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## 5072279023 : MAJOR PETROCHEMISTRY AND POLYMER SCIENCE
KEYWORDS : PEROVSKITE OXIDE / LSF / ELECTRICAL CONDUCTIVITY /
THERMAL EXPANTION COEFFICIENT / OXYGEN PERMEATION

AUNPAJSUDA CHAIYAWONG : PREPARATION OF LaSKFe.yMyOs;
PEROVSKITES FOR SOLID OXIDE FUEL CELL MATERIALS. THESIS
ADVISOR : ASST. PROF. ORAVAN SANGUANRUANG, Ph.D., THESIS CO-
ADVISOR : PARICHATR VANALABHPATANA, Ph.D., 105 pp.

The influences of Sr-doping at A-site and Cr-, Ni- and Cu-doping at B-site on
the structures and properties of Lakzg@rovskites were studied. Confirmed by XRD
technique, LaSkFeyMyOz5 (M = Cr, Ni andCu; x = 0.3-0.7; y = 0.0-0.3)
synthesized by the modified citrate method showed single-phase and aBix
structure, except that baSryeFeNip30ss contained impurity phase. Using SEM,
the morphology of the perovskite oxide discs revealed dense microstructures. The
grain sizes of La,SrFe.yMyOs5 were found to increase with the doped Sr content.
The perovskite oxide conductivity measured by DC-4 probe technique displayed that
the electrical conductivity of LaFge@vas improved by the addition of Sr, Cu and Ni.
The specific conductivity of LgSiyeFeyaNip 035 reached the maximum value of
495.46 S/cm at 550 °C. For thermal expansion analysis, the TEC values,8f,Ea
O35 increased with doping Sr at A-site and doping Cr, Ni@ucdat B-site. Oxygen
permeation measurement proved that coating surface catalyst on doped; LaFeO
membrane can enhance the membrane oxygen permeation flux, especially with both-
sides catalyst coating. At 1,000 °C, the highest oxygen permeating flux of 72081 x
mol/s*cn? was obtained from lg@aSK ¢Fe sNig 035 membrane coated with porous

Lag.4Sry.eFe gNig 2035 on both sides.
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CHAPTER |

INTRODUCTION

Nowadays, global demand of energy is increasing but petroleum fuels are
limited. This event is established energy supply and use problems. Moreover, it is
related to increasing environmental problems such as global warming, air pollution
and ozone depletion. Therefore, the development of new power generation
technologies will become increasingly important. Indeed, energy is one of the main
factors that must be considered in discussions of sustainable development. In response
to the critical need for a cleaner energy technology, some potential solutions have
evolved, including energy conservation through improved energy efficiency,
reduction in the consumption of fossil fuels, and an increase in the supply of
environmental-friendly energy, such as renewable sources and fuel cells. Solid oxide
fuel cells (SOFCs), one type of fuel cells, is one of the most efficient and
environmental-friendly technologies available for generating power from hydrogen,
natural gas, and other renewable fuels. Large-scale utility based SOFC power
generation systems have reached pilot-scale demonstration stages in the US, Europe
and in Japan. Small-scale SOFC systems are being developed for military, residential,
industrial and transportation applications.

1.1 Fuel cells

A fuel cell is an energy conversion device that converts the chemical energy of
a fuel gas directly to electrical energy and heat without the need for direct combustion
as an intermediate step, giving much higher conversion efficiencies than conventional
thermomechanical methods. The operating principles of fuel cells are similar to those
of batteries, i.e., electrochemical combination of reactants to generate electricity, a
combination made of a gaseous fuel (hydrogen) and an oxidant gas (oxygen from the
air) through electrodes and via an ion conducting electrolyte. However, unlike a
battery, a fuel cell does not run down or require recharging. A fuel cell operates as
long as both fuel and oxidant are supplied to the electrodes and the influence it exerts

on the surrounding environment is negligible.
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Fuel cells are generally classified by the chemical characteristics of the

electrolyte used as the ionic conductor in the cell, as summarized in Table 1.1. SOFC

technology is the most demanding that arise from:

SOFCs are the most efficient fuel cell electricity generators currently being
developed world-wide.

SOFCs are flexible in the choice of fuel.

SOFCs have a modular and solid state construction and do not present any
moving parts, thereby are quiet enough to be installed indoors.

The high operating temperature of SOFCs produces high quality heat
byproduct which can be used for co-generation or for use in combined cycle
applications.

SOFCs do not contain noble metals that could be problematic in resource
availability and price issue in high volume manufacture.

SOFCs do not have problems with electrolyte management (for example,
liquid electrolytes which are corrosive and difficult to handle).

SOFCs have extremely low emissions by eliminating the danger of carbon
monoxide in exhaust gases, as any CO produced is converted,tat @@

high operating temperature.

SOFCs have a potential long life expectancy of more than 40000-80000 h.



Table 1.1 Comparison of fuel cells technologies [1]

Operating System : - Combined Heat and Power
Fuel Cell Type Common Electrolyte Temperature Output Electrical Efficiency (CHP) Efficiency
Polymer Electrolyte Solid organic polymer poly - 50 -100 °C - 53-58% (transportation
y s J Poly , p. y i < 1kw o ( p 70-90% (low-grade waste heg
Membrane (PEM) perfluorosulfonic acid 122 -212°F  250kW 25-35% (stationary)
: Aqueous solution of potassium | 90 - 100 °C 10kW - 0 0 ]
Alkaline (AFC) hydroxide soaked in a matrix 194 - 212 °F 100KW 60% > 80% (low-grade waste heg
Phosphoric Acid Liquid phosphoric acid 150 - 200 °C ) 0 0
(PAFC) soaked in a matrix 302 - 392 °F Y - MW > 40% > 85%
Liquid solution of lithium, sodium,| 600 - 700 °C
Molt(el\r/llggcr:l;onate and/or potassium carbonates, 1112 - 1202 °F < 1kW - IMW 45-47% > 80%
soaked in a matrix E
Solid Oxide (SOFC) Yttria-stabilized zirconia 600 - 100 < 1kW - SMW 35-43% < 90%
1202 - 1832 °F ° °

(@8]



1.2 Solid oxide fuel cells

A SOFC system usually utilizes a solid ceramic as the electrolyte and operates
at extremely high temperatures (600-1000 ®)DFCs differ in many respects from
other fuel cell technologies. First, they are composed of all-solid-state materials.
Second, the cells can operate at temperatures as high as 1000 °C, significantly hotter
than any other major category of fuel cell. Third, the solid state character of all SOFC
components means that there is no fundamental restriction on the cell configuration.
Cells are being constructed in two main configurations as shown in Figure 1.1, i.e.,
tubular cells or rolled tubes, such as those being developed at Westinghouse Electric
Corporation since the late 1950s, and a flat-plates configuration adopted more

recently by many other developers and employed today by the electronics industry.

TUBULAR FLAT PLATE

Interconnect

Depleted Air

Cathade GO, and H,O

N, Interconnector

Porous Support Tube

Natural Gas Air
Electrolyte

Figure 1.1 Tubular and flat-plates Solid oxide fuel cell [2].

1.2.1 Operation of solid oxide fuel cells

A SOFC consists of two electrodes sandwiched around a ceramic electrolyte.
Hydrogen is fed into the anode of the fuel cell and oxygen (from the air) enters the
cell through the cathode. At the cathode, the oxygen molecules are split into two
oxygen ions. The oxygen ions are diffused through the electrolyte and combine with
hydrogen at the anode, releasing electrons. The electrons transport through the anode
to the external circuit, providing a source of useful electrical energy in an external
circuit. The only byproduct of this process is a pure water molecul@)(&hd heat,

as shown in Figure 1.2.



Electron Flow i

) Load v

Hydrogen
u.‘.‘ﬁ a n'
—»

Oxygen

o |
=]
a o=
o
]
{4 ]

'!:n-
T
T

Water o | < lons -«—
¥R G
« | e © &%
Anode Cathode

Electrolyte

Figure 1.2 Operating of solid oxide fuel cells [3].

The solid oxide fuel cells reactions:

anode side:

Ho+ O — HO + 26 (1.1)
cathode side:

%O + 26 — O (1.2)
the overall cell reaction:

H, + 20, — HO (1.3)

1.2.2 Components of solid oxide fuel cells

A SOFC is mainly composed of two electrodes (the anode and the cathode)
and a solid electrolyte. Each component of the SOFC serves several functions and
must therefore meet certain requirements such as [4]:

(a) high stability (chemical, phase, morphological and dimensional)

(b) high conductivity

(c) chemical compatibility with other components

(d) similar thermal expansion to avoid cracking during the cell operation

(e) dense electrolyte to prevent gas mixing

() porous anode and cathode to allow gas transport to the reaction sites

(9) high strength and toughness properties

(h) compatibility at higher temperatures at which the ceramic structures are

fabricated
() low cost

() relatively simple fabrication



1.2.2.1 Electrolyte

The electrolyte determines the operating temperature of the fuel cell
and is used to prevent the two electrodes to come into electronic contact by blocking
the electrons. It also allows the flow of charged ions from one electrode to the other to
maintain the overall electrical charge balance. The most common non-porous
electrolyte has been the stabilized zirconia with conductivity based on oxygen ions
(0%), especially yttria-stabilized zirconia {¥s-stabilized ZrQ).

The properties of materials used as electrolytes in SOFCs must be [5]:

(a) ionically conductive

(b) electronically insulating

(c) chemically stable at high temperatures

(d) chemically stable in reducing and oxidizing environments

(e) gas tight/free of porosity

() production as a uniformly thin layer (to minimize ohmic losses)

(g) thermal expansion that matches electrodes

1.2.2.2 Anode
The anode disperses the hydrogen gas equally over its whole surface
and conducts the electrons (from hydrogen molecule), to be used as a useful power in
the external circuit. SOFC anodes are fabricated from composite powder mixtures of
electrolyte material, which serves to inhibit sintering of the metal particles and to
provide a thermal expansion coefficient comparable to those of the other cell
materials. The anode structure is fabricated with a porosity of 20-40% to facilitate
mass transport of reactant and product gases. Design requirements for the anode are
[5]:
(a) electrically conductive
(b) high electrocatalytic activity
(c) stable in a reducing environment
(d) can be made thin enough to avoid mass transfer losses, but thick
enough to provide area and distribute current
(e) able to provide mechanical support to electrolyte and cathode if
the cell is anode supported

(N thermal expansion coefficient similar neighboring cell component



(g9) chemically compatible with neighboring cell component
(h) has a fine particle size
(i) able to withstand low vapor pressures (will not cause unwanted

reactions)

1.2.2.3 Cathode

The cathode distributes the oxygen fed to it onto its surface and
conducts the electrons back from the external circuit where they can recombine with
oxygen ions, passed across the electrolyte, and hydrogen to form water. Perovskite-
type lanthanum strontium manganite, LaSrMn@SM) and lanthanum calcium
manganite, LaCaMn£LCM) offer excellent thermal expansion match with zirconia
electrolytes and provide good performance at operating temperatures above 800°C.
Similar to the anode, the cathode is a porous structure that must permit rapid mass
transport of reactant and product gases. The cathode has to meet the following
requirements [5]:

(a) high electronic conductivity

(b) chemically compatible with neighboring cell component

(c) can be made thin and porous (thin enough to avoid mass transfer

losses, but thick enough to provide area and distribute current)

(d) stable in an oxidizing environment

(e) catalyze the dissociation of oxygen

(N high ionic conductivity

(g) adhesion to electrolyte surface

(h) thermal expansion coefficient similar to other SOFC materials

1.2.2.4 Interconnection
In SOFCs, interconnect is the electric link to the cathode and protects
the electrolyte from the reducing reaction. The requirements of the interconnection are
the most severe of all cell components and include the following [5]:
(a) high temperature oxidation and reduction resistance (simultaneous
fuel and oxidant gas exposure)
(b) stable under multiple chemical gas streams

(c) very high electrical conductivity



(d) high density with “no open porosity”

(e) strong and high creep resistances for planar configurations
() good thermal conductivity

(9) phase stability under temperature range

(h) resistant to sulfur poisoning, oxidation and carburization

() low materials and fabrication cost

() matching thermal expansion to other cell components

1.3 Perovskite [6]

Perovskite is named for a Russian mineralogist, Count Lev Aleksevich von
Perovski. The mineral was discovered and named by Gustav Rose in 1839 from
samples found in the Ural Mountains. Its most common mineral, perovskite, lends its
name to this important group of oxides. The importance of this group is two fold.
First, every member of this group has rare earth metals as trace elements in their
structures and second, the structure of this group is unique and many ceramic,
synthetic and useful substances can be created using the stridetoreskiteexhibits
both electronic and ionic conductivities (Mixed ionic electronic conductors; MIEC),

making them promising candidate materials for Solid oxide fuel cells.

1.3.1 Structure of perovskite oxides

The general formula of perovskite oxides is AB@here A is the larger
cation (such asan alkaline earth cation) and B is the smaller cation (such as a
transition metal cation). The ideal perovskite structure ABOprimitive cubic, as
shown in Figure 1.3. The perovskite structures can be appropriately modified by
partial substitution of A or B cations by other cations with different ionic radius or

valence numbers.



Figure 1.3ABO; ideal perovskite structure [7].

The formation of perovskite structure requires ionic radii fitting to the lattice.

This can be illustrated for the perovskite structure by deriving a relationship between

the radii of the various ions. Figure 1.4 shows the relationship between ionic radii in

the perovskite structure.

g+ I'o

rat To A 0 A cation
% 9

@® B cation

@ Oxide ion

Figure 1.4 The relationship of ionic radii in perovskite structure (Whgreg and

ro are the ionic radii of A, B and oxide ions, respectively).

Where the atoms are touching one another, the B-O distance is egl2a(ao

is the cubic unit cell parameter) while the A-O distance/ig2 and the following

relationship between the ionic radius holds shown in Equation 1.6.

a=2x(B-0)=2(r, +1,)

and a=%x2x(A—O)=\/§(rA+ro)

hence, 2(rg + 1g) = 2(r, + 1y)

(1.5)

(1.4)

(1.6)
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Goldschmidt introduced a tolerance factoy, describing the relationship

between symmetry and ionic radii in the perovskites. It can be defined as:

(ra+ 7o)

V20, 10

1.7)

The ideal perovskite is the cubic structure with the tolerance factor close to 1.0
at high temperature. The perovskite structure is stable in the ranget0<75.&; and
is cubic in the rangé> 0.95. Deviations from the ideal structure are well known as
orthorhombic, rhombohedral, tetragonal, monoclinic and triclinic symmetry. The
distorted structure may exist at room temperature but it transforms to the cubic

structure at high temperature.

1.3.2 Nonstoichiometry in perovskites [8]

Besides the ionic radii requirements, another condition to be fulfilled is
electroneutrality, i.e., the sum of charges of A and B equals the total charge of oxygen
anions (such as form 28°'0;, A*B*0; or A¥B*0j). In addition, partial
substitution of A and B ions is allowed, thus yielding a plethora of compounds while
preserving the perovskite structure. However, deficiencies of cations at the A- or B-

sites or of oxygen anions are frequent which results in defective perovskites.

1.3.2.1 Oxygen nonstoichiometry

Oxygen vacancies are accomplished by substituting ions of similar size
but different valence. Oxygen vacancies are more common than involving cationic
vacancies. The former composition can be considered as an anion-deficient perovskite
with one-sixth of the oxygen ions being vacant.

However, oxygen excess nonstoichiometry in perovskite oxides is not
as common as anion-deficient nonstoichiometry probably because introduction of
interstitial oxygen in perovskite structure is thermodynamically unfavorable. There
are two reasons occur of oxygen excess nonstoichiometry. First, because the trivalent
cation vacancies cause a large electronic imbalance and local lattice distortion, it does
not stay close to each other. Second, with the formation of cation vacancies, a
nonbonding O2p level is formed by the oxide ions around the vacancies. This

nonbonding O2p level serves as the hole-trap. Applying this structure,
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nonstoichiometry of the oxygen-deficient composition was explained by the random
distribution of oxide-ion vacancies. The general formula of oxygen-deficient
perovskite oxides is AB§} or ABOs.s.

1.3.2.1 Cation nonstoichiometry

An oxygen excess can also readily be achieved in perovskites that are
structurally deficient in oxygen because of cation nonstoichiometry.

B-site vacancies in perovskite oxides are not so common, although a
few examples displaying this type of defect are known. This is a consequence of the
fact that the B-site vacancies are not thermodynamically favored because of the large
charge and the small size of the B cations. Other perovskites exhibit A-site vacancies.
This is because the BQ@rray in the perovskite structure forms a stable network, the
large A cation at 12 coordinated sites can be partially missing.

1.3.3 Properties of perovskites

1.3.3.1 Electrical conductivity

The electrical conductivity of perovskites also shows wide variations.
Several compounds have been used for their dielectric properties, while others show
metallic conductivity, although most are semiconductors. As for other compounds, the
electrical behavior in perovskites depends on the outermost electrons, which may be
localized at specific atomic sites or may be collective. Since localized electrons may
carry a spontaneous moment, there is a strong correlation between the electrical and
magnetic properties of perovskites. Rare earth perovskites containing transition ions
show widely differing electrical properties.

Furthermore, the electronic conduction can be n-type or p-type. In the
case of the first type of conductors, the formation of oxygen vacancies (or interstitial
metal ions) is complemented by the formation of electrons which is responsible for
electronic conductivity. This type of electronic conductor is generally called an n-type
conductor. The second type of conductors involves the creation of electron holes
(positive electronic defects) to complement the formation of metal vacancies (or
interstitial oxygen ions). This type of electronic conductor is termed a p-type
conductor. In n-type conductors, neutral levels near the conduction bands are ionized

to free an electron into a conduction band. The electron then acts as an electronic
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species. In the p-type conductors however, neutral levels near the valence band may
be ionized to accept the electron, leaving the so-called electron hole in the valence
band, which then acts as an electronic species in this typical material. The concept of
the energy bands is therefore required to have a good understanding of the concept of
electron and electron holes [9, 1@nother contribution to electronic conductivity
can arise from the presence of a multivalent cation in mixed oxides. This extrinsic
factor is assumed to occur via a small polaron mechanism, involving the hopping of
electrons between cations with different valence states and commonly called the
“hopping conductivity contribution” [11, 12].

The electrical conductivity of perovskiteasmeasured by using DC 4-

probe or “Kelvin” measurement.

Figure 1.5DC 4-probe method.

The measurement method then includes a forced current | through the
outer wires 1 and 4 and a measurement of the voltage drop over wire 2 and 3, using a
very high ohmic measurement device, so that the current flowing through wire 2 and
3 nearly zero. In that case the individual, additional contact resistance does not play a
role as it cancels out of the equation. To study the behavior of the structure an I/V
curve is generated, typically in the to the mA range. If the graph shows a straight
line, the structure behaves as an Ohmic resistor. If assume that the resistance of a

structure to be R then the following applies:

R (1.8)
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Where L = the length of the structure (m)
A = the area (width x thickness) of the cross sectidh (m

p = the specific resistivity(q.m of the practical unjQ.cm)

1.3.3.2 Mixed ionic-electronic conductors

The perovskite oxides exhibit both ionic and electronic conductivity.
These material oxides may show both high oxygen ion conductivity due to the high
oxygen vacancy concentration in the structure, and a high electronic conductivity due
to the mixed-valence state. For example.iSxBOs; in this case [13], when the B
ions can take a mixed-valence state, charge neutrality is maintained by both the
formations of oxygen vacancies and a change in the valence state of the B ions. The
concentration of oxygen vacancies can also be increased by mild B-site ion
substitution, such as Cu and Ni ions which naturally take the divalent oxidation state
[14]. If the valence state of the B ions is fixed, neutrality is maintained only by the

formation of oxygen vacancies. The oxides may be predominantly ionic conductors.

1.3.3.3 Oxygen permeation

The mixed conductive perovskite membrane can be an intrinsically
mixed conductor or a mixture of an oxide ion conductor and an electronic phase.
Because of their properties, these materials could be developed as membranes for
oxygen separation. There are two concepts of oxygen separators using a mixed ionic-
electronic conducting membrane: current driven membranes and pressure driven
membranes. In the first case, under an electrical field, molecular oxygen is dissociated
at the cathode into oxide ions which migrate through the membrane and recombine as
O, at the anode. This allows the production of given amounts of oxygen under
pressure. In the second case, a difference of oxygen partial pressure between an
oxygen rich compartment and an oxygen poor compartment is the driving force for
the migration of @ from the rich to the oxygen poor compartment, as illustrated in

Figure 1.6.
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Figure 1.6 Different sections involved in oxygen transport during oxygen permeation.

(The membrane is in the middle, high oxygen pressure ®og (s in the left of the

membrane and low oxygen pressure zdte, is in right sides of the membrane)

[15].

The driving force for oxygen transport is the difference of oxygen

partial pressures of both sides. The oxygen anions permeate from the high to the low

partial pressure side, while overall charge neutrality was maintained by a

counterbalancing flux of electrons (and/or electron holes). Mechanism for oxygen

permeation through a mixed ionic-electronic conducting membrane can be described
as follows [16, 17]:

1.

N o g A

o

mass transfer of gaseous oxygen from the gas phase with high
oxygen partial pressure to the membrane surface

reaction between the molecular oxygen and oxygen vacancies at
the membrane surface

dissociation and electron transfer, giving chemisorbed oxygen
species

incorporation in membrane surface layer

diffusion of lattice defects to interior

oxygen vacancy bulk diffusion across the membrane
association and electron transfer, forming chemisorbed oxygen
species

desorption from the surface

9. mass transfer of oxygen from the membrane surface to the gas

phase with low oxygen partial pressure
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When the oxygen transport in a membrane is at steady state, the

oxygen permeation flux can be calculated by using the Wagner equation [18]:

RT o, . PO
0, = In 2

WhereP"0, andP'o, stand for the oxygen partial pressure in the higher
and lower oxygen partial pressure compartment, respectively, L is the sample
thickness, T is the temperature, R is the universal gas constant and F is the faraday
constant. The ambipolar conductivity is defined as:

0.0
O oamp = m (1.10)

Whereage IS the electronic contribution angl is the ionic contribution
to the total conductivity.

There is no need for an external current but the membrane must be a
mixed conductor to allow the reverse flow of the electrons needed for the oxygen
dissociation. The expected oxygen permeation flux in such membranes depends
therefore on the difference of oxygen partial pressure between the two compartments,
on the membrane thickness and on the ionic and electronic conductivity of the

membrane.

- Modification of membrane surface

When the oxygen flux is determined by the oxygen exchange reaction,
the modification of both membrane“flat” surfaces can lead to the strong
enhancement of the oxygen permeation. Successful enhancement was reached by
simple roughening leading to higher surface/volume ratios [19]. Further enhancement
is predicted by modeling a layered structure with graded porous support, dense
membranes and a porous functional top layer [Z@g available surface area for
oxygen exchange (adsorption, dissociation and oxidation) can be increased in a
porous top coating by promoting the formation of a mesoporous pore system. Other
options include the use of the membrane material with a high ionic conductivity as
porous coating and subsequently modifying the porous surface by (i) impregnation
with noble metals or catalytically active transition metals and (ii) coating of the
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porous structures using colloidal suspensions of nanoparticles of active oxides in the

oxygen activation.

1.3.4 Perovskite synthesis
As a summary, about five synthesis methods have been employed quite

extensively to produce mixed oxide compounds [21].

1.3.4.1 Solid-state reaction

The most common synthesis process to produce convenpiowalers
employs the thorough reaction of mixed oxides, carbonhtespxides or salts and
firing at temperatures of at least tWords of the melting point for periods up to 10 h
[22]. The size othe particles is controlled by laborious mechanical mixing of starting
materials and grinding processes. The homogeneity and mfrithe powder is
considered poor, not to mention its broad partstie distribution [21]. Apart from
the fact that this procesBas a high-energy consumption because of the high
temperaturepther problems may arise when one component in the comp@uads
toxic Pb) vaporizes during the long reaction time [22].

1.3.4.2 Co-precipitation

One of the oldest techniques comprised of mixing an aqueous solution
containing the desired cations and another solution acting as a precipitation agent.
Filtration, drying and thermal decomposition followed to acquire desired products.
The desired products and their physical properties are adjusted using pH, mixing
rates, temperatures and concentration. Usually, the morphology, purity and
composition control achieved is good, although different precipitation rates
sometimes result in inhomogeneities. A doping agent may be added to assist in
reaching the compositional homogeneity. The resultant compound requires a lower
sintering temperature than those employed in the conventional powder method [21]
due to the high dispersion of the different metals in the precipitate, and its particle size
is typically in the range of few nanometers, which is achieved by careful precipitation
using suitable surfactants and capping agents [23]. A careful control of pH and
precipitation temperature is substantial to obtain material with an exact stoichiometric

condition.
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1.3.4.3 Sol-gel techniques
The sol-gel technique involves the production of an amorphous like
gel, followed by dehydration at low temperature [24]. This technique delivers high

purity and excellent composition control.

- Alkoxide route.

In here, all the starting materials employed for-gel preparation are
in the form of metal alkoxides. Metal alkoxides are readily hydrolyzed and condensed
to hydroxides or oxides. Aliphatic alcohol as a by-product is removed by
volatilization and several complex perovskites have been synthesized using this
technique [25]. A perovskite structure can be acquired at far lower temperatures than
that needed using conventional powder methods. Usually the hydrolysis reaction is

carried out within a mixture of polar and non-polar solvents [21].

- Alkoxide-salt route.

Metal alkoxides of groups | and Il are solid and non-volatile, which
make them difficult to purify by distillation. Metal salts or hydroxides are generally
used in this case. This route comprises the preparation of desired alkoxides and then
adding the metal salts in an alcoholic solution or an aqueous solution. In this process,
hydrolysis must be controlled due to different reaction rates among the mixture of

alkoxides and salts [21].

- EDTA, citrate and modified citrate route.

This route is very popular and has been utilized extensively due to its
advantages such as carbonate-free and chemically homogeneous final oxide
compounds with a high relative density. Citric acid, ethylenediaminetetraacetic acid
(EDTA) or glycine can be used as chelating agent. As an example, investigation on
the effect of different ligands on perovskite structure evolution and sintering
temperature in strontium cerates-based ceramic powder showed that citric acid was
most effective for this particular compound [26]. This route involves complexation of
metal ions in EDTA/citric acid, followed by evaporation of water solvent and thermal
decomposition of the complex with subsequent formation of perovskite phase. A

chelating agent is used to prevent partial segregation of metal components, which
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could occur in the case of different stabilities with the metal ions in solution. In some
cases [27], a polyol (e.g. ethylene glycol) is added to the reaction batch to promote the
polymerization with chelating agent and producing an organometallic polymer, which
results in a perovskite precursor after drying and pyrolysis.

Sol-gel process involves producing precursor from citric acid and
metal nitrate before thermal decomposition. For example, the production of Sr-
substituted LaMn@perovskite powder by the amorphous citrate process, obtained the
manganese citrate-nitrate precursor as shown in Scheme 1.1 [28

CH.,C

[~

T<°/
CH,CO0

Mn——OOCH,C

coQ
c<
ONO,

CH,CO0——1a

OOCH,C

_

ONO,

COO.

CH,COO———Mn

Scheme 1.1 Thenanganese citrate-nitrate precursor.

In the complex, the lanthanum is triply charged and replaces in normal
citrate formation in the hydrogen of three -COOH groups and it replaces in the
hydrogen of one -OH group and two -COOH groups. As manganese is divalent state
replaces in the hydrogen of two -COOH groups while; Xéplaces the hydrogen of
one -OH group, respectively.

In all cases the minimum amount of citric acid used was that necessary
to bond the metals if all the NGons were replaced. However, the amounts of metal
and citric acid should not less than equimolar. If the high amount of citric acid was

used, complex of Mn(Ng), and citrate ion was formed as in Scheme 1.2:
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CH,COO———Mn
Scheme 1.2 Complex of Mn(N{) and citrate ion.

The formation of this complex would also liberate ;N@Qroups for
each two molecules of Mn(N{2 originally present in solution. The formation of
above structure would allow some citric acid, water and nitrate ions to be lost during
the preparation of gel. Every three molecules of citric originally present one remains
uncombined and may be removed from the mixture by either evaporation or
decomposition to yield acetone, carbon dioxide and water during the precursor

preparation in the vacuum oven.

1.3.4.4 Hydrothermal synthesis

This synthesis method is applied to produce advanced mixed oxides, a
compound with specific characteristics in their composition such as pigments for
electronics. This process generally uses temperatures between the boiling point of
water and the material’s critical temperature (i.e. 374 °C), while the pressure can be as
high as 15MPa [29, 30]. Consequently, the calcination step required by other steps
discussed above can be eliminated in this case. Hydrothermal synthesis can be used to
assist the sol-gel technique in controlling the particle size. The materials used are
generally inexpensive, easy to control in terms of its size, shape and stoichiometry.
Elimination of impurities associated with milling and other advantages mentioned will

result in very fine and highly reactive ceramic powders [21].
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1.3.4.5 Spray and freeze drying

Spray drying consists of a rapid vaporization of the solvent in small
droplets containing required solutions of cations, whereas freeze drying involves the
slow sublimation of the solvent. Excellent impurity and composition control is
inherent, leading to homogeneous fine materials. In addition, spray drying is an
industrially established process and the manufacture of complex multi-metallic oxides
can be scaled up easily. The important steps in the freeze drying are the spraying of
fine droplets of solution into liquid nitrogen, and the sublimation of the solvent in the
absence of the liquid phase [31].

In summary, the five techniques as mentioned earlier are the most
established. The first three have been commercially established, while the last two are
still in the demonstration stage. There is a sequential order of improvement in the
property of the membranes related to particle size, homogeneity and purity of the
desired membranes from conventional powder methods, through co-precipitation, sol-
gel, hydrothermal and spray drying method. This is by no means a fast rule, as the
oxygen permeation properties will depend on the compound mixture. However, the
trend has been established and there is strong technical and experimental evidence to
support improvement claims by using more advanced methods as compared to
conventional powder technology. Finally, the calcinations temperature is also being
lowered in the same sequential order, thus providing savings in this high-energy
process, although better methods will usually be accompanied by the higher cost of
novel technologies [21].

1.3.5 Calcination[32]

The calcination (also referred to as calcining) is a thermal treatment process
applied to ores and other solid materials in order to bring about a thermal
decomposition, phase transition, or removal of a volatile fraction. The calcination
process normally takes place at temperatures below the melting point of the product
materials. The objects of calcination are usually: (1) to drive off water, present as
absorbed moisture, as water of crystallization or as water of constitution; (2) to drive
off carbon dioxide, sulphl11’dioxide or other volatile constituent; (3) to oxidize a part

or the whole of the substance. There are a few other purposes for which calcination is
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employed in special cases and these will be mentioned in their propel’ places. The

process is often called roasting, firing or burning by the workmen.

1.3.6 Sintering [33]

Sintering is the process whereby powder compacts are heated so that adjacent
particles fuse together. The fusing of particles results in an increase in the density of
the part and hence the process is sometimes called densification. The density of the
component can also change during sintering, depending on the materials and the
sintering temperature.

When a powder aggregate is sintered, necks form between the particles, and
the aggregate may increase in density. The growth of the neck is due to the transport
of matter or of the counter-flow of vacancies between the particles and the pores, as
shown in Figure 1.7. In crystalline powder, its transport occurs by diffusion (bulk,
surface or grain boundary diffusion), whereas in amorphous materials, it occurs by

viscous flow.

Neck forming

Figure 1.7 Mechanism of sintering.

The sintering process can be distinguished by three stages. The first stage or
initial stages during which the necks form at points of particle contact and the
particles usually center approach each other. At this stage the individual particles are
still distinguishable. The intermediate stage during that the necks become large,
resulting in the formation of an interconnected pore structure. The third or the final
stages during, the pores become isolated. Elimination of the interconnectivity of pores

eliminates surface and vapor transport.
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Closed pores isolated from grain boundaries shrink very slowly because grain
boundary diffusion is far away from the pores. The growth of grains, therefore,
hinders the attainment of theoretical density, since the pore’s growth is also enhanced.
It is essential, therefore, to retard grain growth so that densification of the compact
can continue to the theoretical limit. This is particularly important with the present
trend of using ultrafine particles as starting materials for the fabrication of technical
ceramics. Surface diffusion becomes important in the case of very fine particles.
Grain boundary diffusion and volume diffusion are the main mechanisms causing
shrinkage of the neck, whereas surface diffusion does not contribute to any shrinkage.
The most important diffusion paths during the sintering of two spheres with a grain
boundary are surface diffusion, grain boundary diffusion, volume diffusion from the
grain boundary to the neck surface, and volume diffusion from the sphere surface to
the neck surface. The sintering rate also affected by the crystallization and growth
processes, which occur concurrently. The sintering rate is reduced when there is
intensive grain growth because when diffusion forms the pores occurs toward the
boundaries of individual grains, the distance over which diffusion occurs with a

reduction in pores is determined by the size of the crystals.

1.4 Literature reviews

Priti et al. [34] used three different wet chemistry routes, namely co-
precipitation, combustion and sol-gel methods, to synthesize L.gberOvskite. The
perovskite synthesized using sol-gel method yields comparatively pure, crystalline
phase of LaFeQand relatively higher surface area of 16.5gtand porosity. The
material synthesized using co-precipitation method yielded other phases in addition to
the targeted phase. The morphology of perovskite synthesized using co-precipitation
method was uniform agglomerates. Combustion method vyields flakes type
morphology and that of sol-gel method was open pore type morphology. The sol-gel
method reported in this study can be alternative low temperature synthesis route for
LaFeQ as to conventional solid-oxide route for obtaining pure perovskite phase with
high surface area.

Yu et al. [35] prepared Sr substituted lanthanum nwtale of La «SKMO35s
(where M = Co and Cu) in the nanoscale by the polymer modified sol-gel method

using polyacrylic acid as a chelating agent. Strontium substituted lanthanum cobaltite
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and cuprate can be synthesized in particle size ranging between 25 and 30 nm with
good crystallinity. The electrical conductivities of the sintered,55C00;5 (LSCo0)

and LaSKCuOs;s (LSCu) were measured by DC 4-probe method. The electrical
conductivities of these two systems decreased with the increasing temperature from
room temperature to 95 °C. Both LSCo and LSCu systems exhibit excellent electrical
conductivities of more than 1200 S/cm when the strontium addition was more than
25%. The electrical conductivities of strontium doped lanthanum cobaltite and cuprate
are rationalized by the formation of electron holes due to the strontium addition.

Simner et al. [36] synthesized the lanthanum ferrite by a glycine-nitrate
combustion technique. This study details subtle compositional modifications
(marginal A-site deficiencies and Cu B-site dopant additions) to o@SkaFeG;
cathode to enhance sintering below 1000 °C. A total of 1 mol% Cu dopant appears
insufficient to facilitate significantly improved densification at low temperatures,
whereas increasing the level to 2 mol% adequately lowers the sintering onset
temperature. Further sintering improvements are achieved by increasing the Cu
content to 5 and 20 mol%. Initial single cell studies utilizing the 488 2)o.ode.98
Cuwy.003 cathode on an anode-supported YSZ cell have indicated high power densities
in the range 1.35-1.75 W/¢émt 750 °C.

Kharton et al. [37] investigated the effect of doping by iron and nickel in the
LaCo.xFeNiyOs (x = 0.1-0.2; y = 0.1-0.3) oxide systemdRD analysis of the
powders LaCoy.,FeNi,O3; demonstrated that a rhombohedrally distorted perovskite
phase was formedntroducing nickel into the perovskite lattice led to increasing
oxygen nonstoichiometry and electrical conductivity and decreasing thermal
expansion. Averaged thermal expansion coefficients of the ceramics at 300-1100 K
are in the range 18.0-20.8 X48&™. The substitution of cobalt with nickel resulted in
a sharp increase in the permeation flux due to increasing oxygen nonstoichiometry
which is accompanied by an occurrence of the surface exchange limitations of the
oxygen transport.

Vitoriano et al. [38] synthesized §.g8Ca sFexNixOs (X = 0.1, 0.2 and 0.3)
(LCFN) by liquid mix method. The XRD patterns were indexed as the orthoferrite
similar to that of LaFe® having a single phase with orthorhombic perovskite
structure. The morphological characterization was performed by scanning electron

microscopy (SEM) obtaining a mean particle size less than 300 Tim.
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electrochemical measurements showed a better performance fab.dey oNip 103
material using SDC as electrolyte, exhibiting an area specific resistance (ASR) value
is 0.88Qcn¥ at 800 °C. The DC 4-probe measurement indicated thaOagasFey.o

Nip 103 exhibits fairly high electrical conductivity over 350 S/cm at T > 500 °C,
indicating that these materials are interest to be considered as electrodes in
intermediate temperature SOFC devices.

Ishihara et al. [39] prepared Ni-doped LaGdf@ased oxide by a conventional
solid state reaction technique. Oxide ionic and partial electronic conduction in Ni-
doped LaGa@based oxide was investigated. Doping small amount of Ni doped for
Ga site of LaGa@is useful for improving oxide ion conductivity, since the estimated
oxide ion conductivity increased with increasing amount of Ni. This may be resulted
from improved mobility of oxide ion. Considering the transport number of oxide ion,
the desirable amounts for Ni dopant exist from 5 to 10 mol% for Ga site.

Lu et al. [40] studied crystal structure, oxygen permeability and stability of
Bay 5S15.5C0p gF&.1M0.103.5; BSCFMO (where M = Cr, Mn and ZrJhese materials
possess purely cubic perovskite structure and have single phase when doped by Cr,
whereas Mn- and Zr-substituted BSCFO exist impurieg/gen permeability across
these dense membrane disks were measured under an air/He oxygen partial pressure
gradient in the temperature range of 973-1123 K. The results demonstrated that the
oxygen permeation fluxes of the BSCFMO membranes increased in the following
order: Cr > Zr > Mn. Cr-substituted BSCFO membrane material indicating good
stability of oxygen permeation. XRD patterns after treating at 1073 K for 50 h under
various oxygen partial pressures (I21m), confirmed that the material could keep
the purely cubic perovskite structure, and no phase transition and additional peaks
were observed, demonstrating its excellent structural stability at 1073 K.

Virattayanon N. [41] synthesized 4. sFe-xMxO3 where M= Ni, Cu, Al
and Mn; x =0.1-0.4, by using modified citrate method. The CuaAd Mn specimens
showed homogeneous and single phase with cubic perovskite structure. Reduction
property was determined by Temperature Programmed Reduction (TPR) technique.
The result showed that the reduction process increased with the B site metal doping.
The conductivity of La/Sr3FeQ; species was improved by Cu and Ni doping,
especially 30% Ni doping that was the most effective quantity for enhancing the
electrical conductivity of Lg;Sr sFeG;. At 750 °C, the conductivity of lgSr Fe 7
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Nip303 (650.5 S/cm) was about 3.8 times higher than that of undope®t.geG;
(170 S/cm).

Huang et al. [42] fabricated Sr-doped LakB&C5F) - yttria-stabilized zirconia
(YSZ) composites by impregnation of a porous YSZ matrix with aqueous solutions
containing La, Sr and Fe salts, followed by calcinatiahvarious temperatures.
Composites of LSF-YSZ were studied for application as high-performance cathodes
for solid oxide fuel cells (SOFCs)he electronic conductivity of the 40 wt% LSF-
YSZ composite was maximized by calcination at 1123 K. SOFCs prepared with a 40
wt% LSF-YSZ cathode showed improved performance over SOFCs prepared with
conventional Sr-doped LaMnQ.SM)-YSZ cathodes at 973 K, increasing the
maximum power density at 973 K ir ffom 210 to 230 mW/cf

Teraoka et al. [43] investigated the catalytic effects on the oxygen permeation
flux under the air/He gradient. The effects of the porous layer coating using
SrCq gFe 035 (SCF82) as both membrane and catalyst materials were investigated
in this study. The porous catalytic layer of SCF82 perovskites was coated on either
surface or both surfaces of the dense membranes of SCF82 perovskites with nearly 1
mm thicknessThe permeation flux increased by applying porous catalyst layers, and
the largest enhancement was observed with the coating on both sides of the membrane
type, followed by the coating either side of the membrane types. The porous layer
coating on both sides of the membrane improved the oxygen permeation flux of the
uncoated membrane from 0.6 to 1.0 mfenin at 1173 K.

Lee et al. [44] modified oxygen permeating property of LaSrBR&0= Co,
Ga) perovskite membrane with LaSrCogdirface catalyst. Oxygen permeation fluxes
have been investigated as a function of temperature for a mixed ionic-electronic
conducting LaeShCoFesOss (LSCF) and La/ShsGadFersOss (LSGF)
membranes. Ga-doped compositishowed limited oxygen permeation flux as
compared with a Co-containing system. However, modification of both surfaces with
catalytically surface-reactive bgrp4Co0:;5 (LSC) made Ga-doped perovskite an
excellent oxygen permeable membrane. The oxygen permeation flux of dense LSC-
coated LSGF (D-LSC/GF) was about two times (0.15 nfifaiim) higher than that of
unmodified LSGF (0.08 ml/cimin), it was not as high as porous LSC coated LSGF
(P-LSC/GF) (0.48 ml/cfamin) at 950 °C. The difference in the fluxes between D-
LSC/GF and PLSC/GF can be explained by the disparity in effective surface area.
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These increases in the oxygen fluxes may have been caused both by the increase in
the effective surface area and by the increase in surface activity to oxygen
dissociation and association according to the application of porous LSC for both
surfaces, this promotion is conspicuous if the coating layer is porous, or has larger

surface area.

1.5 The objectives of the thesis
The objectives of this study are as follows:
1. To synthesize perovskite powders of LarFe.yMyOss whereM = Cr,
Ni and Cu, x =0.3-0.7 and y = 0.0-0.3.
2. To characterize and study the properties of synthesized perowskies
for application in SOFC.
3. To study the effect of the surface catalyst coating on membrane for

modified oxygen permeation property.

Firstly, La.xSkFeryMyOz5 (M = Cr, Ni andCu; x = 0.3-0.7; y = 0.0-0.3) were
synthesized. The synthesized perovskite compounds were characterized by XRD and
SEM. The electrical conductivity was measured with the DC 4-probe technique and
the thermal expansion coefficient (TEC) was determined by dilatometer.

Secondly, LaxSkFe dVio10s5 (M = Cr, Ni andCu) with x value exhibiting
maximum electrical conductivity value was doped with more metal ratio (y = 0.2-0.3)
at B-site. For example, baSn e Mo103s showed maximum electrical
conductivity value thus l@aShdFersMo0Oss and LasSthdFeyMo30ss were
synthesized, characterized and their properties were investigated.

Lastly, oxygen permeation property of the prepared perovskite oxide sample

with highest electrical conductivity was determined.



CHAPTER Il

EXPERIMENTAL

The chemicals, apparatus and experimental procedures including processing of
perovskite powders synthesis, perovskite disc preparation and characterization of

materials, are described as below:

2.1 Chemicals

The chemicals listed in Table 2.1, were used without further purification.

Table 2.1 Reagents for synthesis of perovskites

Reagents Formula Weight | Purity% Company
La(NOs)3-6H,0 433.02 >99.0 Fluka
Sr(NOs), 211.63 >99.0 Fluka
Fe(NG;)3-9H.0 404.00 98-101 Fluka
Cr(NO3)3-9H,0 400.15 99.0 | Sigmaddrich
Ni(NO3),-6H,0 290.81 >97 Wako
Cu(NG;)2-3H:0 241.60 99-104 Fluka
Co(NG;),:6H,0 291.03 98-102 APS
CeHgOy 192.43 99.5 Riedel-deHaén
NH3-H2O 35.05 25 Merck
C,HsOH 46.07 30 Merck
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2.2 Synthesis of perovskite powder by modified citrate method

The perovskite powders LgSrFe yMyOs;5 (M = Cr, Ni andCu, x = 0.3-0.7,
y = 0.0-0.3) were synthesized by using the modified citrate method. La{BIRO,
Sr(NG;),, Fe(NG;)3-9H,0, Cr(NGs)s-9H,0, Ni(NOs)2-6H,0 and Cu(NQ),-3H,O were
used as raw materials. The high purity metal nitrates in proper ratio (based on 3 g. of
perovskite powder) were partially dissolved in 15 ml D.l. water, and citric acid was
added with two times of total metal ions. The above solution was mixed at room
temperature under constant stirring for 3 hours. Then, the pH value of the solution
was adjusted to ~9 with 25% ammonia solution (at the controlled rate of 2-3 ml/min)
and then stirred at room temperature for 2 hours. After that a homogenous clear
solution (in a 2,500 ml beaker covered with a fine sieve) was heated and continuously
stirred on a hot plate at around 200-3@0to condense and the sol transformed into a
dried gel. Then the self combustion was initiated and spread rapidly in the whole
system and the combustion was finished instantaneously. The as-burned loose
powders were ground by mortar and pestle, subsequently the synthesized perovskite
oxide was calcined in a furnace in air to make the incompletely combusted part react
thoroughly, achieve phase purity and eliminate the residual organic compound.

The conditions used for the calcination of the perovskite powders were set

depending on the composition as follows:

900°C, dwell 6 h

Rate 1 °C/min

Room temperature

Figure 2.1 The condition of calcination for Lg5rFe,MyOs5 M = Fe, Ni and Cu
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1000°C, dwell 6 h

Rate 1 °C/min

Room temperature

Figure 2.2 The condition of calcination for LgSrFe,MyOz5 M = Cr.

2.3 Perovskite disc preparation

The shape-forming process of perovskite powders was used by a KBr die.

m N

) B

___ | Sample disc
7&- | ga] EI:

/
s

/

Figure 2.3 KBr die.

The calcined perovskite powders were ground with ethanol by mortar for three
times. The fine perovskite powders about 1.8 g. were loaded into the cavity of die.
The plunger was brought to the surface of the powder gently and then rotates for
smooth surface.

After that, the pressure was slowly applied about 2-2.5 tons on the plunger of
the die by the uniaxial pressing machine. The pressure was released and the die was
removed from the pressing machine after 10-15 minutes. The disc is around 1 mm
thick, 13 mm diameter was stripped from the die and plunger. Then the discs were

generally sintered in air.
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2.4The sintering of the perovskite oxides

The perovskite discs were generally sintered in air under different conditions,
depending on the composition. The condition of sintering of perovskite disc was
exhibited in Figures 2.4-2.5.

1,300 °C, dwell 10 h

Rate 1 °C/min
600 °C, dwell 2 h

Rate 1°C/min

Room Temperature

(@)

1,200 °C, dwell 15 h

Rate 1°C/min
600 °C, dwell 2 h

Rate 1°C/min

Room Temperature

(b)

Figure 2.4 The sintering conditions of perovskite (ahLarFeGs and La.xSKFer.y
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1,100 °C, dwell 6 h

Rate 1°C/min
600 °C, dwell 2 h

Rate 1°C/min

Room Temperature

Figure 2.5 The sintering conditions of perovskite karFe.,CuyOs.;.

2.5 Characterization techniques

2.5.1 X-ray diffractrometry (XRD)

The phase formations of perovskite oxide were investigated after calcination
by X-ray powder diffraction (XRD). The perovskite powders were ground and
pressed on the slide before put in specimen slot of X-ray diffractometer. The XRD
patterns were taken by using Rigaku, DMAX 2002 Ultima Plus X-Ray powder
diffractometer equipped with a monochromator and a Cu-target X-ray tube (40 kV, 30
mA) and angles of 2éanged from 20-70 degree (step time 0.5 sec., stegn0.020

degree) at Department of Chemistry, Faculty of Science, Chulalongkorn University.

2.5.2 Scanning electron microscopy (SEM)

The morphology of the sintered disc was carried out using a JEOL JSM-
5800LV scanning electron microscopy, Oxford Instrument (Link ISIS series 300) at
the Scientific and Technological Research Equipment Center (STREC),
Chulalongkorn University. This instrument uses electrons scattered back from the
surface “illuminated” by a restored electron beam to generate an image with

remarkable three-dimensional qualities.
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2.6 Properties measurement

2.6.1 Electrical conductivity measurement

The DC 4-probes is a device used for the investigation of electrical
phenomena in air. The sintered disc was cut into a rectangular specimen with
approximate dimensions of 12 mm x 5 mm x 1.5 mm. Four Pt wires were attached to

the specimen with Pt paste as shown in Figure 2.6.

i i
v VT
1 4

|
3

|
2

A\

It

Figure 2.6 DC 4-probes measurement.

The condition used for the specimen was set as follows:

950 °C, dwell 10 min

Rate 5°C/min

Room temperature

Figure 2.7 The heating conditions of the specimen.

The specimen was heated to 950 °C for 10 min with the heating rate of 5
°C/min. The electrical conductivity measurements vpendormed in a tube furnace at
the temperature range of room temperature to 800 °C. Specimen was applied current
(I) through the outer wires 1 to 4 and measured the voltages drop over wires 2 and 3 at

each temperature by potentiostat/galvanostat (Autolab PG100).
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The electrical conductivity was calculated by the equation:

(2.1)

where o = electrical conductivity
| = applied current (A)
V = resulting voltages (V)
L = length between Pt wires 2 and 3 (cm)
T = thickness of specimen (cm)

W = width of specimen (cm)

2.6.2 Thermal expansionmeasurement

The thermal expansion behavior is also critical to get the value matching
between electrolyte material and electrodes material for SOFC.

A dilatometer, NETZSCH DIL 402C (from Department of Materials Science,
Faculty of Science, Chulalongkorn University) was used to determine the thermal
expansion coefficients (TEC) of the sintered specimens. The sintered disc was cut to
specimen (about 12 mm in length, 5 mm in width and 1.5 mm in thickness). The
principle of dilatometer is to measure the changing of specimen length compared to
the changing of increased temperature. In this evaluation used heating rate of 10 °C

/min and measured from room temperature to 800 °C in air.

2.6.3 Oxygen permeation measurement

Powders of the surface catalysts,ok@r 4C00;5 and La 4Sro.eFey gNio 203,
were prepared by modified citrate method. The starting materials were
La(NOs)3-6H,0, SH(NQ),, Fe(NQ)3-9H,0, Co(NQ),-6H,0 and Ni(NQ),-6H,0. The
LageSh.4Co0ss and La.sSr eFensNip 035 powders obtained by auto-combustion
were fired at 1200 °C and 900 °C, respectively, for 6 h. The resultant powders were
ground and confirmed to be the single phase by the X-ray powder diffractometer.

The thickness of the sintered membrane was polished to be 0.7 mm by
grinding with a diamond grinding machine. The catalyst powdergs8t@,Co0Os 5 or
Lap 4S1.eFen.gNip.2035) were ground again and then coated on one or both surfaces of

membrane with the slurry using butyl acetate for solvent and then fired &€800
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800°C, dwell 10 min

Rate 5 °C/min

Room temperature

Figure 2.8 The heating conditions of the coated disc.

The oxygen permeation rate from air to He was measured by using the
equipment described in Figure 2.9. The specimen was sealed into a mullite tube with a
Pyrex glass. Dry air and He gas were supplied to each side of the specimen at a flow
rate of 50 ml/min. Oxygen permeation flux from air to He was measured in the
temperature range of 600-1000 °C by a gas chromatograph (VARIAN, CP-3800) and

repeated twice.

Air —=> Vent
Mullite tube
Surface catalyst
C Pyrex glass

Sample (0.7 mm thickness)

Surface catalyst

/T

He

1

Figure 2.9 Schematic view of the membrane reactor usedxggen permeation
[45].



CHAPTER Il

RESULTS AND DISCUSSIONS

In this research, perovskite powders Lakefere doped with different
contents of metal ions in A-site (Sr) and B-site (Cr, Ni &g. Each perovskite
compound is indicated by the abbreviation using the initial letters of each metal in A
and B-sites sequentially, followed by the corresponding number which refers to the
proportion of each metal in the compound. For examples,SigsFe) oCro.1035 and

Lag.4Sh.eFe0s s are abbreviated as LSFCr4691 and LSF46, respectively.

3.1Synthesis of LaSryFei.yMy035(M = Cr, Ni and Cu; x = 0.3-0.7; y = 0.0-0.3)
by modified citrate method

The perovskite powders LaSKFe.,MyOs;5 were prepared by the modified
citrate method. The metal nitrates were dissolved in D.l. water and citric acid was
added at a ratio of citric acid to metal ions 2:1. The pH value of the solution was
adjusted to ~9 with 25% ammonia solution (\HHO), the solution changed from
clear red brown to clear deep brown solutidbhen a clear solution was heated and
stirred, the excess solvent was firstly evaporated until a sticky gel was obtained.
During the final stage of evaporation, the mixture began to swell, and became viscous.
The generated gas was observed. Finally, at around 200-300 °C the spontaneous
combustion was initiated to convert the mixture into the oxide powder.

The powders were calcined in air at 900-1,31G0for 6 hours to achieve pure
phase and remove residual organic compound. The calcined powders were ground and
pressed to make a disc. The perovskite discs were sintering in air at 1,100-1,300 °C
for 10-15 hours, depending on the composition, to increase the density of the

perovskite disc and eliminate the pores.
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3.2 Characterization of the synthesized compounds
The structures of synthesized perovskite compounds were characterized by

XRD and the surface morphology of the sintered discs were examined by SEM.

3.2.1 X-ray diffraction (XRD)

XRD was used to indicate the formation of the perovskite phase. The phase
formations of perovskites were investigated after calcination. If the XRD patterns of
the calcined powders showed impurity phase, the perovskite phase of sintered disc
were investigated. The diffraction peaks of perovskites were observed within angles

of 206 ranged from 20-70 degree.

3.2.1.1 Phase formation of La,Sr,FeOs5(x = 0.3-0.7)
The formation of LaSkKFeQs (x = 0.3-0.7) calcined powders

investigated by XRD was shown in Figure 3.1.

e N k JL x=07 A
A Jk A x=06 A
. S S =T
A o x=04
X N J\_ A x=0.3 ﬁ
20 30 40 50 60 70
2 Theta

Figure 3.1XRD patterns of La,SkFeGs 5 (x = 0.3-0.7) powders after calcined at
900 °C for 6 hours.
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The XRD patterns of LaSKFeQs in the range 0.X x < 0.7
exhibited the single phase of AB@erovskite oxides with a cubic structure (a space
group P23 (195)). Miller index from these perovkite structures was 100, 110, 111,
200, 012, 211 and 220. The lattice parameter calculated by Jade software was shown
in Table 3.1.

It was observed that the XRD patterns shifted to the higher angle with
increasing of Sr in LaSKFeG;5, corresponding to the lattice shrinkage. This shift
increased with the increasing content of Sr. When La lattice sitd% (L832 X&) are
partially occupied by the larger ionic radius of'S(1.180 &), the charge imbalance
occurs. Since there are two ways to maintain charge neutrality: electronic
compensation by oxidizing Feto Fé* and ionic compensation by the formation of
oxygen vacancies [46]. Then, the stoichiometric LafFst@ucture is transformed to
oxygen deficient La,SrFeQss perovskite. Some of B&(0.645 &) oxidized to F&

(0.585 A) reduces the average ion radius of the B-site. Whealue increases, the
concentration of F& and oxygen vacancies increased, making the diffusion of lattice
oxygen from the bulk to the surface more favorable. Therefore, with the increase of Sr
content, the lattice must be reduced to maintain the perovskite structure, causing
smaller lattice parameter. The XRD result in this work is similar to the report of
Armstrong et al. [47]. They explained why the lattice volume af,8aFeG;.s was
decreased although®ion has a larger ionic radius than that of'Lian. Because the

size changes due to the B-site transition (the increase*tdoRéent) had a greater
effect on the lattice size than that due to the substitution of Sr on the La sites. The
decrease of lattice parameter with the increase of Sr content isnfeG;s was

shown in Figure 3.2.

Table 3.1 The lattice parameters of L#BrKFeGs (x = 0.3-0.7) powders after

calcined at 900 °C for 6 hours

Ratio | Lattice parameter (A°)

x=0.3 3.905
x=0.4 3.893
x=0.5 3.887
x=0.6 3.881

x=0.7 3.870
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3.90 1

3.89 1

—&— LSF

3.88 1

3.87 1

Lattice parameter (A°)
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Figure 3.2 Ratio x dependence of the lattice parameters fofSrdeOs5 (x = 0.3-
0.7) powders.

3.2.1.2 Phase formation of La,SrkFep oCro.1035 (X = 0.3-0.7)
Figure 3.3 shows the XRD patterns of;LarFe) oCro1035 (X = 0.3-
0.7) powders calcined at 1,100 °C for 6 hours.

A k J 1 % x=0.7 JL

A A x=0.6 )\

A A x=05 A__
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2 Theta

Figure 3.3 XRD patterns of LaSKFe) o«Crp 1035 (x = 0.3-0.7) powders after
calcined at 1,100 °C for 6 hours.
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The XRD results demonstrated that all samples doped with 0.1 mol of
Cr in the B-site of La,SKFeGss (x = 0.3-0.7) did not exhibit any impurity phase. As
shown in Figure 3.3, the XRD peaks shifted slightly to the higher angle when
compared with those of LaSkFeQss perovskites. The lattice parameters of.La
SrFey oCrp.1035 were similar to the results of LgBrFeG;s, they decreased with
increasing the amount of Sr (Table 3.2 and Figure 3.4). It means fian@rsmaller
Cr** ion occupy the part of Feand F&" sites in La,SKrFeQs;s crystal lattice. Thus
the lattice parameter should diminish. The parameters decrease slightly from those of

undoped oxides because the content of Cr was only 10%.

Table 3.2The lattice parameters of Lg&nrFe oCro.1035 (X = 0.3-0.7) powders after
calcined at 1,100 °C for 6 hours

Ratio | Lattice parameter (A°)
x=0.3 3.902
x=0.4 3.889
x=0.5 3.887
x=0.6 3.878
x=0.7 3.867

Lattice parameter (A°)

3.86

3.91

3.90 -

3.89 -
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Figure 3.4 Ratio x dependence of the lattice parameters fofSsde) oCro.1035 (X =

0.3-0.7) powders.
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3.2.1.3 Phase formation of LguSroéFe1CryOs5(y = 0.0-0.3)

It should be noted here that complete perovskite structure of
Lap 4Sro eFer,CryOs5 (y = 0.2-0.3) can be obtained after sintering. XRD patterns of
Lap.4Sro éF€e1-,CryOs5 (y = 0.0-0.3) sintered discs were shown in Figuge 3.

y=0.3

y=0.1

N y=0.0

50 60
2 Theta

e

Figure 3.5 XRD patterns of LaSip ¢Fe1.yCryOs5 (y = 0.0-0.3) discs after sintered at
1,300 °C for 10 hours.

XRD patterns ofCr-doped perovskite oxide revealed single phase with
cubic structure. The peaks shifted to the lower angle as compared with that of
Lag 4Si.eFes s especially when Cr = 0.3. The experiment results showed the lattice
parameter expand when Cr concentration increased to 0.2 and 0.3. It was seen that the
lattice parameter of LaSKFeG; s change slightly when doped Cr 10% (see Figure
3.6). Incorporating two types of transition metal ions with different sizes at B-site can
cause simple distortion of the cubic unit cell or enlargement of cubic unit cell or a
combination of both. Figure 3.6 showed the cubic structure can be maintained with

larger lattice parameters.
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Table 3.3 The lattice parameters of 3451 ¢Fe.,CryOs;5 (y = 0.0-0.3) discs after
sintered at 1,300 °C for 10 hours

Ratio | Lattice parameter (A°)
y=0.0 3.892
y=0.1 3.889
y=0.2 3.898
y=0.3 3.905
3.91 ~
EE/ 3.90 A
o
% 3.89
g 388 4 —#— LSFCr
[<B)
Q
= 3.87 1
@©
-
3.86
0.0 0.1 02 03
Ratio y

Figure 3.6 Ratio y dependence of the lattice parameters tuS@Fe yCryOsz5 (y =
0.0-0.3) discs.
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3.2.1.4 Phase formation of LaxSryFeyoNig1035(x = 0.3-0.7)

N N j\ l x=0.7 A_

3 e e

A N jL JL x=05 A

N AN % A x=04 ~_

A =" N x=03 _~_

20 30 40 50 60 70
2 Theta

Figure 3.7 XRD patterns of LaSKFe dNig 1035 (x = 0.3-0.7) powders after calcined
at 900 °C for 6 hours.

The XRD patterns of all samples doping with 0.1 mol of Ni at the B-
sites of La.,SKFeG;s (x = 0.3-0.7) were displayed in Figure 3.7. It demonstrated that
La;xSrFeyoNio 1035 has no impurity phase and the structures are cubic. The XRD
patterns of doped Ni specimens are slightly shifted to the higher angle compared with
La;xSikFeGss. As shown in Table 3.4 and Figure 3.8, the lattice parameters, Qf La
SrFey dNip 1035 decreased with increasing Sr content. The lattice parameters of Ni-
doping in La.SiFe dNig1035 oxide are slightly lower than those of undoped
perovskites. The decrease in the lattice parameters is due to the conteft of Ni

substituted F& since the ionic radius of Rii(0.56 A°) is smaller than that Ee
(0.645 /)
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Table 3.4The lattice parameters of LgrFey dNip 1035 (x = 0.3-0.7) powders after

calcined at 900 °C for 6 hours

Ratio | Lattice parameter (A°)
x=0.3 3.901
x=0.4 3.887
x=0.5 3.878
x=0.6 3.873
x=0.7 3.865

3.91 1

3.90

3.89

3.88 1

3.87 1

Lattice parameter (A°)

—o— LSF

—=— LSFNi

3.86 T
03

04 05 0.6 0.7

Ratio x

Figure 3.8 Ratio x dependence of the lattice parameters foySdey dNig 1035 (X =

0.3-0.7) powders.
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3.2.1.5 Phase formation of LguSro éFe1yNiyO3z5(y = 0.0-0.2)
Figure 3.9 shows the XRD patterns ofoLar eéFeiyNiyOs5 (y = 0.0-
0.2) discs sintered at 1,200 °C for 15 hours.

FeOs; Ni0; vas r Feo, FeONO Fe,0, NiSr FeO,
2 v Y vv
) 1 . y=02 )
A E J N y=0.1 L
| A | J\ S _y=00 j\_
20 30 40 50 60 70

2 Theta

Figure 3.9 XRD patterns of LaSip sFer.yNiyOsz5 (y = 0.0-0.3) discs after sintered at

1,200 °C for 15 hours.

The XRD patterns confirmed that all oxide samples had cubic

perovskite structure. Single phase of perovskite structure was observed for doped

Lag 4Srh.eFeQss when y = 0.0-0.2. But impurity phases appeared when y = 0.3 such as

Fe0s, NiOs and NiSr. It was suggested thatyL8r e cannot be doped with

0.3 mol of Ni. With the increasing of Ni, the XRD peaks shifted gradually to the

lower angle. Table 3.5 and Figure 3.10 showed that Ni content increased from 10% to

20% replaced at Fe site, the parameter barely increased.

Table 3.5 The lattice parameters of 3451 ¢Fe.yNiyOss (y = 0.0-0.2) discs after

sintered at 1,200 °C for 15 hours

Ratio | Lattice parameter (A°)
y=0.0 3.892
y=0.1 3.888
y=0.2 3.893
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Figure 3.10 Ratio y dependence of the lattice parameters fStaFe yNiyOss (Y
=0.0-0.2) discs.

3.2.1.6 Phase formation of La,SrxFep dCup 1035 (x = 0.3-0.7)

The XRD patterns of LaSrFe ¢Cup 1035 (X = 0.3-0.7) powders were
depicted in Figure 3.11.

N Bl x=07 J_
— A A N x=06 A_
A A Xx=05 A
A A j\ x=04 A_
N\ AN Jk Xx=03  ~__
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Figure 3.11 XRD patterns of LaSKFe) «Cuy 1035 (X = 0.3-0.7) powders after

calcined at 900 °C for 6 hours.
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The XRD results indicated that Fe replaced by Cu 0.1 mol showed
single phase and a cubic structure. XRD patterns pfSey «Cuy 1035 Shifted very
dightly when compared with those of L®rKFeGss (x = 0.3-0.7). It was suggested
that 0.1 mol of Cu can replace partially into Fe without any change of th&ilae
O3 structure. The lattice parameters of; @ FeGs.s doping with 0.1 mol of Cu
dightly changed and decreased with increasing Sr content, they were similar to the
results of La,SrFeQss. The substitution of 10% Béby CU* leads to positive
charge deficiency, which is compensate for by oxygen vacancy, resulting in

decreasing of parameters.

Table 3.6 The lattice parameters of L#nFey «Cuy 1035 (X = 0.3-0.7) after calcined
at 900 °C for 6 hours

Ratio | Lattice parameter (A°)
x=0.3 3.902
x=0.4 3.885
x=0.5 3.881
x=0.6 3.876
x=0.7 3.868

Lattice parameter (A°)
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Figure 3.12 Ratio x dependence of the lattice parameters foiStd e «Clp 1035 (X

=0.3-0.7) powders.
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3.2.1.7 Phase formation of LguSro éFe1yCuyO35(y = 0.0-0.3)

L y=0.3
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Figure 3.13 XRD patterns of laaSt eFeyCuOz5(y = 0.0-0.3) discs after sintered at
1,100 °C for 6 hours.

Figure 3.13 shows the XRD patterns o L8 ¢Fe1-,CuyOs3.5 (y = 0.0-
0.2) discs sintered at 1,10@ for 6 hours. The XRD results indicated that Fe
replaced by Cu showed single phase and a cubic structure. XRD peaks of doped
oxides shifted slightly to the lower angle when compared wigy3as-eG;s5. The
the lattice parameters of Cu-doped, k8 ¢Fe0s5 slightly decreased when Cu 0.1
mol. The replacing of B& by smaller ions (Cli) would effect to the decreasing of
lattice parameter and Fe-O covalent bond. However, the lattice parameters of
Lag 4Sio.eFer-,CuyOs.5 increased when Cu content changed to 0.2 and 0.3 inalas
due to the increasing of Cu—O covalent bond which might cause the loss of oxygen

from structure. The force of positive charge made the increasing of lattice parameters.
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Table 3.7 The lattice parameters of $4506Fe.,CuOs5 (y = 0.0-0.3) discs after
sintered at 1,100 °C for 6 hours

Ratio | Lattice parameter (A°)
y=0.0 3.892
y=0.1 3.890
y=0.2 3.892
y=0.3 3.899
3.91 ~
EE/ 3.90 A
E .\./I/
% 3.89
g 388 4 —8—LSFCu
[<B)
Q
= 3.87 1
@©
-
3.86
0.0 0.1 02 03
Ratio y

Figure 3.14 Ratio y dependence of the lattice parameters fStaFe yCuOs5(y
=0.0-0.3) discs.

The XRD results confirmed that L.z5r Fe,.yMyOs5 (M = Cr, Ni and
Cu; x = 0.3-0.7; y = 0.0-0.3)ad cubic perovsike structure. However, XRD pattern of
Lag.4Sh.eFey.7Nio30ss showed impurity phase. It was suggested that Ni o
cannot be doped at B-site ofd&1 ¢Fe0ss.

The XRD results indicated that La replaced by Sr at A-site had effect
on the lattice parameter. With increasing content of Sr, the lattice parameter decreased
significantly. The compensate electroneutrality of the perovskite oxide with the
formation of oxygen vacancies caused the shrinkage of lattice paramster.

compared to B-site doping (doped Fe by Cr, Ni and Cu); the small change of
parameters was observed.
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3.2.2 Scanning electron microscope (SEM)nd density
The surface morphologies of perovskite discs weraragdterized by SEM
technique. Densities of samples were determined by the Archimedes immersion

method using water as a medium.

3.2.2.1 Morphologies of La,SrkFeOs5(x = 0.3-0.7)
The surface morphology of Lg&SrFeQs sintered discs was

investigated bysEM shown in Figure 3.15.

Figure 3.15Surface morphology of LaSKFeOGs s (x = 0.3-0.7) discs.

Table 3.8 Density of La,SiFeQs s (x = 0.3-0.7) discs

Ratio | Density (g.cni) | Relative density(%)
x=0.3 6.080 95.72
x=04 5.856 93.44
x=05 5.759 93.61
x=0.6 5.625 93.20
x=0.7 5.504 92.64

SEM micrographs of LaSkFeGss (x = 0.3-0.7) discs exhibited high
density (relative density > 92%) and homogeneous surface. The grain size increases

with increasing of Sr content. According to our results ;& FeQs showed the
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largest grain size. The densities ofi lar, FeQ ;s disc decrease with the increase of

Sr which was listed in Table 3.8.

3.2.2.2 Morphologies of LaySrxFey oCro 1035 (x = 0.3-0.7)
The surface morphology of LaSKFe) dCrp10s5 (X = 0.3-0.7) disc
after sintered at 1,300 °C for 10 hours were indicated in Figure 3.16.

Figure 3.16Surface morphology of LaSrFe) «Crp.1035 (X = 0.3-0.7) discs.

SEM pictures of La,SKkFe) oCrp1035 show the dense morphology
without any impurity phase on the surface which is consistent with the XRD results. It
is seen that the grain size of |L&KFeG;s (x = 0.3-0.7) increased with the
substitution Cr 0.1 mol in B-site (when x > 0.3). The relative density afyLa
SrFey oCrp.1035 (X = 0.3-0.7) discs are more than 94% as shown in Table 3.9.

Table 3.9 Density of La,SiFe) oCrp.1035 (X = 0.3-0.7) discs

Ratio | Density (g.cnf) | Relative density(%)

x=0.3 6.027 94.83
x=0.4 5.911 94.19
x=0.5 5.875 95.67
x=0.6 5.770 95.56

x=0.7 5.691 96.42
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3.2.2.3 Morphologies of La.4Sro éFer.,CryOsz5(y = 0.0-0.3)
Figure 3.17 shows the surface morphology of 4S% eFe1.yCryOs5 (Y
=0.0-0.3) discs sintered at 1,300 °C for 10 hours.

Figure 3.17Surface morphology of lkaSr ¢F€1.,CryO35 (y = 0.0-0.3) discs.

The morphologies of l@aSheeQs doping with CF* at B-site
display dense surface. The grain size of the oxides increased when doped only 10%
Cr but decreases when amount of Cr increase to 20 and 30%. It is seen that

Lap 4Sto.eF& 7Cro. 3035 has the smallest grain size. The densities gk3a.sFe1.,Cry

O35 with various Cr contents were listed in Table 3.10.

Table 3.10 Density of LguSr eFe1.,CryOs. (y = 0.0-0.3) discs

Ratio | Density (g.cni) | Relative density(%)

y =0.0 5.625 93.20
y=0.1 5.770 95.56
y=0.2 5.551 93.54

y=0.3 5.487 93.13
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3.2.2.4 Morphologies of LaSrxFey gNig1035 (X = 0.3-0.7)
Figure 3.18shows the SEM micrographs b#; xSrFey dNip 1035 (X =
0.3-0.7) disc sintered at 1200 °C for 15 hours.

Figure 3.18Surface morphology of LaSKFey oNip 1035 (x = 0.3-0.7) discs.

The microstructures of LaSkFe oNip10ss as shown in Figure 3.18
were homogeneous and dense surface. It was noticed that the grain size of samples
doping with Ni at the B-sites of LaSrFeOs;s were larger than those of L&rFe

Oss. The density and relative density are listed in Table 3.11.

Table 3.11 Density of La,SkFey oNip10s5 (x = 0.3-0.7) discs

Ratio | Density (g.cni) | Relative density(%)

x=0.3 6.109 95.80
x=04 6.018 95.49
x=0.5 5.974 96.34
x=0.6 5.722 94.13

x=0.7 5.565 93.22
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3.2.2.5 Morphologies of LasSro eFe1yNiyO3z5(y = 0.0-0.2)
The surface morphology dfag St eFeryNiyOss (y = 0.0-0.2) disc
after sintered at 1200 °C for 15 hours were displayed in Figure 3.19.

Figure 3.19Surface morphology of leaSr ¢Fe1.yNiyOsz5 (y = 0.0-0.2) discs.

The results show that all of the samples were homogeneous. It is seen
that the grain size of 10% Ni-doped (L& FeGss is slightly larger than that of
Lag 4Sih.eFeCss. It is noticed the increase amount of Ni substituted at Fe site has little
effect on the grain size. The densities 0§ 4S5 ¢Fe.yNiyOss discswere displayed in
Table 3.12.

Table 3.12 Density of LauSr eFe.yNiyOs.5 (y = 0.0-0.2) discs

Ratio | Density (g.cni) | Relative density(%)
y=0.0 5.625 93.20
y=0.1 5.722 94.13
y=0.2 5.528 92.27
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3.2.2.6 Morphologies of La,SrFey¢Cuo1035 (X = 0.3-0.7)
Figure 3.20shows the SEM micrographs by xSiFey oCly 1035 (X =
0.3-0.7) disc sintered at 1100 °C for 10 hours.

Figure 3.20Surface morphology of LaSFe) «Cuy 1035 (x = 0.3-0.7) discs.

SEM micrograph of La,SkFe ¢Cup10s5 (x = 0.3-0.7) show dense
packed grain. It is observed that the grain sizes of Cu-substituted perovskite oxides
were larger than the undoped oxide. These SEM images exhibited the larger grain size
with the increase of Sr content. The relative density ef8gFe) «Cly 1035 discs are
more than 92% as displayed in Table 3.13.

Table 3.13 Bensity of La.xSkFe) oClpy 1035 (X = 0.3-0.7) discs

Ratio | Density (g.cnf) | Relative density(%)
x=0.3 6.045 94.62
x=04 5.883 92.96
x=05 5.799 93.48
x=0.6 5.749 94.53
x=0.7 5.541 92.76

3.2.2.7 Morphologies of LgsSrg eFe1.yCuyOs5(y = 0.0-0.3)
Figure 3.21 shows the surface morphology of 4% ¢F€e1-yCu,O35 (y
= 0.0-0.3) discs sintered at 1,180 for 6 hours.
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Figure 3.21Surface morphology of ltaSr sFe.,ClyOs.5 (y = 0.0-0.3) discs.

The grain sizes increased with the increasing content of Cu as shown in
Figure 3.14. LasShdFenCuw30ss has the highest grain sizes. As observed
previously [48-49] the increase in particle size with the doping level is a result of a
change in the melting point of the samples. Doping with copper decreases melting
points of the materials, this effect results in an enhanced grain growth. The densities

of Lag.sSto.eFeryCu/Oz5with various amounts of Cu were listed in Table 3.14

Table 3.14 Density of LguSr ¢Fe1.,ClyOs5 (y = 0.0-0.3) discs

Ratio | Density (g.cnf) | Relative density(%)
y=0.0 5.625 93.20
y=0.1 5.749 94.53
y=0.2 5.730 93.35
y=0.3 5.694 92.64

The characterization by SEM is concluded that all samples exhibited
high density (relative densities of sample discs are more than 92%) and had
homogeneous surface. The grain sizes ef&aFeG; s increased with the increasing
amount of Sr in A-site and increasing amount of Cu and Ni in B-site. Doping with 20

and 30% of Cr at B-site decreases the grain sizes.
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3.3 Properties of the perovskite compounds

3.3.1 Electrical Conductivity

For the MIEC perovskite oxide, the co-presence of electronic holes and
oxygen vacancies makes them simultaneously exhibit both electronic and ionic
conductivities. The electrical conductivity of an oxide is given by the sum of partial
conductivities of all mobile charged specesions, electrons and holes. However,
ionic conductivity in La,SiKFeQGs is small in comparison with the overall
conductivity. The ion contribution does not exceed 1%, 3% and 5% of the overall
conductivity for the compositions with x = 0.2, 0.5 and 0.9, respectively [50].
Assuming that the ionic conduction is negligibly small, the total conductivity can be
mainly referred to electronic conductivity.

The total electrical conductivityf Lay xSiFeOss and LaSrFe;yMyOs;s5 (M
= Cr, Ni andCu; x = 0.3-0.7; y = 0.0-0.3) has been investigated.

The electrical conductivity was measured with standard DC 4-probe technique
using the rectangularly cut sintered samples in the temperature range from room

temperature to 800 °C.

3.3.1.1 Electrical conductivity of La.xSrFeOs5 (X = 0.3-0.7)
Electrical conducting property dfa;.x<SxFeG.s (x = 0.3-0.7)were

investigated as a function of temperature.
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Figure 3.22 (a) Temperature dependence of the spexfiductivity ¢)
forLa;xSKFeQ;5 (x = 0.3-0.7)
(b) Ratio x dependence of the maximum specific cotidity for
La.SKFeGss (x =0.3-0.7).
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Table 3.15 Maximum specific conductivity of LgSiKFeG;5 (x = 0.3-0.7)

Ratio | Maximum specific conductivity (S/cm) | Temperature (°C)
x=0.0 1.004* 1,000*
x=0.3 151.31 800
x=0.4 212.33 800
x=0.5 325.52 650
x=0.6 414.78 650
x=0.7 420.99 550

*from reference [51]

Our results illustrated that the electrical conductivity of JSxFeG;s
increased with temperature within the region between room temperature t& 800
corresponding to the semiconducting property of these oxides when x = 0.3 and 0.4.
While the Sr-doped LaFeOwith x = 0.5-0.7 showed semiconductive behavior
between 25-650 °C and metallic property at higher temperature. However, the
conductivity value of La,SrKFeQ;s materials was enhanced by doping Sr at A-site.
As displayed in Figure 3.22 and Table 3.15, the specific conductivity of
Lap 3Sr. Fe0ss reached the maximum value of 420.99 S/cm at about 550 °C.

In Table 3.15, when x increases from 0 to 0.7, the value of maximum
specific conductivity increases whereas the temperature at maximum specific
conductivity decreases from 1,000 to 5%D. The partial replacement of trivalent
lanthanum for divalent strontium results in increasalgctrical conductivityof
LaFeQ, and rather intensive formation of oxygen vacancies competing with the
oxidation of the iron. In order to discuss the possible responses of an oxide system,
two extremes need to be considered on the introduction of the dopai}s T8e
formation of oxygen vacancies occur when the oxidation state of the iron cations (+3)
remains unchanged. Electronic compensation involves only a change of the oxidation
state of iron cations from +3 to +4, which may be interpreted as an appearance of
electron holes associated with*Eeations [50]. Since the partial replacement of La
by Sr affects the formation of both oxygen vacanciesT{]yand F&" ([Fe=s]). The
individual defect equilibrium can be expressed as following (Krdoger-Vink notation

has been used through this discussion).

[Sria] = [Fere] + [Vo©] (3.1)
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The assumption can be made that the electronic conduction is caused
by the exchange of electron holes between Fe ions of different valence states [52],
where the concentration of oxygen vacancies is always relatively small. It can be
suggested that the addition of Sr into La sites increases the p-type conductivity.

The Arrhenius plot of LaSKFeQG;s (x = 0.3-0.7) is given in Figure

3.23. Its linear part can be described by the formula:

o= (AT) exp (-EJKT) (3.2)

whereA is material constant including the carrier concentration term,
E, is the activation energy is the Boltzmann’s constant andis the absolute
temperature. The activation energy calculated from the linear part of Arrhenius plot
(Figure 3.23) is listed in Table 3.16can be clearly seen that the activation energy of
La;xSikFeQss decreased with the increase of the Sr content. According to these
results, La S e showed the lowest activation energy, correspondinghe

highest specificonductivity
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Figure 3.23Arrheniusplot of the electrical conductivity dfa; x<SiFeGss (x = 0.3-
0.7).



59

Table 3.16Activation energy of La,SKFeG; s (x = 0.3-0.7)

Ratio Ea (kJ/mol)
x=0.3 17.77
x=0.4 17.26
x=0.5 12.06
x=0.6 11.30
x=0.7 10.10

3.3.1.2 Electrical conductivity of La.xSrxFep oCro 1035 (X = 0.3-0.7)
Figure 3.24 and Table 3.17 shows the temperature dependence of

specific conductivity of La,SrFey oCro103.5 (x = 0.3-0.7) in air.
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Figure 3.24 (a) Temperature dependence of the specdiuctivity ©)
for Lay «SrFey oCrg 1035 (X = 03-07)
(b) Ratio x dependence of the maximum specific cotidity for

La xSiKFeQss and La.xSiFey oCro1035 (x = 0.3-0.7).

Table 3.17Maximum specific conductivity of LiaSKFe) ¢Crp.1035 (X = 0.3-0.7)

Ratio | Maximum specific conductivity (S/cm) | Temperature (°C)
x=0.3 93.76 800
x=0.4 145.55 800
x=0.5 206.56 650
x=0.6 244.00 600
x=0.7 214.47 600

The temperature dependence of the specific condiyctior all
specimens is shown in FiguBe24. The total conductivity of LaSKFey oCrp.1035 in

air is predominantly electronic and increases with temperature (Figure 3.24). The
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electrical conductivity of La,SiFey oCro.1035 (X = 0.5-0.7) exhibits a semiconductor-
type behavior from room temperature to 650 °C, whilst further heating leads to an
apparent transition to pseudometallic conduction. As for other ferrites [53], the
pseudometallic behavior at high temperatures is associated, most likely, with a
decrease in concentration pftype charge carriers due to an increase in oxygen
nonstoichiometry on heating.

Figure 3.24 (b) demonstrated that the chromium doping aix La
SrFeQss (x = 0.3-0.7) results in decreasing conductivity. Sinc& €ation is the
most stable oxidation state and*Cion is rare [54], their incorporation into the B
sublattice of La,SrFeOs.s decreases the total concentration of B-sites participating
in the electronic transport, and also the absolute concentration*ofolie which

represent p-type charge carriers.
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Figure 3.25Arrheniusplot of the specificonductivity ofLa;.xSriFey oCro.1035 (X =
0.3-0.7).

Table 3.18Activation energy of La,SFe oCro.1035 (X = 0.3-0.7)

Ratio Ea (kd/mol)
x=0.3 18.09
x=0.4 17.01
x=0.5 16.31
x=0.6 13.72
x=0.7 15.67
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The Arrheniusplot of the specific conductivity and the activation
energy of LaxSiFe) oCry.1035 (X = 0.3-0.7) are displayed in Figure 3.25 and Table
3.18, respectivelylt can be observed that the activation energy of,&aFeQ;

increased with the addition of chromium.

3.3.1.3 Electrical conductivity ofLag 4Sro eF€1.yCryOss (y = 0.0-0.3)
The temperature dependence of the specific conductivity for the

Lag 4So.eFe1-,CryOs5 (y = 0.0-0.3) samples is shown in Figure 3.26.
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Figure 3.26 (a) Temperature dependence of the spentfiicuctivity ¢)
for Lag.4Sro éF€1yCryOss (y = 0.0-0.3).
(b) Ratio y dependence of the maximum specific conductivity for
L&y 4Sio.6F€1.yCryO35 (y = 0.0-0.3).

Table 3.19Maximum specific conductivity dfag 4St eFe1.yCryOss (y = 0.0-0.3)

Ratio | Maximum specific conductivity (S/cm) | Temperature (°C)
y=0.0 414.78 650
y=0.1 244.00 600
y=0.2 128.93 600
y=0.3 97.70 600

Figure 3.26 (a) shows two regions of conductivitythe lower region
(at room temperature to 650 °C), the Cr-doped oxide is semiconductor while these
perovskites show metallic conductivity at higher temperature regionelBa&ical
conductivity of LaaSheFe,CrOss (y = 0.0-0.3) is essentially dependent of
chromium content. Theelectrical conductivity of L@ .SreFe.,CryOs;s decreases

dramatically with chromium addition. It can be explained that the increase of
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chromium content causes the concentration &f B@s in the structure to be reduced.
Thus, theelectrical conductivity decreases. In addition, processingditmms may

affect the conductivity of perovskite oxides, probably due to an extremely important
role of grain boundaries [55]. In case ofyL3r dFey 7Cro.303, it exhibited smallest
grains (Figure 3.17), enhancing the amount of grain boundaries and then the
conductivity decreased. The maximum specific conductivity ef,88 ¢Fe 7Cro.30s

was the lowest (97.7 S/cm at about 600 °C) and it is about four times less than that of
undoped La,SKFeGss (414.78 S/cm at about 650 °C).
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Figure 3.27 Arrheniusplot of the specificonductivity ofLag sSto éFe1-,CryOss (Y =
0.0-0.3).

Table 3.20Activation energy of LeuSr eFe,CryOss(y = 0.0-0.3)

Ratio Ea (kd/mol)
y=0.0 11.30
y=0.1 13.72
y=0.2 17.59
y=0.3 18.12

The activation energy values of d4&feFe.,CryOs;s (y = 0.0-0.3)
specimens calculated from the linear part of Figure 3.27 are shown in Tabl@320.

activation energy increases with the amount of chromium. The activation energy of
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Lap 4Sto 6 Fer,CryOss is higher than that of LaSrFeQ;ss corresponding to thiewer
specificconductivityof Lag sSty éF€1-,CryOs.s.

3.3.1.4 Electrical conductivity ofLa;xSrxFep gNig.1035 (X = 0.3-0.7)
The electrical conducting property by xSkFeyoNip1035 (X = 0.3-

0.7)was investigated as a function of temperature.
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Figure 3.28 (a) Temperature dependence of the specdituctivity ¢)
for Lag«SikFéy oNi 1035 (x = 0.3-0.7).
(b) Ratio x dependence of the maximum specific cotidity for
La,SKFeQss and LaxSiFeydNig 1035 (x = 0.3-0.7).

Table 3.21Maximum specific conductivity of LgSiKFey gNig.10z5 (x = 0.3-0.7)

Ratio | Maximum specific conductivity (S/cm) | Temperature (°C)
x=0.3 230.06 800
x=0.4 283.67 800
x=0.5 356.34 550
x=0.6 460.72 550
x=0.7 432.41 550

In this study, the electrical conductivity wasdiad in the temperature
range from room temperature to 800 °C. The temperature dependence of the specific
conductivity for La..SrFeyoNip.1035 (X = 0.3-0.7) is shown in Figure 3.28 and it
showed the same pattern as Figures 3.22 and 3.24. It revealed that the specific
conductivity increases with temperature, indicating the semiconductor nature of the
lanthanum ferrite system. Table 3.21 summarizes the specific conductivity as a

function of Ni-substituted concentration for,L&KFe Qs. The conductivity values
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of La;xSiKFeGs increase with Ni doping in the sample. The maximum specific
conductivity,cssp.c = 460.72 S/cm, is found for baSr éFe oNip 1035 Specimen. It is
possible that high electronic conductivity ofiL&iFey oNio.1035 might be related to

the charge transfer of B-site. Charge compensation for the introduction of strontium at
the A-sites induces the charge change frofi feeFé™* and Nf* to Ni** and/or Nf*

[41]. In this case, the concentration of electronic holes increases thereby enipancing

type conductivity.
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Figure 3.29 Arrheniusplot of the electrical conductivity dfa;.xSrFey dNip.1035 (X =
0.3-0.7).

Table 3.22Activation energy of La,SiFey gNip.1035 (x = 0.3-0.7)

Ratio Ea (kd/mol)
x=0.3 14.21
x=04 14.20
x=0.5 9.59
x=0.6 8.85
x=0.7 9.24

Activation energy for the conduction is obtained by plotting the
electrical conductivity data in Arrhenius relation, as displayed in Table 3.22. It can be
seen that the substitution of the nickel 0.1 mol makes the activation energy8fiLa

FeQ;; decreased.
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3.3.1.5 Electrical conductivity ofLag 4Sro eFe1yNiyOsz5 (y = 0.0-0.2)

Figure 3.30 and Table 3.23 show temperature dependence of the

specific conductivity of LguSto eéFe1yNiyOs5 (y = 0.0-0.2) in air.

Specific conductivity (S/cm)

0

550 1
500 A
450 A
400 A
350 A
300 A
250 A
200 A
150 A
100 A

50 A

520 1

—&— | SFNi

@ ||5
% 500 1
—e—y=00| |2 480 ]
o1 2 460 4
y=0.
S 440
—#—vy=0.2 c
Y 8 420 1
L 400 1
=
8 380 |
o
—— 9 360 .
0 100 200 300 400 500 600 700 800 00
Temperature (°C)

0.1 02
Ratioy

(b)

Figure 3.30 (a) Temperature dependence of the specdituctivity ¢)

for Lao.4SI'o_6Fel.yNiy03.5 (y = 00-02)

(b) Ratio y dependence of the maximum specific cotidity for

LEbASI'o_eFel.yNiyOg.g (y = 00-02)

Table 3.23Maximum specific conductivity of laSr eFe1-yNiyOss (y = 0.0-0.2)

Ratio | Maximum specific conductivity (S/cm) | Temperature (°C)
y=0.0 414.78 650
y=0.1 460.72 550
y=0.2 495.46 550

DC electrical conductivity of LgSr eFeryNiyOss (y = 0.0-0.2) was

measured in air as a function of temperature as shown in Figure 3.30. The specific

conductivity increased with temperature and nickel conisfitth increasing nickel

content in B-sites, the conductivity increases as expected due to the enhancement of

the total concentration of Rfiand Nf* at B-sites. The change of nickel charge from

+2 to +3 and/or +4 might cause the electron holes that participate in the electronic

transport process [41]. The highest specific conductivity value is obtained from the
sample with the highest Ni-content on B-sitgs{ -.c = 495.46 S/cm at about 550 °C).

The activation energy values of d4feFeiyNiyOss (y = 0.0-0.2)

specimens calculated from the linear part of Arrhenius plot in Figure 3.31 are listed in

Table 3.24Our results indicated that the activation energy @fs6& eFer.,NiyOs is

less than that of LaSr Fe0ss.
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Figure 3.31Arrheniusplot of the electrical conductivity dfag sSto eFer-yNiyOsz5 (y =

0.0-0.2).

Table 3.24Activation energy of LguSio sFe1.yNiyOsz5 (y = 0.0-0.2)

Ratio Ea (kJ/mol)
y=0.0 11.30
y=0.1 8.85
y=0.2 8.53
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3.3.16 Electrical conductivity ofLa;xSrxFep.oCuo.1035 (x = 0.3-0.7)
The temperature dependence of the specific conductivity of the La

SrFey o«Cly 1035 (X = 0.3-0.7) samples is displayed in Figure 3.32 and Table 3.25.
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Figure 3.32 (a) Temperature dependence of the specdituctivity ¢)
for Lay xSikFey o«Clp 1035 (x = 0.3-0.7)
(b) Ratio x dependence of the maximum specific cotidity for
LaxSKFeQss and La xSrFey dCupy 1035 (x = 0.3-0.7).

Table 3.25Maximum specific conductivity of LiaSKFe) ¢Clp 1035 (X = 0.3-0.7)

Ratio | Maximum specific conductivity (S/cm) | Temperature (°C)
x=0.3 186.28 750
x=0.4 235.69 750
x=0.5 333.97 600
X =0.6 341.87 600
x=0.7 312.84 600

Electrical conductivity measurements were recorded as a function of
temperature in the LaSrFe) dCup 1035 system, for x values of 0.3 to 0.7. Figure 3.25
depicts the same manner as Figure 3.21. It can be seen that Cu doping at B-site is not
as effective as Sr doping at A-site for improving the conductivity (Table 3.25 and
Figure 3.32). Partial addition of Cu at the Fe site causes the increase of specific
conductivity and reduces the temperature of the maximum specific conductivity.
Figure 3.32 illustrates that the conductivity of L8rFe) «Cuy 1035 increases with Sr
content at x = 0.3-0.5. It is indicated that 10% Cu doping at the Fe site can improve
the conductivity of La,SrFeG;s and lower the temperature of maximum specific

conductivity at some Sr contents. When the amount of Sr changes from 50% to 70%,
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the maximum specific conductivity becomes lower. The decrease of the conductivity
is mainly associated with the loss of the lattice oxygen and the reduction of the B-site
(Fe ions) at elevated temperature [56].

Calculated from the slope of logs-T) versus 1000/T plots, the
activation energy values of LaSriFe) ¢Cupy 1035 specimens are shown in Table 3.26.
It could be seen that the activation energy of {SaFeQ;; decreased with copper

replacement at B-site.
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Figure 3.26 Arrheniusplot of the electrical conductivity dfa; xSiFey ¢Clo.1035 (X =
0.3-0.7).

Table 3.26Activation energy of La,SiFey ¢Cup 1035 (X = 0.3-0.7)

Ratio Ea (kJ/mol)
x=0.3 11.38
x=0.4 10.92
x=0.5 9.92
x=0.6 9.02
x=0.7 9.86
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3.3.1.5 Electrical conductivity ofLag 4Sro eFe1yCuyOs5 (y = 0.0-0.3)

Figure 3.34 and Table 3.27 shows the temperature dependence of

specific conductivity of LguSto éFe1-yCuOs5 (y = 0.0-0.3) in air.
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Figure 3.34 (a) Temperature dependence of the specdiuctivity ©)

for Lag.4St éFe1yCu,O35 (y = 0.0-0.3)

(b) Ratio y dependence of the maximum specific cotidity for

Lay.4Sto.6Fer-yCyOs5 (y = 0.0-0.3).

Table 3.27Maximum specific conductivity of laSr ¢Fe.yCu,Os3.5 (y = 0.0-0.3)

Ratio | Maximum specific conductivity (S/cm) | Temperature (°C)
y =0.0 414.78 650
y=0.1 341.87 600
y=0.2 288.67 600
y=0.3 284.24 550

In Figure 3.34 and Table 3.27, the electrical conductivity that was

measured in air as a function of temperature indicated a semiconducting behavior of

Cu doped LasShdeQs up to 650 °C. The specific conductivity of each

composition increased with temperature up to their maximum specific conductivity
value and then decreased. Figure 3.34 (b) showed that the substitution of 20330% Fe

by CU* led to positive charge deficiency, which is compensated by oxygen vacancies.

The conductivity of LasSr.eFe.,CuOs5 decreased with Cu content, the increasing

of oxide ion vacancies might cause a decreasing in electrical conductivity. The

vacancies could also act as random trap for electrons, resulting in the decrease of the

carrier mobility [56] and finally charge carrier concentration. It was indicated that Cu

doping at the Fe site cannot improved the electrical conductivityBSlaFe Qs s.
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Shown in Table 3.28, the activation energy values of Cu specimens
were calculated from the linear part of Figure 3.35. It can be observed that the
activation energy of LaSnee.,CuOs; (X = 0.1-0.3) was less than that of
Lap4SrheFess and the activation energy increases with the amount of copper

corresponding to the lower specifionductivityof Lay sSto éF€1-yClyOs.s.
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Figure 3.35Arrheniusplot of the electrical conductivity dfag 4Sro.eFe1-yCuyOss (Y =
0.0-0.3).

Table 3.28Activation energy of LeuSr ¢FeyCuyOs5 (y = 0.0-0.3)

Ratio Ea (kJ/mol)
y=0.0 11.30
y=0.1 9.02
y=0.2 9.22
y=0.3 9.38

Table 3.29Activation energy compilation for perovskite

Sample E (kJ/mol) | Reference
Lag 4Sty.eF& eNig 2035 8.53 This work
Lao.7SIh3Fe.eNio.20s.5 11.90 [41]
Lap7SIh3F&.eCly 2035 13.76 [41]
Lao.7SI’o_3FQ).gM no.203-3 17.54 [41]
Lag7Sr3Fen.eAl0.2035 21.46 [41]
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From the conductivity results, it can be concluded that partial
substitution of Sr at the A-site is crucial to increase the conductivity performance at
lower temperature. For x = 0.7, the specific conductivity af,5aFeG;s shows the
highest value which is 420.99 S/cm at 580 By replacing Fe with Cr, Ni and Cu,
the enhancement of LgSrFeG;.5 conductivity can only be achieved with Ni doping.
The highest specific conductivity obtained from this work is 495.46 S/cm for
Lag 4Sio.eF &y gNip 2035 at about 550 °C.

3.3.2 Thermal expansion coefficients

Since SOFCs operate at high temperatures and should endure the thermal
cycle from room temperature to operating temperature. Materials of SOFCs must be
thermally compatible with the other cell components. Therefore, the thermal
expansion coefficient (TEC) of materials must be close to those of the other cell
components to minimize the thermal stresses.

The thermal expansions were measured by using tomiéder (NETZSCH
DIL 402C) in the temperature range from room temperature @® 8C.
Measurements were performed at a heating rat® 8C/min and data acquisition of
the differential length and the temperature was conducted every 10 s. No weight

change of the sample was observed before and after the measurement.

3.3.2.1 Thermal expansion coefficients of LaSrFeOs5 (X = 0.3-
0.7)

Dilatometric curves for the LaSrKFeQss (x = 0.3-0.7)in air are
shown in Figure 3.36 (alhe average thermal expansmefficient (TEC) is defined

as the slope of dilatometric curves, are displayed in Figure 3.3} able 3.29.



12

1.4 4 01
(a) 100 (b)
1.2 1 5
X=07 — 15.5
— 1.0 1 / x=0.6 O 15,0
S x=05 | | @
~ 0.8 O 145
o x=04 — —8— LSF
= x
S 0.6 1 x=0.3 = 14.0 4
© O
0.4 ~ B o135
0.2 1 13.0 A
0.0 += ,. T T T T T T T 12.5 T T T T
0 100 200 300 400 500 600 700 800 03 04 05 06 07
Temperature (°C) Ratio x

Figure 3.36 (a) Temperature dependence of the thermal expansion
forLayxSKFeGss (x = 0.3-0.7).
(b) Ratio x dependence of the TEC fornlanFeQs (x = 0.3-0.7).

Lanthanum ferrite was doped by strontium in order to improve ionic
and electronic conductivities. The ionic conductivity is related to the concentration of
oxygen vacancies and the electronic conductivity is related to hole concentration. The
partial substitution of lanthanum by strontium can lead to the creation of oxygen

vacancies and holes, according to the reactions (3.2) and (3.3):

LaFeQ

2SrO_—s 2SK +Vor+2 QY (3.3)
1 LaFeQ > . X
EOZ+28rO% 2SS +2hH+3 (3.4)
Fe + H —> Fg’ (3.5)
OO0 +2 Fge <—> %Oz +Vo'" +2Fegs (3.6)

Reaction (3.6) represents the global equilibrium between reactions
(3.4) and (3.5).

TEC values of perovskites were measured for various strontium
contents from LSF 731 to LSF 371 under air (Figure 3.36). The perovskite oxides
expanded almost linearly in the temperature range 25®G0iut they became steeper
at high temperature. In the low temperature range, the substitution of lanthanum by
strontium from x= 0.3-0.7 leads to a TEC variation in the range of 13.07 up to 15.10
x10° °C* under air. TEC is affected by strontium content in the low temperature
range. Indeed in this range, the thermal expansion is only the result of lattice
vibrations. In the high temperature range, the TEC increases from 13.33 up to
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16.51x1¢ °C* in air, the concentration of oxygen vacancies increases with strontium
content (reaction (3.3)) according to the relationship of electroneutrality conservation
[57].

On the other hand [41], reaction (3.6) involves the creation of oxygen
vacancies and the reduction of the valence state of iron frédin(Fe) to Fé*
(Fee)) due to temperature. The volume expansion of the material is due to this
reduction of Fe with increasing ionic radii{* = 0.585 & ; ree” = 0.645 &) and to
oxygen vacancies with an increase of the electrostatic repulsion between the cations.
The result of these chemical-induced mechanisms is a deformation and an increase of
the unit cell volume. Therefore, thermal reduction df Fe F€* and the formation of
oxygen vacancies enhanced the thermal expansion coefficient.

The thermal expansion coefficient calculated from the slopes of the
thermal expansion curves of Figure 3(3& The thermal expansion of §.#1p sFeG;
at 50-800°C measured in this work is less than previous work. This work was
synthesized from the modified citrate method but previous work using different
methods and conditions. TEC values of & FeG; s can be improved by using the

modified citrate method.

Table 3.30TEC values ot.a;.,SiFeG;s5 (x = 0.3-0.7)

Ratio | Temperature range €C) | TEC (xlO'6 °C'l) Reference

50-500 13.07 This work

x=0.3 50-800 13.33 This work
30-800 16.30 [58]

50-500 13.31 This work

x=0.4 50-800 13.32 This work
30-1000 16.30 [59]

50-500 13.82 This work

x=0.5 50-800 14.28 This work
677-1037 23.70 [60]

X =0.6 50-500 14.72 Th?s work

' 50-800 15.49 This work

50-500 15.10 This work

x=0.7 50-800 16.51 This work
507-867 29.90 [61]
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3.3.2.2 Thermal expansion coefficients of LgSrFey oCro1035 (X =
0.3-0.7)

The average thermal expansiomefficient (TEC) of La,SkFeyoCro1
O35 (x = 0.3-0.7) in air, obtained from dilatometric curves (Figure 3&y are
showed in Figure 3.3tb) and Table 3.30.
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Figure 3.37 (a) Temperature dependence oftthermal expansion
for LayxSiFey oCrp.1035 (X = 0.3-0.7)
(b) Ratio x dependence of the TEC for karFeOss
and La,SKFe oCro.10a5 (X = 0.3-0.7).

Table 3.31TEC values of_a; «SrFe) oCrp 1035 (X = 0.3-0.7)

Ratio | Temperature range ¢C) | TEC (x10°°C™)
x=03 50-500 13.38
50-800 13.69
X =04 50-500 13.91
50-800 14.54
Xx=05 50-500 14.11
50-800 15.58
X =06 50-500 14.96
50-800 18.20
oo 50-500 15.04
50-800 20.96

From Figure 3.37b) and Table 3.30, it is seen that the magnitude of
the thermal expansion contribution increases with increasing value of x, due to the
higher concentration of oxygen vacancies in the samples with more Sr. Moreover, the
TECs are observed to increase when Fe is replaced by Cr, can also be explained by

electroneutrality condition. Cr is generally in the +3 state and high mobifityi@rs



75

replaced 10% of P& and F&", might cause the increase of oxygen vacancy. It is
attributed to the decrease in the covalence of Cr-O bond as compared to Fe-O bond.
Thus replacements of Fe with Cr on the B-site cause increasing of TECs.

The expansion behavior of §.&r e oCro1035 In those two
temperature ranges, can be attributed to two different mechanisms. In the low
temperature range (below 48Q), the intrinsic thermal expansion is due to atomic
vibrations of lattice with temperature. In the high temperature range, typically above
450 °C, in addition to the intrinsic thermal expansion, another contribution to the
volume expansion is caused by oxygen loss from the structure with the creation of
oxygen vacancies (reaction (3.7)), commonly called chemical-induced expansion
[57]. The following reaction, where the Kréger -Vink notation is used, is thermally

activated:

Oo = Vo" +%Oz + 2¢ (37)

3.3.2.3 Thermal expansion coefficients of LgSr«Fey gNip 1035 (X =
0.3-0.7)

Figure 3.38 and Table 3.31 illustrates the thermal expansiongf La
SrFeyoNig 1035 (x = 0.3-0.7) measured in air and the temperature range from room

temperature to 80C.
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Figure 3.38 (a) Temperature dependence oftthermal expansion
for La;xSriFey oNig.1035 (X = 0.3-0.7)
(b) Ratio x dependence of the TEC for karFeOss
and La,SrFey gNig1035 (X = 0.3-0.7).
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Table 3.32TEC values of a;,SrFey oNig 1035 (x = 0.3-0.7)

Ratio | Temperature range ¢C) | TEC (x10°°C™)
02 50-500 13.14
50-800 13.46
X =04 50-500 13.77
50-800 14.37
Xx=05 50-500 14.35
50-800 15.18
X =06 50-500 15.08
50-800 16.91
X =07 50-500 15.37
' 50-800 17.70

It can be seen that doping with?Niat B site of LSF increased the
thermal expansion coefficient as compared with LSF and it increased with increasing
the strontiuncontent at A site.

The TEC values of doping with i at B site were higher than that of
undoped Ni* at B site, due to the larger ion of’\{0.69 A°) is partially replaced into
Fe’* (0.645 A) site. The increase in TECs with increasing strontium aoinie
associated, most likely, with higher concentration of oxygen vacancies formed to
charge compensate °§r greater oxygen deficiency is expected to increase
anharmonicity of atomic vibrations, the major factor determining thermal expansion
of solids[62].

3.3.2.4 Thermal expansion coefficients of lgaSrg eFe1.yNiyOz5(y =
0.0-0.2)

Figure 3.39 compares the thermal expansion in air for compositions in
the series LauSrneFe,NiyOss (y = 0.0-0.2). The average thermal expansion
coefficient (TEC), calculated from the dilatometric data, are summarized in Figure
3.39 (b)and Table 3.32.
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Figure 3.39 (a) Temperature dependence oftthermal expansion
for Lag.4Sto.eF€er1-yNiyOs;5 (y = 0.0-0.2)

(b) Ratio y dependence of the TEC folp L8y eF€r.yNiyOs-s
(y = 0.0-0.2).

Table 3.33TEC values ot.ay sSip.eFe1yNiyOsz5 (y = 0.0-0.2)

constant (i.e. LauStoeFeiyNiyOs5 (y = 0.0-0.2)). A significant increase of the TEC

Ratio | Temperature range ¢C) | TEC (x10°°C™)
y=00 50-500 14.72

' 50-800 15.49
y=01 50-500 15.08

' 50-800 16.91
y=02 50-500 15.49

' 50-800 17.57

The TEC was measured versus Ni content and Sr content remaining

value was observed with Ni content corresponding to the works of Khertan[63]

explained thathe average thermal expansion coefficient of.SxFe; xNixOs5 (X =

0.1-0.4, y = 0.1-0.2) ceramics rising with strontium and nickel contents. Its value vary

in the ranges (12.4-13.4) x $&™ at 700-1150 K and (14.2-18.0) x 1&* at 1150-
1370 K.

Lap 4Sro éFer-yNiyOs lattice and to decreasing oxidation states of the transition metal.

As expected, this effect becomes more pronounced with nickel additions. The

Increasing temperature leads to progressive oxygen losses from

resultant oxygen vacancies formaticause the thermal expansion coefficient of Ni

samples increased with increasing the amount Gt Ni
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3.3.2.5 Thermal expansion coefficients of LaSr«Fey.¢Cuo.1035 (X =
0.3-0.7)

The thermal expansion curves ofL8rFe) dCup 1035 (X = 0.3-0.7)
are presented in Figure 3.40 and TEC values of the perovskite oxides are listed in
Table 3.33.
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Figure 3.40 (a) Temperature dependence oftthermal expansion
for LayxSKiFey oCly.1035 (X = 0.3-0.7)
(b) Ratio x dependence of the TEC for karFeOss
and La,SiFey oClp 1035 (x = 0.3-0.7).

Table 3.34TEC values of_a; «SrFe) dCly 1035 (X = 0.3-0.7)

Ratio | Temperature range ¢C) | TEC (x10°°C™)
x=03 50-500 13.58
50-800 13.65
X =04 50-500 13.88
50-800 14.28
Xx=05 50-500 14.03
50-800 14.94
X =06 50-500 15.45
50-800 16.88
oo 50-500 15.89
50-800 18.93

In Figure 3.40(b) andTable 3.33, the thermal expansion coefficient
obtained from the slopes of the thermal expansion curves of Figure 3.40 (a). The
thermal expansion coefficient of L@BnrFeLCuw 1035 (x = 0.3-0.7) samples
increased with increasing the amountSsfand increased with doping Cu at B site.

They were similar to the results of Ni but the TEC values of Cu specimens were
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higher than those of Ni. This increase suggested the ionic radiusof0CI8 &) is
larger than Ni* (0.69 A°) and F&" (0.645 K).

From the results of thermal expansion, it is proved that partial
replacement of Sr at the A-site is significant to increase the thermal expansion
coefficient of La..SkFe.,MyOsz5 (M = Cr, Ni andCu). This increase suggested the
formation of oxygen vacancies due dbarge compensate’5rThe TEC values of
La; xSrkFeQss increased with doping Cr, Ni ar€l 0.1 mol in B-site. The thermal
expansion coefficient of LaSr e ,MyOs5 samples increased with increasing the
amount of Ni.

Consequently, the substitution with Sr at the A-site and Cr, NiCand
at B-site cannot improve thermal expansion propertyaafSrFeQGs s for matching

with yttria-stabilised zirconia (~ 10.7 x 28C?) electrolyte.

3.3.3 Oxygen permeation

Mixed oxide-ionic and electronic conduction ceramics (MIECs) have been
attracted much attention due to their high potential for applications in various
electrochemical devices. MIECs display oxide ionic conductivity, thereby they are
suitable to be materials for SOFCs such as cathode and electrolyte. The oxygen
permeation measurement was thus preformed to confirm the oxide ion conduction in
the specimens.

In this study, LasSheFenaNip035 materials that had highest specific
conductivity were selected as the representative membrane compositions for the
oxygen permeation measurement at elevated temperature range from 600-1000 °C.
The effects of surface modification by de®r 4C00;s5 Or Lay 4Sih.eFe.sNip 2035 onto
Lag 4sStheFengNip 035 membranes for oxygen permeating property were also
evaluated. Additionally, the following abbreviations were used for this section:
LSCo64 for LaeSt.4C00s5; LSFNi4682 for La.4Shy.eFeygNip 035 without catalyst
coating; C1-LSCo for membrane coated withy §&4C00s s on the air side; C2-
LSCo for membrane coated with dé%154C00;5 on both air and He sides; C1-
LSFNi4682 for membrane coated withol&15 gFe sNip 2035 on the air side; and C2-
LSFNi4682 for membrane coated with gli&1p ¢Fe&y gNip 2035 on both air and He

sides.



3.3.3.1 Morphologies of surface catalysts

Figure 3.41 SEM micrographs ofa) porous LSCo64urface(b) porous LSFNi4682
surface and (c) cross sectiontloé LSCo064 catalyst layer on LSFNi4682ecimen.

Microstructures of theLSCo64 and LSFNi4682 catalyst-coating layeon
LSFNi4682are represented Iigure 3.41 The specimen which was treated at 800
shows porous and particulate microstructure. According to our rethétgyrain sizes
of LSFNi4682 (Figure 3.41b)) were significantly smaller thathose of LSCo64
(Figure 3.41(a)). As seen irFigure 3.41(c)representing the cross section of the
catalyst layer on LSFNi4682pecimen, thecatalystcoating layer can be clearly

distinguished from th& SFNi4682membrane.

3.3.3.20xygen permeation of the unmodified LSFNi4682
Theoxygen permeation property of LSFNi468&s investigateds a
function of temperature

Jo, (x 108 mol/s*cm?)
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Figure 3.42 Temperature dependence of teygen permeation fluXJo) for the

unmodified LSFNi4682 specimen.
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Table 3.350xygen permeation flugf the unmodified LSFNi4682

Temperature (°C) | Oxygen permeation flux (x 18 mol/s*cm?)
600 8.68
700 13.74
800 25.61
900 33.22
1,000 38.44

Figure 3.42 presents the change of oxygen permeation flux with
temperature for the unmodified LSFNi4682 membrane. An increase in oxygen
permeation flux with temperature is due to the increase in mobility and concentration
of ionic carriers at high temperature [44]. Additionally, if the thickness of membrane
is small enough compared with the characteristic length, i.e., if the kinetics of oxygen
permeation is in a surface-exchange rate-controlled condition, we can regard the
thermally activated surface-exchange rate as another cause for an increase in oxygen
permeation flux.

The oxygen permeation flux of LSFNi4682 shows the maximum value
of 38.44 x10® mol/s*cnf at 1,000 °C (the highest operating temperature in this
experiment), as displayed in Figure 3.42 and Table 3.34.

For Sr-doped lanthanum and Ni-doped ferrite metal oxide..&m
Fei.,M,0s.5) whose lanthanum and ferrite lattice sites were occupied by strontium and
nickel ions, respectively, negative effective charge$ {%nd Nigs) were formed.
These negative effective charges need to be compensated by the formation of
equivalent amount of positive effective charges, such as electron hdles ¢hygen
vacancies (") [41]. The latter assumably cause oxygen permeability.



82

3.3.3.30xygen permeation of the modified LSFNi4682vith porous
LSCo64 surface catalyst

Temperature dependence for the oxygen permeation dfuxhe
modified LSFNi4682 with porous LSCo064 surface catalyst is displayed in Figure
3.43.

80 1
—A— C2-LSCo

—o— C1-LSCo
—— Unmodified

70 A
60
50 A
40 A
30
20
10 -

Jo, (X 108 mol/s*cm?)

0 —

600 700 800 900 1000
Temperature (°C)

Figure 3.43 Temperature dependence of theygen permeation fluXJo) for the
unmodified LSFNi4682specimenand the modified LSFNi468Z&pecimenwith

porous LSCo64 surface catalyst.

Table 3.360xygen permeation fluxesf the unmodified LSFNi4682pecimenand
the modified LSFNi4682pecimens with porousSCo64 surface catalyst

Oxygen permeation rate (x 1 mol/s*cnm?)
Temperature (°C) Unmodified Coated-LSCo64
Air side Air and He sides
600 8.68 11.84 12.18
700 13.74 14.71 15.88
800 25.61 27.39 29.11
900 33.22 33.80 41.69
1,000 38.44 39.97 72.09

The oxygen permeation fluxes of the LSFNi4682 membranes modified
by porousLSCo64are correlatively represented with that of the unifiexd specimen
in Figure 3.43 and Table 3.35. The oxygen permeation flux of the unmodified
LSFNi4682 specimen was increased by coating pot&So64at the air side. This
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result suggests that oxygen dissociation reaction in air side was improved by surface
catalyst. The oxygen permeation rate slightly increased and the highest oxygen
permeation rate of 39.9720° mol/s*cnf at 1,000 °C was achieved.

The porousLSCo64 layer coating on both air and He sides of the
LSFNi4682 membrane greatly improved the oxygen permeation flux of the uncoated
membrane from 38.44 ¥0°® to 72.09 x10® mol/s*cnt at the temperature of 1,000°C.
These increases in the oxygen permeation fluxes at all temperatures (600-1000 °C)
may be caused by increases in both effective surface area and surface activity for
oxygen dissociation and association at air and He sides, respectively [44].

3.3.3.40xygen permeation of the modified LSFNi4682vith porous
L SFNi4682 surface catalyst

Using LSFNi4682 with porous structure as its own surface catalyst, the
oxygen permeation curves for the modified LSFNi4682 with porous LSFNi4682 are
shown in Figure 3.44 and the average oxygen permeation flux of these oxides in

comparison with the data of the unmodified one are displayed in Table 3.36.

80 1

70 1
/ —e— C1-LSFNi
60 - /

/
4

—A— C2-LSFNi

—— Unmodified
50 -

40
30 A

Jo, (x 108 mol/s*cm?)

20 A
10 A

600 700 800 900 1000
Temperature (°C)

Figure 3.44 Temperature dependence of theygen permeation fluXJo) for the
unmodified LSFNi4682specimenand the modified LSFNi46823pecimenswith
porous LSFNi4682 surface catalyst
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Table 3.370xygen permeation fluxesf the unmodified LSFNi4682pecimenand
the modified LSFNi4682pecimens with porous LSFNi4682 surface catalyst

Oxygen permeation rate (x 18 mol/s*cn)
Temperature (°C) Unmodified Coated-LSFNi4682
Air side Air and He sides
600 8.68 12.07 12.84
700 13.74 15.29 16.08
800 25.61 28.54 29.53
900 33.22 36.33 43.46
1,000 38.44 41.98 72.51

Figure 3.44 presents oxygen permeation fluxes from air to He
environment through LSFNi4682 membranesh and without porous LSFNi4682
surface catalyst and the results showed similar trend as these of Figure 3.43. The
oxygen permeation flux of LSFNi4682 membrane increased by applying porous
LSFNi4682 catalyst layers, and the largest enhancement was observed with the
coating on both air and He sides (72.510¢ mol/s*cnf at 1,000 °C), followed by
the coating only on the membrane air side (41.98%mol/s*cnf at 1,000 °C). The
ratio of the oxygen permeation flux of the LSFNi4682 coated on both sides to that of
the unmodified LSFNi4682 is approximately 1.89 at 1000 °C.

However, the oxygen permeation flux of the LSFNi4682 coated
specimen is higher than the LSCo64 coated one. It is possible that higher oxygen
permeation flux due to LSFNi4682 surface catalyst might be related to its grain sizes.
As showed in Figure 3.42, the grain sizes of LSFNi4682 were smaller than those of
LSCo64 so the surface active area of LSFNi4682 catalyst is more than that that of
LSCo64.

In conclusion, the results of oxygen permeation experiment
demonstrated that the surface morphologies of the membrane can affect the oxygen
permeation flux. By introducing the LSCo064 or LSFNi4682 surface catalyst on the
either side or both sides of LSFNi4682 membrane, significant promotion in oxygen
permeation flux could be obtained. The oxygen permeation flux of the LSFNi4682
coated membrane is higher than that of LSCo64 coated one. The highest oxygen
permeating flux of 72.51 £0® mol/s*cnf (at 1,000 °C) from air to He was achieved
on LSFNi4682 membrane coated with LSFNi4682 on both air and He sides.



CHAPTER IV

CONCLUSIONS

4.1 Conclusions

LaFeQ perovskites doped with various compositions of Sr ions at A-site and
Cr, Ni and Cu at B-site were synthesized by the modified citrate method. The
structures of the synthesized perovskite compounds were characterized by XRD,
confirming that La,SiFe.,,MyOs5 (M = Cr, Ni andCu; x = 0.3-0.7; y = 0.0-0.3)ad
cubic perovskite structure. All of the XRD patterns revealed the single phase gf ABO
perovskite oxides except the pattern ofy i< ¢Fey Nip 3035 which showed an
impurity phase, suggesting that 0.3 mol of Ni cannot be doped at the B-site of
Lag 4SSt eFeCs.s.

Moreover, the XRD analysis indicated that La substitution by Sr at A-site
affected on the lattice parameter of the perovskite. With the addition of Sr, the lattice
parameter decreased. It was likely that the electroneutrality compensation of the
perovskite oxide via the formation of oxygen vacancies caused the shrinkage of lattice
parameterCompared to the B-site replacement (substituting Fe with Cr, Ni and Cu);
the lattice parameter changed slightly.

Surface morphology of the sintered discs was examined by SEM. SEM
characterization concluded that each sample exhibited high density (more than 92%)
with homogeneous surface. The grain sizes of8aFeG;; increased with the
amount of Sr in A-site as well as Cu and Ni quantities in B-site. On the other hand,
doping with Cr at B-site decreased the grain sizes. Additionallyp st@eFey 7Cro 3
O35 has the smallest grain sizes whereag:8s ¢Fe Cup 3035 has the largest grain
sizes.

From the conductivity results, the partial replacement of trivalent lanthanum
for divalent strontium results in an incredie electrical conductivitgpf LaFeQs. It
can be clearly seen that the electrical conductiitya; SKFeG;s increased with the
Sr content owing the conversion of’Fe Fé" to stabilize A-site doping. For x = 0.7,

the electrical conductivity of LaSKFeG;s shows the highest value which is 420.99
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S/cm at 550°C. By replacing Fe with Ni and Cu at B-site, the amiement of La
SrFeQss conductivity can be achieved. However, the increase in the amount of Cr
doping at B-site lowered the perovskite electrical conductivity. Nevertheless, it is
satisfied that thelectrical conductivity of La,SrFeQss could be greatly improved

by simultaneous doping Sr and Ni at A- and B-sites. 3jmecific conductivity of
495.46 S/cm for LasSrdFenaNip 035, at intermediate temperature (550 °C) was
obtained in this work.

The thermal expansion values proved that partial replacement of Sr at the A-
site is significant to increase the thermal expansion coefficients,QBL&e;.,MyOss.

The volume expansion of the material could arise via the thermal reduction of the
valence state of iron from eto F€* (res’" = 0.585 & andrre’ = 0.645 &) and the
formation of oxygen vacancies duecttarge compensation for’5rThe TEC values

of Lay;xSKFeQ;s increased with doping Cr, Ni ai@u 0.1 mol in B-site. On the other
hand, the thermal expansion coefficient ofy k%I 6FeyNiyOss samples increased
with the amount of Ni.

Oxygen permeating information demonstrated that the LSFNi4682 membrane
was improved in oxygen permeation flux by the coating of porous LSCo64 or
LSFNi4682 surface catalyst layers. The modification on both air and He sides with
porous surface catalysts makes LSFNi4682 perovskite be better oxygen permeable
membrane. The highest oxygen permeating flux obtained from this work is 72.51 x
10° mol/s*cnf at 1,000 °C for the LSFNi4682 membrane coated with LSFNi4682 on
both air and He sides.

Lag.4Sro gFen.gNio 2035 with the specific conductivitgf 495.46 S/cm at about
550 °C, the oxygen permeability of 72.5118° mol/s*cnf at 1000 °C and the
thermal expansion coefficient of 15.49 x°C™* at the temperature range 50-5@
can compete with other materials for uses in Intermediate Temperature Solid Oxide
Fuel Cells (IT-SOFCs).
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4.2 Suggestion
From experiment results, the future work should be focused on the following:

1. Improvement for the oxygen permeability of L& ¢Fey sNig 203
membrane by coating on both air and He sides with the fine particle

surface catalyst.

2. Studies for the electrochemical performance o 468 ¢FeygNio O3

specimens in single cell testing.
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APPENDICE A

Tolerance number

Goldschmidt (1926) defined the tolerance limits of the size of ions through a
tolerance factor, t as Equation (A.1)
(o (ratro) (A1)
\/E(rB +15)
where k, s, and p are the radii of respective ions. For the substituted
perovskite at A and B site,1AA'\B1.,B'yOs5, ra and g were calcuated from the sum
of each metal at A site and B site, respectively, time its compostition. The atomic

weight, ionic charge, coordination number, and ionic radius of all concerned metals

were shown in Table A.1

Table A.1 Atomic weight, ionic charge, coordination number, and ionic radius of

concerned metals [64]

Element Charge | lonic radius
La 3+ 1.032
Sr 2+ 1.180
Fe 2+ 0.780
Fe 3+ 0.645
Fe 4+ 0.585
Cu 2+ 0.730
Cu 3+ 0.540
Ni 2+ 0.690
Ni 3+ 0.600
Ni 4+ 0.480
Cr 3+ 0.615
O 2- 1.400

Therefore, as Equation A.1 the tolerance number of perovskite compounds such as
LSFNi 4682 was calculated as below.
tolerance number of LSFNi 4682 = (1.032x0.4) +(1.18x0.6) + 1.40 =1.19
V2 [(0.645 x 0.8) + (0.69 x 0.2) + 1.40]
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APPENDICE B
Activation Energy (E,)
Arrhenius plot of LSFNi 4682 is given in Figure B-1. The linear part can

be described by the small polaron conduction mechanism, following the formula:

o = (AIT) éF¥RD
In GT) =In A F¥RD
In cT) = In RN+ In A (B.1)
In ©T) = (-E/R) (1000/T) + InA

ooy '

y slope X intercept y axis

-E/K = Slope of the linear
E = -Slope x K

Ais material constant including the carrier concentration term,
o = The specific conductivity (S/cm)

Ea = The activation energy (kJ/mol)

T = Temperature (K)

R = The gas constant = 8.3144J/X.mol

From Equation B.1 Arrhenius plot of 4T versus 10007 gives a straight line,

whose slope and intercept can be used to determiaedEA
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Figure B.1 Arrhenius plot of the electrical conductivitylddFNi 4682

The activation energy calculated from the slope of the straight line of figure
B.1 For example, the activation ener@a) of LSFNi 4682, was calculated as below:
BSCF ; The linear equation is
y=-1.1736x + 14.311
Slope =-1.1736 = 4R
Then, F=-1.1736 x 8.314472 = 9.76 kJ/mol



APPENDICE C
Table C.1 Specific conductivity dfa; ,SrFeGss (x = 0.3-0.7)

Ratio Specific conductivity, o(S/cm)

27°C 250°C 300°C 350°C 400°C 450°C 500°C
x=0.3 0.38 26.05 44.30 63.12 80.17 95.64 108.81
x=0.4 0.63 35.17 59.35 84.68 108.05 128.89 145.98
x=0.5 9.16 181.58 230.59 267.9( 289.09 307.11 312.85
x=0.6 16.39 209.63 261.40 300.06 329.64 353.23 374.90
x=0.7 56.95 295.80 330.61 357.4% 377.88 392.99 413.37
Ratio Specific conductivity, ¢(S/cm)

55¢°C 600°C 65C°C 700°C 750°C 80CrC omax (T,°C)
x=0.3 119.12 128.09 135.76 142.62 148.38 151.81 151.31(800)
x=0.4 160.60 173.89 185.53 197.4Y 205.84 212.33 212.33(800)
x=0.5 318.78 323.07 325.52 317.44 311.86 286.66 325.52(650)
X =0.6 395.75 410.76 414.78 398.77 362.08 312.48 414.78(650)
x=0.7 420.99 399.95 358.14 304.62 255.06 202.04 420.99(550)
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Table C.2 Specific conductivity dfa; «SrFey ¢Cro.103-5 (X = 0.3-0.7)

Ratio Specific conductivity, o(S/cm)

27°C 250°C 300°C 350°C 400°C 450°C 500°C
x=0.3 0.65 31.87 43.10 53.42 62.26 69.68 79.38
x=04 0.65 29.81 45.53 62.92 77.58 91.26 102.48
x=0.5 4.78 86.31 110.03 130.07% 149.24 164.82 178.20
x=0.6 5.50 82.07 111.39 139.2( 164.58 193.69 218.66
x=0.7 11.30 87.17 110.94 136.58 160.23 181.55 202.52
Ratio Specific conductivity, o(S/cm)

55C°C 600°C 650°C 700°C 750°C 80C°C omax (T,°C)
x=0.3 83.35 87.48 90.86 92.96 93.76 93.3D 93.76(800)
x=0.4 111.58 121.31 129.24 137.54 142.99 145.65 145.55(800)
x=0.5 189.67 199.96 206.56 206.27 200.44 184.35 206.56(650)
x=0.6 237.39 244.00 236.52 216.0% 188.23 159.37 244.00(600)
x=0.7 213.84 214.47 197.64 168.30 143.73 122.114 214.47(600)
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Table C.3 Specific conductivity dfag 4Sr eFe1.yCryOs5 (y = 0.0-0.3)

Ratio Specific conductivity, o(S/cm)

27°C 250°C 300°C 350°C 400°C 450°C 500°C
y=0.0 16.39 209.63 261.40 300.06 329.64 353.23 374.90
y=0.1 5.50 82.07 111.39 139.2( 164.58 193.69 218.66
y=0.2 2.38 36.96 56.36 74.37 87.74 101.81 116.10
y=0.3 2.19 31.36 41.73 52.27 61.6Q 70.68 79.01
Ratio Specific conductivity, o(S/cm)

550°C 600°C 65C°C 700°C 75C¢°C 500°C omax (T,°C)
y=0.0 395.75 410.76 414.78 398.77 362.08 312.48 414.78(650)
y=0.1 237.39 244.00 236.52 216.0% 188.23 159.87 244.00(600)
y=0.2 125.05 128.93 126.37 121.19 112.05 103.61 128.93(600)
y=0.3 87.21 93.67 97.70 97.48 91.73 84.91 97.70(p50)

00T



Table C.4 Specific conductivity dfa; «SrFey gNip.103-5 (X = 0.3-0.7)

Ratio Specific conductivity, o(S/cm)

27°C 250°C 300°C 350°C 400°C 450°C 500°C
x=0.3 7.43 84.47 107.87 129.91 149.11 166.81 180.39
x=04 9.31 100.51 130.84 156.91 179.72 199.09 215.90
x=0.5 68.37 205.62 235.80 262.40 285.73 305.53 322.50
x=0.6 101.77 313.50 348.38 383.96 405.11 421.92 446.60
x=0.7 147.55 321.43 349.48 371.14 386.43 403.p3 424.89
Ratio Specific conductivity, o(S/cm)

55C°C 600°C 650°C 700°C 750°C 80C°C omax (T,°C)
x=0.3 192.06 202.50 212.24 220.66 227.81 230.p6 230.06(800)
x=0.4 230.39 242.50 254.75 266.59 277.96 283.67 283.67(800)
x=0.5 356.34 347.07 320.48 269.98 235.59 200.1L7 356.34(550)
x=0.6 460.72 453.77 431.87 384.8Y 323.62 279.69 460.72(1550)
x=0.7 432.41 410.93 371.53 332.1Y 274.77 231.)71 432.41(1550)

TOT



Table C.5 Specific conductivity dfag 4Sro eFe1.yNiyOs5 (y = 0.0-0.2)

Specific conductivity, o(S/cm)

Ratio 27°C 25°C | 300°C | 350°C | 400°C | 450°C 500°C
y=00 | 1639 | 20963| 26140 30006  329.64  353.03 374.90
y=01 | 10177 | 31350| 34838 38396 40541 42102 446 .60
y=02 | 131.85| 33042| 37118  397.79 42241 4469 470.32

Specific conductivity, o(S/cm)
550°C 600°C 65C°C 700°C 75C°C 500°C omax (T,°C)
y=0.0 395.75 410.76 414.78 398.77 362.08 312.48 414.78(650)
y=0.1 460.72 453.77 431.87 384.87 323.62 279.69 460.72(550)
y=0.2 495.46 475.25 435.63 396.46 350.32 302.90 495.46(1550)

Ratio
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Table C.6 Specific conductivity dfa; xSFey oClo 1035 (x = 0.3-0.7)

Ratio Specific conductivity, o(S/cm)

27°C 250°C 300°C 350°C 400°C 450°C 500°C
x=0.3 3.20 86.31 109.05 127.45 141.73 152.83 160.68
x=0.4 8.37 123.77 146.84 168.19 184.99 197.15 207.12
x=0.5 77.71 254.29 277.74 295.62 309.92 321.p8 327.19
x=0.6 77.09 220.88 249.39 272.23 286.91 298.00 313.41
x=0.7 85.66 223.69 245.63 261.4% 272.98 285.03 298.41
Ratio Specific conductivity, o(S/cm)

550°C 600°C 65C°C 700°C 750¢°C 80CrC omax (T,°C)
x=0.3 167.09 172.14 176.77 181.7% 186.28 185.49 186.28(750)
x=0.4 214.06 220.20 227.38 232.14 235.69 231.42 235.69(750)
x=0.5 332.20 333.97 332.37, 317.81 290.11 249.01 333.97(600)
x=0.6 329.39 341.87 339.18 317.37 275.82 235.[79 341.87(600)
x=0.7 310.30 312.84 296.90 264.46 218.21 175.45 312.84(600)
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Table C.7 Specific conductivity dfag sSto eF€1.yCyOs5 (y = 0.0-0.3)

Specific conductivity, o(S/cm)

Ratio 27°C 25°C | 300°C | 350°C | 400°C | 450°C 500°C
y=00 | 1639 | 20963| 26140 30006 32064 35303 374.90
y=01 | 7709 | 22088| 24939 27228 _ 28641  298.p0 313.41
y=02 | 7574 | 21031| 227.38 24082 25141 2627 275.94
y=03 | 7855 | 20332| 22123  2366% 24973  261.B3 274.80
Ratio Specific conductivity, o(S/cm)

55°C | 600°C | 650°C | 700C | 750C | 500°C | 6max(T.°C)
y=00 | 39575 | 410.76] 4147d  398.77 36208 31248  414.78(650)
y=01 | 32939 | 341.87| 33918 31737 27542 23579  341.87(600)
y=02 | 28722 | 28867| 27826 26640 24447 21073  288.67(600)
y=03 | 28424 | 28329| 27580 25000 22814 10352  284.24(550)

V0T
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