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Abstract

Solid oxide fuel cells have the potential to become an important device for clean
energy production. Today, these cells run at high temperatures, which cause
degradation in the cell components and a short lifetime for the device. To increase
the lifetime so that the fuel cell can become economically beneficial, the operating
temperature needs to be reduced. For this, new materials that give a low area
specific resistance (ASR) at low temperatures need to be developed. Two compos-
ite materials have been investigated for cathode performance, both consisting of
70 % Ce9Gdg.109_s and 30 % Lag gSrg.4Cog 2Feog03_s5. Composite A was directly
spray-pyrolysed by CerPoTech AS, consisting of a well-dispersed mixture of the
two materials and thus a high density of reaction cites for the oxygen reduction
reaction to occur. Composite B was mechanically mixed using pure LSCF and
CGO, also delivered by CerPoTech AS. Dense CGO pellets were produced, and
composite cathode was deposited using an air-brush technique. Each sample was
heat treated at 650-1150 °C with a 100 °C interval. SEM analysis of the cross
sections was conducted to evaluate the adhesion of cathode to electrolyte. Fur-
ther, symmetric cells with Composite A and Composite B cathode, heat treated at
950 °C and 1050 °C, were tested for cathode performance at 600 °C, 700 °C and
800 °C in dry air atmosphere. The area specific resistance (ASR) at each operat-
ing temperature and the activation energy for the four samples were calculated.
Composite A had a lower ASR for all operating temperatures and for both heat
treatment temperatures. The difference in ASR between the two composites, heat
treated at 950 °C, was significant, Composite A a having an ASR comparable to
literature values. The activation energy was closer to the activation energy for
the oxygen surface exchange reaction, suggesting that this was the dominating
rate-limiting process in the cathode. Comparing to pure LSCF cathode, found in
literature, Composite A heat treated at 950 °C had a significantly lower ASR at
operating temperature 600 °C and a low activation energy. The results for Com-
posite A was attributed to the synthesis method, giving fine grained material with
a high density of triple phase boundaries. The lower ASR at 600 °C compared to
pure LSCF was believed to be due to a high ionic conductivity of CGO at lower

temperatures. A spray-pyrolysed composite cathode is a promising material for
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the use in solid oxide fuel cells, due to a low ASR at low operating temperatures,

and low activation energy.
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Sammendrag

Okside brenselceller har et potensiale til a bli viktige enheter for produksjon av
energi. I dag kjgres cellene ved hgy temperatur, noe som forarsaker degrader-
ing i komponentene og en kort levetid for cellen. For a forbedre dette ma drift-
stemperaturen i brenselcellen senkes, slik at levetiden gker. Dette kan oppnas
ved & produsere nye materialer som har en lav arealeffektiv motstand ved lavere
driftstemperatur. To komposittmaterialer har blitt undersgkt for katodeytelse,
begge bestdende av 70 % Ceg 9Gdo,102-5 0g 30 % Lag 6Srp,4Cop2Fep03_5. Kom-
positt A var direkte spray-pyrolysert, og bestod av en godt dispergert blanding av
de to materialene og en hgy tetthet av trippelpunkter, mens kompositt B var en
mekanisk blanding av de to materialene. Alle materialer ble levert av CerPoTech
AS. CGO pelleter ble produsert, og kompositt materiale ble deponert med en "air-
brush". Hver prgve ble varmebehandlet ved 650-1150 °C, med et intervall pa 100
°C. SEM-analyse ble utfgrt av tverrsnittet av prgvene for & undersgke vedheft av
katode pa elektrolytten. Symmetriske celler med Kompositt A og Kompositt B ble
produsert og varmebehandlet ved 950 °C og 1050 °C. Disse ble testet ved 600 °C,
700 °C og 800 °C i tgrr luft. Den arealspesifikke motstanden ved hver kjgretem-
peratur og aktiveringsenergi for alle prgvene ble beregnet. Kompositt A hadde en
lavere arealspesifikk motstand ved alle kjgretemperaturene sammenlignet med
Kompositt B. Ved varmebehandling pa 950 °C var forskjellen mellom de to kom-
posittene stor, og Kompositt A hadde en arealspesifikk motstand ved 600 °C som
var sammenlignbar med litteratur. Sammenlignet med LSCF katoder, funnet i
litteraturen, hadde Kompositt A varmebehandlet vet 950 °C en mye lavere areal-
spesifikk motstand ved 600 °C og en lav aktiveringsenergi. De gode resultatene for
den spray-pyrolyserte kompositten skyldes det hgye overflatearealet og en stgrre
konsentrasjon av trippelpunkter i materialet, og er et bra alternativ for katode-

materiale 1 brenselceller.
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Chapter 1

Introduction

1.1 Background

The world’s energy consumption is increasing for each day that passes on. To-
day, the energy supply sector is the largest contributor to global green house gas
emissions. Using fossil fuels as its main source of energy [2], it contributes to the
increase in the COg-concentration in the atmosphere, which has never been this
high. The increase in CO2-concentration in the atmosphere causes the Earth’s av-
erage temperature to rise, which again leads to melting of the world’s ice sheets,
the sea levels to rise and more extreme weather [3]. In November 2016, the Paris
Agreement, an international climate agreement working on limiting the temper-
ature rise to less than 1.5 °C took effect [4]. To meet the demanding energy re-
quirement and at the same time stop the temperature from increasing, the outlet
of CO2 need to be reduced and the production of «green» energy needs to be im-

proved.

The solid oxide fuel cell (SOFC) is one of the most promising candidates for «green»
energy production, utilizing the chemical energy of renewable sources for produc-
tion of electrical power. The device has an advantage of fuel flexibility, allowing
it to run at several types of fuels such as hydrogen, hydrocarbons and carbon [5],
and has a high efficiency compared to other solutions for renewable energy pro-
duction [6]. The SOFC, in particular, has a high efficiency compared to other fuel
cell systems. Even though the SOFC will produce carbon dioxide when running at

biomass-derived fuels, this outlet is balanced by previous COg-adsorption in plant
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matter [6].

The SOFC will be an important device for commercial production of clean en-
ergy. The technology is well developed, but still needs some improvements for the
fuel cell to be economically beneficent [6]. Today, yttria stabilized zirconia-based
SOFCs are available and used in Japan for heating and electricity production [7],
but the high operating temperature should be lowered to reduce material degra-
dation and enhance the lifetime of the cell. To achieve this, devices with new ma-

terials that work well at lower operating temperatures, need to be investigated [5].

To lower the operating temperature of the cell, a cathode with both high ionic
and electronic conductivity at lower temperatures is needed. The number of triple
phase boundaries in the component, where the reduction of oxygen occurs, is of
importance, as well as thermo-mechanical compatibility between the components,
porosity and mechanical strength. A composite based cathode, consisting of mate-
rials exhibiting high ionic conductivity and electronic conductivity at lower tem-

peratures, is believed to perform well at reduced operating temperatures [8,9].

1.2 Aim of work

The aim of this master’s thesis has been to establish a procedure for producing
a symmetric cell, and testing its performance. Two different composite materials
were investigated, both with the composition of 70 % Ce(.9Gdy 102_5 (CGO) and
30 % Lag gSrp.4Cog.2Fe(g03_5 (LSCF). The main difference between the two ma-
terials was the synthesis route. Composite A was directly spray-pyrolyzed, thus
consisting of a well-dispersed mixture of the two materials as well as nano-sized

particles, while Composite B was mechanically mixed from pure LSCF and CGO.

The first part of this work was to investigate the adhesion and sintering of com-
posite cathode to CGO electrolyte, and establish a procedure for producing sym-
metric cells. Further on, cells with composite cathodes were produced for testing
using impedance spectroscopy at different operating temperatures in dry air at-

mosphere.



Chapter 2

Literature Review

2.1 The Solid Oxide Fuel Cell

The solid oxide fuel cell converts chemical energy into electrical power. The de-
vice run at temperatures above 800 °C, and uses air and fuels such as hydrogen,
carbon monoxide and methane. This is the most efficient way of converting stored
chemical energy into electricity, reaching an efficiency of 90 % [10]. The SOFC
has a fuel flexibility, which allows it to be used in today’s hydrocarbon fuel in-
frastructures [5]. This makes the SOFC a good competitor to other solutions for
renewable production of electricity, such as windmills and solar cells. However,
before the SOFC can be commercially viable, some improvements to the device

have to be made.

The SOFC consist of a dense ionically conducting membrane, with a porous anode
at one side and a porous cathode on the other side. An outer circuit connecting
the anode and cathode transports electrons back to the cathode, producing elec-
tricity [11]. Fig. 2.1 illustrates a solid oxide fuel cell, with the corresponding

reactions occurring at the anode and at the cathode.
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e — 1,0, + 2e'—> 0%
cathode
% ¢02' electrolyte
anode
T -—a

H2 + 02_—) H20 + Ze—

Figure 2.1: Sketch of a solid oxide fuel cell, with the corresponding reactions occurring
at the anode and at the cathode. Hydrogen is utilized as fuel for this example.

Oxygen is reduced at the cathode, Eq. 2.1, and the produced oxygen ions move
through the dense electrolyte membrane to the anode. At the anode, the oxygen
ions react with the fuel, Eq. 2.2, producing water and electrons. The electrons
travel back to the cathode through an outer circuit, generating electricity. The re-
action occurring at the anode side depends on what fuel is used, here represented
by hydrogen.

1
502 (g)+2e” (cathode) — 0%~ (electrolyte) (2.1

0% (electrolyte) + Ho — H2O(g) + e (anode) 2.2)

The driving force for oxygen diffusion through the electrolyte membrane is the
difference in chemical potential of oxygen at the anode side relative to the cathode.
This difference is due to the difference in oxygen partial pressure, which is much
lower at the anode relative to the cathode; hence the chemical potential of oxygen
is lower at the anode side. The diffusion of oxygen ions is thermally activated,

which explains why the cell works better at temperatures above 800 °C [12].

2.1.1 Components of the SOFC

The electrolyte should have a high ionic conductivity and negligible electronic
conductivity. To limit ohmic losses across the electrolyte, the membrane should
be thin and have a high density. The electrolyte should also have good mechan-
ical properties to withstand thermal stresses as the temperature is cycled from
room temperature, when the device is not in use, to high temperatures during

operation. The most used electrolyte is currently yttria-stabilized zirconia (YSZ).
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Yttrium is a lower valent cation relative to zirconium, and by doping ZrOy with
Y203, oxygen vacancies is induced in the lattice to maintain electroneutrality [12].
To obtain a high ionic conductivity, a large number of vacant cites where oxygen
ions can move to and from is needed. A high temperature increases the thermal
energy of the oxygen ions, which improves the transport of ions between such

empty sites [13].

The electrodes, placed on each side of the electrolyte membrane, need to have
high electrocatalytic activity and high electronic conductivity to minimize the ef-
fective resistance in the cell [14]. The thermal expansion coefficient of the ma-
terial should match the one of the electrolyte and the current collector. This is
because the cells are cycled between room temperature and a high operating tem-
perature, leading to expansion and contraction of the materials. The materials
also need to be chemically stable and have a stable microstructure at higher tem-

peratures [14].

The anode acts as an electrocatalyst, where the oxide ions from the electrolyte
oxidize the fuel. The produced electrons from this process are transported towards
the current collector and into the external circuit. The choice of anode material
depends on electrolyte and the type of fuel used in the cell [14]. Nickel-YSZ is the
most widely used anode material. This is a composite-based anode where nickel
act as a catalyst for fuel oxidation and YSZ is ionically conducting, transporting

the oxygen ions from the electrolyte to the reaction cite [14].

The cathode act as a catalyst for the oxygen reduction reaction, according to
Eq. 2.1. The reaction takes place at triple-phase boundaries (TPB) where the
gas, the cathode material and electrolyte material intersect. Electrons need to be
transported from the outer circuit to the reaction cite, and oxygen ions need to be

transported away from the reaction cite to the electrolyte membrane.

2.1.2 Promising materials for use in SOFC
CGO

In more recent studies, Ceg9Gdg.102_5 (CGO) has shown to be a promising elec-
trolyte material for intermediate temperature SOFCs [8]. CGO has a high ionic

conductivity at intermediate temperatures compared to YSZ-based electrolytes
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and is stable at operating conditions [15]. Studies show that a composition with
10 mol % gadolinium gives the highest value for ionic conductivity [12]. A draw-
back for CGO is that in reducing conditions at temperatures above 600 °C, Ce**
is reduced to Ce3* [12]. Reduction of cerium induces n-type semi conduction in
the material, causing an increase in the unit cell volume, which again can cause
reduction in the mechanical strength and crack formation in the component [14].
Considering that the aim is to reduce the operating temperature for the SOFC,
reaching for 600 °C and lower, this should not be a problem. CGO is compatible
with cobalt containing perovskite oxides as cathode when considering the thermal

expansion coefficient [14].

The fluorite structure of CGO consists of a cubic close packing of cations with

anions in tetrahedral holes [13], illustrated in Fig. 2.2.

Figure 2.2: Fluorite crystal structure of CGO, where blue anions are oxygen, green
cations are cerium and purple cations are gadolinium. The figure was generated in
VESTA software [16].
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Doping with a lower valent cation, Gd3*, induces formation of oxygen vacancies
to maintain electroneutrality in the lattice. These oxygen vacancies make the
material a good ionic conductor [17]. The Krioger-Vink notation for doping with
Gd3* is seen in Eq. 2.3.

Gdy03 2222 2Gde. + Vo' +300% (2.3)

LSCF

Lag gSrg.4Cog 2Fe( §03_5 (LSCF) is a good cathode material, having both good elec-
tronic and ionic conductivity at 800 °C [14, 18]. At lower temperatures, the ionic
conductivity is drastically reduced due to the high activation enthalpy of oxygen
self-diffusion [19]. LSCF has a perovskite crystal structure, illustrated in Fig. 2.3.
In the ideal case, the system is cubic and consists of close-packed AO3-layers with
B occupying all the interlayer octahedral holes. A is a large cation, B is a small
cation and by substitution of one of these, or both, the catalytic activity, ionic and

electronic conductivity of the material can be tailored [20].

a.l—>b

Figure 2.3: The perovskite crystal structure of LSCF. Orange and yellow A-site cations
are lanthanum and strontium, respectively. Pink and purple B-site cations are iron and
cobalt, respectively. Oxygen anions are blue, located at the faces of the unit cell. The
figure was generated in VESTA software [16].
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In a non-ideal case, the perovskite crystal structure can vary between different
non-cubic structures. Based on the size of the cations in the crystal structure, the
Goldschmidt tolerance factor ¢, expressed in Eq. 2.4, gives an indication of what

distortions the perovskite undergoes.

oA
¢ = V2rao (2.4)
2rB.o

where ra_o is the bond length between A-cation and oxygen and rg.g is the bond
length between B-cation and oxygen. Deviation from unity indicates more en-
ergy in the structure, and for ¢ < 0.75 or ¢ = 1.06, the structure will change to
lower or higher symmetries, respectively [21]. La;_,Sr,Cog2FeggO3_s has been
reported to have a rhombohedral unit cell at room temperature for x = 0.3 [22],

while Lag gSrg 2Co1-,Fe,03_5 has an orthorombic unit cell for y > 0.8 [23].

In LSCF, having a combination of La3* and Sr?* induces oxygen vacancies in the
material. This substitution also leads to mixed valence of cobalt, introducing holes
in the valence band and increasing the electronic conductivity of the material. A
high electronic conductivity enhances the catalytic activity of the material due to
reduction in the polarization resistance associated with the charge transfer pro-
cess when oxygen gas is reduced to oxygen ions [24]. La;_,Sr,CoO3_s (LSC) has
an unusually high thermal expansion coefficient, compared to other SOFC elec-
trolytes. Substitution of Co®* with Fe?* reduces the thermal expansion coefficient
(TEC), giving a TEC closer to the CGO electrolyte. This is without compromising

the electrochemical performance of the material [25,26].

The Kroger-Vink notation of charge compensation in LSCF can be seen in Eq.
2.5 and Eq. 2.6.

LaMOg3

SrMOs Srra + My* +300% (2.5)

1
2Mpy" + 00X — 2MpX + Vo' + 502 (g) (2.6)

Eq. 2.5 represents the mixed valence mechanism, which is the oxidation of a B-
site cation to a higher valent cation. Eq. 2.6 represents the oxygen vacancies in
the lattice. The condition of electroneutrality in the material is expressed in Eq.
2.7
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[Srpal=[Mp"1+2[Vo*'] 2.7

Three charge carriers are present in LSCF; electrons, holes and oxygen vacancies.
Temperature and oxygen partial pressure affect what carriers are dominating,
hence to what extent Eq. 2.5 and Eq. 2.6 takes place. Holes are the main charge
carriers over electrons due to a higher concentration of holes over the total range
of oxygen partial pressure measured [27]. At low oxygen partial pressure, oxy-
gen vacancies are dominating, while at higher oxygen partial pressure, electron
holes are important [27]. Ionic and electronic conductivity as a function of oxygen

partial pressure is illustrated in Fig. 2.4 [27].

U'.4 L) 1 1 T
Ao
¥
® A
0.3 A p r 1
g — Caleuwlation A
=
&
=
)
Q
c
[=]
&

45 35 25 -1.5 -05
log (P oy/P %

Figure 2.4: Ionic and electronic conductivity domains in LaggSrg.4Cog gFep203-5 as a
function of oxygen partial pressure at 800 °C. p, n and v represents holes, electrons and
oxygen vacancies, respectively. The figure is reprinted from [27].

The electronic conductivity in LSCF has been found to be dependent of both tem-
perature and amount of La-substitution [22]; it increases as temperature is in-
creased, reaching a maximum, then decreasing. The conductivity below this tem-
perature is attributed to the adiabatic polaron hopping mechanism and is ex-
pressed in Eq. 2.8 [22]. Polaron hopping is the hopping of an electron hole between
two valence states [26]. The temperature at maximum electronic conductivity de-
creases with increasing Sr-content [22].
A -Eg

o= k_Te T (2.8)
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where A is the material constant, % is the Boltzmann constant, T is the tempera-
ture, and E, is the activation energy. Available sites for polaron hopping occurs
when mixed valence of the B-cation creates charge compensation [22]. The ac-
tivation energy associated with this is reduced and the electrical conductivity is
increased due to more mobile charge carriers [22]. Since both the pre-exponential
term and the exponential term is dependent on temperature, the conductivity will
reach a maximum at a certain temperature. This maximum will correspond to T
= %, but it is assumed that other mechanisms will dominate the conductivity as
the temperature is increased [22]. By evaluating the charge carrier concentration
of polaron hopping, one can obtain information about the other mechanisms. The
charge carrier concentration is expressed in Eq. 2.9, in terms of the fraction of

available hopping sites occupied by charge carriers.

C=(1+eFN! (2.9)

C is the site occupancy, @ is the Seebeck coefficient and e is the elementary charge.
This is documented to be dependent on both temperature and Sr-content [22]. The
site occupancy is increased as the temperature is increased, and can be explained
by the mechanism of charge disproportionation of Co3*, where two Co®* ions go to
Co?* + Co** [22]. This is thermally activated, hence the charge carrier concentra-
tion increase as the temperature is increased. On the other hand, the reduction in
site occupancy at higher temperatures can be due to oxygen vacancies. This was
observed to increase as the temperature was increased [22], which is important
for the ionic conductivity in LSCF. The oxygen vacancies at high temperatures can

explain the reduction in electrical conductivity, seen in Fig. 2.5.

2.2 The oxygen reduction reaction

The mechanisms and kinetics of the oxygen reduction reaction (ORR) are still not
well understood. The reaction occurs in several steps, depending on the type of
cathode material it is occurring on. First, oxygen molecules are adsorbed on the
solid surface and become partly reduced ionic species. Further, the oxygen ions are
transported to the electrolyte across the surface, along the interface or through
the bulk of the cathode material [29]. It is shown that the kinetics of the ORR
can be governed by both charge transfer and diffusion, as adsorption of oxygen

molecules and diffusion of oxygen ions to the triple phase boundaries could be
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Figure 2.5: Oxygen content, electrical conductivity and the Seebeck coefficient in
Lag gSrg 4Cog.2Fep 800p-_s as a function of temperature. Reprinted from [28].
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interconnected [30]. When considering a mixed ionic electronic conducting (MIEC)
cathode, the mechanisms become even more complicated, since the MIEC allows

for transport of oxygen through the bulk material [31].

2.3 Cathode design

The cathode in a solid oxide fuel cell can be divided in three main categories;
(a) a porous single-phase electronic conductor, (b) a porous two-phase composite
of electronically and ionically conducting materials and (c) a porous single-phase
mixed ionic and electronic conducting material [29]. A sketch of these three can
be seen in Fig. 2.6. The limiting factor controlling the performance of a cathode in
a SOFC is the operating temperature. The temperature dependency of the ionic
conductivity in a MIEC material will lead to poor performance of the cathode at

lower temperatures.

EC cathode air | |EC cathode IC cathode MIEC cathode air
02- i &
air
& : A /v \ - 0,
o, e \ o /
/ / / o
l \\ 0?
o* 0%
electrolyte electrolyte electrolyte
(a) (b) (c)

Figure 2.6: Sketches of the three main types of cathodes described in [29]. (a) a single-
phase electronic conductor, (b) a two-phase composite cathode of ionic and electronic con-
ducting material and (c) a single-phase mixed ionic electronic conducting material. EC,
IC and MIEC stands for electronic, ionic and mixed ionic and electronic conducting, re-
spectively.

By producing a composite based cathode consisting of both a MIEC material, in
this case LSCF, and a material which has a good ionic conductivity at lower tem-
peratures, in this case CGO, the total performance of the cathode at intermediate
temperatures will be enhanced. A high density of TPB will contribute to the re-
duction of the area specific resistance (ASR) as well. A sketch can be seen in Fig.
2.7. A second benefit of using an electrolyte consisting of pure CGO together with

a composite based cathode with CGO, is that the thermal expansion mismatch
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between the two components will be strongly reduced, depending on the amount
of CGO in the cathode [19].

IC CGO air
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Figure 2.7: Sketch of a composite cathode consisting of the ionically conducting material
CGO and the mixed ionically electronic conducting material LSCF. The reduction of Og is
occurring at the triple phase boundaries.

2.3.1 Nanostructured materials

The electrochemical performance of a SOFC is highly dependent on the material
choice and also the microstructure of the electrodes [32]. Nanostructured elec-
trodes have been considered to improve the performance of the cathode due to
the high surface area to volume ratio. By producing a composite based cathode
with nanostructured materials, a high number for TPB is obtained together with
a large surface area of the materials. This is illustrated in Fig. 2.8. Nanostruc-
tured materials are produced using spray-pyrolysis, a versatile and economically
beneficial technique, giving a good control of the grain size and morphology of the

material by adjusting the process parameters [15].
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Figure 2.8: Sketch of a mechanically mixed composite cathode and a spray pyrolysed
composite cathode, both consisting of a mixed ionic electronic conducting material, and
an ionically conducting material. The bottom part is the ionically conducting electrolyte.

Shimada et al. [33] produced nanostructured composite cathode powder consisting
of Lag gSrg4MnO3_5 (LSM) and YSZ by spray-pyrolysis. The cathode was sintered
at 1200 °C, and the individual particles had a small size of 100-200 nm. Spray-
pyrolysis gave a well dispersed composite cathode with an intimate mixture of the
two materials. Illustrating this, STEM-images was recorded of La and Zr, and
can be seen in Fig. 2.9. The images show that the each grain of LSM and YSZ
are completely separated, and connected to each other creating its own network
structures. It was also reported that Mn and Sr was overlapping with La, and Y
overlapped with Zr. This lead to a three-dimensional extension of the electrochem-
ically active region [33]. Further, the narrow particle size distribution gave rise
to uniform pore channels, and together with the microstructure of the composite
cathode, this provided a high concentration of TPB [33].

In a composite based cathode, consisting of a high density of triple phase bound-
aries, the mixture needs to be well dispersed, the grains in the starting material
need to be small in size and exaggerated grain growth should be avoided during
heat treatment. High performance in composite based cathodes is found to be
due to a fine grained microstructure and a high porosity of the cathode. A good
porosity enhances gas transport in the cathode [19]. It is found that the threshold
thickness of the cathode is 10 to 15 times the size of the particles in the ioni-
cally conducting phase in the cathode. The smaller particles, the thinner layer is

needed for minimal polarization resistance [34].
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Figure 2.9: Microstructure of a composite cathode consisting of LaSrMgO and ZrYO.
Mapping of La and Zr, an overlay of the two mappings and a STEM-recording of the same
area. The image was reprinted from [33].

A mechanism for material transport activated and driven by a source of energy
is needed for grain growth in a material to occur. Heat is the primary source
of energy, as well as energy gradients due to contact between particles and sur-
face tension. Small particles provide a high driving force for densification due to
a large radius of curvature, which gives more rapid sintering at lower tempera-
tures, but can also lead to agglomeration, grain coarsening and exaggerated grain
growth during heat treatment [35].

Production of ceramic materials through spray-pyrolysis gives fine crystallite sized
grains of high purity [35-37]. Heat treatment of such material can lead to rapid
densification and grain growth, and the material loses surface area. By avoiding

grain growth during production, the density of triple phase boundaries will be
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high and the area specific resistance in the cell will be reduced.

2.3.2 Grain boundary resistance

A composite material, consisting of one mixed ionic electronic conducting material
and one ionically conducting material is a good solution for composite cathodes
when considering the mismatch of thermal expansion coefficients in a SOFC. How-
ever, the performance of such a composite cathode is not necessarily controlled by
the properties of the two individual materials. Interactions between these phases
and altered interfaces such as grain boundaries may have an important role in the
overall performance of the device. Structural disorder, solute segregation, oxygen
vacancy depletion and formation of precipitates are believed to dominate the over-
all conductivity [38].

Lin et al. [38] investigated the grain boundaries of CGO grains in CGO/CoFegOy4
(CGO/CFO) composites, and compared the obtained results to single-phase CGO.
The measurements can be seen in Fig. 2.10, and show a difference in the Ce**/Ce3*-
, Gd/O- and O/Ce-ratios near CGO-CGO grain boundary in the single-phase CGO.
The figure demonstrates the accumulation of Gd-ions at the grain boundary, and
formation of a space charge layer reflected by the Ce**/Ce®*-ratio. In the com-
posite material consisting of CGO and CFO, the Ce**/Ce3*, Gd/O and O/Ce ratios
near CGO-CGO grain boundary showed to be similar to the values in the CGO
grain interior. This is illustrated in Fig. 2.10. These results confirm that oxy-
gen vacancy concentration at CGO-CFO grain boundary core in the composite is
similar to the concentration of oxygen vacancy in the CGO grain interior. This is
explained by the formation of a Gd- and Fe-rich GdFeCoCeO-phase, avoiding the
accumulation of Gd-ions and the following oxygen vacancy depletion at the grain

boundaries.
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Figure 2.10: Profile of Ce**Ce3*, Gd/O- and O/Ce- ratio near CGO-CGO grain boundary.
The solid symbols are measured in a composite material consisting of CGO and CFO,
while hollow symbols are from a single-phase CGO. The dotted, red line indicate the grain
boundary core between two grains, the area between the two black, dotted lines is the
grain boundary and GI indicates the grain interior [38].

In a CGO-based composite cathode, the ionic-electronic transport would be more
complex compared to pure CGO due to the possible emergence of new phases with
additional grain boundary interfaces. The structure, composition and charge dis-
tribution in the grain boundaries may also change during fabrication of a two-
phase composite cathode. Additional phases may form due to cation migration
at elevated temperatures, which can either promote or obstruct ionic-electronic
transport [38]. It is found that CGO and LSCF do not react to form secondary
phases when heat treated at 1300 °C [28], suggesting that no phase segregation

will occur at the grain boundaries.

Also, the diffusion of cations between electrolyte and cathode is an important fea-
ture. Li et al. [39] investigated the interfacial region between LSCF and CGO and
found that all cations in both materials diffuse into each other, and that elements
in LSCF diffuse into the CGO phase along grain boundaries in the vicinity of the

cathode/electrolyte interface, and segregate at grain boundaries and TPBs.
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2.4 Characterization of SOFC performance

2.4.1 Impedance spectroscopy

Impedance spectroscopy (IS) is carried out to evaluate the electrochemical be-
havior of electrode and electrolyte materials, and the degradation mechanisms
occurring, in a SOFC [40]. Usually the measurements are done on a pellet shaped
symmetrical cell consisting of two identical electrodes on each side of an elec-
trolyte membrane. The standard way of measuring the impedance is to apply a
known single-frequency voltage to the symmetric cell and measuring the current

response at that frequency [40].

The impedance is given by the ratio between the applied voltage, V(w) and the

current response, I(w), seen in Eq. 2.10 [15].

V) Vet Vo o

Z(w) = L) Ige-iot+d) ~ Ioe

(2.10)

The impedance function is expressed in Eq. 2.11 through the Euler-relation [15].

Z(w) = Zreal(w) + iZimag((U) (2.11)

where w is the angular frequency and i is the imaginary number. The real com-
ponent of Eq. 2.11 is also called the resistive component, and the imaginary com-
ponent of Eq. 2.11 is also called the capacitive component. A resistance and a
capacitance in parallel characterize different regions of a ceramic symmetric cell
sample. The characteristic time constant, 7, of each parallel RC-element is given
by the product of R and C, seen in Eq. 2.12. Eq. 2.13 shows the relation be-
tween w4y, the resistance and the capacitance, which makes R and C separable.
This makes it possible to separate the different RC elements and assign them to

different regions in the sample [41].

T=RC (2.12)

wmaxRC =1 (2.13)
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2.4.2 Area specific resistance

The area specific resistance (ASR) in a SOFC is the resistance in the electrode
corresponding to 1 cm? of the cell. A low ASR implies fast kinetics, while a high
ASR implies slow kinetics in the cathode. There are three ways of reducing the
internal resistance of the cell; use electrodes with high conductivity, a good design
of the cell and making the electrolyte as thin as possible. This is difficult due to
the need of mechanical strength [42].

The impedance measurements are represented in a Nyquist-plot, where the neg-
ative imaginary part is plotted along the y-axis and the real part is plotted along
the x-axis. The resulting graphs represent rate-limiting electrode processes oc-
curring in the sample. The charge transfer resistance is seen as the diameter of
the semicircle. From f(max), the double layer capacity C;; can be calculated [15].
The area specific resistance (ASR) is found as half the charge transfer resistance,
illustrated in Fig. 2.11 [41].

-Z,, [Qcm?]

2ASR

A
V...

v

Zreal [Qcmz]

Figure 2.11: Sketch of a Nyquist-plot, showing the relationship between the semi-circle
and the area specific resistance in the electrode.

To evaluate the resulting Nyquist-plot, equivalent model circuits are used. This
approximates the measured impedance over the range of frequencies measured
using circuit elements such as resistors, inductors and capacitors. The impedance
behavior of an electrochemical interface reaction can be described by a parallel
combination of a resistor and a capacitor, sketched in Fig. 2.12. R represents
the ohmic resistance of the electrolyte and the lead wires in the set-up, Ry mod-
els the kinetics of the electrochemical reaction, while the capacitor reflects the

capacitance of the interface [41].
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C;
Figure 2.12: Model of an equivalent circuit, used to approximate the measured
impedance as a parallel combination of a resistor and a capacitor, connected in series
with a resistor. R represents the ohmic resistance of the electrolyte and the lead wires, R;

represents the kinetics of the electrochemical reaction and C; represents the capacitance
of the interface [41].

Several processes take place in the cell when it is electrically stimulated; trans-
port of electrons through the electronic conductors, transfer of electrons at the
electrode-electrolyte interface and the flow of charged atoms via defects in the
material. Ideally, impedance spectroscopy is able to de-convolute all the separate

processes taking place.

The impedance response of symmetric cells with mixed ionic electronic conduct-
ing cathodes can consist of three distinct resistances. i) Is the ohmic resistance
of the electrolyte. ii) Is the charge transfer resistances at interfaces, including
electronic transfer at the interconnect/-electrode interface and ionic transfer at
the electrode/electrolyte interface. iii) Is the chemical impedance of non-charge-
transfer processes, including oxygen surface exchange, solid-state and gas-phase
diffusion. An example of a Nyquist-plot is seen in Fig. 2.13. High frequency,
medium frequency and low frequency semi-circles corresponds to electron trans-

fer, ionic transfer and chemical diffusion resistance, respectively [43].
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Figure 2.13: Example of Nyquist-plots obtained from samples tested at two different
temperatures. At high temperatures (a), only the low frequency resistance is visible. At
lower temperature (b), the medium frequency resistance is visible and the high frequency
arc intercept [43].
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2.5 Previous work [1]

Two composite materials consisting of 70 % CGO and 30 % LSCF were charac-
terized with respect to phase purity, crystallite- and grain size, and sintering ki-
netics, all as a function of heat treatment temperature. Composite A was directly
spray-pyrolyzed and delivered as-produced, while Composite B was mechanically
mixed using pure components. The two composites were wet-milled and heat
treated at 600 °C, 700 °C and 800 °C, and further characterized as a function

as heat treatment.

Grain size and sintering kinetics

Nitrogen adsorption was conducted, estimating the grain size as a function of
heat treatment temperature. Composite B consisted of smaller grains when heat
treated at 600 °C, 700 °C and 800 °C compared to Composite A, seen in Fig. 2.14.
The reason for the larger grain size for Composite A was assumed to be due to
the smaller particle size prior to heat treatment, which came from the production
method. Smaller grains induce grain growth at lower temperatures. Composite B

consisted of larger particles prior to heat treatment.
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Figure 2.14: The grain size of Composite A and Composite B as a function of heat treat-

ment temperature. The grain size is calculated from the specific surface area, obtained
from nitrogen adsorption measurements [1].

The sintering kinetics of the two composites was investigated using dilatometry.
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The results showed that Composite A started to densify at around 650 °C, while
Composite B started to densify at around 800 °C. The results of the dilatome-
try can be seen in Fig. 2.15. This corresponded well with the calculated grain
size. Since Composite A started to densify at lower temperatures, and also then
experiences coarsening at even lower temperatures, the nitrogen adsorption mea-

surements showed larger grains in Composite A at temperatures above 600 °C.

Temperature [°C]

0 200 400 600 800 1000 1200 1400
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Figure 2.15: Dilatometry of Composite A, Composite B and LSCF. The program was set
to 1200 °C with a heating and cooling rate of 10 °C/min, and was conducted in synthetic
air.

Phase purity and crystallite size

The crystallite size of the two composites was calculated using Topas Software
[44], showing that Composite A consisted of smaller crystallites compared to Com-
posite B at 600 °C and 700 °C. In both composites, the crystallites grew drastically
between 700 °C and 800 °C. LSCF and CGO in Composite B showed a larger dif-
ference in crystallite size compared to Composite A.
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Figure 2.16: Crystallite size for LSCF and CGO in Composite A and Composite B as a
function of heat treatment temperature. Calculations are done in Topas software [44].

The crystallite size of Composite A was smaller than for Composite B at 600 °C
and 700 °C, and both materials experienced a significant crystallite growth be-
tween 700 °C and 800 °C. The same was seen when investigating grain growth,
except Composite B consisted of smaller grains at all temperatures compared to
Composite A. Composite A had a lower sintering temperature, which is explained
by Composite A being directly spray-pyrolyzed while Composite B was mechani-
cally mixed. Both composites were treated at 650 °C to avoid any grain growth

before further production of symmetric cells.
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Experimental work

This chapter describes the experimental procedure and methods conducted in this

thesis, allowing the work to be repeated on a later occasion.

3.1 Apparatus and chemicals

Two different composites were synthesized, characterized and heat treated dur-
ing previous work [1]. Sample name, composition and method of production is

presented in Tab. 3.1.

Table 3.1: Ceramic powder synthesized by spray-pyrolysis and delivered by CerPoTech
AS. LSCF = LaO,GSr0,4Coo,2Fe0,803_5 and CGO = Ceo.ng()JOQ_g

Sample Composition Comment

Produced from a homogeneous water
Composite A 30 % LSCF + 70 % CGO Dbased solution, directly spray-pyrolysed.
Heat treated at 650 °C.

CGO and LSCF synthesized separately by
spray-pyrolysis, LSCF calcined at 700 °C
and milled prior to mechanically mixing
with CGO. Heat treated at 650 °C.

Composite B 30 % LSCF + 70 % CGO

25
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The apparatus used during the experimental work are listed in Tab. 3.2, together

with model and application of use.

Table 3.2: List of apparatus, with model and application, used in the experimental work.

Apparatus Model Application
Ball mill U.S. Stoneware Milling and mixing of powders
Furnace Nabertherm P330 Calcination of powder
Clean furnace = Nabertherm P330 Sintering of pellets
Uniaxial press Hydraulic C-press Pressing of pellets
o Investigation of phases and
XRD Bruker D8 Advance DaVinci .
phase purity
Dilatometer Netzsch S-3400N Sintering analysis
Polisher Struers LaboPol-21 Grinding pellets
Polisher Struers Tegramin-20 Polishing pellets
. Coating samples with carbon for
Sputter Coater Cressington 208
SEM
) . Investigation of cross section and
FE-SEM Hitachi SU-6600
top surface
Tubular fur- Setup for impedance measure-
ProboStat
nace ments

Analyzing sys-

tem

Alpha-A High Performance

Frequency Analyser

Analyzing impedance data
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3.2 Symmetric cells - Investigation of heat treat-

ment temperature

3.2.1 CGO electrolyte

CGO powder was delivered by CerPoTech AS already calcined at 600 °C and
milled. CGO (100 g.) was grinded in a mortar and sieved with a 250 ym mesh
before production of pellets. CGO (0.7 g.) was weighed out for each pellet, and
15mm diameter pellets were pressed in an uniaxial press with a pressure of 70
MPa for one minute. The pellets were sintered at 1300 °C for 10 hours, with a
heating rate of 600 °C/h and a cooling rate of 300 °C/h. The heat treatment pro-
gram can be seen in Fig. 3.1. The density of the sintered pellets was measured

using Archimedes method.

1300 A
2
-
300 °C/h 600 °C/h
time [h]

Figure 3.1: Temperature program for sintering CGO pellets in air. The heating rate was
set to 600 °C/h, the cooling rate was set to 300 °C/h. 1300 °C/h was held for 10 hours.

The pellets were grinded on one side using a Struers LaboPol-21, starting with
grit size P800, then P1000 and ending with P1200 grinding, with 25 pm, 20 ym
and 15 pm grain size, respecitvely. A cut across the ungrinded side of the pellets
was made. This was to easily cut the pellet in half later on for investigation of the

cross section in SEM.
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3.2.2 Deposition of composite cathode

Composite A and Composite B were deposited on the grinded side of the pellets
using an air-brush. The air-brush was connected to an argon gas outlet with an
excess pressure of 0.5 bar. Two solutions were made consisting of 5 wt% compos-
ite powder, 3 wt% dolacol and 92 wt% ethanol. The solutions were mixed in an
ultra sonic bath for 30 minutes. A strip of tape was attached around the edge of
the pellets to avoid deposition of cathode material here. This would give short-
circuiting when testing for impedance. The pellets were weighed before and after
deposition. In the first session, 5 ng was deposited. This was adjusted to 20 ug for
the remaining samples to obtain a thicker cathode layer. A sketch of the samples

can be seen in Fig. 3.2.

composite cathode

electrolyte

}

cut

Figure 3.2: Sketch of produced samples for SEM-analysis.

One sample of each composite was heat treated at 650 , 750 , 850, 950, 1050 and
1150 °C. After heat treatment, the pellets were cut in two parts, inducing the
crack with a scissor, for investigation of the cross section and top surface in SEM.
To investigate how well the composite cathode was adhering to the electrolyte, a
swob-test was also conducted by carefully wiping a dry Q-tip across the top surface

of the cathode layers.
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Figure 3.3: Temperature program for heat treatment of CGO electrolyte with deposited
composite cathode. The heating and cooling rate was set to 200 °C/h and the temperature
was held for 6 hours. The heat treatment was conducted in air.

3.2.3 Scanning electron microscopy

Investigation of the samples, both before and after testing using impedance spec-
troscopy, was conducted in a Hitachi SU-6600 FE-SEM with an acceleration volt-
age of 15 kV. For investigation of the cross section, each sample was placed verti-
cally on a sample holder with carbon tape, and coated by using a carbon sputter
coater for 10 seconds. For investigation of the top surface, each sample was placed
horizontally on a sample holder with a carbon tape, and coated using a carbon

sputter coater for 10 seconds.

3.2.4 Energy dispersive spectroscopy

Samples heat treated at 1050 °C and 1150 °C were placed vertically in a casting
die and casted in epoxy for element analysis. The casted samples were grinded
with SiC paper starting with grit size P500, then P800 and ending with P1200,
with 25 ym, 20 ym and 15 pm grain size, respectively, using a Struers LaboPol-21.
The samples were further polished using DiaPro Diamond suspension in the fol-
lowing order: Largo, Dur, Mol, with 9 pym, 3 uym and 1 pm grain size, respectively.
The samples were cleaned in ethanol in an ultra sonic bath between each polish-

ing step. Before investigation in SEM, the samples were taped with aluminum
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tape and coated with carbon using the carbon sputter coater for 10 seconds to

avoid charging.

3.2.5 Dilatometry

Dilatometry analysis was performed on pure CGO to measure the change in di-
mension as a function of temperature, and to calculate the thermal expansion
coefficient (TEC). A pellet with dimensions 5 mm diameter, and 2 mm height was
pressed using the uniaxial press. The applied pressure was 60 MPa. The mea-
surement was performed in a Netzsch 402C up to 1400 °C in synthetic air, with a

heating and cooling rate of 10 °C/min.

3.2.6 X-ray diffraction

The top surface of the two samples chosen for impedance spectroscopy was inves-
tigated using X-ray diffraction. This was to calculate the crystallite size of the
material in the two cathodes. The samples were placed in single crystal Si sample
holders, attached with an adhesive paste. XRD was performed with CuKa radia-
tion of wavelength 1.5406 A. The scanning was performed from 10 to 75 20 angle
with scanning time of 30 minutes. The obtained diffractograms were investigated
for phase purity using EVA software [45] by comparing with reference PDF 04-
002-6160 for CGO and PDF 04-017-2448 for LSCF. The references were found in
the International Center for Diffraction Data. Further, the crystallite size of the

two materials was calculated using Bruker’s software Topas [44].

3.3 Production of symmetric cells

Dense CGO pellets were prepared following the same procedure described in sec-
tion 3.1.1. Both sides of the electrolyte pellets were grinded starting with P800,
P1000 and finishing with P1200 grinding paper. The pellets were cleaned with
100 % ethanol using a Q-tip, and an air-brush was used for applying composite
cathode on each side of the pellet, as described in section 3.1.2. A sketch can be
seen in Fig. 3.4. The amount of deposited cathode was adjusted to 40 ng to obtain

a thicker cathode layer to achieve better results in the impedance measurements.
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The samples tested were heat treated at 950 °C and 1050 °C. These two tem-
peratures were chosen based on investigation of the cross sections done in SEM.
Pt-paste was deposited on each side of the pellet, letting the paste dry at 120 °C

for 5 minutes in a drying cabinet in between each deposition. An illustration can

be seen in Fig. 3.4.

Pt-paste
composite cathode

electrolyte

composite cathode

Pt-paste

Figure 3.4: Sketch of produced symmetric cells tested for impedance spectroscopy. For
these samples, no cut was made across the pellet. This was to more accurately calculate
the surface area of both sides of the pellets.

This was done to ensure good contact between the cathodes and the Pt-plates in
the sample holders. Due to the noise in the first sample tested, the Pt-pasted was
cured at 800 °C for 5 minutes in a furnace for the remaining three samples. The
sides of the samples were carefully grinded using a P1200 grinding paper to be
sure to avoid short-circuiting, and the diameter of the sample was measured with
a digital caliper.

3.4 Impedance spectroscopy

Electrochemical impedance spectroscopy was performed on symmetric cells us-
ing a tubular furnace with a ProboStat sample holder setup for circular samples.
An Alpha-A High Performance Frequency Analyzer from Novocontrol was used to
analyze the impedance response. The measurements were done in dry air atmo-
sphere. The amplitude of the applied AC signal was 50 mV for the first sample.
For the following samples, the amplitude was adjusted to 700 mV due to noise in

the measurements. The frequency investigated ranged from 1 MHz to 1 mHz.
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To investigate the effect of heat treatment temperature, the impedance response
was measured at 800 °C, 700 °C and 600 °C. To ensure that no microstructural
changes had occurred during testing, measurements were repeated at 800 °C. A
sketch of the program can be seen in Fig. 3.5. The samples were let to stabilize for
two hours at each temperature before measurement started, and measurements

were conducted for three hours at each temperature.

800 °C 800 °C
2+3 h
700 °C
';‘ 2+3 h
b
240 °C/h
time [h]

Figure 3.5: Program set for impedance measurements. The measurements were per-
formed at a frequency from 1 MHz to 1 mHz, at amplitude of 50 mV and 700 mV. Each
temperature was let to stabilize for 2 hours before measurements were conducted for 3
hours. The heating and cooling rate was set to 240 °C/h.

Processing of the data obtained from the measurements were conducted in ZView
software [46].
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Results

In this chapter, abbreviations will be used. A or B indicate what composite is
being discussed. These letters will be followed by a heat treatment temperature.
E.g. A950 means Composite A heat treated at 950 °C.

4.1 CGO electrolyte pellets

The density of the CGO pellets was measured using Archimedes method, and was
found to be above 92 % for all pellets. The grain size was calculated from the
obtained SEM-picture, seen in Fig. 4.1, using the linear intercept method. The

grains had an average size of 720 nm.

Figure 4.1: Cross section of CGO electrolyte, sintered at 1300 °C for 10 hours.

33
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4.2 Sintering kinetics of CGO

The result from the dilatometer analysis conducted on CGO is presented in Fig.
4.2 . The curve indicates that CGO started to densify at around 600 °C. The TEC

was calculated from the dilatometer curve, and found to be 22 - 1078 °C~L.

Temperature [°C]
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Figure 4.2: Sintering curve for CGO obtained during dilatometer analysis. The temper-
ature was set to 1400 °C, with a heating and cooling rate of 2 °C/min. The analysis was
conducted in synthetic air.

4.3 Adhesion of composite cathode

4.3.1 Top surface - Composite A and Composite B

Fig. 4.3 shows the top surface of both Composite A and Composite B, with in-
creasing heat treatment temperature from top to bottom. As the heat treatment
temperature for the samples is increased, both composite A and Composite B ex-
perience densification and grain growth. Composite A at 750 °C and 850 °C con-
sist of larger particles compared to Composite B at the same temperatures. This
is due to coarsening of Composite A during calcination at 650 °C prior to sinter-
ing of these samples. This is only occurring in Composite A because it consists of
smaller particles due to the synthesis method. This is accounted for in previous

work [1]. Composite B is mechanically mixed, and consists of larger grains in the
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starting material. This leads to coarsening at even higher temperatures compared

to Composite A, and is seen in Fig. 4.3 to be at around 850 °C.

Composite A Composite B

g

1050°C

Figure 4.3: SEM images of the top surface of Composite A and Composite B cathode,
with increasing heat treatment temperature from top to bottom.
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At heat treatment of 1050 °C and 1150 °C, it is evident that grain growth and
sintering has occurred, seen by large grains and pores. Densification and grain
growth starts between 850 °C and 950 °C for both composites. These results corre-
spond well with the dilatometry measurements seen in Fig. 2.15, and the nitrogen

adsorption seen in Fig. 2.14 from previous work [1].

The samples heat treated at 650 °C was not intact after heat treatment, seeing
that the cathode material fell of when the samples were further handled. It was

decided that these samples were too fragile to investigate further in the research.

The particle size of the heat treated composite cathode material is presented in
Tab. 4.1, calculated using the linear intercept method on the SEM-images seen in
Fig. 4.3. The ideal thickness for the composite cathode was calculated based on
the grain size, and is also presented in Tab. 4.1. Finding the ideal thickness of
the cathodes was based on studies reporting that this should be 10 to 15 times the

size of the particles in the cathode material [34].

Table 4.1: Particle size calculated from the SEM-recordings seen in Fig. 4.3, and esti-
mated ideal cathode thickness based on the particle size.

Particle Ideal thickness Particle Ideal thickness
Sample . Sample .
size [nm] [pm] size [nm] [pm]
A750 170 1.7-2.6 B750 94 0.9-14
AS850 180 1.8-2.7 B850 120 1.2-1.8
A950 370 3.7-5.6 B950 290 2.9-44
A1050 450 4.5-6.6 B1050 460 4.6-6.9
Al1150 450 6.5-6.6 B1150 500 5-7.5

4.3.2 Cross section
Composite A

In Fig. 4.4, the cross section of the Composite A cathode heat treated at 850 °C,
950 °C, 1050 °C and 1150 °C is presented. The thickness and density of the cath-
ode layers are presented in Tab. 4.2. The thickness of the cathode layer heat
treated at 850 °C is about 1-2 um thick. The cathodes heat treated at 950 °C,
1050°C and 1150 °C have a thickness ranging from 8 ym to 5 ym. The thickness

is decreasing as the heat treatment temperature is increased, and is expected due
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to grain growth when the heat treatment temperature is increased. The reason
for why the sample heat treated at 850 °C has such a thin layer is because only
5 ng of composite cathode was deposited. For the 950 °C, 1050 °C and 1150 °C
samples, the deposited amount of cathode was adjusted to 20 ym to increase the

thickness of the layer.

At heat treatment temperature 1050 °C and 1150 °C, the composite cathode has
good adhesion to the electrolyte. This is seen by necking between cathode parti-
cles and the electrolyte. At 850 °C and 950 °C, adhesion is not easily observed.
At 850°C, it is evident from the picture that the particles have fallen of the elec-

trolyte, which also confirms a bad adhesion between the cathode and electrolyte.

Composite B

Fig. 4.5 shows the cross section of the Composite B cathode heat treated at 850°C,
950 °C, 1050 °C and 1150 °C. The thickness and density of the cathode layers are
presented in Tab. 4.2. The samples heat treated at 850 °C have a thickness of
2um, while the samples heat treated at 950 °C, 1050 °C and 1150 °C have a thick-
ness ranging from 6 ym at 950 °C to 3 uym at 1150 °C. The thickness is decreasing
with increasing heat treatment temperature due to more grain growth at higher
temperatures. Samples heat treated at 1050 °C and 1150 °C show good adhesion
to the electrolyte, seen by several neck formations between the cathode particles

and electrolyte.

The deposition method resulted in homogeneous and porous cathode layers for
all samples. Sufficient SEM-pictures of the samples heat treated at 750 °C was
difficult to obtain for both Composite A and Composite B. The cathode material fell
of the electrolyte when the samples were handled, confirming that the material

did not obtain sufficient adhesion to the electrolyte.
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1150 °C

Figure 4.4: SEM images of the cross section of composite A, heat treated at 850 °C,
950°C, 1050 °C and 1150 °C.
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1050 °C

Figure 4.5: SEM images of the cross section of composite B, heat treated at 850 °C,
950°C, 1050 °C and 1150 °C.
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An estimate of the cathode density is calculated, and presented in Tab. 4.2. As the
heat treatment temperature is increased, the density of the layers is increasing,
which is expected considering that heat is the source for energy that is needed for

material transport, inducing grain growth [35].

Table 4.2: Calculated density of composite cathodes, heat treated at 850 °C, 950 °C,
1050°C and 1150 °C. Calculations can be seen in Appendix in Tab. B.1.

Sample Thickness [pm] Density [%] Sample Thickness [nm] Density [%]

A850 25.3 24 B850 2.5 28.4
A950 35.4 7.3 B950 5.0 51.8
A1050 41.9 6.2 B1050 4.3 60.5
A1150 448 5.8 B1150 3.8 81.6

To get an idea of how well the cathode material was adhering to the electrolyte, a
clean, dry Q-tip was wiped across the top surface of cathodes. The results can be
seen in Tab. 4.3. Both cathodes show better adhesion with increasing heat treat-
ment temperature, but Composite B start to adhere better at lower temperature
compared to Composite A, and achieves better adhesion faster when increasing

the heat treatment temperature.

Table 4.3: Test of how well the cathodes adhered to the electrolyte. Each sample was
carefully wiped with a clean, dry Q-tip.

Sample Adhesion Sample Adhesion

A650 Easily wiped off B650 Easily wiped off

A750 Easily wiped off B750 Easily wiped off

A850 Bt?tter adhesion, but still easily B850 Bgtter adhesion, but still easily
wiped off wiped off

A950 Even better, but some comes off B950 No visible cathode on Q-tip

A1050 The Q-tip has some trace of
cathode

A1150 No visible cathode on Q-tip B1150 No visible cathode on Q-tip

B1050 No visible cathode on Q-tip

4.4 Diffusion of cations from cathode to electrolyte

EDS analysis of the cross section of A1050, A1150, B1050 and B1150 was con-
ducted to evaluate the diffusion of cations from the composite cathode into the
electrolyte. The element distribution across the cathode-electrolyte interface is

presented as line scans in Fig. 4.6.
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Figure 4.6: Line scan of the interface between composite cathode and electrolyte. The
black line in the plots indicates what seems to be the boundary between the two compo-
nents in the sample. The SEM-recording to the left with the yellow arrow show where in
the sample the line scan is conducted.
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As seen in Tab. 4.4, all cations diffuse 0.5 to 1 ym into the electrolyte. It seems
to be little difference when considering both the temperature and the type of com-
posite, and no significant patterns. The reason for why La, Sr, Co and Fe does
not reach zero in the pure CGO electrolyte is because when using EDS scanning.
There will always be some background signal, which can be assumed to be noise.
The EDS analysis has several restrictions considering the spatial resolution. For
elements with a high atomic number, the spatial resolution is 0.2-1 um?, which is
due to the generation of X-rays occurring very deep in the interaction volume [47].
This means that the measured cation diffusion length can in this case range from
0-2 pm.

Table 4.4: Diffusion length of cations across the interface between composite cathode and
electrolyte, calculated from the obtained line scans seen in Fig. 4.6.

Elements A1050 [pum] A1150 [pm] B1050 [pm] B1150 [pm]

Sr 0.7 1 1 1

Fe 0.5 0.5 0.7 0.5
Co 0.5 0.7 1 0.5
La 0.7 0.8 0.8 0.9

4.5 Crystallite size

The top surface of the two samples chosen for impedance spectroscopy was inves-
tigated using X-ray diffraction. This was to calculate the crystallite size of LSCF
and CGO in the two cathodes. The diffractograms can be seen in Appendix A, Fig.
A.1 and Fig. A.2. The crystallite size of the four samples was calculated using
Bruker’s software Topas [44], and is presented in Tab. 4.5. A plot of the crystallite
size as a function of heat treatment temperature can be seen in Appendix A, Fig.
A.3.

The crystallites in Composite A grow steadily as the temperature is increased,
where CGO obtains larger crystallites compared to LSCF. In Composite B, the dif-
ference between the two materials is larger. It seems as if the crystallite growth
of LSCF slows down as the temperature is increased above 950 °C. CGO grows
significantly more than LSCEF. It is difficult to say anything about the grain size of
the composites from the crystallite size, due to the fact that a grain might consist
of several crystallites.
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Table 4.5: Calculated crystallite size of LSCF and CGO in A950, A1050, B950 and B1050.
The calculations were conducted in Topas software [44].

Sample LSCF [nm] CGO [nm]
A950 29 50

A1050 52 83

B950 50 20

B1050 54 117

4.6 Electrochemical impedance spectroscopy

4.6.1 Oxygen reduction kinetics

Impedance measurements were carried out in dry air atmosphere, following the
program presented in Fig. 3.5. The effect of heat treatment temperature was in-
vestigated, and Fig. 4.7 and Fig. 4.8 show the data obtained. All data have been
normalized to Z,.;1=0 to more easily see the difference in diameter of the semicir-
cles.

The samples heat treated at 950 °C show an evident difference between the two
composites, due to the much larger semi-circle diameter for Composite B com-
pared to Composite A. This is the case for all operating temperatures. For the
samples heat treated at 1050 °C, the difference in diameter is not as pronounced.
The capacitance of the obtained Nyquist-plots are presented in Tab. 4.6, found by
using Zview software [46] at the top point of the semi-circles. These values give

an indication of what processes are occurring in the symmetric cell [41].

Since the Nyquist-plots show only one pronounced semi-circle, and all capacitance
values lie in the range of 1074-1 F, and values in this range are attributed to the

electrochemical reactions occurring in the sample [41].

Table 4.6: The capacitance calculated for each sample at each operating temperature, at
the frequency corresponding to the Z(im) top-point [41].

Sample 600 °C 700 °C 800 °C
A950 1.7-103F 1.6-102F 12F

B950 22-10*F 54-10*F 1.8-103F
A1050 14-102F 1.8-102F 3.3-102F

B1050 22-102F 3.8-102F 45-102F
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Figure 4.7: Obtained Nyquist-plots of A950 and B950 measured at operating tempera-
ture 600 °C, 700 °C and 800 °C. The measurements are conducted in dry air atmosphere.
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Figure 4.8: Obtained Nyquist-plots of A1050 and B1050 measured at operating temper-
ature 600 °C, 700 °C and 800 °C. The measurements are conducted in dry air atmosphere.
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4.6.2 Area specific resistance

The data from the Nyquist-plots have been modeled by the equivalent electrical
circuit consisting of a resistor and a constant phase element connected in parallel,
representing the kinetics of the electrochemical reaction occurring and the capac-
itance of the interface, with a resistor in series, representing the ohmic resistance
of the electrolyte and wires. From the Nyquist-plots and the use of ZView soft-
ware [46], the ASR of the two composites heat treated at 950 °C and 1050°C is
obtained. The measurements conducted at 800 °C at the end of the program gave
the same values for ASR as the first measurements at 800 °C, indicating that no
microstructural changes has occurred in the samples. The curves in the Nyquist-
plots are fitted, and the ASR is found as half the diameter of the fitted semi-circles.

Tab. 4.7 presents the obtained values for the ASR, which are plotted in logarith-
mic scale as a function of operating temperature, seen in Fig. 4.9. The activation
energies, also seen in Tab. 4.7, is calculated from the slopes of the plot, using the

Arrhenius equation.

As seen from the values in Tab. 4.7 and the graph in Fig. 4.9, the ASR is de-
creasing as the operating temperature is increased. This is due to the thermally
activated oxygen reduction reaction occurring at the surface and movement of
oxygen ions through the bulk. The ASR of Composite B, both heat treated at 1050
°C and 950 °C is higher for all running temperatures. Composite A heat treated
at 950 °C has a much lower ASR compared to all the other samples.

Table 4.7: The ASR of the two composite cathodes, tested at 600 °C, 700 °C and 800 °C,
heat treated at 950 °C and 1050 °C.

ASR [Qcm?] A1050 B1050 A950 B950
600 °C 1.39 1.85 0.15 1.18
700 °C 0.22 0.29 0.02 0.36
800 °C 0.05 0.07 0.01 0.1
Activation energy [kJ/mol] 133.4 130.4 105.5 95.5

As seen in Tab. 4.7, the activation energy for both Composite A and Composite
B heat treated at 950 °C are close to eac<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>