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ABSTRACT

SYNTHESIS AND CHARACTERIZATION OF TRANSITION METAL
DOPED SOLID OXIDE FUEL CELL CATHODES

Fuel cells have become of great interest as a potential economical and clean
candidate for alternative and environmental friendly power generation services. There are
several types of fuel cells with large differences in application, size, cost and operating
temperature range. Solid Oxide Fuel Cell (SOFC) is a high temperature fuel cell, dealing
with generation of power as well as heat. This study explains a number of experimental
studies on the cathode of the SOFC. The emphasis is on two important aspects, the effect
of different cathode materials on the electrochemical performance of the electrode and the
kinetics of the oxygen reduction reaction (ORR). The main purpose of the thesis is to
progress a novel and high quality cathode materials for SOFCs working at intermediate
temperature (500°C<T) range. It is aimed to develop the alternative for the conventional
IT-SOFC cathode materials with better mixed ionic-electronic conductivity, high
electrochemical activity and good oxygen reducing with better efficiency. The production
of novel cathode electrodes used in IT-SOFC is aimed to employ cheaper metals (Ti, Fe,
Co, Cr, Mn, V, B and Gd) by using superior properties of perovskite structure. The study
concerned a comparison is made between four different cathode materials under identical
conditions. The cathode types investigated LV3SF (Lags7V0.03Sr94FeOs5), LG10SC
(Lag.5Gdy.1Sr94C003.3), LV05SM (Lag 505V 0.005S10.4MnO3.5) and LV05SC

(Lao.595V0.005510.4C003_5) were successfully synthesized by sol-gel process and are

characterized with XRD (X-Ray Diffraction) and XPS (X-Ray Photoelectron Spectrosopy).
For electrical conductivity measurements, four-probe conductivity method was performed.
Also for the electrochemical characterization of the electrodes impedance measurements
were completed. Of the four cathodes, the LVO5SSC on YSZ showed the highest are area
specific resistance. The results for other cathode materials were in good agreement with

literature.
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OZET

GECIiS METALI KATKILI KATI OKSIT YAKIT HUCRESI KATOT
ELEKTRODU SENTEZI VE KARAKTERIZASYONU

Yakiat hiicreleri, alternatif ve ¢evre dostu enerji iiretim hizmetleri i¢in potansiyel
ekonomik ve temiz bir aday olarak biiyiik ilgi gormiistiir. Yakit hiicrelerinin uygulama,
boyut, maliyet ve ¢aligma sicaklik aralig1 gibi ozelliklerde i¢inde biiyiik farkliliklarla pek
cok tiirevi vardir. Kat1 Oksit Yakit Hiicresi (KOYH) 1s1 ve gii¢ tiretimi ile ilgilenen yiiksek
sicaklikta calisan bir yakit hiicresidir. Bu ¢alisma, KOYH katodu i¢in yapilan bir dizi
deneysel calismay1 aciklar. Vurgulanan iki 6nemli yon ise farkli katot malzemelerinin
elektrotun elektrokimyasal performansma etkisi ve oksijen indirgeme reaksiyonunun
(ORR) kinetigi iizerinedir. Bu tezin temel amaci, orta sicaklikta ¢aligan (500°C<T) KOYH
icin yeni ve istiin nitelikli katot elektrotlarinin gelistirilmesidir. Orta Sicaklik Kati1 Oksit
Yakit Hiicresinde (OS-KOYH) kullanilan geleneksel katot malzemesi yerine yiiksek
elektrokimyasal aktiviteye sahip ve daha iyi bir verimle oksijen indirgeyebilen karma
iyonik-elektronik iletken malzemeler hazirlayarak kullanilmasi hedeflenmistir. Ozellikle
perovskit yapisinin istiin Ozelliklerinden faydalanilarak, daha ucuz ve diisiik degerli
metaller (Ti, Fe, Co, Cr, Mn, V, B ve Gd) kullanilarak yiiksek verimlilik gosterebilen OS-
KOYH elektrotlarmin iiretiminin degerlendirilmesi amaglanmugtir. Ilgili calismada ayni
kosullar altinda dort farkli katot malzemesi arasinda karsilagtirma yapilmustir. Gelistirilen

LV3SF (Laoi57V0_o3SI‘o_4FeO3_5), LG10SC (Lao_sGd041Sro.4C003.5), LVO5SM

(Lao.505V0.005S104MnOs5) ve LVO5SSC (Lag s595V0.005S104C005_5) katot tiirleri basarili bir

sekilde sol-jel yontemi ile sentezlenmigtir ve XRD (X-Isin1 Kirmnimi) ve XPS (X-Isini
Fotoelektron Spektroskopisi) ile karakterize edilmistir. Elektrik iletkenligi i¢cin dort-nokta
iletkenlik yontemi kullanmilmigtir. Ayrica elektrotlarin elektrokimyasal karakterizasyonu
icin ise impedans Ol¢limleri tamamlanmugtir. Gelistirilen dort katot malzemesi i¢inde YSZ
tizerinde LVO5SC malzemesi en yiiksek alan spesifik direng gostermistir. Diger

malzemeler icin Ol¢lim sonuglar literatiir ile uyumludur.
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1. INTRODUCTION

1.1. Energy Sources

Mainly two kinds of energy sources are available today, namely renewable and
non-renewable energy. When the source of energy is immense after utilizing, it is called
renewable energy like wind energy, solar energy, tidal and wave energy, biomass,
hydropower energy, geothermal energy, etc. Utilizing a non-renewable energy source
results to its exhaustion. A great thing to stand behind about renewable energy is that these
kinds of sources do not emit any green house gases to the atmosphere. In contrast, non-
renewable energy sources such as coal, natural gas and petroleum when employed add to
green house gases, which is the main problem in global warming. The accelerated growth
of population and industrialization of mankind has resulted in a serious demand in energy
supply. The considerable decrease in non-renewable energy sources is one of the hot topics
in worldwide concern. Fossil fuels provide 80% of the total energy consumption, and oil
will only continue for 40 years, natural gas has 60 years and coal about 200 years [1]. The
worldwide energy demand is assumed to be about 13 terawatts (TW) by 2050 [2]. So, in

order to meet this demand, innovative approaches must be designed and developed.

On the contrary to the enormous pace of technological change in areas such as
computing and health care, the technology in power generation has stayed still over the last
50 years. Nowadays, most of the electricity is still produced by thermal power plants,
where heat from the combustion of fuel is converted into the mechanical energy, which is
subsequently converted to electrical energy. In a power plant, nearly 75 of the energy in the
fuel stays unused and is lost as waste heat. According to the World Energy Council Report,
only 2% improvement (from 32% to 34%) in thermal power generation efficiency was

succeeded worldwide from 1990 to 2008 [3].



1.2. Fuel Cells

Considering the environmental concerns, the search and development of new and
cleaner power generation technologies are in topical issue. Fuel cells are one such
technology. Attention on these alternative energy conversion devices has increased quickly
in recent years, while the main principles of fuel cell operation are recognized since the
early experiments of Schonbein and Grove in the first half of the 19" century [4]. A fuel
cell can be defined as a unit in which the reactants and the products are continuously

supplied and removed.

Unlike heat engines, fuel cells directly convert the chemical energy stored by the
fuel into the electrical energy. This direct conversion of chemical to electrical energy,
without linking a thermal engine as in conventional methods of power generation, offers
the chance for much better efficiencies unconstrained by Carnot’s Law. There are several
types of fuel cells exist today, all operating with the same principle. In contrast to
rechargeable batteries, in fuel cells the fuel and the oxidant are constantly supplied to
electrodes and the chemical reaction products are removed from them, so providing
continuous operation. Mainly the cell is based on an electronically insulating, gas tight
electrolyte that only transfers charge in the form of ions. Two electrodes on each sides of
the electrolyte adapt the reduction of oxygen for the cathode side and the oxidation of the
fuel for the anode side, respectively. For the reaction to be completed, the produced

electrons at the fuel electrode are delivered through an external circuit.

Table 1.1. Types of the fuel cells and their typical characteristics.

Fuel Cell AFC PEMFC PAFC MCFC SOFC
Charge Carrier OH H* H* CO* 0*
Electrolyte KOH Nafion H,PO, Li,CO; + K,CO4 Zr, + Y,04
T operation ("C) 100 80 200 650 650-850
Fuel Pure H, Pure H, Pure H, H,,CO,CH, H,,CO, CH,




A variety of fuel cells are in different stages of development. The most common
classification of fuel cells is by the type of electrolyte used in the cells and includes 1)
alkaline fuel cell (AFC), 2) polymer electrolyte membrane fuel cell (PEFC), 3) phosphoric
acid fuel cell (PAFC), 4) molten carbonate fuel cell (MCFC), and 5) solid oxide fuel cell
(SOFC) summarized in Table 1.1. Broadly, the choice of electrolyte determines the
operating temperature range of the fuel cell. The operating temperature and useful life of a
fuel cell specifies the properties of materials used in the cell components (i.e., electrodes,
electrolyte, interconnect, current collector, etc.). By far the greatest research interest
throughout the world has focused on Proton Exchange Membrane Fuel Cells (PEMFCs)
and Solid Oxide Fuel Cells (SOFCs).

1.3. Solid Oxide Fuel Cell

Numerous different technological insights of the fuel cell idea are being considered
nowadays, and the Solid Oxide Fuel Cell (SOFC) is regarded as one of the most promising
one. In this type of fuel cell, an ionically conducting oxide membrane separates the
reactant gases. The electrolyte material is generally an oxide ion conductor like doped ZrO,
and a porous strontium-doped LaMnO,,; (LSM) cathode and a porous Ni/YSZ cermet
(ceramic-metallic composite) anode. Since the charge carrier is oxide ion, SOFCs provide
flexibility in the sense of fuel gas with high efficiency. Whereas, for instance, low
temperature Polymer Electrolyte Membrane (PEM) fuel cells are usually restricted to the
conversion of pure hydrogen as fuel, the high temperature SOFC is much more tolerant in
this respect and can be operated with natural gas, biogas, syngas or other fuels. Efficiencies

for this type of fuel cell can reach up to 70% [5].

SOFC technology is very favorable from the materials viewpoint and has potential

benefits in the following qualities [6]:

. It has higher electrical efficiency, ~60%, compared to ~40% for low temperature
cells.
. SOFCs do not need expensive noble metals such as platinum instead of low cost

electrode materials.



. Not only hydrogen the purity of which does not matter but also a large variety of
fuels can be used including natural gas, biogas, and hydrocarbon fuels without
preliminary reforming.

. The high operating temperature of SOFCs produces “high quality” heat, which can
be utilized efficiently in CHP-units (combined heat and power). This can

additionally increase the overall energy efficiency.

SOFCs are composed of all-solid-state materials, which are ceramic materials due
to the high temperatures required for the operation. Cells are being assembled in many
different arrangements, such as planar button cell, flat-plates cells, tubular cells or rolled
tubes. A SOFC consists of two electrodes (the anode and the cathode) sandwiched around
a solid electrolyte (Figure 1.1). Oxidant (air) is fed to the cathode where it is

electrochemically reduced by electrons from the external circuit:
0,(g9) + 4e~ - 20% (1.1)

Fuel (H,, syngas, CO, CH,, etc.) is fed to the anode, where it undergoes an

oxidation reaction and releases electrons to the external circuit:
H,(g) + 0%~ - H,0(g) + 2e~ (1.2)
CO(g) + 0%~ - CO,(g) + 2e~ (1.3)
or, in the case of hydrocarbon fuels,
CoHypin + Bn+1)0% - nCO0,(g) + (n+ 1)H,0 +2(3n+ 1)e” (14)

The classical SOFC concept, which has already been developed to technological
maturity, is schematically shown in Figure 1.1. The porous electrodes (anode for fuel,
cathode for oxidant) are separated by a gas-tight electrolyte. With the help of electrons the
oxygen in the oxidant (e.g. air, O,) is reduced to oxide ions O at the cathode side
(Equation 1.1). The produced oxide ions are merged into the electrolyte material, which is
the responsible part for the oxide ion transport and hence allows only the ions to travel
through towards anode side. Oxide ions combine with the fuel (e.g. H,, CH,, CO) to form
water and if carbon-containing fuels are involved, CO, is produced as the end product.

During this oxidation step of fuel (Equation 1.2, 1.3 and 1.4) electrons are released and



transport via an external circuit to the cathode side that is the where reduction of the

oxygen proceeds.
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Figure 1.1. Schematic representation of SOFC working principle.

Therefore, electrical power can be produced from the fuel cell. The common
principle of fuel cells and batteries resides the separations of reduction and oxidation by an
ionically conducting material, driving the electrons to flow via an external circuit. Since
the voltage produced by one of these cells is only about 1 V, multiple cells are to be

combined to form a fuel cell stack for substantial applications.

1.3.1. Materials for SOFC Components

The main components of a fuel cell are the electrolyte, the anode, the cathode and
the interconnect materials. Each element operates several functions in the fuel cell and has
to fulfill certain requirements such as: proper stability in terms of chemical, phase,
morphological, and dimensional in oxidizing and reducing atmosphere, similar thermal

expansion coefficients (TEC), chemical compatibility within each components, having



proper type of conductivity, dense gas tight electrolyte material and porous cathode and

anode to allow gas transport to the reaction sites.

1.3.1.1. Anode: The fuel electrode (anode) must be stable in reducing conditions of the

fuel and have enough porosity to allow the transport of the oxidized fuel. Moreover, since
the composition of fuel changes during the operation, the anode must be non-oxidized. The
literature on anode materials for SOFCs is very extensive. In this part of the cell the fuel

oxidation takes place:
0%+ H, » H,0 + 2e~ (1.5)

The most significant requirements for the anode are long-term stability, matching
thermal expansion coefficient with the electrolyte, supporting both electronic and ionic
conductivity and high catalytic activity to promote the formation of water [7]. Transition
metals can be used as SOFC anode materials such as Nickel (Ni). Nickel is used due to its
excellent catalytic characteristics for breaking hydrogen bonds in the fuel (oxidation
reaction of the hydrogen) and the low reactivity with other cell components [8]. Fuel
electrodes are fabricated from composite powder mixtures of electrolyte material such as
YSZ, GDC or SDC and nickel oxide NiO. During the start-up phase of the cell by the
prevailing fuel atmosphere, the nickel oxide is then commonly reduced to nickel metal.
The reason for forming a matrix of YSZ around the nickel particles is to stabilize the
porosity of the electrode structure, to extend the reaction zone by increasing the triple
phase boundaries (TPB), and also to provide a thermal expansion coefficient comparable to
those of the other cell materials. Other candidate anode materials under investigation
include cobalt-YSZ, ruthenium-YSZ, and mixed conducting oxides based on Y,0;-ZrO,-
TiO, solid solutions [9].

1.3.1.2. Electrolyte: A SOFC uses a solid oxide ion conductor as the electrolyte material.

This material should be electronically insulating and have sufficient ionic conductivity for
oxide (O%) ions at operating temperature. Moreover, having suitable thermal expansion
coefficient, chemical and physical compatibility with electrode materials are also

important. The conventional electrolyte is made of Yttria Stabilized Zirconia ((Y,0,)0.08 —



(Zr0,)0.92), abbreviated as 8-YSZ. ZrO, in its pure form cannot be used as an electrolyte
because of its low ionic conductivity. Therefore, it is doped with Y,O,, Equation 1.6,
which means substitution of a trivalent cation, Y**, for the host lattice cation Zr*". With this

substitution, the concentration of oxygen vacancies can be increased [10].

ZTOZ
Y,05 —s 2Y,. + 30% + V; (1.6)

The oxygen vacancies distribute diffusion of oxide ions through the electrolyte,
which provides relatively high oxide ion conductivity. Due to the aim of lowering the
operation temperature of the cell, thin electrolyte films on porous electrodes are being
fabricated. Three electrolyte systems namely yttria stabilized zirconia (YSZ), strontium,
magnesium-doped lanthanum gallate (LSGM), and gadolinium- or samarium-doped ceria

(CGO or CSO) have been widely investigated for SOFCs [11].

1.3.1.3. Cathode: The cathode is the air electrode of SOFC where electrochemical

reduction of oxygen occurs. For this purpose, the cathode must have high catalytic activity
for the oxygen reduction reaction (ORR), sufficient porosity to allow oxygen diffusion,
chemical compatibility with the other contacting cell components under operating
conditions, stability during both in fabrication and operation of the cell, and high electronic

and ionic conductivity [12].

The choice of the cathode material selection is significantly dependent on that of
the electrolyte. Care must be given to match the TEC’s and prevent undesirable interface

chemical reactions. The reaction occurs at the cathode side:
% 0, (gas) + 2e~ (cathode) — 0%~ (electrolyte) (1.7)

In the intermediate temperature SOFCs (IT-SOFCs), the low operating temperature
reduces the chemical interaction of materials, thus its power characteristics does not
degrade rapidly. When the cell is connected to a load via a closed circuit, a current is
produced through the electrochemical reactions and as the working temperature is lowered
down, the cell potential is reduced by internal non-reversible voltage losses which means
the polarization losses induced by electric current increase. The following three main types

of losses are separated: ohmic (#7,), concentration (77,), and activation (77;) [12]:



E=Ey—n— N2~ 13 (1.8)

where E is the voltage on the working fuel cell, E, is the open circuit voltage
(OCV). Figure 1.2 schematically represents how the cell polarization of typical SOFC
changes with the current density withdrawn. The influences of the mentioned types of

polarization losses are also shown.

Open-circuit potential

/

Current - voltage curve

Concentration losses

Voltage (V)

Activation losses \

Ohmic losses

Current Density (A/cm?)

Figure 1.2. Current - voltage curve of a working SOFC.

Ohmic resistance losses occur with the electric resistance of the cell components,
and they increase with the increase in the current density likewise in Ohm’s Law. The
reduction of ohmic losses with the rise of working temperature is associated with that most
materials of the cell primary components show conduction of the activation nature so that
their resistance increases as the temperature decreases. The general methods of reducing
this type of polarization are the employment of high conductivity electrodes and the use of

appropriate interconnect materials.

The concentration losses are caused by the reduced potential at the TPBs due to the
depletion of charge carrying reactants resulted by slow diffusion from the bulk of the gas

chambers/channels through the porous electrodes.



Activation polarization makes the biggest contribution to the polarization losses
during SOFC operation. It occurs due to complex nature of electrode half reactions
(oxidation-reduction reactions), which contains several stages. Particularly, this is related
to the oxygen reduction on the cathode that is along with the breakup of the strong double
bond in the oxygen molecule to form O ions in vacant sites of the solid oxide. The
cathode polarization losses must be minimized by an appropriate cathode material

selection and an interface microstructure optimization.

As the state of the art materials, cathodes for SOFCs must have many properties
including high electrical conductivity, high catalytic activity for ORR, and compatibility
with other cell components. In the first periods of SOFC development, platinum metal was
used as cathode since other appropriate materials were not available. However, platinum is
expensive and its use in cost-effective commercial SOFCs for power generation is not
practical. Low cost alternative to platinum—perovskite oxides also possess the required

properties and have consequently attracted much interest [13].

The perovskite materials La, , St MnO,; (LSM) with x between 0.15 and 0.50 are
the most commonly used and researched cathode material for standard SOFC. Those Sr-
doped lanthanum perovskites stay stable both in large oxygen excess-oxidizing atmosphere
and in large oxygen deficient-reducing gas atmospheres [14]. Oxygen deficient means the
oxygen vacancies while oxygen-excess results on metal vacancies, which is good for
electrode properties. However, the ionic conductivity of LSM is extremely low [15]. This
causes practical limitations and restrictions to the application of LSM especially at low

temperature (<800 °C).

Cobalt and iron containing perovskite like La, Sr,Co,_Fe O, ; (LSCF) is another
candidate for cathode materials. Compared with LSM-based materials, LSCF has both
higher electrical and ionic conductivity [16]. Thus, in some cases LSM is treated as the
electronic conductor while LSCF is generally selected as mixed ionic and electronic
conductor (MIEC) [17]. Although the practice of LSCF as cathode can effectively improve
the cell performance, LSCF materials have to be selected carefully due to its higher TEC
value than the YSZ electrolyte [18].

In order to lower the working temperature of SOFCs, strontium-doped samarium

cobaltite with the composition of Sm, ;Sr,;CoO; (SSC) has been developed recently. It has
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better conductivity values than LSCF and LSM at the intermediate temperatures (500 —
800 °C) [19]. Instead, just as the LSCF, the TEC value of SSC is also too high and this will
affect adversely its compatibility with YSZ electrolyte. But, it is practically compatible
with GDC and LSGM electrolyte materials [20].

As mentioned above, the electronic and ionic conductivities of LSCF and SSC are
high, however, their TEC are much higher than YSZ. TEC value of LSM is close to YSZ
but its ionic conductivity is considerably low. Consequently, many alternative materials
have been studied and developed with the aim of improved both electronic and ionic
conductivity and obtaining a TEC value close to the YSZ while having desirable catalytic
activity under cell working conditions. In this respect, Fe-doped lanthanum strontium
cuprate (La,,Sr,,Cu,,Fe,,0;;) was stated to reveal a high conductivity and good TEC
match with the electrolyte [21]. Ba, sSr,;Co,sFe,,0, s is another interested cathode material

for IT-SOFCs [22].

In summary, in order to make the cell economically practical and available for
commercialization, lowering the operating temperature to allow for cheaper materials as
well as reduce the degradation problems is on the vital interest. This has initiated a push

for the development of new materials.

Crystal structure and properties of perovskite oxides are also two important features
in SOFC systems. Perovskite materials have been widely used as cathode materials in
SOFCs [23]. It is essential to first investigate the fundamentals of the perovskite structure

to better design cathode materials.

As for the crystal structure of perovskite, it has the general formula of ABO;. The
A-site cations with lower valence (such as La, Sr, and Ca) are larger in ionic radius and
coordinated to twelve oxygen anions while the B-site cations (such as Fe, Co, Ti, and Cr)
accommodate much smaller space and are coordinated to six oxygen anions. Valence sites
can be obtained by the full or partial substitution of A or B cations with different valences.
When the total valence of the cations sums up to less than six, an anionic charge is formed
by introducing vacancies at the oxygen lattice sites [24]. Figure 1.3 prevails the typical

structure of the cubic perovskite ABO,.
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o Oxygen vacancy

Figure 1.3. Crystal structure of ‘ideal’ cubic perovskite ABO,.

A-cations are located at the center of the cube and have coordination number 12; B-
cations reside at cube vertices (at the centers of octahedra) and have coordination number
6. Oxygen atoms are at the corners of the octahedra and bulk oxygen transport in

perovskite structure is also shown in Figure 1.3.

Many perovskites do not have the ‘ideal’ cubic symmetry due to their distortion in
structure. Because of such reasons such as cation displacements inside the octahedra and
also tilting of the octahedra, common distortions related to the properties of the A and B
substituted atoms are made up. The degree of the distortion in crystal structure can be
determined by the Goldschmidt tolerance factor (¢) as follows:

_ _(ratrp)
L= V2 (rp+10) (1.9

Based on the ionic model of the perovskite crystal structure, ¢ value has been
derived by using the relationship between the ionic radii of A and B-site cations and
oxygen (r,, ry and r,, respectively). When the tolerance factor is near unity, the structure is
the ideal cubic. A cation with smaller radius or B cation with larger radius gives rise to a
decrease in tolerance factor (r < 1). Therefore, the coordination number of the A cation
decreases due to tilting of corner sharing BO, octahedra to an orthorhombic symmetry.

This gives rise to various distortions of the perovskite structure [25].

For the electrical conductivity in perovskites, divalent transition metal substitution
for the trivalent A-site cation involves that in order to balance the electro-neutrality in the

perovskite, the introduced negative charge is compensated by an increase in valence of the
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B-site cation, so called electronic compensation, or by the formation of oxygen vacancies,
called as ionic compensation [26]. B-site cations as transition metals can carry out a
valence change to compensate the introduced effective charge imbalance and produce
B*/B** couples that behaves as hopping sites for electrons, i.e. for p-type or n-type

conductivity.

When considering the electrical conductivity by the help of Arrhenius plot /n(oT)
vs I/T, linear behavior reveals that the electronic conductivity is because of the small
polaron - hopping mechanism which follows the way along the transition metal-oxygen-

transition metal chains (B—O-B) in the perovskite structure (e.g. Fe™* — O — Fe*") [27].

= (e () 110

Activation energy can be calculated by fitting Equation 1.10, where o is the
electrical conductivity, C is the pre-exponential factor, 7" is the temperature, k the
Boltzmann constant, and E, is the activation energy expressing the enthalpy of polaron-
hopping mechanism [28]. The exponent s equals either 1 or 3/2 for adiabatic or non-

adiabatic processes, respectively [29].

For ionic conductivity in perovskites, the oxide-ion conductivity in perovskites
ABO, progresses by the vacancy mechanism. Oxide ions diffuse from occupied to adjacent
vacant sites along the corner of BO, octahedra (Figure 1.3) [30]. While jumping from one
site to the neighboring vacancy, an oxide ion travels along an arc trajectory rather than
along a linear one (the shortest way). During this movement, the oxide ion has to pass
through a ‘‘saddle point’” (Figure 1.4), which is assembled by two A-site cations and one

B-site cation.

The radius of the “bottle-neck” (r”) centered at the saddle point, calculated from the
radius of cations in the perovskite structure and the value of r’ should be close to the
oxygen ionic radius, 1.40 A [31]. For perovskite materials, the value for the radius does not
exceed 1.05 A [32]. However, because the radius of the oxygen ion is 1.40 A in the sixfold
coordination there must be significant outward shifts from the equilibrium positions of the

cations away from the mobile oxygen ion.
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Figure 1.4. Schematic representation of saddle point.

There are also structural properties of perovskite oxides that are related to the
oxide-ion conductivity: the tolerance factor (Equation 1.9), the free volume (the difference
between the unit cell volume and the volume of ions present in the cell), the metal-oxygen
bond and the extent of deviation of cation dimensions from ideal values [30,32]. The latter
parameter means that the ionic radii of A-site cation is close to the oxygen ionic radius and
also that the radius of the B-site cation is close to the radius of octahedral vacancy in ABO,
close packing [32]. Most important factor required for oxide ion conduction in perovskite
crystalline structure is the lower activation energy for oxide ions and their higher vacancy
mobility. That is accomplished by the deteriorating from completely symmetrical
crystalline network without any stress. That is why A**B**O, type of perovskite structure

has the highest oxide ion mobility due to the lowest interaction with B-site cation [33].

For the kinetics and reaction mechanisms of cathodes, the main requirement to be
satisfied by a SOFC cathode is a high reaction rate according to the cathode catalytic
multistep reaction. In the overall electrochemical reactions, the molecular species involved
must first be transformed to some electro-active intermediate form via multiple processes.
Generally, this electrochemically kinetic step is regulated to an area close to TPBs, which
are defined as the meeting sites where the oxygen ion conductor, electronic conductor, and
the gas phase come in contact. The electrochemical steps contain different bulk and surface
steps. The intermediate steps in the overall electrode reaction are usually considered as
follows: the reduction of O, molecules including adsorption, dissociation, reduction and

incorporation of the oxygen anion into the lattice of cathode materials; ionic transport
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through the porous cathode towards the electrolyte; and the ion movement into the
electrolyte lattice [34]. Among these processes, several steps could be rate limiting for

ORR, which is the biggest contributor to the total cell resistance.

For perovskite type materials such as doped LaMnO;, LaCoO;, SmCoO;, or LaFeO,
are largely examined for use as SOFC cathodes, and for these materials three possible
paths for the cathodic reaction may be considered that is the electrode surface path, the

bulk path and the electrolyte surface path as shown in Figure 1.5 [35].

Electrode surface path Bulk path Electrolyte surface path
0,
N
Oads 0, \ 02

[ cathode ore2e¢ } cathode
Oads" 2e LcathOde Oads'_’ Oads 2e

| I i\Ze'
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Figure 1.5. Outlines of possible reaction paths of the oxygen reduction and incorporation

reaction and some possible rate determining steps.

These three paths are suitable for the cases of an electrical conductive material such
as LSM, a mixed electrical and ionic conductive material such as LSCF and a composite

such as LSM-YSZ, respectively.

1.3.2. Electrochemical Impedance Spectroscopy

With Electrochemical Impedance Spectroscopy (EIS), properties (physical and
chemical processes) of electrochemical systems can be studied. A voltage is applied and

the current, which flows through the system, is measured. Resistance is the ability of a
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circuit element to resist the flow of electrical current. Ohm's law (Equation 1.11) defines

resistance in terms of the ratio between voltage V and current I (ideal resistor).
R="V/, (1.11)

In reality circuit elements show much more complex behavior, so impedance is
used. Like resistance, impedance is a measure of the ability of a circuit to resist the flow of
electrical current. The Impedance is not limited by the simplification of the ideal

resistance, like independence of frequency and in phase of voltage and current [36].

The electrochemical impedance is usually measured by applying an AC potential
(sinusoidal) to an electrochemical cell and measuring the current through the cell. The
response to this signal is an AC current signal, containing the frequency and it’s harmonics

(Figure 1.6).
The signal, expressed as a function of time, has the form
V(t) = V, cos(wt) (1.12)

Where V(?) is the potential at time t, V, is the amplitude of the signal, and w is the
radial frequency. The relationship between radial frequency w (rad.s™) and frequency f

(Hz) is:
w = 27f (1.13)

In a system, the response signal, I(¢), is shifted in phase (¢) and has a different

amplitude, 1,
I1(t) = I, cos(wt — ¢) (1.14)

Given an expression for Ohm’s law to calculate the impedance:

_V@® _ Vocos(wt) __ cos(wt)
Z(w) - I(t) - I, cos(wt—¢) - ZO cos(wt—¢) (1'15)
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Figure 1.6. Sinusoidal current response in a linear system.

By using Euler’s relationship (Equation 1.16), it is possible to express the

impedance as a complex function. The potential is described as (Equation 1.17) and the

current response as (Equation 1.18). The impedance is then represented as a complex
number (Equation 1.19).

e!? = cos¢ +ising (1.16)
V() = V,.e it (1.17)
I1(t) = I,.e”i(@t+®) (1.18)

Z(w) = II/((:)) Zy.e? = 7, (cosp +ising) = Z, (Zye(w) + Zpm(w))  (1.19)

The expression for Z(w) is comprised by a real and an imaginary part (Equation
1.19). When the real part is plotted on the x-axis and the imaginary part on the y-axis a
“Nyquist plot” is acquired (Figure 1.7).
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Figure 1.7. Schematic representation of EIS Nyquist plot.

The real part, Z

real?

on the x-axis shows resistive steps of impedance curve, while

the imaginary part, Z,

m?>

on the y-axis represents capacitive processes of an impedance
curve. The bulk resistance, R,,,, is controlled by both the electrolyte and interconnects and
can be measured from the high frequency part on the Nyquist plot. The difference between
the low frequency intercept, which is called as the total resistance, R;, and the R, gives

the polarization resistance, R All the electrochemical processes related to the
p p p

olarization*®

electrodes are displayed by R,,,i.ui0,r The number of impedance arcs in the plot is

associated with processes that contribute to the impedance of electrode reactions.

1.4. Scope of the thesis

There are many requirements on the SOFC cathode that must be fulfilled for the
commercialization of this technology to be viable. Up to now, many materials have
developed to address all requirements and broad research is enduring in order to find such
a material. In addition to that, although a number of experimental studies on cathodes for
SOFCs are described, there is still very little fundamental knowledge on both the physical
and electrochemical processes occurring inside the oxygen electrode, however there are
many discrepancies in the literature. It is therefore of great importance to follow the

research on SOFC cathodes.



18

The main objective of this thesis is the development of novel and superior cathode
materials for SOFC applications working at moderate temperatures (500°C<T) with the

desired efficiency.

In Chapter 1, a brief introduction is given on fuel cells, especially for SOFCs.
Subsequently a general review on SOFC materials, its working principle and kinetics as
reported in literature is given. Stress is on the cathode, particularly its chemistry, research
and developmental features. A literature review is summarized about the conventional
cathode materials such as LSM and LSCF cathodes. In this review a comparison will also
be made with several other types of perovskite cathode materials. Moreover, a theoretical
background is given on electrochemical impedance spectroscopy (EIS). At the end of the

chapter the scope of the master thesis is presented.

The experimental set-up and the design for electrochemical cells are presented in
Chapter 2. The study concerned a comparison is made between four different cathode
materials under identical conditions. The cathode types investigated LV3SF, LG10SC,
LVO5SM and LVO5SC were successfully synthesized by sol-gel process and are
characterized with XRD and XPS. As electrolyte material yttria stabilized zirconia (YSZ)
and gadolinium-doped ceria (GDC) were used. For electrical conductivity measurements,
rectangular bars of the synthesized materials were prepared and four-probe conductivity
method was performed. Also for the electrochemical characterization of the electrodes
impedance measurements were completed. The analysis of the measured impedance
generally required the use of three to four (RQ) circuits in series in the equivalent circuit
model. Of the four cathodes, the LVO5SC on YSZ showed the highest are area specific

resistance. The results for other cathode materials were in good agreement with literature.

Synthesis and characterization of novel cathode materials for SOFCs are clearly
addressed in Chapter 3. Instead of traditional cathode material used for IT-SOFC, new
perovskite-based mixed ionic-electronic conductive materials, which can reduce oxygen
with higher electrochemical activity yielding better performance was intended for use.
Especially, benefiting from the outstanding features of the crystal structure of perovskite,
development of IT-SOFC electrodes exhibiting high efficiency and evaluating their
efficiency was aimed by employing cheaper and low-order metals (Ti, Fe, Co, Cr, Mn, V,

B and Gd). Understanding the oxygen reduction reaction occurring in the perovskite
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structure is very crucial for assessing the cathode efficiency in SOFC system. Because
oxide-ion forming reaction from the reduction of freely moving oxygen in air on the
surface of metal and/or metal oxide is carried out with a complex and multi-step
mechanism. This process usually progresses through parallel reactions. This simultaneous
accomplishment of the reaction substantially depends on the chemical nature of the ion
carrier within the cathode material, the crystal atom sequences and also the microstructure.
For these reasons, various metals such as Ti, Fe, Co, Cr, Mn, V, B and Gd were doped into
the perovskite structure in a systematic manner and the novel cathode material with the

desired properties were expected to be produced.

In Chapter 4, the advance studies of these SOFC cathode materials are explained as
realistic SOFC performance tests to better address their challenging features. There is an
explanation about the study on the degradation under controlled conditions coupled in-situ
experiments with analytical techniques such as Raman and XRD in order to expose the
degradation mechanisms needs to be carried out. Further studies are needed on how the
developed cathode materials work when executed in an operational SOFC when it comes

to both electrochemical performance and chemical and mechanical compatibility.

Conclusion as Chapter 5 includes the pronounced evaluations of analysis of these
novel SOFC cathode materials. As a result of this study, it is found that LVO5SC has the
best electrical conductivity value, however, the rest of the materials (LV3SF, LG10SC, and
LVO05SM) have better ionic conductivity values. Therefore, it is concluded that these

cathode materials would be candidates as IT-SOFC cathode materials.
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2. EXPERIMENTAL

2.1. Sol-Gel Process

Sols and gels are two forms of matter that have been to known to sustain naturally
for a long time and they comprise a number of substances such as blood, serum and milk
and various materials like ink and clays. Sols and gels have emerged scientific interests for
a long time as the oldest known sols are prepared in 1853 by Faraday and they were only
of pure scientific interests [37]. However, because of their immensely high specific area,
sols and gels have become increasingly interesting in the field of catalysis. Since the
1970s, the number of publications in this field has been rising and this accelerated the
number of applications in high technology ceramics. By the sol-gel techniques, high purity
powders, electronic and ionic conductors can be produced and also this technique is very
helpful and important for the fabrication of homogeneous complex ceramic products. In
point of the fact, sol-gel processing has been considered as the way to better ceramics
through chemistry. To give a brief explanation, a sol is a stable suspension of colloidal
solid particles within a liquid. In order to exist as a sol, the solid particles, which are denser
than the surrounding, must be small enough for the dispersion forces to be greater than
those of gravity. Basically, particles in a sol must be between 2nm and 0.2pm in size [38].
When it comes to the gel, it is a porous interconnected homogeneous solid network and
forms when the homogeneous dispersion within the initial sol solidifies and this is called as

gelation that inhibits the growth of inhomogeneity [39].

Sol-gel processes not only have brought an initial view in the domain of glass and
ceramics fabrication but also have enlightened the significance of chemistry along the
ultimate fabrication lines of materials, from initial chemical precursors to the final products
[40]. The main idea of this process is to steadily form an oxide network by polymerization

reactions of chemical precursors dissolved in a liquid medium.

Sol-gel technique has been widely used for synthesis of an inorganic network over
a chemical reaction at low temperatures. For the sol-gel synthesis, there are many

variations can be brought. This technique actually does not only nominate a single process,
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yet a very diverse type of procedures, which concentrates around a simple plan as

presented in Figure 2.1.

Metal
Alkoxide
Solution

hydrolygis
condengation

Figure 2.1. Outline of sol-gel processing.

The sol-gel process can briefly be defined as the conversion of a precursor solution

into an inorganic solid via inorganic polymerization reactions induced by water. Usually,

the precursor or starting compound can be either an inorganic (no carbon) metal salt

(chloride, nitrate, sulfate) or a metal organic compound such as an alkoxide.

Production of ceramic oxide materials has been extensively developed and basically

the sol-gel process consists of the following steps:

il

1il.

1v.

Preparation of a homogeneous solution by each of two ways; first one is by
dissolution of metal organic precursors in an organic solvent that is miscible with
water and the second is by dissolution of inorganic salts in water.

Conversion of the homogeneous solution into a sol with the treatment of a suitable
reagent.

Aging

Shaping

Sintering/Thermal treatment
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The initial step in a sol-gel reaction is the formation of an inorganic polymer by
hydrolysis and condensation reactions, such as the transformation of the molecular
precursor into a highly cross-linked solid. A sol, a dispersion of colloidal particles in a
liquid, is the result of hydrolysis step and further condensation eventuates in a gel which is
an interconnected, rigid and porous inorganic network surrounding a continuous liquid
phase. This conversion is called as the sol-gel chemistry. In order to desiccate the gels,
there are two possibilities. By the removal of the pore liquid, aerogels are produced
without any collapse in the network. When the gel drying process is done under ambient
conditions, shrinkage of the pores occurs with yielding a xerogel. One of the significant
properties of the sol-gel process is the feasibility to give shape to the material into any
desired form like monoliths, films, fibers, and mono-sized powders, and following with the

conversion into a ceramic material by heat treatment.

2.1.1. Fabrication of SOFC Material Powders with Sol-Gel Process

Sol-gel processes have been practiced to produce SOFC materials with desired
physical and chemical properties which traditional solid-state reaction techniques are
unable to supply. This method has been applied for synthesis of numerous cathode
materials like LSM [41], (Pro7Cag3)0oMnO;3.5 [42], LSCF [43], Fe-doped LSM [44], La,
Pr, Sm and/or Ba co-doped LngssSrg4FeosCo0020s5 [45,46], PrixSrxCoosFeo20s3.5 [47],
BSCF [48] etc. The grain size of the porous cathode material is an important parameter to
examine in order to reduce interfacial polarization resistance. By decreasing the grain size
or increasing the surface/volume ratio, TPB, i.e. the number of reaction sites can be
enlarged considerably. With this method, it has been thought that there will be a significant
increase in the number of reaction sites (TPB) in electrode materials or decrease in the

sintering temperature of the electrolyte material.

Moreover, the reduction of the working temperature from high temperature (such as
900-1000°C) to intermediate temperature (500-800°C) for future applications is one of the
most significant goals in SOFC research. Unfortunately, the high polarization resistance of
the cathode material, which limits the cell power density, is the main limiting factor at

intermediate temperature. The cathode has to be porous in structure with a small grain size
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to optimize the active surface area and TPB length [49]. Sol-gel process is ideally suited
for assembling such microstructures. The advantages of this process over other techniques

consist:

i.  The microstructure and composition of electrode materials can be controlled with
relative ease,
ii.  The electrode and electrolyte adherence is strong,

iii. Low temperature processing is possible.

The microstructures of solid oxide fuel cell components strongly influence its
performance. Each component should cover the expectations like specific microstructures
further to the requirements on intrinsic features of the materials in order to obtain high
efficiency: gas-permeable and porous electrode (cathode and anode) with high surface area
to augment the TPB length and gas-tight, thin electrolyte to minimize the ohmic resistance.
Sol-gel method is a considerably functional approach to fabricate desired materials and
components. The benefits of this process include superior microstructure control and
convenience of compositional modification especially at low temperatures with simple and
inexpensive equipment [37]. This kind of technique has been used both for powder
synthesis as well as for modification of electrode surface and electrode/electrolyte
interfaces to adjust the microstructure and electrochemical performance of cell

components.

Sol-gel technique has been extensively improved to obtain ceramic oxide materials

and arises mainly from three steps:

i.  Preparation of starting solution: involves mixing low viscosity solutions of suitable
precursors such as metal derivatives. These precursors can in some cases be the
metal oxides or metal alkoxide solutions.

ii.  Gelling stage: arises from forming a uniform sol and causing it to the gel; this is the
key step in the sol-gel process to enable homogeneity on the ceramic product
during withering. The conversion of the sol to the gel state can be carried out by
three different routes:

* Growth of polymeric molecules which establish randomly a three

dimensional network
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* Expansion of individual particles which become larger as they grow
together
e Stabilization of colloids by surface charges succeeding interparticle
condensation step leads to gelation
iii.  Thermal treatment to the final product: giving shape to the ceramic material during
or after the gelation stage like bulk materials, hollow spheres, fibers and surface
coating.
Metal alkoxide solutions, other forms of metals such as metal oxides, nitrates,
acetates (carboxylates) and B-diketonates are the most commonly used precursors for the

preparation of multicomponent ceramic materials.

Mn(NOs),.6H,0 Ethylene Glycol

C,H4(OH
La(NO3);.6H,0 (Citzricll,(Acid)Z)
Sr(NOs), (C6H:07)
H,O0 H,O

! !
e )

-H;0

S

Calcination and sintering in
air at different temperatures

[ Oxide powders ]

Figure 2.2. A flow scheme illustrating the processing procedure for LSM powder

synthesis.

LSM maintains its reputation as the best-known cathode material for SOFCs based
on yttria stabilized zirconia electrolyte. Presented in the flow scheme of Figure 2.2 is a
classical sol-gel technique for LSM powder synthesis. In this process, the starting materials
are La(NOs3)3.6H,0 (Alfa Aesar, 99.9%), Mn(NOs),.6H,0 (Alfa Aesar, 98%) and Sr(NOs),
(Alfa Aesar, 99%) metal nitrate powders. Each was dissolved in deionized water to make
the metal nitrate solution. The appropriate ratios of ethylene glycol and citric acid were
mixed as polymerization and complexation agents, respectively. The solution was
immersed in an oil bath, then was heated and stirred at ~115-120°C to evaporate excess
water on a thermal plate, where polymerization occurs in the solution and leads to in a

homogeneous sol. When the acquired sol was further heated, an intermediate resin was
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formed. The resulting resin autoignited and produced the desired powder. All calcined
powders were initially baked at 400°C for 1 h with a heating ramp of 0.5°C.min"' so as to
burn out the organic substances present in the cathode and then finally annealed at 1100°C
for 2 h with the same ramping, and with decreasing temperature to 25°C at a ramp rate of
1°C.min”" in laboratory air, which is a moisture-containing atmosphere. The resultant
cathode powders were characterized by X-Ray diffraction.

During recent decades there has been substantial interest in identifying the best
material for application as the cathode material in a solid oxide fuel cell. Materials like La;.
SryMnO3_5 (LSM), La; «SrFeO;_5 (LSF) or La; xSryCoO;_5 (LSC) and mixtures thereof, for
example La;.,Sr,Coi.yFe,O35 (LSCF) have been investigated in detail and these transition-
metal oxides were extensively well-studied due to their excellent catalytic activity [50]. In
this respect, different metals were added to Lanthanum Strontium Manganite (LSM) and
Lanthanum Strontium Cobalt Ferrite (LSCF) like Vanadium and Gadolinium. These metals
were doped with different ratios to LSM and LSCF and then replaced proportionally. In
this study, it is aimed to develop a unique SOFC system with better efficiency by
producing novel and advanced cathode electrodes, which produces oxide ions sufficiently
and transfers these ions efficiently to the electrolyte. The transition metals were doped in

the following manner:
Synthesis of Lage.xVxSro4C00;3_5 (x = 0.005, 0.01, 0.02, 0.03, 0.04, 0.05, 0.10): All

metal nitrates, acetates and starting materials were of analytical grade from the Alfa Aesar
and Sigma Aldrich chemical reagent company. The under mentioned developed cathode

materials were named by according to the content ratio of cations for lucidity in following.

0.5% (mole) Vanadium doped Lanthanum Strontium Cobalt Oxide

(Lao.595V0.0055104C003.5) (LVO5SC): 0.573g (1.32xlO'3 mole) Lanthanum (III) nitrate

hexahydrate (La(NOs3); . 6H,O ), 3.87x107g (1.11x10° mole) Vanadium (III)
acetylacetonate, 0.188g (8.89 x10™ mole) Strontium nitrate Sr(NOs)s, 0.647g (2.223 x107
mole) Cobalt (II) nitrate hexahydrate and 0.854g (4.45x10” mole) Citric acid monohydrate
(C¢Hs07.H,0) was dissolved in 45ml distilled water with magnetic stirring. Then 1 mL
(1.72x10 mole) ethylene glycol (C,HsO5) was added into the beaker after the mixture was
dissolved. With constant stirring, the temperature was kept around 115-120°C and the

viscous gel swelled with a rapid evolution of a large volume of gases to produce a
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voluminous powder. The formed resin was calcined and the resulting powder was

characterized by XRD.

1% (mole) Vanadium doped Lanthanum Strontium Cobalt Oxide
(Lap59V0.01S194C003.5) (LV1ISC): The LVISC samples were synthesized via sol-gel

process. 0.935g (4.45x10” mole) Citric acid monohydrate (CsHsO7.H,0) and 1ml
(1.72x107 mole) ethylene glycol (CoHsO,) were used as parallel complexing agents.
0.569¢ (1.31x10” mole) Lanthanum (III) nitrate hexahydrate (La(NO3)3.6H,0 ), 7.75x10"
’g (2.23x10” mole) Vanadium (III) acetylacetonate, 0.188g (8.90 x10™* mole) Strontium
nitrate Sr(NOs); and 0.648g (2.227 x10~ mole) Cobalt (II) nitrate hexahydrate were used
as starting materials. After converting the sample into a viscous gel under heating and
stirring conditions, the viscous gel was dried to form a powder precursor which was
calcined at 1100°C for 2h. The crystallographic phases of the sample material were
verified using XRD analysis.

2% (mole) Vanadium doped Lanthanum Strontium Cobalt Oxide
(LapssV0.02S194C003.5) (LV2SC): The cathode powders of LV2SC were prepared by

mixing of 0.562g (1.29x107 mole) Lanthanum (III) nitrate hexahydrate (La(NOs)3.6H,0
), 0.015g (4.47x10” mole) Vanadium (III) acetylacetonate, 0.189g (8.944x10™* mole)
Strontium nitrate Sr((NO3)3, 0.650g (2.236 x10” mole) Cobalt (II) nitrate hexahydrate and
0.939¢ (4.47x107 mole) Citric acid monohydrate (CsHsO-.H,0) in distilled water, along
with 1 mL (1.72x10” mole) ethylene glycol and the mixture was heated and stirred
constantly until the reaction was complete. The powders were then calcined at 1100°C to
obtain pure single-phase materials. Phase purity and crystal structure were determined by

XRD.

3% (mole) Vanadium doped Lanthanum Strontium Cobalt Oxide
(Lag.57V0.038104C003.5) (LV3SC): High-purity 0.554g (1.27x10” mole) Lanthanum (III)

nitrate hexahydrate (La(NOs); . 6H,O ), 0.023g (6.72x10”° mole) Vanadium (III)
acetylacetonate, 0.189¢g (8.96 x10™* mole) Strontium nitrate Sr(NOs)s, 0.651g (2.24 x107
mole) Cobalt (II) nitrate hexahydrate and 0.941g (4.48x10° mole) Citric acid
monohydrate (CsHsO7.H,0) were used as starting materials. Then 1 mL (1.72x107 mole)
ethylene glycol (C;H¢O,) was added into the beaker after the mixture was dissolved. The
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solution was stirred and the excess water evaporated on a hot plate at 115-120°C until the

mixture auto-ignited. The following resin was calcined and characterized by XRD.

4% (mole) Vanadium doped Lanthanum Strontium Cobalt Oxide
(Laps6V0.04S194C003.5) (LV4SC): In a typical sol-gel synthesis of LV4SC, 0.545g

(1.26x10” mole) Lanthanum (III) nitrate hexahydrate (La(NOs)3.6H,0 ), 0.031g (9x10~
mole) Vanadium (III) acetylacetonate, 0.190g (9 x10* mole) Strontium nitrate Sr(NO3)s,
0.654¢g (2.25x10” mole) Cobalt (II) nitrate hexahydrate and 0.945¢g (4.5x107 mole) Citric
acid monohydrate (CsHgO7.H,0) were dissolved in 45 ml of distilled water. Then, 1 mL
(1.72x10% mole) ethylene glycol (C;H¢O,) was added to the solution to obtain a
homogeneous gel. After stirring the solution on a hot plate, it became a stiff gel. The
resulting gel was calcined at 1100°C for 2h. Phase structures of the powder were

determined using XRD.

5% (mole) Vanadium doped Lanthanum Strontium Cobalt Oxide
(Laps5Vo.0sS194C003.5) (LVSSC): LVSSC cathode material was prepared by the

conventional sol-gel method. 0.539g (1.24x10° mole) Lanthanum (II) nitrate
hexahydrate (La(NO3)3.6H,0 ), 0.039g (1.13x10™* mole) Vanadium (III) acetylacetonate,
0.191g (9.05 x10* mole) Strontium nitrate Sr(NOs)s, 0.658g (2.263 x10” mole) Cobalt
(IT) nitrate hexahydrate, 0.951g (4.52x10” mole) Citric acid monohydrate (C¢HgO7.H,0)
and 1 mL (1.72x10 mole) ethylene glycol (C,Hs0,) were dissolved in 45 ml of distilled

water. The resulting resin was calcined at 1100°C for characterization analysis by XRD.

10% (mole) Vanadium doped Lanthanum Strontium Cobalt Oxide
(LagsVo.1S104C003.5) (LV10SC): 0.499¢ (1.15x10° mole) Lanthanum (III) nitrate

hexahydrate (La(NO3);. 6H,O ), 0.0804g (2.309x10”* mole) Vanadium (III)
acetylacetonate, 0.195g (9.23x10™* mole) Strontium nitrate Sr(NOs)s, 0.672g (2.309x107
mole) Cobalt (IT) nitrate hexahydrate and 0.970g (4.62x10 mole) Citric acid monohydrate
(C¢Hs07.H,0) was dissolved in 45ml distilled water with magnetic stirring. Then 1 mL
(1.72x10 mole) ethylene glycol (C;Hs0,) was added into the beaker after the mixture was
dissolved. With constant stirring, the temperature was kept around 115-120°C and the

viscous gel swelled with a rapid evolution of a large volume of gases to produce a
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voluminous powder. The formed resin was calcined and the resulting powder was

characterized by XRD.

Synthesis of Lag e« VxSro4FeO;_5 (x = 0.01, 0.02, 0.03, 0.04, 0.05, 0.06, 0.07, 0.08,

0.09, 0.10): The below-mentioned developed cathode materials were abbreviated by

according to the content ratio of cations for clarity in following.

1% (mole) Vanadium doped Lanthanum  Strontium Iron  Oxide
(Laps9Vo.01S1r94FeOs_5) (LVISF): LV1SF samples were synthesized by mixing of 0.577g

(1.33x10”° mole) Lanthanum (II) nitrate hexahydrate (La(NO;);.6H,0 ), 0.008g
(2.258x10”° mole) Vanadium (III) acetylacetonate, 0.191g (9.032 x10™ mole) Strontium
nitrate Sr(NOs)s, 0.912¢ (2.258 x10” mole) Iron (III) nitrate nonahydrate, 0.867g (4.516
x10™* mole) Citric acid monohydrate (C¢HgO7.H,0) and 1 mL (1.72x10” mole) ethylene
glycol (C;HsO,). The precursor solution was subsequently heated at 115-120°C under
stirring to form a viscous gel, and then the gel was baked at 1100°C for 2h. The phase of

samples was characterized with XRD.

2% (mole) Vanadium doped Lanthanum  Strontium Iron  Oxide

(LapssVo.02S194FeOs_s) (LV2SF): The chemicals used for preparing the resulting gel were

0.569¢ (1.31x10” mole) Lanthanum (III) nitrate hexahydrate (La(NO3);.6H,0 ), 0.016g
(4.536x10” mole) Vanadium (III) acetylacetonate, 0.192g (9.072 x10* mole) Strontium
nitrate Sr(NO3); and 0.916g (2.268 x10 mole) Iron (III) nitrate nonahydrate. The nitrates
and acetates were dissolved in distilled water at 115-120°C. 0.871g (4.536x10™* mole)
Citric acid monohydrate (C¢HgO7.H,0) and 1 mL (1.72x10 mole) ethylene glycol
(CHgO,) were used as polymerization and complexation agents, respectively. The
subsequent formed gel was calcined and the phase purity of the powder was checked by

X-Ray Diffraction.
3% (mole) Vanadium doped Lanthanum  Strontium Iron  Oxide

(Laop57Vo.03S1r94FeOs5) (LV3SF): LV3SF powders were prepared by sol-gel method.

0.562g (1.29x10” mole) Lanthanum (III) nitrate hexahydrate (La(NO3);.6H,0 ), 0.024¢g
(6.83x10° mole) Vanadium (III) acetylacetonate, 0.193g (9.108 x10™ mole) Strontium
nitrate Sr(NOs);, 0.919g (2.277 x10 mole) Iron (III) nitrate nonahydrate, 0.875g
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(4.554x10™* mole) Citric acid monohydrate (CsHsO7.H,0) and 1 mL (1.72x10 mole)
ethylene glycol (C,HsO,) were dissolved in 45 ml of distilled water with continuous
stirring. The polymeric gel precursor was prepared by heating the stock solution at 115-
120°C. The LV3SF powders were prepared by calcining the precursors at 1100°C for 2h.

XRD spectra determined the crystal structure of the powder.

4% (mole) Vanadium doped Lanthanum  Strontium Iron  Oxide
(Laos6Vo.04S1r94Fe0s_5) (LV4SF): 0.554¢g (l.28x10'3 mole) Lanthanum (III) nitrate

hexahydrate (La(NOs); . 6H,0 ), 0.032g (9.14x10” mole) Vanadium (III) acetylacetonate,
0.193g (9.14 x10™* mole) Strontium nitrate Sr(NO3)3, 0.923g (2.286x107 mole) Iron (III)
nitrate nonahydrate and 0.878g (4.57x10™ mole) Citric acid monohydrate (CsHsO7.H,0)
was dissolved in 45ml distilled water with magnetic stirring. Then 1 mL (1.72x10 mole)
ethylene glycol (C,H¢O,) was added into the beaker after the mixture was dissolved. With
constant stirring, the temperature was kept around 115-120°C. The viscous gel swelled
with a rapid evolution of a large volume of gases to produce a voluminous powder, which
was calcined at 1100°C for 2h. The crystal phases of the sintered specimens were

analyzed by X-Ray diffraction.

5% (mole) Vanadium doped Lanthanum  Strontium Iron  Oxide
(LapssVo.0sSro4FeOs_s) (LVS5SF): The LVS5SF samples were synthesized via sol-gel

process. 0.964g (4.59x10” mole) Citric acid monohydrate (CsHsO7.H,0) and 1ml
(1.72x107 mole) ethylene glycol (CoHsO,) were used as parallel complexing agents.
0.546g (1.26x10” mole) Lanthanum (III) nitrate hexahydrate (La(NO3);.6H,0 ), 0.039¢g
(1.147x10™* mole) Vanadium (III) acetylacetonate, 0.194g (9.18 x10™ mole) Strontium
nitrate Sr(NOs); and 0.927¢g (2.295x10 mole) Iron (III) nitrate nonahydrate were used as
starting materials. After converting the sample into a viscous gel under heating and
stirring conditions, the viscous gel was dried to form a powder precursor, which was

calcined at 1100°C for 2h. Phase development was determined by XRD analysis.

6% (mole) Vanadium doped Lanthanum  Strontium Iron  Oxide
(Laps4Vo.06S1r94FeOs_5) (LV6SF): The cathode powders of LV6SF were prepared by

mixing of 0.538g (1.24x10 mole) Lanthanum (III) nitrate hexahydrate (La(NO3); . 6H,O
), 0.048g (1.38x10™* mole) Vanadium (III) acetylacetonate, 0.195g (9.2x10™* mole)



30

Strontium nitrate Sr(NO3)s, 0.929g (2.30 x10” mole) Iron (III) nitrate nonahydrate and
0.966g (4.6x10” mole) Citric acid monohydrate (CsHsO7.H0) in distilled water, along
with 1 mL (1.72x10” mole) ethylene glycol and the mixture was heated and stirred
constantly until the reaction was complete. The powders were then calcined at 1100°C to
obtain pure single-phase materials. Phase purity and crystal structure were determined by

XRD.

7%  (mole) Vanadium doped Lanthanum  Strontium Iron  Oxide
(Lags3Vo.07Sr94Fe0s.5) (LV7SF): 0.531g (l.22x10'3 mole) Lanthanum (III) nitrate

hexahydrate (La(NO3); . 6H,0 ), 0.056g (1.62x10™* mole) Vanadium (III) acetylacetonate,
0.195g (9.24x10™ mole) Strontium nitrate Sr(NO3)s, 0.933g (2.31x10” mole) Iron (III)
nitrate nonahydrate and 0.971g (4.62x10” mole) Citric acid monohydrate (CsHsO7.H,0)
were used as starting materials. Then 1 mL (1.72x10” mole) ethylene glycol (C2HgO,)
was added into the beaker after the mixture was dissolved. The solution was stirred and
the excess water evaporated on a hot plate at 115-120°C until the mixture auto-ignited.

The following resin was calcined and characterized by XRD.

8% (mole) Vanadium doped Lanthanum  Strontium Iron  Oxide
(Lap52Vo.0sSto4FeOs_5) (LV8SF): In a typical sol-gel synthesis of LV8SF, 0.523g

(1.21x10” mole) Lanthanum (III) nitrate hexahydrate (La(NO3)3.6H,0 ), 0.065g (1.86x10"
* mole) Vanadium (III) acetylacetonate, 0.196g (9.29x10* mole) Strontium nitrate
Sr(NOs)3, 0.938g (2.323x10” mole) Iron (III) nitrate nonahydrate and 0.976g (4.65x107
mole) Citric acid monohydrate (CsHsO7.H,O) were dissolved in 45 ml of distilled water.
Then, 1 mL (1.72x10” mole) ethylene glycol (C;HeO,) was added to the solution to
obtain a homogeneous gel. After stirring the solution on a hot plate, it became a stiff gel.

The resulting gel was calcined at 1100°C for 2h. Phase structures of the powder were

determined using XRD.

9% (mole) Vanadium doped Lanthanum  Strontium Iron  Oxide
(Laop51Vo.09S1r94FeOs5) (LVISF): LVOSF cathode material was prepared by the

conventional sol-gel method. 0.515g (1.18x10° mole) Lanthanum (II) nitrate
hexahydrate (La(NO3)3.6H,0 ), 0.073g (2.09x10* mole) Vanadium (III) acetylacetonate,
0.197g (9.32x10™ mole) Strontium nitrate Sr(NO3)s, 0.941g (2.33x10” mole) Iron (III)
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nitrate nonahydrate, 0.979g (4.66x10~ mole)Citric acid monohydrate (CsHsO7.H,0) and 1
mL (1.72x107 mole) ethylene glycol (C,Hs0,) were dissolved in 45 ml of distilled water.

The resulting resin was calcined at 1100°C for characterization analysis by XRD.

10% (mole) Vanadium doped Lanthanum  Strontium Iron Oxide
(LaosVo.1Sro4FeOs5) (LVI10SF): 0.507g (1.17x10° mole) Lanthanum (II) nitrate

hexahydrate (La(NO3)3.6H,0 ), 0.081g (2.34x10™* mole) Vanadium (III) acetylacetonate,
0.198g (9.37x10™ mole) Strontium nitrate Sr(NO3)s, 0.946g (2.34x10” mole) Iron (III)
nitrate nonahydrate, 0.985g (4.68 x10~ mole) Citric acid monohydrate (CsHsO7.H,0) and
1 mL (1.72x107 mole) ethylene glycol (C,HsO,) were used as starting materials. These
metal nitrates and acetates were dissolved in distilled water and stirred on a hot plate at
115-120°C to obtain a stiff gel. The gel was calcined in order to achieve a powder

precursor. The phase formation of LVO5SF was examined by XRD.

Synthesis of Lage.xVxSr04CrOs_; (x = 0.005, 0.01, 0.02, 0.03, 0.04, 0.10): The

herein below developed cathode materials were abridged by according to the content ratio

of cations for lucidity in following.

0.5% (mole) Vanadium doped Lanthanum Strontium Chromium Oxide
(Lao.505V0.005510.4CrO3_5) (LVO5SCr): 0.591g (1.36x10” mole) Lanthanum (III) nitrate

hexahydrate (La(NO3);.6H,O ), 0.004g (1.15x10” mole) Vanadium (III) acetylacetonate,
0.194g (9.176x10* mole) Strontium nitrate Sr(NO3)s, 0.918g (2.294x10” mole)
Chromium (III) nitrate nonahydrate, 0.881g (4.58x10” mole) Citric acid monohydrate
(C¢HgO7.H,0) and 1 mL (1.72x10 mole) ethylene glycol (C2HsO,) were used as starting
materials. These metal nitrates and acetates were dissolved in distilled water and stirred
on a hot plate at 115-120°C to obtain a stiff gel. The gel was calcined in order to achieve a

powder precursor. The phase formation of LVO5SCr was examined by XRD.

1% (mole) Vanadium doped Lanthanum Strontium Chromium Oxide
(Lap59V0.01S194CrOs5) (LVISCr): LVISCr samples were synthesized by mixing of

0.587¢g (1.35x10” mole) Lanthanum (III) nitrate hexahydrate (La(NO3);.6H,0 ), 0.008g
(2.298x10” mole) Vanadium (III) acetylacetonate, 0.194g (9.192x10™ mole) Strontium
nitrate Sr(NOs)3, 0.919g (2.298x10™ mole) Chromium (III) nitrate nonahydrate, 0.883g
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(4.59x10” mole) Citric acid monohydrate (C¢HgO7.H,0) and 1 mL (1.72x10™ mole)
ethylene glycol (C,HsO7). The precursor solution was subsequently heated at 115-120°C
under stirring to form a viscous gel, and then the gel was baked at 1100°C for 2h. The

phase of samples was characterized with XRD.

2% (mole) Vanadium doped Lanthanum Strontium Chromium Oxide
(LapssV0.02S194CrOs3_5) (LV2SCr): The chemicals used for preparing the resulting gel

were 0.579g (1.34x10” mole) Lanthanum (III) nitrate hexahydrate (La(NOs)3.6H,0 ),
0.016g (4.62x10° mole) Vanadium (III) acetylacetonate, 0.195g (9.23x10™ mole)
Strontium nitrate Sr(NO3); and 0.923g (2.308x10” mole) Chromium (III) nitrate
nonahydrate. The nitrates and acetates were dissolved in distilled water at 115-120°C.
0.887g (4.62 x10” mole) Citric acid monohydrate (CsHgO7.H,0) and 1 mL (1.72x107
mole) ethylene glycol (C;H¢O,) were used as polymerization and complexation agents,
respectively. The subsequent formed gel was calcined and the phase purity of the powder

was checked by X-Ray Diffraction.

3% (mole) Vanadium doped Lanthanum Strontium Chromium Oxide

(Lao57V0.03S104CrOs_5) (LV3SCr): LV3SCr powders were prepared by sol-gel method.

0.572g (1.32x10” mole) Lanthanum (III) nitrate hexahydrate (La(NO3);.6H,0 ), 0.024¢g
(6.95x10° mole) Vanadium (IIT) acetylacetonate, 0.196g (9.26x10™* mole) Strontium
nitrate Sr(NO3)s, 0.927g (2.317 x10” mole) Chromium (III) nitrate nonahydrate, 0.890g
(4.63x10” mole) Citric acid monohydrate (C¢HgO7.H,0) and 1 mL (1.72x10™ mole)
ethylene glycol (C,HsO,) were dissolved in 45 ml of distilled water with continuous
stirring. The polymeric gel precursor was prepared by heating the stock solution at 115-
120°C. The LV3SCr powders were prepared by calcining the precursors at 1100°C for 2h.

XRD spectra determined the crystal structure of the powder.

4% (mole) Vanadium doped Lanthanum Strontium Chromium Oxide
(Lap.s6V0.045194CrOs_5) (LV4SCr): LV4SCr samples were prepared by a sol—gel technique

with 0.894g (4.65x107 mole) Citric acid monohydrate (CsHgO7.H,0) and 1 mL (1.72x10"
> mole) ethylene glycol (CoHgO,). 0.564g (1.30x10” mole) Lanthanum (III) nitrate
hexahydrate (La(NO3)3.6H,0 ), 0.032g (9.308x10™ mole) Vanadium (III) acetylacetonate,
0.197g (9.308x10™* mole) Strontium nitrate Sr(NO3);, 0.931g (2.327x10” mole)
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Chromium (III) nitrate nonahydrate were dissolved in distilled water. The above solutions
were mixed together at room temperature under stirring to achieve a clear solution. The
obtained solution was stirred at 115-120°C on a heating plate till a gel was formed. The
gel was kept in an oven at 1100°C. The phase of the samples was characterized with X-

Ray diffraction.

10% (mole) Vanadium doped Lanthanum Strontium Chromium Oxide
(LaosVo.1S104CrOs.5) (LVI10SCr): 0.516g (1.19x10° mole) Lanthanum (II) nitrate

hexahydrate (La(NO3)3.6H,0 ), 0.083g (2.38x10™* mole) Vanadium (III) acetylacetonate,
0.202¢g (9.54x10™ mole) Strontium nitrate Sr(NOs)3, 0.954g (2.385x10” mole) Chromium
(I1T) nitrate nonahydrate, 1.002g (4.77x10” mole) Citric acid monohydrate (C¢HgO7.H,0)
and 1 mL (1.72x10 mole) ethylene glycol (C;HsO2) were used as starting materials.
These metal nitrates and acetates were dissolved in distilled water and stirred on a hot
plate at 115-120°C to obtain a stiff gel. The gel was calcined in order to achieve a powder

precursor. The phase formation of LVO5SCr was examined by XRD.

Synthesis of Lag6.xVxSro.4MnOs_s (x = 0.005, 0.01, 0.02, 0.03, 0.04, 0.10): The

developed cathode materials featured below were abridged by according to the content

ratio of cations for clarity in following.

0.5% (mole) Vanadium doped Lanthanum Strontium Magnesium Oxide

(Lao.595V0.0055104Mn0O3_5) (LVOSSM): Phase-pure LVO5SM powders were synthesized by

a sol-gel method in which 0.583g (1.35x10” mole) Lanthanum (III) nitrate hexahydrate
(La(NOs3)3.6H,O ), 0.004¢g (1.132x10” mole) Vanadium (III) acetylacetonate, 0.192g
(9.056x10™* mole) Strontium nitrate Sr(NOs)s, 0.650g (2.264x10” mole) Manganese (II)
nitrate hexahydrate were dissolved in distilled water, 0.869g (4.53x10” mole) Citric acid
monohydrate (CsHsO7.H,0) and 1 mL (1.72x10 mole) ethylene glycol (C,HsO,) served
as complexing agents. Mild heating induced gelation of the solution, and the resulting gel
was held at 1100°C for 2 h. The crystal structure of the powder was analyzed by X-Ray

diffraction.

1% (mole) Vanadium doped Lanthanum Strontium Magnesium Oxide

(Lag.s0V0.01S104Mn0O3_5) (LVISM): The starting materials of 0.579g (1.34x10” mole)
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Lanthanum (III) nitrate hexahydrate (La(NOs);.6H,O ), 0.008g (2.268x10” mole)
Vanadium (III) acetylacetonate, 0.192g (9.072x10™* mole) Strontium nitrate Sr(NO3)s,
0.651g (2.268x107 mole) Manganese (II) nitrate hexahydrate were dissolved in distilled
water to form an aqueous solution, which mixed with 0.871g (4.536 x10” mole) Citric
acid monohydrate (C¢HsO7.H,0) and 1 mL (1.72x10° mole) ethylene glycol
(C2H6O,) and the mixture was stirred further on a magnetic stirrer. Then the resulting gel
was carried out combustion on a hot plate in the fume hood. Then, the formed gel was
calcined in a high-temperature furnace at 1100°C for 2 h to form the black powder. Phase
structures of the as-synthesized powders were characterized by X-Ray diffraction

measurement.

2% (mole) Vanadium doped Lanthanum Strontium Magnesium Oxide
(LapssV0.02S104MnO3_5) (LV2SM): 0.572g (1.32);10'3 mole) Lanthanum (III) nitrate

hexahydrate (La(NO3)3.6H,0 ), 0.016g (4.55x10” mole) Vanadium (III) acetylacetonate,
0.193g (9.108x10* mole) Strontium nitrate Sr(NO3)s, 0.653g (2.277x10” mole)
Manganese (II) nitrate hexahydrate and 0.874g (4.55 x10 mole) Citric acid monohydrate
(C¢H307.H,0) were dissolved in distilled water and later, a suitable volume of ethylene
glycol (C,HO,) was added. The gel obtained was dried to obtain a resin, and this resin
was then fired at 1100 °C in an oven in air for 2 h. The obtained powders were

structurally characterized using XRD.

3% (mole) Vanadium doped Lanthanum Strontium Magnesium Oxide
(Lao.57V0.03S194MnO;3_5) (LV3SM): The solution of metal salts was prepared from 0.564¢g

(1.30x10” mole) Lanthanum (II) nitrate hexahydrate (La(NO;);.6H,0 ), 0.024g
(6.858x10”° mole) Vanadium (III) acetylacetonate, 0193g (9.14x10™ mole) Strontium
nitrate Sr(NOs);, 0.656g (2.286x10” mole) Manganese (II) nitrate hexahydrate were
dissolved in distilled water, 0.878g (4.57 x10° mole) Citric acid monohydrate
(C¢HgO7.H,0) and 1 mL (1.72x10 mole) ethylene glycol (C;HeO,). The solution was
heated to 115-120°C on a heating plate during approximately 3 h to obtain stiff gel and
the formed gel was calcined in high temperature oven. The crystalline phases present were

investigated by XRD.
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4% (mole) Vanadium doped Lanthanum Strontium Magnesium Oxide
(Laops6Vo0.04S1904MnO;3_5) (LV4ASM): The LV4SM aqueous solution was prepared by

dissolving 0.556g (1.28x10” mole) Lanthanum (III) nitrate hexahydrate (La(NO3)3.6H,0
), 0.032g (9.18x10” mole) Vanadium (II) acetylacetonate, 0.194g (9.18x10™ mole)
Strontium nitrate  Sr(NOs);, 0.658g (2.295 x107° mole) Manganese (II) nitrate
hexahydrate, 0.882g (4.59x107 mole) Citric acid monohydrate (C¢HgO7.H,0) and 1 mL
(1.72x10% mole) ethylene glycol (C,H¢O,) in distilled water at 115-120°C. There
resulting gel was calcined and the phase purity was checked by XRD.

10% (mole) Vanadium doped Lanthanum Strontium Magnesium Oxide
(LagsVo.1S104Mn0O3_5) (LV10SM): The starting materials of 0.509¢ (1.17x10” mole)

Lanthanum (III) nitrate hexahydrate (La(NO3);.6H,O ), 0.082g (2.35x10™* mole)
Vanadium (III) acetylacetonate, 0.199g (9.412x10™* mole) Strontium nitrate Sr(NO3)s,
0.675¢g (2.353x10™ mole) Manganese (II) nitrate hexahydrate were dissolved in distilled
water to form an aqueous solution, which mixed with 0.989¢g (4.706x10™ mole) Citric
acid monohydrate (C¢HsO7.H,0) and 1 mL (1.72x10° mole) ethylene glycol
(C2H6O,) and the mixture was stirred further on a magnetic stirrer. Then the resulting gel
was carried out combustion on a hot plate in the fume hood. Then, the formed gel was
calcined in a high-temperature furnace at 1100°C for 2 h to form the black powder. Phase
structures of the as-synthesized powders were characterized by X-Ray diffraction

measurement.

Synthesis of Lage.xVxSr94Ti03-5 (x = 0.005, 0.01, 0.02, 0.03, 0.04, 0.10): The

under mentioned cathode materials were named by according to the content ratio of

cations for clarity in following.

0.5% (mole) Vanadium doped Lanthanum Strontium Titanium Oxide

(Lao.s595V0.005S104T105.5) (LVOSST): Briefly, 0.602g (1.39x10” mole) Lanthanum (III)

nitrate hexahydrate (La(NO3);.6H,0), 0.004g (1.169x10° mole) Vanadium (III)
acetylacetonate, 0.198g (9.35x10™* mole) Strontium nitrate Sr(NOs)s, 0.828g (2.338x10
mole) Potassium bis(oxalate)-oxotitanate (IV) dihydrate K;[TiO(C,04):].2H,0, 0.983¢g
(4.67x10” mole) Citric acid monohydrate (C¢HgO7.H,0) and 1 mL (1.72x107 mole)
ethylene glycol (C,HeO,) were firstly dissolved into distilled water. The mixed solution
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was heated at 200°C in sequence to obtain a dark dry foam structure. The precursor was
decomposed on a hot plate, followed by calcinations at 1100°C for 2 h in air to yield the

desired powders. X-Ray powder diffraction patterns were recorded for the powder.

1% (mole) Vanadium doped Lanthanum Strontium Titanium Oxide
(Laps59Vo0.01S194Ti035) (LVIST): In a typical sol—gel synthesis of LVIST, 0.598¢g

(1.38x10” mole) Lanthanum (II) nitrate hexahydrate (La(NO;);.6H,0), 0.00816g
(2.34x10” mole) Vanadium (III) acetylacetonate, 0.198g (9.37x10™ mole) Strontium
nitrate  Sr(NO3)s, 0.829g (2.343x10” mole) Potassium bis(oxalate)-oxotitanate (IV)
dihydrate K,[TiO(C,04),].2H,0, 0.985g (4.68x10” mole) Citric acid monohydrate
(C¢HgO7.H,0) and 1 mL (1.72x10 mole) ethylene glycol (C,HgO,) were dissolved in 45
mL of distilled water. After stirring the solution for 3 h at 115°C on a hot plate, the
solution became a stiff gel which was calcined at 1100 °C in air. X-Ray diffraction was

used to confirm the crystal structure of the LV1ST powders.

2% (mole) Vanadium doped Lanthanum Strontium Titanium Oxide

(LaopssV0.02S104Ti035) (LV2ST): Lanthanum Strontium Titanium Oxide doped with

Vanadium was synthesized by a sol-gel using 0.591g (1.36x10” mole) Lanthanum (III)
nitrate hexahydrate (La(NO;);.6H,0), 0.016g (4.7x10° mole) Vanadium (III)
acetylacetonate, 0.199g (9.4x10™* mole) Strontium nitrate Sr(NOs);, 0.833g (2.353x10
mole) Potassium bis(oxalate)-oxotitanate (IV) dihydrate K;[TiO(C,04):].2H,0, 0.989¢
(4.7x10” mole) Citric acid monohydrate (C¢HgO7.H,0) and 1 mL (1.72x107 mole)
ethylene glycol (C;H¢O,). The nitrates were mixed in aforementioned proportions, and
citric acid was added to the solution in equivalent molar ratios to the amount of the total
metal cations. The mixed solution was heated on a hotplate at 120 °C to form a gel, and
then the gel was placed in a high temperature oven to be ignited and combusted. XRD

was carried out to examine the phase formation of the powders.

3% (mole) Vanadium doped Lanthanum Strontium Titanium Oxide
(Laop57Vo0.03S104Ti035) (LV3ST): 0.583g (1.35x10° mole) Lanthanum (III) nitrate

hexahydrate (La(NO3)3.6H,0), 0.025g (7.089x10 mole) Vanadium (III) acetylacetonate,
0.200g (9.45x10™* mole) Strontium nitrate Sr(NOs)3, 0.837g (2.363x10” mole) Potassium
bis(oxalate)-oxotitanate (IV) dihydrate K,[TiO(C,04)2].2H,0 were dissolved in deionized
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water . The analytical reagent of 0.993g (4.72x10” mole) Citric acid monohydrate
(C¢HgO7.H,0) and 1 mL (1.72x107 mole) ethylene glycol (C;HeO,) were then added to
the above solution with constant stirring. A transparent sol was formed via continuous
heating at 120 °C and then heated until it was ignited to form precursor powder. The
precursor powder was calcined for 2 h at 1100 °C in air. The phase composition was

characterized by X-Ray diffraction.

4% (mole) Vanadium doped Lanthanum Strontium Titanium Oxide
(Laol56V0_04sro_4TiO3_5) (LV4ST) Lao_56V0,04Sro_4TiO3_5, which is noted as LV4ST, was

prepared by the modified sol-gel method. The starting reagents are 0.575g (1.33x107
mole) Lanthanum (III) nitrate hexahydrate (La(NO3)3;.6H,0), 0.033g (9.49x10” mole)
Vanadium (III) acetylacetonate, 0.201g (9.49x10™ mole) Strontium nitrate Sr(NOs)s,
0.840g (2.373x10° mole) Potassium bis(oxalate)-oxotitanate (IV)  dihydrate
Ko[TiO(C204)2].2H,0, 0.997g (4.75x10™ mole) Citric acid monohydrate (CsHsO7.H,0)
and 1 mL (1.72x10” mole) ethylene glycol (C;HsO5). Under stirring and heating, a clear
viscous gel was obtained and the gel was calcined at 1100°C. The crystal structure of

synthesized powders was investigated by X-Ray diffraction.

10% (mole) Vanadium doped Lanthanum Strontium Titanium Oxide
(LapsVo0.1Sr94TiO3.5) (LV10ST): Lanthanum Strontium Titanium Oxide doped with

Vanadium was synthesized by a sol-gel using 0.527g (1.21x10” mole) Lanthanum (III)
nitrate hexahydrate (La(NOs);.6H,0), 0.085g (2.43x10” mole) Vanadium (III)
acetylacetonate, 0.206g (9.73x10™* mole) Strontium nitrate Sr(NOs)s, 0.861¢g (2.433x107
mole) Potassium bis(oxalate)-oxotitanate (IV) dihydrate K;[TiO(C,04):].2H,0, 1.022¢g
(4.86x10° mole) Citric acid monohydrate (C¢HgO7.H,0) and 1 mL (1.72x10™ mole)
ethylene glycol (C;H¢O,). The nitrates were mixed in aforementioned proportions, and
citric acid was added to the solution in equivalent molar ratios to the amount of the total
metal cations. The mixed solution was heated on a hotplate at 120 °C to form a gel, and
then the gel was placed in a high temperature oven to be ignited and combusted. XRD

was carried out to examine the phase formation of the powders.
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Synthesis of Lag¢xGdxSro4Co0;_5 (x = 0.1): The developed cathode material

featured below was abridged by according to the content ratio of cations for lucidity in

following.

10% (mole) Gadolinium doped Lanthanum Strontium Cobalt Oxide
(Lap.sGdy.1Sr94Co0;5_5) (LG10SC): The initial reagents La, Gd, Sr and Co in the form of

nitrates were dissolved in distilled water separately in the amount of 0.476 g (1.1 x10~
mole) Lanthanum (III) nitrate hexahydrate (La(NO;3);.6H,0), 0.099 g (2.19 x10™* mole)
Gadolinium (III) nitrate hexahydrate (Gd(NOs);.6H,0), 0.186 g (8.78 x10™ mole)
Strontium nitrate Sr(NOs)3, 0.640 g (2.19 x10” mole) Cobalt (II) nitrate hexahydrate. All
these solutions were then mixed with 0.925 g (4.40 x10” mole) Citric acid monohydrate
(CeHsO7.H,0) and 1 mL (1.72x107 mole) ethylene glycol (C,H¢O,). Later, the
homogeneous solution was heated while stirring until the formation of stiff gel. The gel
was ignited at 120 °C to yield precursor powder. The powder, thus obtained, was calcined

at 1100°C for 2 h. All the sintered samples were characterized by X-Ray diffraction.

Synthesis of La; SrxVOs_s (x = 0.4): The under mentioned cathode material was

named by according to the content ratio of cations for clarity in following.

40% (mole) Strontium doped Lanthanum Vanadium Oxide (Lag¢Sro4VOs_s)

(LS4V): The solution of metal salts was prepared from 1.793g (4.14x10” mole)
Lanthanum (III) nitrate hexahydrate (La(NO3);.6H,O ), 2.403g (6.90x10” mole)
Vanadium (IIT) acetylacetonate and 0.584g (2.76x10™ mole) Strontium nitrate Sr(NO3)3
were dissolved in distilled water, 2.651g (0.0138 mole) Citric acid monohydrate
(C¢HgO7.H,0) and 1 mL (1.72x10 mole) ethylene glycol (C;HeO,). The solution was
heated to 115-120°C on a heating plate during approximately 3 h to obtain stiff gel and
the formed gel was calcined in high temperature oven. The crystalline phases present were

investigated by XRD.
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2.2. Rectangular Bar Preparation for Four-Probe Conductivity Measurements

The conductivity is a significant element that affects the character of the cathode
materials in SOFCs. This property includes electronic and ionic contributions due to the
presence of charge carriers and oxygen vacancies, respectively. Nevertheless, it is
recognized that the ionic conductivity contribution in perovskite oxides is small compared
to the overall conductivity [51]; therefore, the obtained experimental values are just for the
electronic conductivity.

For electrical conductivity measurements, the as-synthesized powders were pressed
into rectangular bars with nominal dimensions of 20 mm x 5 mm x 2 mm. These were then
sintered at 900°C for 2h with a ramp rate of 0.5 °C.min”'. Electrical conductivity
measurements were performed using a DC four-probe method over the temperature range
from 400 to 800°C. An interval of 50 °C for every test with the same stabilization time was
used. Gold conductor paste (Heraeus) was painted onto the edges of the sample to form a
current and voltage electrodes. Four gold wires (0.25mm in diameter, Alfa Aesar) were
attached to the electrodes using gold conductor paste, of which two acted as current
contacts and the remaining wires as voltage contacts with ensuring a homogeneous current
flow. The electrical conductivity (c) was determined from a set of I — V values by taking
o=1/p=L/Axdl/dV, where L is the distance between voltage contacts, A is the sample
cross-section and dI/dV is the internal resistance. A current of 1 —2 mA was applied to the
two current wires and the voltage was recorded on the two voltage wires using GAMRY

Interface 1000 Potentiostat/ Galvanostat.

2.3. Symmetric Cell Production for Electrochemical Impedance Analysis

The symmetric cell configuration was chosen to study the cathode processes as the
data interpretation is simpler compared to a full SOFC analysis. The electrochemical
characterization of the cathode material synthesized was performed by means of
impedance spectroscopy using a half-cell configuration, being necessary for construction
of symmetrical cells with electrode/electrolyte/electrode. The symmetrical cells based on
YSZ (Fuel cell materials) and GDC (Sigma Aldrich) were fabricated as follows. The
electrolyte pellets were prepared by pressing commercial powders in a cylindrical stainless

steel mold (Smm in diameter) with a uniaxial dry press at a pressure of 400Mpa for
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10mins. After that, the prepared electrolyte disks were initially baked at 400 °C for 2h and
followed by sintering at 1300 °C for 2h. For symmetrical cells, cathode samples were
mixed thoroughly with organic binder to make the cathode slurry, the paste obtained was
painted with a paintbrush on both positions of the pellets (having a diameter of 5 mm and a
thickness of about 0.5 mm) which were then dried at 150 °C for 1 h and calcined at 1300
°C for 1h in air to form porous electrodes well adhered to the electrolytes. The final active
area of each cathode was about 0.04 cm®. Finally, the surface of the pellets was coated with
gold paint as collector load. The symmetrical cells were assembled into a lab-designed
device that allows performing the experiments in different atmospheres. To determine the
resistance of the various cathode processes, the manufactured symmetric cells were
characterized by Electrochemical Impedance Spectroscopy (EIS) measurements in ambient
air from 400 to 800 °C with an increment of 50 “C. The oxygen partial pressure (PO,)
around the cell during the measurements was maintained using electronic mass flow
controllers and Nitrogen was used as the carrier gas. Impedance spectra were measured in
the frequency range of 0.1 Hz to 1 MHz with 10 mV amplitude of the AC signal. The
spectra were analyzed using GAMRY Interface 1000 Potentiostat/ Galvanostat, which was

interfaced with a computer-controlled program for data acquisition.

2.4. Tape Casting and Screen-Printing Techniques for Intermediate-Temperature

SOFC Material Preparation

Tape casting is a well-designed technique for the manufacturing flat sheets of
ceramics with thickness in the range of 10 um - 500 um [52]. This technique is generally
applied to the production of dense materials but recently it has been commonly utilized
also for the production of porous ceramic materials for air separations [53], sensors [54]
and various components for planar SOFC applications [55]. This ceramic process is a low
cost procedure and easily scalable and also provides fabrication of a wide variety of fuel
cell components with significant control on morphologies from highly porous to fully

dense microstructures like electrodes and electrolytes.
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Figure 2.3. Schematic view for tape-casting process.

As shown in Figure 2.3, the whole process assembles sequential steps: the first and
the most critical is the modification of the slurry formulation with powder on respect,
which is already formulated, calcined and finally meshed to have convenient phase
content, grain size distribution and morphology. Organic and/or inorganic additives are
added to the powder to form the slurry. The slurry is then mixed and grinded by ball-
milling to establish homogenization and destruction of agglomerates. After mixing, the
slurry is de-aired under vacuum depending on which level of porosity is desired at the end
of the process. The slurry is then ready for the casting and the gap between the blades of
the “doctor-blade” defines the wet thickness of the tapes being cast (Figure 2.4).
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Figure 2.4. Doctor blade profile in tape casting procedure.
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The prepared tape is then placed on a temporary support for drying and it can be
stripped from the support and fired to form a ceramic layer. Multilayer tapes can be
fabricated by sequentially casting one layer on top of another. However, particular
importance should be placed to that a good final attachment between two tapes requires
that at least one layer is wet. Drying layers or multilayer is also an essential step. Any
geometric distortion occurring during the drying process will only deteriorate during
sintering. The sintering step is definitely one of the key moments of the whole procedure.
This may be effective if a lightweight is deposited on top of the layers to maintain their
flatness during sintering. Also, one should give the exact time and temperature not more
than what is needed; therefore the most difficult part of sintering duration can be passed
easily.

The arrangement, dispersion and homogeneity of the precursor ceramic particles in the
slurry determine the final microstructure. Thus, the slurry formulation is a vital step for
tape casting; as it is also eligible for related processes like screen-printing, spin coating or
dip coating techniques [56]. Practically, a good slurry is the one in which the ceramic
grains are electrostatically interacting hence the particles are away from each other, that
means there is no agglomerated formed assuming the gravity is negligible. Therefore, no
precipitation occurs, and so the viscosity is low enough for casting easily and high enough
for the tape to have tolerable resistance in order to keep its geometry [57]. Generally, the
slurry involves a mixture of numerous organic substances like binder, dispersant,
plasticizer, wetting agents, defoamers and pore formers. The resultant cathode powders
form sol-gel process are mixed with solvents (toluene, ethanol, methyl ethyl ketone and
xylene) to form an aqueous slurry containing binders (Polyvinyl Butyral, PVB),
plasticizers (Polyalkylene Glycol, PAG and Butyl Benzyl Phthalate, BBP) and a dispersant
(Fish Oil). The relative amounts of PVB, PAG, BBP, and fish oil are 6%, 5%, 3%, and 3%,
respectively, of the total weight of the oxides.

The mixture of toluene (60% wt) and ethanol (40% wt) was used as a solvent. A
certain amount of Polyvinyl Butyral (Butvar B79) was added as binder to the solvent
mixture in order to have a suitable dispersion medium. The slurry was composed of solvent
mixture, fish oil as dispersing agent, Benzyl butyl Phthalate (BBP) and Polyethylene
Glycol (PEG) as plasticizers and a required amount of ceramic powder. The slurry was

then ball-milled for 24 h continuously. After that, the slurry was transferred into a beaker
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to reach the critical viscosity. Finally, the slurry was tape cast on a supporting layer and
dried for 3 hours before firing at 1300 °C.

The aforementioned details has been performed for studying the oxygen
permeation of a SOFC system having a much thinner electrolyte layer which provides
relatively low ohmic losses at operating conditions. There is a wide range of wet forming
routes for obtaining thin layer of electrolyte material and other fuel cell components are
used and each has its own advantages and disadvantages within. Most researchers use
ceramic processing methods such as casting, screen printing, slip casting, direct
coagulation or gel casting, and all of them require stable slurries with high solids loading,
low-intermediate viscosity and fluidity. These methods are defined as low-cost techniques,
which are capable of producing solid oxide fuel cell layers in the desired thickness range
(1-200 pm).

In a screen-printing procedure, a highly viscous paste containing a mixture of
ceramic powder, organic binder and plasticizer is forced through the open sieves of a
screen. Parameters such as grain size and form of the ceramic powder, surface properties
and density of the powder have to be optimized. The screen-printed films are dehydrated

and sintered at high temperatures (1100-1200 °C) for 2hours in air atmosphere.
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3. RESULTS & DISCUSSION

3.1. X-Ray Diffraction (XRD) Results

During the early stage of SOFC development, platinum and some other noble
metals were used as the cathode materials. However, the observations summarized in
Chapter 1 suggest that by enlarging active area over which chemical processes occur as
well as extending the electrochemical interface to include the entire electrode/electrolyte
contact area (not just the TPB) could elaborate the transport process of electro active
species from the surface to the bulk of the electrode material. Some transition-metal
oxides, in addition to being good O, catalysts and electronic conductors, exhibit significant
ionic conduction while remaining relatively stable at operating conditions. For these mixed
conductors (materials which conduct both ions and electrons) the bulk appears to play a
significant role in determining the electrode kinetics. As such, these materials provide
another useful asymptote to consider when extrapolating to more complex materials such
as perovskites. One of the first perovskite materials studied was La;SryCoO;5 (LSC)
which is now one of the well-studied mixed conductors and this was followed quickly
thereafter by a number of other materials having perovskite crystal structure, including La;.

S1rxMnQOj3_5 (so called LSM), which as became the favored material for SOFC cathodes.

Ideal perovskite crystallizes in cubic close-packed lattice structure. The crystal

structure and phase purity of the samples were determined by X-Ray diffraction (XRD).

As seen from Figure 3.1, all the peaks in the pattern can be attributed to the
perovskite structure of La; «SryMnOj3_5 (LSM) with the standard data of JCPDS (49-1808).
The X-Ray powder diffraction data (crystal structure and phase composition of the
synthesized powders) were collected on a Rigaku D/MAX-Ultima+/PC Diffractometer
using Cu-Ko radiation (A=1.54056A) for each sample at Bogazi¢i University Advanced
Technologies Research and Development Center. The XRD measurements were carried
out by a step scanning method (20 range from 0 to 70 deg). The data obtained was

compared with reference data for the identification of the crystal structure.
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Figure 3.1. X-Ray Diffraction pattern of LSM sample.

XRD Results of Lag ¢« VxSr94C003.5: As previously stated Lag 6.xVxSr94C0035 (x =
0.005, 0.01, 0.02, 0.03, 0.04, 0.05, 0.10) samples were prepared by a sol-gel process after
calcination at 1100°C in air for 2h. Figure 3.2 shows the XRD patterns of the resulting

Lag 6-xVxSr94C003_5 powders measured at room temperature.
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Figure 3.2. XRD patterns of Lag ¢xVxSr94C003.5 (x= 0.005 — 0.1) powder calcined at 1100
°C 1n air for 2h.
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It can be seen that the samples with vanadium fractions of x < 0.005 display a
clearly defined single-phase perovskite structure. However, when the doping
concentration of vanadium was further increased (x > 0.01) impure phases like different
kinds of oxides could be observed in the LagexVxSr94C00;5 samples. For example, as
seen in the above figure for Lag sV 1Sr94C00;5 (LV10SC) sample, two impurities were
identified as Sr3V,0g and SrVOs. This suggests that the limit of V doping in this series of
Lag 6-x VxS19p4C00;_5 materials should not be more than 0.5 mol %. With increasing V
content, the diffraction peaks of LagexVxSrp4Co0Os.5 shifted slightly to high-angle
direction, as can be seen clearly from Figure 3.2, indicating the shrinkage of crystal
parameters. Doping La/Sr site with V, on one hand, may decrease the cell parameter due
to the smaller radii of V** (" = 0.64A) compare with that of La’" (r.,>" = 1.36A) and
Sr** (rs”" = 1.44A). On the other hand, it can also result in the reduction of Co ions from
Co™ (reo™ (high spin) = 0.53A) to lower valence state Co’* (rco” (high spin) = 0.61A)
[31] as charge compensation, thereby, increasing the cell parameter. In view of the
changes in the cation radius of A and B sites, the size of V ion had a stronger effect on
the crystal structure than its valence state. In addition, there was a loss of intensity of
XRD peaks with V-doping level, indicating that the substitution of V decreased the
crystallinity of the cubic structure of Lag ¢.xVxSr94C00s3.5.
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Figure 3.3. Powder XRD patterns of the as-synthesized Lag 595V 0.00sS10.4C003.s.
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A series of cubic perovskite-type Lags.xVxSro4Co0O;; materials were synthesized
and the influence of V doping on the lattice structure was studied in relation to their
potential use as cathode materials for SOFC. The solid solution limit of V in Lage.
«VxS194C0055 is ca. x=0.005 at 1100 °C. As the crystallinity of the cubic structure of Lag.
« VxS194C003_5 materials decreases with V-doping level, Lag 505V .005s5104C0035 (LV0O5SC)

was selected as the candidate cathode material on emphasis.

XRD Results of Lag¢xVxSro4FeOss: The ideal oxide perovskite structure ABO;
consists of a cubic array of corner sharing BOg octahedral with the A cation at the body
center position. However, non-ideal A and B ionic radii create distortions to the cubic

lattice (often orthorhombic or rhombohedral) [58].

Figure 3.4 shows the XRD patterns of the as-synthesized Lag¢xVxSro4FeOs5 (x =
0.005 — 0.1), abbreviated as LVXSF correlated with the vanadium content hereafter. All
compositions exhibit a perovskite structure, which is either orthorhombic or
rhombohedral, and no impurity phase appears. It indicates that partial substitution of V for
La does not affect the formation of layered perovskite phase. The slightly different

structure variation in our case is due to the cationic radii and the introduction of V" ions.
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Figure 3.4. Powder X-Ray Diffraction patterns of the as-synthesized Lag ¢.xVxSro4FeOs3.s
with different V-doping amount.
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However, it can be seen that all samples were nearly phase pure, but for the
nominal LVOSSF (which is LagexVxSro4FeO;s for x = 0.005) sample, a second phase
marked with A was observed. As indicated in Figure 3.4, the second phase can be indexed
to Strontium Vanadium Oxide, SrsVO19. This result emphasizes the solid solution limit of

V in Lag ¢x VxSt 4FeOs5 is greater than 0.5%.
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Figure 3.5. X-Ray Diffraction pattern of as-prepared Lag s7V,03S104FeOs.

Figure 3.5 shows the XRD results for the LV3SF sample. As the LV4SF samples
showed a second phase as evidenced by additional peaks at 26 value of 29.8°, even though
the phase was not unambiguously identified but most closely matched that of SrsV¢Oo,
Lags7Vo.03Sro4FeOss (LV3SF) was selected as the candidate cathode material on
consideration due to its single-phase crystallinity and relatively high peak intensity among

others.

XRD Results of LagexVxSro4sMnOj;.5: Phase homogeneity of Lag¢.xVxSro4MnOs.5
(x= 0.005 — 0.1) was compared as in Figure 3.6. Lag¢xVxSroaMnO;_s like all the La;.
SrxMnO; systems crystallizes in a rhombohedral structure [59]. The rhombohedral
distortion of the ideal perovskite octahedra is characterized by the splitting of the principal

reflection, which appears as a double peak in the range 26= 32-33° [60].
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Figure 3.6. XRD patterns of Lag 6.« VxSro4MnOs_5 (x= 0.005 — 0.1) samples.

Figure 3.6 presents typical XRD patterns of Lag¢xVxSro4MnO;_5 (x = 0.005 — 0.1)
fired at 1100 °C. The patterns suggest that the LVXSM samples have a single-phase
perovskite structure without any detectable impurity phases up to x = 0.01 and the
SrsV6O19 secondary phase at 20 values of 29.6° started to form with V content above x =
0.01. This indicates that LVXSM can form a solid solution with V content of x < 0.01.

No resistive phases, either La,Zr,O7 or SrZrOs, are detected by X-Ray diffraction
for the LV10SM cathode material. A well-defined perovskite oxide phase can be seen from
Figure 3.6. However there are some extra peaks with small size in the XRD pattern. We
find they belong to strontium vanadium oxide Sr3(VOs), by XRD phase analysis software.
Sr3(VOs)s is a kind of the perovskite material related mixed ionic-electronic conductor, and
not considered to be detrimental to the SOFC cathode. However, it is obvious that there is
a distortion from the perovskite crystallinity. This suggests that the limit of V doping in

this series of Lag ¢x V< Sto4MnQOs_s materials should not be more than 10 mol %.
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Figure 3.7. X-Ray Diffraction data for Lag s95V.005S104MnOs.

As can clearly be seen from the Figure 3.7, the diffraction pattern confirms the pure
rhombohedral phases of LVO5SM (Lag 6.xV«St94MnOs.5 where x = 0.005) and substitution
of V at a level of 0.5 mol % did not change the crystallinity of the sample thus and so
LVO05SM had potential application as a cathode material.

XRD Results of LagsxGdxSro4C0035: The room temperature XRD patterns of
Lag sGdy.1Sr9p4Co0; (LG10SC) compounds synthesized from the sol-gel route followed by
a heat-treatment at 1100 °C for 2 h in air is shown in Figure 3.8. A perovskite-like structure
of LG10SC was certified for the powders and no other phase was found within the
sensitivity of XRD.

Lines corresponding to either the initial reagents or any intermediate compound(s)
are not present in the Figure 3.8. Moreover, comparing the XRD results of LG10SC with
the conventional cathode material LSM in layered perovskite oxide system, the peaks of
the LSM are comprised of singlets, while the LG10SC peaks at two-theta values of 33.4°
made up of multiplets, as seen in Figure 3.8. These behaviors are identified as specific

evidence of a layered perovskite [61].
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Figure 3.8. XRD pattern of as-synthesized La sGdy.;Sr94CoO; powder.

XRD Results of LagexVxSr94CrOs;: It is clear from Figure 3.9 that the Lage.
«VxS10.4CrO5.5 (x = 0.005, 0.01, 0.02, 0.03, 0.04, 0.1) cathode materials sintered at 1100 °C
have relatively distorted phases from the crystallinity of perovskite structure. There was
some observable evidence of impurity or secondary phases like Strontium Chromium

Oxide, SrCrOs.
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Figure 3.9. XRD peaks of Lag ¢« VxS194CrO;_5 (x = 0.005, 0.01, 0.02, 0.03, 0.04, 0.1)

samples.
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Moreover, comparing the XRD results of Lag¢.xV«Sr94CrOs.5 (x = 0.10 which is
abbreviated as LV10SCr) with the samples of lower V dopant in layered perovskite oxide
system, the intensity of impurities and secondary phases were increasing, as seen in Figure
3.9 thereby the material of Lag¢xVxSro4CrOs.s was not suitable for as a potential cathode
material.

XRD Results of LagexVxSro4TiOs5: Figure 3.10 shows the XRD results for the
Lag6-xVxSrp4Ti05.5 (x = 0.005, 0.01, 0.02, 0.03, 0.04, 0.1) samples on top of each other for
comparison. Each sample showed secondary phases as evidenced by additional peaks at
different 20 values. The phase was not unambiguously identified but most closely matched

that of different types of Strontium, Titanium and Vanadium Oxides.
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Figure 3.10. X-Ray Diffraction patterns for Lag ¢.xVxSr94TiOs5 (x = 0.005, 0.01, 0.02, 0.03,
0.04, 0.1).

Comparing the XRD results of the samples with lowering in Vanadium content, the
intensity of impurities and secondary phases were not in an agreement. While some of the
phases were decreasing, some of them were disappearing, as seen in Figure 3.10. At the
same time, there were some peaks, which could not match with any defined phase by XRD
analysis software. Moreover, some peaks even split half thereby the material of Lage.

« VxS104T103.5 was not suitable for as a potential cathode material.
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XRD Results of La;«SryVOs3: The XRD patterns are presented in Figure 3.11 for
the La;«SrxVOs3 (x = 0.4) sample obtained by sintering at 1100 °C for 2h. It can be
obviously seen that the crystal structure of the as-produced cathode material didn’t have
any peaks correlated with the perovskite crystal structure. Moreover, the sharp peaks form
the XRD spectra couldn’t match with any identified patterns in the X-Ray Powder

Diffraction database.
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Figure 3.11. XRD patterns of La ¢Sro4VO;3 cathode powder.

The ionic radius of La®" and Sr**, A-site cations in the perovskite structure, at the
coordination numbers of 12 are 1.36 and 1.44 A, respectively [31], while the radii of B-site
cation V°" at the coordination number of 6 is 0.54 A, which is significantly smaller than A-
site cations. A consideration of the ionic size proposes that V is not incorporated into the

lattice.

3.2. X-Ray Photoelectron Spectroscopy (XPS) Results

The major function of the cathode material in SOFC is to contribute reaction sites
for the electrochemical reduction of oxygen. Hence, in order to find out the reaction

processes and mechanisms, the understanding of the active sites for oxygen reduction
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reaction is important. Electrocatalysts and ion transport properties of the cathode samples
mostly depend on the adsorption and diffusion of the oxygen. The rate of the reaction,
which oxygen is adsorbed from the ambient environment, relies greatly on the structure
and composition of the outermost surface of the oxides [62]. The composition and the
structure of the surface may vary from that of the bulk. Better understanding of the surface
properties of these cathode materials is thus essential. Early studies on cathode samples are
mainly centered upon the electrochemical properties [63] and there are few studies done
for the view of surface of the sample. In this respect, the X-Ray photoemission
spectroscopy (XPS) is a very useful technique for the determination of such important
parameters as the chemical state of different metals, their relative concentration and the

surface elements ratio.

The XPS experiments were performed using a Thermo Scientific K-Alpha Surface
Analysis instrument, a room temperature. An Al K Alpha X-Ray source was used with a
spot size of 400 um and the spectra of powdered samples were recorded with the constant
pass energy values at 150eV. The energy step size was set as 0.100 eV and the charge
effect was calibrated using the binding energy of Cls (284.5 eV) [64].

XPS Results of LagexVxSro4Co0O35 (x = 0.005) — LVO5SC: The valance states of
elements in the possession and the composition of the surface of the as-synthesized
LVO05SC sample were further investigated by XPS, as shown in Figure 3.12, and the fitted
curves about elements within the powder are illustrated in Figures 3.13, 3.14, 3.15 and
3.16. No peaks of elements other than La, Co, Sr and V except Cls are observed on the

survey spectrum (Figure 3.12).

The matched curves about La3d;, and La3ds,, are illustrated in Figure 3.13. The
core level binding energies of La3ds, and La3ds,, spectra are located at 854.08 and 834.08

eV, respectively, due to the presence of different La atoms.
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Figure 3.12. XPS survey spectrum of the LVO5SC powder.

The reason for the splitting in the La3d states in the XPS is not only due to a spin—
orbit interaction into two lines 3ds, and 3dj., but additionally, each line is split due to a

transfer of an electron from oxygen ligands to the La4f, which is initially empty [65].
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Figure 3.13. The La3d core level XP spectra of LVO5SC.
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Figure 3.14. The V2p core level XP spectra of LVO5SC.

As can be seen from the Figure 3.14, the V2p peak of the sample is divided into two
peaks of V2ps» and V2py., at the binding energies of 515.68 and 517.48 eV, assigned to
V>*and V*', respectively [66]. Therefore, the core-level spectra of V2p further confirm
that the as-obtained LV05SC sample consist of V>"and V*'.

3d3/2
3dS/Z

Intensity (a.u.)

138 137 136 135 134 133 122 131 130 129 128 127

Binding Energy (eV)

Figure 3.15. The Sr3d core level XP spectra of LVO5SC.

The Sr3d X-Ray photoelectron spectra, as shown in Figure 3.15, contains a doublet,
whose binding energies are 132.8 and 130.98 eV, which can be assigned as Sr3ds, and
Sr3ds/, lines, respectively. Their binding energies are very close the similar compounds

[67], which can be contributed to the Sr** ions in LVO05SC.
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Figure 3.16. The Co2p core level XP spectra of LVO5SC.

Figure 3.16 illustrates high resolution spectra of the Co2p XPS region for LVO5SC.
The peak at 779.58eV arose from Co2ps.,, and the one with maxima at 795eV was due to
Co2pipn. For the Co2p spectra, a main peak at ca. 779.58eV accompanied by a weak
shoulder at ca. 789.5eV is present and this weak shake-up peak indicates the presence of
Co’" [68]. For cobalt containing systems, a small shoulder presenting on the high binding

energy side of the Co2p3/, spectra at approximately 788eV can be identified as Co*" [69].

XPS Results of LagxVxSrosMnOs5 (x = 0.005) — LVO5SM: The chemical
environments of La, V, Sr, and Mn ions were estimated by curve-fitting of La3d, V2p,

Sr3d and V2p spectra, as shown in Figure 3.17.

No peaks of elements other than La, Mn, Sr and V except Cls are observed on the

survey spectrum Figure 3.17.

The La3d states of LVO5SM are shown in Figure 3.18. The La3ds;, peak of the
sample is divided into two peaks at the binding energies of 853.38 and 850.68eV, and the
corresponding binding energy of La3ds/, is 837.3 and 833.5eV.
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Figure 3.17. XPS spectra survey analysis at room temperature for LVO5SM samples.
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Figure 3.18. XPS spectra of La3d for LVO5SM sample.

Energy difference between the 3d;» and 3ds, levels is approximately equal to 17

eV. The binding energies and the multiplet splitting agree well with reported values for
La>" compounds [69].
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Figure 3.19. XPS spectra of V2p for LVOSSM sample.

Figure 3.19 represents an XPS spectrum used for the element chemical environment
of V2p. The binding energies of the V2p levels are 515.88 and 516.6eV for V2p;, and
V2p15, respectively. These are thought to be vanadium in a V°* state and V" state [70].
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Figure 3.20. XPS spectra of Sr3d for LVO5SM sample.

The Sr 3d core-level spectra of the samples contains a doublet as shown in Figure
3.20, whose binding energies are 132.2 and 133.08eV, which can be assigned as Sr3ds,
and Sr3d;, lines, respectively, indicating that Sr ions are located in two different
environments. As regarding the binding energy of Sr3ds, peak, the component at 132.2 -

132.7eV comes from Sr ions incorporated into the perovskite structure and the one
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observed for Sr3ds/, can be assigned to SrCOs [71]. From the XP spectra, we can conclude
that the binding energies are very close to the similar compounds [67], which can be

attributed to the Sr*"ions in LVO5SM.
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Figure 3.21. XPS spectra of Mn2p for LVO5SM sample.

Figure 3.21 shows the Mn2p XP spectra of LVOSSM. They display a broad
emission line with a maximum near at 641.2eV for Mn2p;,» and 653.08eV for Mn2p;,,
emissions. According to the binding energy of Mn2ps,, the oxidation state of Mn ions are

between +3 and +4 [64].

XPS Results of Lage.xVxSro4FeOss (x = 0.03) — LV3SF: The composition of the
surface and the valance states of elements in the as-synthesized LV3SF sample were
further investigated by XPS, as shown in Figure 3.22, and the fitted curves about elements
within the powder are illustrated in Figures 3.23, 3.24, 3.25, and 3.26.

The Figure 3.22 shows the survey XP spectrum of LV3SF. Only La, Sr, Mn, C and
O elements are observed on the sample surface. No additional lines related to the

contaminations were detected.
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Figure 3.22. XPS survey spectrum of the LV3SF powder.

In Figure 3.23 the La3d states of LV3SF are shown. In studied areas, for La, there
are two peaks, one at 833eV, which corresponds to La’" in perovskite phase [72] and,

another at 836eV, which is assigned to La®" in La,03 [64]. From the XPS spectra, it can be
judged that only La’" jons exist in LV3SF sample.
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Figure 3.23. XPS spectra of La3d for LV3SF sample.
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Figure 3.24. The V2p core level XP spectra of LV3SF.

The V2p X-Ray photoelectron spectra, as shown in Figure 3.24, contains a broad
peak, whose binding energies are 515.98 and 517eV, which can be assigned as V2ps,, and
V2pis lines, respectively. These are thought to be vanadium in a V" state and V*" state

[73]. From the spectra, it can be concluded that vanadium exists in a mixed oxidation state.
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Figure 3.25. The Sr3d core level XP spectra of LV3SF.

The chemical state of the Sr element was revealed by XPS (Figure 3.25). The
binding energy for the Sr3ds, and Sr3ds, peak of as-prepared LV3SF cathode is 132.8eV
and 131.68eV, respectively, corresponding to Sr** in LV3SF and few SrO, because this

binding energy is very close to the similar compounds [74, 67].
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Figure 3.26. The Fe2p core level XP spectra of LV3SF.

Figure 3.26 shows the asymmetric Fe 2p core-level spectra of the LV3SF samples
and two different valences, Fe’” and Fe*". The doublet peaks with binding energy at 719.5
and 723.3eV can be assigned to the Fe’" 2ps, and 2pi» spectrum, respectively.

Interestingly, a weak shoulder peak at 718.8eV appears between the above doublet peaks,
corresponding to the Fe*" 2ps [75].

XPS Results of Lags.xGdxSrg4Co0s35 (x = 0.10) — LG10SC: The chemical states

and surface proportions of elements for the LG10SC sample were characterized by XPS.
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Figure 3.27. XPS survey spectrum of the LG10SC powder.
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The XPS survey scan (Figure 3.27) showed that carbon, lanthanum, cobalt, oxygen,

strontium and gadolinium were present on the catalyst surface. The La3d states of LG10SC

are shown in Figure 3.28.
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Figure 3.28. XPS spectra of La3d for LG10SC sample.

In the studied areas, the La3ds;, doublet contained components at binding energies

of 850 and 853.7eV and for La3ds, there are two peaks, one at 836.7eV which corresponds

to La>" in perovskite phase [76] and, another at 834eV which is also assigned to La’" in

Lay0s [64]
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Figure 3.29. XPS spectra of Gd4d for LG10SC sample.
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The characteristic peaks of Gd4d region shown in Figure 3.29 were displayed at
141.58 and 146.8eV, which were due to Gd4ds,, and Gd4ds,, respectively, considering two
spin—orbit doublet characteristic of Gd*>* [77].
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Figure 3.30. XPS spectra of Sr3d for LG10SC sample.

Figure 3.30 shows the measured XPS spectra of Sr3ds» and Sr3ds, in LG10SC.
Generally, the Sr3d peaks were shown as mainly two distinctive peaks of 3ds/, at lower
binding energy ranges and 3ds; at relatively higher binding energy ranges [78]. The
position of the lower binding energy in the Sr3ds,, which is located at around 131.1eV is
originated from the formation of the perovskite phase showing a charge state of Sr*
[79]. Therefore, the main peaks in LG10SC measured at about 131.1eV and 132.8eV were

originated from Sr3ds/, and 3ds/,, which correspond to the perovskite structure.
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Figure 3.31. XPS spectra of Co2p for LG10SC sample.
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As shown in Figure 3.31, the XPS analysis generally results of the Co spectra show
that it is comprised of two peaks indicating Co2ps; at relatively lower binding energy
ranges and Co2p;.; at relatively higher binding energy ranges and the peaks between
Co2p3/2 and Co2p, 2 and over the Co2p;, can be also observed. In the Figure 3.31, the two
main peaks located at binding energies of 779.60eV and 795eV are assigned to Co2ps,» and
Co2pi, of LGI0SC. According to the Co peaks, the first broad peak, which is related to
the mixed Co charge state of Co”" and Co™" in the vicinity of 786.0 - 790.0eV. According
to the literatures [80,81], the peaks between 786.0 - 790.0eV were caused by Co®” and the
weak peaks observed in the vicinity of 804 - 805eV were related with the coexistence of
Co’" and Co"*" suggesting that Co is existed as the chemical form of mixed valence state
including Co’* and Co*" in LG10SC oxide systems. With the substitution of Gd into the A-
site of the perovskite oxide material, probably results in both an increase of the number of
oxygen vacancies and an increase of the concentration of Co*" in order to compensate the

charge and achieve electro neutrality.

3.3. Electrical Conductivity - Four Probe Measurement Results

The electrical conductivity was measured by the four-probe DC method on the
sintered rectangular bars. The measurements were performed upon heating from 400 to
800 °C in air, and with a heating rate of 1 C/min. Four gold (Au) wire contacts were made,
which were painted with gold conductor paint. Two current contacts were attached at the
bar edges, and two voltage contacts in between at a distance /. The sample was then fired at
500 °C for 1 h to allow complete adhesion of the electrodes and reduction of the contact
resistance. The sample was then placed in a horizontal tube furnace. In this method an
electric current is passed through a bar of the sample and a voltage drop is measured across
a distance in the middle of the sample. The sample was left at each temperature at which
measurement was taken. The electrical conductivity o was calculated by the following

equation:

R=pt 3.1)
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where R is the polarization resistance, 4 is the cross-sectional area of the rod, / is the
thickness of the cathode and p is the specific resistance. Electrical conductivity values (o)
were obtained through the inverse of the specific resistance. The as-synthesized LV0O5SC,
LV3SF, LVO5SM and LGIOSC cathode materials were prepared for four-probe DC

method and the data obtained is compared with reference data for each sample.

Electrical Conductivity of LagexVxSr04C0035 (x = 0.005) — LVO5SC: Various
studies including the electrical conductivity and its dependence on temperature have been
reported for LSC cathode material [82]. An explanation of these concepts is complicated
in respect to that there are mainly two factors contributed to the electrical conductivity of
LSC material. The first one is the distinct parameters of the crystal structure such as
interatomic distances and angles and as the second one is the charge carrier concentration
which is the concentration of electron holes. In these type of oxides, the oxygen ion
transport proceeds through the hopping of oxygen vacancies inside the crystal structure,
while the movement of the electrons is along the way B™ — O — B™ bond due to

overlapping between the 3d orbitals of the B-site and 2p orbitals of the oxygen [83].
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Figure 3.32. Temperature dependance of the electrical conductivity of LVO5SSC sample
sintered at 1100 °C.

The logarithm of electrical conductivity (In oT?®) of LV0O5SC measured upon
heating from 400 to 800 °C in air and the electrical conductivity of sample are plotted as a

function of temperature in Figure 3.32. The maximum conductivity value reached its
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maximum with 843 S/cm at 400 °C and decreased then over 521.50 S/cm at 800 °C. This
reflects the expected metal-like conductivity and it refers to the decrease in the electron-
hole concentration with increasing temperature. It has been suggested by Petrov in 1995
that the electrical conductivity is directly relevant to the crystal structure [84]. The metal-
like conductivity is observed in the cubic phase of La;SryCoO3 while the semiconductor-
like behavior is examined in the rhombohedral phase. From this point of view, the
conductivity is metallic when it decreases with increasing temperature as the increase in
conductivity means semiconducting behavior . The temperature dependence of electrical

conductivity is generally expressed as:

o =(Z5)exp (-2 (3.2)

in which E,, is the activation energy for electrical conductivity, & is the Boltzmann constant,
T is the absolute temperature and A4 is the pre-exponential factor that contains a number of
constants such as the number of charge carriers and the average distance between the B-
site ions [16]. The exponent of s equals either 1 or 3/2 for an adiabatic or non-adiabatic
hopping process, respectively. The plot of In ¢T* versus 1000 /T should give a straight
line. The plot for Lag s95V0.00s510.4C003, a somewhat better linear fit was obtained for s =

3/2, suggesting a non-adiabatic hopping process, shown in Figure 3.32.
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Figure 3.33. Comparison of the total conductivity of various cobalt containing perovskite

related materials in air.
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The activation energy values are calculated using simple linear regression from the
slopes of the linear parts of the In oT* vs. 1000 /T plots (Figure 3.33). Table 3.1 lists the
E, values obtained over the indicated temperature ranges. The E, values calculated from
the temperature dependence of the electrical conductivity are listed in Table 3.1 varying
from 0.045 to 0.15eV. The activation energy of Lag¢Sro4CoOs (0.049 eV) is in very good
agreement with the value of 0.05eV reported by Sitte, W. [85]. Temperature dependence of
the electrical conductivity value in the range of 400 and 800 °C was very similar (564
S/cm) with the reported in Montero X., 2009 for La 3Sro,CoOs3 structure [86]. The value
of 0.10eV obtained for Lag ¢St 4Coo2Feo 303 from this measurement agrees perfectly with
the value of 0.10eV reported earlier [87]. The activation energy value for
Lag sSrp2Cop2Fe 303 was calculated as 0.15eV and L.W. Tai reported an activation energy
of 0.14eV between 400 and 800 °C [88]. Small variations can be attributed to the

differences in the material synthesis and processing methods.

Table 3.1. Calculated 0,45, Tgo0'c and E,of specimens sintered at 1100 °C.

Composition Omax(S/cm) Ogoorc (S/cm) Temp. Range (°C) E, (eV)
Lag 505V .00551 4C00; 843.43 521.50 400-650 0.045
La, ¢St 4C00; 784.67 525.53 400-800 0.049
La, Sr,,C00; 1702.31 1389 400-800 0.075
La, ¢St 4Coy,Fe, 0, 118.75 103.51 400-800 0.10
La, sSr,,Co,,Fe, 0, 48.80 48.57 400-800 0.15

Electrical Conductivity of LagxVxSro4FeOss (x = 0.03) — LV3SF: As a cathode
material in SOFCs, the sample must acquire high electrical conductivity at the desired
working temperatures since a low electrical conductivity may result in a poor current-

collecting efficiency and a large ohmic resistance of cathode.
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Figure 3.34. Temperature dependance of the electrical conductivity of LV3SF sample
sintered at 1100 °C.

The dependence of conductivity of LV3SF sample on temperature and the
Arrhenius plot for the electrical conductivity in air measured by the four-point method is
shown in Figure 3.34. This value of total conductivity contains electronic and ionic
contributions due to the presence of charge carriers and oxygen vacancies, respectively.
However, ionic conductivity in perovskite oxides is known to be small in comparison with
the overall conductivity [89]. Therefore, the experimental values of the electrical
conductivity are assumed to be correspondant to the electronic conductivity alone. The
conductivity increases gradually with increasing temperature, attains a maximum value
26.23 S/cm at around 500 °C and then decreases with further increase of temperature. This
can be explained as the electrical conductivity in Sr-doped LaFeOs; is generally believed to
occur by the loss of lattice oxygen, implying a semiconductor behavior [90], associated
with the tetravalent state of the iron cations. The decrease in the conductivity at higher
temperatures is basically due to the formation of oxygen vacancies, accompanied by
reduction of Fe*" to Fe’* that results in a reduction of the charge carrier concentration. The
temperature dependence of electrical conductivity is shown in Figure 3.35. The plot of
InoT?® vs. 1000/T for LV3SF suggests that the non-adiabatic mechanism prevails over a

wide temperature range (s= 3/2 gives a better linear fit than that of s=1).
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Figure 3.35. Electrical conductivity of Lag 57V.035194FeOs.5s (LV3SF) compared with

conventional iron containing cathode materials.

The plots in Figure 3.35 show good linear fit for most compositions. These fits
have been used to calculate the activation energies, which are given in Table 3.2. The
activation energy values are similar for all compositions, which is in agreement with
0.17eV and 0.13eV for LayeSro4FeOs and LagsSro,FeO; materials, respectively [91].
These similarities in E, may be due to the equivalence of the Fe sites responsible of the
mobility of charge carriers in all compositions. For Lag¢Srg4Cop2FepsOs; the value of
0.10eV obtained from the measurement agrees well with the value of 0.10eV reported
earlier [87]. The E, value for Lag 3Sry2Coo2Fep 303 was calculated as 0.15¢V and L.W. Tai
reported an activation energy of 0.14 eV between 400 and 800 °C [88].

Table 3.2. Calculated 0,45, Ogooc and E,of specimens sintered at 1100 °C.

Composition Omax(S/cm) Ogoo'c (S/cm) Temp. Range(°C) | E, (eV)
La, 57V 03510 4FeO; 26.23 17.22 400-550 0.14
La, (St 4,FeO, 309.75 260.08 400-650 0.16
La, St ,FeO; 46.45 45.54 400-800 0.14
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Table 3.2. Calculated 0,45, Ogooec and E,of specimens sintered at 1100 °C. (cont.)

Lag ¢Sty ,C0o,Feq 505 118.75 103.51 400-800 0.10

Lag 55t ,C0g,Fe0 505 48.80 4857 400-800 0.15

Electrical Conductivity of LagexVxSrosMnOs;s (x = 0.005) — LVO5SM: The
conductivity of LVO5SM material under air was measured using a four-probe DC method.
The electrical conductivity of LVO5SM sample as a function of temperature and the
logarithm of electrical conductivity vs. reciprocal temperature in air are shown in Figure

3.36.
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Figure 3.36. Temperature dependance of the electrical conductivity of LVO5SSM sample
sintered at 1100 °C.

LSM has been known as a p-type semiconductor with electronic holes as charge
carriers and essentially this hole motion in the d-orbitals energy levels of manganese is the
reason for the electrical conductivity [92]. This is explained by the small polaron hopping
of electron holes between Mn*" and Mn’" sites on octahedral corners. The conduction

mechanism was completed by the hopping of electrons between multivalent metal ions at
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B-site and oxygen ion following the way along B-O—B bonds. The equilibrium between
Mn*" and Mn’" ions are controlled by a thermally activated disproportionation of Mn®" in

crystalline solids [83]:
2Mn3f, © Mngl + Mngl, (3.3)

Mn®" ion is formed due to disproportionation but the conduction process occurs just
via the hopping of carriers between Mn*" and Mn’" sites. As a result of charge transfer
from Mn’" site to neighboring Mn"" site, the conduction process is assumed to develop,
such as jumps of p-type carriers over available sites [93]. Since the electronic conductivity
is usually 100-1000 times higher than the ionic conductivity for these kinds of oxides, the
measured values reported herein are attributed to the electronic conductivity alone [94].
Generally, the conductivity gradually increases with increasing temperature. However,
there is a fluctuation in conductivity at ca. 550 °C, which may be due to the loss of the
lattice oxygen leading to more oxygen vacancies as a result of the thermally induced lattice

oxygen losses [95], as expressed by Equation 3.4 [96]:

0F + 2B}y — V5" + 2B + 20,(g) (3.4)

where By refers to B** localized on B3* site and B} stands for B3*. 0f is the lattice
oxygen and V;* represents the oxygen vacancy. However, the lattice oxygen loss in p-type
semiconductors at high temperatures would be the reason for the decrease of electrical
conductivity, due to the reduction of charge carrier concentration (electron holes) [95], as
expressed by Equation 3.4. There is only electrical conductivity fluctuation at about 550 °C
and no permanent decrease of conductivity is observed in the temperature range of 400-
800 °C. This means that there is a little lattice oxygen loss and thus relatively good
structural stability of LVOSSM. The temperature dependence of electrical conductivity is
shown in Figure 3.37. The E, value for oT was calculated as 0.20eV for LVO5SM sample.
This value is slightly high to that reported by R.V. Wandekar et al. as 0.14eV for
Lag 76S19.1oMnO;_5 sample and also to the results of Singanahally T. Aruna et al. where the
activation energy of electronic conductivity was reported as 0.155eV for Lag 9Sro.10MnO3.5

[83,97].
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Figure 3.37. Electrical conductivity of Lag s95sV0.005S10.4MnOs.5 (LVOSSM) compared with

manganese containing conventional cathode materials.

As shown in Figure 3.37 the conductivity of LVO5SM cathode material was
compared with our synthesized Lag sSro.MnOj3 sample, it is noted that the activation energy
is calculated as 0.15eV. This activation energy value is nearly same with measurements on
bulk sample of 0.12eV by S. Kuharuangrong [98]. Lag¢Sro4MnQO;s with the higher Sr
content material is synthesized in order to examine the conductivity dependence on the
doping levels of Sr for La;«SryMnO;;. The electrical conductivity of the sample is
measured and calculated as 86 S/cm at 800 °C with the E, (activation energy) of 0.099¢V.
The value for electrical conductivity is less than the reported by other researchers as 320
S/cm for electrical conductivity [99] but same for activation energy 0.099eV [100]. The
reason for different conductivity values is possibly due to the difference in preparation
condition such as synthesis methods and calcination conditions. The electrical conductivity
at 800 °C and the maximum conductivity values, also the activation energy of all

compositions are calculated and summarized in Table 3.3.



75

Table 3.3. Calculated 0,45, Tgo0'c and E,of specimens sintered at 1100 °C.

Composition Omax(S/cm) Ogoo'c (S/cm) Temp. Range (°C) E, (eV)
Lag 505V .005510 4MnO; 14.8 14.8 400-800 0.20
La, ¢Sty ,MnO; 96.42 86.02 400-800 0.09
La, sSr,,MnO; 46.90 46.90 400-800 0.15

Electrical Conductivity of LagsxGdxSro4CoOs5 (x = 0.10) — LG10SC: The
electrical conductivity measurements were carried out by the four probe DC method in a

tube furnace in air.
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Figure 3.38. Temperature dependance of the electrical conductivity of LG10SC sample
sintered at 1100 °C.

The transition metal elements such as Mn, Fe and Co can be found in compounds
with multiple valences. In compounds e.g. LaCoOs, equal numbers of n-and p-type charge

carriers are arranged according to

2M3t = M?* + M** (M = Mn, Fe, Co) (3.5)
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resulting in significantly high conductivity at high temperatures [101]. In the case of Sr
substitution for La at A-sites, for example in LSC sample, the Sr°" ions act as acceptors
and the reaction M3* —» M**dominates. Doping Sr for La also forms new oxygen
vacancies, which promote ionic conductivity in the compound. As in this case, substitution
of G&’" for A-site alters not only the crystal structure but also it enhances the hopping
mechanism, which the conductivity of Sr-doped LaCoOs has been perfomed by a hopping
mechanism [84]. These conductivity data depending on temperature between 400 - 800 °C
and plot of In (¢.T3/2) vs. 1000/T for LG10SC sample covering the entire temperature
range studied are plotted in Figure 3.38. The above figure shows that the electrical
conductivity of LG10SC sample prefers a metal-like behavior. An increase in conductivity
is found for decreasing temperature. This may be due to the charge-transfer between
different valence configurations of Co’" ions with the increase of temperature. LG10SC,
L6S4C and L8S2C samples were sintered at the same temperature for the purpose of

comparison and analysis.

=
o
;,517—
g O—N —=1G105C
‘A
= =1.852C
S | t——g— =] §54C
H.I.l:- v v
b’ - —
=

15 T T T T T |

0,9 1 11 12 13 14 15

1000/T (K'Y

Figure 3.39. Electrical conductivity of Lay sGdg 1Sr94C003.5 (LG10SC) compared with

cobalt containing conventional cathode materials.

Figure 3.39 shows the logaritm of the electrical conductivity of these three samples

depending on temperature and activation energies were calculated and tabulated in Table
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3.4. L8S2C presents the highest conductivity about 1389 S/cm at 800 °C, which is
obviously lower than the reported by Petric, A. about 1521 S/cm [27]. The electrical
conductivity of L6S4C is about 525 S/cm at 800 °C, which is almost three times smaller
than that of 1595 S/cm at 800 °C [27]. LG10SC sample has a lower electrical conductivity
than mentioned cathode materials. This may be caused by the limited phase stability or by
increasing interactions between point defects (e.g. V;° with Sr/, or Co,), which reduce

the number of mobile oxygen vacancies necessary for electron hopping in LG10SC.

Table 3.4. Calculated 0,45, Tgo0'c and E,of specimens sintered at 1100 °C.

Composition Omax(S/cm) Ogooc (S/cm) Temp. Range (°C) E, (eV)
La, sGd, ;Sry4,CoO; 415.50 289.83 400-800 0.055
La, ¢St 4C00; 784.67 525.53 400-800 0.049
La, Sr,,C00; 1702.31 1389 400-800 0.075

Comparison of the electrical conductivity of as-synthesized perovskite materials in
air: The electrical conductivity values of LVOSM, LVO05SC, LV3SF and LG10SC were

measured as function of temperature seen in Figure 3.40.

The ionic conductivity of these materials is lower than 1 S/cm [102], thus the
measured electrical conductivity can be approximated as the electronic conductivity of the
materials. Figure 3.40 shows the measured electrical conductivity for all four compositions
in atmospheric air from 400 to 800 °C. Electrical conduction in these perovskite is believed
to occur in the conduction band set up by the overlapping O-2p and metal B-3d orbitals
[83]. The materials exhibit high conductivities and all compositions except LVO5SC and
LG10SC showed metal-like temperature dependences i.e. decrease in conductivity with

temperature.
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Figure 3.40. The electrical conductivity values of a) LVO5SM, b) LV05SC, ¢) LV3SF, d)
LG10SC.

The electronic conductivity of La; «SrxCoOj3-5 is very high as a metal oxide. It is
generally not considered rate limiting step for the overall reaction, however, fundamental
understanding of the conductive behavior of a material is still of great importance when it
is to be used in an electrode. The electronic conductivity of perovskites like
La;«SrxCo03-5 is closely related to the electronic structure. At increasing temperature
cobalt is reduced, which decreases the hole concentration at the same time as the oxygen

vacancy concentration increases according to Equation 3.6.
0F + 2Cog, = V5" + 2Co%, + 5 0,(g) (3.6)

where Co(, refers to Co** localized on Co site and Cof, stands for Co3*. 0} is the lattice
oxygen and V;* represents the oxygen vacancy. Nakamura et. al. and Petrov et. al. have
studied the electrical conductivity of La; «SryCoOs-5 as function of temperature using four
point dc measurements [84,103]. The studies showed small polaron conduction behavior
for x < 0.3 with a decreasing temperature at which the conductivity reaches its maximum.

Mizusaki found further that ¢ is dependent on crystal structure as well as the oxygen
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vacancy concentration. Mineshige A. have measured the electronic conductivity as
function of temperature and showed a metal-insulator transition at x=0.25 at room
temperature [104]. Both studies found that LageSro4Co0O;-5 is p-type conductor as the
conductivity decreased with decreased temperature. Segaard, M. has derived the mobility
of hopping mechanism in Lag¢Srg4CoO3-5 and found that the conductivity is inversely
proportional to temperature [105]. This indicates that the conductivity of Lag¢Sry4C00O3-5
has metallic character. La; «SryCoO;s is known to have metal-like temperature

dependence thus our compositions of LVO5SC and LG10SC can be considered metal-like.

LaMnOs is the present material of choice in commercial SOFCs based on zirconia
electrolytes. Electrical conductivity is enhanced by substitution of the La’" site with
divalent ions such as strontium or calcium. Of the alkaline earth dopants, Sr substitution is
preferred for SOFC applications because the resultant perovskite forms stable compounds
with high conductivity in the oxidizing atmosphere found at the cathode [92]. Divalent
acceptor substitution (e.g. Sr*”) for the trivalent A-site cation (e.g. La’") requires a balance
in the electroneutrality. The introduced negative charge is compensated by an increase in
valence of the B-site cations (electrical compensation) [106]. Transition metals (TM) as B-
site cations perform TM*/TM>" couples which act as hopping sites for electrons/holes, i.e.
for n-type or p-type conductivity. When a La’" ion at the A-site is replaced by a Sr*" ion,
an electric hole is formed on the B-site to maintain the electroneutrality, leading to the

increased electrical conductivity [107]:

Sr0
LaMn0; — La3t Sr2t*Mn3t MnitO, (3.7)

The disproportionation of Mn®* jons into Mn>" and Mn"*" (Equation 3.3) pairs seems
to provide a compensation mechanism, which is able to account for this apparent buffering
of added Sr ions in LaMnOs;. La;«SrxMnOs.; has electrical properties on the border
between that of a p-type semiconductor and a metal [92]. In this temperature range
conductivity is increased with increasing temperature for LVO5SM, typical of

semiconductor behavior.

Lanthanum ferrite derivatives (LaFeOs) have been investigated in detail and
provide both electrical and ionic conduction as to be a promising candidate as IT-SOFC

cathode material [108]. In LSF perovskites, B-site lattice cations are responsible for the
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electron defect creation in perovskite oxides through strong overlapping B—-O-B bonds

shown as:
Bn+ — 02— — gln++ o p+D+ _ g _ pln++ o pn+)+ _ 92— _ pn+ (3.8)

With increasing temperature, the conductivity for LV3SF sample increases and
reaches the maximum at about 500 °C that corresponds to the metal insulator transition
temperature (TMI). The LSF samples exhibit a typical semiconductor-like behavior, which
can be ascribed to electron hopping conduction since the localized electronic carriers have
a thermally activated mobility [26]. If temperature is higher than TMI, the value of o
begins to decrease with increasing temperature and the sample exhibits a metal-like
behavior. This metal-like transport behavior is due to the orbital overlap between Fe 3d
and O 2p, which is the characteristic feature for the iron-based perovskite oxides [109].

Thus, our synthesized LV3SF material shows the same trend as LSF.
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Figure 3.41. Electrical conductivity of LVO5SM, LV3SF, LVO5SC and LG10SC samples

in comparison.

As a comparison between the as-synthesized materials, the Figure 3.41 shows the
Arrhenius plots of each samples. The cathode materials LVO5SC and LG10SC have better
conductivity values of 843.43 and 415.50 S/cm among others, and they have lower

activation energies of 0.045 and 0.055eV, respectively. The low value of activation energy
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emphasizes the high catalytic activity of the electrode material [110]. Vanadium doped
LSM sample has the lowest conductivity value of 14.8 S/cm with activation energy of
0.20eV and it continues with LV3SF material with a value of 26.23 S/cm and E, of 0.14eV.
Although the conductivity values measured are lower than those of other reference
cathodes, there are perovskite materials in literature with low conductivity have reported
with excellent cathode performance [111, 112]. Therefore, it is believed that in comparison
with the electrical conductivity, the higher ionic conductivity should be more important for
being a SOFC cathode. In the following section, it is found that synthesized cathodes

exhibit attractive electrochemical performances for oxygen reduction.

3.4. Electrochemical Impedance Spectroscopy Results

The results from Four Probe Method measurements show that the conductivity
values are lower than expected. However, there are more important expectations than the
electrical conductivity like the ionic one, which is one of the main features of the cathode
performance for SOFC. The most complex and least understood process in the overall
SOFC-cathode mechanism is for the oxygen reduction reaction. This process is often
referred to as the surface exchange of oxygen, perhaps because it is still not known which
of the many elementary reactions are rate limiting the overall reaction and in which order
they occur. The surface exchange reaction is generally believed to consist of the following
sub reactions (not elementary): O, adsorption, O, dissociation, and incorporation of oxygen
species into the oxide lattice and the reduction of either diatomic or mono-atomic oxygen

species:

0z (g) + ne” = 0345 (3.9)
ne s + me™ - 200 (3.10)
0™ 4 (2 —n—m)e” +V; - 0F (3.11)
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The reduction reaction is generally considered to proceed simultaneously with the
other reactions to form arbitrarily charged surface species e.g. 0345, Onas or O,
depending on which reaction is the rate-limiting step and there is much recognition in

literature [113]. This topic is still under discussion.

In this section of thesis, to understand the ORR mechanism, the complex
impedance measurements were carried out on a selected number of compositions, versus
the oxygen partial pressure PO, at different temperatures. Figure 3.42 shows the some
impedance responses for the single-phase LVOSSM electrode on the YSZ electrolyte that is
measured under different oxygen partial pressures and collected in every 50 °C in the

temperature range from 400 to 800 °C.
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Figure 3.42. Complex impedance plots for LVOSSM/YSZ/LVO5SM symmetric cell at
between 400-800 °C for different oxygen partial pressures.
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It is clearly seen in Figure 3.42 that the high frequency part of the two clearly
resolved impedance contributions has an apparent shape in the Nyquist plots below the 500
°C. With increasing operating temperature, the high-frequency arc size decreased
noticeably, and the arc was totally disappeared at 500 °C and higher. An additional arc at
the low frequency range appeared when the operating temperature was elevated to 700 °C.
The impedances of a symmetric cell may arise from both the electrodes and electrolyte.
The electrolyte typically performs as an ideal resistor and displays only a dot in the
Nyquist plots at high temperatures in the investigated frequency range of 10°-10" Hz.
However, a semi-circle associated with the oxide ion diffusion around the grain boundary
of the electrolyte also appeared in the high frequency range with the decrease in operation
temperature. For example, Zhan et al. observed that the arc associated with the grain
boundary ionic diffusion appeared at an operation temperature of 460 °C in the complex

impedance plane plots [114].
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Figure 3.43. Typical EIS of a symmetric LVOSSM/YSZ/LLVO5SM cell measured at 600 °C

while fixing the oxygen partial pressure between 1 — 25%.

As seen from the above Figure 3.43, with decreasing in the partial pressure of

oxygen, the impedance arc increases significantly, particular at low frequencies. For most
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of the impedance curves, two arcs could be separated at high and low frequency regions.
This indicates that at least two electrochemical processes contribute to the overall
electrochemical reaction. The electrode impedance responses at high frequencies appears
to be independent of oxygen partial pressure at all temperatures, while those at low
frequencies, show a significant dependence on the oxygen partial pressure. The magnitude

of both arcs changes significantly with the temperature Figure 3.42.

In order to have more information to interpret properly the processes involved in
the cathode/electrolyte interface, a study of the influence of oxygen partial pressure in the
electrode impedance as a function of temperature was required. The oxygen partial
pressure of the atmosphere is varied between 0.01 and 0.25 atm by mixing O, with N,

using mass flow controllers.
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Figure 3.44. Impedance spectra of LVO5SM cathode measured in 3% O,— 97% N, at

various temperatures with data fitting.
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Figure 3.45. Impedance spectra of LVO5SSM cathode measured in 10% O,—90% N, at

various temperatures with data fitting.
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Figure 3.46. Impedance spectra of LVOSSM cathode measured in 15% O,— 85% N, at

various temperatures with data fitting.
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Figure 3.47. Impedance spectra of LVO5SSM cathode measured in 25% O,- 75% N, at

various temperatures with data fitting.
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Figure 3.44,3.45, 3.46 and 3.47 show some typical EIS diagrams of the LVO5SM
cathode measured at 400 — 800 °C in air for 3-10-15-25% O,. They are composed of a large
arc located in between the high frequency and low frequency zones, respectively. All
Nyquist plots were fitted to the equivalent circuit of L-R,-(R,-OPE,)-(R,-OPE,)...(R-
QOPE;) shown in Figure 348 by means of the Gamry software. The data fitting
contemplates three processes in the electrode reaction; the results show good agreement
between the experimental and fitted data. The L is an inductance caused by the device and
the connect leads and the R, is the ohmic resistance of YSZ electrolyte. The remaining
components are associated with the electrode where three series connected elements (RQ)
describe the three processes that contribute to the impedance of electrode/electrolyte
interface. The numbers of R, - QPE; impedances (made by a resistor R, in parallel with a
constant phase element QPE)) in series are dependent on operation temperature. The exact
equivalent circuits adopted for fitting the EIS data at the temperatures of 500 - 600 °C are
fitted well to an equivalent circuit of L-R,-(R,-QPE,)-(R,-QPFE,)-(R;-QPE;) and the
temperatures of 400, 700 and 800 °C are in agreement with an equivalent circuit of L-R,-
(R,-OPE,)-(R,-QPE,)-(R;-QPE;)-(R,-QPE,). The first component (R,QPE,) appears as a
semi-circle at the high-frequency region, the second one (R,QPE,) as a semi-circle at the
medium-frequency region and the third one (R;QPE;) as a semi-circle at the low-frequency

region.

With higher operation temperature, the size of the semi-circle at the high frequency
decreased. It totally disappeared above 500 °C. This implies that the well-separated semi-
circle in the EIS high frequency range at 400 — 500 °C may be associated with oxide-ion
transfer through YSZ electrolyte grain boundaries. The second semi-circles in the EIS data
are contributed from oxygen reduction over the LVO5SSM electrode. Impedance at high and
intermediate frequencies is related to ion and electron transfer at the electrode, electrolyte,
and collector/electrode interfaces, while the impedance at low frequencies is associated
with non-charge transfer, such as oxygen surface exchange and gas-phase diffusion inside

and outside the electrode layer [115].

Table 3.5 summarizes the fitting parameters as a function of temperature for
LVO5SSM/YSZ/LVO5SM under different partial pressure of oxygen, as well as the values

of area specific resistance (ASR).
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Table 3.5. The fitting parameters as a function of temperature for LVO5SM/YSZ/LV0O5SM

in PO,.
PO, T (°C) 400 500 600 700 800
Lb (H) 5.09x10® 7.39x107° 5.31x10°¢ 1.37x10"° 8.44x10™"
Rb (Q.cm?) 1.0722 0.5108 0.18934 0.0124 0.000381
RI (Q.cm?) 42040 4048 2334 4.486 1.8522
03 | R2(Q.cm?) 415.8 36.34 6.19 0.399 0.1723
R3 (Q.cm?) 576.8 60.02 9.802 1.0992 0.1323
R4 (Q.cm?) 3964 - - 4252 393
ASR (Q.cm?) 4.69x10* 4144 23499 431.18 395.15
Lb (H) 1.07x10* 1.50x10%® 5.10x10°¢ 7.77x10" 2.23x10"°
Rb (Q.cm?) 1.0722 0.5108 0.18934 0.0124 0.000381
RI (Q.cm?) 42040 4042 2312 4354 1.8304
010 | R2(Q.cm?) 4152 36.32 6.158 0.3152 0.1464
R3 (Q.cm?) 576.4 60.02 9.77 0.6538 0.00085
R4 (Q.cm?) 1884 - - 424 4 363.4
ASR (Q.cm?) 4.48x10* 41383 2327.92 42972 365.37
Lb (H) 8.33x107 5.47x107 4.10x10°¢ 6.22x107" 5.03x10°
Rb (Q.cm?) 1.0722 0.5108 0.18934 0.0124 0.000381
RI (Q.cm?) 42040 4042 2312 4.344 1.8206
Ol15 | R2(Q.cm?) 4132 36.22 6.106 0.3048 0.1403
R3 (Q.cm?) 524 4 59.88 9.756 0.6148 0.00031
R4 (Q.cm?) 5814 - - 415.8 3634
ASR (Q.cm?) 4.35x10* 4138.1 2327.86 421.06 365.36
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Table 3.5. The fitting parameters as a function of temperature for LVO5SM/YSZ/LV0O5SM
in PO,. (cont.)

Lb (H) 8.35x107 2.48x107 4.59x10°¢ 1.83x10™" 5.92x10®
Rb (Q.cm?) 1.0722 0.5108 0.18934 0.0124 0.000381
RI (Q.cm?) 42040 4002 2312 4.306 1.8028
025 | R2(Q.cm?) 164.18 36.22 6.002 0.241 0.1178
R3 (Q.cm?) 2252 59.7 9.682 0.3094 0.000147
R4 (Q.cn??) 578.4 - - 415.8 342.6
ASR (Q.cm®)  4.29x10* 4097.92 2327.86 420.65 344.52

The inductance value was shown but not considered, because it is not characteristic
of the studied compound. It can be seen that the electrolyte resistance (R,) as well as the
four resistances (R,, R,, R;, R,) associated with the kinetic of electrode processes decrease
with increasing temperature, as expected. It also can be seen that the electrolyte resistance,
R,, does not depend on the oxygen partial pressure, remaining stable at each temperature,

which is in agreement with the behavior of a pure ionic conductor as the YSZ electrolyte.

The polarization resistance (R,) is the purely ohmic part of the electrode resistance.
It can be determined as the sum of the resistances of each individual process (R, = R, + R,
+ R; + R,). For the symmetrical cell, the measured polarization resistance reflects the sum
of the polarization resistance of the two electrodes investigated. Thus, all the cell
impedances were normalized by the superficial area (0.04 cm®), so the R parameters
obtained in the fitting for each process were divided by two to consider the contribution of

the two electrodes.

It is well known that different processes for oxygen reduction over mixed ionic and
electronic conducting electrodes have different relationships with the oxygen partial
pressure. The most commonly used parameter to determine the rate-determining step in
ORR is n, which indicates the relation between the electrode resistance and oxygen partial

pressure [116], as expressed by Figure 3.49:
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R = R°(p0,)™ (3.12)
n=1, 0,(9) © 0y44s (3.13)
n:1/2’02,ads © 20q4s (3.14)
n=3/g,0rpp + €' © Ofpp (3.15)
n="1/4, 0005+ 26" + V5 & 0F (3.16)
n=1/g,05ps + ¢’ & O%pp (3.17)
n="110 0%+ Vs & 0F (3.18)

Figure 3.49. The relations of polarization resistance to PO, of corresponding ORR

processes on the cathode.

The n value gives information about the species involved in the electrode reaction
(Figure 3.49). The overall ORR can be summarized as 1/2 0,(g)+ 2e~ - 0% .lItisa
complex multi-step process, which practically involves the gas diffusion; surface
adsorption/dissociation and charge transfer reaction. For metal oxides with solid
electrolytes, n = 1 can be attributed to the gaseous diffusions and adsorptions of oxygen
molecules as a limiting step; n = 1/2 corresponded to the oxygen adsorption-desorption
process, involving oxygen diffusion at the interface of gas/cathode and surface diffusion of
related intermediate oxygen species as a limiting step; and n = 3/8 interpreted a reaction
controlled by the atomic oxygen diffusion process (along the two phases
electrode/electrolyte contact) followed by a charge transfer as a limiting step; n = 1/4
related to the charge transfer process on the electrode, occurring at the interfaces of current
collector/electrode and the electrode/electrolyte as a limiting step; and n = 1/8 referred to
the formation of oxide ions form the intermediate species as a limiting step; and n = 1/10
or n = 0 can been attributed to the oxygen ion diffusion from the triple phase boundary

(TPB) to the electrolyte, respectively. Representative profiles for PO, dependence of R,
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R,, R; and R, + R; are shown in Figure 3.50 and the fitting results at various temperatures

are listed in Table 3.5.
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Figure 3.50. Dependence of three resistances at high, medium and low frequency
on oxygen partial pressure for LVO5SM/YSZ interface between 400 - 800 °C (a) R;; (b)
R,; (¢) Ryand (d) R, + R;.

From the fitted data values, R, is independent on the oxygen partial pressure and R,

and R;increases with decreasing PO,.

It is clearly observed that R, did not have a monotonic dependence on oxygen

partial pressure. The resistance of the high frequency arc decreases with increasing

temperatures, and it is independent of the oxygen partial pressure. The oxygen partial

pressure dependence calculated as n = 0. These results indicate that this process can be

related neither to charge transfer nor to diffusion processes. Therefore, the first arc could

be caused by the oxygen ions transferring through the electrolyte/electrode interface.

The polarization resistances R, and R;, associated with Arc2 and Arc3 appearing at

intermediate frequency ranges, are found to be highly dependent on oxygen partial
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pressure. Both R, and R; decreased with increased oxygen partial pressure and increased
temperature. The values obtained for n are 0.017 - 0.221 for R, and 0.0023 - 0.54 for R; at
the investigated temperatures. Considering the weak oxygen partial pressure, this process

could be related to an oxygen atom diffusion followed by a charge transfer.

The process associated with the low-frequency arc presents lowest impedance
values. R, + R; was found to be dependent on PO, with the value n = 0.021 — 0.4321. It
suggests that both R, and R; are associated with electron transfer. In other words, the
electron transfer process may be composed of two successive intermediate steps, showing
similar importance in the charge transfer process. The polarization resistance of this
process quickly reduced with increasing oxygen partial pressure, which is in agreement
with the behavior of a gas diffusion process. An increase of oxygen partial pressure results
in a sufficient supply of oxygen to the electrode from the gas phase thereby effectively

eliminating diffusion polarization resistance.
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Figure 3.51. The dependence of the ASR of the LVO5SM/YSZ interface as a function of

oxygen partial pressure at different temperatures.

The ASR values for oxygen reduction reaction are obtained by the sum of
individual resistances associated with each process. As expected, the ASR for
LVO5SM/YSZ interface decreases notably with increasing temperature and slightly with

the oxygen partial pressure as shown in Figure 3.51. The characteristic of ASR shows quite
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weak PO, dependency (n = 0.0042 — 0.0607), which could be related to the oxide ion
transfer within the bulk electrode and/or from electrode to YSZ electrolyte through the

TPB. Therefore, this process is the major rate-limiting step for LVO5SM cathode.

Figure 3.52 shows the impedance responses for the single-phase LVO5SM electrode
on the GDC electrolyte that is measured under different oxygen partial pressures and

collected in every 50 °C in the temperature range from 400 to 800 °C.
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Figure 3.52. Complex impedance plots for LVOSSM/GDC/LVO5SM symmetric cell at
between 400-800 °C for different oxygen partial pressures.
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From the above Figure 3.52, EIS diagrams are composed of arcs located in high
frequency and low frequency zones, respectively. This indicated that at least two different
steps involved in the ORR over the electrode. It is clearly seen that below the 700 °C, two
well-separated semi-circles are observed in the high frequency part of the Nyquist plots.
With increasing operating temperature, the high-frequency arc size decreased noticeably,
and the arc was totally disappeared at 700 °C and higher. The impedances of a symmetric
cell may arise from both the electrodes and electrolyte. The electrolyte typically performs
as an ideal resistor, which represents the intercept value in the impedance diagram at high
frequency side with the real axis and it corresponds to the electrolyte resistance, electrode
ohmic resistance and lead resistance. With the decrease in operation temperature, a semi-
circle associated with the oxide ion diffusion around the grain boundary of the electrolyte

appeared in the high frequency range.
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Figure 3.53. Typical EIS of a symmetric LVOSSM/GDC/LVO5SM cell measured at 600 °C

while fixing the oxygen partial pressure between 1 — 25%.

Figure 3.53 illustrates the impedance diagrams measured at 600 °C under different
oxygen partial pressures. Three arcs at high, medium and low frequencies can be observed.
In general, the high and medium frequency arcs show little dependence on the oxygen

partial pressure, while the amplitude of the low frequency arc increases slightly as
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decreasing the oxygen partial pressure. The magnitude of arcs changes significantly with

the temperature (Figure 3.52).

In order to determine the processes involved in the ORR, the effect of oxygen
partial pressure in the electrode impedance as a function of temperature was further
studied. The oxygen partial pressure of the atmosphere was varied between 0.01 and 0.25

atm by mixing O, with N, using mass flow controllers.

The typical complex EIS plots between 400 - 800 °C in air at 3-10-15-25% O, for
the LVO5SSM cathode with GDC electrolyte are depicted in Figure 3.54, 3.55, 3.56 and

3.57. Two visible semi-circular arcs in the complex impedance plots are evident.
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Figure 3.54. Experimental and fit Nyquist plots for a symmetrical
LVO5SM/GDC/LVO05SM cell measured at 3% O,— 97% N, between 400 — 800 °C.
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Figure 3.55. Experimental and fit Nyquist plots for a symmetrical
LVO5SM/GDC/LVO5SM cell measured at 10% O,— 90% N, between 400 — 800 °C.
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Figure 3.56. Experimental and fit Nyquist plots for a symmetrical
LVO5SM/GDC/LV0O5SM cell measured at 15% O,— 85% N, between 400 — 800 °C.
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Figure 3.57. Experimental and fit Nyquist plots for a symmetrical
LVO5SM/GDC/LV0O5SM cell measured at 25% O,— 75% N, between 400 — 800 °C.
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Figure 3.58. The equivalent circuits adopted for fitting the impedance data for a) 400-500
°C b) 600, 700 and 800 °C.
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Almost similar trends of the complex impedance diagrams were observed. Indeed,
several intermediate steps are involved during the overall ORR process. These steps may
occur simultaneously on different time scales, which contribute significantly to the total
electrode polarization resistance R,. However, entire frequency response can accurately be
described by a mid-frequency (MF) depressed semicircle and a low frequency (LF) skewed
semi circular arc. Presence of two semi circular arcs in the complex impedance plane
suggests that the oxygen reduction reaction over the electrode was composed of at least
two distinct processes. The overall size of the two arcs is generally attributed to the R,.
However, with the decrease in operation temperature, a semi-circle associated with the
migration of oxide ion through the grain boundary of the GDC electrolyte also appeared in

the high-frequency range [117].

The experimental impedance spectrum, simulated response and electrical
equivalent circuit models are shown in Figure 3.54, 3.55, 3.56 and 3.57. The simulated
curve (solid line obtained from the electrical equivalent model) fits well with the
experimental data. In fact, fewer electrical circuits were considered while obtaining the
most accurate fit for the measured data. Customarily, the complex impedance response of a
symmetric cell is modeled using the equivalent circuit of L-R,-(R,-QPE)-(R,-QPE,)...(R-
QOPE;) shown in Figure 3.58 by means of the Gamry software. The data fitting
contemplates three processes in the electrode reaction. In the high frequency range a serial
inductance L was included to simulate the inductive effects of the setup at high
frequencies. A serial R, was used to simulate the grain boundary contributions of GDC
electrolyte at low temperatures and RQ elements were fitted as each one being assigned to
a specific electrochemical phenomenon. The exact equivalent circuits adopted for fitting
the EIS data at the temperatures of 400 - 500 °C are fitted well to an equivalent circuit of L-
R,-(R,-QPE))-(R,-OPE,)-(R;-QPE;)-(R,-QPE,) and the temperatures between 600, 700 and
800 °C are fitted well to an equivalent circuit of L-R,-(R,-QPE,)-(R,-QPE,)-(R;-QPE;). The
first component (R,QPE,) represents the semi-circle at the high-frequency region, the
second one (R,QPE,) as a semi-circle at the medium-frequency region and the third one

(R;0PE)) as a semi-circle at the low-frequency region.

The size of the high frequency arc decreased as the operation temperature decreased
and it totally disappeared above 700 °C. This signifies that the high frequency arc at 400 -
600 °C is attributed to the migration of oxide ions through the GDC electrolyte. The
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oxygen reduction over the LVO5SM electrode is responsible for the second semi-circle in
the EIS data. Impedance at high and intermediate frequencies are related to ion and
electron transfer at the electrode, electrolyte, and collector/electrode interfaces, while the
impedance at low frequencies is associated with non-charge transfer, such as oxygen

surface exchange and gas-phase diffusion inside and outside the electrode layer [115].

Table 3.6. The fitted parameters as a function of temperature for LVOSSM/GDC/LV0O5SM

in PO,.

PO, T (°C) 400 500 600 700 800
Lb(H) 1.38x107° 1.92x107° 1.13x107° 1.44x107 6.47x107
Rb (Q.cm?) 81.52 15974 0.8132 0.8096 0.7536
RI (Q.cm?) 7126 7064 907 228.6 13.542

03 [ R2(Q.cm?) 3352 25.14 5.926 1.3986 1.125
R3 (Q.cm?) 1864 4 130.66 92.96 16.646 7.04
R4 (Q.cm?) 2522 85.02 - - R
ASR (Q.cm®)|  9577.8 7304.82 1005.88 246.64 21.707
Lb (H) 1.54x107° 8.39x10'° 2.91x10"° 3.83x10” 8.51x107
Rb (Q.cm?) 81.52 15974 0.8132 0.8096 0.7536
RI (Q.cm?) 7126 6318 907 228.6 13.54

010 | R2(Q.cm?) 316.6 25.14 4.074 1.3304 1.1238
R3 (Q.cm?) 1793 .4 100.52 92.6 16.646 7.04
R4 (Q.cm?) 2522 82.62 - - R
ASR (Q.cm®)| 94882 6526.28 1003.67 246.57 21.70
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Table 3.6. The fitted parameters as a function of temperature for LVOSSM/GDC/LV0O5SM
in PO,. (cont.)

Lb (H) 2.88x10° 1.75x10%® 5.33x10™" 2.82x107 7.76x107
Rb (Q.cm?) 81.52 15974 0.8132 0.8096 0.7536
RI (Q.cm?) 7126 6318 905.8 228.6 12.732
Ol5 | R2(Q.cm?) 315.8 24.8 3.94 1.3304 1.1086
R3 (Q.cm?) 1782 99.56 92.36 16.328 6.946
R4 (Q.cm?) 2522 82.62 - - R
ASR (Q.cm®) 9476 652498 1002.1 246.26 20.78
Lb(H) 2.49x10° 1.52x10® 4.74x10® 3.86x107 7.31x107
Rb (Q.cm?) 81.52 15974 0.8132 0.8096 0.7536
RI (Q.cm?) 7126 5184 905 228.6 12.732
025 | R2(Q.cm?) 315.8 24.14 3.94 1.1038 1.1038
R3 (Q.cm?) 1782 97.8 92.36 16.28 6.946
R4 (Q.cm?) 2522 82.62 - - R
ASR (Q.cm®) 9476 5388.56 1001.3 24598 20.78

Table 3.6 summarizes the fitted parameters as a function of temperature for
LVO5SM/GDC/LVO5SM under different partial pressure of oxygen, as well as the values
of area specific resistance (ASR). The inductance value was shown but not considered in
the present study. It can be seen that the electrolyte resistance (R,) as well as the four
resistances (R, R,, R;, R,) associated with the kinetic of electrode processes decrease with
increasing temperature, as expected. It also can be seen that the electrolyte resistance, R,,
does not depend on the oxygen partial pressure, remaining stable at each temperature,

which is in agreement with the behavior of a pure ionic conductor as the GDC electrolyte.

The expected but invisible right intercept on the real axis at EIS diagram represents

the total resistance (R,,) and the left intercept on the real axis corresponds to the ohmic
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resistance (R including the electrolyte and connection wires). The polarization

(Rp = Rtot - Rohm)'

ohm»

ohm

resistance (R)) is estimated from the difference between R, and R
Thus, all the cell impedances were normalized by the superficial area (0.04 cm?), so the R
parameters obtained in the fitting for each process were divided by two to consider the

contribution of the two symmetric electrodes.

The most commonly used parameter to determine the rate-determining step in the
oxygen reduction reaction is the slope of the electrode resistance as a function of oxygen
partial pressure. The parameter called n gives information about the species involved in the
electrode reaction, inset in Figure 3.49. The overall ORR can be simply described as
1/ 20, (9) + 2e~ - 07 .Inreality, it may involve many sub-steps such as gas diffusion,
surface adsorption, dissociation, electron and ion charge transfer, and so on [118]. In order
to operate a cell in intermediate temperature range, it is of vital importance to accelerate
the ORR in the cathode and the oxygen transport in the cathode and electrolyte.
Representative profiles for PO, dependence of R, R,, R; and R, + R; are shown in Figure

3.59 and the fitting results at various temperatures are listed in Table 3.6.

From the fitted data values, R, is slightly dependent on the oxygen partial pressure

and R, and R; increases with decreasing PO,.

It is clear that R, did not have a monotonic dependence on PO,. The resistance of
the high frequency arc decreases with increasing temperatures, and it is independent of the
oxygen partial pressure. Therefore, the first arc could be caused by the oxygen ions

transferring through the electrolyte/electrode interface.

The polarization resistances R, and R;, associated with Arc2 and Arc3 appearing at
intermediate frequency ranges, are found to be dependent on PO,. Both R, and R;
decreased with increase in PO, and increase in temperature. The values obtained for n are
0.0091 - 0.2067 for R, and 0.0033 — 0.1434 for R, at the investigated temperatures.
Considering the weak oxygen partial pressure, this process could be related to an oxygen

atom diffusion followed by a charge transfer.
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Figure 3.59. Dependence of three resistances at high, medium and low frequency on
oxygen partial pressure for LVOSSM/GDC interface between 400 - 800 °C (a) R;; (b) R,;
(c)R;yand (d) R, + R;.

The process associated with the low-frequency arc presents R, + R; which was
found to be dependent on PO, with the value n = 0.0072 — 0.1297. It suggests that both R,
and R; are associated with electron transfer. In other words, the electron transfer process
may be composed of two successive intermediate steps, showing comparable importance in
the charge transfer process. An increase in PO, results in a sufficient supply of O, to the

electrode from the gas phase thereby effectively eliminating diffusion polarization

resistance.

The ASR values for ORR are obtained by the sum of individual resistances
associated with each process. As expected, the ASR for LVOSSM/GDC interface decreases
notably with increasing temperature and slightly with the oxygen partial pressure as shown
in Figure 3.60. The characteristic of ASR shows quite weak PO, dependency (n = 0.0012 —
0.1261), which could be related to the oxide ion transfer within the bulk electrode and/or
from electrode to electrolyte through the TPB. Therefore, this process is the major rate-

limiting step for LVO5SM cathode.
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Figure 3.60. The dependence of the area specific resistance of the LVO5SSM/GDC interface

as a function of PO, at different temperatures.

Figure 3.61 shows the selected impedance responses for the single-phase LVO5SC
electrode on the YSZ electrolyte that is measured under different oxygen partial pressures

and collected in every 50 °C in the temperature range from 400 to 800 °C.

From the above Figure 3.61, EIS diagrams are composed of arcs located in high
frequency and low frequency zones, respectively. This indicated that at least two different
steps involved in the ORR over the electrode. It is clearly seen that below the 500 °C, two
well-separated semi-circles are observed in the high frequency part of the Nyquist plots.
With increasing operating temperature, the high-frequency arc size decreased noticeably,
and the arc was totally disappeared at 500 °C and higher. Both the electrodes and
electrolyte shape the impedance spectrum of a symmetric cell. The electrolyte typically
exhibits behavior as an ideal resistor, which represents the intercept value in the impedance
diagram at high frequency side with the real axis. With the decrease in operation
temperature, a semi-circle associated with the oxide ion diffusion around the grain

boundary of the electrolyte appeared in the high frequency range.
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Figure 3.61. Complex impedance plots for LVOSSC/YSZ/LVO5SC symmetric cell at
between 400-800 °C for different oxygen partial pressures.

Figure 3.62 illustrates the impedance diagrams measured at 600 °C under different
oxygen partial pressures. In general, the high and medium frequency arcs show little
dependence on the oxygen partial pressure, while the amplitude of the low frequency arc
increases slightly as decreasing the oxygen partial pressure. The magnitude of both arcs

changes significantly with the temperature Figure 3.61.
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Figure 3.62. Typical EIS of a symmetric LVOSSC/YSZ/LVO5SC cell measured at 600 °C

while fixing the oxygen partial pressure between 1 — 25%.

In order to have more information to interpret properly the processes involved in

the cathode/electrolyte interface, a study of the influence of oxygen partial pressure in the

electrode impedance as a function of temperature was required. The oxygen partial

pressure of the atmosphere is varied between 0.01 and 0.25 atm by mixing O, with N,

using mass flow controllers.

Figure 3.63, 3.64, 3.65 and 3.66 shows some typical EIS diagrams of the LVO5SC

cathode measured at 400 — 800 °C in air for 3-10-15-25% O,. Two apparent semi-circular

arcs in the complex impedance plots are evident. Presence of two semi-circular arcs in the

complex impedance plane suggests that the ORR over the electrode was composed of at

least two distinct processes.
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Figure 3.63. Experimental and fit Nyquist plots for a symmetrical LVOSSC/YSZ/LVO5SC

cell measured at 3% O,— 97%N, between 400 — 800 °C.
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Figure 3.64. Experimental and fit Nyquist plots for a symmetrical LVOSSC/YSZ/LVO5SC

cell measured at 10% O,— 90% N, between 400 — 800 °C.
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Figure 3.65. Experimental and fit Nyquist plots for a symmetrical LVOSSC/YSZ/LVO5SC

cell measured at 15% O,— 85% N, between 400 — 800 °C.
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Figure 3.66. Experimental and fit Nyquist plots for a symmetrical LVOSSC/YSZ/LVO5SC

cell measured at 25% O,— 75% N, between 400 — 800 °C.
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Figure 3.67. The equivalent circuits adopted for fitting the impedance data for a) 400-500
°C b) 600 - 700 °C.

Almost similar trends of the complex impedance diagrams were observed. Indeed,
several intermediate steps are involved during the overall ORR process. The experimental
impedance spectrum, simulated response and electrical equivalent circuit models are
shown in Figure 3.63, 3.64, 3.65 and 3.66. All Nyquist plots were fitted to the equivalent
circuit of L-R,-(R,-QPE,)-(R,-QPE,)...(R-QPE,) shown in Figure 3.67 by means of the
Gamry software. The data fitting contemplates three processes in the electrode reaction;
the results show good agreement between the experimental and fitted data. The numbers of
R, - OPE, impedances (made by a resistor R, in parallel with a constant phase element
QPE)) in series are dependent on operation temperature. The exact equivalent circuits
adopted for fitting the EIS data at the temperatures of 600 - 700 °C are fitted well to an
equivalent circuit of L-R,-(R,-QPE,)-(R,-QPE,)-(R;-QPE;) and the temperatures of 400 -
500 °C are in agreement with an equivalent circuit of L-R,-(R,-QPE,)-(R,-QPE,)-(R;-
QPE;)-(R,-QPE,). The first component (R,QPE,) appears as a semi-circle at the high-
frequency region, the second one (R,QPE,) as a semi-circle at the medium-frequency

region and the third one (R;QPE;) as a semi-circle at the low-frequency region.

With higher operation temperature, the size of the semi-circle at the high frequency

decreased. It totally disappeared above 500 °C. This implies that the well-separated semi-
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circle in the EIS high frequency range at 400 — 500 °C may be associated with oxide-ion
transfer through YSZ electrolyte grain boundaries. The second semi-circles in the EIS data
are contributed from oxygen reduction over the LVO5SC electrode. Impedance at high and
intermediate frequencies are related to ion and electron transfer at the electrode,
electrolyte, and collector/electrode interfaces, while the impedance at low frequencies is
associated with non-charge transfer, such as oxygen surface exchange and gas-phase

diffusion inside and outside the electrode layer [115].

Table 3.7. The fitting parameters as a function of temperature for LVO5SSC/YSZ/LVO05SC

in PO,.

PO, T (°C) 400 500 600 700
Lb(H) 4.39x10® 3.02x10" 1.11x10° 2.97x10°
Rb (Q.cm?) 66.24 58.82 4.632 4.574
RI (Q.cn?) | 2.72x10" 2.05x10" 8.31x10° 2028

03 | R2(Q.cm?) 524 270.6 51 6.646
R3 (Q.cm?) 245.6 1812 64.8 2474
R4 (Q.cm?) 8570 1763 4 - -
ASR (Q.cm?)| 2.72x10" 2.05x10" 8.31x10° 2059.38
Lb(H) 7.93x10® 8.69x10” 1.97x10° 1.43x10°¢
Rb (Q.cm?) 66.24 58.82 4.632 4.574
RI (Q.cn?) | 2.72x10" 2.05x10" 1.07x10° 829.2

010 | R2(Q.cm?) 5216 2634 50.94 6.646
R3 (Q.cm?) 245.6 180.88 64.72 20.26
R4 (Q.cm?) 8380 1729.8 - -
ASR (Q.cm?)| 2.72x10" 2.05x10" 1.07x10° 856.106
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Table 3.7. The fitting parameters as a function of temperature for LVO5SSC/YSZ/LVO0O5SC
in PO,. (cont.)

Lb (H) 1.17x10® 6.89x10°® 1.06x10° 7.72x1071°
Rb (Q.cn?) 66.24 58.82 4.632 4574
RI (Q.cn?) | 1.73x10" 3.73x10" 3.17x108 829.2
Ol5 | R2(Q.cm?) 41122 239.8 51 6.646
R3 (Q.cm?) 2456 1772 62.6 20.26
R4 (Q.cm?) 1375.6 1365 - -
ASR (Q.cm®)| 1.73x10" 3.73x10" 3.17x108 856.106
Lb (H) 9.02x10"° 1.23x10™ 9.61x10°¢ 3.65x10™"!
Rb (Q.cn?) 66.24 58.82 4.632 4574
Rl (Q.cm?) | 9.48x10" 1.02x10"° 2.46x108 818.6
025 [R2(Q.cm?) 4112 239.8 50.92 6.646
R3 (Q.cm?) 2456 86.4 62.66 19.874
R4 (Q.cm?) 1365 1364.6 - -
ASR (Q.cm?)| 9.48x10" 1.02x10"° 2.46x108 845.12

Table 3.7 summarizes the fitting parameters as a function of temperature for

LVO5SC/YSZ/LVO5SC under different partial pressure of oxygen, as well as the values of

area specific resistance (ASR). The inductance value was shown but not considered,

because it is not characteristic of the studied compound. It can be seen that the electrolyte

resistance (R,) as well as the four resistances (R,, R,, R;, R,) associated with the kinetic of

electrode processes decrease with increasing temperature, as expected. It also can be seen

that the electrolyte resistance, R,, does not depend on the oxygen partial pressure,

remaining stable at each temperature, which is in agreement with the behavior of a pure

ionic conductor as the YSZ electrolyte.
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The polarization resistance (R,), which is the ohmic part of the electrode resistance,
can be determined as the sum of the resistances of each individual process (R, = R; + R, +
R; + R,). For the symmetrical cell, the measured polarization resistance reflects the sum of
the polarization resistance of the two electrodes investigated. Thus, all the cell impedances
were normalized by the superficial area (0.04 cm?), so the R parameters obtained in the
fitting for each process were divided by two to consider the contribution of the two

symmetric electrodes.

The most commonly used parameter to determine the rate-determining step in ORR
is n, which is the slope of the electrode resistance as a function of oxygen partial pressure.
The n value indicates the relation between the electrode resistance and oxygen partial
pressure [116]. Representative profiles for PO, dependence of R,, R,, R; and R, + R; are

shown in Figure 3.68 and the fitting results at various temperatures are listed in Table 3.7.

From the fitted data values, R, is independent on the oxygen partial pressure and R,
and R; increases with decreasing PO,. It is clear that R, did not have a monotonic
dependence on oxygen partial pressure. The resistance of the high frequency arc decreases
with increasing temperatures, and it is independent of the oxygen partial pressure.
Therefore, the first arc could be caused by the oxygen ions transferring through the

electrolyte/electrode interface.

The polarization resistances R, and R;, associated with Arc2 and Arc3 appearing at
intermediate frequency ranges, are found to be highly dependent on oxygen partial
pressure. Both R, and R; decreased with increased oxygen partial pressure and increased
temperature. The values obtained for n are 0.0 - 0.1249 for R, and 0.0 - 0.1075 for R; at the
investigated temperatures. Considering the weak oxygen partial pressure, this process

could be related to an oxygen atom diffusion followed by a charge transfer.

The process associated with the low-frequency arc presents R, + R; which was
found to be dependent on PO, with the value n = 0.0134 - 0.043. It suggests that both R,
and R; are associated with electron transfer. In other words, the electron transfer process
may be composed of two successive intermediate steps, showing comparable importance in
the charge transfer process. An increase of oxygen partial pressure results in a sufficient
supply of oxygen to the electrode from the gas phase thereby effectively eliminating

diffusion polarization resistance.
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Figure 3.68. Dependence of three resistances at high, medium and low frequency on
oxygen partial pressure for LVO5SSC/YSZ interface between 400 - 800 °C (a) R;; (b) R,; (¢)
R, and (d) R, + R;.

The ASR values for ORR are obtained by the sum of individual resistances
associated with each process. As expected, the ASR for LVO5SSC/YSZ interface decreases
notably with increasing temperature and slightly with the oxygen partial pressure as shown
in Figure 3.69. The characteristic of ASR shows quite weak PO, dependency (n = 0.3022 —
0.5212), which could be related to oxygen adsorption-desorption process or a reaction
controlled by the atomic oxygen diffusion process (along the two phases
electrode/electrolyte contact) followed by a charge transfer. Therefore, these two processes

are the major rate-limiting steps for LVO5SC cathode.
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Figure 3.69. The dependence of the area specific resistance of the LVO5SC/YSZ interface

as a function of oxygen partial pressure at different temperatures.

Figure 3.70 shows the some impedance responses for the single-phase LVO5SC
electrode on the GDC electrolyte that is measured under different oxygen partial pressures

and collected in every 50 °C in the temperature range from 400 to 800 °C.

From Figure 3.70, EIS diagrams are composed of arcs located in high and low
frequency zones, respectively. This indicates that at least two different steps involved in
the ORR over the electrode. It is clearly seen that below the 500 °C, two well-separated
semi-circles are observed in the high frequency part of the Nyquist plots. With increasing
operating temperature, the high-frequency arc size decreased noticeably, and the arc was

totally disappeared at 500 °C and higher.

The impedances of a symmetric cell may arise from both the electrodes and
electrolyte. The electrolyte typically performs as an ideal resistor, which represents the
intercept value in the impedance diagram at high frequency side with the real axis. With
the decrease in operation temperature, a semi-circle associated with the oxide ion diffusion

around the grain boundary of the electrolyte appeared in the high frequency range.
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Figure 3.70. Complex impedance plots for LVOSSC/GDC/LV05SC symmetric cell at

between 400 - 800 °C for different oxygen partial pressures.

Figure 3.71 illustrates the impedance diagrams measured at 600 °C under different

oxygen partial pressures. In general, the high and medium frequency arcs show little

dependence on the oxygen partial pressure, while the amplitude of the low frequency arc

increases slightly as decreasing the oxygen partial pressure. The magnitude of arcs changes

significantly with the temperature (Figure 3.70).
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Figure 3.71. Typical EIS of a symmetric LVOSSC/GDC/LVO05SC cell measured at 600 °C

while fixing the oxygen partial pressure between 1 — 25%.

In order to determine the processes involved in the ORR, the effect of PO, in the
electrode impedance as a function of temperature was further studied. The oxygen partial
pressure of the atmosphere was varied between 0.01 and 0.25 atm by mixing O, with N,

using mass flow controllers.

Figure 3.72,3.73, 3.74 and 3.75 shows some typical EIS diagrams of the LVO5SC
cathode measured at 400 — 800 °C in air for 3-10-15-25% O,. Two discernable semi-
circular arcs in the complex impedance plots suggest that the ORR over the electrode was
composed of at least two distinct processes. Similar trends of the complex impedance
diagrams were observed. The experimental impedance spectrum, simulated response and
electrical equivalent circuit models are shown in Figure 3.72, 3.73, 3.74 and 3.75. All
Nyquist plots were fitted to the equivalent circuit of L-R,-(R,-OPE,)-(R,-OPE,)...(R-
QOPE;) shown in Figure 3.76 by means of the Gamry software. The data fitting
contemplates three processes in the electrode reaction; the results show good agreement

between the experimental and fitted data.
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Figure 3.72. Experimental and fit Nyquist plots for a symmetrical LVOSSC/GDC/LVO05SC

cell measured at 3% O,— 97% N, between 400 — 800 °C.
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Figure 3.73. Experimental and fit Nyquist plots for a symmetrical LVO5SSC/GDC/LVO0O5SC

cell measured at 10% O,— 90% N, between 400 — 800 °C.
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Figure 3.74. Experimental and fit Nyquist plots for a symmetrical LVOSSC/GDC/LVO05SC
cell measured at 15% O,— 85% N, between 400 — 800 °C.
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Figure 3.75. Experimental and fit Nyquist plots for a symmetrical LVOSSC/GDC/LVO05SC
cell measured at 25% O,— 75% N, between 400 — 800 °C.
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Figure 3.76. The equivalent circuits adopted for fitting the impedance data for a) 400 °C b)
500 - 800 °C.

The numbers of R; - QPE; impedances (made by a resistor R, in parallel with a
constant phase element QPE)) in series are dependent on operation temperature. The exact
equivalent circuits adopted for fitting the EIS data at the temperatures of 500 - 800 °C are
fitted well to an equivalent circuit of L-R,-(R,-QPE,)-(R,-QPE,)-(R;-QPE;) and the
temperature of 400 °C is in agreement with an equivalent circuit of L-R,-(R,-QPE,)-(R,-
QPE,)-(R;-QPE;)-(R,-QPE,). The first component (R,QPE,) appears as a semi-circle at the
high-frequency region, the second one (R,QPE,) as a semi-circle at the medium-frequency

region and the third one (R;QPE;) as a semi-circle at the low-frequency region.

The size of the semi-circle at the high frequency decreased and totally disappeared
above 500 °C. This implies that the well-separated semi-circle in the EIS high frequency
range at 400 - 500 °C may be associated with oxide-ion transfer through GDC electrolyte
grain boundaries. The second semi-circles in the EIS data are contributed from oxygen
reduction over the LVO5SC electrode. Impedance at high and intermediate frequencies is
related to ion and electron transfer at the electrode, electrolyte, and collector/electrode

interfaces, while the impedance at low frequencies is associated with non-charge transfer,
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such as oxygen surface exchange and gas-phase diffusion inside and outside the electrode

layer [115].

Table 3.8. The fitting parameters as a function of temperature for LVOSSC/GDC/LV05SC

in PO,.
PO, T (°C) 400 500 600 700 800
Lb(H) 1.53x107 9.52x107 9.45x107 1.11x10°¢ 7.21x107
Rb (Q.cm?) 63.62 12.032 3.09 0.5594 02114
RI (Q.cm?) 26.42 25.7 2.832 2.822 1.0146
03 | R2(Q.cm?) 23.32 9.116 2.8 1.4418 0.7806
R3 (Q.cm?) 2632 430 353 10.298 1.366
R4 (Q.cm?) 67.74 - - - -
ASR (Q.cm®)| 274948 464 816 358.632 14.562 3.161
Lb(H) 1.70x107 5.11x107 1.02x10°¢ 1.22x10° 1.28x10°
Rb (Q.cm?) 63.62 12.032 3.09 0.5594 02114
RI (Q.cm?) 26.42 25.7 2.808 2212 1.0146
010 | R2(Q.cm?) 17.94 8.106 2.782 1.255 0477
R3 (Q.cm?) 2632 199.92 183.6 10.298 1.366
R4 (Q.cn??) 67.74 - - - B
ASR (Q.cm®)|  2744.1 233.726 189.19 13.765 2.857
Lb(H) 3.32x10™" 8.26x10™" 9.75x107 1.89x10°¢ 1.29x10°¢
Rb (Q.cm?) 63.62 12.032 3.09 0.5594 02114
Ol15 | RI(Q.cm?) 224 22.24 2.778 2.208 0.6204
R2 (Q.cm?) 13.81 7.95 2.782 0.935 0.4766
R3 (Q.cm?) 2632 199.72 180.28 10.298 1.366
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Table 3.8. The fitting parameters as a function of temperature for LVOSSC/GDC/LV05SC
in PO,. (cont.)

R4 (Q.cn??) 50.38 - - - B

ASR (Q.cm?)|  2718.59 229.91 185.84 13.441 2.463
Lb (H) 1.28x10° 1.59x107"¢ 9.77x107 1.16x10°¢ 4.22x107
Rb (Q.cm?) 63.62 12.032 3.09 0.5594 02114
RI (Q.cm?) 22.3 21.66 2.772 1.6198 0.4768
025 [ Rr2(Q.cn?) 13.024 7.462 2782 0.6074 0.4766
R3 (Q.cm?) 2632 187.7 149.16 10.298 1.366

R4 (Q.cn??) 50.36 - - - B

ASR (Q.cm®)  2717.68 216.82 154.714 12.525 2.319

Table 3.8 summarizes the fitting parameters as a function of temperature for
LVO5SC/GDC/LVO5SC under different partial pressure of oxygen, as well as the values of
area specific resistance (ASR). The inductance value was shown but not considered in the
present study. It can be seen that the electrolyte resistance (R,) as well as the four
resistances (R, R,, R;, R,) associated with the kinetic of electrode processes decrease with
increasing temperature, as expected. It also can be seen that the electrolyte resistance, R,
does not depend on the oxygen partial pressure, remaining stable at each temperature,

which is in agreement with the behavior of a pure ionic conductor as the GDC electrolyte.

The expected but invisible right intercept on the real axis at EIS diagram represents
the total resistance (R,,) and the left intercept on the real axis corresponds to the ohmic
resistance (R,,,, including the electrolyte and connection wires). The polarization
resistance (R,) is estimated from the difference between R, and R,,, (R, = R, - R,,,).
Thus, all the cell impedances were normalized by the superficial area (0.04 cm?), so the R
parameters obtained in the fitting for each process were divided by two to consider the

contribution of the two symmetric electrodes.
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The most commonly used parameter to determine the rate-determining step in the
ORR is the slope of the electrode resistance as a function of oxygen partial pressure, inset
in Figure 3.49. The overall ORR can be simply described as 1/ 20, (g)+ 2¢~ - 0% .In
reality, it may involve many sub-steps such as gas diffusion, surface adsorption,
dissociation, electron and ion charge transfer, and so on [118]. In order to operate a cell in
intermediate temperature range, it is of vital importance to accelerate the ORR in the
cathode and the oxygen transport in the cathode and electrolyte. Representative profiles for
PO, dependence of R,, R,, R; and R, + R; are shown in Figure 3.77 and the fitting results at

various temperatures are listed in Table 3.8.

From the fitted data values, R, is slightly dependent on the oxygen partial pressure
and R, and R; increases with decreasing PO,. It is clear that R, did not have a monotonic
dependence on oxygen partial pressure. The resistance of the high frequency arc decreases
with increasing temperatures, and it is independent of the oxygen partial pressure.
Therefore, the first arc could be caused by the oxygen ions transferring through the

electrolyte/electrode interface.

The polarization resistances R, and R;, associated with Arc2 and Arc3 appearing at
intermediate frequency ranges, are found to be highly dependent on oxygen partial
pressure. Both R, and R; decreased with increased oxygen partial pressure and increased
temperature. The values obtained for n are 0.0032 - 0.3777 for R, and 0.00 - 0.4085 for R;
at the investigated temperatures. Considering the weak oxygen partial pressure, this

process could be related to an oxygen atom diffusion followed by a charge transfer.

The process associated with the low-frequency arc presents R, + R; which was
found to be dependent on PO, with the value n = 0.0019 - 0.4022. It suggests that both R,
and R; are associated with electron transfer. In other words, the electron transfer process
may be composed of two successive intermediate steps, showing comparable importance in
the charge transfer process. An increase of oxygen partial pressure results in a sufficient
supply of oxygen to the electrode from the gas phase thereby effectively eliminating

diffusion polarization resistance.
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Figure 3.78. The dependence of the area specific resistance of the LVO5SC/GDC interface

as a function of PO, at different temperatures.
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The ASR values for ORR are obtained by the sum of individual resistances
associated with each process. As expected, the ASR for LVO5SSC/GDC interface decreases
notably with increasing temperature and slightly with the oxygen partial pressure as shown
in Figure 3.78. The characteristic of ASR shows a quite weak PO, dependency (n = 0.0059
—0.1492), which could be related to the oxide ion transfer within the bulk electrode and/or
from electrode to electrolyte through the TPB. Therefore, this process is the major rate-

limiting step for LVO5SC cathode.
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Figure 3.79. Complex impedance plots for LV3SF/YSZ/LV3SF symmetric cell at between
400-800 °C for different oxygen partial pressures.
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Figure 3.79 shows the some impedance responses for the single-phase LV3SF
electrode on the YSZ electrolyte that is measured under different oxygen partial pressures

and collected in every 50 °C in the temperature range from 400 to 800 °C.

From the Figure 3.79, it is clearly seen that below the 500 °C, two impedance
contributions has an apparent shape in the high frequency part of the Nyquist plots. With
increasing operating temperature, the high-frequency arc size decreased noticeably, and the
arc was totally disappeared at 500 °C. An additional arc at the low frequency range

appeared when the operating temperature was elevated to 600 °C.

The impedances of a symmetric cell may arise from both the electrodes and
electrolyte. The electrolyte typically performs as an ideal resistor, which represents the
intercept value in the impedance diagram at high frequency side with the real axis.
However, with the decrease in operation temperature, a semi-circle associated with the
oxide ion diffusion around the grain boundary of the electrolyte also appeared in the high

frequency range.
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Figure 3.80. Typical EIS of a symmetric LV3SF/YSZ/LV3SF cell measured at 600 °C

while fixing the oxygen partial pressure between 1 — 25%.

Figure 3.80 illustrates the impedance diagrams measured at 600 °C under different

oxygen partial pressures. Three arcs at high, medium and low frequencies can be observed.
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In general, the high and medium frequency arcs show little dependence on the oxygen
partial pressure, while the amplitude of the low frequency arc increases slightly as
decreasing the oxygen partial pressure. The magnitude of arcs changes significantly with

the temperature Figure 3.79.

In order to have more information to interpret properly the processes involved in
the cathode/electrolyte interface, a study of the influence of oxygen partial pressure in the
electrode impedance as a function of temperature was required. The oxygen partial
pressure of the atmosphere was varied between 0.01 and 0.25 atm by mixing O, with N,

using mass flow controllers.

Figure 3.81, 3.82, 3.83 and 3.84 show some typical EIS diagrams of the LV3SF
cathode measured at 400 — 800 °C in air for 3-10-15-25% O,. Three noticeable semi-
circular arcs in the complex impedance plots are evident. Presence of three semi circular
arcs in the complex impedance plane suggests that the ORR over the electrode was

composed of at least three distinct processes.
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Figure 3.81. Experimental and fit Nyquist plots for a symmetrical LV3SF/YSZ/LV3SF cell
measured at 3% O,— 97% N, between 400 — 800 °C.
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Figure 3.82. Experimental and fit Nyquist plots for a symmetrical LV3SF/YSZ/LV3SF
cell measured at 10% O,— 90% N, between 400 — 800 °C.
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Figure 3.83. Experimental and fit Nyquist plots for a symmetrical LV3SF/YSZ/LV3SF
cell measured at 15% O,— 85% N, between 400 — 800 °C.
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Figure 3.84. Experimental and fit Nyquist plots for a symmetrical LV3SF/YSZ/LV3SF
cell measured at 25% O,— 75% N, between 400 — 800 °C.
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Almost similar trends of the complex impedance diagrams were observed. Indeed,
several intermediate steps are involved during the overall ORR process. The experimental
impedance spectrum, simulated response and electrical equivalent circuit models are
shown in Figure 3.81, 3.82, 3.83 and 3.84. All Nyquist plots were fitted to the equivalent
circuit of L-R,-(R,-QPE,)-(R,-QPE,)...(R-QPE,) shown in Figure 3.85 by means of the
Gamry software. The data fitting contemplates three processes in the electrode reaction;
the results show good agreement between the experimental and fitted data. The numbers of
R, - OPE, impedances (made by a resistor R, in parallel with a constant phase element
QPE)) in series are dependent on operation temperature. The exact equivalent circuits
adopted for fitting the EIS data at the temperature of 500 °C is fitted well to an equivalent
circuit of L-R,-(R,-QPE,)-(R,-OPE,)-(R;-QPE;) and the temperatures of 400, 600, 700 and
800 °C are in agreement with an equivalent circuit of L-R,-(R,-QPE,)-(R,-QPE,)-(R;-
QPE;)-(R,-QPE,). The first component (R,QPE,) appears as a semi-circle at the high-
frequency region, the second one (R,QPE,) as a semi-circle at the medium-frequency

region and the third one (R;QPE};) as a semi-circle at the low-frequency region.

The size of the semi-circle at the high frequency decreased and it totally
disappeared at 500 °C. This implies that the well-separated semi-circle in the EIS high
frequency range at 400 — 500 °C may be associated with oxide-ion transfer through YSZ
electrolyte grain boundaries. The second semi-circles in the EIS data are contributed from
oxygen reduction over the LV3SF electrode. Impedance at high and intermediate
frequencies is related to ion and electron transfer at the electrode, electrolyte, and
collector/electrode interfaces, while the impedance at low frequencies is associated with
non-charge transfer, such as oxygen surface exchange and gas-phase diffusion inside and

outside the electrode layer [115].

Table 3.9 summarizes the fitting parameters as a function of temperature for
LV3SF/YSZ/LV3SF under different partial pressure of oxygen, as well as the values of
area specific resistance (ASR). The inductance value was shown but not considered,

because it is not characteristic of the studied compound.
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Table 3.9. The fitting parameters as a function of temperature for LV3SF/YSZ/LV3SF in

PO,.
PO, T (°C) 400 500 600 700 800
Lb (H) 4.42x107 6.15x10°® 3.01x10°¢ 1.04x10° 2.22x101°
Rb (Q.cm?) 71.62 49.1 9.03 3.05 2.046
RI (Q.cm?) 945.8 3482 38.58 15.456 10.484
03 | R2(Q.cm?) 5272 101.72 173 6.024 1.2098
R3 (Q.cm?) 524.6 4422 3234 318.8 78.02
R4 (Q.cm?) 2416 - 63.28 17.35 13.186
ASR (Q.cm®)|  4413.6 892.12 442.56 357.63 102.89
Lb (H) 3.74x10* 1.66x107° 4.40x10°¢ 3.03x10° 4.53x107
Rb (Q.cm?) 71.62 49.1 9.03 3.05 2.046
RI (Q.cm?) 945.8 3226 38.14 15.456 9.67
010 | R2(Q.cm?) 527 89.52 14.148 4.16 1.1002
R3 (Q.cm?) 524.6 4422 3204 318.6 76.78
R4 (Q.cn?) 2416 - 53 17.304 12.99
ASR (Q.cm®)| 44134 854.32 425.688 355.52 100.54
Lb (H) 3.74x10°® 8.26x10°® 6.14x10°¢ 3.87x10° 1.40x10™"
Rb (Q.cm?) 71.62 49.1 9.03 3.05 2.046
RI (Q.cm?) 885.8 3226 23.82 14.378 8.906
Ol15 | R2(Q.cm?) 464.6 89.52 14.098 4.156 1.0978
R3 (Q.cm?) 524 4422 3204 318.4 76.6
R4 (Q.cm?) 2416 - 524 17.208 11.178
ASR (Q.cm®)| 42904 854.32 410.718 354.142 97.78




130

Table 3.9. The fitting parameters as a function of temperature for LV3SF/YSZ/LV3SF in

PO,. (cont.)

Lb (H) 8.88x10” 1.52x10°" 6.97x10°¢ 5.46x10°¢ 7.18x10™"!

Rb (Q.cm?) 71.62 49.1 9.03 3.05 2.046

RI (Q.cm?) 885.8 3226 20.7 14.378 8.672
025 | R2(Q.cm?) 464.2 89.38 14 3.966 1.0006

R3 (Q.cm?) 524 4422 319 3184 76.12

R4 (Q.cn??) 2416 - 519 17.128 11.002

ASR (Q.cm®)| 4290 854.18 405.6 353.872 96.794

It can be seen that the electrolyte resistance (R,) as well as the four resistances (R,
R,, R;, R)) associated with the kinetic of electrode processes decrease with increasing
temperature, as expected. It also can be seen that the electrolyte resistance, R,, does not
depend on the oxygen partial pressure, remaining stable at each temperature, which is in

agreement with the behavior of a pure ionic conductor as the YSZ electrolyte.

The polarization resistance (R,), which is the ohmic part of the electrode resistance,
can be determined as the sum of the resistances of each individual process (R, = R; + R, +
R; + R,). For the symmetrical cell, the measured polarization resistance reflects the sum of
the polarization resistance of the two electrodes investigated. Thus, all the cell impedances
were normalized by the superficial area (0.04 cm?), so the R parameters obtained in the
fitting for each process were divided by two to consider the contribution of the two

electrodes.

The most commonly used parameter to determine the rate-determining step in ORR
is n, which is the slope of the electrode resistance as a function of oxygen partial pressure.
The n value indicates the relation between the electrode resistance and oxygen partial
pressure [116]. Representative profiles for PO, dependence of R,, R,, R; and R, + R; are

shown in Figure 3.86 and the fitting results at various temperatures are listed in Table 3.9.
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From the fitted data values, R, is slightly dependent on the oxygen partial pressure

and R, and R;increases with decreasing PO,.

It is clear that R, did not have a monotonic dependence on oxygen partial pressure.
The resistance of the high frequency arc decreases with increasing temperatures, and it is
independent of the oxygen partial pressure. Therefore, the first arc could be caused by the

oxygen ions transferring through the electrolyte/electrode interface.
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Figure 3.86. Dependence of three resistances at high, medium and low frequency on
oxygen partial pressure for LV3SF/YSZ interface between 400 - 800 °C (a) R,; (b) R,; (¢)
R; and (d) R, + R;.

The polarization resistances R, and R;, associated with Arc2 and Arc3 appearing at
intermediate frequency ranges, are found to be highly dependent on oxygen partial
pressure. Both R, and R; decreased with increased oxygen partial pressure and increased
temperature. The values obtained for n are 0.0649 - 0.2038 for R, and 0.00 - 0.0116 for R;
at the investigated temperatures. Considering the weak oxygen partial pressure, this

process could be related to an oxygen atom diffusion followed by a charge transfer.
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The process associated with the low-frequency arc presents R, + R; which was
found to be dependent on PO, with the value n = 0.0037 - 0.0321. It suggests that both R,
and R; are associated with electron transfer. In other words, the electron transfer process
may be composed of two successive intermediate steps, showing comparable importance in
the charge transfer process. An increase of oxygen partial pressure results in a sufficient
supply of oxygen to the electrode from the gas phase thereby effectively eliminating

diffusion polarization resistance.
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Figure 3.87. The dependence of the area specific resistance of the LV3SF/YSZ interface as

a function of oxygen partial pressure at different temperatures.

The ASR values for ORR are obtained by the sum of individual resistances
associated with each process. As expected, the ASR for LV3SF/YSZ interface decreases
notably with increasing temperature and slightly with the oxygen partial pressure as shown
in Figure 3.87. The characteristic of ASR shows quite weak PO, dependency (n = 0.0053 —
0.0426), which could be related to the oxide ion transfer within the bulk electrode and/or
from electrode to electrolyte through the TPB. Therefore, this process is the major rate-

limiting step for LV3SF cathode.

Figure 3.88 shows the some impedance responses for the single-phase LV3SF
electrode on the GDC electrolyte that is measured under different oxygen partial pressures

and collected in every 50 °C in the temperature range from 400 to 800 °C.
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From the Figure 3.88, it is clearly seen that below the 500 °C, the high frequency
part of the two clearly resolved impedance contributions has an apparent shape in the
Nyquist plots. With increasing operating temperature, the high-frequency arc size
decreased noticeably, and the arc was totally disappeared at 500 °C and higher. An
additional arc at the low frequency range appeared when the operating temperature was

elevated to 600 °C.
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Figure 3.88. Complex impedance plots for LV3SF/GDC/LV3SF symmetric cell at between
400-800 °C for different oxygen partial pressures.

The impedances of a symmetric cell may arise from both the electrodes and

electrolyte. The electrolyte typically performs as an ideal resistor and displays only a dot in
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the Nyquist plots at high temperatures in the investigated frequency range of 10°-10" Hz.
However, with the decrease in operation temperature, a semi-circle associated with the
oxide ion diffusion around the grain boundary of the electrolyte also appeared in the high

frequency range.
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Figure 3.89. Typical EIS of a symmetric LV3SF/GDC/LV3SF cell measured at 500 °C

while fixing the oxygen partial pressure between 1 — 25%.

Figure 3.89 illustrates the impedance diagrams measured at 500 °C under different
oxygen partial pressures. In general, the high and medium frequency arcs show little
dependence on the oxygen partial pressure, while the amplitude of the low frequency arc
increases slightly as decreasing the oxygen partial pressure. The magnitude of arcs changes
significantly with the temperature (Figure 3.88). In order to determine the processes
involved in the ORR, the effect of PO, in the electrode impedance as a function of
temperature was further studied. The oxygen partial pressure of the atmosphere was varied
between 0.01 and 0.25 atm by mixing O, with N, using mass flow controllers. Figure 3.90,
391, 3.92 and 3.93 show some typical EIS diagrams of the LV3SF cathode measured at
400-800 °C 1in air for 3-10-15-25% O,. Two discernable semi-circular arcs in the complex
impedance plots are evident. Presence of two semi circular arcs in the impedance plane

suggests that the ORR over the electrode was composed of at least two distinct processes.
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Figure 3.90. Experimental and fit Nyquist plots for a symmetrical LV3SF/GDC/LV3SF
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Figure 3.91. Experimental and fit Nyquist plots for a symmetrical LV3SF/GDC/LV3SF
cell measured at 10% O,— 90% N, between 400 — 800 °C.
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Figure 3.92. Experimental and fit Nyquist plots for a symmetrical LV3SF/GDC/LV3SF
cell measured at 15% O,— 85% N, between 400 — 800 °C.
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Figure 3.93. Experimental and fit Nyquist plots for a symmetrical LV3SF/GDC/LV3SF
cell measured at 25% O,— 75% N, between 400 — 800 °C.
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Figure 3.94. The equivalent circuits adopted for fitting the impedance data for a) 400 - 600
°C b) 700 - 800 °C.

Almost similar trends of the complex impedance diagrams were observed. The
experimental impedance spectrum, simulated response and electrical equivalent circuit
models are shown in Figure 3.90, 3.91, 3.92 and 3.93. All Nyquist plots were fitted to the
equivalent circuit of L-R,-(R,-QPE,)-(R,-QPE,)...(R-QPE,) shown in Figure 3.94 by
means of the Gamry software. The data fitting contemplates three processes in the
electrode reaction; the results show good agreement between the experimental and fitted
data. The numbers of R, - QPE, impedances (made by a resistor R; in parallel with a
constant phase element QPE)) in series are dependent on operation temperature. The exact
equivalent circuits adopted for fitting the EIS data at the temperatures of 700 - 800 °C are
fitted well to an equivalent circuit of L-R,-(R,-QPE,)-(R,-QPFE,)-(R;-QPE;) and the
temperatures of 400 - 600 °C are in agreement with an equivalent circuit of L-R,-(R,-
QPE,)-(R,-QPE,)-(R;-QOPE;)-(R,-QPE,). The first component (R,QPE,) appears as a semi-
circle at the high-frequency region, the second one (R,QPE,) as a semi-circle at the
medium-frequency region and the third one (R;QPE;) as a semi-circle at the low-frequency

region.

The size of the semi-circle at the high frequency decreased and it totally

disappeared at 500 °C. This implies that the well-separated semi-circle in the EIS high
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frequency range at 400 — 500 °C may be associated with oxide-ion transfer through GDC
electrolyte grain boundaries. The second semi-circles in the EIS data are contributed from
oxygen reduction over the LV3SF electrode. Impedance at high and intermediate
frequencies is related to ion and electron transfer at the electrode, electrolyte, and
collector/electrode interfaces, while the impedance at low frequencies is associated with
non-charge transfer, such as oxygen surface exchange and gas-phase diffusion inside and

outside the electrode layer [115].

Table 3.10. The fitting parameters as a function of temperature for LV3SF/GDC/LV3SF in

PO,.

PO, T (°C) 400 500 600 700 800
Lb (H) 3.14x10° 1.04x10°¢ 1.46x10"° 4.21x107 9.12x10°"
Rb (Q.cm?) 28.8 5.842 2.178 0.9288 0.5488
RI (Q.cm?) 1466.6 1423.8 1313.8 65.72 34.58

03 | R2(Q.cm?) 11.902 7.27 2.262 0.8706 0.2286
R3 (Q.cm?) 40.82 38.04 31.48 28.06 0.2774
R4 (Q.cm?) 37.42 3.202 1.85 - -
ASR (Q.cm®)|  1556.742 1472312 1349.392 94.650 35.086
Lb (H) 2.90x10° 1.22x10°¢ 3.40x10" 3.03x10"2 5.20x107
Rb (Q.cm?) 28.8 5.842 2.178 0.9288 0.5488
RI (Q.cm?) 14256 1399.8 1284 4 63.72 34.58

010 | R2(Q.cm?) 11.702 7.11 20 0.8624 0.2286
R3 (Q.cm?) 40.8 35.9 30.94 22.74 0.2726
R4 (Q.cn?) 374 3.164 1.782 - -
ASR (Q.cm?)|  1515.502 1445974 1319.122 87.3224 35.081
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Table 3.10. The fitting parameters as a function of temperature for LV3SF/GDC/LV3SF in

PO,. (cont.)
Lb (H) 8.63x10” 1.98x10°¢ 4.34x10™" 7.42x10" 5.77x107
Rb (Q.cm?) 28.8 5.842 2.178 0.9288 0.5488
RI (Q.cnm?) 14254 1321.4 1284.2 60.0 34.58
Ol5 | R2(Q.cm?) 11.702 7.11 1.7 0.8582 0.224
R3 (Q.cm?) 40.8 34.54 30.94 224 0.272
R4 (Q.cn??) 23.98 3.164 1.782 - -
ASR (Q.cm®)| 1501.882 1366.214 1318.622 83.258 35.076
Lb(H) 8.91x10” 7.30x10"2 5.16x10° 1.46x10°® 5.24x107
Rb (Q.cm?) 28.8 5.842 2.178 0.9288 0.5488
RI (Q.cnm’) 1424 4 1313.8 1276 .4 44 34.4
025 | R2(Q.cm?) 11472 6.766 1.562 0.8016 0.224
R3 (Q.cm?) 40.8 30.94 30.94 20.38 0.2312
R4 (Q.cm?) 20 3.16 1.6216 - -
ASR (Q.cm®)  1496.672 1354.666 1310.523 65.181 34.855

Table 3.10 summarizes the fitting parameters as a function of temperature for

LV3SF/GDC/LV3SF under different partial pressure of oxygen, as well as the values of

area specific resistance (ASR). The inductance value was shown but not considered,

because it is not characteristic of the studied compound. It can be seen that the electrolyte

resistance (R,) as well as the four resistances (R,, R,, R;, R,) associated with the kinetic of

electrode processes decrease with increasing temperature, as expected. It also can be seen

that the electrolyte resistance, R,, does not depend on the oxygen partial pressure,

remaining stable at each temperature, which is in agreement with the behavior of a pure

ionic conductor as the GDC electrolyte.
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The polarization resistance (R,), which is the ohmic part of the electrode resistance,
can be determined as the sum of the resistances of each individual process (R, = R; + R, +
R; + R,). For the symmetrical cell, the measured polarization resistance reflects the sum of
the polarization resistance of the two electrodes investigated. Thus, all the cell impedances
were normalized by the superficial area (0.04 cm?), so the R parameters obtained in the
fitting for each process were divided by two to consider the contribution of the two

electrodes.

The most commonly used parameter to determine the rate-determining step in ORR
is n, which is the slope of the electrode resistance as a function of oxygen partial pressure.
The n value indicates the relation between the electrode resistance and oxygen partial
pressure [116]. Representative profiles for PO, dependence of R,, R,, R; and R, + R; are

shown in Figure 3.95 and the fitting results at various temperatures are listed in Table 3.10.

From the fitted data values, R, is slightly dependent on the oxygen partial pressure
and R, and R; increases with decreasing PO,. It is clear that R, did not have a monotonic
dependence on oxygen partial pressure. The resistance of the high frequency arc decreases
with increasing temperatures, and it is independent of the oxygen partial pressure.
Therefore, the first arc could be caused by the oxygen ions transferring through the

electrolyte/electrode interface.

The polarization resistances R, and R;, associated with Arc2 and Arc3 appearing at
intermediate frequency ranges, are found to be highly dependent on oxygen partial
pressure. Both R, and R; decreased with increased oxygen partial pressure and increased
temperature. The values obtained for n are 0.0105 - 0.1764 for R, and 0.0002 — 0.1478 for
R; at the investigated temperatures. Considering the weak oxygen partial pressure, this

process could be related to an oxygen atom diffusion followed by a charge transfer.

The process associated with the low-frequency arc presents R, + R; which was
found to be dependent on PO, with the value n = 0.0037 - 0.1439. It suggests that both R,
and R; are associated with electron transfer. In other words, the electron transfer process
may be composed of two successive intermediate steps, showing comparable importance in
the charge transfer process. An increase of oxygen partial pressure results in a sufficient
supply of oxygen to the electrode from the gas phase thereby effectively eliminating

diffusion polarization resistance.
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Figure 3.95. Dependence of three resistances at high, medium and low frequency on

oxygen partial pressure for LV3SF/GDC interface between 400 - 800 °C (a) R;; (b) R,; (¢)
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Figure 3.96. The dependence of the area specific resistance of the LV3SF/GDC interface

as a function of oxygen partial pressure at different temperatures.
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The ASR values for ORR are obtained by the sum of individual resistances
associated with each process. As expected, the ASR for LV3SF/GDC interface decreases
notably with increasing temperature and slightly with the oxygen partial pressure as shown
in Figure 3.96. The characteristic of ASR shows quite weak PO, dependency (n = 0.0024 —
0.1537), which could be related to the oxide ion transfer within the bulk electrode and/or
from electrode to electrolyte through the TPB. Therefore, this process is the major rate-

limiting step for LV3SF cathode.

Figure 3.97 shows the some impedance responses for the single-phase LG10SC
electrode on the YSZ electrolyte that is measured under different oxygen partial pressures

and collected in every 50 °C in the temperature range from 400 to 800 °C.
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Figure 3.97. Complex impedance plots for LG10SC/YSZ/LG10SC symmetric cell at
between 400-800 °C for different oxygen partial pressures.
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From the Figure 3.97, it is clearly seen that below the 600 °C, two impedance
contributions has an apparent shape in the high frequency part of the Nyquist plots. With
increasing operating temperature, the high-frequency arc size decreased noticeably, and the
arc was totally disappeared at 600 °C. The impedances of a symmetric cell may arise from
both the electrodes and electrolyte. The electrolyte typically performs as an ideal resistor,
which represents the intercept value in the impedance diagram at high frequency side with
the real axis. However, with the decrease in operation temperature, a semi-circle associated
with the oxide ion diffusion around the grain boundary of the electrolyte also appeared in

the high frequency range.
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Figure 3.98. Typical EIS of a symmetric LG10SC/YSZ/LG10SC cell measured at 600 °C

while fixing the oxygen partial pressure between 1 — 25%.

Figure 3.98 illustrates the impedance diagrams measured at 600 °C under different
oxygen partial pressures. In general, the high and medium frequency arcs show little
dependence on the oxygen partial pressure, while the amplitude of the low frequency arc
increases slightly as decreasing the oxygen partial pressure. The magnitude of arcs changes
significantly with the temperature Figure 3.97. In order to determine the processes
involved in the ORR, the effect of PO, in the electrode impedance as a function of
temperature was further studied. The oxygen partial pressure of the atmosphere was varied

between 0.01 and 0.25 atm by mixing O, with N, using mass flow controllers.
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Figure 3.99. Experimental and fit Nyquist plots for a symmetrical LG10SC/YSZ/LG10SC

cell measured at 3% O,— 97% N, between 400 — 800 °C.
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Figure 3.100. Experimental and fit Nyquist plots for a symmetrical LG10SC/YSZ/LG10SC

cell measured at 10% O,— 90% N, between 400 — 800 °C.
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Figure 3.101. Experimental and fit Nyquist plots for a symmetrical LG10SC/YSZ/LG10SC

cell measured at 15% O,— 85% N, between 400 — 800 °C.
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Figure 3.102. Experimental and fit Nyquist plots for a symmetrical LG10SC/YSZ/LG10SC

cell measured at 25% O,— 75% N, between 400 — 800 °C.
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Figure 3.103. The equivalent circuits adopted for fitting the impedance data for a) 400 -
500 °C b) 600 - 800 °C.

Figure 3.99, 3.100, 3.101 and 3.102 show some typical EIS diagrams of the
LG10SC cathode measured at 400 — 800 °C in air for 3-10-15-25% O,. Two discernable
semi-circular arcs in the complex impedance plots are evident. Presence of two semi
circular arcs in the complex impedance plane suggests that the ORR over the electrode was
composed of at least two distinct processes. Almost similar trends of the complex
impedance diagrams were observed. Indeed, several intermediate steps are involved during
the overall ORR process. The experimental impedance spectrum, simulated response and

electrical equivalent circuit models are shown in Figure 3.99, 3.100, 3.101 and 3.102.

All Nyquist plots were fitted to the equivalent circuit of L-R,-(R;,-OPE,)-(R,-
OPE,)...(R-QPE,) shown in Figure 3.103 by means of the Gamry software. The data fitting
contemplates three processes in the electrode reaction; the results show good agreement
between the experimental and fitted data. The numbers of R, - QPE; impedances (made by
a resistor R, in parallel with a constant phase element QPE)) in series are dependent on
operation temperature. The exact equivalent circuits adopted for fitting the EIS data at the
temperatures of 600 - 800 °C is fitted well to an equivalent circuit of L-R,-(R,-QPE,)-(R,-
QPE,)-(R;-QPE;) and the temperatures of 400 - 500 °C are in agreement with an equivalent



147

circuit of L-R,-(R,-QPE,)-(R,-OPE,)-(R;-OPE;)-(R,-QPE,). The first component (R,QPE))
appears as a semi-circle at the high-frequency region, the second one (R,QPE,) as a semi-
circle at the medium-frequency region and the third one (R;QPE;) as a semi-circle at the

low-frequency region.

The size of the semi-circle at the high frequency decreased and it totally
disappeared at 600 °C. This implies that the well-separated semi-circle in the EIS high
frequency range at 400 — 500 °C may be associated with oxide-ion transfer through YSZ
electrolyte grain boundaries. The second semi-circles in the EIS data are contributed from
oxygen reduction over the LGIOSC electrode. Impedance at high and intermediate
frequencies is related to ion and electron transfer at the electrode, electrolyte, and
collector/electrode interfaces, while the impedance at low frequencies is associated with
non-charge transfer, such as oxygen surface exchange and gas-phase diffusion inside and

outside the electrode layer [115].

Table 3.11. The fitting parameters as a function of temperature for LG10SC/YSZ/LG10SC

in PO,.

PO, T (°C) 400 500 600 700 800
Lb (H) 2.41x107 1.30x10%® 1.19x107 1.90x107 1.01x10°¢
Rb (Q.cm?) 30 24.8 20.2 2.656 2.636
RI (Q.cm?) 8672 1946.6 1843 669.4 103.32

03 | R2(Q.cm’) 2218 282.8 39.16 13.902 3.026
R3 (Q.cm?) 708.6 584.8 556.6 2524 11.924
R4 (Q.cm’) 1361.4 1361 - - _
ASR (Q.cm®) 12960 41752 2438.76 935.702 118.27
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Table 3.11. The fitting parameters as a function of temperature for LG10SC/YSZ/LG10SC
in PO,. (cont.)

Lb (H) 1.32x107 3.03x10” 1.60x107 9.23x10°¢ 2.17x10°¢
Rb (Q.cm?) 30 24.8 20.2 2.656 2.636
RI (Q.cm?) 8666 1903.6 1843 2104 103.28
010 | R2(Q.cm?) 2218 282.8 36.34 13.902 2974
R3 (Q.cm?) 685 583.2 495.6 2522 11.27
R4 (Q.cm’) 1361.4 1327.4 - - _
ASR (Q.cm?®)| 129304 4097 2374.94 476.502 117.524
Lb(H) 5.82x10® 1.38x107 2.57x10"2 1.13x10° 3.47x10°®
Rb (Q.cm?) 30 24.8 20.2 2.656 2.636
RI (Q.cm?) 8666 1900.6 1104 2104 94.56
Ol15 | R2(Q.cm?) 2218 2752 36.04 13.902 2974
R3 (Q.cm?) 685 557.6 495.6 2522 11.27
R4 (Q.cm?) 13614 1296 - - -
ASR (Q.cm?®)| 129304 4029.4 1635.64 476.502 108.804
Lb (H) 5.08x10® 1.66x10"° 1.23x107 423x107" 1.22x107
Rb (Q.cm?) 30 24.8 20.2 2.656 2.636
RI (Q.cm?) 8666 1843 110222 1542 94.56
025 | R2(Q.cm?) 2218 222.8 36.04 13.9 2974
R3 (Q.cm?) 684 .4 556.6 444 2522 10.592
R4 (Q.cm’) 1361.4 1286.4 - - _
ASR (Q.cm®)|  12929.8 3908.8 1582.24 4203 108.126
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Table 3.11 summarizes the fitting parameters as a function of temperature for
LG10SC/YSZ/LG10SC under different partial pressure of oxygen, as well as the values of
area specific resistance (ASR). The inductance value was shown but not considered in the
present study. It can be seen that the electrolyte resistance (R,) as well as the four
resistances (R, R,, R;, R,) associated with the kinetic of electrode processes decrease with
increasing temperature, as expected. It also can be seen that the electrolyte resistance, R,,
does not depend on the oxygen partial pressure, remaining stable at each temperature,

which is in agreement with the behavior of a pure ionic conductor as the YSZ electrolyte.

The expected but invisible right intercept on the real axis at EIS diagram represents
the total resistance (R,,) and the left intercept on the real axis corresponds to the ohmic
resistance (R including the electrolyte and connection wires). The polarization

(Rp = Rtot - Rohm)'

ohm»

resistance (R)) is estimated from the difference between R, and R,
Thus, all the cell impedances were normalized by the superficial area (0.04 cm?), so the R
parameters obtained in the fitting for each process were divided by two to consider the

contribution of the two electrodes.

The most commonly used parameter to determine the rate-determining step in the
ORR is the slope of the electrode resistance as a function of oxygen partial pressure, inset
in Figure 3.49. The overall ORR can be simply described as 1/ 20, (g9)+ 2¢~ - 0% .In
reality, it may involve many sub-steps such as gas diffusion, surface adsorption,
dissociation, electron and ion charge transfer, and so on [118]. In order to operate a cell in
intermediate temperature range, it is of vital importance to accelerate the ORR in the
cathode and the oxygen transport in the cathode and electrolyte. Representative profiles for
PO, dependence of R,, R,, R; and R, + R; are shown in Figure 3.104 and the fitting results

at various temperatures are listed in Table 3.11.

From the fitted data values, R, is slightly dependent on the oxygen partial pressure
and R, and R; increases with decreasing PO,. It is clear that R, did not have a monotonic
dependence on oxygen partial pressure. The resistance of the high frequency arc decreases
with increasing temperatures, and it is independent of the oxygen partial pressure.
Therefore, the first arc could be caused by the oxygen ions transferring through the

electrolyte/electrode interface.
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Figure 3.104. Dependence of three resistances at high, medium and low frequency on
oxygen partial pressure for LG10SC/YSZ interface between 400 - 800 °C (a) R;; (b) R,; (¢)
R, and (d) R, + R;.

The polarization resistances R, and R;, associated with Arc2 and Arc3 appearing at
intermediate frequency ranges, are found to be highly dependent on oxygen partial
pressure. Both R, and R; decreased with increased oxygen partial pressure and increased
temperature. The values obtained for n are 0.00 - 0.0905 for R, and 0.0004 — 0.0982 for R;
at the investigated temperatures. Considering the weak oxygen partial pressure, this

process could be related to an oxygen atom diffusion followed by a charge transfer.

The process associated with the low-frequency arc presents R, + R; which was
found to be dependent on PO, with the value n = 0.0004 - 0.0943. It suggests that both R,
and R; are associated with electron transfer. In other words, the electron transfer process
may be composed of two successive intermediate steps, showing comparable importance in
the charge transfer process. An increase of oxygen partial pressure results in a sufficient
supply of oxygen to the electrode from the gas phase thereby effectively eliminating

diffusion polarization resistance.
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Figure 3.105. The dependence of the area specific resistance of the LG10SC/YSZ interface

as a function of PO, at different temperatures.

The ASR values for ORR are obtained by the sum of individual resistances
associated with each process. As expected, the ASR for LG10SC/YSZ interface decreases
notably with increasing temperature and slightly with the oxygen partial pressure as shown
in Figure 3.105. The characteristic of ASR shows quite weak PO, dependency (n = 0.0012
—0.1123), which could be related to the oxide ion transfer within the bulk electrode and/or
from electrode to electrolyte through the TPB. Therefore, this process is the major rate-

limiting step for LG10SC cathode.

Figure 3.106 shows the some impedance responses for the single-phase LG10SC
electrode on the GDC electrolyte that is measured under different oxygen partial pressures

and collected in every 50 °C in the temperature range from 400 to 800 °C.

The typical complex impedance plots at various temperatures for LG10SC
symmetric cell are depicted in Figure 3.106. Mainly two discernable arcs in the complex
impedance plots are evident. Almost similar trends of the complex impedance plots
corresponding to all of the studied cells were observed. In fact, several intermediate steps
are involved during the overall oxygen reduction reaction (ORR) process [119]. These

steps may occur simultaneously on different time scales.
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Figure 3.106. Complex impedance plots for LG10SC/GDC/LG10SC symmetric cell at

between 400-800 °C for different oxygen partial pressures.

From the above Figure 3.1060, it is clearly seen that below the 600 °C, there isn’t
any clearly resolved impedance contributions has apparent shape in the Nyquist plots. With
increasing operating temperature, the high-frequency arc size increased noticeably at 600
°C and higher. The impedances of a symmetric cell may arise from both the electrodes and
electrolyte. The electrolyte typically performs as an ideal resistor and displays only a dot in

the Nyquist plots at high temperatures.
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Figure 3.107. Typical EIS of a symmetric LG10SC/GDC/LG10SC cell measured at 600 °C

while fixing the oxygen partial pressure between 1 — 25%.

Figure 3.107 illustrates the impedance diagrams measured at 600 °C under different
oxygen partial pressures. In general, the high and medium frequency arcs show little
dependence on the oxygen partial pressure, while the amplitude of the low frequency arc
increases slightly as decreasing the oxygen partial pressure. The magnitude of arcs changes

significantly with the temperature Figure 3.106.

In order to determine the processes involved in the ORR, the effect of PO, in the
electrode impedance as a function of temperature was further studied. The oxygen partial
pressure of the atmosphere was varied between 0.01 and 0.25 atm by mixing O, with N,

using mass flow controllers.

Figure 3.108, 3.109, 3.110 and 3.111 show some typical EIS diagrams of the
LG10SC cathode measured at 400 — 800 °C in air for 3-10-15-25% O,. Two discernable
semi-circular arcs in the complex impedance plots suggest that the ORR over the electrode
was composed of at least two distinct processes. The experimental impedance spectrum,

simulated response and electrical equivalent circuit models are shown in Figure 3.108,

3.109,3.110 and 3.111.
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Figure 3.108. Experimental and fit Nyquist plots for a symmetrical
LG10SC/GDC/LG10SC cell measured at 3% O,— 97% N, between 400 — 800 °C.
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Figure 3.109. Experimental and fit Nyquist plots for a symmetrical
LG10SC/GDC/LG10SC cell measured at 10% O,— 90% N, between 400 — 800 °C.
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Figure 3.110. Experimental and fit Nyquist plots for a symmetrical
LG10SC/GDC/LG10SC cell measured at 15% O,— 85% N, between 400 — 800 °C.
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Figure 3.111. Experimental and fit Nyquist plots for a symmetrical
LG10SC/GDC/LG10SC cell measured at 25% O,— 75% N, between 400 — 800 °C.



156

i

Lb Rb

t

CPE-O1 CPE-Q2 CPE-Q3 CPE-04
CPE-n1 CPE-n2 CPE-n3 CPE-n4

W.E.
RE.

Lb Rb

CPE-O1 CPE-Q2 CPE-Q3
CPE-n1 CPE-n2 CPE-n3

Figure 3.112. The equivalent circuits adopted for fitting the impedance data for a) 400 °C
b) 500 - 800 °C.

All Nyquist plots were fitted to the equivalent circuit of L-R,-(R,-OPE,)-(R,-
OPE,)...(R-QPE,) shown in Figure 3.112 by means of the Gamry software. The data fitting
contemplates three processes in the electrode reaction; the results show good agreement
between the experimental and fitted data. The numbers of R, - QPE, impedances (made by
a resistor R; in parallel with a constant phase element QPE)) in series are dependent on

operation temperature.

The exact equivalent circuits adopted for fitting the EIS data at the temperatures of
600 - 800 °C are fitted well to an equivalent circuit of L-R,-(R,-QPE,)-(R,-QPE,)-(R;-
QPE;) and the temperature of 400 °C is in agreement with an equivalent circuit of L-R,-
(R,-OPE,)-(R,-QPE,)-(R;-QPE;)-(R,-QPE,). The first component (R,QPE,) appears as a
semi-circle at the high-frequency region, the second one (R,QPE,) as a semi-circle at the
medium-frequency region and the third one (R;QPE;) as a semi-circle at the low-frequency

region.

There is not any clear difference in impedance contributions in the Nyquist plots
below 600 °C. The high-frequency arc size increased noticeably at 600 °C and higher. Both

the electrodes and electrolyte are responsible for the impedances of a symmetric cell. The
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electrolyte is generally counted as an ideal resistor, which is represented as the intercept
value in the impedance diagram at high frequency side with the real axis. The second semi-
circles in the EIS data are contributed from oxygen reduction over the LG10SC electrode.
Impedance at high and intermediate frequencies is related to ion and electron transfer at the
electrode, electrolyte, and collector/electrode interfaces, while the impedance at low
frequencies is associated with non-charge transfer, such as oxygen surface exchange and

gas-phase diffusion inside and outside the electrode layer [115].

Table 3.12. The fitting parameters as a function of temperature for LG10SC/GDC/LG10SC

in PO,.

PO, T (°C) 400 500 600 700 800
Lb (H) 7.15x107° 8.07x10” 6.66x107 3.45x107 1.20x10°
Rb (Q.cm?) 97.8 18.728 4.84 2276 0.5204
RI (Q.cm?) 56.02 21.7 13.018 0.5444 0.461

03 | R2(Q.cm?) 43.86 20.92 6.944 1.5556 0.8192
R3 (Q.cm?) 9232 279.8 4322 32.94 17.37
R4 (Q.cn??) 428.8 - - - B
ASR (Q.cm®)| 145188 32242 63.182 35.04 18.650
Lb(H) 7.21x10° 5.63x107 7.08x107 1.41x107 1.20x10°
Rb (Q.cm?) 97.8 18.728 4.84 2276 0.5204
RI (Q.cm?) 52.72 20.4 12.796 0.4972 0.4

010 | R2(Q.cm?) 39.3 20 6.334 1.4394 0.7252
R3 (Q.cm?) 770.2 279.8 432 32.94 17.37
R4 (Q.cn??) 428.8 - - - B
ASR (Q.cm?®)|  1291.02 320.2 62.33 34.876 18.495
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Table 3.12. The fitting parameters as a function of temperature for LG10SC/GDC/LG10SC
in PO,. (cont.)

Lb (H) 3.80x107 7.43x107 5.09x10°" 5.51x107 3.69x107
Rb (Q.cm?) 97.8 18.728 4.84 2276 0.5204
RI (Q.cm?) 523 20.1 12.408 0.462 0.4
Ol15 | R2(Q.cm?) 25.92 19.318 6.334 1.4392 0.52
R3 (Q.cm?) 770.2 279.8 432 32.94 17.37

R4 (Q.cn??) 419.8 - - - B

ASR (Q.cm®)| 126822 319.218 61.942 34.841 18.29
Lb(H) 1.72x107° 1.04x10°¢ 6.99x10” 5.32x107 8.58x10”
Rb (Q.cm?) 97.8 18.728 4.84 2276 0.5204
RI (Q.cm?) 32.28 19.204 12.044 0.4618 0.3832
025 | R2(Q.cm?) 25.92 19.288 6.114 1.4372 0.5198
R3 (Q.cm?) 770.2 279.8 432 32.94 17.37

R4 (Q.cn??) 419.8 - - - -

ASR (Q.cm?) 1248.2 318.292 61.358 34.839 18.273

Table 3.12 summarizes the fitting parameters as a function of temperature for
LG10SC/GDC/LG10SC under different partial pressure of oxygen, as well as the values of
area specific resistance (ASR). The inductance value was shown but not considered,
because it is not characteristic of the studied compound. It can be seen that the electrolyte
resistance (R,) as well as the four resistances (R,, R,, R;, R,) associated with the kinetic of
electrode processes decrease with increasing temperature, as expected. It also can be seen
that the electrolyte resistance, R,, does not depend on the oxygen partial pressure,
remaining stable at each temperature, which is in agreement with the behavior of a pure

ionic conductor as the GDC electrolyte.



159

The polarization resistance (R,), which is the ohmic part of the electrode resistance,
can be determined as the sum of the resistances of each individual process (R, = R; + R, +
R; + R,). For the symmetrical cell, the measured polarization resistance reflects the sum of
the polarization resistance of the two electrodes investigated. Thus, all the cell impedances
were normalized by the superficial area (0.04 cm?), so the R parameters obtained in the
fitting for each process were divided by two to consider the contribution of the two

symmetric electrodes.

The most commonly used parameter to determine the rate-determining step in ORR
is n, which is the slope of the electrode resistance as a function of oxygen partial pressure.
The n value indicates the relation between the electrode resistance and oxygen partial
pressure [116]. Representative profiles for PO, dependence of R,, R,, R; and R, + R; are
shown in Figure 3.113 and the fitting results at various temperatures are listed in Table

3.12.
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Figure 3.113. Dependence of three resistances at high, medium and low frequency on
oxygen partial pressure for LG10SC/GDC interface between 400 - 800 °C (a) R;; (b) R,;
(c)R;and (d) R, + R;.
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From the fitted data values, R, is slightly dependent on the oxygen partial pressure
and R, and R; increases with decreasing PO,. It is clear that R, did not have a monotonic
dependence on oxygen partial pressure. The resistance of the high frequency arc decreases
with increasing temperatures, and it is independent of the oxygen partial pressure.
Therefore, the first arc could be caused by the oxygen ions transferring through the

electrolyte/electrode interface.

The polarization resistances R, and R;, associated with Arc2 and Arc3 appearing at
intermediate frequency ranges, are found to be highly dependent on oxygen partial
pressure. Both R, and R; decreased with increased oxygen partial pressure and increased
temperature. The values obtained for n are 0.0397 - 0.2698 for R, and 0.00 — 0.0912 for R;
at the investigated temperatures. Considering the weak oxygen partial pressure, this

process could be related to an oxygen atom diffusion followed by a charge transfer.

The process associated with the low-frequency arc presents R, + R; which was
found to be dependent on PO, with the value n = 0.0017 - 0.0981. It suggests that both R,
and R; are associated with electron transfer. In other words, the electron transfer process
may be composed of two successive intermediate steps, showing comparable importance in
the charge transfer process. An increase of oxygen partial pressure results in a sufficient
supply of oxygen to the electrode from the gas phase thereby effectively eliminating

diffusion polarization resistance.
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Figure 3.114. The dependence of the area specific resistance of the LG10SC/GDC

interface as a function of PO, at different temperatures.
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The ASR values for ORR are obtained by the sum of individual resistances
associated with each process. As expected, the ASR for LG10SC/GDC interface decreases
notably with increasing temperature and slightly with the oxygen partial pressure as shown
in Figure 3.114. The characteristic of ASR shows quite weak PO, dependency (n = 0.0029
—0.0741), which could be related to the oxide ion transfer within the bulk electrode and/or
from electrode to electrolyte through the TPB. Therefore, this process is the major rate-

limiting step for LG10SC cathode.
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4. FUTURE WORK

It is found that La, 545V 005s51,,C00;.5 (LVO5SC), La, 505V 00551, MnO; 5 (LVO5SSM),
La, s,V 351,,Fe0; s (LV3SF) and La, 5,Gd, ,,S1,,C00, s (LG10SC) have very high activity
towards oxygen reduction reaction in SOFC operating conditions. To integrate these
materials into a solid oxide fuel cell one needs to better address its challenging features. It
is also of great significance to study the degradation behavior. For an electrode produced
from the as-synthesized materials to be technically relevant this depends upon more

detailed work on various condition.

The powder synthesis, thermal treatment and the electrode fabrication methods and
processing parameters deeply affect the electrode performance. The catalytic behavior of
mixed ionic and electronic conductive electrodes and their related perovskites are
susceptive to dramatic changes in fabrication and storage conditions. A detailed study on

these aspects could give possibilities to further optimization of electrode materials.

A study on the degradation not only under controlled conditions but also coupled
in-situ experiments with analytical techniques such as Raman and XRD in order to expose
the degradation mechanisms needs to be carried out. As degradation constitutes a difficulty
when it comes to commercialization of SOFC, however, very little is known about

degradation phenomena in the electrode materials.

An electrochemical study on the prepared electrodes with known surface chemistry
and structure should be performed. The literature is insufficient on associating surface
chemistry and electrocatalytic activity, yet the surface structure plays a crucial role. This
could include different surface techniques like Raman, XRD, SEM, TEM, and AFM.
Raman spectroscopy is an effective method to detect the emerging phase of the cathode
and to study the surface of these cathode materials. Also, Raman spectroscopy is capable
of fingerprinting the surface species and secondary phases present on the SOFC cathode
due to their specific vibration modes. SEM facilitates direct observation of basic
morphological characteristics such as global morphologies, particle size and distribution as
well as morphological evolution with temperature and current passage. On the other hand,
TEM allows examination of a narrow area for the distribution and dispersion of particles

on the electrode backbone or through the thickness of catalyst layer. Lastly, AFM offers
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high three-dimensional spatial resolution and facilitates mechanistic study of the ORR for

the cathode samples.

Thermal stability of the developed materials is a vital property that has not been
considered during this thesis. A study examining this property would be of great concern if

these materials were to be used within the SOFC technology.

The electrode materials should also be optimized when it comes to microstructure,
since there is much in literature about microstructure-performance relationship. More work
can be accomplished at the fabrication and testing side in order to experimentally advance

the cathode functional layer.

As a whole, the SOFC is a sophisticated technology in which multicomponent gas
transport, gas phase reactions, heterogeneous catalytic reactions and charge transfer in
electrochemistry are all involved and coupled together. In addition, further studies are
needed on how the developed cathode materials work when executed in an operational
SOFC when it comes to both electrochemical performance and chemical and mechanical

compatibility.
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5. CONCLUSION

This study is dealing with fundamental experimental studies on mixed electronic
and ionic conducting model perovskite cathode electrodes, intended to improve our
understanding of the complex electrochemical processes taking place at SOFC cathodes in
general, and in particular for the application as catalytically active cathode in SOFC
systems. As an SOFC cathode candidate, the stability of the developed cathode materials
with regard to the application was first studied on materials synthesized from the metal
nitrates by the sol-gel process. The formed resin was calcined and the resulting powder
was characterized by XRD. The XRD diffractograms show a single-phase perovskite
structure for all developed samples with a rhombohedral unit cell. All peaks in the XRD
pattern of the cathode samples are relatively sharp, indicating good incorporation into the

lattice of the metal oxides used in the powder synthesis.

The major function of the cathode in SOFC is to contribute reaction sites for the
electrochemical reduction of oxygen. Hence, the understanding of the active sites for ORR
is very important to complete the cycle in the SOFC system. Catalytic properties of the
cathode mostly depend on the absorption and diffusion of the oxygen. The kinetics of this
reaction relies greatly on the structure and composition of the outermost surface of the
oxides. Better understanding of the surface properties of the developed cathodes is thus
essential. In this respect, XPS analyses were performed and the valance states of elements
in the possession and the composition of the surface of the samples were further

investigated.

The synthesized four cathode materials were prepared for electrical conductivity
measurements (four-probe DC method) as rectangular bars and the data obtained were
compared with reference data for each sample. The ionic conductivity of these materials is
lower than 1 S/cm. Thus, the measured conductivity can be approximated as the electrical
conductivity of the materials. According to advance studies, the materials exhibit high
conductivities and all compositions except LVO5SC and LG10SC showed metal-like
temperature dependences i.e. decrease in conductivity with temperature. While in the
studied temperature range, the electrical conductivity is increased with increasing

temperature for LVO5SM, typical of semiconductor behavior. In the case of LV3SF
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sample, with increasing temperature the conductivity increases and reaches its maximum
value at about 500 °C. As a comparison between the as-synthesized materials, LV05SC
and LG10SC have better conductivity values of 843.43 and 415.50 S/cm among others,

and they have lower activation energies of 0.045 and 0.055 eV, respectively.

The low value of activation energy emphasizes the high catalytic activity of the
electrode material. Vanadium doped LSM sample (LV05SM) has the lowest conductivity
value of 14.8 S/cm with activation energy of 0.20 eV and it continues with LV3SF material
with a value of 26.23 S/cm and E, of 0.14 eV. Although the measured conductivity values
are lower than those from references in the literature, there are perovskite materials
reported with low conductivity and excellent cathode performance. Therefore, in
comparison with electrical conductivity, it is better to have higher ionic conductivity for

being a SOFC cathode.

The most complex and least understood process in the overall SOFC-cathode
mechanism is for the ORR. This process is often referred to the surface exchange of
oxygen, perhaps because it is still not known which of the many elementary reactions are
rate limiting the overall reaction and in which order they occur. Hence, the complex
impedance measurements were carried out on a selected number of compositions with
symmetric cells, versus the oxygen partial pressure PO, at different temperatures in order

to complete understanding the ORR mechanism.

The impedances of a symmetric cell may arise from both the electrodes and
electrolyte. The electrolyte typically performs as an ideal resistor and the oxide ion
diffusion through the electrolyte material could be observed as a semi-circle in the high
frequency range inside the impedance spectrum and it is independent of PO,. However at

lower temperatures the electrolyte becomes the limiting factor for SOFC applications.

In order to investigate the effect of partial pressure, impedance responses for the
developed materials measured under different oxygen partial pressures and collected in 50
°C increments. With decreasing in the partial pressure of oxygen, the impedance arc
increases significantly, particularly at low frequencies. The number of arcs depends on the
reaction steps occurring inside the cathode material. For most of the impedance curves,
two arcs could be separated at high and low frequency regions. This indicates that at least

two electrochemical processes contribute to the overall electrochemical reaction. In order
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to have more information to interpret properly the processes involved in the
cathode/electrolyte interface, a study of the influence of both the partial pressure and the
temperature in the electrode impedance was performed and the data were fitted to the
equivalent circuits. From the fitting parameters, it can be said that the resistances

associated with the kinetic of electrode processes decrease with increasing temperature.

The polarization resistance (R,) is the purely ohmic part of the electrode resistance
and the resistance values for ORR are obtained by the sum of individual resistances
associated with each process. The characteristic of R, shows that the oxide ion transfer
within the bulk electrode is the major rate-limiting step for the LVO5SSM, LG10SC and
LV3SF cathode samples. The polarization resistance value for LVO5SSC material was
related to the oxygen adsorption-desorption process or a reaction controlled by the atomic
oxygen diffusion process. Therefore, these two processes are the major rate-limiting steps

for LVO5SC cathode.

The comparison of the polarization and impedance behaviour of pronounced
cathode materials under identical experimental conditions showed that the much higher
electrode performance of LV3SF, LG10SC, and LVO5SM compared to that of LVO5SC is
clearly due to their better ionic conductivity values. As a result of this study, it is

concluded that these cathode materials would be candidates as IT-SOFC cathode materials.
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