temperature solid
oxide fuel cell cathode. The CTE of BSLCF is increasing slightly with the increasing con-
tent of La, and all the compounds showed an increasingly high expansion at high tempera-

ture. Proved by TG, it was associated with the loss of lattice oxygen.

2.5 Review on the state of art cathode materials from the
(Ba, La, Sr)(Co, Fe)O35 system

(L%,gSfo.z)o,gsFEO&g (LSF82), Lao,68r0,4Fe03_5 (LSF64), L80,68r0.4C00.2F90,803_5 (LSCF) and
Bay sSr05C0psFe0205.5 (BSCF) were investigated within this study. The (Ba,La, Sr)(Co,Fe)Os.s

material system is therefore described in more detail in the following chapter.

Materials from the (La,Ba,Sr)(Fe,Co)Os.s like the investigated (LapgSro2)oosFeOs-s (LSF82),
LageSro4FeOss (LSF64), LageSre4Cop2FepsOs.s (LSCF) and BagsSrosCoogFeo 2035 (BSCF)
are frequently proposed [16, 44, 48, 55, 56] for SOFC cathodes at intermediate temperatures.
BSCF, which was initially developed for oxygen separation membranes [57] has later been
tested in fuel cells with a partially substituted Ce;.(Me®*"),0,.. electrolyte and presented
as a high-performance cathode for the next generation of solid-oxide fuel cells [58] but
studies on the kinetics and conductivity as e.g. [59] are scarce. A conductivity relaxation
study of different compositions of LagSro.4(Co,Fe)Oz.5 is available in the literature [60],
which can serve for the validation of the reliability of the evaluated parameters of this the-
sis. The composition of (LaggSro2)o9sFe03-5 (LSF82) in difference to LaggSro2FeOss [61]
is slightly non stoichiometric on the A-site, aiming to reduce the incorporation of zirconia
into the B-site of the perovskite which blocks the electrical conduction at the interface
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YSZ/LSF82 [62]. A ceria interlayer can also reduce this effect of dissolution of Zr cations
in the A-site of the perovskite. Suitable candidates should show high catalytic activity for
the oxygen exchange reaction and a sufficiently high electronic conductivity for current

pick-up.

A comprehensive study about different LasSr1.x<FeOs.s materials regarding the structure,
electrical and kinetic properties especially in reducing atmospheres is already available in
the literature [63] and can serve as a comparison for the A-site deficient material discussed
here. It is shown for several perovskites (e.g. LSF [25] and LSCF [64] that they react with
yttria stabilized zirconia (YSZ) forming LaZrOs. Alternative electrolyte materials as CGO
or LaGaO3; have to be applied when using these materials. Preferably dense interlayers

between cathode and YSZ electrolyte can also overcome this problem.

Qiu et al. [65] showed that no reaction between LSCF and CGO occurs being annealed at
1200 °C for 36 hours. However, BSCF is claimed to react with CGO20 and YSZ [26].

The properties of the four materials compared in the present study were tested under equal
experimental conditions. The characterisation of their electrical properties, oxygen ex-
change and transport is performed and discussed in terms of the fuel cell cathode applica-

tion.

2.6 Influence of micro structural changes on cathode
performance

2.6.1 Adhesion to the electrolyte, triple phase boundary length,
porosity and thickness

The cathode microstructure is supposed to have a major influence on the catalytic activity
and performance. The adhesion to the electrolyte is an important requirement for a suitable
cathode in order to ensure an appropriate transfer of oxygen ions either via the triple phase
boundary or from the bulk of the cathode into the electrolyte material. Good contact be-

tween cathode and electrolyte is the first precondition for a good electrochemical perform-
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ance of the cathode. Steele et al. [40] found that a dense thin interlayer of LSCF between
the electrolyte and the porous LSCF cathode could increase the performance by the factor
2-3. Furthermore, the authors discuss the influence of the kinetic parameters and the con-

ductivity on the cathode performance in another publication [66].

The length of the triple phase boundary seems to be especially important for prevalently
electronically conducting cathode materials such as (La,Sr)MnOs.s (LSM). The oxygen
reduction is limited to areas close to the triple phase boundary. Composite mixtures with
cathode and electrolyte powders increase the triple phase boundary and the performance of
LSM cathodes. Mixed conductors (BSCF, LS(C)F) with sufficiently high ionic conductiv-
ity have the advantage to offer larger reaction areas for the oxygen reduction reaction thus

extending the reaction zone several um into the cathode.

The porosity of the cathode is important to allow fast gas diffusion to the reactive zone or
to the triple phase line. Furthermore, the mechanical stability of the cathode, the resulting
active surface area and a good connection between the grains to ensure the electrical con-
ductivity of the cathode layer are factors that have to be considered in the fabrication of the
cathode. Regarding the particle size, two different approaches can in principle be found in
the literature: cathode microstructures with an average particle size in the micro and sub
micro range and pastes with nano particles. These two aspects are described in the follow-

ing two sub-chapters.

2.6.2 Conventional approach with pand sub-p particles

As an example among a large number of publications Murata et al. [67] prepared
LagsSro.4Cop2Fep 5035 (LSCF) powder through a citric synthesis route with average parti-
cle sizes of 0.66 and 0.53 um after subsequent ball milling for 1.5 and 3 h, respectively.
They showed that the cathode performance was strongly influenced by the starting particle
size and the sintering temperature. The smaller cathode polarization for both 700 and 800 °C
operating temperature was obtained with the cathode prepared from the finer powder
(0.53 um) and sintering at 850 °C as shown in Figure 10. The trend to reduce the polariza-

tion resistance lowering the particle size is clearly visible.
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Figure 10: Polarization of cathodes prepared from sub-micro powders of different average particle
sizes (LSCF-1 =0.66 um) and (LSCF-2 = 0.53 um) at sintering temperature (°C, indicated below);
as published by Murata et al. [67].

Starting from this approach the reduction of the primary particle size and therefore, the use
of nano powders is supposed to further reduce the polarization resistance. This is in agree-
ment with the model of Ruger et al. [33] and Sggaard et al. [32] that predict a decrease of

the polarization resistance with the decrease of the particle size in the cathode layer.

2.6.3 Perspectives of sub micro and nano powders and mixtures
in development of SOFC cathodes

Lei et al. [44] prepared nano crystalline Lag sSro.4C0o2Fe0s03-5 (LSCF) powder with a spe-
cific surface area of 22.9 m? g** and an average particle size of 175 nm. They used a ni-
trate-glycine solution combustion method and subsequent ball-milling. The authors point
out the low polarization resistance of the electrodes and good adhesion of the cathode layer
sintered as low as 750 °C. However, poor micro structural stability could be reached with
this low sintering temperature. They could overcome this problem by pre-calcining the
LSCF powder at 900 °C. The optimum sintering temperatue is increased to 850 °C with the
benefit of improved maximum power density of > 1 Wem™ and 0.8 Wem at 0.7 V and
700 °C. The low temperature processing makes it possible to produce interlayer-free LSCF
cathodes on YSZ with simplifyed microstructure while improving the cell performance

providing a high surface area for the oxygen reduction reaction.

Sggaard et al. [30] and Mogensen et al. [68] recently reported the effect of infiltrated nano

particles lowering the polarization resistance of SOFC cathodes and anodes by a factor
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between 3-10 times. The reasons are not totally clear and the authors suggest that the effect
of impregnation with nano-particles occurs due to the nano-particles’ ability to change the
surface of the original electrodes in particular with respect to the triple phase boundary.

However, after annealing at 980 °C this effect disappears.

2.7 Approach to cathode operating between 550 °C and 650 °C

Mixed conductors and small grain sizes, as can been seen in the previous literature review,
seem to be the best approach for high performance cathodes at lower temperatures. The
optimization of the cathode for operation at 600 °C is essential to reduce the parasitic
losses and be able to produce highly efficient SOFCs with an enhanced life time. The re-
duction of the state-of-the-art operating temperature down to 600 °C requires the applica-
tion of adequate materials and approaches like the application of nano powders being used
for the production of cathodes in this work. The goal of the thesis is the selection of the

most suitable cathode material selected out of four promising candidates.

The assessment of the powder quality is described in Chapter 3. The materials, namely
LSCF, LSF64, LSF82 and BSCF were assessed regarding their material properties. After
lab production by flame spray synthesis (hano powders) and spray pyrolysis (sub-p pow-
der) the powder properties were evaluated. Although the powders are partly commercially
available, this approach was chosen for all materials in order to ensure the reproducibility
of the synthesis. Additionally, flame spray synthesis was applied, because a one step syn-

thesis of nano powders was possible in favourable cases.

Chapter 4 describes the evaluation of electrical conductivity and chemical surface ex-
change and diffusion coefficients (= oxygen exchange and transport) that were determined
on dense bulk samples. Together with the above mentioned powder properties they served
as selection criteria for the appropriate material. The described literature models ascribe a
direct influence on the cathode performance to these properties. Together with the powder

quality these properties served as selection criteria for one out of the four materials.

30



Chapter 5 describes the production of cathodes by screen printing [69, 70] and the ‘Proof
of Concept’ of the material selection according to chapter 3 and 4 by the evaluation of the
cathode polarization resistance as a fingerprint for the performance. The processing of
nano powders requires special attention due to high shrinkage during drying and sintering.

The cathode polarization is finally discussed in light of the material properties.
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3  LapeSrosCogoFersOs.s and BagsSrosCopsFeg203.5 Syn-
thesis and characterization

This chapter addresses the techniques used for powder synthesis and the characterization of
powder properties. The powders were synthesized by two methods: spray pyrolysis and
flame spray synthesis. The X-ray diffraction pattern was taken in order to check the phase
purity of the powder, inductive coupled plasma - optical emission spectroscopy (ICP-AES)
to analyse the elemental ratios in BSCF and LSCF. The sintering behaviour and the coeffi-
cient of thermal expansion were evaluated by dilatometry and the density of sintered pel-

lets was checked with the Archimedes method.

3.1 Synthesis

3.1.1 Synthesis by spray pyrolysis

The spray pyrolysis is an important technique to synthesise powder batches in quantities
between 500 g and 5 kg. The precursor that consists conventionally of nitrate solutions in
water is sprayed into a preheated oven (540 °C) in order to evaporate the water, and subse-
quently to precipitate the raw ceramic powders. The subsequent calcination step at 700 °C

serves to decompose most of the remaining nitrates and carbonates.

The spray pyrolysis device consists of a peristaltic pump in order to define the flow rate of
the precursor suspension, a spray nozzle that is screwed leak proof to the faceplate of the
oven with a gas outlet for the gases containing H,O, CO, and NOy. The schematic view of
the oven is shown in Figure 11 on the left and with the steps from the precursor solution to

a pure product on the right side.
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Figure 11: Spray pyrolysis: schematic view of the oven and the steps from the precursor
solution to the phase pure product according to Holtappels et al. [71].

The nitrates of Ba, La, Sr, Co and Fe were dissolved first in water in the appropriate molar
ratio to obtain LapeSro4C0o2Fe0s03.5 and BagsSrosC0ogsFep203.5 respectively (Table ).
The appropriate amount of chemicals was weighted into a 10 L beaker and dissolved in

deionised water. The adequate amount of cellulose (50 g/L) was added and stirred by a

magnetic stirrer until the solution became transparent.

Table II: Initial weights of chemicals for BSCF and LSCF.

La(N03)3.6H20 Ba(N03)2 SI’(NO3)2 Fe(N03)3. CO(NO3)2.

9H,0 6H,0
BSCF -- 597.26 g | 483.67g | 369.41g | 1063.95¢
LSCF 3497.40 g -- 1140.20g | 4014.1¢ 785.00 g
Flow rel. Air 10-15 %
to maxi-
mum:
Peristaltic 12-15
pump RPM
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The solution is pumped through a nozzle by compressed air into a reaction compartment
that is heated to 550 °C in order to atomize and pyrolyse in one step. The cellulose is act-
ing as a fuel and combusted by the nitrates from the precursor solutions. In addition, a peri-
staltic pump is used in order to regulate the flux of the nitrate solutions. After spraying the
solution the resulting powder is heated to 700 °C for two hours in order to eliminate most
of the nitrates and carbonates, which are decomposing to a major part at this temperature.
The obtained raw powders are still not phase pure and need calcining at temperatures be-
tween 900 °C and 1100 °C prior to further processing. The theoretical yield of 1000 g
BSCF and 3000 g LSCF correspond to the initial weight of the raw chemicals. The yield of
BSCF was 850 g and that of LSCF in 2800 g raw powder (85 and 93 % of relative to the
theoretical yield).

3.1.2 Flame spray synthesis

The flame spray synthesis is a suitable technique to produce particles with a very high sur-
face area. The temperatures in the flame are very high and under certain conditions it’s
possible to produce cristallographically phase pure powders directly in one step reaction [72].
The precursor solutions were prepared by dissolving stoichiometric amounts of the chemi-
cals as can be seen in Table Il. As solvent, a mixture of distilled water and dimethylfor-

mamide (DMF) in a ratio of 3:1 was used.

A special flame-spray unit was used for the synthesis with a cutting nozzle (red, Pangas,
Switzerland) with a centered capillary, surrounded by a circular gap for the dispersion gas.
And 6 supporting flamelets, positioned at a distance of 3.5 mm from the centre (Figure 12).
A continuous double syringe pump (PN1610, Postnova Analytics, Germany) was used to
control the flow rate of the precursor solution and pump it through a capillary tube. The
precursor solution was dispersed at the exit by the oxygen (99.95%, Carbagas, Switzer-
land) supplied through the centre gas outlet. The carrier flamelets consist of a mixture of
oxygen (17 | min™t) and acetylene (13 | min*, both >99.5%, Carbagas, Switzerland) that
was kept constant for all series of experiments. The gas flow rates were set by mass flow
controllers (MFC, Bronkhorst, the Netherlands). The produced powder was collected in a
baghouse filter (Friedli AG, Switzerland).
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Figure 12: Schematic view of the flame spray synthesis device with gas and precursor feed, spray
nozzle geometry and backhouse filter (with kind permission of Andre Heel [73]).

35



3.2 Characterization

3.2.1 Characterization techniques

X-ray diffraction

The powder diffraction pattern was recorded after putting an appropriate amount of
roughly 1 g into the sample holder and pressing the powder into the mold inside the holder
in order to ensure a flat homogeneous surface of the investigated powder. The crystal
structure was analysed by X-ray diffraction (PANalytical X’Pert Pro MPD, Netherlands)
with Cu-Ka (A = 1.5405 A) radiation. Scanning was carried out over a 2 0 range of 10-80°

with a step size of 0.0167° within a scan time of 18 min.

Specific surface area according to Brunauer, Emmet, Teller (BET)

Quantities of approximately 1 g of sub-u sized powder and 0.2 g nano powder were used to
determine the specific surface area (SSA) of the powders after drying the powders for 12
hours at 180 °C under N, flow. The SSA was determined by a five-point nitrogen adsorp-
tion isotherm at 77 K (SA 3100, Coulter Electronics, USA). The BET equivalent particle
diameter (dget = 6/(p.SSA)) for the nano powders was approximated by assuming mono-
disperse, spherical and non-aggregated particles, where p is defined as the density of the

corresponding phase pure composition [74].

Shrinkage behaviour and thermal expansion by dilatometer measurement

The loose sub-micron LSCF powder was calcined at 1050 °C and ball milled, the BSCF
powder was pressed into a pellet, calcined at 950 °C and ball milled to obtain the sufficient
phase purity for the sintering. These powders were pressed isostatically with 2000 bar into
rods and placed into the dilatometer. Shrinkage behaviour of the as-produced powders and
the coefficient of thermal expansion (CTE) of sintered samples were determined by dila-
tometry (Baehr Thermoanalyse DIL802, Germany). Experiments for the shrinkage behav-

iour were made in air between 25 °C and 1350 °C with a heating rate of 5 K min* by using
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an alumina sample holder. The determination of the CTE was carried out in air with a sap-

phire system in the temperature range of 100-980 °C.

Particle size distribution

The particle size distribution was evaluated using a Particle Sizer LS230 (Beckmann Coul-
ter, USA) after suspending the powder in water. The working range of the LS230 is bet-
ween 0.04 um to 2000 um. The mean particle size (d50) of the nano powders was estima-
ted from BET results as already described before, because the mean particle size was out of
this range. The particle sizer uses the Polarization Intensity Differential Scattering (PIDS)
method. A precise characterization of small particle sizes in the sub-u range is achieved
using three wavelengths of light (450 nm, 600 nm and 900 nm, obtained by filtering light
from an incandescent bulb) at two polarizations directions and detectors placed in different
scattering angles up to 45°.

ACEMeasurerrert Seaterm
[Folaizmtion Intensty Ciferentizl Scatering
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Manitar

Lens Sample Cell

Filter Wheel

Figure 13: Scheme of the PIDS-assembly in the Coulter counter LS230.

Inductively coupled plasma — optimal emission spectroscopy (ICP-OES)

This method was used in order to determine the exact element ratios of the calcined pow-
ders in comparison to the targeted stoichiometry. Sample amounts of 29.9 mg (LSCF) and
32 mg (BSCF) were completely dissolved in diluted nitrohydrochloric acid prepared from

hydrochloric and nitric acid using Merck concentrated acids in suprapur quality in a 3:1
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ratio and 10-times diluted using high—purity water (18.2 MQ cm), prepared by a Milli-Q
Gradient A10 System (Millipore). The solution was finally filled to an end volume of
10 ml. All calibration and quality standards were prepared from single and multi-element
standards in ICP-quality (Merck and Alfa Aesar). The analyses were performed under stan-

dard hot plasma conditions. Operation conditions are summarized in Table I11.

Table lll: Operating conditions for ICP-OES analysis*.

Parameter VARIAN

VistaPro
Power [W] 1200
Plasma gas flow [L/min] 15
RF generator [MHz] 40.86 (free-running)
Aux. gas flow [L/min] 1.00
Nebulizer gas flow [L/min] 0.75
Nebulizer Meinhard concentric nebulizer
Spray chamber cyclonic quartz chamber
Resolution about 10 pm (at 267,7 nm)
Dynamic range 10° (CCD, 70000 pixels)
Wavelength range 167 — 785 nm

*with kind permission of A. Wichser and A. Ulrich [75].

The following elements and wavelengths were used for quantification with ICP-OES [75]:
La 333.749 nm, 379.082 nm, 408.871nm Sr216.596 nm, 407.771nm, 421.552 nm,
Co 230.786 nm, 237.863 nm, 238.892 nm, Fe 259.940 nm 234.350 nm, 238.204 nm,
239.563 nm, Ba 233.957 nm, 455,403 nm, 493.408 nm.

3.2.2 Results: Powder characterization of LageSrg4Cog.2Fegs03.5 and
Bao.5Sros5C00sF€0.203.5, LaogsSro.sFeOs.s and (LaopsSro.2)0.05F€03.5

Structural properties of different powders from the (La,Ba,Sr)(Co,Fe)O3.5 system

Powder diffractograms of as pyrolysed and calcined LSCF and BSCF are displayed in the
following figures. Figure 14 shows the diffraction pattern of LSCF as pyrolysed and after
subsequent heat treatment. Heat treatment at 1100 °C for 10 hours resulted in a sufficiently
phase pure powder with an orthorhombic microstructure with a (A) = 5.532, b (A) = 5.553,
¢ (A) = 7.835 and the corresponding cell volume of 240.68 A® (10° pm®). After ball milling
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of the calcined powder resulted in a sub-u (dsp=0.42 um) particle size with a specific sur-

face area 4.9 m?/ g.

The raw powders of LSCF fired at a maximum temperature of 700 °C shows already the
peaks that correspond to the perovskite microstructure, but also a large number of smaller
peaks from impurities. After calcining at 900 °C most of the additional peaks become
smaller than the background noise and the peaks corresponding to the orthorhombic micro-

structure become more pronounced. The impurities can be attributed to the oxides of La, Sr

and Fe.
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Figure 14: XRD diffraction pattern of raw (broken line) and calcined (solid lines) LSCF powders.

Resulting from the ICP-OES analysis, the stoichiometry of LSCF
(Laos8Sro.42C00.21F€0.7903.5 ) is close to the targeted one (LagSro.4Cop2FepsOs-5). The hex-
agonal perovskite structure is in agreement with results from the literature [18]. Figure 15
shows the comparison between LSCF nano powder, directly obtained from flame spray
synthesis together with the spray pyrolysed powder that was heat treated additionally at
1250 °C. The diffraction pattern of the nano powder shows a smaller height of the peaks
and slightly more background noise. The peak positions correspond to that of the spray

pyrolysed powder with an orthorhombic microstructure.
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Figure 15: Comparison of powder diffraction pattern from flame spray synthesis (A) and from spray
pyrolysis and subsequent calcination (B).

The diffraction pattern for a BSCF powder is shown in Figure 16 directly after production
(highest temperature was 700 °C), after calcination at 800 °C, at 950 °C for a pressed and
calcined powder pellet  and at 1100 °C for loose powder.
Phase purity of BSCF was achieved only after calcination at 1100 °C and the XRD analy-
sis yielded into a tetragonal symmetry with the lattice parameters (a=b=3.983 A,
c=3.982 A).
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Figure 16: XRD spectra of as synthesized (broken line) and calcined (solid lines)
powders of BSCF.

The ICP results reveals only a slight A-site excess (2% Ba excess) leading to the
stoichiometry Bag 5,Sro50C00.80F€0.2003-5. The ¢ axis is only slightly smaller then the (a = b)
axis, indicating a slight tetragonal distortion in comparison to literature (11, 16) where a

cubic microstructure for BSCF is proposed and might be attributed to the A-site excess.

The X-ray diffraction pattern of the LSF82 raw powder as obtained by spray pyrolyis and
after calcination of the powder at 1100 °C for 10 h is displayed in Figure 17. The heat
treatment at 1100 °C for 10 h resulted in a sufficiently phase pure powder with an ortho-
rhombic microstructure with a (A) = 5.532, b (A) = 5.553, ¢ (A) = 7.835 and the corre-
sponding cell volume of 240.68 A% (10° pm®). After ball milling of the calcined powder

sub-pt (dso=0.42 um) particle size with a specific surface area 4.9 m? / g were obtained.
The raw powder shows already the peaks that are attributed to the orthorhombic structure.

However, additional peaks, attributed to the oxides of La, Sr and Fe, indicate the as pyro-

lysed powder is not phase pure.
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Figure 17: LSF82 X-ray diffraction pattern of as pyrolysed and heat treated powder.

The X-ray diffraction pattern of a LSF64 powder directly after flame spray synthesis and
after calcination of the powder at 1200 °C for 10 h is displayed in Figure 18. The heat
treatment at 1200 °C for 4 h resulted in a sufficiently phase pure powder with a cubic mi-
crostructure with a (A) = 3.8862 and the corresponding cell volume of 58.69 A® (10° pm®).
The powder as pyrolysed is not phase pure with additional peaks attributed to the oxides of
La, Srand Fe.
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Figure 18: LSF64 X-ray diffraction pattern of as pyrolysed and heat treated powder.

Compatibility between cathode and electrolyte materials

LSCF sub-p or nano powder were mixed with CGO (HC Starck) und YSZ (Tosoh YSZ
8YS) powder respectively in the weight ratio 1:1 in an agate mortar. The resulting powder
was then pressed uni-axially into a pellet and heat treated. The mixture was examined be-
fore and after heat treatment for 300 hours at 800 °C and 2 hours at 1000 °C by XRD. The
same procedure was applied to sub-pu BSCF and the results should show, if there was any

reaction between the cathode and electrolyte material.

The suitability of Ce9Gdo1035 (CGO) and Y16Zr084035 (YSZ) as electrolytes with
LSCF and BSCF materials were tested. XRD spectra of powder mixtures were checked
before and after calcination. In comparison to already available studies in the literature [23,
25-27, 76, 77] it was important for the processing if the smaller particle size of the LSCF

nano powder would increase the reactivity with the electrolyte material as well.

Figure 19 shows the XRD pattern of a mixture between YSZ and sub-pu BSCF before and
after heat treatment in comparison with the pure materials. The mixture shows a significant

change of the peaks especially visible with two peaks at about 30° and 32°. The BSCF
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peak (32°) seems to vanish completely or merge into a duplet peak at around 30°. Addi-
tional peaks and the peak shift of other peaks between 32° and 65° clearly indicate reac-
tions between BSCF and YSZ.
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Figure 19: Reactivity of YSZ/BSCF sub-u powder heated at 800 °C for 300h and
at 1000 °C for 2h.

Figure 20 shows the XRD of a mixture between CGO10 and BSCF before and after heat
treatment in comparison with the pure materials. The materials shows only little change in
the spectra, the peak at 32°, however, shows a shoulder when heat treated at 800 °C, how-
ever, almost no change at 1000 °C. The peak at 57° has a shoulder at 800 °C, which is not
visible for the untreated mixture (green) and becomes a visible peak, when heat treated at
1000 °C.
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Figure 20: Reactivity of CGO/BSCF sub-pu powder heated at 800 °C for 300h and
at 1000°C for 2h.

Figure 21 shows the XRD of a mixture between YSZ and LSCF sub-p powder before and

after heat treatment in comparison with the pure materials. After the heat treatment at 800

°C, there are only minor changes visible in the spectra. The relative intensity of the peaks

at 30° and 33° changes, another intensity change can be observed at 47° and 50° in respect

to a slight change at 58° and 60°. At 31° an additional peak becomes visible and another

one at 29° is fading. Additionally a lot of small peaks appear at diffraction angles between

30° and 70°. The changes in the spectra are more pronounced at 1000 °C than at 800 °C.

The peak at 29° is fading out, the peak at 30° is now changed to be more intensive than the

one at 33° and there is a new peak in between, which is clearly visible.
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Figure 21: Reactivity of YSZ/LSCFsub-u powder heated at 800 °C for 300h and

at 1000 °C for 2h.

Figure 22 shows the XRD of a mixture between YSZ and LSCF nano powder before and
after heat treatment in comparison to the pure materials. Additionally to the broadened
peaks of the untreated material, the reactions are already visible in the XRD spectra after
heat treatment at 800 °C.
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Figure 22: Reactivity of YSZ/LSCF nano powder heated at 800 °C for 300h and at 1000 °C for 2h.

The reactivity between sub-pu LSCF and CGO are displayed in Figure 23. There are no
major changes in the spectra, only the duplets at around 33° and 47° change the relative
intensity of the peaks. There is no significant change in the amorphous fraction of the spec-
trum (gently inclining part of the spectrum at diffraction angles < 15°) after 300 hours at
800 °C compared to the mixture before heat treatment. After 2 hours at 1000 °C the amor-
phous part becomes smaller and the left peaks of the two duplets attributed to LSCF both
decrease.
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Figure 23: Reactivity of CGO/LSCF sub-p powder heated at 800 °C for 300h and
at 1000 °C for 2h.

The reactivity between nano LSCF and CGO10 are displayed in Figure 24. There are no

major changes in the spectra, only the relative intensities of the peaks in the duplets at

around 33° and 47° change.

In contrast to the mixture CGO/sub-p LSCF the left peaks of the duplets corresponding to

the LSCF powder increases significantly. At the same time the amorphous fraction (= gen-

tly inclining part of the spectrum at diffraction angles < 15°) of the nano powder becomes

smaller. In contrast to the sub-p LSCF the left peaks of the duplets are increased after the

heat treatment.
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Figure 24: Reactivity of CGO/LSCF nano powder heated at 800 °C for 300h and
at 1000 °C for 2h.

Sintering behaviour of LaggSro4Cop2FesO3.5 and BagsSrosCoggFeo203.5 powders

The investigated shrinkage of pressed powder specimen can give important hints for fur-
ther processing of the powders. The coefficient of thermal expansion characterizes a cath-
ode if suitable in combination with an electrolyte material. The shrinkage behaviour of
calcined powders was investigated in order to find out the adequate sintering program to
sinter dense specimen crack free specimen for further investigations. The shrinkage indi-
cated by the length change (AL in %) begins at temperatures around
1000 °C for LSCF (Figure 25) and 850 °C for BSCF (Figure 26). In order to avoid cracks
due to a fast sintering process the temperature program is adapted by slower heating rates
after reaching these temperatures. Peaks in the shrinkage rate curve (AL/At) indicate tem-

peratures, where fast shrinkage occurs.
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Figure 25: Dilatometer curve from calcined LSCF powder at a constant heating rate of 5 K/min

The length change of the BSCF (Figure 26) sub-micron powder sample seems to increase
constantly in the lower temperature range. This increase is most probably attributed to the
thermal expansion of the material. The small peaks in the shrinkage rate (AL/At) at around
300 °C and 700 °C might be attributed to the loss of water and carbonates rather than to
phase changes in the material.
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Figure 26: Dilatometer curves from calcined BSCF powder at a constant heating rate of 5 K/min

Starting from 800 °C, the shrinkage rate becomes zero and at higher temperatures several
superposing peaks occur. Peaks between 800 °C and 900 °C might be attributed to the de-
composition of carbonates, a very narrow one at 1120 °C might be attributed to the opti-
mum sintering temperature and the two peaks at higher temperatures might be attributed to

liquid phase sintering or ever partial decomposition of the material.

The sintering profiles displayed in Figure 27 were applied taking the temperature differ-
ence between the oven and the sample into account. Lower heating rates (2 K/min instead
of 5 K/min) were applied for both materials at T > 800 °C. The beginning shrinkage of
BSCF and the possible release of CO, from BSCF might be the reasons, why this proce-
dure lead to an increase of the sample density compared to samples only heated with a
simple ramp and dwelling time. Dwelling times were introduced in order to allow the ma-
terial to finish the corresponding sintering processes or phase changes. The sintering of
LSCF required only a slower ramp (2K/min) between 800 and 1300 °C and 4 hours dwell-
ing time at the maximum temperature. BSCF needed to be dwelled additionally at 1050 °C

for 30 min and heated to 1150 °C which involves probably liquid phase sintering of the
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material. Dense samples were obtained after dwelling finally for 4 hours at 1130 °C. The
liquid phase sintering or even partial melting for BSCF is also suggested in the literature
[57], possibly indicated by two pronounced peaks in the temperature range between 1150
°C and 1200 °C. However, a dwell time at 1150 °C led to samples with 2 — 3 % lower den-
sities. At higher temperatures even small holes were visible when breaking the samples,

that are most likely attributed to decomposition of the BSCF material.
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Figure 27: Optimized temperature profiles to sinter LSCF and BSCF samples.

The resulting microstructure of the sintered LSCF samples is presented in Figure 28. Both
samples show dense sintered bodies as required for the subsequent conductivity relaxation
measurements. The granularity of the LSCF sample is nicely visible for the unpolished
LSCF sample. The grains on the sample surface have a size between 2 um and 10 um and
the grain boundaries show no cracks and holes. This is a clear indication for a dense sin-

tered sample.
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Figure 28: Electron micrographs of sintered (1300 °C) LSCF sample (unpolished).

-
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The BSCF (Figure 29) sample was polished and subsequently thermally etched for 2 hours
at 950 °C. Despite etching, no grains visible and the grain boundaries are only visible in
some of the cavities attributed to grain pull-out due to the polishing. The grain boundaries
are most probably blurred during the polishing of this relatively soft material.

1 00FHM

Figure 29: Electron micrographs of sintered (1130 °C) BSCF sample (polished and thermally
etched).
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Thermal expansion of dense LaggSro4C0g2FegsO3.5 and BagsSrosCogsFeg 2035 bars

Having obtained dense specimen with the described sintering program dilatometer meas-
urements were used to determine the expansion of the BSCF and LSCF as a function of the
temperature. The length change of BSCF and LSCF is compared in Figure 30 The corre-
sponding CTE for BSCF was 12.6 ppm/K between 200 °C and 400 °C and 27.3 ppm/K
between 425 °C and 980 °C compared to LSCF with 16.2 ppm/K between 200-700 °C and
28.0 ppm/K 800 °C and 980 °C.

The present measurement shows that thermal expansion occurs in the lower temperature
intervals, while chemical expansion adds up at higher temperatures and leads to much
higher apparent CTE values. The thermal expansion of the material is observed in the tem-
perature interval when the stoichiometry of the material is constant. An additional ‘chemi-
cal expansion’ is attributed to the partial reduction of the oxide leading to an increase of

oxygen vacancies (increasing oxygen non- stoichiometry) at higher temperatures.

2.0

— BSCF
15

AL 1% 1
1.0 4 —— LSCF

0.5

0.0-

y T T T T T T
200 400 600 800 1000
T/°C

Figure 30: Relative length change of LSCF and BSCF measured in air.
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The CTEs of LSF64 and LSF82 were not measured in the course of the present study. Lit-
erature data [29] for LSF64 show similar values as for BSCF and LSCF. LSF82 according
to the literature [37] has a CTE of 12.6 ppm/K between 300 °C and 900 °C and is therefore
supposed to be the material with expansion most similar to the electrolyte materials inves-

tigated in this study.

3.2.3 Overview of most important results for LSCF and BSCF

The result of the ICP-OES analysis, the results of XRD, the specific surface areas of the
powders, the density of the pellets and the CTEs of BSCF and LSCF are summarized in
Table I1I.

Table IV: Powder properties of LSCF and BSCF powder including results from ICP-OES
analysis.

BSCF LSCF
nominal composition Bag.5Sr0.5C00.8F€0.203-5 Lap.6Sr0.4C00.2F€0.803-5
cation ratio Bag.50Sr0.52C00.80F€0.2003-5 Lao.58Sr0.42C00.21F€0.7903-5
(by ICP-AES)
crystallographic phase tetragonal hexagonal
(a=b=3.983, ¢ = 3.982 A) (ﬁ? =b =5.499, ¢ = 6.690
)

BET spec. surface area 3.60 m’g (as produced) | 9.37 m%*g (as produced)
1.90 m%/g (calcined 950 °C, | 2.27 m?/g (calcined 1050

no further treatment) °C, no further treatment)
5.20 m*g (after ball mill- | 4.70 m%g (after ball mill-
ing) ing)
XRD density (pxro) 5.73gcm> 6.23gcm>
Density (pspec) 5.47gcm? 5.86 gcm™
% of XRD density 94.1 95.5
CTE fitted to expansion 12.6 £ 0.1 ppm (200 °C - 16.2 £ 0.1 (200-700 °C)
curves for dense specimen 400 °C) 28.0 + 0.1 (800-980 °C)
27.3+ 0.1 ppm(425 °C -
980 °C)

Phase pure powders with similar CTE were also produced by EMPA in the compositions
LageSro4Fe0s.5 and (LapsSro2)ooesFeOs.s but not characterized in detail as BSCF and
LSCF.
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3.3 Discussion

3.3.1 Structure and chemical composition (of LSCF and BSCF)

Phase pure materials of LSCF and BSCF could be achieved by spray pyrolysis after calci-
nation, and of LSCF prepared directly with flame spray synthesis without the need of fur-
ther heat treatment. However, no phase pure BSCF nano powders could be synthesised by
flame spray synthesis. The most probably reason is the sensitivity even to a low CO; con-
tent [78] as present in air. Carbonates (e.g. BaCOs3, SrCQOg3) are formed during synthesis

[79] and do not decompose at the conditions being present at flame spray synthesis.

The structure of LSCF - despite at small deviation to the targeted stoichiometry - corre-
sponds to the literature [18], while BSCF shows a slight tetragonal distortion in compari-
son to the cubic microstructure that can be found in the literature [57, 80].

The orthorhombic microstructure with a (&) = 5.532, b (A) = 5.553, ¢ (A) = 7.835 of
LSF82 is close to values from literature for LaggSro.FeOs.5 [63] a (A) = 5.523(1), b (A) =
5.550(1), ¢ (A) = 7.817(2). LSF64 could be indexed by a cubic in contrast to a rhombo-
hedral microstructure found by Patrakeev et al. [63]. Water and carbon dioxide content in
the raw materials and the experimental error, which is estimated to be 0.5 %, are the most
likely causes for the slight deviation from the target stoichiometry as summarized in Table
I11. The small tetragonal distortion of BSCF is tentatively attributed to the 2% A-site ex-

Cess.

3.3.2 Compatibility of LSCF and BSCF with YSZ and CGO

YSZ shows a reaction with both BSCF and LSCF already after heat treatment at 800 °C.
Compared with YSZ, CGO seems to be the better compatible material in respect to both
tested cathode materials. However, BSCF after heat treatment at 1000 °C shows additional
peaks in the XRD spectra of the powder mixtures indicating additional phases of reaction
products. The reactivity of LSCF nano powder and sub-u LSCF seems to be slightly dif-
ferent, indicated by different intensity of the reaction products. BSCF/YSZ mixtures show

the appearance of additional phases indicated by new peaks already after annealing at 800
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°C. In the literature [26] similar tests (using YSZ and Gdy,CepsO19) Were already pre-
sented, and show similar reactions as observed in the present study. In course of the inves-
tigations at 800 °C here presented, no additional peaks in the XRD pattern are visible for
BSCF/CGO. After heat treatment at 1000 °C the peaks indicate the formation of BaCeO3
and SrCoOs.

Additional peaks indicate the reaction between LSCF and YSZ and the formation of addi-
tional phases. The changes at 1000 °C indicate that similar reaction products and phases
are formed during the heat treatment independently from the used sub-u and nano pow-
ders. In the literature [25] the secondary phases are identified as La,Zr,O;, SrZrO3; and
CoFe,0, after substantially longer heat treatment. This slightly different ratio of the peaks
observed for the nano powder compared to the coarse powders can be most probably at-
tributed to two factors: the reaction of the nano powder already occurs at lower tempera-
tures, because the surface energy of the material is higher, and due to a higher part of the

powder, that seems to be still amorphous and having an increased reactivity.

The present investigations of the compatibility between LSCF and CGO show only a
change of the relative intensity of the peaks duplets at around 33° and 47° (Figure 23 and
24). This result might correspond to small changes in the lattice. The change of the relative
intensity is different for the coarse and the nano powder possibly due to the increased reac-
tivity due to the small particle size and an amorphous part of the powder. The present in-
vestigation of the compatibility with the electrolyte powder is in agreement with the litera-
ture, where no reaction with the CGO electrolyte [65] for a wide range of LnSCF cathode
materials (Ln = lanthanides) is reported. A more recent study [23], including the compati-
bility LagsSro2C0o2Feps03.5, points out changes in the lattice parameters of the cathode
material in contact with GdoCeosO19 after heat treatment between at 800 °C, 1000 °C,
and 1200 °C for 100 h. Despite the difference in the composition this result implies doubts
about the long time compatibility of LSCF and CGO.
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3.3.3 Coefficients of thermal expansion

The chemical expansion of BSCF seems to contribute to the CTE already at lower tem-
peratures compared to LSCF. The change in the slope is attributed to the start of the oxy-
gen exchange of the material. However, due to slow oxygen exchange kinetics, the samples
might not be fully equilibrated during the measurement, because of a rapid heating rate of
300 °C/h. Therefore, the temperature attributed to the beginning of the oxygen exchange
might be higher than observed by thermo gravimetric measurements [81]. Furthermore, the
apparent CTE in the high temperature region might appear higher than under equilibrium
conditions. CTE values, that are found in the literature [52], give in most cases the mean
values in a certain temperature range. The value for LSCF (21.4 ppm/K) is between the
measured value for the low temperature and the high temperature interval for LSCF.
Wang et al. [82] reports a value of 18.53 ppm/K in the temperature interval between 30 °C
and 850 °C, but the measurement curve is bending at a much higher temperature (around

700 °C compared to 410 °C in the present measurement).

Compared to common electrolyte materials as stabilized zirconia and substituted ceria with
a CTE around 10 ppm/K at 600 °C and 12 ppm/K in the higher temperature range LSCF
and BSCF materials show a mismatch in the thermal expansion already in the low tempera-

ture region, where the oxygen loss is considered negligible.

3.4 Statement about the quality of material synthesis

Phase pure powders of all four materials were obtained after heat treatment of the materi-
als. The analysed composition of BSCF and LSCF correspond to the cation ratio of the

nominal composition within an experimental error of maximally 5 per cent.

The compatibility of BSCF and LSCF with YSZ is neither given at 800 °C after treatment
for 300 hours nor after heat treatment at 1000 °C for 2 hours. Only LSCF is fully compati-
ble to CGO at both temperatures, BSCF show reactions at 1000 °C which can be a disad-
vantage for the firing after screen printing of the cathodes. Due to the favourable fact, that
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LSCF shows no visible reaction products in the XRD spectra and only minor reactions

with BSCF, CGO10 was chosen as electrolyte material for symmetrical test cells.

The single-step-synthesis of phase pure nano powder was only possible for LSCF. BSCF
shows secondary phases after flame spray synthesis [79] and needs subsequent heat treat-
ment to obtain phase pure powders . Phase pure powders of LSF82 and LSF64 could be
produced by spray pyrolysis with a mean particle size in the sub-u range after subsequent

heat treatment and ball milling.
The phase purity of BSCF, LSCF, LSF82 and LSF64 powders was the precondition for the

subsequent evaluation of the electrical and electro catalytical properties which is fulfilled

for all powders.
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4  Electrical conductivity and kinetic parameters
of selected compounds from the
(Ba, La, Sr)(Fe,Co)Os.5 system

The literature review in chapter 2 shows, that the electrical conductivity and the kinetic
parameter are strongly related to the cathode performance. The intention of the conductiv-
ity relaxation experiments was to evaluate the mixed ionic electronic transport properties
and the chemical surface exchange coefficient in order to compare the catalytic activity of
four materials from the (Ba,La,Sr)(Fe,C0)O3.s system, namely LagsSro4C0o2FesOs-s and
BaosSrosC00gFe02035, LageSro4FeOss and (LagsSro2)oossFe0s.s. The quality criteria of the
powders as phase purity and the particle size as described in chapter 3, the kinetic parame-
ter, and the electrical conductivity were taken as criteria for the selection of one of the four
cathode materials for the production of screen printing pastes. The results as a function of
the temperature and the oxygen partial pressure are addressed and discussed for the appli-
cation as SOFC cathodes.

4.1 Aspects of transport properties of mixed
ionic/electronic conductors

4.1.1 Oxygen non-stoichiometry and electrical conductivity
of mixed conductors

The dependence of the electrical conductivity on the temperature and the oxygen non-
stoichiometry can be explained by the defect chemistry of the materials. The conductivity
is modelled for several cases by Bucher et al. and Sitte et al. [83-89]. The perovskite-type
oxides Lag4SrosC003-5 (LSC46) and Lag4SrosFeOs-s (LSF46), which exhibit high elec-
tronic and ionic conductivities, are taken as examples [88] out of it. Oxygen vacancies
and/or electron holes are able to compensate negative effective charges caused by Sr-

doping of LaBO3 s (B = Co, Fe). The number of holes (h*) and oxygen vacancies (V;')

has a contrary influence on the conductivity. An increase of the oxygen content in the lat-
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tice of the material leads to an increase of the p-type charge carriers (B**-ions, respectively
electron holes). Oxygen release from the sample, on the other hand, leads to the formation
of vacancies, while decreasing the number of holes. A decrease of the electronic conduc-

tivity together with an increase of the ionic conductivity can be observed. The equilibrium

can be expressed in the Kroger-Vink notation (M)

%02 +V5" +2B; < Og +2B;, Equation 15

where M corresponds to the species, S is the lattice site that the species occupies and C cor-
responds to the electronic charge of the species relative to the site that is occupied. Zero

charge is indicated by X, a single positive charge by e, and a negative charge by ‘. The dou-

ble positively charged vacancies are denoted by V', neutral Fe** and Co®* on Fe- and Co-
sites by Bj. Oxygen on oxygen sites is written as OF, and the positively charged Fe*" and

Co*" as BL . The corresponding equilibrium constant according to the mass action law is

expressed in Equation 16.

= [Oé][Bé] . Equation 16
" p(0,) VST 1IBE T
The charge disproportionation of B} into B} and B, accordingly writes as
2B} < 2B, + 2B}, Equation 17
with the equilibrium constant
K. = [Bé]ﬂ. Equation 18

"B

Bucher et al. [88] in their point defect model ascribe electrons and holes to be localized on
the specific B-site ions. They obtain 3 additional Equations (19-21) from the electro neu-
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trality condition and the site conservation requirements for the O-site respectively B-site

species.
[Sr.1+[Bs]=[By1+2[V5], Equation 19
[V&1+[05]=3, Equation 20
[Bi]1+[Bs1+[B3]1=1. Equation 21

The equilibrium constants K; and Ky« can be determined by nonlinear least square fits after
solving the set of 5 Equations represented by Equation 16 and Equation 18-21 [88]. The
corresponding expression represents the oxygen partial pressure p(0,) = f(K;,Kox, X, d),
where x stands for the Sr-content and the oxygen vacancy concentration is given by 8. The
simple point defect model (no dependence of the mobility of charge carriers on the oxygen
content) predicts a plateau of & at values of & ~ x/2 (dashed line in figure 31). The meas-

ured values of & don’t show this picture, which is attributed to the decreasing ratio Kox/Ki.

Figure 31 shows an example according to Bucher et al. [88] fitting the non-stoichiometry
of Lap4SrosC003-5 as a function of the p(O,) at 750 °C and 825 °C. The fitting of the ex-
perimental data was done with the described point defect model, the simplified point defect

model and the itinerant electron model [90].
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Figure 31: Experimental data from Bucher et al. [88] of the oxygen non-stoichiometry of
Lag 4SrysC00;3-5 at 750 °C (o) and 825 °C (A). Lines correspond to nonlinear least squares fits to
the point defect model (solid), the simple point defect model (dashed), and the itinerant electron
model [90],dotted).

lonic and electronic defect concentrations can be also calculated from experimental data of
the oxygen non-stoichiometry. It can be seen looking at Equation 22 that the conductivity
is a function of the number and the mobility of charge carriers (mobilities of electrons and

holes (un and pp) are.

N
c:eV—A(pup +nu,) Equation 22

m

Na is Avogadro’s number, Vy, is the molar volume, e is the elementary charge, and the p-

and n- type charge carriers are molar fractions of [B;] and [B,], respectively.

The point defect model allows the modelling of the electrical conductivity (o) as a function
of 8. The equilibrium constants K; and Kyx are used to determine the number of p-type
charge carriers at defined 8. The mobility of holes subsequently can be estimated from the
electronic conductivity and the calculated charge carrier concentrations as a function of

oxygen non-stoichiometry [87].
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Bucher et al. [87] present three models for o(6). The simplest one sets the mobility of the

charge carriers as independent of the oxygen content and o therefore is regarded as a linear
function of the site fractions (y,, =[Bg1/([B5]+[B:]), Y., =[B:1/([B3]+[B;])). How-

ever, this simple model doesn’t fit to the conductivity data from Lag 4SrosFeOs.s taken from

Bucher et al. [87] as displayed in Figure 32.
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Figure 32: The electronic conductivity of LSF46 as a function of the oxygen non-stoichiometry.
Dashed lines correspond to fits of the first term of Equation 23 at 600 °C
and 700 °C. Solid lines represent fits to Equation 24 at 800 °C and 900 °C
as published by Bucher et al. [87].

Two other models were applied successfully by Bucher et al. [87] that could describe the

significant decrease of o with increasing 6. The mobility of charge carriers was modelled

as a function of the available site fractions y,, =[B}]/([B,]+[B;]) and
Vs =[Ba1/([Bs1+[Bs]) taking the fraction of vacant oxygen sites into account. The

increase of the conductivity with increasing oxygen content (3 - 3) is expressed in Equation

23 and 24.

o (8) = C[ys3(1-Ad) + y23(1-BJ)], Equation 23

6 () = C[ya3 Y34 (1-Ad) + Y23 ¥32 (1-B3)], Equation 24
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with the parameters A and B for the dependences of p, and p, on the oxygen vacancy con-
centration and C as a scaling factor. The dependence on the fraction of available sites (ys»

and ys4) is included in Equation 24, but not in Equation 23.

Equation 23 results in a better fit at 600 °C and 700 °C even when the second term (corre-
sponds to the contribution of n-type conductivity) is neglected, Equation 24 is more appro-
priate fitting o(8) at 800 °C and 900 °C. This fact might correspond to the increasing im-

portance of the n-type conductivity at higher temperatures.

Temperature dependence of the electronic conductivity at constant oxygen
partial pressure

The temperature dependence of the electronic conductivity of LSF46 and the oxygen non-
stoichiometry are compared in Figure 33 as taken from Bucher et al. [87]. The maximum of
the conductivity appears to correspond to the same temperature where & begins to increase.
As described before, the formation of oxygen vacancies leads to a decrease of p-type charge
carriers. Bucher et al. [87] showed by the analysis of & vs. & at 600-900 °C that the decreas-
ing number of holes leads to a decrease of the conductivity because the impact is stronger

than the increasing mobility of the charge carriers with increasing temperature.
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Figure 33: Temperature dependences of the electronic conductivity and the oxygen non-
stoichiometry of LSF46 at 1.0 107 bar (from [87]).
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Temperature dependence of the iso-stoichiometric electronic conductivity

Knowing the temperature dependence of o and & at different oxygen partial pressures, the
conductivities at constant values of 6 can be evaluated. Figure 34 shows a comparison of
the conductivity at isobar and iso-stoichiometric (3 = constant) conditions as published by

Bucher et al. [83] and Sitte et al. [86].
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Figure 34: Electronic conductivities of Lap4Sr0sC005;5 (a) and LageSr04C00;;
(b) as a function of T at constant p(O,), solid lines respresent the iso-stoichiometric conductivities

(from [83] (a) and [86](b)).
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Sitte et al. [86] suggest a thermally activated (activation energy between 0.2-0.5 V) polaron
hopping conduction mechanism for LageSro4C003.s because of a linear dependency of
In(ceT) vs. T and an increase of the activation energy with increasing oxygen deficiency.
Similar as for LSF46 a decrease of ¢ most probably coincides with the decrease of the con-
centration of free electrons holes [91]. This is equivalent to the decrease of tetravalent Co
ions as already described for the modelling of . Furthermore, the conduction mechanism
has been interpreted by the itinerant electron model [92] in the temperature range of 650-
900 °C which is in agreement with the modelling of Bucher et al. [87] for higher tempera-
tures. As visible in Figure 34 the conductivity at a constant temperature is changing as a
function of the p(0O,). Using this fact, the oxygen exchange of the material can be moni-
tored by the conductivity, if the difference in the conductivity of a sample in two different

atmospheres is large enough.

4.1.2 Oxygen exchange kinetics and chemical diffusion

The performance of mixed conducting cathode materials can be closely related to the oxy-
gen exchange processes between the oxide ceramics and the surrounding atmosphere. Both
the surface exchange of oxygen as well as the chemical diffusion through the bulk of the
non-stoichiometric oxides are important factors [93]. Among different methods that can be
found in the literature as coulometric titration [94-97], impedance spectroscopy [98, 99],
carrier gas coulometry [100], electrochemical polarization experiments [101], Isotope Ex-
change Depth Profiling [102], and thermogravimetry [77, 103], conductivity relaxation
[81, 89, 104-108] was chosen in order to evaluate the chemical surface exchange and diffu-
sion coefficients as a function of the temperature and oxygen partial pressure.

The so called conductivity relaxation method applying the van der Pauw method as de-
scribed by Preis et al. [109] was used in the present study to determine simultaneously the
chemical diffusion and surface exchange coefficient. Conductivity relaxation is an ade-
quate method because the electrical conductivity in the case of the investigated materials is
is a very sensitive number in order to detect changes in the oxygen chemical potential in

the surrounding atmosphere of the sample. Even small p(O,) steps result in considerable
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changes in the electrical conductivity that can be attributed to small changes in the oxygen

content of the specimen [110].

4.1.3 Assessment of conductivity relaxation curves

The calculations presented in [110] correspond to the total amount of diffusing species
(oxygen) exchanged between the ceramics and the gas phase (diffusion source) as ex-

pressed in Equation 25.

m(t) =ij €% gv Equation 25
m() Vi c, —¢,

o0

The change in the electrical conductivity, used in the conductivity relaxation method, is
proportional to the mass exchange of the sample. The normalized conductivity (c,) can be
calculated by dividing the differences between the conductivity of the sample at a certain
time (t) after the p(O,) change in the reactor o; and at the equilibrium before the p(O,)
change o, by the conductivity of the sample in equilibrium a long time after the p(Oy)

change (oinr) Minus o, (Equation 26).

Equation 26

After normalizing the conductivity, the linear fit of In(1-c,) vs. t(ime) can be evaluated.

Criterion 1: Intercept with ordinate —0.21 <A <0

According to Crank [111] a mixed controlled behaviour of the sample can be assumed,
when the intercept of the fit through the long term interval of In(1-c,) fulfils criterion 1.
Figure 35 shows an exemplary curve with an intercept of the ordinate (A) amounting in

-0.13. The curve meets criterion 1 which reflects the domain between D — o and k — .
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Therefore, the simultaneous evaluation of both, the surface exchange and the diffusion

coefficient can be performed.

-0.13
- k=6.48x10" cms”
D=6.48x10"°cm’s”
— 1l L =0.02cm
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Figure 35: Example of surface exchange and diffusion (= mixed) controlled behaviour and the cor-
responding Equation to fit the kinetic parameter (with kind permission of W. Preis [112]).

The Kkinetic parameters D and k can be obtained by fitting to the long time approximation
(Equation 27) according to Preis et al. [112, 113]. The critical length (L;) of the sample is

defined as the quotient of D/ k as also used by Lane et al. [106]. The sample thickness (L)
should not deviate more than a factor of 100 (reflected in criterion 2) from the critical

length to allow a meaningful evaluation of both D and k.

2k 2 ~
Inl-0,)=In ==—f=~——= ~———— |- Dy’
4= [Dzyzl(kL/D)z/4+7/2L2/4+kL/(2D)JJ 4

Equation 27
with
K/D = ytan(jL/2)

Criterion 2: 1 < kL/D < 1000

If the intercept of the linear fit (A) with the ordinate does not fulfil criterion 2, diffusion or

surface exchange (E) controlled behaviour of the sample is indicated. D or k can be evalu-
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ated by linear models presented for both cases. The appearance of the data for both cases is

displayed in Figure 36.

k controlled D controlled
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Figure 36: Appearance of data points for E) and E controlled behaviour of the conductivity
relaxation curves (with kind permission of W. Preis [112]).

In case A >> 0 and In(1- op) vs. tin the short time interval is linear k-controlled kinetics

can be fit with an alternative linear model according to Equation 28.

Inl-o,)=0 —%t Equation 28
In case A =-0.21 und In(1- o) vs. t is bended downwards in the short time interval, then

only an evaluation of D is meaningful and can be fitted with Equation 29.

o -
Inl-oc )=In| — |- Equation 29
(l-0,) (ﬂzj B q

In the case of small deviations from criterion 1, a mixed controlled evaluation might be

possible, but criterion 2 has to be fulfilled to obtain meaningful results.
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4.2 Experimental techniques

4.2.1 Measurement of the electrical conductivity by the
van der Pauw method

The van der Pauw [114] method was applied in order to obtain accurate values of the elec-
trical conductivity of the samples. The method is based upon a theorem which can be ap-
plied for a flat sample of arbitrary shape. The contacts have to be sufficiently small and
located at the circumference of the sample. Furthermore, the sample must be singly con-
nected, hence not show pores, holes, cracks. The error of the presented measurements accord-
ing to Grientschnig et al. [115] is at most 5 per cent, while the use of a linear geometry is

causing much larger errors.

The contacts are placed on the edge of the sample in approximately 90° distance. After
applying a constant current between contact R and S measuring the voltage between P and
Q, the contacts are changed and the current is applied between R and Q and the voltage is
measured between P and S. The resistances Rpgrs and Rpsrq are calculated as the quo-
tient between the measured voltage divided by the applied current. Knowing the thickness

of the sample the specific conductivity (o) can be evaluated iterating Equation 30.

Q P

N\ /

/ AN
R S

Figure 37: Pellet shaped sample equipped with contacts in the van der Pauw geometry.

exp(-w Regrsd ©) + exp(-n Rpsrod 6)=1 Equation 30

71



The major advantage of the van der Pauw geometry is that only the thickness of the sample

pellet has to be known exactly.

4.2.2 Setup for conductivity relaxation experiment

Conductivity relaxation curves for LSF82 were obtained between 626 °C and 841 °C in a
p(O,) range between 10 to 0.2 bar oxygen partial pressure. Data were obtained for BSCF
and LSCF between 600 °C and 800 °C and for LSF64 at 700 °C. The principal setup for
the conductivity relaxation experiments is shown schematically in Figure 38. Similar set-

ups for conductivity relaxation experiments can be found in the literature [19, 116].

B
o

J Ar X FC é{
FC reactor with sample

< =
i
FC

Ar/O,

\4

Figure 38: Experimental setup for the conductivity relaxation experiments (with kind permission of
E. Bucher [117]).

The sample is placed in a reactor made from quartz glass, with a temperature and p(O)
sensor (Setnag France) in the direct vicinity of the sample. Applying a constant current, the
voltage of the sample at a constant temperature was recorded continuously to detect the
sample's response when switching between two gas mixtures with different p(O,) values
by a 4-way-valve. Flow controllers (Mycrolis, FC2700) were used to set a constant flow of

the gas mixture. The p(O,) was thus changed stepwise by a constant factor (typically 2).

72



4.2.3 Analysis of conductivity relaxation curves

Prior to the conductivity relaxation experiments the relaxtion time of the empty reactor (r)
is evaluated. It has to be small in comparison with the relaxation time of the sample as fur-
ther described in [113, 118]. The oxygen partial pressure of the empty reactor is measured
applying a stepwise change of the oxygen partial pressure to the reactor and t is obtained

fitting to
t .
C; =Co +(Cint —Co ){1_ exp (— —ﬂ Equation 31
T

knowing the partial pressure at a certain time (t) after the change is fitted (c;) before (co),
and at infinite time (i) after the p(O) change (cin) as a function of time. Further details
about the flush time correction can be found in the literature [113, 118]. In course of the
presented measurements the relaxation time of the sample was at least 100 times larger

than t.

A typical experiment is shown in Figure 39 including the in-situ detection of the p(O,)
during the measurement. The black curve shows the change of the p(O,) in the direct vicin-
ity of the sample. The red curve displays the temperature of the gas atmosphere during the

measurement and the blue curve the conductivity of the sample in arbitrary units.
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Figure 39: Conductivity relaxation experiment showing the conductivity as a function of the p(O,)
change between two constant atmospheres. The conductivity (blue curve, arbitrary units) of the
sample, and the temperature (red) and the p(O,) in the direct vicinity of the sample are displayed.

The p(0,) in the direct vicinity of the sample is changing gradually to a constant value dur-
ing about 2000 s, while the atmosphere of the empty reactor changes quickly in about 5 s
as described further in detail elsewhere [81]. The recorded electrical conductivity clearly
indicates that the conductivity changes when the sample changes its oxygen content. In the
present case, the conductivity decreases, when the sample looses oxygen. The stepwise
change of the p(O,) from 0.01 bar to 0.007 bar at the inlet of the reactor provokes an oxy-
gen release of the sample, indicated by the slow decay of the measured p(O,) in the direct
vicinity of the sample. After reaching a constant value of the p(O,) in the reactor the con-
ductivity becomes constant. The stepwise change of the gas atmosphere from 0.007 bar
back to 0.01 bar analogically provokes a slow increase of the conductivity, corresponding
to a slow increase of the p(O,) in the direct vicinity of the sample until both parameters

reach a constant value.
The measured conductivity relaxation curves were normalized and the chemical diffusion

and surface exchange coefficients were obtained by fitting of the appropriate solution of
the diffusion Equation 32. Details are described in the literature [100]):
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(l_cnorm)ZZhZZ % Xexp( o, Dt)—a, Dtexp(-t/1)

= Equation 32
SV -alD wl(hVL/4+hLi2+ ol /4) d

onorm 1S the normalized conductivity of the sample, L is the thickness of the disk-shaped
sample, k the chemical surface exchange and D the chemical diffusion coefficient respec-
tively, and a, is given by the roots of o, tan(a.,L/2)=h with h = k /D . The non-ideal
step response of the quartz reactor containing the sample is taken into account by the time
constant (t) needed to flush the empty reactor. The time constant was determined prior to
the conductivity relaxation experiments and was found to be lower than 10 s for the whole

p(O,) range [81] which is at least one order of magnitude lower than the relaxation time of
the samples.

An example of a normalized conductivity relaxation curve and the fit of the appropriate
solution of the diffusion Equation (Equation 32) to the experimental values are given in
Figure 40.

1,0 H
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Figure 40: Normalized conductivity relaxation curve (BSCF, 600 °C, 0.033 bar < p(O,) < 0.086 bar)
and the corresponding fit.
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Good agreement between measured and simulated data is obtained. Both k and D could be

evaluated, when the critical length (L. = D /E) of the sample was not deviating more than

a factor of approximately 50 from the thickness of the sample. In several cases only
k could be evaluated (when L. was much higher than the sample’s thickness) and only

D when L was much lower than the sample thickness. D and k values were plotted ver-

sus the mean p(O,) for both oxidation and reduction experiments.

The temperature and p(O,) dependence of the conductivity was measured in the same setup
in course of the conductivity relaxation experiments as well as in separate experiments
respectively. After time between 30 min and more than 12 h (depending on the tempera-

ture) the conductivity in the thermodynamic equilibrium was measured.

4.3 Results: Electrical conductivity as function of temperature
and oxygen partial pressure

4.3.1 Electrical conductivity of LSCF: isobars and isotherms

The temperature dependence of the electrical conductivity of LSCF is displayed in Figure
41 in air and pure oxygen atmosphere. The conductivity of LSCF is increasing with tem-
perature to a maximum of 418 S/cm in air and 412 S/cm in pure oxygen at approximately
550 °C. The conductivity slowly decreases at higher temperatures, which is slightly less
pronounced in the pure oxygen atmosphere.
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Figure 41: Temperature dependence of the electrical conductivity of LSCF in pure oxygen and

20 % O, with lines to guide the eye.

Figure 42 shows the Arrhenius plot of the conductivities measured at p(O,) = 0.01 bar, 0.2
bar and in pure oxygen atmosphere. The part of the data was selected, where the slope
shows a linear dependence and the activation energies (Ea = 0.67-0.73 eV) were calculated

from the slope.
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Figure 42: Arrhenius plot of LSCF: temperature dependence the electrical conductivity at p(O,) = 1 bar
(red, E, = 0.072 eV), p(O,) = 0.2 bar (blue, E, = 0.070 eV), and p(O,) = 0.01 bar (green, E, = 0.067 eV).

The oxygen partial pressure dependence of the conductivity of LSCF is displayed in Figure
43. The slope is lower in the p(O,) interval between 0.01-1 bar and increases when the

oxygen partial pressure is further reduced.
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Figure 43: Oxygen partial pressure dependence of the electrical conductivity at 650 °C, 700 °C and 800 °C of
LSCF6428 (lines to guide the eye).
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4.3.2 Electrical conductivity of BSCF: isobars and isotherms

The temperature dependence of the electrical conductivity in the thermodynamic equilib-
rium of BSCF is displayed in Figure 44 for atmospheres with different oxygen partial pres-
sure. The maximum in the conductivity in air (54 Scm™) and pure oxygen (84 Scm™) is
reached at approximately 350 °C. At temperatures between 400 °C and 900 °C only a

slight decrease in the conductivity is visible.
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Figure 44: Temperature dependence of the electrical conductivity of BSCF in pure oxygen and

20 % O, atmosphere (lines to guide the eye).

The oxygen partial pressure dependence of the conductivity of BSCF is displayed in
Figure 45. A change in the slope of the curves can be observed at p(O,) around 0.01 bar.
The oxygen partial pressure dependence of the conductivity is more pronounced at p(O,)

higher than 0.01 bar than at lower partial pressures.



100 5

sod | * 600°C
i | e 700°C
60 3 A 800 °C
40—f
5 4
n
s - /
20
! L | ! LA | ! LA | ! L |
1E-4 1E-3 0.01 0.1 1

pO, / bar

Figure 45: Oxygen partial pressure dependence of the electrical conductivity at 600 °C, 700 °C and
800 °C of BSCF (lines to guide the eye).

4.3.3 Electrical conductivity of LSF82: Isobars and isotherms

The temperature dependence of the electrical conductivity at a p(O,) of 0.175 bar is dis-
played in Figure 46. The maximum conductivity in air is 91.7 Scm™ at 686 °C with the
corresponding activation energy of 0.12 eV.

The oxygen partial pressure dependence of the total electrical conductivity of LSF82 is
displayed in Figure 47 at 626 °C, 736 °C and 841 °C. Generally, the conductivity increases
with decreasing temperature between 841 °C and 626 °C. At a p(O,) of 0.175 bar
(log(p(0O,) = -0.75) the conductivity at 736 °C is higher than at 626 °C (Figure 46). Gener-
ally, the conductivity at higher p(O,) is almost temperature independent between 626 °C
and 841 °C.
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Figure 46: Electrical conductivity measured during cooling (0.2 K/min) at 0.175 bar oxygen partial
pressure (line to guide the eye).

The slope at 626 °C is similar to LSCF at 650 °C in the higher p(O,) interval between 1
mbar and 1 bar increases when the oxygen partial pressure is further reduced. The increase
in the slope with the temperature is less pronounced at p(O;) > 1 mbar than for LSCF.
This can be seen also in Figure 46. Generally, these two materials show similar trends in
the partial pressure dependence with temperature between 626 °C and 841 °C at higher as

well as lower partial pressures.
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Figure 47: The p(O,) dependence of the electrical conductivity of LSF82 at 626 °C,
736 °C and 841 °C (lines to guide the eye).

4.4 Discussion: Comparison of electrical conductivity (iso-
therms) of Lao_68r0_4c00.2|:eo_803_5 and Bao_5sro_5C00_8Feo_203_5,
LageSrosFe0Os.s and (LagsSro2)o.0sFe03.5

4.4.1 Temperature dependence of the electrical conductivity

LSCF shows the highest conductivity and lowest activation energy among the tested mate-
rials. The values are in agreement with the literature [18, 52]. The activation energy was
calculated from the slope of the Arrhenius plot in the linear regions and is summarized in
Table V. The low activation energies of the materials suggest predominantly electronic
conductivity. The activation energies of the ionic conductivities of SOFC cathode materials
according to an evaluation of Ullmann et al. [52] are in the order of 0.7-1.4 eV. Hole con-
duction is presumed for all the four materials, because it is only slightly affected by the
oxygen partial pressure. As pointed out in chapter 4.1.1 the conductivity maxima can be
attributed to the temperatures where progressive oxygen exchange starts to take place and

the increasing mobility of the holes is suppressed by the decreasing number of holes as
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charge carriers. Electrons as charge carriers seem to become more important at higher tem-
peratures (> 800 °C) or lower oxygen partial pressures (< 10™ bar) as can be seen from
modelling the electronic conductivity by Bucher et al. [88]. The itinerant electron model
fits better to the experimental data at higher T and lower p(O,) which corresponds to con-
siderations by Mizusaki [119]. Thus, electrons as charge carriers are present and the con-
ductivity is decreasing with temperature as in metals. Table VV summarizes the activation
energies of the different materials in air and oxygen for different temperature ranges. The
low activation energies correspond to an almost temperature independent conductivity of

all tested materials.

Table V: Activation energy of the electrical conductivity of BSCF, LSCF, LSF64 and LSF82
(SD stands for standard deviation).

Conditions T-range |Ea/eV | SD/eV
BSCF air
250-350 °C 0.270 0.011
BSCF O,
350-700 °C 0.052 0.002
LSCF air
150-550 °C 0.075 0.001
LSCF O,
400-800 °C 0.072 0.001
LSF64 air
(Mosley et al. [120]) | 0.31 -
LSF82 air
626-780 °C 0.116 0.001

The conductivity of LSCF is increasing with increasing temperature to a maximum of 418
S/cm in air and 412 S/cm in pure oxygen at approximately 550 °C, (Ea = 0.067-0.073 eV)
in the p(O,) range between 0.01 and 1 bar. The maximum conductivity is slightly higher
and the activation energy is slightly lower as found by Tai et al. [18] who suggest small
polaron conduction at temperatures below the conductivity maximum. At higher tempera-
tures they speculate that the oxygen loss and the oxygen vacancy formation might be re-
sponsible for the decrease in the electrical conductivity. The decrease in the mobility of the
charge carriers with increasing oxygen vacancy formation was later shown by Bucher and
Sitte [87] for Lag4SrosFeOss. A similar behaviour is assumed to be present also for the

four materials composition compared here.
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The conductivity of BSCF generally is higher as evaluated by Wei et al. [54] and the acti-
vation energy (30.8 kJ/mol (= 0.270 eV) vs. 35.5 kJ/mol) in the lower temperature region
is slightly lower than this literature values. Wei et al. [54] also suggest hopping of p-type
small polaron as conduction mechanism. The activation energy at T > 350 °C amounts to
0.051 eV which is even lower than for LSCF and reflects the almost temperature inde-
pendent behaviour of BSCF at temperatures higher than the conductivity maximum. The
maximum conductivity of LSF82 is 91.7 Scm™ in air at 686 °C. The evaluated activation
energy for LSF82 similarly as for LSCF is 0.12 eV. In the literature [37] a slightly lower
activation energy (= 0.09 eV) as well as a conductivity maximum at higher temperatures
(800 °C vs. 736 °C) for LaggSroFeOs.s are reported. The conductivity of LSF64 at 700 °C
is 190 Scm™ in pure oxygen and of 168 Scm™ in air measured. The temperature depend-
ence wasn’t evaluated. According to the literature [120] the activation energy of LSF64 is
0.31 eV and close to the value of BSCF below 350 °C, as illustrated with the triangle in the
Arrhenius plot of the four materials displayed in Figure 48. The slope of BSCF at T > 350 °C
is similar to LSCF and LSF82 that all show almost temperature independent behaviour of

the conductivity.
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Figure 48: Electrical conductivity in air: Arrhenius plots of BSCF, LSCF of LSF82 and the illustration
of the activation energy of LSF64 (lines to guide the eye).
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Tai et al. [37] additionally to small polaron conduction also propose 3 more mechanism to
explain the unique electrical conducting behaviour of oxides with similar composition like
LSCF: (a) thermally activated charge disproportionation of Co ions; (b) ionic compensa-
tion by the formation of oxygen vacancies at higher temperatures; (c) preferential elec-
tronic compensation to form Fe*" rather than Co**. At temperatures higher than the con-
ductivity maximum a decrease, which is attributed to the temperatures, where the oxygen
exchange of the materials starts to create an increasing number of vacancies thus compet-
ing with the electron holes [63, 86] that are supposed to be mostly responsible for the con-
ductivity under the present conditions. This effect is less pronounced in the pure oxygen
atmosphere, most probably due to the fact, that less oxygen vacancies are created and

therefore, more holes as charge carriers are present as in air.

The reduction of LSCF is supposed to start at slightly lower temperatures than the conduc-
tivity maximum around 550 °C. The CTE in (chapter 3.2.2) seems to increase at T > 600
°C due to chemical expansion. Since the oxygen content influences both, electrical conduc-
tivity and thermal expansion, the large increase in the apparent CTE (up to 28 ppm/K) in-
dicates a high polarizability of the material and thus a stronger dependence of the conduc-
tivity on p(O2) might be expected. In order to check if the oxygen non stoichiometry
changes are in agreement with the observed p(O) dependent conductivity the following
analysis is made for LSCF based on literature data for the oxygen non stoichiometry and
the results in Figure 43.

The change in the p(O,) from 1 bar to 0.2 bar at 800 °C corresponds to a change in A from
approximately 0.03 mol to 0.05 mol [22]. Similarly at 700 °C, Ag is increasing from 0.015 mol
to 0.03 mol. In this temperature range the increase in the temperature by 100 K has a simi-
lar impact on the non-stoichiometry as the change in the oxygen partial pressure from 1 bar
to 0.2 bar. The changes in the conductivity are following the same pattern and have similar
values at 700 °C at 0.2 bar (386 Scm™) and 800 °C 1 bar (358 Scm™) and lower ones at
800 °C and 0.2 bar oxygen partial pressure (316 Scm™). Therefore, the p(O,) dependence
and temperature dependence of the electrical conductivity are in agreement with the oxy-
gen non stoichiomety of LSCF. The high CTE values (chapter 3) might result from the
heating rate of 5 K/min, because no equilibrium between the dense sample and the gas at-

mosphere could be reached. It further indicates that the oxygen release is thermally acti-
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vated rather than p(O,) dependent. This makes sense, because the redox potentials of Co
and Fe at a given temperature are quite close and thus the relative oxidation states between
Fe*** and Co*’** might vary without any influence on the average oxidation states and
thus the oxygen content. LSCF contains already a higher amount of B** and thus can
“buffer” a reduction in p(Oy).

BSCF shows only a low temperature dependence of the electrical conductivity between
350 °C and 800 °C, however the p(O,) dependence is much more pronounced. The almost
temperature independent behaviour of the conductivity at T > 400 °C might be explained
by a plateau of AS/AT [81] at higher temperatures after reaching a maximum at approxi-
mately 400 °C . The number of additional vacancies relative to the temperature increase
becomes constant and might be compensated by the increasing mobility of the charge car-
riers. An additional effect might be the formation of Co*" due to the thermally activated
charge disproportionation as mentioned before.

4.4.2 Comparison of oxygen partial pressure dependence of the electrical
conductivity

The p(O,) dependence of the electrical conductivity of LSCF, LSF64 and LSF82 is simi-
larly low at p(O,) > 0.01 bar and becomes more pronounced when decreasing the p(O,)
and increasing the temperature. BSCF shows a significantly lower p(O,) dependence in the
lower p(O_) region but a larger dependence in the higher p(O_) region than the other mate-

rials.

The p(O,) dependence of the electrical conductivity is summarized in Table VI. The expo-
nent (x) in the Equation o ~ p(O,)* represents the slope in the plot log & vs. log p(O2) and
is ranging from 0.038 to 0.103 for LSCF between 650 °C and 800 °C and from 0.177 to
0.224 for BSCF between 600 °C and 800 °C in the p(O_) range between 0.01 bar and 1 bar.
The slope changes at lower p(O,) and is increasing for LSCF but decreasing for BSCF.
LSF82 shows a slope between 0.028 and 0.048 at temperatures ranging from 626 °C to 841
°C and LSF64 a slope of 0.092 at 700 °C.
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Table VI: Oxygen partial pressure dependence of the electrical conductivity for BSCF, LSCF,
LSF82 and LSF64.

Conditions Exponent | SD of x Conditions Exponent | SD of x

p(Oz) range |  p(Oy)* p(O2) range P(O2)"

BSCF 600 °C 0.224 0.006 LSF82 626 °C 0.028 0.001
0.007-1 bar 0.001 - 0.2 bar

BSCF 700 °C 0.177 0.007 LSF82 736 °C 0.042 0.001
0.01-1 bar 0.001 - 0.2 bar

BSCF 700 °C 0.127 0.005 < 0.001 bar 0.098 0.017

2E-4-0.01 bar

BSCF 800 °C 0.180 0.010 LSF82 841 °C 0.048 0.004
0.01-1 bar 0.001 - 0.2 bar

BSCF 800 °C 0.112 0.005 < 0.001 bar 0.169 0.006

0.001-0.01 bar

LSCF 650 °C 0.038 0.003 LSF64 700 °C 0.092 0.008
0.01-1 bar 0.001 -0.78 bar
LSCF 700 °C 0.088 0.008 LSF64 700 °C 0.191 0.005
0.01-1 bar < 0.001 bar
LSCF 700 °C 0.180 0.010
5E-5-4E-3 bar
LSCF 800 °C 0.103 0.012
0.01-1 bar

Figure 49 illustrates the differences between BSCF and the LS(C)F materials regarding the
p(O,) dependence of the electrical conductivity at T > 700 °C. As already mentioned, the
temperature dependence of the electrical conductivity as regards LSF82 is relatively low.
Therefore, a comparison with the other materials that were measured at 700 °C seems to be

justified despite the temperature difference of 36 °C.

An explanation for the pronounced p(O;) dependence of BSCF is possibly the low number
of 3-valent B-ions being present that could act as a reduction buffer, because in contrast to
LSCF only A* are present with Ba** and Sr**. In fact BSCF shows a larger p(O,) depend-
ence than LSCF. The conductivity maxima of BSCF in accordance to LSCF seem to corre-
spond to the change of the coefficient of thermal expansion. Bucher et al. [81] assume that
the low temperature maximum in the conductivity of BSCF at approximately 350 °C coin-
cides with a change in the CTE as published in [121]. The lower p(O,) dependence in the
low p(O,) region (< 0.01 bar) might be explained by a stabilizing effect of Ba [57]as A-site

cation.
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Figure 49: Electrical conductivity: oxygen partial pressure dependence at T > 700 °C of BSCF,
LSCF, LSF82 and LSF64 (lines to guide the eye).

LSF64 shows a similar dependency on the oxygen partial pressure as LSCF with an in-
crease of the slope at p(O,) < 0.01 bar. The reason is most probably the same cation ratio
on the A-site. The conductivity of LSF64 is lower than for LSCF, most probably due to the
absence of Co-ions that lead to an increase of the mobility of p-type carriers [18]. The low
p(O,) dependence of LSF82 might be attributed to the larger redox capacity due to a higher

amount of La** (Lagg vs. Lage) on the A-site.

4.4.3 General comparison of conductivities

LSCF and LSF64 show the highest electrical conductivity at the working conditions of an
SOFC at approximately 0.2 bar oxygen partial pressure and are therefore considered as the
favourable materials in terms of conductivity. LSF82 and BSCF in contrast have by factor
5 to 8 lower electrical conductivities than LSCF. The p(O,) dependence of the electrical
conductivity is generally low and less pronounced for LSCF, LSF82 and LSF64 compared
to BSCF. All four materials have low activation energies and show most probably hole

conduction at temperatures below the conductivity maximum. LSCF and LSF64 seem to
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be the favourable materials in terms of the electrical conductivity for the application as
SOFC cathodes at 600 °C among the four tested.

4.5 Results: surface exchange and oxygen ion transport
in LSCF, BSCF, LSF82 and LSF64

4.5.1 Chemical surface exchange coefficient of LSCF

The chemical surface exchange coefficients (E ) for LSCF are displayed in Figure 50 in the
p(O,) range between 0.4 mbar and 1 bar at 700 °C and 800 °C with values between 1E-5

and 4E-3 cm.s. The increase of k is apparently linear at 700 °C in the p(Oy) intervals
from 0.4 mbar to 10 mbar and above 10 mbar. The slopes from the double logarithmic plot
are 0.89 at 700 °C in the lower p(O, < 0.01 bar) interval and 0.76 in the higher p(O, > 0.01
bar) interval. The data points in Figure 50 regarding LSCF at 700 °C are compared with

fits to literature data of the surface exchange coefficient [60].
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Figure 50: Chemical surface exchange coefficients (K ) of LSCF as a function of the oxygen partial
pressure compared with fits to literature data from Bouwmeester et al. [60] at p(O,) lower than
0.01 atm (A) and > 0.01 atm (B) and the slope of 0.56 according to Lane et al. [106] at 800 °C as a
comparison.
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45.2 Chemical diffusion coefficient of LSCF

The diffusion coefficients of LSCF displayed in Figure 51 as a function of p(O,) show val-

ues between 4E-6 and E-5 cm?s™. LSCF shows only a slight increase in D (slope = 0.2 at
800 °C and 0.09 at 700 °C) of the diffusion coefficient with increasing p(O,).
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Figure 51: Chemical diffusion coefficients ( IS ) of LSCF as a function of the oxygen
partial pressure.

4.5.3 Chemical surface exchange coefficient of BSCF

The oxygen partial pressure dependence of the chemical surface exchange coefficient (E)
is shown in Figure 52 for BSCF in the p(O-) range between 0.4 mbar and 1 bar at 600 °C

and 700 °C with values between 4E-5 and 7E-3 cm s™. The increase of k is apparently
linear at 600 °C and 700 °C in the p(O,) intervals from 0.4 mbar to 1 bar. The linear de-
pendence yields a slope of 0.53 at 600 °C and 0.64 at 700 °C.
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Figure 52: Chemical surface exchange coefficients (K ) of BSCF as a function
of the oxygen partial pressure.

45.4 Chemical diffusion coefficient of BSCF

The diffusion coefficients of BSCF are displayed in Figure 53 as a function of the p(O,)

and show values between 4E-7 and 4E-5 cm?.s*. LSCF shows only a slight increase in D
(slope = 0.2 at 800 °C and 0.09 at 700 °C) with increasing p(O2). BSCF has a pronounced
p(O,) dependence increasing from 0.42 at 600 °C to 0.61 at 700 °C and 0.63 at 800 °C.
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Figure 53: Chemical diffusion coefficients (D ) of BSCF as a function of the oxygen
partial pressure.

4.5.5 Chemical surface exchange coefficient of LSF82

The chemical surface exchange coefficients (E ) of LSF82 are displayed in Figure 54 in the
p(O,) range between 0.4 mbar and 0.2 bar at 626, 736 °C and 841 °C with values between

4E-6 and 4E-2 cm s. The slope of K is increasing with decreasing temperature, so the

p(O,) dependence and values of k are more pronounced at 626 °C than at 841 °C. The
slope at 626 °C is 1.25, at 736 °C 1.07 and 0.96 at 626 °C.
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Figure 54: Chemical surface exchange coefficients (E ) of LSF82.

45.6 Chemical diffusion coefficient of LSF82

The diffusion coefficients of the LSF82 are displayed in Figure 55 as a function of the
p(O,) and show values between 4E-8 and 8E-6 cm?s™. The p(O,) dependence of LSF82 is
increasing with increasing temperature. The increasing slope yields 0.25 at 626 °C, 0.5 at

736 °C, and 0.8 at 841 °C with increasing temperature.
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Figure 55: Chemical diffusion coefficients (Dgnem) Of LSF82; dependence on the p(O,).
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4.6 DISCUSSION: Comparison of oxygen exchange
and diffusion kinetics

4.6.1 Chemical surface exchange of LSCF, BSCF, LSF82 and LSF64

The linear fits of the chemical surface exchange coefficients of LSCF, LSF64 and
BSCF are displayed in Figure 56 as a function of the p(O,) at 700 °C and at 736 °C for
LSF82. LSF64 and BSCF are exceeding the values for LSCF by about one order of
magnitude at a p(O,) around 1 mbar. LSF82 shows values in between but was only
evaluated up to a p(O_) of 10 mbar. The error bars in the figures indicate the experimen-
tal uncertainty. At SOFC relevant p(O,) around 0.2 bar LSF64, BSCF and LSCF show

similar values due to the profound increase of K Lscr with increasing p(Oy). The slopes

of k oc p(O2)* are displayed in Table VII.

Table VII. Dependence of the chemical oxygen surface exchange coefficient on the oxygen
partial pressure (K oc p(02)")

p(O2) range XLsCF XBSCF XLsFg2™ XLSFe4
A<0.0lbar<B
T/°C

A+B - 0.53 1.25 (A + B)* -
600 °C (626 °C*)

A B 0.89 (A) 0.64 (A + B) 1.07 (A)* 0.76 (A + B)
700 °C (736 °C*) |  0.76 (B)

A B 0.5 (B) - 0.96 (A)* -
800 °C (841 °C*)

The slope of Iog(E ) versus log(p(O,)) can be related to the reaction order of the surface
exchange reaction. Different mechanisms are suggested in the literature for the oxygen
exchange mechanism by ten Elshof et al. [19], and Merkle and Maier [122] involving

i.a. molecular (k o p(0y)") and atomic oxygen (K oc p(0)>®) in the rate determining

0.76

step. A value of K o p(0O,)~" is ascribed to the transfer of one electron to the adsorbed

molecular oxygen as the rate determining step of the oxygen reduction. The fits of
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BSCF show slopes close to 0.5 suggesting atomic oxygen to be involved in the rate
determining step [122]. The values of K Lsres oc 0.75 at 700 °C could correspond to the
transfer of one electron to the adsorbed molecular oxygen. The slopes of LSCF and
LSF82 especially at p(O;) < 10 mbar at 700 °C and 736 °C, respectively, are close to 1
and therefore, molecular oxygen is supposed to be involved in the rate determining step
for the oxygen exchange reaction. At 700 °C and p(O,) > 0.01 bar LSCF has a slope of
0.76 which is attributed to the same mechanism as LSF64. As the other materials LSCF
at 800 °C shows a value close to 0.5 at p(O2) > 10 mbar suggests atomic oxygen thus at

SOFC relevant oxygen partial pressure.

The temperature dependence of k is more pronounced for BSCF than for LSCF and
LSF82. At 800 °C the oxygen diffusion for BSCF is rate determining at the given di-
mensions of the sample (L. is much lower than the sample dimensions) and therefore,

k couldn’t be reliably evaluated from conductivity relaxation curves.

The data points in Figure 50 regarding LSCF at 700 °C are compared with fits through
literature data from Bouwmester et al. [60] of the surface exchange coefficient. Sahib-
zada et al. [123]et al. at 700 °C and p(O;) < 30 mbar obtained a value of k that are
about one order of magnitude higher than the presented. The slopes of the literature
plots amount to 0.96 + 0.08 between 0.01 bar and 2E-4 bar but only to 0.58 + 0.03 be-
tween 0.01 and 0.4 atm. At 800 °C the presented data points deviate from the fit through
these literature data (0.37 + 0.07) from. However, the slope of the fit through the data
points at 800 °C (0.62 + 0.09) is close to the dependence presented by Lane et al ([106],
p(02)*%®). Also Segaard et al. [32] found dependencies k oc p(02)°° at 800 °C and val-

ues close to the presented data of this study.

LSF64 was also investigated by conductivity relaxation by ten Elshof et al. [19] and

Sggaard et al. [124]and show significantly lower values of k at 725 °C and 700 °C with
slopes of 0.75 and 0.62, respectively. Slight differences in the samples (e.g. grain size,
polishing of the sample surface) and the experimental procedure (e.g. step width of the
p(0O,) in the experiment) are possible reasons. The slope found in this study is 0.76,

which is closer to the values of ten Elshof et al. [19].
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The results from Petitjean et al. [61] show clearly that Lag gSro2FeOs.s has oxygen tracer
diffusion and surface exchange coefficients superior to both LaggSro,MnOss and
LaosSro2C003.5 which justifies the selection of as a candidate for SOFC cathodes. A
comparison between the results obtained in course of this study would require addi-
tional data from thermogravimetry to convert the literature data into the chemical diffu-

sion and surface exchange coefficient as done for BSCF [81].
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Figure 56: Surface exchange coefficient: oxygen partial pressure dependence at > 700 °C.

Generally the values of k were found to be higher performing oxidation experiments than
for reduction when changing the atmosphere between two fixed p(O,) values during the
present study. Similar discrepancies for conductivity relaxation experiments on
LagsSrosC003-5, LageSro4Cos-yFeyOs-5, and LagsSrosFeosGag 035 Were attributed to the
determining influence of the target p(O,)and limitations of the experimental setup [60, 125-
127]. Bucher et al. [81] suggest the pronounced positive p(O,) dependences of the parame-
ters, e.g. D o0 p(02)®®* %P and k oo p(0,)©®* %Y at 700 °C [121] to be the cause of sys-
tematically higher D [ox] than D ireq] @nd mostly higher E[OX] than E[red] of BSCF. Extrapo-

lating k at 700 °C to p(O2) of 0.2 bar of all tested materials show values > 10° cm s™.
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4.6.2 Chemical diffusion coefficients of LSCF, BSCF, LSF82 and LSF64

The values of the diffusion coefficient of LSCF at 700 °C and 800 °C are in agreement
with the literature data [19, 60, 106] including comparable compositions e.g.
LagSro.4C00.4Fe0603.5. The diffusion coefficient of LSCF shows only a weak depend-

ence (< 0.19) on the p(O,) while BSCF has a pronounced p(O;) dependence (0.6 + 0.1)

atall T > 700 °C. Due to the stronger increase of D with increasing p(Os), the diffusion
coefficients of BSCF exceed those of LSCF at p(O,) > 0.2 bar.

The strong decrease of the oxygen diffusion coefficient of BSCF with decreasing p(O2)
was not expected, because in general the ionic conduction increases with increasing of
the oxygen deficiency. Vacancy ordering might be the competing effect that occurs due
to the already very high oxygen deficit in the material [63, 84]. The same assumption
can be made also for LSF64 and LSF82 that show similarly high p (O2) dependence.

The slopes of the dependence D o p(O,)* are summarized in Table VIII.

Table VIII: Dependence of the chemical oxygen diffusion coefficient on the oxygen partial
pressure (oc p(0,)")

T/°C XLSCF XBscF XLsFe2™ XLsF64
600 °C (626 °C*) - 0.42 0.25 -
700 °C (736 °C¥*) 0.2 0.61 0.50 0.76
800 °C (841 °C*) 0.09 0.63 0.80 -

Compared to literature data from Sggaard et al. [32] LSCF shows similar values at 800
°C and the slope (D o p(0,)®2 in the range 10 < p(O,)/bar < 10°Y) is in agreement with

own results that shows rather p(O_) independent behaviour. The magnitude of D and the
p(O,) dependence Bouwmeester et al. [60] is also corresponding to the obtained values
in the above mentioned range, but shows a higher dependence at p(O,) < 10° bar, which
Is attributed to vacancy ordering. However, Lane et al. [106] found values of D o
p(0,)>* at 0.05 < p(O2)/bar < 1 and 800 °C.
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The oxygen self diffusion coefficient is estimated from data of D gscr Via the thermo-
dynamic factor by Bucher et al. [81] obtained from thermogravimetric data. Between
600 °C and 700 °C at a p(O,) of approximately 10 mbar the oxygen self diffusion coef-
ficient is about one order of magnitude lower than the chemical diffusion coefficient.
The estimated values correspond closely both in the magnitude and the temperature de-
pendence to the data of Berenov et al. [102]who determined the oxygen tracer diffusion
coefficient between 370 °C and 550 °C at 0.21 atm.

Segaard et al. [124] found values for D of (Lag,Sro.4)0.99F€03.5 at 700 °C that are about
one order of magnitude lower than the presented for LSF64. The value of D is also

decreasing with decreasing p(O,) similarly to LSF64. The slope is also not compared

with the presented data because only two data points are shown in that study.

Data from Petitjan et al. [61] show that the oxygen tracer diffusion coefficient of
LagsSro2Fe0s.s is equally high as for LaggSro2Co03.5. A direct comparison between
the data of the present study would require additional TG data to calculate the thermo-

dynamic factor.
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Figure 57: Dependence on the oxygen partial pressure at 700 °C: chemical diffusion coefficients
of different cathode materials (LSF82 at 736 °C).
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Regarding the oxygen exchange and diffusion BSCF and LSF64 are the kinetically
“fastest” materials at SOFC relevant conditions. LSF82 shows surface exchange coeffi-
cients in a similar range than BSCF and LSF64 but significantly lower diffusion over
entire measured p(O_) range. LSCF shows similar oxygen exchange kinetics as BSCF
and LSF64 at SOFC relevant conditions but lower values in the low p(O,) range. In
contrast to the other materials LSCF shows only a small dependency of the diffusion

coefficient on the p(O,) but lower values at SOFC relevant conditions.

The diffusion coefficients of LSF64 and BSCF are exceeding the values of LSCF by

about one order of magnitude at a p(O,) around 0.2 bar. LSF82 shows values in between

but was only evaluated up to a p(O,) of 10 mbar. Regarding D, LSF82 at 626 °C has a
rather low p(O,) dependence such as LSCF while at T > 736 °C the temperature de-
pendence becomes more pronounced similar to BSCF. The pronounced decrease of the
diffusion coefficient can be explained by oxygen vacancy ordering occurring at a p(O,)
below 107 bar [60]. A lower tendency to vacancy formation at 700 °C might be as-
cribed to LSCF. The lower p(O;) dependency of LSF82 at 626 °C seems to agree with
this assumption, because less oxygen vacancies are assumed to be present. At high po-

larization currents in fuel cells the p(O,) can virtual shift to lower values. Due to the

pronounced p(O;) dependence of D of LSF82, LSF64 and BSCF this effect can lead to
lower oxygen diffusion in these materials. LSCF has the lower A3 than BSCF in the
temperature range between 600 °C and 800 °C [26, 128-130]. Both high oxygen va-
cancy concentration and high chemical diffusion coefficients suggest that the oxygen
ion conductivity in BSCF is higher at the SOFC relevant conditions. However, the pro-
nounced dependence of the diffusion coefficient of BSCF on the p(O,) might become
critical at high cell polarisation, which virtually shifts the p(O,) to lower values and thus

lowers the ionic transport rate.
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4.7 Conclusions

The comparison with literature data shows that the values of the kinetic parameter can
deviate up to one order of magnitude for the same material. This is attributed to differ-
ences in the sample preparation rather than the measurement method. As described in
chapter 4.1 the assessed values correspond to effective media diffusion, because the
samples are polycrystalline dense pellets. The grain size of the polycrystalline samples
and different surface properties are two possible parameters that might responsible.

Diffusion controlled behaviour (e.g. for LSCF at 800 °C and p(O_) > 0.05 bar and BSCF
at 800 °C) as well as surface exchange controlled (e.g. for LSCF at 700 °C and p(0,) <
0.01 bar) behaviour of the samples was observed. It can be clearly observed that the

sample thicknesses of approximately limit the temperature and p(O,) range where D

and k can be determined simultaneously.

The selection of a cathode material is a compromise between different factors. LSCF
finally was chosen because of a significantly higher electrical conductivity. LSCF
shows a high surface exchange coefficient at SOFC relevant conditions. Furthermore,
the diffusion coefficient shows low p(O,) dependence, possibly a favourable material
property at high cathode polarization. Considering the electrical conductivity and oxy-
gen exchange, the powder properties and the compatibility with the electrolyte material
discussed in Chapter 3, LSCF turns out to be the most promising candidate. As men-
tioned already in Chapter 3, the production of phase pure nano powders [72, 79] was a
further precondition for the study of the powder as a cathode. Therefore, LSCF was
chosen for the processing of screen printing pastes including sub-p and nano powders to

be applied as cathodes on CGO electrolyte substrates.
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5 Electrochemical properties of
LSCF//ICGO//ILSCF cells

LSCF turned out to be a promising candidate materials for the air electrode in SOFCs as
shown in the material evaluation regarding powder properties (chapter 3) due to phase
pure production of nano powder and compatibility with Gdo1Cep 90195 as well as high
electrical conductivity and oxygen exchange kinetics (chapter 4). The literature review
in chapter 2 shows the advantage of smaller particle sizes of the precursor for the elec-
trochemical performance. Modelling of the cathode polarization resistance [32] and area
specific resistance [33] confirm these considerations. Following this approach the im-
plementation of nano powders was regarded as promising way to cathodes with a high
performance. However, there are some drawbacks in the processing of screen printing
pastes containing nano powders [69, 70]. The small particle sizes lead to higher sinter-
ing activity and shrinking during heat treatment. The high surface area of the powders
requires a larger amount of dispersing chemicals and the particle size limits the maxi-
mum solid loading of the screen printing pastes. Slow drying and burnout of the chemi-

cals are required in order to ensure good layer quality.

5.1 Experimental: Preparation of symmetrical cells with
LageSro4CogoFeqsOs.s cathode Iayers on Ceo_ngo_101.95
electrolyte substrates by screen printing

Symmetrical cells were produced by screen printing of LSCF pastes on both sides of a
dense Cep9Gdo101.95 pellet (HC-Starck) and subsequent heat treatment. The preparation
of screen printing pastes for the application as cathode layers is described in detail by
Burnat [70]. Table IX shows the IDs of the samples produced in course of the present

investigations, the corresponding firing temperatures, and the performed investigations.

The pastes were produced from LSCF sub-pu (coarse = C) and nano powder (=N),

Ce09Gdp 10195 electrolyte (=E) powder, terpineol as liquid medium, Solsperse3000
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(Clariant) as a dispersant and polyvinylbutyral (PVB) as a binder. After printing and
heat treatment, the samples were investigated by light microscopy (LM), scanning elec-
tron microscopy (SEM) and electrochemical impedance spectroscopy (EIS). The de-

tailed paste recipes can be found elsewhere [70, 131].

Table IX: Sample IDs with firing temperatures and investigation methods.

Sample ID | Powder content/ powder morphology Firing T /°C | Investigations
C25 25 vol% sub-p (coarse) 900 SEM, EIS
C40 40 vol% (only at 1000 °C, SEM) 950 SEM, EIS
1000 SEM, EIS
1100 EIS
N25 25 vol% nano powder 950 SEM, EIS
N20* (20 vol%, only at 1050 °C, SEM) 1000 LM, SEM
N40° (40 vol %, only at 1000 °C, SEM) 1050 SEM
NE46 33 vol% (46 wt% electrolyte powder) 1000 EIS
1100 EIS
C11N22 33 vol% (11 vol% sub-p + 22 vol% nano) 950 SEM, EIS
1000 LM, SEM, EIS
1200 SEM, EIS
CNE46 33 vol% (46 wt% electrolyte powder, 950 SEM, EIS
rest C:N=1:2 mix) 1000 LM, SEM, EIS

The paste rheology was investigated with Rheolab MC120 (Physica Messtechnik
GmbH, Germany) equipped with thermostat system VT100 (Physica). According to
earlier investigations [132, 133] regarding YSZ screen printing pastes, ideal screen
printing pastes should show a thixotropic behaviour. The visicosity at low shear rates
should be high enough to prevent the paste from dropping down from the sieve under
the force of gravity. Secondly, the paste favourably should become more fluid under

applied shear stress in order to be able to fill the screen and print subsequently.
The rheology of applicable pastes is displayed in Figure 58, showing partly different

rheological behaviour. Paste NE46 shows the desired thixotropic behaviour, but C25

behaves almost like a Newtonian liquid.
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The shear thinning of this paste is very low, thus the viscosity is only decreasing very
slowly with increasing shear rate or applied shear stress during printing. Especially C25
with 6 % binder addition resulted in smooth cathodes layers after printing similar to the
other pastes. N25 and C11N22 show shear thinning behaviour, but a Newtonian plateau
at shear rates lower than 10 s™.

Viscosity n [Pas]
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Rheology of selected pastes
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—&—N25
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Figure 58: Rheological behaviour of selected pastes.

The heat treatment of nano powders and the corresponding pastes required adapted heat-
ing ramps of 1 K/min instead of 5 K/min and additional dwell times. Additionally all
pastes required a burnout of the organic binder system to reduce the delamination of the
layers.

The burnout of terpineol is attributed to a temperature around 200 °C and therefore, the
dwell time D; was introduced. The dispersant and binder are supposed to burn out at
300 °C and after slow heating (R,) the dwell time (D) was introduced. After heating up
to 800 °C with the standard heating rate (R3) of 5 K the samples were heated to the tar-
get temperature with 1 K/min (R4) because the sintering activity of the powders starts
exceeding this temperature. The samples were dwelled for 4 hours at the target tempera-
ture (D3, 900-1200 °C) and subsequently cooled with 2 K/min to room temperature.
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Figure 59: Optimized temperature profile according to the TG and dilatometer curves of the
LSCF pastes

The stability after sintering was checked with the tape test by applying an adhesive tape
on the cathode layer and checking the adhesion of the layer by fast removing the tape
[70]. Samples with sufficient adhesion on the electrolyte were examined further by light
microscopy (LM) and scanning electron microscopy (SEM). The surface of the layers
after the heat treatment was examined with respect to cracks by LM. The cross section
of the samples was examined with the SEM (Tescan Vega 5130-SB) after breaking the
samples and sputtering with Pd/Au (Cressington Sputter Coater 108auto). The samples
were additionally contacted with conducting carbon paste (Leit-C nach Gocke, Plano
GMBH) to ensure a good electrical contact between the examined cross section and the

sample holder.
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5.2 Experimental: Impedance spectroscopy as a tool
to examine ionic/electronic transport properties

5.2.1 Impedance as perturbation function of an alternating
current (AC) signal

The principle of the impedance spectroscopy (IS) is to obtain the frequency dependent
sample’s response to the change of the electrical field, which is an exactly defined per-
turbation function. The most important advantage is the possibility to separate processes
with different time constants. The precondition is that they have to occur in different
frequency domains — in other words the difference between the relaxation times of the

processes has to be large enough.

In course of this study EIS is used for the evaluation of the polarization resistance which
reflects the sum of charge transport in the electrodes, for the ohmic resistance of the
electrolyte, involving bulk and the grain boundary resistivities, charge transfer proc-
esses between different phases, double layer capacitance, surface adsorption, redox-

reactions and in some cases also corrosion and passivating processes.

The resistance (R) is a measure for the voltage losses in the various reactions steps at a
given current. The capacitance (C) of a reaction step has no impact on the active resis-
tance, but causes a time delay between current and potential in sinus signal. The product
RC results in the characteristic time constant (t = 1/w) of a process, where ® is the
characteristic frequency of the reaction step. Usually, the capacitance values differ by
orders of magnitudes between double layer, grain boundaries, surface adsorbates, while
the resistances often can be present in similar values. The differences in the capacitance
result in different time constants thus allow to distinguishing the various reaction steps

of the system.

Applying a sinusoidal alternating voltage of a defined frequency to a linear responding
system, an AC current with the same frequency with an amplitude (lp) and a phase shift
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(6) can be measured. The impedance is defined in analogy to ohmic law in the case of

directed current (Equation 33).

Z= Lﬂ(mt) Equation 33
I, sin(mt + 6)

The amplitude Eo/lp is written as Zo. The impedance can be displayed as a complex
number (Z(w)=Z0e"’) using E = E¢e™' and I = I, e/“*, The real part of the impedance is
Z’ = Zy cos 6 and the imaginary part Z” = Zy | sin 0, while the magnitude of
z|=@?+ 2% =2,

Systems with frequency dependent impedance characteristics result in different values
in the impedance at different frequencies. Different opportunities to display the spectra
exist. The so called Nyquist plot displays the real part (Z’) as x-axis and the imaginary
part (Z”) as y-axis. The frequency dependent representation of impedance values is the
so called Bode plot. The magnitude of Z, the real (Z’) and imaginary (Z”) part, the
phase angle or the capacitance e. g. can be displayed as a function of the frequency. The
Bode plot (Z” vs. frequency) can give hints about the speed of some processes ex-

pressed by the inverse time constant (1/t = 1/(RC) = w) of the corresponding processes.

The different time constants (= C and/or R values) help to distinguish the contributions
of CGO electrolyte and the LSCF cathode to the total cell resistance. Furthermore, dif-
ferent processes as the oxygen exchange, oxygen gas phase and bulk diffusion as well
as oxygen ion transfer between cathode and electrolyte could be distinguished within
the cathode [41, 134]. This, however, requires knowledge about the detailed mechanism

or extensive kinetic analysis, which is not the scope of this work.

The EIS of symmetrical cells prepared within this study were investigated at elevated
temperatures between 485 °C and 800 °C. A special experimental setup is needed to
ensure constant measuring conditions regarding the temperature and the oxygen partial
pressure and a separation of the sensitive electronic parts from the hot environment.

The test rig used is described in the following chapter
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5.2.2 Experimental setup and sample preparation

The entire test rig (Figure 60) includes a furnace (Carbolite VST 12/200) with a control
unit (Eurotherm 2416), the measuring cell (Probostat A™, NorECS AS) and a gas mix-
ing device with gas flow controllers (QFlow 140, computer controlled by Red-y smart
software). The cell test housing was floated with a constant stream (controlled by gas
flow controllers, QFlow 140 + Red-y smart, Vogtlin) of a N2/O, 80:20-mixture of 100

mL/min. The temperature in the direct vicinity of the sample was measured with an S-
type (Pt/Pt-Rh10%) thermocouple.

Furnace VST
12/200. Carbolite

Probostat A™,
NorECS AS

Gas Mixer
Mass tlow controllers,
QFlow 140

+ Red-y smart,
Vogtlin

Furnace controller

Figure 60: Impedance test rig including furnace, test cell housing (Probostat ATM)
and gas flow controllers.
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The impedance spectra of symmetrical button cells were recorded as a function of the
temperature at p(O,) = 0.2 bar. The experimental setup with the mounted sample in the
Probostat™, the frequency response analyser (QuanteQ, Newton4th Ltd., United King-
tom) and the Potentiostat (AMEL instruments Milano, Italy) is displayed in Figure 61.

Compressed
Hose Force

Figure 61: Experimental setup for the impedance measurement with the measuring cell ((a)
mounting of the sample into Probostat™, figures from www.norecs.com), the frequency re-
sponse analyser (b) QuanteQ Newtons4th Ltd. United Kingdom and (c) the potentiostat

(AMEL7050, AMEL instruments Milano Italy).

The frequency response analyser is connected to the potentiostat. The impedance spec-
tra of the samples were measured in a pseudo 4-point arrangement by connection of the
counter electrode (CE) and the reference Hi with one Pt-current collector (A), and the

working electrode (WE) and the reference Lo with the second Pt-current collector (B) of
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the potentiostat, respectively. Cathode layers were painted on both sides with Pt-paste
(Metalor A4338A) and heat treated according to the recommendations of the provider
(binder burn out at 200 °C, 1 h dwelling at 1000 °C). The symmetrical cell was mounted
into the test rig between two Pt-grids that are pressed onto the sample with springs to

ensure an appropriate electrical contact.

. . A CE G\
Hi O A
Ref
B Lo (5 B
WE

g

Figure 62: Connection of a LSCF//CGO//LSCF button cell to the AMEL™ Potentionstat
(Ref(erence) Hi, Lo; CE = counter electrode, WE = working electrode).

The impedance response of the pure electrolyte was determined prior to the measure-
ments on symmetrical cells samples with different thickness between 1 mm and 3.25
mm in the temperature range between 300 °C and 800 °C. The sample was painted with
Pt paste and the results are further explained elsewhere [131].

109



5.3 Results: influence of the powder composition and
the sintering temperature on the cathode microstructure

5.3.1 Influence of the powder composition

The influence of the precursor powders and mixtures on the sintering properties regard-
ing the appearance of the surface and especially the grain size of the layers was studied.
Figure 63 shows the comparison between layers produced from pure nano powders
(N25) and layers with C11N22 and CNE46. The surface of the samples was investi-
gated by light microscopy (LM) after 2 hours of sintering at 1000 °C. The white bar

corresponds to 0.1 mm.

The LM picture of N25 shows cracks on the surface of the sample. The cracks appear
slightly larger on the upper side of the sample than on the lower side that was in direct
contact with the sintering bed. The samples with C11N22 and CNE46 don’t show
cracks, neither on the upper nor on the lower surface.
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(3a) (3b)

Figure 63: Light microscope pictures of sintered layers printed of pastes N25 (1),C11N22 (2) and
CNEA46 (3) fired at 1000 °C showing the upper (a) and the lower surface (b).
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5.3.2 Temperature dependence of the microstructure
comparing N25 and C25

The SEM micrographs (Figure 64) show cross sections of symmetrical cells prepared
with pastes containing coarse (sub-pu = C25) and nano powders (N25) both containing
25 vol% powder. The microstructures presented here were examined after optimized
firing of the samples (Figure 59 with 900 °C, 1000 °C, 1100 °C and 1200 °C maximum
temperature). The left part of the pictures shows the porous cathode layer und the right
part is the dense electrolyte layer.

Firing sample C25 at a maximum temperature of 900 °C results in a rather dense micro-
structure with a higher porosity at the cathode/electrolyte interface or in other words no
full coverage of the electrolyte by the cathode layer. A bonding between the grains ex-
ists and most of the small grains have a grain boundary with the neighbouring particles.
The grain size of the primary particles ranges from 0.2-1 um. Most grains are round and

only a few square grains are visible.

Electrode N25 shows almost exclusively round particles in a similar range as the coarse
powder. The porosity is estimated to 20 %, which is slightly higher for C25 estimated to
15 %. N25 shows rather individual grains (round shape) than connected particles. There
is no visible difference in the density between the bulk of the cathode and the cath-

ode/electrolyte interface.

The microstructure of electrode C25 does not show a significant difference after heat
treatment at 900 °C or 1000 °C. N25 shows more densification at 1000 °C than at
900 °C and cracks (insert). The grain size is increased at higher firing temperatures.
Several larger ball shaped particles and more grain boundaries than at 900 °C become
visible. The visible intimate good contact between electrolyte and cathode indicates
good bonding between the electrolyte and the cathode. Increasing the firing temperature
to 1100 °C sample C25 results in an increased porosity (> 20 %) compared to the heat
treatment at 900 °C and 1000 °C but no significant change of the grain size. The elec-

trolyte is fully covered and the connection between the grains is visible.
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Increasing the firing temperature for N25 to 1100 °C leads to increased densification
(estimated porosity < 10%). The grains seem to be fully connected and the electrolyte is
covered by the layer. An increase of the crack dimensions between 900 °C to 1100 °C
was observed under the light microscope. This might indicate the increase of micro-
structure failures despite the fact that no cracks were visible in the SEM image with
higher resolution. The sample prepared from nano powder shows both, vertical cracks
and delamination of the cathode from the electrolyte. The grains are almost sintered to a

dense layer and show a grain size > 0.5 um.

Increasing the firing temperature to 1200 °C for pastes prepared from C25 shows an
increase in grain size (0.5-2 um) and a slightly lower porosity than the sample kept at
1100 °C. The bonding to the electrolyte is visible by grains connected directly to the

electrolyte interface. The grains of the cathode layer appear to be bonded as well.
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Figure 64: Cathode layers prepared from C25 (left) and N25 (right) after heat treatment at
900 °C (A), 1000 °C (B), 1100 °C (C) and 1200 °C (D); the red arrow shows a vertical crack.
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5.3.3 Influence of the solid loading on the microstructure

Figure 65 shows a comparison of microstructures prepared from coarse and fine pow-
ders with solid loadings ranging from 20-40 vol% after heat treatment. Low solid load-
ing of coarse powder (25 vol%) at 1050 °C results in a quite dense microstructure with
grain sizes between 0.2 um and 1 um. The layer shows rather connected small grains
than individual bigger particles. Low solid loading of nano powder at 1050 °C causes a
much higher porosity. The grain size varies between 0.1-1.5 pum still having a lot of
small grains around 100 nm but also several grains that reach a size > 1 um. High solid
loading of coarse powder (40 vol%) at 1050 °C resulted in @ more porous microstruc-
ture than low solid loading. The grain sizes seem to be slightly larger and areas with a
dense microstructure in left bottom corner of Figure 65 (c) are visible. High solid load-
ing of nano particles already leads at a heat treatment temperature of 1000 °C to the
formation of large cracks. A lot of large round particles (up to 1 um) are formed. In
contest to the other layers, electrode N40 delaminated applying the tape test as de-
scribed by Burnat [70].
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Figure 65: Influence of the solid loading (a) C25 = 25 vol%, (b) N20 = 20 vol%,
(c) C40 = 40 vol% fired at 1050 °C, and (d) N40 = 40 vol% fired at 1000 °C
on the microstructure of the cathode layers.

5.3.4 Temperature dependence of the microstructure comparing C11N22,
CNE33 and CNE46

Figure 66 shows the SEM pictures of heat treated pastes containing powder mixtures
after heat treatment at 950 °C and 1050 °C. C11N22 contains coarse and fine LSCF,
CNE33 and CNE46 additionally CGO electrolyte powder. All 3 pastes contained totally
33 vol% powders and the heat treatment and the microstructures presented here corre-
spond to an optimized firing programme (Figure 59, 950 °C, 1050 °C, with 1200 °C
maximum temperature). The left part of the pictures shows the porous cathode layer und

the right part is the dense electrolyte layer.
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Figure 66: SEM pictures of cathodes from pastes madé from powder m‘ixtures:C11N22 (1), and
composite powders CNE33 (2), and CNE46 (3) after firing at 950 °C (a) and 1050 °C (b).

Heat treatment at 950 °C results in a porous microstructure with interconnected grains
for C11N22. The grain size ranges from 0.1-1 um. Next to the electrolyte especially
small sized grains are visible. Cathode CNE33, containing 33 vol% electrolyte powder,
shows a higher apparent porosity than C11N22 containing LSCF powder in coarse and
nano-fraction. The grain size ranges from 0.1-1 um and the grains are connected form-

ing small sintering necks. Bigger grains of approximately 0.5 um are equally distributed
in the cathode bulk. The estimated porosity of cathode CNE46 is around 5 %. The visi-
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ble grain size is between 0.2-1 um. The adhesion to the electrolyte seems to be good

and the LSCF grains are forming grain boundaries.

After heat treatment at 1050 °C the sample with the LSCF powder mixture (C11N22)
has a microstructure with a low porosity, and partly bigger grains up to 1.5 um are visi-
ble. However, smaller grains around 0.2 um are still present. The grains are intercon-
nected and the cathode seems to be bonded to the electrolyte. Cathode CNE33 shows a
higher apparent porosity than the cathode C11N22 but the top layer of approximately 3
pum is almost dense. The grain size increased in comparison to the sample heat treated at
950 °C, and ranges from 0.2 um mostly in the dense top layer to bigger grain sizes with
interconnected grains between 0.5-1 um. The apparent porosity of cathode CNE46 is
estimated to 5-10 % and the grains seem to be connected. However, the porosity next to
the interface with the electrolyte is higher than in the bulk of the material. The adhesion
to the electrolyte is indicated by an intimate contact to the electrolyte.

The cathodes C11N22 and CNE46 after heat treatment at 1200 °C are displayed in
Figure 67. The sample with the LSCF powder mixture (C11N22) has a microstructure
with a low porosity. The grains are interconnected and the connection to the electrolyte
is indicated by an intimate contact to the electrolyte layer. The grain sizes range be-
tween 0.5-1 um connected by both sintering necks on the one hand and grain boundaries
on the other hand. The sample containing 46 wt% CGO powder has a lower apparent
porosity and an almost dense sintered microstructure. The grain size is hardly visible

and estimated to > 1 um. No delamination is observed after heat treatment at 1200 °C.

EX
Figure 67: SEM microstructures of cathodes from pastes made from powder mixtures (C11N22, left) and
composite powders (CNE46, right) after heat treatment at 1200 °C.
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5.4 Discussion: influence of the starting powders and the
solid loading on the microstructure

Cathode layers produced from pure nano powders (N20, N25 and N40), coarse powders
(C25, C40) and powder mixtures (C11N22, CNE33, CNE46) including Cey9Gdy 10195
electrolyte (E) powder were compared at different sintering temperatures. Layers with
pure nano powders show cracks (N20 and N25) or even delamination (N40) also with
an optimized heat treatment. Layers from coarse powders show favourable sintering
properties and resulted in porous, crack free layers. Powder mixtures including nano
powders resulted also in crack free layers, but show quite low porosity. The cathodes

C25, N25, C11N22 and CNE46 were further investigated by impedance spectroscopy.

The general trend of cathodes produced from nano powder is the formation of larger,
spherical particles (< 1 um), which seem to grow at the cost of smaller ones (< 0.2 um).
This kind of ripening seems to be favoured compared to the formation of sintering
necks between individual grains. Cathodes from coarse powders seem to form connec-
tions between the grains and show grains of different shape. The connections between
the grains in the cathode layer and between the cathode and the electrolyte seem to be
established at temperatures around 900 °C with no delamination after tape test was ob-
served. At lower sintering temperatures 800-850 °C the layers delaminated most proba-

bly due to insufficient bonding.

Microstructures clearly change upon a high or low solid loading of coarse and nano
powder. Oswald ripening might be an explanation for grains of approximately 1 um size
growing at the expense of the nano particles. This effect might occur due to larger pri-
mary grains in the precursor powder and/or incomplete dispersion of the nano powders.
The cathode prepared from N40 seems to have a more pronounced shrinkage than N25
visible by the formation of larger cracks. This derives possibly from a more intimate

contact between the nano grains.
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The reason of the higher porosity of electrode C40 than C25 might be that with a high
solid loading no rearrangement of the particles during drying of the paste occurs. Both

effects, a ripening of the particles and the formation of grain boundaries, occur.

The amount of cracks could be reduced by an adaption of the heat treatment for the
pastes N25 and the layer delamination after sintering was eliminated. However, as visi-
ble in Figure 63 the upper surface (a) and the lower surface (b) of the sample exhibit a
slightly different sintering behaviour and crack propagation. The slightly and lower
number and smaller cracks at the lower surface might come from the direct contact to
the sintering bed. This side of the sample most probably adapts slower to temperature
changes in the furnace than the upper surface that is exposed to the air. Therefore, the
mechanical stress deriving from temperature changes during heat treatment might be
lower for the lower surface compared to the upper surface.

C11N22 and CNE46 show relatively smooth layers without cracks and delamination
after the heat treatment. These results indicate clearly the advantages of the powder
mixtures with the applied temperature profile. Cracks are supposed to be microstructure
failures that might indicate already a beginning delamination of the cathode layer from
the electrolyte. Furthermore, they are supposed to increase the lateral electrical resis-
tance of the cathode under fuel cell operating conditions, which may result in a decrease
the cathode performance.

Regarding the expected electrochemical performance, layers with a good apparent adhe-
sion to the electrolyte, interconnected grains and high porosity are favoured to show low
cathode polarization. The cathodes from C25 sintered at 1000 °C and 1100 °C, C11N22
sintered at 950 °C and CNE33 sintered at 950 °C show those microstructures (see SEM-
pictures of Figure 65 and 67.

The SEM micrographs show only a small part (10 um out of 10 mm cathode diameter)
of the entire cathode. General trends like the packing of the grains, the connection be-
tween the grains can be observed. However, the SEM section might not be representa-
tive for the entire cathode layer. Especially cracks, delaminated areas and further defects

(e.g. agglomerates) might not be observed.

120



The processing of coarse powders did not require special modification of the firing pro-
gram in order to obtain crack free layers. The observed microstructures with coarse
powder and powder mixtures show similar grain sizes but apparently lower porosity
compared to the literature [27, 46, 135]. Cathodes prepared by spray pyrolysis and
pulse laser deposition show a finer microstructure [51] with grains in the range of 40-50
nm and an apparent very narrow grains size distribution and an apparent bonding be-
tween the grains and the cathode layer and the electrolyte. The porosity of the cathode is
apparently similar to the screen printed layers prepared in this study. The layers pro-
duced from pure nano powder in this study show crack formation which could be re-
duced by the adaption of the sintering program. Nano powders could be applied suc-

cessfully as a mixture with coarse and electrolyte powder without cracks after firing.

The heat treatment of cathodes made from nano powders seems rather to result in a
growth of round grains than to a bonding between them. The processing of the nano
powders as well as the dispersion and the heat treatment might need further adaption in
order to overcome the present problems. The application of a thin dense layer of LSCF
between the cathode and the electrolyte e.g. might help to overcome contact problems

between cathode and electrolyte.

5.5 Results: Impedance Response of LSCF//CGO//LSCF cells

5.5.1 Temperature dependence of impedance response

A Bode plot for a symmetrical cell is displayed in Figure 68 as an example. The fre-
quency of the maxima shifts to higher values when increasing the temperature of the
sample. The corresponding maximum frequencies are displayed in the spectra. The fre-
quency of one apparent process increases from 3.16 Hz at 485 °C to 20 Hz at 591 °C,
79.5 Hz at 696 °C and 159 Hz at 800 °C. A second apparent process shows maxima at
20 kHz at 485 °C and 79.4 kHz at 591 °C. A third process appears at approximately
1.58 Hz at 696 °C and 2 Hz at 800 °C that seems to be fairly independent of the tem-

perature.
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Figure 68: Bode plot: Z* as a function of the frequency of a symmetrical cell (sample C11N22,
1000 °C firing temperature) measured at different temperatures (485, 592, 696 and 800 °C) with
indication of the maxima.

5.5.2 Partial pressure dependence of the impedance response

The following two spectra (Figure 69) were recorded in different gas atmospheres,
firstly from the sample in a mixed gas flow containing 80 % nitrogen and 20 % oxygen
and secondly in pure oxygen at 485 °C. The Nyquist plot shows clearly a change in the
impedance response for the two different oxygen partial pressures. While the first domi-
nating semicircle is hardly changing, the small depressed semicircle is becoming
smaller when the p(O,) is increased from 0.2 bars to 1 bar. The Bode (imaginary part)
remains unaffected in the high frequency maximum. The maximum in the low fre-

quency range is shifting to higher frequencies at p(O;) = 1 bar.

122



- 1500

-Z2m 4

ﬁ 85

F\-\.\] J —¥—0.2 bar
__1[:][:][:'_ ol —w—10bar
- W%@"x
N . o0 ' 1E|:|:| 1?|:|:| 150
-
) | Ty
500 N
AN
kS
1 F
rr.i"

I I I
0 o200 1000 1500 2000

d Y ry
1000 11000
™~ m
100 - 100
110 AT 1 0
1E-3 .01 0.1 1 10 100 1000 10000 1DUUUD1UUDUUU

v fHzZ
Figure 69: Impedance spectra (Nyquist plot on top and Bode plots on the bottom; red = real part,
black = imaginary part) of symmetrical cells (N25, 1050 °C firing temperature) recorded
at 485 °C in air and in oxygen atmosphere.
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5.5.3 Influence of paste composition on the impedance

The influence of the paste composition on the appearance of the impedance spectra is

exemplified in Figure 70. The second semicircle shows only a small overlap for cath-

odes from paste C25, whereas the overlap becomes more pronounced for N25 (b) and

C11N22 (c, shows only the overlapping part). The size of the first semicircle is chang-

ing also as function of the applied paste, while the semicircle of sample C25 has only a
diameter of 29, Q the semicircle of sample C11N22 shows 71 Q diameter, and 190 Q

are present for sample N25.
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Figure 70: The Nyquist representation of (a) C25 fired at 900 °C (with entire spectrum (a1) and
zoomed cathode contribution (a2)), (b) N25 fired at 1050 °C (insert is showing the cathode part),
and (c) C11N22 (cathode part) fired at 950 °C, all measured at 591 °C.
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5.6 Discussion : Oxygen partial pressure dependence
of the impedance response

Looking at the kinetic parameters of LSCF leads to the assumption, that at a constant
temperature the polarization resistance of a cathode will change when the atmosphere is
changed. The conductivity of the material, as well as the chemical diffusion coefficient
remain relatively constant, but the surface exchange coefficient is increasing, when the
p(O,) is changed from 0.2 bars to 1 bar. Adler et al. , Sggaard et al. and Ruiger et al.
[31-33] show this by modelling the cathode resistance as a function of the microstruc-
ture and the kinetic parameter. The polarization resistance of an LSCF cathode is sup-
posed to decrease when changing the atmosphere from air to pure oxygen. This might
indicate a faster process due to the increased oxygen partial pressure. The conductivity
of the Cep9Gdy 10195 electrolyte should not change significantly between 1 bar < p(O,)
< 0.2 bar.

Figure 69 shows that the left (high frequency) semicircle is independent on the p(Oy),
while the second semicircle (low frequency) becomes smaller with increasing the oxy-
gen partial pressure from 0.2 bars to 1 bar. Using a platinum electrode as direct contact
to the CGO electrolyte substrate, the diameter of the first semicircle becomes propor-
tional to the thickness of the pellet (Figure 71). Both approaches lead to the conclusion,
that the first semicircle can clearly be attributed to the electrolyte. Subtracting the elec-
trolyte contribution the remaining spectrum can be attributed to the cathode polariza-
tion. This approach is in line with the literature [46, 51] were the high frequency part
could be also identified as the electrolyte.

The commercially available program ZView ® (Scribner Associates, Inc.) was used for
the analysis of the impedance spectra. The polarization resistance of the cathode was
evaluated after subtracting the electrolyte contribution from the spectra. Figure 71
shows the procedure beginning with the entire spectrum of a symmetrical cell (a), the
depressed semicircle after subtraction of the electrolyte contribution (b) and the residual

(c) when subtracting the fit corresponding to the equivalent circuit (d) from (b). The

125



polarization resistance is obtained by the sum(R1-3) divided by 2, because the symmet-

rical cell consists of two identical cathodes.

le

le

Figure 71: Evaluation of Ry with (a) the entire spectrum, C25 cathode contribution ((b), electro-
lyte subtracted) with corresponding fit, (c) the residual after subtracting the electrolyte and the
cathode contribution and the equivalent circuit with 3 R-Q elements in series (d), that served to
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fit the impedance spectra of the cathode contribution.

The polarisation resistance (Rpo) from EIS measurements was used in order to evaluate
the quality of the differently prepared cathodes. The spectra generally consist of a large

semicircle attributed to the electrolyte material, and a smaller depressed (often “mouse-

R1

20

shaped”) semicircle, that is attributed to the electrochemical processes in the cathode.

Subsequently the temperature dependence of Ry is displayed for different cathodes and

the influence of the different screen printing pastes is discussed.
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In this analysis simply the polarization resistance of the cathode measured at 591 °C is
taken into account to compare the different cathodes. The spectra show an overlap of
the cathode and the electrolyte processes. All spectra could be fitted with a combination
of 3 parallel RQ elements in series as displayed in Figure 71 after subtraction of the

electrolyte.

The sum of (R2 + R3)/2 was taken as the polarization resistance (Rpo) for one cathode.
The spectra of C25 heat treated between 900 °C and 1000 °C show a depressed semicir-
cle with a 45 % angle at the left side and a subsequent part of a semicircle. These spec-
tra could alternatively be fitted by a Warburg element (or a Gerischer representation)
indicating diffusion processes responsible for the cathode resistance. Supposing that the
gas diffusion to the cathode surface is fast this representation can be attributed to the
diffusion “resistance” in the bulk of the cathode. This is in line with the literature e.g.
from Adler et al. [31, 34] who suggests that gas diffusion has a negligible contribution

to the polarization resistance at oxygen partial pressures as high as 0.2 bar.
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5.7 Results: Influence of the paste composition on
the cathode polarization resistance

5.7.1 Influence of the sintering temperature on the polarisation
resistance of cathodes produced from C25 and N25

The temperature dependence of the polarization resistance (Rpo) of the cathodes is
shown in Figure 72 comparing pastes with 25 vol% coarse particles (C25, sub micro)
and 25 vol% nano powders (N25). The cathode layers were heat treated between 900 °C
and 1100 °C.

C25 cathodes prepared at a firing temperature of 1100 °C exhibit a polarization resis-
tance that is about a factor of 5 higher compared to the other cathodes fired at lower
temperatures. Firing temperatures between 900 °C and 1000 °C lead to similar values of
the polarization resistance; especially at 696 °C and 800 °C they are independent of the
sintering temperature. At 591 °C and 485 °C the cathode sintered at 1000 °C shows sig-
nificantly lower values. Between 485 °C and 800 °C Ry, shows a linear relation in the
Arrhenius representation. Cathodes prepared with N25 show a significant dependence
of Rpol between 485 °C and 800 °C on the firing temperature. Ryo is becoming lower
with increasing sintering temperature from 950 °C to 1050 °C. The temperature depend-
ence of Ry in the Arrhenius representation shows a linear relation between 485 °C and
696 °C and between 696 °C and 800 °C.

The more pronounced temperature dependence between 696 °C and 800 °C indicates
that a process with higher activation energy is dominating the cathode reactions than in
the low temperature region. In the temperature range between 485 °C and 696 °C N25
cathodes show 3-5 times higher values of the polarization resistance than C25 cathodes
(except C25 fired at 1100 °C). At 591 °C e.g. Ry Of N25 cathodes lies in between 3.3
and 9.8 Qcm? while it is reduced to 0.87 and 1.46 Qcm? for C25 cathodes. However, at
800 °C Ry is similar for N25 and C25 sintered between 900 °C and 1050 °C. The best
performing N25 cathode (1050 °C firing temperature) shows similar Ryo Vvalues like
C25 sintered at 1100 °C.
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Figure 72: The temperature dependence of the polarization resistance of cathodes prepared
with pastes C25 (a) 25 vol% solid loading 8% binder content relative to the weight of the powder
Heat treatment: 900-1100 °C and N25 (b) nano powder 25 vol% solid loading no binder addi-
tion, heat treatment: 950-1050 °C.

The activation energy was calculated from the slopes of the logarithmic plots. The ap-
parent activation energy for the layers prepared with C25 lies in between 1.1-1.3 eV.
The slope for the layers sintered at 900 °C, 950 °C and 1100 °C corresponds to 1.3 eV
while for 1000 °C heat treatment temperature the activation energy is apparently
smaller (1.1 eV). The slope of the N25 layers calculated between 485 and 696 °C is 1.2
eV for heat treatment temperatures of 950 °C, 1000 °C, and 1050 °C. However, taking
the data points at 796 °C and 800 °C the layers, heat treated at 1000 °C and 1050 °C

show apparent activation energy of 2.4 eV.
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5.7.2 Influence of the sintering temperature on single and multi phase
cathodes

The temperature dependence of the cathode polarization resistance is shown in
Figure 73 comparing pastes with 33 vol% loading of particles; i.e. an LSCF coarse/nano
mixture (C11N22), a composite of the LSCF coarse/nano mixture with 46 vol%
Gdo1Cep 90195 electrolyte powder (CNE46) and a composite mixture between LSCF
nano powder and electrolyte powder (NE46).

The cathode layers were heat treated at temperatures between 950 °C and 1200 °C and
the activation energy was calculated from the linear regions of the logarithmic plots.
Rpo of C11N22, NE46 and CNE46 cathode layers heat treated at 1000 °C shows similar
values between 0.76 and 0.96 Qcm? at 591 °C. The activation energy for all layers lies
in between 1.1 and 1.3 eV. The polarization resistance of C11N22 heat treated at 950 °C
and 1000 °C shows significant difference in the temperature range between 485 °C and
800 °C. The C11N22 layers sintered at 1200 °C show the highest values in the polariza-
tion resistance (2.5 Qcm?) at 591 °C of all measured samples. The layer CNE46 heat
treated at 950 °C shows a higher polarization resistance between 696 °C and 800 °C as
the same composition heat treated at 1000 °C. The slope of Ry, between 485 °C and
696 °C of CNE46 heat treated at 1000 °C results in activation energy as low as 1 eV.
The slopes of CNE46 sintered at 950 °C and 1000 °C evaluated between the 2 data
points at 696 °C and 800 °C show apparent activation energy of 1.4 eV similarly to the

nano powders.

A similar behaviour can be observed also with layers prepared from N25 with a more
pronounced change in the activation energy from 1.2 eV between 485 °C and 696 °C
and 2.4 eV between 696 °C and 800 °C. The composite cathodes (NE46 and CNE46)
show similar values in the polarization resistance compared to the LSCF cathodes made
from C11N22 and C25.
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Figure 73: The temperature dependence of the polarization resistance of cathodes prepared
with pastes of powder mixtures of C11N22 (a) 11 vol% coarse / 22 vol% nano powder,
950-1200 °C; CNE46 (b) 18 wt% coarse and 36 wt% nano LSCF, 46 wt% CGO, 950-1000 °C;
NE46 (c) 54 wt% nano LSCF, 46 wt% CGO, 1000-1100 °C (powder loading of 33 vol%, no
binder).
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5.7.3 Influence of the layer thickness on the polarisation resistance
of C25 cathodes

The cathodes presented before consist only of one printed cathode layer with a thick-
ness is between 10-15 um. Subsequent printing of 3 layers results in cathodes with a
thickness between 30 and 40 um. The temperature dependence of the polarization resis-

tance is displayed in Figure 74.

The variation of the layer thickness and heat treatment at 950 °C apparently leads only
to a minor change in Ryo (within the uncertainty of the measurement). After heat treat-
ment at 1000 °C three subsequently printed C25 layers show Ryo approximately by the

factor 1.4 higher than only one layer of about 10 um thickness.

The slope of the Arrhenius plot is constant for one or three subsequently printed layers
but changes with the heat treatment temperature. At 950 °C the slope of the plot corre-
sponds to the activation energy of 1.3 eV while at 1000 °C heat treatment temperature
the activation energy of 1.1 eV is slightly lower. The activation energy is not dependent

on the layer thickness, but changes with the sintering temperature.
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Figure 74: The temperature dependence of the polarization resistance of cathodes prepared with C25 paste
(1 layer = 10-15 um and 3 layers = 30-40 pm thickness) at (a) 950 °C and (b) 1000 °C firing temperature.
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5.8 Discussion: Comparison of lowest measured polarization
resistances for all starting powders

5.8.1 Microstructure and cathode polarization resistance — influence of
the layer thickness and the grain size applying C25 and N25

Applying C25 and N25 as screen printing pastes with the same powder loading as cath-
ode layers on the CGO electrolyte substrate, both layers show significant differences in
the microstructure and the Rpo. The coarse powders show grains with both ball like and
squared shape and apparently the grains are connected. The cathode layer seems to have
good electrical contact to the electrolyte. The resulting values of Ry are between 0.95-
1.56 Qcm? for 10-15 um thick cathodes at 592 °C. They are about the factor 1.4 higher
for 30-40 um thick cathodes heat treated at 1000 °C and measured at 592 °C. The layers
prepared from nano powders especially with a heat treatment below 1000 °C show
mainly ball shaped grains that grow presumably due to Oswald ripening [136]. Layers
of N25 show small cracks after heat treatment and are almost dense at T > 1100 °C but
show visible delamination of the layer at 1200 °C. Both the Ryo (factor 5 — 20 higher
then the lowest Rpo) and Ry (factor 10 higher then lowest values) are among the high-
est values for all cathodes.

One big difference between C25 and N25 is the apparent resistance of the electrolyte.
Values between 17.5-55 Qcm? have been measured for the coarse powder at 592 °C,
while the samples prepared with nano powder show values between 185 and 300 Qcm?
as illustrated in Table X. The overlap between the higher frequency region of the cath-
ode contribution and the lower frequency region of the electrolyte contribution of the
impedance becomes more pronounced when the electrolyte resistance (R¢) increases.
This makes sense, because the time constant of the electrolyte contribution (t = R C)
becomes higher at higher R, accordingly the frequencies attributed to the electrolyte

become lower and so overlap more with the cathode.

134



Table X: Polarization resistances of different cathodes made from C25 and N25 evaluated with
respect to their microstructure.

Composition
electrolyte thickness 591 °C Rpol | Rel | Ritot
total thickness Ea/eV [In(A) Qcm’® Qcm’ | Qcm?® | Micro structural properties
C25 at 900 °C Microstructure dense,
grain size 0.2-1 um, appar-
0.53 mm 1.3 23.5 1.46 28.8 | 31.5 ent|y good adhesion to the
0.58 mm electrolyte
C25 at 950 °C dense microstructure, still
0.40 mm 13 [233| 131 | 409|525 | Smallgrains (0.2-1 um), ap-
- : : - : — parently good adhesion to the
0.43 mm electrolyte
C25 3 layers 950 °C
3 layers 1.3 1237 1.45 65.8 | 68.7 No SEM
0.46 mm
0.57 mm
C25: at 1000 °C coarser grains around 0.5 um,
0.61 mm 1.1 0.866 17.6 [ 19.3 more pores compared to
900 °C and 950 °C good ad-
0.65 mm hesion
C25: at 1000 °C
3 layers 1.1 21 1.32 16.4 | 18
0.57 mm
0.64 mm No SEM
C25: at 1100 °C
0.52 mm 1.2 [17.2 3.82 474 | 55
0.55 mm
No SEM
N25 @ 950 °C
0.85 mm 1.2* 120.6 9.82 288 | 308 Grains between 0.1-1um,
0.89 mm * Ea between 485 °C and 696 °C porous microstructure
N25 @ 1000 °C
0.85 mm 1.1* 123.6 5.05 300 | 310 | grains growth from 900 °C to
1000 °C (0.2- 1.5 um), porous
0.88 mm , more and larger cracks than
950 °C, partly delamination
N25 @ 1050 °C
. Grains (0.2- 1.5 um), dense
0.89 mm 117 123.9 3.32 185 | 191 layer, contact to electrolyte
0.93 mm ok, cracks larger than 1000 °C
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Generally a temperature around 1000 °C seems to be adequate for the heat treatment of
well performing layers. The different powder mixtures and the coarse powder show
similar values in the polarization resistance but slightly different slopes in the tempera-
ture dependent plot (Figure 75) and the corresponding activation energies. The range of
the slopes in the temperature interval between 485 °C and 696 °C corresponds to activa-
tion energies (E;) between 1.09 and 1.25 eV. The nano powders show much higher
values both in the Ry and also in the total resistance of the symmetrical cell but also a

slope corresponding to an E, of 1.2 eV.

The differences between cathodes prepared from coarse powder and that with the pow-
der mixtures are relatively small. The firing temperature possibly is already too high
and the grain sizes become similar using coarse and fine powders. A higher catalytic
activity (and lower Ryo1) therefore probably is not obtained because it is usually attrib-
uted to smaller grain sizes and higher surface areas. The cathode made from paste N25
with pure nano powders shows significantly higher polarization resistance than the other
pastes. This might be attributed to the different sintering properties of the nano powder

forming rather individual spherical grains than grain boundaries.
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Figure 75: The temperature dependence of the polarization resistance of cathodes with the lowest values
in the Ryo prepared with C25, N25, CNE46, C11N22 and NE46.
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5.8.2 Comparison of cathodes prepared with the highest
heat treatment temperatures

In the following the polarization resistance of N25 heat treated at 1050 °C resulting in
the best performance of the pastes produced from pure nano powders is compared with
C11N22 heat treated at 1200 °C, C25 and NE46 heat treated at 1100 °C. These four
different cathode layers result in similar values for Ry and total resistances measured at
591 °C. The activation energies represent the slopes of the temperature dependent plots
between 485 °C and 696 °C show slight differences. C11N22 was fired at 1200 °C (the
highest sintering temperature in this study) showing an activation energy of 1.3 eV and
Rpol = 2.5 Q cm? NE46 fired at 1100 °C has similar a slope evaluated between
585 °C and 800 °C corresponding to 1.2 eV equal to C25 fired at 1100 °C. The rela-
tively high polarization resistance in comparison to the cathodes with lower Ry might
be explained by inactive (=isolated) cathode areas with no contact between current col-
lector — cathode — electrolyte. Cracks and delamination due to the thermal stress are the

most probable reasons although not visible in the SEM.

The values of the polarization resistance are comparable to values of approximately
1 O cm? obtained by Beckel et al. [51] for thin cathode layers at 650 °C and an activa-
tion energy of 1.18 eV corresponding to roughly 2.5 Q cm? at 585 °C. The low thick-
ness of the cathode might be the reason for slightly higher values in the polarization
resistance assuming a penetration depth close to the cathode thickness. This might be
similar in this work for the cathodes layers fired at higher temperatures, because the

larger grains obtained in the cathode layer result in an increasing penetration depth.

The microstructure of cathode N25 fired at 1050 °C show a vertical crack and addition-
ally delamination, when fired at 1200 °C. The vertical cracks in combination with de-
lamination might be the reason for larger isolated areas that cause an enhanced charge
transfer resistance between cathode and electrolyte. Most probably this effect occurs
already at temperatures around 1050 °C for the cathodes prepared from N25. The lower
E. for N25 (1.0 eV between 485 °C and 696 °C) might be attributed to a good adhesion

of the active areas on the electrolyte due to a higher sintering activity of the smaller par-
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ticles. Despite higher firing temperatures (1100 °C and 1200 °C) the SEM pictures of all

other cathodes do not show clearly an indication for horizontal or vertical cracks.
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Figure 76: The temperature dependence of cathode layers heat treated at the highest temperatures.

5.8.3 Microstructure and cathode polarization resistance — influence of
the grain size on Rpo applying C11N22 and NE46 and CNE46

The results of the SEM and EIS investigations are summarized in Table XI. The micro-
structures of cathodes made from C11N22 show relatively low porosity and moderate
grain growth between 900 °C and 1100 °C, a significantly coarsened but still porous
microstructure is present at 1200 °C. The polarization resistance at 591 °C is decreasing
to 0.755 Qcm? when the sintering temperature is increased from 950 °C to 1000 °C,
being the lowest value among the cathodes. At 1200 °C Ry is increased and above all
Ryt increases to 2.5 Qcm?, similarly high as the N25 cathodes fired at 1050°C.
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Cathodes made from CNE46 show similar values of Ry, as C11N22. However, Ry is
significantly higher indicating that the contact to the electrolyte might be worse. As the
microstructure shows no major differences the high Ryt might be caused by contact

problems between the cathode and the electrolyte.

NE46 as cathode material shows both, similar low Ry, and Ry as C11N22 at 1000 °C
heat treatment. Good adhesion of the cathode layer to the electrolyte and the current
collector as well as an increased surface area of the cathode for the oxygen reduction
can be supposed to be present.

At 1100 °C both Ryo and Rio: become higher by a factor of approximately 4 indicating
that a coarsening of the microstructure especially for composite powders decreases the
electrical performance of the cathode considerably. Some differences in the microstruc-
ture are visible but they are less significant than comparing the cathodes made from
pure coarse (C25) and nano powders (N25). Parameters, like the triple phase boundary
length or the inner surface area couldn’t be estimated from the SEM micrographs. The
porosity was difficult to estimate, because of the rough surface of the broken samples.
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Table XI: Polarization resistances of different cathodes made from C11N22, NE46 and CNE46
evaluated in the light of the microstructure.

Composition 591 °C
electrolyte thickness Rpol Rel Rtot
total thickness EaleV| In(A) | Qcm® | Qem? | Qcm? Micro structural properties
C11N22 @ 950 °C
Grains between 0.1 and 1 um, good
0.48 mm 12 12425 095 69.7 | 71.6 adhesion to electrolyte, more pores
than at 850 °C.
0.52 mm
C11N22 @ 1000 °C
0.58 mm 1.2 | 23583 | 0.755 | 15.5 17
Grains between 0.2-1 um, good appar-
ent adhesion, low porosity (higher at
0.61 mm interface to electrolyte).
o Coarse grains (0.5-2 pum), low remain-
1200 °C(C11N22) ing porosity, partly delamination from
0.41 mm 1.3 | 20.75 | 2.500 | 202 | 207 |electrolyte.
0.45 mm
CNE46 @ 950 °C
0.42 mm no EIS below 696 °C! Grains 0.2-1um, dense layer, adhesion
oK.
0.47 mm
CNE46 @ 1000 °C
0.54 mm 11 | 21.31 | 0.799 | 73.2 74 | No SEM at 1000 °C; grains 0.2-1 um at
1050°C, structure dense (top), sintering
between several grains, higher porosity
0.58 mm at interface to the electrolyte.
NE46 @ 1000 °C 1.2 | 2234 | 0958 | 724 | 734 -
NE46 @ 1100 °C 1.3 | 2270 | 3.61 186 193
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The implementation of nano powders was supposed to decrease the polarization resis-
tance significantly. However, the cathodes with pure nano powder show even higher
values of Ryo than all other prepared cathodes. This is attributed to problems in the
processing, due to increased sintering activity causing cracks and subsequently delami-
nation of the layers. The large values of the cathode polarization resistance are attrib-
uted in part of that cathode area, that is not electrically contacting the electrolyte and to

increased lateral resistance caused by the cracks.

These drawbacks most likely were overcome by powder mixtures containing nano pow-
ders and a coarse fraction of powder (CGO electrolyte powder or LSCF sub-p). Sinter-
ing temperatures around 1000 °C were necessary to ensure good performance and sta-
bility of the layers. This reflects the same temperature that was necessary for the heat

treatment of layers from pure sub-u powder.

Values for the polarization resistance (Rpo) compared to the literature

Beckel et al. [51] compare literature values of Ryo for different LSCF cathodes at
650 °C. The values amount to 0.47-6.2 Qcm?. The lowest value corresponds to the low-

est values achieved in course of the present study.

However, Steele et al. [40] and Bae et al. [137] after etching of the electrolyte reached
values as low as 0.5 Qcm? at 520 °C with double layer LSCF cathodes using a dense
LSCF interlayer. These values correspond approximately to 0.2 Qcm? at 600 °C or less
than 0.1 Qcm? at 650 °C. The double layer cathodes without etching of the electrolyte
correspond to a polarization resistance of approximately 0.8 Qcm? at 600 °C. These
results point out the importance of an intimate contact between the electrolyte and cath-

ode.
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5.9 Assessment of the obtained results

5.9.1 Assessment of processing, thermal treatment and obtained
polarization resistance at 600 °C

The presented results show a difference in the polarization resistance between the sam-
ples produced from pure coarse (C25) and pure nano powder (N25). The still high val-
ues for N25 show that there are still problems in the processing and/or thermal treat-
ment of pastes containing pure nano powder. Similarly, low Ryo was achieved for layers
produced from paste C11N22 (containing LSCF coarse and nano powder), C25 and the
composite pastes NE46 and CNE46 after firing at 1000 °C. The similar values and the
SEM indicate that the effect of the nano powders (higher surface and catalytic activity)
IS most probably no more present at these firing temperatures. However, such tempera-
tures are needed to ensure good adhesion between electrolyte and cathode. Furthermore,
the cathode grains have to be well connected to ensure electronic and ionic transport
through the cathode. The low activation energies and relatively low values of Ry indi-
cate that electrochemically active layers for operating temperatures around

650 °C have been produced.

Cathodes for 600 °C operating temperature would need a further improvement by a fac-
tor of about 2. Chapter 5.10 discusses different factors in the cathode microstructures
that might need improvement and possible values of Ry, that might be reached by fur-
ther optimization. The comparison with literature values, as discussed before, indicates
that especially the contact between electrolyte and cathode might have a potential to be
further optimized.

5.9.2 Assessment of the polarization resistance at 600 °C and 800 °C
with modelled values

The comparison with ASR values, calculated by Riger et al. [33] for 800 °C, shows that
the measured values are within the modelled range (between 38 and 389 mQ cm?). The

cathodes (regardless the composition, with a layer thickness around 10 um) that show
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the lowest polarization resistance at 800 °C show also values as low as 35 mQcm? at 800 °C.
Cathodes sintered at higher temperatures (> 1050 °C) show higher cathode polarization
up to 180 mQ cm?. The model predicts this increase of the ASR due to an increase of
the particle size and resulting increase of the penetration depth. These cathodes might
require a higher thickness of the cathode layer to lower the polarization.

The cathodes, made from pure nano powder, having a high polarization resistance at
592 °C show polarization resistances as low as 50-75 mQcm? at 800 °C. There are two
possible reasons: first the cathode contribution might not fully be visible in the imped-
ance spectra and leads to underestimation of Rpoinano. Alternatively it can be assumed,
that the nano powder leads to an enhanced catalytic activity at 800 °C at the cath-
ode/electrolyte interface, and a higher thermal activation, compared to the temperature
range between 485 °C and 696 °C, occurs. The influence of the layer thickness on the
polarization resistance of cathodes is present after heat treatment at 1000 °C for the
cathode produced from C25, but not after heat treatment at 950 °C. However, the model
predicts lower or equal Ry for cathodes of increased thicknesses, while the measured
values for Ry increased with increasing thickness of the cathode. The reason might be
that the particle sizes in the cathode layer are still small, resulting in penetration depths

far below 10 pum.

The measured polarization resistance of composite cathodes with 46 wt% CGO exhibit
similar values as compared to the model of Sggaard et al. [32] for large particles sizes of
both the cathode and the electrolyte powder (< 1 Qcm? at 600 °C and < 50 mQcm? at
800 °C). Lower particles sizes in a composite were shown to result into Ry as low as
0.2 Q cm?. Despite the low (<< 30 %) porosity of the cathodes and a slight difference in
the amount of CGO (Sggaard et al. [32] used 50 wt% CGO) these results might indicate
high particle sizes after firing and/or insufficient percolation of the MIEC and the CGO.
The difficulty in the assessment of the polarization resistance in comparison to the mod-
els from Sggaard et al. [32] and Ruger et al. [33] is that porosity and particle sizes can

hardly be estimated from the SEM micrographs.
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However, the magnitude of Ry can be regarded to fit to the modelled values by Ruger
et al. [33], obtained for LSCF for cathode thicknesses of 12 um. The lowest Ry, of
composite cathodes correspond to the values modelled by Sggaard et al. [32] for larger
particles sizes of both the LSCF and the CGO powder.

5.10 Discussion: correction of the polarization resistance

Regarding the electrolyte resistance of different symmetrical cells in this study, one can
observe that two different cells with the same thickness of the electrolyte often show
large differences in the electrolyte resistance. Assuming an equally good contact be-
tween cathode and the electrolyte, the area specific electrolyte resistance should result
in equal values in agreement to the specific conductivity of the electrolyte. Higher val-
ues of the electrolyte resistance may indicate that only a small part of the cathode area
has a proper connection to the electrolyte and therefore, the ohmic charge transfer resis-
tance of the interface electrode/electrolyte adds on the electrolyte resistance. The vary-
ing and higher electrolyte resistances observed in this study are hardly attributed to dif-
ferent specific conductivities, but might rather result from imperfect contact. In order to
account for this the following is proposed: Corrected values for the polarization resis-
tances were calculated, taking the electrolyte resistance (Re) and the thickness of the

electrolyte (dej) into account (Equation 34).

R el,best

ol,x
PR

el,x

delx
— =R A

d - pOI,x "
el,best

R =R Equation 34

pol,corr conn,rel

The polarization resistance of the sample x (Rpoix) Was corrected multiplying by the
relative area of the cathode that is assumed to be connected (Aconnrel) t0 the electrolyte.
The symmetrical cell with the lowest electrolyte resistance (C11N22 fired at 1000 °C,
Relpest) Was taken as a reference. The indices “x” denote the values for the particular
samples and “best” the values for the reference sample. The corrected polarization resis-

tances are displayed in Table XII.
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The lowest calculated value of Rpoicon for the cathodes made from coarse powders is
0.28 Qcm?. This value might indicate a potential to improve the cathode polarization

with the addition of nano powders by a factor of about 2.

The lowest calculated value of Ryolcorr fOr the cathodes made from pure nano powders is
0.38 Qcm?. This value is about the factor 3 higher than the lowest corrected values ob-
tained from cathodes layers produced from powder mixtures including nano powder.
The apparently low connectivity between the spherical grains might be the reason. The
cathode C11N22 fired at 1000 °C

Table XII: Measured polarization resistances and corrected values of LSCF cathodes.

Sample RDO|X Relx RDOI corr
de / mm Qcm? | Qem? | Qcm?
C11N22 at 950 °C
0.48 69.7 | 0.17
C11N22at1000°C| |
0.58 0.76
C11N22at1200°C| |
0.41 202 | 0.14
CNE46at1000°C | |
0.54 732 | 0.16
NE46at1000°C | |
0.5 72.4 | 0.18
NE46at1100°C | |
0.5 186 | 0.26
C25at900°C | |
0.53 28.8 | 0.72
C25at950°C | |
0.4 49.9 | 0.28
C25 at 950 °C
0.46 65.8 | 0.27
C25:at1000°C | |
0.61 17.6 | 0.80
C25: at 1000 °C
0.57 164 | 1.23
c25/1100°C | |
0.52 474 112
N25at950°C | |
0.85 288 | 0.77
N25at1000°C | |
0.85 300 | 0.38
N25at1050°C | |
0.89 185 | 0.43

145



Figure 77 shows the trend of the cathode polarization resistance at 591 °C depending on
the heat treatment temperature. The comparison between cathodes produced from pow-
der mixtures, nano powders and coarse powders is shown. The original values measured
at 591 °C are displayed by black squares, the calculated ones by red ones. The black
lines are put to 0.5 Qcm? as the target value aimed to be reached at 600 °C and

0.2 Qcm? for the best values found in the literature [137].

The lowest corrected values of Ryo Were obtained equally for cathodes sintered between
950 °C and 1000 °C maximum temperature, compared to the original values (black

symbols).

Cathodes made from powder mixtures show a minimum in the corrected polarization
resistance at a firing temperature of 1000 °C. Exceptions are cathode C11N22 sintered
at 1000 °C which was used as a reference and therefore, the values are not corrected,
and cathode C11 N22 fired at 1200 °C that shows the lowest value among all cathodes.
The lowest values are in between 0.14 Qcm? 0.18 Qcm? and correspond to measured
values that were presented by Mogensen et al. [138]. These low values are attributed to
a so called “nano-effect”. These values might indicate the lowest possible cathode po-
larization resistance that could be reached with LSCF as cathode material for the par-

ticular microstructure without failures.
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Figure 77: Dependence of Ry, and Ry corr @t 592 °C on the heat treatment temperature for
powder mixtures (MixNano), coarse (C25) and nano powder (N25).
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The cathodes can be divided into different categories regarding the microstructure
and/or contact failures (Figure 78). Some of these microstructure or contact failures
could be observed by SEM, others were assumed to be the most probable reasons caus-

ing high values of the total cell resistance.

a) Contact between the grains and the electrolyte and low formation of grain bounda-
ries: N25, 950-1050 °C - ball like shape of the grains indicating rather grain growth
by Oswald ripening; C25 at 900 °C firing temperature might be too low to form suf-

ficient connection between the grains.

b) Delamination of the layer and ,,mud cracks*: all samples prepared from N25.

c) Partial delamination without formation of surface cracks: cathodes sintered at
T >1100 °C (CNE46 and C25 at 1100 °C, C11N22 at 1200 °C).

d) Grain coarsening: decrease of the active surface area and the length of the triple
phase boundary line; (cathodes C11N22 fired at 1200 °C, CNE46 fired at 1100 °C,
C25 fired at 1100 °C).

e) Insufficient contact of the Pt-current collecting layer: C25 900 °C because of lower
burning temperature (850 °C), C11N22 fired at 1000 °C; C25 fired at 1000 °C
doesn’t influence the electrolyte resistance and leads to apparently higher values of

Rpol,corr-
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(e)

Figure 78: Possible reasons for high electrolyte resistance (a) round particle shape, less grain
boundaries (ast_j40: 1000 °C), (b) Delamination of the layer (as N25 1200 °C), (c) cathodes
areas not connected to the electrolyte, no cracks on the surface, (d) Grain coarsening: de-
creased active area and triple phase boundary (as C11N22: 1200 °C), e) Pt contact: The white
spots indicate areas, where the Pt forms a contact to the cathode layer.
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5.11 Conclusions regarding the corrected values of
the polarization resistance

The polarization resistance of cathodes produced from pure coarse powder might be
reduced by a factor of about 2 by the addition of LSCF nano powder to a coarse powder
fraction. The lowest values for the measured polarization resistance in this study might

have the potential to be further decreased by a factor of about 4.

The corrected Ry, Values of cathodes made from pure nano powders are by a factor of 3
higher than the lowest values obtained with powder mixtures. Round grain shape and
apparently weak or no connection between the grains might be the reason for higher

polarization resistances.

The results of Ry corr indicate that cathodes made from powder mixtures and pure nano
powders might need a slightly higher heat treatment temperature than the cathodes made
from pure coarse powder. The different sintering behaviour of the nano powder that
seems to form rather spherical shaped particles than grain boundaries might be the ori-

gin of this effect.
Exceeding the optimum sintering temperature grain coarsening is most probably the

reason for the increase in the polarization resistance due to lower active surface and

triple phase boundary length.
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6 Final Discussion and Conclusions

In order to develop SOFC cathodes for the operation at 600 °C four materials namely
LagSro4Fe0s.s (LSF64), (LagsSro2)oesFe0s.s (LSF82), LageSro4Coo2Feos0s.5 (LSCF),
and BagsSrosC0oosFeq 2035 (BSCF) were synthesized by spray pyrolysis and character-
ized by XRD, ICP-OES, dilatometer and conductivity relaxation. Especially the ob-
tained electrical conductivity, the chemical diffusion and surface exchange coefficients
were taken into account to select one out of the four materials. The phase purity of the
nano powder, produced in one step by flame spray synthesis, was a further important
criterion. LSCF turned out to be a good compromise regarding the materials properties

and was selected to produce screen printing slurries for the application as cathode.

The selection of suitable cathode materials is a compromise between several factors.

LSCF finally was selected because it has the

o highest electrical conductivity among tested materials

e  considerably high chemical surface exchange coefficient at SOFC relevant conditions
e achemical diffusion coefficient with low dependence on the p(O,),

e and a one-step-synthesis of 1 kg batches of phase pure LSCF nano powder by

flame spray synthesis was possible.

BSCF as a further interesting material for the production of nano powders had to be
ruled out, because the formation of carbonates during production didn’t allow the syn-
thesis of a phase pure nano powders in one step and might cause problems in the long

term operation as well.

The optimization of the cathode for operation at 600 °C is essential to reduce the para-
sitic losses and to be able to produce highly efficient SOFCs with an enhanced life time.
The approach to use nano powders in this study was expected have a potential to reduce

the polarization resistance to meet these requirements.

151



LSCF cathodes have been prepared from slurries containing pure coarse and nano pow-
ders with and without the addition of electrolyte material. The layer quality was charac-
terized by light microscopy, scanning electron microscopy and electrochemical imped-

ance spectroscopy.

The dispersion of nano powders and application by screen printing were possible, but
pastes with pure nano powders (dso around 30 nm) allow only lower solid loading com-
pared to coarser powders (sub micro particles). Pure nano powders applied by screen
printing caused cracks after firing, and the cathode layers show relatively high polariza-
tion resistances from 3.3 and 9.8 Qcm? at 600 °C. In addition the electrolyte contribu-
tion was higher than expected and scattered between 185 and 300 Qcm? Both, the
cracks and the higher electrolyte contributions point to contact problems between cath-
ode and electrolyte being the most probable reasons for these high polarization resis-
tances of cathodes from nano powders. Cracks and partial delamination are the most
probable cause for this, which need to be overcome by optimizing the cathode layer

processing further.

In order to overcome these problems, the sintering program could be further optimized.
A lower heating rate e.g. in the temperature range between 600 °C and 800°C might
additionally improve the layer properties. Another open question is whether nano pow-

der agglomerates could be dispersed sufficiently.

The use of nano powders turned out to be only useful, when mixed with coarser frac-
tions of LageSro4Coo2FegsOs-s (LSCF) and/or Gdog1Ce903.5 (CGO) electrolyte pow-
der. Nano powders mixed with coarser grain fractions show favourable properties and
no cracks and delamination occurring after firing. Generally mixtures with a total solid
loading of 33 vol% showed the most favourable properties for screen printing and the
layer quality after heat treatment. The polarisation resistances for these layers range
from 0.76 Qcm? to 3.6 Qcm?. The lowest value is close to the target (0.5 Qcm?), but
still a scatter in the electrolyte contributions is observed, indicating remaining electrode

areas, which are not electrochemically active.
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A model to correct the polarization resistance from cathodes areas that are not con-
nected to the electrolyte was applied. The corrected polarization resistance was lower
than 0.2 Q cm? for cathodes produced with powder mixtures of coarse and nano powder
of LSCF and LSCF/CGO composites. These results indicate that a further optimization
of the cathode/electrolyte interface could potentially decrease the resistivity by a factor
of about 3-4 compared to the best values (0.76 Q cm?) measured in this study. Among
the produced cathodes the potentially best cathodes result from powder mixtures and
composites after correction of the polarization resistance.

To better understand this result, the relationship between micro structure and perform-
ance has to be established more in detail e. g. by applying an appropriate electrode
model as presented by Ruger or Adler involving the Kinetic parameters determined in
this study. However, the SEM microstructures do not allow a serious estimation of the
porosity, triple phase boundary length and internal surface area. A modelling of the po-
larization resistance could therefore not be applied. A comparison to literature values
modelled for cathodes at 600 °C and 800 °C shows that the measured values are in the
range of values modelled from the kinetic parameter of LSCF for different cathode

thicknesses and microstructures.

To apply this approach to the presented data would require favourable sample cross
sections prepared by embedding the sample in a resin with subsequent cutting and pol-
ishing steps. In order to observe nano particles with a size < 30 nm higher magnifica-
tions are necessary that require a different instrumentation with high magnification is
recommended. The microstructure has to be examined with sufficient magnification to
visualise nano grains, and other nano-scaled structures. SEM pictures with higher mag-
nification and three dimensional imaging techniques should allow quantification of the
porosity, triple phase boundary length and the internal surface area in order to be able to
model precisely the cathode polarization resistance together with the values of the elec-

trical conductivity, the chemical diffusion and surface exchange coefficients.
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7/ Summary

The current solid oxide fuel cell technology suffers from high degradation of the cell
components due to high operating temperatures in the range between 800 °C and
1000 °C and high material costs. Chromium containing interconnects as a major reason
can be replaced by ferritic steel at lower operating temperatures. The cell materials as
(La,Sr)MnOs-5, yttria stabilized zirconia (YSZ) and Ni-YSZ need adjustment or substi-
tution by other materials in order fulfil the requirements of the lower temperature opera-
tion. Especially cathodes have a major contribution to the cell resistance and therefore,
the development of SOFC cathodes for the operating range 550-650 °C was the aim of
the present work in order to increase the life time of future cells to become commer-

cially competitive.

Four different cathode materials, namely LagSro.4C00.2F€0803-5, BagsSrosCoogFen 203
s, LaoeSro.sFeps0s.s and (LapgSro2)o.0sFe0s03-5, for the required temperature range were
selected in order to compare the relevant properties for fuel cell operation at 600 °C.
The materials were synthesised by spray pyrolysis and flame spray synthesis and char-
acterized by XRD regarding phase purity. Furthermore, the particle size distribution, the
specific surface area of the powders, the sintering behaviour, the coefficient of thermal
expansion, the chemical composition of the products, and the compatibility with electro-
lyte materials were evaluated. Conductivity and oxygen exchange kinetics were evalu-
ated on dense samples - properties that have a significant impact on the catalytic activity
of the cathode.

Phase pure powders of all materials could be obtained after spray pyrolysis and subse-
quent calcination. Nano powders with a single phase could be only produced from
Lao sSro.4C0p2Feps03.5 by flame spray synthesis. Lag Sro4Coo2Fe0s03-5 Sub-u and nano
powders additionally show a better compatibility to Gdy1Cep90195 (CGO) than
Bao5SrosCoosFep203.5. The evaluated CTE at 600 °C for LSCF and BSCF are 16.2
ppm/K and 27.3 ppm/K, respectively.
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The conductivity of the four materials in air at 600 °C lies in between 48 Scm™
(Bao.sSrosC00gFen203.5) and 411 Scm™ for LaggSro4Coo2FeosOss. The values of the
chemical surface exchange coefficient were compared at 700 °C and show similar val-
ues (> 10 cm s for all four evaluated materials at SOFC relevant oxygen partial pres-
sure of 0.2 bars. LagsSro.4Coo2FeosO3-s shows a lower chemical diffusion coefficient (<
10° cm?s™) than the three other materials at 700 °C and 0.2 bars. However, the diffu-
sion coefficient of LaggSro4C0og2Feps03.5 in contrast to the other materials shows only a
little decrease when lowering the oxygen partial pressure that may virtually shift to-

wards lower values under high cathode polarization.

Assessing the results from above, finally LaggSro4Coo2Feos03.5 (LSCF) was selected
for the application as cathode layers. Screen printing pastes containing sub-p and nano
powders were developed and applied on Gdg1Cep 90195 (CGO) pellets as electrolyte
substrates. The microstructures obtained after heat treatment were examined by light
microscopy and scanning electron microscopy. The polarization resistance as a finger-

print for the electrochemical performance was evaluated.

The surface of cathode layers produced from pure nano powders show surface cracks
attributed to the high sintering activity. Layers produced with the conventional sub-p
powder and powder mixtures showed no cracks in the LM pictures. Grain sizes between
0.1 and 2 um could be observed in the different cathode layers with increasing average
grain sizes with increasing firing temperature. Layers produced from pure nano powders
show rather separated spheres than grains forming sintering necks as observed for sub-p
powder and powder mixtures. The electron micrographs for layers produced from nano

powder indicate delamination of layers especially at firing temperatures > 1050 °C.

Polarization resistances as low as 0.76 Qcm? measured at 585 °C were obtained. These
values are close to the defined target of 0.5 Qcm? at 600 °C and justify the selection of
LSCF as cathode materials for the targeted temperature range according to the evaluated
bulk properties.
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Comparing with the lowest measured values an optimization of the cathode polarization
by a factor 2 by additional application of nano powders with respect to the conventional
approach with sub-u powders seems to be possible. The next optimization steps should
concern the cathode/electrolyte interface, because contact problems between cathode
and electrolyte are supposed to be one of the main sources of higher values of the area
specific resistance of the cathode.
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