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Abstract

Solid oxide fuel cells (SOFCs) have attracted much attention as a means to reduce green-
house gas emissions. However, the operating temperature must be reduced for the tech-
nology to become economically competitive. The main challenge associated with this is to
obtain favorable kinetics for the oxygen reduction reaction at these temperatures. In the
present work, symmetric cells consisting of Lag gSrg 4Cog.2Feog03-s (LSCF) cathodes and a
Cep.9Gdp.102-5 (CGO) electrolyte were fabricated and characterized. Both materials were
spray-pyrolyzed by CerPoTech AS (Trondheim, Norway), and were received without any fur-
ther post-treatments. A procedure for obtaining CGO pellets with relative densities in excess
0f 94% was developed, and airbrushing was used to deposit LSCF cathodes on the electrolyte
pellets. The effect of firing temperature on the kinetics of the oxygen reduction was then
evaluated by electrochemical impedance spectroscopy (EIS) of symmetric cells fired for 2
hours at 950 °C, 1000 °C, 1050 °C and 1100 °C. Measurements were recorded at three different
temperatures in pure oxygen atmosphere. The area specific resistance (ASR) was observed
to increase continuously with increasing firing temperature, which was explained by the si-
multaneous reduction in specific surface area of the LSCF cathodes. Moreover, the obtained
data were correlated with the microstructure of the cathodes as documented by SEM. The
deposited cathodes were observed to be uneven and inhomogeneous, which was believed
to be a result of the deposition method used. Furthermore, this also explained that the ob-
tained ASRs and calculated activation energies were higher than those reported in literature.
Considering that minimal effort has been made to optimize the fabrication procedure thus
far, the results documented here are nevertheless promising for the use of spray-pyrolyzed

LSCF as cathode material in intermediate temperature SOFCs (IT-SOFCs).






Sammendrag

Fastoksid brenselceller kan bidra til & redusere utslipp av drivhusgasser, og har defor fatt
stor oppmerksombhet i nyere tid. For at teknologien skal bli gkonomisk konkurransedyktig,
ma imidlertid driftstemperaturen senkes. Dette er utfordrende siden oksygenreduksjonen
er termisk aktivert, noe som medforer at kinetikken blir tregere ettersom temperaturen re-
duseres. I dette arbeidet ble symmetriske celler bestdende av Lag gSrg.4Cog.2Feg gO3_s5 (LSCF)
katoder og en Ce 9Gdp 10,-5 (CGO) elektrolytt produsert og karakterisert. Begge rdmateri-
alene ble spraypyrolysert av CerPoTech AS (Trondheim, Norge), og ble mottatt uten videre
etterbehandlinger. En metode for fremstilling av CGO pellets med relativ tetthet storre enn
94% ble utviklet, og luftkosting ble deretter brukt til deponering av katodene péa elektrolyt-
ten. Effekten av brenntemperaturen pa kinetikken til oksygenreduksjonen ble undersokt
med elektrokjemisk impedansspektroskopi av celler brent i 2 timer ved 950 °C, 1000 °C,
1050 °C og 1100 °C. Maélinger ble gjort ved tre ulike temperaturer i ren oksygenatmosfere.
Det ble observert at den arealspesifikke motstanden ekte kontinuerlig med okende bren-
ntemperatur, noe som ble forklart med den samtidige reduksjonen i spesifikt overflateareal.
Videre ble disse malingene sett i sammenheng med mikrostrukturen til katoden. SEM-
karakterisering viste tydelig at de deponerte katodene var ujevne og inhomogene, noe som
mest sannsynlig skyldtes valget av deponeringsmetode. Dette var en viktig observasjon og
forklarte hvorfor de malte arealspesifikke motstandene og beregnede aktiveringsenergiene
var hgyere enn verdier rapportert i litteraturen. Siden liten innsats har blitt gjort for & opti-
malisere produksjonsmetoden inntil videre, er resultatene likevel lovende for bruk av spraypy-
rolysert LSCF som katodemateriale i fastoksid brenselceller ved reduserte driftstempera-

turer.
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Chapter 1

Introduction

1.1 Background

Extensive use of fossil fuels for energy generation has increased the concentrations of green-
house gases in the atmosphere dramatically since the mid 1800s, as shown by Figure 1.1. In

fact, the current concentrations of CO,, CH4 and N,O are unprecedented in at least the last

800000 years [1].

Globally averaged greenhouse gas concentrations
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Figure 1.1: Development of greenhouse gas concentrations in the atmosphere from around 1850
until today. Adapted and reprinted from [1].

Whereas the effects of emissions of greenhouse gases were not known in earlier times, they

are well-documented today. There is broad consensus in scientific communities worldwide
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that global warming is a direct consequence. According to The Intergovernmental Panel
on Climate Change (IPCC), consequences include melting of ice sheets in Greenland and
Antarctica, acidification of sea water and raised sea levels to name a few [1]. In this context,

the urgency for reducing emissions and halting global warming is obvious.

The only permanent solution to this problem is to remove the need for fossil fuels as the
main energy source. Numerous technologies based entirely on renewable resources are cur-
rently being investigated for this very purpose. Some of the most promising are solar, wind
and geothermal energy. It is extremely important to continue the development of these
technologies to make them competitive. However, fossil fuels will still play an important
role in the global energy economy for many years to come. Another approach to reduce
greenhouse gas emissions is thus to develop technologies that improve the conversion effi-
ciency of fossil fuels to electricity. It is primarily in this aspect fuel cells have attracted a lot
of interest in recent years. At the risk of oversimplification, a fuel cell is a device that directly
converts chemical energy into easily applicable electric energy [2]. This is the fundamen-
tal concept shared by all fuel cells, even though there exist many different types. The main
advantage with direct conversion is that the limitation of the Carnot cycle, inherent to for
example conventional combustion engines, is avoided [3]. Solid oxide fuel cells (SOFCs) are
particularly interesting in this aspect since they have the highest conversion efficiencies of
all fuel cells [4]. In fact, they can reach as high as 50-60% [4] [5], and even in excess of 80% if

the waste heat is recycled [3] [6].

Whereas a lot of other fuel cells rely on an aqueous electrolyte, SOFCs consist of two solid
electrodes separated by a solid ionic conductor electrolyte [7]. A single SOFC unit is shown
schematically in Figure 1.2. Reactants are fed continuously to the two electrodes where half-
cell reactions occur, i.e. reduction at the cathode and oxidation at the anode [2]. For almost
all practical applications, several SOFC units are connected in series to increase the deliv-
ered voltage [3] [8]. This is achieved by a component called the interconnect, which con-

nects the anode of one unit to the cathode of another.
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Figure 1.2: Schematic illustration of a single SOFC unit with hydrogen used as fuel.

Oxygen gas, normally fed as air, is reduced to oxide ions at the cathode according to the

following reaction [9] [10]:

1
502(8)+2¢” = 0%~ (1.1)

The oxide ions are then transported through the dense ceramic electrolyte to the anode. At
the anode, they react with the fuel to produce the waste product. This can be water and/or
carbon dioxide depending on the fuel. Usually, the fuel is H,(g), CO(g) or CHy(g) either
separately or in combination, e.g. syngas [4] [11]. The reaction below shows the oxidation of

hydrogen fuel [9] [10]:

Hy(g) =2H" +2e” (1.2)

The electrons liberated in the oxidation are directed to an external circuit, where the gener-

ated electricity can be taken advantage of. Furthermore, the overall cell reaction becomes:

1
502 (g) + Ha(g) = H20(g) (1.3)
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Designing a well-functioning SOFC system is by no means trivial. Since the list of required
properties for each component is quite extensive, identifying candidate materials can be a
challenge in itself. In addition, the components and their properties must also be compati-
ble with each other. As detailed below, there are a lot of considerations to take into account.
Figure 1.3 shows the cross section of a SOFC and illustrates the differences in microstructure

of the various components.

Figure 1.3: Cross section of an anode-supported SOFC. A ceramic-metal composite (cermet) of
yttria-stabilized zirconia (YSZ) and nickel is used as anode, YSZ is used as electrolyte and a two-
phase composite of lanthanum strontium manganese oxide (LSM) and YSZ is used as cathode. The
anode layer is thick in order to provide mechanical support. Reprinted from [7].

It is crucial that the electrolyte exhibits high ionic conductivity and is as thin as possible
in order to avoid excessive ohmic resistance [10]. At the same time, the electrolyte must
be electronically insulating to avoid short-circuiting, and be completely dense to prevent
mixing of the reactants [10]. On the other hand, one of the most important properties of the
anode is to provide the mechanical stability of the cell. In addition, the anode must be stable
in the reducing environment, have high electronic conductivity and have matching thermal
expansion coefficient (TEC) to those of the electrolyte and interconnect [10]. Finally, high
specific surface area is required to ensure sufficient transport of reactant to and waste prod-
uct away from the reaction sites, respectively [10]. For similar reasons, high specific surface
area is also a requirement for the cathode [6]. Furthermore, good catalytic properties for
oxygen reduction is necessary. Whereas cathode materials must always be electronically

conductive [10], ionic conductivity is also required for certain designs. Since the cathode is
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in contact with the electrolyte and interconnect, it must be chemically stable with both to
avoid formation of secondary phases that can inhibit oxide ion and/or electron transport
[10]. Finally, the TEC must match those of the electrolyte and interconnect. Of all the com-
ponents, the requirements for the interconnect are possibly the most demanding. Since it is
exposed to both reducing and oxidizing environments, it must be stable in both [10]. More-
over, the permeabilities for both oxygen gas and fuel should be low to avoid mixing of the
reactants. Very high electronic conductivity and matching TEC to those of both electrodes

and electrolyte is also required [10].

Despite the substantial amount of research on SOFCs in recent decades, there remain some
unsolved challenges. Currently, conventional SOFCs operate at 800-1000 °C. This exceed-
ingly high operating temperature limits the potential candidate materials drastically. The
materials used are therefore rather expensive, which prevents SOFCs from becoming eco-
nomically competitive [12]. Furthermore, the lifespan of a typical SOFC must be prolonged
as it is currently less than satisfactory. By lowering the operating temperature, both chal-
lenges would be diminished [9] [13]. A lot of effort has therefore been invested in the devel-
opment of intermediate temperature SOFCs (IT-SOFCs), with operating temperatures below
700 °C [5] [6]. This would allow for the use of metallic interconnects, which are significantly
cheaper [9] [14] [15] than the commonly used ceramic alkaline-earth doped LaCrO3 [10]
[16]. Furthermore, problems related to interdiffusion, formation of secondary phases and
thermal cycling will diminish if the temperature is lowered [5] [9]. Thus, the lifespan is ex-

pected to increase.

Unfortunately, new challenges are introduced simultaneously. The development of im-
proved fabrication methods has enabled production of thinner and less resistive electrolytes
[17]. In addition, novel electrolyte materials that perform well at lower temperatures, such
as Cep.9Gdp 10,_s5 (CGO), have been discovered [4] [6]. Thus, the main limiting factor is no
longer associated with the ohmic resistance of the electrolyte, and the focus has shifted to-

wards the electrodes and the electrochemical processes occurring there [17]. The electrode
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reactions are thermally activated, and their rates can be expressed by Arrhenius type equa-
tions. Hence, the activation energy increases and the kinetics become slower as the temper-
ature is lowered [5] [14] [17]. As the oxygen reduction is usually the main limiting factor [12],
the majority of recent research has focused on the cathode [17] [18]. However, the complex-
ity of the reaction has made it difficult to gain insight, and the mechanistic understanding is

still less than satisfactory [12].

1.2 Objective

The traditional SOFC cathode, as exemplified by La;_,Sr,MnO3_s (LSM) [16] [17], exhibits
high electronic conductivity and negligible ionic conductivity. For this type of cathode, the
reduction is believed to be restricted to the triple phase boundaries (TPBs) [5], i.e. the lo-
cations where the oxygen gas, the electrode and the electrolyte intersect. Previous research
has documented that the overall performance of cells with this type of cathodes scales with
the length of the TPB [17]. Much effort has therefore been put into developing mixed ionic-
electronic conductor (MIEC) cathodes [5]. It is believed that this will lower the area specific

resistance (ASR) and result in improved kinetics at lower temperatures [17].

In this work, symmetric cells with Lag Srg 4Cog 2Feo 8035 (LSCF) cathodes and Ce 9Gdg.102-5
(CGO) electrolyte were fabricated and characterized. The LSCF and CGO powders were
spray-pyrolyzed by CerPoTech AS (Trondheim, Norway), and were received without further
post-treatments. A procedure for fabrication of CGO pellets with relative densities in ex-
cess of 94% was developed. Afterwards, LSCF cathodes were deposited on the electrolyte
pellets by airbrushing. Numerous sets of symmetric cells were fabricated, and each set was
subjected to an unique firing temperature. The effect of this temperature on the kinetics of
the oxygen reduction was then evaluated by electrochemical impedance spectroscopy (EIS)
in pure oxygen at three different measurement temperatures. Moreover, these results were

related to the microstructure of the cathodes as determined by SEM.



Chapter 2

Literature Review

2.1 Cathode design

The purpose of any SOFC cathode is to reduce molecular oxygen to oxide ions according
to Equation 1.1. This requires that electrons are supplied to the reaction sites and that the
generated oxide ions are transported away. Electronic and ionic conductivity are thus fea-
tures that invariably must be taken into account for any cathode design. As such, the TPB
is an important concept. The TPB is, as briefly described in Chapter 1, the locations where
the electrode, electrolyte and oxygen gas intersect. Figure 2.1 illustrates this concept in a

simplified manner.

Electrolyte

Figure 2.1: The concept of the triple phase boundary (TPB). Reduction of the oxygen gas occurs in
the locations where the cathode, electrolyte and air intersect.
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Several different cathode designs have been investigated and documented in the SOFC liter-
ature, and they can be divided into three fundamentally different types [4] [17]:
(i) porous single-phase electronic conductor, e.g. LSM, (ii) porous two-phase composite of
electronically and ionically conducting materials, e.g. LSM and YSZ and (iii) porous single-

phase MIEC, e.g. LSCE Figure 2.2 illustrates these different approaches schematically.

Electronic conductor

Electrolyte Electrolyte Electrolyte

(a) Type (i) (b) Type (ii) (c) Type (iii)

Figure 2.2: The three different types of cathode design: (i) single-phase electronic conductor, (ii)
two-phase composite of an electronic and ionic conductor and (iii) single-phase MIEC.

Type (i) represents the traditional SOFC cathode. This is reflected in the fact that LSM has
been one of the most studied cathode materials since the early 1970s [7] [16] [17]. For this
kind of cathode, the reduction of oxygen is confined to the TPBs. Since the cathode has neg-
ligible ionic conductivity, the reduction reaction must occur in close proximity to the TPBs
to allow for transport of oxide ions away from the reaction site through the electrolyte to the
anode where they oxidize the fuel and make the waste product. Simultaneously, the elec-
tronic conductivity of the cathode ensures that the electrons travelling through the external
circuit are directed to the reaction sites where oxygen is reduced. However, this design is
not ideal as previous research documents that the overall cathode performance is propor-
tional to the one dimensional length of the TPB [17] [19]. The implication of this is that
the performance can be improved by increasing the contact area between the electronically
and ionically conducting materials. One possible improvement is therefore to fabricate a
composite as detailed by type (ii). Another solution is as described by type (iii) to use a

single-phase MIEC. This approach has several advantages. The TPB area becomes equiva-
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lent to the entire gas-exposed surface area, since the oxygen reduction in theory can occur
over the entire surface [7]. Another advantage as compared to the two-phase composite, is

ease of fabrication.

2.2 (Crystal structure of LSCF

2.2.1 Unitcell

The cathodes used in SOFCs are very commonly perovskite metal oxides with the general
chemical formula ABO3_s [7], where A and B are cations and O is oxygen anions. An ideal
perovskite has a cubic unit cell described by the Pm3m space group [20], as illustrated by
Figure 2.3. The Goldschmidt tolerance factor, defined in the following equation, is used to

assess whether the perovskite is ideal or not [20]:

ra+ro

T=— 2.1
V2(rg +10)

where ra, rg and ro are the ionic radii of the A-, B- and O-ions, respectively [6]. Although
an ideal perovskite corresponds to 7 = 1, deviation from this is very common. The ability
to accommodate various different cations, in addition to both cation and anion vacancies,
is known to provide perovskites with numerous interesting functional properties. Among
these are electronic and ionic conductivity, which make them well-suited for SOFC cathode

purposes.

When the perovskite is not ideal, the A-O bonds experience tension and the B-O bonds ex-
perience compression, or vice versa depending on whether 7 < 1 or 7 > 1. This entails in-
creased energy as compared to the ideal case, and several mechanisms for minimization

of this are known [6]. The most common one is tilting of the corner-shared BOg octahe-
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Figure 2.3: The cubic unit cell, space group Pm3m, of an ideal perovskite. A-site cations are located
in the corners, B-site cations in the unit cell center and O-anions at the unit cell faces. The figure was
generated by the VESTA software [21].

dra relative to one another [6]. Such tilting decreases the number of symmetry elements of
the perovskite, meaning that the unit cell has to be contracted to correctly account for the
symmetry elements of the lattice [6]. An important consequence of this is that new crystal
planes will be able to give constructive interference, which gives rise to reflections in the
diffractogram known as superreflections [6]. Such reflections can be seen in diffractograms
of LSCE as it is not an ideal perovskite. The unit cell is shown in Figure 2.4, with the corre-
sponding atom positions taken from PDF 04-017-2448 given in Table 2.1. As can be seen,

the unit cell is thombohedral and can be described by the R3¢ space group [22] [23].

Table 2.1: Atom positions in the rhombohedral unit cell of LSCE space group R3c, given in Cartesian
coordinates. The values are taken from PDF 04-017-2448.

Atom X y Y/
La 0 0 0.25
Sr 0 0 0.25
Fe 0 0 0
Co 0 0 0
0) 0.458 0 0.25
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Figure 2.4: The rhombohedral unit cell, space group R3c, of LaggSrg4Cog2Feqg0s_s (LSCF). The
green, pink, orange, blue and red atoms represent La, Sr, Fe, Co and O, respectively. The figure was
generated by the VESTA software [21].

2.2.2 Effect of composition

Furthermore, the unit cell is observed to change if the composition is varied. Aliovalent
substitution of La3* with Sr?* leads to an increase in the average radius of the A-cations
[23]. Furthermore, some of the Co3* and/or Fe3* cations will be oxidized to the tetrava-
lent state to compensate for the charge imbalance [23], explained in detail in Chapter 2.3.
Consequently, the average radius of the B-cations decrease. Due to the higher charge, the
B-O bonds in the BOg octahedra will then become stronger. The result of these effects
combined is that the unit cell size decreases as the Sr-content increases [22] [23], which
can be seen from Figure 2.5. From the indicated change in space group, it is also obvi-
ous that structural transitions are occurring. Indeed, it has previously been reported that
La;_,SryCog2Fep303_5 has a rhombohedral unit cell at room temperature for x = 0.3 and
an orthorhombic unit cell for x < 0.2. Similarly, Lag gSrp 2Co1-yFe,03_s has been reported
to be rhombohedral for y < 0.7 and orthorombic for y = 0.8 [24]. This is shown in Figure 2.6a

and 2.6b, respectively.



12 Chapter 2. Literature Review

60
- 0.94
<
£
o
3 %9 092 &
> ©
- =
8 8
8 090 &
o]
3 58 g
O b 1
'U —
3
3
Q 10.88
57 1 n 1 n 1 n 1 L 1
0.0 0.2 0.4 06 0.8

xinlLa, SrCo Fe O,

Figure 2.5: The pseudocubic unit cell volume and Goldschmidt tolerance factor plotted as functions
of the Sr-content in La;_,Sr,Cog 2Feg gO3. Reprinted from [22].
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Figure 2.6: The rhombohedral to orthorombic transition temperature in La; _SryCog 2Feg §O03_s and
Lag gSrg.2Co;-yFe,03_5 shown as a function of Sr- and Fe-content, respectively. Reprinted from [23]
and [24], respectively.
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2.3 FElectrical transport properties of LSCF

The kinetics of the oxygen reduction, and thereby the efficiency of the SOFC, are improved
by high electrical conductivity [6]. Thus, the two most important properties of a MIEC cath-
ode is the electronic and ionic conductivity. By ensuring high electronic conductivity, the
polarization resistance associated with charge transfer processes can be minimized [6]. A
value of 100 S/cm is normally taken as the lower limit for a material to be suitable [6] [25].
Similarly, good ionic conductivity reduces the polarization resistance by allowing the oxy-
gen reduction to take place over a larger portion of the electrode surface [6]. The electronic
and ionic conductivity of LSCF at 900 °C have been reported as 230 S/cm and 0.2 S/cm, re-
spectively [26]. It is worth noting that this ionic conductivity is many orders of magnitude

larger than the value of 107 S/cm reported for LSM at 900 °C [26].

Charge compensation due to aliovalent substitution of La3* by Sr?* is very important for
the conductivity behavior of LSCE Two mechanisms of charge compensation are shown by

Kroger-Vink notation in the following reactions [6]:

LaMO, , . N
SIMO; — Sr; ./ + My, +30, 2:2)
. X X (X 1
2My" +00" — 2My "+ Vo™ + S 02(g) 23)

Thus, the prevailing electroneutrality condition becomes:

(St 1= M1 +2 [V "™*] (2.4)

The mechanism shown in Equation 2.2 relies on the oxidation of one B-site cation to a higher

valency, e.g. oxidation of Fe3* to Fe'*. Conversely, the mechanism shown in Equation 2.3
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relies on the introduction of oxygen vacancies. As illustrated by these equations, there are
three possible charge carriers in LSCEF: (i) electrons, (ii) holes and (iii) oxygen vacancies.
Factors such as the temperature, partial pressure of oxygen and the given B-site transition
metal cations will influence to what extent Equation 2.2 and 2.3 happen relative to each
other [6] [7]. Wang et al. investigated the concentration of the various charge carriers in
Lag 6Sro.4Cog gFep 203_5 as a function of oxygen partial pressure, as shown in Figure 2.7 [27].
Holes are expected to be the main charge carrier as the concentration, denoted by p, is much
larger than the concentration of electrons, denoted by n, over the entire oxygen partial pres-
sure range investigated. At low oxygen partial pressures, however, oxygen vacancies will be

important.
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Figure 2.7: Concentration of the various charge carriers in Lag gSrg.4Cog gFeg 2035 plotted as a func-
tion of oxygen partial pressure, Pp,, at 1073 K. The concentrations of holes, electrons and oxygen
vacancies are denoted by p, n and v, respectively. PY=101325 Pa. Reprinted from [27].

The electrical conductivity of La;_,Sr,Cog 2Fep §O3_s has been investigated thouroughly by
Tai et al. [23]. They found that the conductivity depends both on the temperature and Sr-
content, as evidenced by Figure 2.8. Each composition with x = 0.1 displays an increase in
conductivity until a certain characteristic temperature is reached. The conductivity behav-
ior below this temperature was attributed to the adiabatic small polaron hopping mecha-

nism:
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Figure 2.8: Electrical conductivity in air of La;_,Sr,Cog 2Fe O35 plotted as a function of tempera-
ture and Sr-content. Reprinted from [23].

o= A ex (_Ea) (2.5)
_ka P kpy T ’

where A is a material constant including the concentration of charge carriers, E, is the ac-
tivation energy for polaron hopping, ky is Boltzmann’s constant and T is the absolute tem-
perature. Available sites for polaron hopping are created when charge compensation oc-
curs by mixed valence state of the B-site cations [6], described by Equation 2.2. Thus, the
associated activation energy is lowered and the electrical conductivity increased due to en-
hanced mobility of the charge carriers. From this consideration alone, it is expected that
the electrical conductivity will be maximized for a doping level of Sr>* equal to 0.5 [6]. Fur-
thermore, since the pre-exponential term decreases with temperature and the exponential
term increases, a maximum conductivity for a certain temperature is expected based on the
polaron mechanism. However, this maximum would correspond to T = E,/ky, [23]. Since
these temperatures are significantly higher than those observed, it is reasonable to assume
that other mechanisms start to dominate the conductivity behavior as the temperature in-

creases. Valuable information about these can be extracted from evaluation of the charge



16 Chapter 2. Literature Review

carrier concentration for polaron hopping. This can be expressed in terms of the site occu-
pancy, i.e. the fraction of available hopping sites occupied by charge carriers, by the follow-

ing equation [23]:

-1
C= (1+exp(@)) (2.6)

ki
where C is the site occupancy, Q is the Seebeck coefficient and e is the elementary charge.
The site occupancy was documented to be dependent both on temperature and Sr-content,

as shown in Figure 2.9 [23].
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Figure 2.9: Site occupancy calculated from Seebeck data of La; _ ,Sr,Cog 2Fey gO3_s plotted as a func-
tion of temperature and Sr-content. Reprinted from [23].

Two opposing effects can be used to account for the observed behavior. Firstly, the increase
in site occupancy with increasing temperature can be explained by the charge dispropor-

tionation of two Co3*, or equivalently Fe3", according to the following reaction [23]:
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2C0%" = Co*t + Co*t 2.7)

The reaction is thermally-activated, which is in accordance with the fact that the charge car-

rier concentration is observed to increase with increasing temperatures.

Conversely, the decrease in site occupancy in the high temperature region for compositions
with x> 0.1, can be explained by introduction of oxygen vacancies. Figure 2.10 shows that
the oxygen deficiency for For La;_,Sr,Cog2FeygO3_5 was observed to increase with tem-
perature. It is also noteworthy that compositions with x = 0.3 were oxygen deficient even
at low temperatures. Oxygen vacancies are very important for the ionic conductivity, since
oxide ions usually are much larger than interstitial positions in the perovskite structures [6].
The ionic conductivity is thus enhanced up to a certain vacancy concentration. However,
continued formation of vacancies after this can give defect association and/or structural
deformations [6]. Moreover, the introduction of oxygen vacancies in the high temperature
region can explain the observed decline in electrical conductivity seen in Figure 2.8. Fig-
ure 2.11 clearly shows that a substantial decrease in the electrical conductivity is observed
simultaneously with introduction of oxygen vacancies. This can be justified by evaluating
the electroneutrality condition given in Equation 2.4. For each oxygen vacancy formed, two
Mj, must be eliminated. Consequently, the available sites for polaron hopping are reduced
and the electrical conductivity is decreased. This might seem counterintuitive, as one might
expect that the increased ionic conductivity would help maintain an overall large electri-
cal conductivity. However, it is the electronic contribution that governs this [22], which can
be explained by the much larger mobility of the electronic charge carriers [28]. The intro-
duction of oxygen vacancies is also believed to reduce the mobility of the electronic charge
carriers by serving as scattering centers [23], since the electrical conductivity was observed
to decrease much more rapidly than the carrier concentration at high temperatures [23].
This implied that the reduced number of charge carriers could not account for the observed

conductivity behavior alone.



18

Chapter 2. Literature Review

w
]

2.95

2.90 |

285 |

Oxygen Content (3-5, moles)

1 x=0.4
2-30 ! 1 " L L 1
200 400 600 800 1000 1200

Temperature (°C)

Figure 2.10: Oxygen content of La;_,Sr,Cog2Fe 3O3_s in air plotted as a function of temperature
and Sr-content. Reprinted from [23].

Figure 2.11:

3.00 ¢ -
g 295 ;
[« .
E 290 |  oxygen Content, 3-3
2.85 |-
2.80 b—— ' : 1 L
350 | . u -
— i ® .
£ 250 | . : *
a | . :
- 150 |} : .
¢  Elecirical Conductivity E
50 . | | N " | [
60 |
:!-: 40 ‘ 0
E Seebeck Coefticient o
20 |
[ O ©o o o o.0 °
0 1 1 L | ]
i} 200 400 600 800 1000

Oxygen deficiency,

Temperature (°C)

electrical

Lag gSrg.4Cop2Fepg03_s in air plotted as a function of temperature.

from [23].

1200

conductivity and Seebeck coefficient of

Adapted and reprinted



2.4. Oxygen reduction reaction 19

2.4 Oxygen reduction reaction

The thermodynamic driving force for the oxygen reduction reaction in an actual fuel cell
arises from the difference in oxygen partial pressure on the cathode and anode side of the
electrolyte [6]. Since air is being fed to the cathode, the oxygen partial pressure will be high-
est on this side of the electrolyte. Consequently, the chemical potential of oxygen will also
be higher on the cathode side. Oxygen reduction and transport through the electrolyte will
thus result in reduced oxygen chemical potential, which implies a negative change in Gibbs

energy. Figure 2.12 shows this conceptually.

u
A
Ho
pO(1) pO,4(2)
Ho
Cathode side Electrolyte Anode side

Figure 2.12: The thermodynamic driving force for the oxygen reduction reaction arises from the dif-
ference in oxygen partial pressure, pO,. Since pO,(1) > pO2(2), the chemical potential of oxygen,
o, will be larger on the cathode side of the electrolyte. The chemical potential gradient is not nec-
essarily linear as depicted here. Adapted from [6].

Although the oxygen reduction reaction has been studied extensively, the mechanism and
kinetics are still not entirely understood. The oxygen reduction happens in multiple steps
that depend on the type of cathode used [14] [17]. Firstly, molecules of oxygen gas have
to adsorb on one or more of the solid surfaces present, i.e. the cathode and electrolyte, to
become partly reduced ionic/atomic species. Before, during or after partial reduction, the
oxygen species must be transported to the electrolyte either along an interface, across a sur-
face or through the bulk of the cathode material [6] [17]. At this point, the partially reduced
species must have become fully reduced in order to be transported through the electrolyte

as oxide ions. Some of the various possible reaction steps are shown conceptually in Figure
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2.13. However, there is still ongoing debate regarding the mechanism of the reduction and

which step(s) that is rate-determining [6].

Figure 2.13: Some of the possible reaction steps for the oxygen reduction reaction. The a, f and y
phases represent the cathode, oxygen gas and electrolyte, respectively. Reprinted from [17].

To better understand the kinetics of the oxygen reduction, it is worthwhile to refer to the
somewhat simpler system of a Pt-cathode on a YSZ-electrode. This is one of the most ex-
tensively studied electrode-electrolyte systems to date, and much of the knowledge gained
from this can be applied to the more complex perovskite cathodes found in SOFCs. For
a long time there were two opposing mindsets on how to evaluate the kinetics of the re-
duction reaction on the Pt-cathode. Some believed that the system could be described in
terms of traditional electrochemical kinetics, i.e. Tafel kinetics. Conversely, others relied
on electrochemical impedance spectroscopy (EIS). The main discrepancy between the two
was that the reduction should be rate-limited by charge transfer processes on the electrode
surface according to Tafel kinetics, whereas EIS showed that the reduction was rate-limited
by diffusion of gas species and resulting concentration gradients [6]. Several works have
documented by use of EIS that viewing the system exclusively as charge transfer limited is
not justified [29] [30] [31]. However, it was later shown that the kinetics could be governed
both by charge transfer and diffusion, as adsorption of oxygen gas and diffusion of oxygen to
the TPBs in some instances could be interconnected [32]. When expanding the discussion
to include the state-of-the-art MIEC perovskite cathodes, the picture becomes even more
complicated. Owing to their ionic conductivity, the MIECs will allow for transport of oxygen

through the bulk as well [33].



2.5. Electrochemical impedance spectroscopy 21

2.5 Electrochemical impedance spectroscopy

Electrochemical impedance spectroscopy is as mentioned above a method used to evalu-
ate the kinetics of reactions occurring in gas diffusion electrodes, and it was first reported
by Bauerle [34]. An important feature of the technique is that it relies on AC currents. The
most common way of doing impedance measurements is to apply a periodic voltage with
constant amplitude over a predefined frequency interval to the system being investigated
[6] [35]. The phase shift and amplitude of the resulting current response are then measured
as functions of frequency [35]. If the various electrode processes occur at different frequen-
cies, it will be possible to determine the individual reaction steps constituting the overall

electrode reaction.

The impedance function is complex and frequency-dependent [35], and can be written as

[12]:

Z(0) = Zreal (W) + i Zimag(w) (2.8)

where i is the imaginary unit and w is the angular frequency. Real, ohmic resistances are
represented by Zieq(w), whereas Zimag(w) represents reactances [6]. The latter provides in-
formation about the polarization resistances of the processes constituting the electrode re-
action [6]. Furthermore, impedance data are commonly represented in Nyquist plots [36],
in which the imaginary part of the impedance function is plotted as a function of the real
part [6]. Such plots consist of semi-circles or arcs that represent rate-limiting electrode pro-
cesses [6]. Importantly, Nyquist plots allow for visual assessment of the ASR, which is a very
important parameter for evaluation of the kinetics of the electrode reaction. The ASR can be
viewed as the total polarization resistance, meaning that low ASR entails fast kinetics. Fig-
ure 2.14 shows a Nyquist plot in which the raw data with unit Q has been multiplied with
the geometrical cathode area to give data with unit Qcm?. The ASR for the electrode process

corresponding to the observed semi-circle can be found as the distance between the high-
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and low-frequency intercept of the semi-circle with the x-axis. If the impedance response
consists of several semi-circles, the overall ASR will equal the sum of these. When working
with symmetric cells, i.e. there are two similar electrodes, the ASR for one electrode is found

by dividing the graphically obtained value by two [5] [25].

-Im(Z) (Qcm?)

2ASR

Re(Z) (Qcm?)

Figure 2.14: Schematic illustration of the relation between the semi-circles in the Nyquist plot and
the ASR for the electrode reaction. In a symmetric cell, this value must be divided by two to give the
ASR for one cathode only.

After impedance measurements have been completed, it is common practice to model the
experimental data with an equivalent electrical circuit consisting of standard elements such
as resistors and capacitors [12]. However, great care should be exercised while doing this. It
is important to verify that the circuit not only fits the data reasonably well, but that the var-
ious circuit elements can be attributed to actual physical processes taking place during the
reaction. Furthermore, the common practice of proposing these circuits based on the exper-
imental data can be problematic, as good fits are normally taken to be sufficient evidence
for the correctness of the model [12]. However, this can lead to misinterpretation of the sys-
tem as several different circuits can yield the same frequency dependence of the impedance
function, even though the value of each individual circuit element will vary. Thus, the phys-
ical interpretation of the system will depend upon which circuit is chosen. To avoid this

problem, one could instead derive the circuit from fundamental concepts beforehand [12].

It has previously been observed that the impedance response of symmetric cells with MIEC

cathodes can consist of three distinct features: (i) ohmic resistance of the electrolyte, (ii)
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charge transfer resistances at interfaces, including electronic transfer at the interconnect/-
electrode interface and ionic transfer at the electrode/electrolyte interface and (iii) chemical
impedance of non-charge-transfer process, including oxygen surface exchange, solid-state
and gas-phase diffusion [37] [38]. Figure 2.15 illustrates this in a schematic Nyquist plot.
Baumann et al. were able to identify the electrode processes corresponding to the three indi-
vidual semi-circles by investigating dense thin film LSCF microelectrodes with well-defined
geometry on YTZ electrolyte substrates [12]. Furthermore, they used the circuit given in Fig-
ure 2.16 to model the experimental data. They found that the high frequency (HF), medium
frequency (MF) and low-frequency (LF) semi-circles corresponded to electron transfer, ionic

transfer and chemical diffusion resistance, respectively [12].
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Figure 2.15: Theoretical impedance response of a symmetric cell with MIEC cathodes. Rejectrolyte 1S
the electrolyte resistance, Zinerfaces iS the impedance related to interfacial charge-transfer processes
and Zgpem is the impedance related to non-charge-transfer processes. Adapted and reprinted from
[39].
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Figure 2.16: Equivalent circuit used to model experimental impedance data of dense thin film LSCF
microelectrodes on a YIZ electrolyte. R denotes resistors and Q denotes constant phase elements.
Adapted and reprinted from [12].
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2.6 Ceramic processing

The microstructure of the final cathode is essential for the performance [6] [17]. In this con-
text, it is important to take into account that the effect of early processing will be inherited
throughout the entire fabrication of the SOFC. Careful thought must therefore be given to
each step from the initial powder synthesis to the final firing of the finished SOFC. One of
the main considerations is to preserve the high specific surface area of the as-synthesized
cathode material. By virtue of increasing the number of reaction sites for oxygen reduction,
this can help maintain the output voltage high by reducing the cathodic polarization. The
overall output voltage of the SOFC strongly depends on the cathodic polarization [18] [40],

and can be written as follows [41]:

Ecen=E™" - Naa— Macl —Mr —Nm,a — [Mm,cl — Nx (2.9)

where E™ is the reversible potential calculated at a given pressure and temperature by the
Nernst equation, 71,4 and 7, are the activation overpotentials at the anode and cathode
respectively, 77, is the sum of all the ohmic losses, 1,53 and 1y, ¢ are the concentration over-
potentials at the anode and cathode respectively and 7y is the deviation from the reversible

voltage that occurs due to mixing of the fuel and oxygen or other short-circuits in the cell.

2.6.1 Spray-pyrolysis

Spray-pyrolysis is a fast and inexpensive method for production of various materials in pow-
der form [42] [43]. Metals, metal oxides and non-oxide ceramics can all be produced by this
method [42] [43]. This is illustrated by the numerous different compositions synthesized by
spray-pyrolysis reported in the literature, including LaNbO,4-based powders, LaMnOj3- and
LaCoOs-powders [44] and LaFeOs-powders [45]. Moreover, the technique can be used to
deposit coatings [46]. Spray-pyrolysis offers several advantages compared to other methods

for ceramic powder production. The most important ones are high purity, uniform size dis-
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tribution and small variation in composition [43].

For production of metal oxides, the first step is typically to make an aqueous solution con-
taining the cations of interest [47] [48]. The solution is then atomized and sprayed into a
heated rotating reactor [43] [48]. The high temperature results in evaporation of the solvent
and decomposition of metal salts into metal oxide powders [48]. Moreover, the residence
time in the reactor is very low, on the order of a few seconds [42]. The powder is collected
in a cyclone after exiting the reactor. Figure 2.17 shows the process and required apparatus

schematically.

The morphology of the resulting particles is characteristic of the method. Very rapid surface
precipitation and melt formation result in hollow and spherical, often deformed, particles
[42]. This morphology is sometimes referred to as eggshell-like [47], and is shown in Figure

2.18 for a Lag 9gSrg.02NbO,4 powder.

Figure 2.17: Illustration of the spray-pyrolysis method and apparatus. Reprinted from [48].
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10 nm

Figure 2.18: Spherical and hollow particles of LagggSrg 92NbO4 synthesized by spray-pyrolysis.
Reprinted from [47].

2.6.2 Airbrushing

Airbrushing is a technique that can be used for deposition of porous coatings on a sub-
strate. A prime example is porous cathodes on a dense electrolyte. The technique is straight-
forward and requires only a minimum of equipment, of which a schematic illustration is

given in Figure 2.19.

The procedure starts with the preparation of a stable dispersion of the cathode material
in a suitable solvent. This step is critical for achieving homogeneous cathodes, and can
prove to be challenging. It is important to avoid the presence of agglomerates, as these
will sediment fast due to gravitational forces. Ball milling or a similar method is therefore
required beforehand. Furthermore, it might be necessary to use a dispersing agent. Once
a stable dispersion has been obtained, deposition of the cathode material can begin. The
airbrush must be connected to a gas outlet, and argon is a good choice if an inert atmosphere
is desired. Finally, a small portion of the dispersion is transferred to the airbrush and sprayed
onto the electrolyte pellet. The process can be repeated until the desired thickness has been

reached.
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Figure 2.19: Schematic illustration of the cross section of a standard airbrush. Reprinted and adapted
from [49].






Chapter 3

Experimental

3.1 Materials

3.1.1 LSCF

Spray-pyrolyzed LaggSrg4Cop2Fegg03-s powder (500 g) was supplied by CerPoTech AS
(Trondheim, Norway) without further post-treatments. An aqueous nitrate precursor so-
lution and organic additives were used [47] [48]. Approximately 50 g of the as-synthesized
powder was calcined at 725 °C in a Lenton UAF 15/10 furnace. The hold time was 6 hours,
and the heating and cooling rate were 3.33 °C/min. Figure 3.1 illustrates this calcination

procedure.

Subsequently, the as-calcined powder was ball milled. Two 500 mL bottles and yttria-
stabilized zirconia (YTZ) grinding media were used. The grinding media was cleaned by
milling for one hour in water and subsequently overnight in ethanol. Furthermore, a diluted
solution of nitric acid was used to etch off remaining contaminations before the balls were
rinsed by ethanol in an ultrasonic bath and left to dry in a heating cabinet overnight. The as-

calcined powder was distributed evenly between the two bottles, and then equal amounts

29
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Figure 3.1: Illustration of the calcination procedure for as-synthesized LSCE The temperature was
raised at a rate of 3.33 °C/min from ambient temperature, Ty, to 725 °C. This temperature was
maintained for 6 hours, before the temperature was brought back down to T, at the same rate.

of YTZ was added to both. Approximately 1/2 of each bottle was then occupied. Afterwards,
the bottles were shaken vigorously by hand before just enough ethanol to cover the powder
and grinding media was added. The bottles were finally placed on a U.S. Stoneware mill and
the rpm was set to 120. Milling was conducted for 48 hours. Approximately 5 g of the ball
milled powder was subsequently calcined once more at 725 °C for 6 hours according to the

procedure in Figure 3.1.

3.1.2 CGO

Spray-pyrolyzed Ce( 9Gdg.10,-5 powder (100 g) was supplied by CerPoTech AS (Trondheim,
Norway) without further post-treatments. An aqueous nitrate precursor solution was used.
One 250 mL bottle and yttria-stabilized zirconia (YTZ) grinding media were used for ball
milling of the as-synthesized powder. Cleaning of the grinding media was done according
to the same procedure as detailed above for LSCE The calcined powder and grinding media
was transferred to the bottle, between 1/2 and 2/3 of the volume was occupied. Afterwards,
the bottle was shaken vigorously by hand before just enough ethanol to cover the powder
and grinding media was added. The bottle was finally placed on a U.S. Stoneware mill and

the rpm was set to 130. Milling was conducted for 48 hours.
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Dense CGO electrolyte pellets were then fabricated by uniaxial pressing with an applied
pressure of 70 MPa. Each pellet consisted of approximately 1.1 g and had a diameter of
15 mm. Furthermore, the pellets were sintered at 1300 °C in the Lenton furnace. The hold
time was 2 hours, and the heating and cooling rate were 10 °C/min. A schematic illustration
of the sintering procedure is given in Figure 3.2. Finally, the geometrical density of each pel-
let was calculated based on the dimensions measured with a digital caliper. This value was
then compared to the theoretical value of 7.26 g/ cm? stated in PDF 04-002-6160, and the
relative densities were found to be consistently higher than 94%. Subsequently, the pellets
were grinded by SiC paper on a Struers LaboPol-21. Grinding was done in two steps, starting
with grit size FEPA P500 and ending with FEPA P800. Both sides of each pellet were grinded

until a reflective surface could be observed by eye.

Temperature (°C)

1300 .................. :

Tamb > Time

2h

Figure 3.2: Illustration of the sintering procedure for uniaxially pressed CGO pellets. The tempera-
ture was raised at a rate of 10 °C/min from ambient temperature, Tayp, to 1300 °C. This temperature
was maintained for 2 hours, before the temperature was brought back down to Ty, at the same rate.

3.2 Symmetric cells

Symmetric cells were then fabricated by depositing LSCF cathodes on a CGO electrolyte by
airbrushing. A dispersion of 2 wt% LSCF in ethanol was made and placed in an ultrasonic
bath for 30 minutes. Three sintered and grinded CGO pellets were weighed and put on a
piece of paper on a hot plate set to 90 °C. The airbrush was connected to an argon gas out-

let, and the pressure was adjusted to approximately 0.5 bar. Subsequently, a small amount
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of the LSCF dispersion was transferred to the airbrush and sprayed onto the pellets. The
ethanol was allowed to evaporate from the pellet surfaces before a new layer was applied.
Furthermore, the dispersion was shaken vigorously in order to limit sedimentation before
applying a new layer. Both sides of the pellets were sprayed, and each pellet was weighed
again after the cathode deposition was completed. Finally, the symmetric cells were fired
in the Lenton furnace. Initially, two sets of symmetric cells were fired at 1100 °C for 2 hours
and 6 hours, respectively. Subsequently, four new sets of symmetric cells were fired at one
distinct temperature each. The applied temperatures were 950 °C, 1000 °C, 1050 °C and

1100 °C. Figure 3.3 illustrates the firing procedure for a firing time of 2 hours.

Temperature (°C)

Tfiring .................. :

Tamo > Time

2h

Figure 3.3: [llustration of the firing procedure for the symmetric cells. The heating rate was 5 °C/min
from ambient temperature, Tamp, to the firing temperature, Tying, which was either 950 °C, 1000 °C,
1050 °C or 1100 °C. Tfying was maintained for 2 hours, before the temperature was brought back down
to T,mp at the same rate.

3.3 Characterization

3.3.1 XRD

Characterization by XRD was done with a Bruker D8 ADVANCE DAVINCI diffractometer

with CuK(a; + a») radiation of wavelength 1.54 A.
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3.3.1.1 LSCF

In order to verify that the powder had become phase pure after calcination, a diffractogram
was recorded of the as-calcined powder. Furthermore, diffractograms were recorded of the
ball milled powder and of the powder calcined once more after ball milling. In all cases, the
powder was lightly grinded by hand in an agate mortar beforehand. The parameters for the
diffractograms are given in Table 3.1, and phase purity was assessed by comparison with

PDF 04-017-2448.

Table 3.1: Parameter values for the diffractograms of LSCF recorded by the Bruker D8 ADVANCE
DAVINCI diffractometer.

Parameter Value
Scan time 120 min
Start angle 20.00°
Stop angle 80.00°
Step size 0.013°
Time per step 1.520 s

3.3.1.2 CGO

In order to verify that no secondary phase had been introduced during ball milling, a diffrac-
togram was recorded afterwards. The powder was lightly grinded by hand in an agate mortar
beforehand. Furthermore, the parameters for the diffractograms are given in Table 3.2, and

phase purity was assessed by comparison with PDF 04-002-6160.

Table 3.2: Parameter values for the diffractogram of CGO recorded by the Bruker D8 ADVANCE
DAVINCI diffractometer.

Parameter Value
Scan time 120 min
Start angle 5.00°
Stop angle 75.00°
Step size 0.013°

Time per step 1.300 s
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3.3.1.3 Chemical compatibility

The chemical compatibility of LSCF and CGO was investigated by mixing 0.401 g calcined
and ball milled LSCF with 0.400 g ball milled CGO. A single pellet was made by uniaxial
pressing with an applied pressure of 60 MPa. The pellet had a diameter of 10 mm, and was
sintered at 1300 °C for 2 hours in the Lenton furnace with a heating and cooling rate of
10 °C/min. The procedure is shown in Figure 3.2. Subsequently, it was crushed and grinded
by hand in an agate mortar, and a diffractogram was recorded of the resulting powder. The
parameters were identical as for the diffractograms recorded of LSCE which are listed in

Table 3.1.

3.3.2 SEM

Characterization by SEM was done with a Hitachi S-3400N. Sputtering with gold was done
by an Edwards Sputter Coater S150B.

3.3.2.1 LSCF

After ball milling for 48 hours, a small amount of the slurry was transferred to a glass con-
tainer and diluted heavily with ethanol. The glass container was then put in an ultrasonic
bath to ensure good mixing. Afterwards, a droplet of the slurry was put directly onto a sam-
ple holder. The ethanol was allowed to evaporate before the sample was subjected to gold
sputtering for 15 seconds. Finally, SEM images were recorded. The accelerating voltage was

5kV, secondary electrons were used and the working distance was 4.2 mm.

3.3.2.2 CGO

After ball milling for 48 hours, a small amount of the slurry was transferred to a glass con-

tainer and diluted heavily with ethanol. The glass container was then put in an ultrasonic
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bath to ensure good mixing. Afterwards, a droplet of the slurry was put directly onto a sam-
ple holder. The ethanol was allowed to evaporate before the sample was subjected to gold
sputtering for 15 seconds. Finally, SEM images were recorded. The accelerating voltage was
in the 3.5-4 kV range, secondary electrons were used and the working distance was in the

4.1-4.4 mm range.

3.3.2.3 Symmetric cells

SEM images of the symmetric cells fired at 950 °C, 1000 °C, 1050 °C and 1100 °C were recorded.

Both the cathode surfaces and the cross sections were investigated.

For investigation of the cathode surface, the symmetric cell was attached to a sample holder
by carbon tape and sputter coated with gold for approximately 30 seconds. SEM images
were then recorded. The accelerating voltage was in the 5-10 kV range and secondary elec-
trons were used. Afterwards, the same cell was cut in half by a Struers Minitom. One of
the pieces was cast in epoxy and left to harden for 12 hours. Subsequently, the surface of
the epoxy unit was grinded and polished on a Struers Tegramin-20 until the cross section
of the symmetric cell was exposed. Grinding with Struers SiC papers of three different grit
sizes was done in the following sequence: FEPA P500, FEPA P800 and FEPA P1200. Polishing
by DiaPro diamond suspensions on increasingly fine Struers polishing plates then followed.
The order of the plates used was: Largo (9 um), Dur (3um) and Mol (1um). Furthermore, the
entire epoxy unit was cleaned in water in an ultrasonic bath before each new grinding or pol-
ishing step. Subsequently, the epoxy unit was sputter coated with gold for approximately 45
seconds. A narrow slit was cut in a piece of aluminium foil, which was then aligned with the
exposed cross section of the symmetric cell. The aluminium foil was wrapped tightly around
the rest of the epoxy, after which conductive carbon cement was applied to ensure contact
between the two. Furthermore, a piece of carbon tape was extended from the perimeter of
the slit down to the sample holder. Finally, SEM images were recorded. The accelerating

voltage was 10 kV and secondary electrons were used.
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3.3.3 Electrochemical impedance spectroscopy

Electrochemical impedance spectroscopy was carried out on the symmetric cells using a
tubular furnace equipped with the ProboStat™ sample holder setup for circular samples
from NorECs. An Alpha-A High Performance Frequency Analyser from Novocontrol was
used to analyze the impedance. All measurements were done in pure oxygen at open-circuit
voltage. The applied AC signal had an amplitude of 1 volt, and the frequency range investi-

gated was 3 MHz to 0.01 Hz.

Before starting measurements, platinum paste had to be applied to the cathode surfaces in
order to ensure sufficient electrical contact with the platinum leads of the apparatus. One of
the cathodes was covered and allowed to dry in a heating cabinet set to 90-120 °C for approx-
imately 10 minutes. Subsequently, the cell was flipped over and the process was repeated
for the second cathode. Furthermore, the fabrication process had left deposited cathode
around the circumference of the electrolyte pellet, which had to be removed in order to
avoid short-circuiting. This was done by manual grinding on a SiC FEPA P1200 paper. Fi-
nally, the symmetric cell was placed in the ProboStat™, where it was clamped between two
sheets of platinum foil. A mechanical spring system was used to ensure that the cell was

kept tightly in place.

The effect of firing time was investigated briefly initially. This was done by measuring the
impedance response at 700 °C for the symmetric cells fired at 1100 °C for 2 hours and 6
hours, respectively. The heating rate was 5 °C/min, and the temperature was allowed to sta-

bilize for one hour before the measurement started.

Then, the effect of the firing temperature was evaluated by measuring the impedance re-
sponse of one symmetric cell fired at 950 °C, 1000 °C, 1050 °C and 1100 °C, respectively. The

impedance was now measured at 600 °C, 700 °C and 800 °C. As before, the heating rate was
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5 °C/min, and for each temperature change the temperature was allowed to stabilize for
one hour before the measurement started. The dimensions of the symmetric cell were af-
terwards determined by a digital caliper. Finally, the ZSimpWin 3.21 software was used to
fit the experimentally obtained data with an equivalent electrical circuit. Before fitting, the
inductance was manually removed from the data sets. In order to determine the ASR for a
single cathode, the ASR given by the software was divided by two and multiplied with the

geometrical cathode area as measured by the digital caliper.

3.3.4 BET

The specific surface area of LSCF after two different calcination procedures were determined
by a Micromeritics TriStar 3000 and the BET method [50]. N(g) was used as the adsorptive,

and the isotherms were recorded at 77 K.

Initially, the powder that had been calcined at 725 °C and ball milled for 48 hours was in-
vestigated. Two samples were prepared by transferring 0.2073 g to one sample tube and
1.4065 g to another. Both samples were then degassed overnight at 250 °C. Finally, the sam-

ple tubes were loaded in the instrument and the specific surface areas were measured.

Subsequently, a pellet of the same powder was fabricated by uniaxial pressing with an ap-
plied pressure of 60 MPa. The pellet had a diameter of 15 mm, and was calcined in the
Lenton furnace at 900 °C for 6 hours with a heating and cooling rate of 3.33 °C/min. The cal-
cination procedure is shown in Figure 3.4. It was afterwards crushed and grinded by hand in
a mortar, and the resulting powder was distributed relatively evenly between two separate
sample tubes. One sample tube contained 0.4629 g, whereas the other contained 0.7184 g.
Both samples were degassed overnight at 250 °C. Finally, the sample tubes were loaded in

the instrument and the specific surface areas were measured.
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Figure 3.4: Illustration of the calcination procedure for the LSCF pellet investigated by BET. The tem-
perature was raised at a rate of 3.33 °C/min from ambient temperature, Tamp, to 900 °C. This tem-
perature was maintained for 6 hours, before the temperature was brought back down to T,y at the
same rate.

3.3.5 Dilatometry

The volume change of LSCF and CGO as a function of temperature was determined by a
Netzsch 402C dilatometer. One pellet of each composition was made by uniaxial pressing
with an applied pressure of 60 MPa. Both pellets had a diameter of 5 mm, and the length
was 4.14 mm and 4.26 mm for the LSCF and CGO pellet, respectively. The measurements
were done in the 25-1300 °C temperature range with a heating rate of 10 °C/min, and were

carried out in air.
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Results

4.1 LSCF

4.1.1 Phase purity

The phase purity of the as-calcined powder was assessed by XRD. Figure 4.1 shows the
recorded diffractogram in addition to the previously recorded pattern for Lag gSrg.4Cop 2Fep O3
given in PDF 04-017-2448. The correspondence was observed to be excellent, and it was
concluded that the powder was phase pure. However, two additional reflections at 20 = 25°
and 20 = 36° were seen after ball milling. These are marked by asterisks in Figure 4.2. The
same result was observed once more by repeating the calcination and ball milling for an-
other batch, which indicated that one or more secondary phases had been introduced dur-
ing milling. However, these reflections were observed to disappear when the ball milled
powder was calcined once more afterwards. This is also shown in Figure 4.2. Further-
more, the small reflections at 20 = 29° and 20 = 31° observed in all three diffractograms

were caused by the apparatus.

39
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Figure 4.1: Diffractogram of the as-calcined LSCF powder and the previously identified pattern for
Lag gSrg.4Cog.2Feg O3 given in PDF 04-017-2448. The powder appeared to be phase pure.
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Figure 4.2: Comparison of three diffractograms of LSCF: (i) as-calcined, (ii) ball milled and (iii) cal-
cined once more after ball milling. The two reflections marked by asterisks indicated the presence
of one or more secondary phases after milling. However, these were observed to disappear after re-
peated calcination at the same temperature. The reflections at 26 ~ 29° and 26 = 31° observed in all
three diffractograms were caused by the apparatus.



4.1. LSCF 41

4.1.2 Ball milling

Figure 4.3 shows the effect of the applied ball milling procedure on the LSCF particle size.
An image of the as-synthesized powder is included in Figure 4.3a for reference purposes,
whereas Figure 4.3b-4.3d shows images at various magnifications after ball milling. The
spherical, eggshell-like agglomerates typical of spray pyrolysis were clearly evident in the
as-synthesized powder. However, these agglomerates seemed to have been broken down

after ball milling. Furthermore, the primary particle size appeared to be less than 100 nm.

>

S$3400 5.00kV 4.2mm x7.00k SE

(b) Ball milled, 7000 x

S3400 5.00kV 4.2mm x18.0k SE S§3400 5.00kV 4.2mm x30.0k SE

(c) Ball milled, 18000 x (d) Ball milled, 30000 x

Figure 4.3: The effect of ball milling for 48 hours at 120 rpm on the particle size of LSCE
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4.1.3 Sintering kinetics

The sintering kinetics of calcined and ball milled LSCF were assessed by dilatometry. Figure
4.4 shows the recorded volume change of LSCF as a function of temperature. Furthermore,
the sintering rate curve was obtained by numerical differentiation of the dilatometry data.
Densification was observed to initiate at around 850 °C and continued to approximately

1100 °C. The maximum sintering rate occurred at approximately 1000 °C.

-4
0.2 ; : ; ; : —>A0_4
Experimentally measured volume change (left y-axis)
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Figure 4.4: The volume change of LSCF measured by dilatometry plotted as a function of tempera-
ture. Also shown is the sintering rate curve obtained by numerical differentiation of the dilatometry
data. Densification began at temperatures around 850 °C and continued to approximately 1100 °C.
Furthermore, the sintering rate was at its maximum at approximately 1000 °C. Note that the scale of
the right y-axis is multiplied with 1074,
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4.1.4 Specific surface area

The specific surface areas of LSCF measured by the BET method are listed in Table 4.1, and
the recorded surface area plots can be found in Appendix A. The values after calcination at
725 °C were quite high, and a strong temperature dependence was documented. Further-
more, the corresponding calculated particle radii are also listed in Table 4.1. These were
determined by assuming spherical particles, and the complete derivation is detailed in Ap-
pendix B. The calculated values of approximately 20 nm after calcination at 725 °C and sub-
sequent ball milling were consistent with the primary particle sizes seen from SEM images

in Figure 4.3.

Table 4.1: Measured specific surface areas and calculated particle sizes of LSCF after two different
calcination procedures.

Sample 1 Sample 2
Calcined 725 °C
Specific surface area [m?/g] 26.86 + 0.15 25.11 £ 0.29
Calculated radius [nm] 17.7 18.9
Calcined 900 °C
Specific surface area [m?/g] 1.68 + 0.01 1.70 £ 0.01
Calculated radius [nm] 282.9 279.5
4.2 CGO

4.2.1 Phase purity

The phase purity of ball milled CGO was assessed by XRD. Figure 4.5 shows the recorded
diffractogram in addition to the previously recorded pattern for Ce 9Gdy ;0> given in PDF
04-002-6160. The correspondence was observed to be excellent, and it was concluded that

the powder was phase pure.
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Figure 4.5: Diffractogram of the ball milled CGO and the previously identified pattern for
Cep.9Gdy 10, given in PDF 04-002-6160. The powder appeared to be phase pure.

4.2.2 Ball milling

Figure 4.6 shows the effect of the applied ball milling procedure on the CGO particle size.
An image of the as-synthesized powder is included in Figure 4.6a for reference purposes,
whereas Figure 4.6b was recorded after ball milling. As for LSCE the spherical, eggshell-
like agglomerates were obvious in the as-synthesized powder. These appeared to have been

broken down after ball milling, and the primary particle size was around 100 nm.

4.2.3 Sintering kinetics

The sintering kinetics of ball milled CGO were assessed by dilatometry. Figure 4.7 shows the
recorded volume change of CGO as a function of temperature. Furthermore, the sintering
rate curve was obtained by numerical differentiation of the dilatometry data. Densification
was observed to initiate at around 600 °C and seemed to continue to temperatures above

1300 °C. The maximum sintering rate occurred at approximately 900 °C.
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S$3400 10.0kV 5.2mm x1.00k SE S$3400 3.50kV 4.2mm x100k SE

(a) As-synthesized, 1000 x (b) Ball milled, 100000 x

Figure 4.6: The effect of ball milling for 48 hours at 130 rpm on the particle size of CGO.
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Figure 4.7: The volume change of CGO measured by dilatometry plotted as a function of tempera-
ture. Also shown is the sintering rate curve obtained by numerical differentiation of the dilatometry
data. Densification began at temperatures around 600 °C and seemed to continue to temperatures
above 1300 °C. Furthermore, the sintering rate was at its maximum around 900 °C. Note that the scale
of the right y-axis is multiplied with 107°.
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4.3 Symmetric cells

4.3.1 Chemical compatibility

The chemical compatibility of LSCF and CGO was assessed by XRD. Figure 4.8 shows the
recorded diffractogram of powder from the sintered pellet consisting of equal weight frac-
tions of LSCF and CGO. As can be seen, every reflection can be accounted for by the com-
bined diffractograms of as-calcined LSCF and ball milled CGO, which are also shown in Fig-
ure 4.8. As-calcined LSCF was chosen as reference here since the secondary phase(s) intro-
duced during ball milling disappeared when the pellet was sintered. Based on the obtained

diffractogram, no chemical reaction appeared to have occurred between LSCF and CGO.
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Figure 4.8: Investigation of the chemical compatibility of LSCF and CGO. A diffractogram of the pow-
der from the LSCF/CGO pellet sintered at 1300 °C for 2 hours is shown at the bottom. The reflections
can be accounted for by the combined diffractograms of as-calcined LSCF and ball milled CGO.
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4.3.2 Oxygen reduction kinetics

The kinetics of the oxygen reduction reaction were assessed by EIS in pure oxygen atmo-
sphere. Initially, the effect of the firing time was investigated. Figure 4.9 shows the data
recorded at 700 °C for symmetric cells fired at 1100 °C for 2 hours and 6 hours, respectively.
Note that the data has been normalized to Re(Z)=0 to better visualize the effect on the ASR.
However, the original data can be found in a non-normalized Nyquist plot in Appendix C.
It is evident that the ASR was much larger for the longer firing time. Consequently, all cells

fabricated subsequently were fired for 2 hours.
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Figure 4.9: Electrochemical impedance data recorded at 700 °C in pure oxygen for symmetric cells
fired at 1100 °C for 2 hours and 6 hours, respectively. The data have been normalized to Re(Z)=0.

The effect of the firing temperature was investigated next. Figure 4.10 shows the impedance
data recorded at 600 °C for symmetric cells fired at 950 °C, 1000 °C, 1050 °C and 1100 °C.
Figure 4.11 and 4.12 show the same for the impedance data recorded at 700 °C and 800 °C,
respectively. Note that all data have been normalized to Re(Z)=0 to better visualize the ef-
fect on the ASR. However, the original data can be found in non-normalized Nyquist plots in
Appendix C. The ASR was observed to increase continuously with increasing firing temper-
ature for all three measurement temperatures. Furthermore, the ASR for all the symmetric

cells was observed to decrease with increasing measurement temperature.
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Figure 4.10: Electrochemical impedance data recorded at 600 °C in pure oxygen for symmetric cells
fired at 950 °C, 1000 °C, 1050 °C and 1100 °C. All data has been normalized to Re(Z)=0.
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Figure 4.11: Electrochemical impedance data recorded at 700 °C in pure oxygen for symmetric cells
fired at 950 °C, 1000 °C, 1050 °C and 1100 °C. All data has been normalized to Re(Z)=0.

The experimental data was modeled by the equivalent electrical circuit shown schematically
in Figure 4.13, where R denotes a resistor and Q denotes a constant phase element. Table
4.2 contains the calculated ASR values based on the equivalent circuit. These were used to
create the Arrhenius plot shown in Figure 4.14. Furthermore, the activation energies for the

oxygen reduction were calculated from the slopes of the least-square fitted data sets shown
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Figure 4.12: Electrochemical impedance data recorded at 800 °C in pure oxygen for symmetric cells
fired at 950 °C, 1000 °C, 1050 °C and 1100 °C. All data has been normalized to Re(Z)=0.

in Figure 4.14. The calculated values for cathodes fired at each of the four temperatures are

listed in Table 4.3.

R;

Figure 4.13: Equivalent electrical circuit used to model the experimental impedance data. R denotes
aresistor and Q denotes a constant phase element.

Table 4.2: ASR values obtained from the equivalent circuit. The value at each of the three measure-
ment temperatures, i.e. 600 °C, 700 °C and 800 °C, is shown as a function of the firing temperature,
i.e. 950 °C, 1000 °C, 1050 °C and 1100 °C.

ASR [Qcm?] 950 °C 1000 °C 1050 °C 1100 °C
600 °C 2.52 291 3.30 4.35
700 °C 0.15 0.17 0.22 0.39

800 °C 0.01 0.01 0.02 0.03
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Figure 4.14: The natural logarithm of the ASR values plotted as a function of the reciprocal mea-
surement temperature for each of the four firing temperatures, i.e. 950 °C, 1000 °C, 1050 °C and
1100 °C. Values of the ASR were obtained from the equivalent circuit modeling, and the trend lines

were obtained by least-square fitting.

Table 4.3: Activation energy, Ej, for the oxygen reduction reaction listed as a function of firing tem-
perature, Tging. The values were calculated from the slopes of the least-square fitted lines in Figure

4.14, and are given by two different units.

Tﬁring Q) E, (kJ/mol)

E, (eV)

950 234.5
1000 222.3
1050 200.8
1100 196.1

2.43
2.30
2.08
2.03
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4.3.3 Cross section and cathode surface

Figure 4.15 shows SEM images of the cross sections of the symmetric cells fired at 950 °C,
1000 °C, 1050 °C and 1100 °C. It is evident that the deposited cathode layers were uneven.
The maximum width of the layers appeared to be approximately 10 um, whereas they were
no more than a couple of microns wide in other areas. The same cross sections are shown at
higher magnifications in Figure 4.16. These images further confirmed that the width of the

deposited cathode layer varied along the length of the cross section.
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Figure 4.15: Low magnification SEM images of the cross sections of symmetric cells fired at 950 °C,
1000 °C, 1050 °C and 1100 °C, respectively.
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Figure 4.16: Higher magnification SEM images of the cross sections of symmetric cells fired at
950 °C, 1000 °C, 1050 °C and 1100 °C, respectively.
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Figure 4.17 shows the cathode surfaces of symmetric cells fired at 950 °C, 1000 °C, 1050 °C
and 1100 °C. It is evident that all cathodes contained large agglomerates. The same cathode
surfaces are shown at higher magnifications in Figure 4.18. From these images it is clear
that the cathodes were porous. Furthermore, it appeared that the cathodes became gradu-

ally denser as the firing temperature was increased.
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(c) Firing temperature 1050 °C, 1000 x (d) Firing temperature 1100 °C, 1000 x

Figure 4.17: Low magnification SEM images of the cathode surfaces of symmetric cells fired at
950 °C, 1000 °C, 1050 °C and 1100 °C, respectively.
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Figure 4.18: Higher magnification SEM images of the cathode surfaces of symmetric cells fired at
950 °C, 1000 °C, 1050 °C and 1100 °C, respectively.
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Discussion

5.1 Oxygen reduction kinetics

5.1.1 ASR and activation energy

Initial studies of the effect of firing time on the kinetics of oxygen reduction were carried out.
A good compromise between ensuring sufficient adhesion of the cathode to the electrolyte
and maintaining the specific surface area high was searched for. Naturally, the former im-
proved with longer firing time, whereas the latter declined. Figure 4.9 clearly documents that
the ASR after firing for 6 hours was more than twice as large as that after firing for 2 hours,
meaning that 2 hours was used for all subsequent samples. This was also in accordance with
the works of other researchers [25] [51]. However, it is very likely that this parameter can be

optimized further by investigating even shorter firing times.

Once the firing time had been established, the effect of firing temperature was thoroughly
investigated. The impedance response of symmetric cells fired at 950 °C, 1000 °C, 1050 °C
and 1100 °C was measured at three different temperatures. By examination of the calculated

ASRs for the various symmetric cells listed in Table 4.2, it is obvious that the ASR increased
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with increasing firing temperature. This was also in accordance with results reported else-
where [51] [52]. Furthermore, the ASR was shown to decrease as the measurement temper-
ature increased. Considering the thermally-activated nature of the oxygen reduction, this
was as expected. This also serves to illustrate the challenge in obtaining IT-SOFCs. Lower-
ing the measurement temperature from 800 °C to 600 °C increases the ASR by several orders

of magnitude.

The observed effect of firing temperature is reasonable considering the temperature depen-
dence of the specific surface area of LSCE As documented by Table 4.1, the specific surface
area was approximately 26 m?/g after calcination at 725 °C, with a corresponding particle
size below 20 nm. In contrast, the specific surface area of the powder from the pellet cal-
cined at 900 °C was only about 1.7 m?/g, with a corresponding particle size approaching 300
nm. It should be noted here that the reason for calcining the powder in the form of a pellet
was to closer mimic the characteristics of the deposited cathode. Importantly, the specific
surface area was observed to decline dramatically as the temperature was increased. Fur-
thermore, the dilatometry data and sintering rate curve in Figure 4.4 shows that this effect
is expected to become more prominent as the temperature is increased further from 950 °C
through 1100 °C. As can be seen, shrinkage continues until temperatures around 1100 °C are
reached, and the sintering rate reaches its maximum at approximately 1000 °C. Lastly, direct
visual evidence for reduction in specific surface area can be seen from the SEM images in
Figure 4.18. The cathode became denser as the temperature was increased, which entailed a
reduction in the number of potential reaction sites for oxygen reduction. Consequently, the
ASR increased. Chanquia et al. documented similar results by measuring the impedance of
cathodes with different average crystallite sizes [5]. The ASRs were observed to be lowest for
the smallest average crystallite size, which was explained by increased cathode surface area

and shorter oxygen ion surface and/or bulk diffusion paths [5].

Based on the discussion above, it is obviously important to fire the cells at low temperatures.

Not only will this improve the oxygen reduction kinetics, but the fabrication costs will also be
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minimized. This is important to take into account for large scale, commercial production.
Even lower firing temperatures should therefore be investigated, and other researchers have
documented that 850 °C is feasible [25] [51]. Furthermore, Darbandi et al. fired symmetric
cells with LSCF cathodes at temperatures as low as 650 °C [53], albeit with a firing time of 10
hours. However, they identified the optimal firing temperature as 750 °C, and explained this
by poor connectivity between individual cathode particles if lower temperatures were used.
This indicates that the ideal firing temperature is a compromise between ensuring sufficient

connectivity and maintaining a high specific surface area.

In order to assess the quality of the cathodes fabricated in the present work, obtained ASR
values were compared to those reported by other researchers. Esquirol et al. fired sym-
metric cells consisting of LSCF cathodes and CGO electrolytes for 2 hours at 850 °C and
1000 °C [51]. Furthermore, the cathodes were comparable to those fabricated here as they
were deposited by a spraying technique. By recording impedance data at 700 °C in pure oxy-
gen for the cell fired at 850 °C, they found an ASR of 0.07 Qcm?. This is approximately one
half of the ASR at 700 °C for the symmetric cell fired at 950 °C in the present work. The most
likely reason for this difference is the firing temperature. Furthermore, the cathodes used by
Esquirol et al. were homogeneous with thicknesses between 12-18 um [51]. As evidenced
by the SEM images in Figure 4.15, this stood in contrast to the cathodes fabricated here. The
ASR is expected to decrease as the cathode becomes thicker, since there will be more reac-
tion sites for oxygen reduction [52]. However, after a certain thickness is reached, this effect

will be opposed by the longer diffusion paths to the electrolyte.

Dumaisnil et al. fabricated symmetric cells by screen printing Lag ¢Srg 4Cog gFep 203 cath-
odes onto CGO electrolyte pellets [25]. Furthermore, the cells were fired at 850 °C for 2 hours,
after which impedance data was recorded in air at different temperatures. The obtained
ASRs at 600 °C and 700 °C were 0.38 Qcm? and 0.15 Qcm?, respectively. In comparison, the
ASR at 600 °C for the symmetric cell fired at 950 °C in the present work was higher by approx-

imately 2 Qcm?. This discrepancy can possibly reflect the difference in firing temperatures
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used. However, the values are not directly comparable as the measurements were carried
out in different atmospheres. Pure oxygen was used in the present work, whereas air was
used by Dumaisnil et al. [25]. Other researchers have observed the appearance of an addi-
tional low-frequency arc above 700 °C for low oxygen partial pressures [51] [52], which could
be attributed to gaseous diffusion [17] [51]. Importantly, the ASRs measured at 700 °C and
800 °C in the current work are thus expected to increase if air is used. Considering the rela-

tively high ASRs reported, there seems to be room for improvement of the cathodes.

This is also supported by the observation that the calculated activation energies listed in Ta-
ble 4.3 are higher than those reported in literature. The lowest activation energy obtained
was 196.1 kJ/mol and corresponded to the symmetric cell fired at 1100 °C. Conversely, val-
ues in the range 120-150 kJ/mol are reported in the literature by various authors [26] [51] [52]
[53]. Some have even documented activation energies as low as 100 kJ/mol [5]. It is likely
that the higher values reported here can be ascribed, at least partially, to the poor cath-
ode geometry documented by the SEM images in Figure 4.15 and 4.17. More homogeneous
layers would probably give better performance. Surprisingly, it was also observed that the
activation energy decreased continuously with increasing firing temperature. Judging by the
reduction in specific surface area, an opposite trend was expected. This was shown by Es-
quirol et al., who documented higher activation energies for cathodes fired at 1000 °C than
at 850 °C [51]. However, the pre-exponential factor in the Arrhenius equation must be taken
into account. Figure 4.14 shows that the y-axis intercept, corresponding to the natural log-
arithm of the pre-exponential factor, vary significantly for the different least-square fitted
data sets. Naturally, the activation energies calculated from the slopes will be influenced by

this.

Valuable information about the oxygen reduction mechanism can be gained from calcu-
lated activation energies. Jiang reported an activation energy of 154 kJ/mol for symmet-
ric cells with LSCF cathodes fired at 950 °C for 2 hours [26]. Interestingly, he observed

that this value was approximately midway between the previously reported activation en-
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ergy for oxygen surface exchange, 110 kJ/mol [54], and the oxygen self-diffusion coefficient,
200 kJ/mol [54]. Oxygen surface exchange at MIEC cathodes is a complex process that gen-
erally involves diffusion of gaseous oxygen to the gas/electrode interface, adsorption on the
surface, dissociation into two oxygen atoms and finally incorporation of these as oxide ions
in vacancies in the cathode material [12]. Conversely, the oxygen self-diffusion coefficient
describes the bulk diffusion of oxygen in the absence of a chemical potential gradient [55].
The magnitude of the reported activation energy indicated that the oxygen reduction was
in fact rate-limited by a combination of these processes, meaning that both surface and
bulk properties must be taken into account for fabrication of cathodes [26]. Furthermore,
the credibility of these results was improved by the comparable activation energies docu-
mented by Esquirol et al., who reported values of 133 kJ/mol and 149 kJ/mol for symmetric

cells fired at 850 °C and 1000 °C, respectively [51].

The importance of bulk processes on the kinetics of oxygen reduction was evidenced by Dar-
bandi et al. [53]. They reported an activation energy of 141.7 kJ/mol for pure LSCF cathodes,
whereas 109.12 kJ/mol was reported for composite cathodes with 10 wt% CGO [53]. The lat-
ter value corresponded excellently to the value reported for oxygen surface exchange, and
indicated that the contribution from bulk diffusion had been reduced by the enlarged TPB
area and shorter diffusion paths to the electrolyte. Oxygen surface exchange was also found
to be the dominating rate-determining electrode process in the work by Baumann et al. [12],
who investigated microelectrodes of LSCF by impedance measurements in the same tem-
perature region as used here. Justification for oxygen surface exchange as the rate-limiting
process was found by comparing the thicknesses of their electrodes to the characteristic
thickness, L. This is defined as L, = D*/k*, where D* is the oxygen tracer diffusion coeffi-
cient and k* is the corresponding surface exchange rate constant [56]. Oxygen transport is
predicted to be limited by bulk diffusion if the cathode thickness is larger than L., whereas
surface exchange is expected to be limiting if the cathode thickness is smaller [12]. Further-
more, L is known to be on the order of 100 um for MIECs in the (La,Sr)(Co,Fe)O3_s system
[56] [57]. Based on this argument, the exceedingly thin cathodes in the present work suggest

that surface exchange could be important.
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However, the magnitudes of the calculated activation energies contradict this, and suggest
that bulk diffusion of oxygen might be the main rate-limiting process. In particular, the val-
ues of 196.1 and 200.8 kJ/mol corresponding to firing at 1100 °C and 1050 °C, respectively,
matched the reported activation energy of 200 kJ/mol [54] for oxygen self-diffusion nicely.
On the other hand, the values obtained at lower temperatures were too high to be explained
exclusively by this. This was surprising since the higher surface areas should ensure shorter
oxygen diffusion paths, thereby reducing the contribution from bulk diffusion. One possi-
ble explanation could be an additional contribution from gaseous diffusion of oxygen in the

cathodes with larger specific surface areas and smaller pore sizes.

It is also likely that the oxygen reduction is in fact rate-limited by multiple electrode pro-
cesses. Evidence for this can be found by careful examination of the shape of the semi-circles
in the Nyquist plots. In particular, the impedance response at 600 °C seems to be constituted
of more than one semi-circle, implying that there is more than one rate-limiting electrode
process. Considering the documented geometry of the cathode layers, this is reasonable.
The width of the layers varies significantly, and it is conceivable that different rate-limiting
electrode processes will dominate for different regions of the cathode. Bulk processes might
control the oxygen reduction in regions with large cathode thickness, whereas surface pro-
cesses dominate in the regions were the cathode is thin. In addition, contributions from
electronic and ionic transfer at the cathode/interconnect and cathode/electrolyte interface,
respectively, cannot be excluded. This reasoning should also apply to the measurements at
700 °C and 800 °C, since the cathode geometry is unchanged. However, the semi-circles in
the corresponding Nyquist plots appear more regular in shape, and it is difficult based solely

on the recorded impedance data to tell if this is indeed the case.

In order to reveal the nature of the electrode processes, the impedance response could be
measured as a function of oxygen partial pressure since ASR pag [5] [51]. By plotting the
natural logarithm of the ASR as a function of the natural logarithm of the oxygen partial

pressure, the value of n can be obtained. Importantly, information about the rate-limiting
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step(s) can be deduced from this value: (i) n = 1 is often associated with steps involving
molecular oxygen such as oxygen gas-phase diffusion or non-dissociative adsorption, (ii)
n = 0.5 is attributed to dissociative adsorption or surface diffusion and (iii) n = 0 indicates
steps such as oxide ion bulk diffusion in the cathode or transfer of oxide ions from cathode

to electrolyte [5] [51].

5.1.2 Equivalent circuit

The equivalent circuit used to model the experimental data, shown in Figure 4.13, was based
on the previous works by several other researchers [12] [25] [53] [58] [59]. It has been shown
that circuits consisting of one resistor in series with resistors and constant phase elements
in parallel account satisfactorily for the impedance response of symmetric cells with MIEC
cathodes. In general, one RQ element should be added for each electrode process contribut-
ing to the observed impedance response. Some authors also include an inductance element
at the very beginning of the circuit [53]. However, since the inductances arise from the appa-
ratus itself and do not contribute with any valuable information about the oxygen reduction,
it was argued that they could be removed prior to fitting. Consequently, the inductance ele-

ment was omitted from the equivalent circuit used here.

Resistor R; in Figure 4.13 represents the ohmic resistance of the electrolyte and the lead
wires [59], which can be seen at high frequencies in the non-normalized Nyquist plots shown
in Appendix C. Furthermore, the magnitude in Qcm? equals the distance along the x-axis
from the origin to the intercept with the first semi-circle. As is obvious, especially for the
data recorded at 700 °C and 800 °C, the magnitude varied significantly for the individual
symmetric cells. One possible explanation for this is that the densities of the electrolyte pel-
lets also varied. Another could be differences in the sample preparation and placement in
the ProboStat™ for each individual sample. Furthermore, the electrolyte pellets were delib-
erately made quite thick to ease the manual handling of the cells. This naturally resulted in

large ohmic resistances, as the oxide ions had to migrate a long distance. On the other hand,
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resistor R2 and constant phase element Q in Figure 4.13 represent the rate-limiting electrode
process corresponding to the semi-circle observed at lower frequencies. As detailed above,

this process(es) has not been unambiguously identified.

It is obviously important that the equivalent circuit correctly accounts for the electrode be-
havior, since the calculated ASR values in Table 4.2 are influenced by this. Therefore, the
fit was qualitatively evaluated by comparing the model and experimental data visually for a
representative selection of symmetric cells. Figure 5.1 and 5.2 show the correspondence for
experimental data recorded at 600 °C and 700 °C, respectively, for the symmetric cell fired at
1000 °C. Figure 5.3 shows the correspondence for the data recorded at 800 °C for the sym-
metric cell fired at 1050 °C. The model is most well-suited for measurements at 700 °C. Apart
from the highest frequencies, the model matches the experimental data reasonably well over
the entire frequency range investigated. Conversely, the correspondence is not equally good
for the data recorded at 600 °C. The discrepancy between the model and experimental data
further supports the assumption that the oxygen reduction is in fact controlled by more
than one electrode process at this temperature. Adding another RQ element to the circuit
would probably improve the fit. Furthermore, the experimental data seem to flatten out for
the lowest measured frequencies. It would be interesting to repeat the measurements and
record data at even lower frequencies to reveal the nature of this. Contribution from diffu-
sion processes are conceivable, and the addition of a Warburg element to the circuit might
improve the match. Lastly, the model was observed to fit the data recorded at 800 °C poorly.
The correspondence in the high-frequency region was particularly bad. Additionally, the
model did not account for the observed flattening out at low frequencies. Nevertheless, it
was concluded that the model was good enough to yield reliable ASR values for all mea-
surement temperatures. This was confirmed by comparing the calculated values to those
graphically extracted from the Nyquist plots. That being said, it will undoubtedly be benefi-
cial to improve the model in future work, as this can help the interpretation of the physical
processes controlling the oxygen reduction. By gaining such knowledge, targeted measures

to improve the oxygen reduction kinetics can be implemented.
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Figure 5.1: Correspondence of the model with impedance data recorded at 600 °C for the symmetric
cell fired at 1000 °C.
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Figure 5.2: Correspondence of the model with impedance data recorded at 700 °C for the symmetric
cell fired at 1000 °C.
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Figure 5.3: Correspondence of the model with impedance data recorded at 800 °C for the symmetric
cell fired at 1050 °C.

5.2 Ceramic processing

5.2.1 Cathode deposition

As is evident from the SEM images of the cross sections in Figure 4.15 and the cathode sur-
faces in Figure 4.17, the deposited cathode layers were very inhomogeneous and agglomer-
ates were present. The layers seemed to be around 10 ym wide at their maximum, whereas
the width was only a couple microns in other areas. This poor geometry was undoubtedly
a result of the deposition method used. Being non-automated, air brushing introduces nu-
merous parameters that are impossible to control precisely. Hence, it is exceedingly dif-
ficult to evaluate the contribution of each one on the characteristics of the final cathode.
In future work, effort should be made to improve the reproducibility. Other techniques for
cathode deposition could also be considered. There exist many examples in the literature of
symmetric cells fabricated by screen printing [25] [60] [61] [62]. Val3en et al. reported that
screen printed cathodes showed superior performance compared to cathodes made by at-

mospheric plasma spraying [63].
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The LSCF dispersion is arguably very important for the quality of the deposited cathodes. A
new batch was made for each set of symmetric cells, and complete consistency could there-
fore not be guaranteed. Furthermore, the dispersions were observed to be highly unstable,
which could to a large extent be explained by the very small particle size. Sedimentation due
to gravitational forces initiated almost immediately after the dispersions were put down. To
limit the effect of this, the dispersion was applied very quickly after being transferred to the
airbrush. However, this seems to have been ineffective based on the recorded SEM images.
The addition of a suitable dispersing agent could probably help diminish this challenge. The
(-potential of LSCF has been plotted as a function of pH in the article by Ferndndez-Gonzalez
et al. [64]. They reported that the isoelectric point for a suspension of LSCF prepared in a
1072 M KCl solution occurred for a pH-value of approximately 6. Furthermore, they reported
that stable dispersions could be achieved for pH<3 and pH>7, meaning that both acidic and
alkaline dispersing agents could be used. One possible candidate could be polyvinylpirroli-
done, as used by Chanquia et al. in the preparation of LSCF inks [5]. However, it is important
that the dispersing agent is organic to ensure that it burns off during the subsequent firing
of the symmetric cells. Moreover, the required amount of dispersing agent would have to
be determined. Small amounts are usually required, and a good starting point could be
1 wt% of the LSCF powder. Another possible way to diminish the challenge of sedimenta-

tion is simply to make dispersions with less LSCF content, e.g. 1 wt% as opposed to 2 wt%.

Furthermore, parameters such as the distance between the airbrush and pellets and the
angle at which the spray hit the pellets varied since the device is handheld. Mounting the
airbrush to a stand to maintain a constant position would partially solve this problem. How-
ever, the variation would not be completely removed as the position of the pellets also affects
these parameters. Moreover, the duration of each spraying should be kept constant. In the
current work, the need for applying the dispersion very quickly made this difficult. Ideally,
the process should be standardized with fixed values for the spraying duration and number
of layers applied. This would help improve the reproducibility by ensuring that the amount
of deposited cathode is relatively constant for each symmetric cell fabricated. The weight of

the applied cathode was measured here in an attempt to ensure some consistency, and the
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values obtained ranged from 0.003 g to 0.004 g. Larger values should be pursued in future

work considering that the cathodes fabricated seemed too thin to give optimal performance.

5.2.2 Phase purity of LSCF

In previous work, an ideal calcination temperature for the as-received LSCF powder had
been searched for. The secondary phases observed in the powder synthesized by CerPoTech
AS (Trondheim, Norway) had to be removed. Simultaneously, it was desired to limit coars-
ening as much as possible to obtain cathodes with favorable characteristics later. Thus,
the lowest calcination temperature to yield a phase pure powder, identified as 725 °C, was
viewed as the optimal compromise between these two opposing considerations. This was
supported by the high specific surface area of LSCF measured afterwards in the current
work. The value of approximately 26 m?/g was higher than that reported by Chanquia et
al. for a comparable calcination procedure [5], whereas Darbandi et al. documented even
better results [53]. It might be possible to increase the specific surface area by lowering the
calcination temperature further. Currently, temperatures between 700 °C and 725 °C have
not been investigated, meaning that a phase pure powder could potentially be obtained in
this interval. This might be important as a small reduction in calcination temperature could

result in a substantial increase in the specific surface area.

Even though the as-calcined powder was phase pure, one or more secondary phases evi-
denced by reflections at 20 = 25° and 20 = 36° was observed after ball milling. This was
unexpected, and the result had to be verified by repeating the calcination and ball milling
for another batch. Once again, the two reflections were clearly visible. Interestingly, one
of the secondary phases initially observed in the as-synthesized powder had also been ob-
served at 20 = 25°. Furthermore, this had been identified as SrCO3 based on correspondence
with the pattern given in PDF 00-005-0418 and the results of other authors [53]. However, it

is not obvious that the reflection observed after ball milling can be explained by reintroduc-
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tion of SrCO3, even though it occurs for the same 20. Moreover, it has not been established
whether the reflection at 20 = 36° belongs to the same secondary phase or another one. A
thorough investigation of the nature and origin of the secondary phase(s) is warranted in
future work, as the cathode performance can be affected adversely by the presence of these.
In this context, the effect of the milling fluid could be investigated by replacing ethanol with
acetone [51] or isopropanol [5]. However, renewed calcination at 725 °C for 6 hours after ball
milling was observed to give a phase pure powder once more. The secondary phase(s) were
therefore expected to disappear during firing of the symmetric cells, and no further time was

spent on this in the present work.

5.2.3 CGO electrolyte pellets

Before satisfactory symmetric cells could be obtained, a procedure for fabrication of dense
CGO electrolyte pellets had to be developed. As can be seen from the SEM images in Figure
4.6, spherical agglomerates with eggshell-like morphology were observed in the as-received
powder. The presence of such agglomerates were unacceptable as they would make fabri-
cation of dense pellets impossible, meaning that ball milling was necessary to break these
down. The applied milling procedure seemed to be effective, as the primary particle size
afterwards appeared to be 100 nm or less. Furthermore, suitable parameters for the uniaxial
pressing and subsequent sintering had to be determined. The initial parameter values were
based on the work previously done by @ygarden [6]. He reported that dense pellets with
diameters of 20 mm could be fabricated by uniaxial pressing with an applied pressure of 30
MPa followed by sintering for 2 hours at 1250 °C. However, when this was attempted in the
present work, the results were less than satisfactory. The applied pressure was therefore in-
creased to 60 MPa, which yielded pellets with maximum relative densities of 92%. Although
better than before, this was still not sufficient. Hence, the pressure was increased further
to 80 MPa. The resulting densities were now consistently higher than 93%, with some pel-
lets displaying densities as high as 96-97%. However, the pellets showed signs of pressing

defects and several of them cracked during grinding before cathode deposition. Finally, the
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pressure was reduced to 70 MPa. Densities in the range 94-97% were measured, and the pel-
lets seemed defect free. Furthermore, the pellets were sintered at 1300 °C. Figure 4.7 shows
that densification of CGO initiates at around 600 °C. This temperature was surprisingly low
considering that undoped ceria has a melting point of 2600 °C [65], implying that CGO has

very good sintering properties.

After sintering, the CGO pellets were grinded to ensure good adhesion to the deposited cath-
ode. However, the need for this processing step can be questioned based on the work by
other researchers. It was omitted by both by Esquirol et al. and Marrero-Lépez et al. without
any observable detrimental effect on the cathode adhesion [51] [52]. This indicates that the
the grinding step can be removed altogether. Reduction in the amount of required process-

ing would save both time and money, thus being very important for large scale production.

5.3 Further work

In order to improve the credibility of the documented results, more symmetric cells should
be fabricated and characterized. Since the collected data thus far is quite limited, coinci-
dences and erroneous measurements could possibly affect the results significantly. That
being said, the documented temperature dependence of the ASR is reasonable, and there is

no evidence that indicates this to be incorrect.

In addition to confirming already existing results, the effect of firing temperature should be
investigated further. Other researchers have shown that firing temperatures below 950 °C are
feasible and improve the oxygen reduction kinetics. Based on the dilatometry data, further
reduction of the firing temperature seems to be possible here as well. Moreover, it would
also be interesting to document the effect of firing time more thoroughly, since it definitely

influences the oxygen reduction kinetics significantly. It should be kept as short as possible
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to avoid excessive densification of the electrode, and it seems likely that shorter times than
2 hours could still yield sufficient adhesion of the cathode to the electrolyte. Both the effect
of reduced firing temperature and reduced firing time could be quantitatively evaluated by
accounting more accurately for the temperature dependence of the specific surface area. In
the current work, it was established that an increase in temperature resulted in a substantial
reduction of the specific surface area. However, the exact nature of this dependence was not

revealed.

Furthermore, the effect of atmosphere should be looked into. By measuring the impedance
for various oxygen partial pressures, valuable information about the mechanism of oxygen
reduction can be deduced. Equally important is the fact that pure oxygen is not realistic
with regard to real life applications. It is obviously essential to document the cathode per-
formance under realistic operating conditions. In this context, it should also be mentioned
that ASR values for symmetric cells are not necessarily identical to those obtained for actual
fuel cells, i.e. when an anode is also included. The reason for this is that there exists a gra-
dient in oxygen chemical potential, as shown in Figure 2.12, and that the current across the
cell actually affects the electrode polarizations [5]. Naturally, it will eventually become nec-

essary to test the cathodes in a complete fuel cell setup to assess their actual performance.






Chapter 6

Conclusion

The effect of firing temperature on the kinetics of oxygen reduction in LSCF cathodes was
investigated by electrochemical impedance spectroscopy in pure oxygen at three measure-
ment temperatures. As documented by recorded data of symmetric cells fired at 950 °C,
1000 °C, 1050 °C and 1100 °C, the ASR increased continuously with increasing firing tem-
perature. Various characterization methods evidenced that this could be ascribed to the
simultaneous reduction in specific surface area. Importantly, it was thus concluded that
the firing temperature should be kept low to obtain fast oxygen reduction kinetics. Further-
more, activation energies for all firing temperatures were calculated from Arrhenius plots.
Information about the mechanism of oxygen reduction was extracted from these, and it ap-
peared that the oxygen reduction was controlled by multiple electrode processes. Moreover,
the ASRs and activation energies obtained in the present work were observed to be higher
than values reported in the literature. This was explained by the poor cathode geometry re-
sulting from the deposition method used. Recorded SEM images showed that the deposited
cathodes were inhomogeneous and that large agglomerates were present. However, con-
sidering that only minimal effort has been made to optimize the fabrication procedure thus
far, the results are promising for the use of spray-pyrolyzed LSCF as cathode material for

IT-SOFCs.
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Appendix A

BET surface area plots

The recorded BET surface area plots are presented in this appendix. Figure A.1 and A.2
shows the surface area plot for sample 1 and sample 2 calcined at 725 °C, respectively. Fig-
ure A.3 and A.4 shows the surface area plot for sample 1 and sample 2 calcined at 900 °C,

respectively. The y-axis intercepts were obtained by least-square fitting and extrapolation of

the experimental data.

0.035

0.030

0.025

0.020

0.015

0.010

1/[QU(P°/ p)-1)] (g/cm?)

0.005

| | |
00 0.02 004 006 0.08 010 0.12 0.14 0.16 0.18 0.20

0.008 ; ; ;
Relative pressure, p/p°

Figure A.1: BET surface area plot for sample 1 calcined at 725 °C.
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Figure A.2: BET surface area plot for sample 2 calcined at 725 °C.
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Figure A.3: BET surface area plot for sample 1 calcined at 900 °C.
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Figure A.4: BET surface area plot for sample 2 calcined at 900 °C.






Appendix B

Calculation of LSCF particle sizes

In this appendix, the procedure for calculation of LSCF particle sizes from specific surface
areas is shown. The surface area and volume of one particle can be expressed as A = 4772
andV = %71’7’3, respectively, if spherical particles with radius r is assumed. Then, the mass of
the particle can be found by multiplying the crystallographic density of LSCE given in PDF

04-017-2448, with V. Furthermore, the measured specific surface area can be expressed as:

A A4mr? 3

= =— (B.1)
oV p%nr3 pr

Aspec =

where p is the crystallographic density. Finally, the particle size as given by the radius can

be calculated:

(B.2)
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Appendix C

Non-normalized Nyquist plots

This appendix shows the non-normalized Nyquist plots of the electrochemical impedance
data recorded to investigate the effect of firing time and firing temperature. Figure C.1 shows
the data recorded at 700 °C for the symmetric cells fired at 2 hours and 6 hours, respectively.
The data recorded at 600 °C, 700 °C and 800 °C for symmetric cells fired at 950 °C, 1000 °C,
1050 °C and 1100 °C are presented in Figure C.2, C.3 and C.4, respectively.
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Figure C.1: Electrochemical impedance data recorded at 700 °C in pure oxygen for symmetric cells
fired at 1100 °C for 2 hours and 6 hours, respectively.
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Figure C.2: Electrochemical impedance data recorded at 600 °C in pure oxygen for symmetric cells
fired at 950 °C, 1000 °C, 1050 °C and 1100 °C.
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Figure C.3: Electrochemical impedance data recorded at 700 °C in pure oxygen for symmetric cells
fired at 950 °C, 1000 °C, 1050 °C and 1100 °C.
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Figure C.4: Electrochemical impedance data recorded at 800 °C in pure oxygen for symmetric cells
fired at 950 °C, 1000 °C, 1050 °C and 1100 °C.
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