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CHAPTER |

NTRODUCTION

At present, global demand of energy is increasing but petroleum fuels are
limited. Moreover, it is related to increasing environmental problems such as global
warming, air pollution and ozone depletion. The efficient and environmentally
friendly production of energy Is a goal ier-the . development of energy technologies.
Hence most researchers have triedito find a new energy resource such as fuel cell,
biodiesel and gasohol:"Furthermore, fuel cells are considered as a prime candidate for
green energy production.€lean, quiet, and efficient. Solid oxide fuel cells (SOFCs),
one type of fuel cellsi'is hoped 1o find widespread application in the direct conversion
of chemical energy into electricity. with ‘high thermodynamic efficiency and minimal

environmental pollution:

1.1 Fuel cells .

A fuel cell is an electrechemical 'dé\li'ice that converts the chemical energy in
fuels (such as hydrogen, methane, butane or even gasoline and diesel) into electrical
energy by exploiting the-fatural-tendency-oi-oxygen-and hydrogen to react and giving
much high conversien efficiency. The electricity produced is used to power an electric
traction motor in a vehicle. In essence fuel cells are similar to batteries except that
where batteries run down,and become-depleted, fuel-cells are continually replenished
with fuel and ‘are able-to provide-a continuous 'supply of electric power.

Fuel cells are classified primarily by thé-kind of electrelyte they employ. This
determines ‘the kindof chemical reactions that take place in_the cell, the kind of
catalysts required, the temperature range in which the cell operates and the fuel

required, as shown in Table 1.1.



Table 1.1 Types of fuel cells [1].

Operating
Fuel Cell type Electrolyte Fuel
Temperature (°C)
. Potassium Pure hydrogen or
Alkaline fuel cell (AFC) _ 50-200 _
hydroxide (KOH) hydrazine
Direct methanol fuel cel o
Polymer 60-200 Liquid methano
(DMFC)
_ _ Hydrogen from
Phosphoric acid fuel cell . _
Phesphoric acid 160-210 hydrocarbons and
(PAFC)
alcohol
Sulphuric acid fuel cell _ _ Alcohol or impure
Sulpharic acid 80-90
(SAFC) ; hydrogen
Proton-exchange Rolymer, proton Less pure hydrogen
membrane exghange 50-80 from hydrocarbons
fuel cell (PEMFC) membrane or methanol
Hydrogen, carbon
Molten'salt’'such a = _
Molten carbonate fuel _ monoxide, natural
nitrate, sulphate, | =~ 630-650
cell (MCFC) ‘ gas, propane,
carbonates _ _
marine diesel
) _ Stabilised zirconia
Solid oxide fuel cell Natural gas or
and doped 600-1000
(SOFC) . propane
perovskite
Solid polymer fuel cell | Solid sulphonated
90 Hydrogen
(SPEE) polystyrene

Every fuel cell also has an electrolyte, which carries electrically charged

particles from one electrode to the other, and a catalyst, which speeds the reactions at

the electrodes.



1.2 Solid oxide fuel cells (SOFCs)

Solid oxide fuel cells are a class of fuel cell characterized by the use of a solid
ceramic material as the electrolyte and operate at very high temperatures, typically
between 500 and 1,000°C allowing a number of fuels to be used. At these
temperatures, SOFCs do not require expensive platinum catalyst material, as is
currently necessary for lower temperature fuel cells such as PEMFCs, and are not
vulnerable to carbon monoxide catalyst.poisoning. SOFCs have a wide variety of
applications from use as auxiliary power units in vehicles to stationary power
generation with outputs.from 100 Wito 2 MW. . The SOFC has been in development
since the late 1950s and has iwo configurations that are being investigate-planar (flat
panel) and tubular, as'shown.n Figure 1.1.

e TUBULAR » FLAT PLATE

Electrolyte INTER NECT

ANODE
ELECTROLYTE
CATHODE

Air
Electrode

OXIDANT

Figure 1.1 Tubularand flat-plates Solid oxide fuel cell'[2].

Solid oxide fuel cells (SOFC). are promising candidates’ for high efficiency
energy production® in' the near.future. Indeed, the! advantages of SOFC are as
consequence of

- SOFCs use one piece 'solid.state ceramic cells, they'are easier to maintain due
to the lack of the corrosion.

- SOFCs can use many common hydrocarbon fuels such as natural gas, diesel,
gasoline and alcohol.

- SOFCs have a potentially lower cost due the high operating temperature (500—
1,000C), allowing the use of non-precious metal electrocatalysts, heat
recovery and the superior ionic conductivity of the different components.

- High energy conversion efficiency.



- No emission of pollutant by CO.

- No moving parts and the cells therefore vibration-free, the noise pollution
associated with power generation is also eliminated.

- SOFCs have a potential long life expectancy of more than 40,000-80,000 h.

The attraction of solid oxide fuel cells (SOFCs) is based on a number of
aspects including the clean conver‘;i’gﬁ chemical energy to electricity, low levels of
noise pollution, the ability L_gope wﬁh@ fuels, but most of all high efficiency.
The enhanced efﬁmenq-:o't:sOFQ in compauson with other energy conversion
systems is born out U‘\"If"
exceed 1,000°C. In
in the high temper

operating t‘é'mT)'erature, which in some designs may

s/the potential exists, by extracting the energy present
,gases,, e.g. by using gas or steam turbines, to boost
C-sys;em to about 70%.

4 L

the overall efficiency

YT il:l
S |d*0.x}de f cellé.

AAJ i \
‘:—"2‘7

er)

sahiem e Fuel Cell
L i

rad—

1.2.1 Operation

Figure 1.2 Operating concept of a SOFC [3].

Figure 1.2 shows schematically how a solid oxide fuel cell works. The cell is
constructed with two porous electrodes which sandwich an electrolyte. Air flows
along the cathode (which is therefore also called the "air electrode™). When an oxygen



molecule contacts the cathode/electrolyte interface, it catalytically acquires four
electrons from the cathode and splits into two oxygen ions. The oxygen ions diffuse
into the electrolyte material and migrate to the other side of the cell where they
encounter the anode (also called the "fuel electrode"). The oxygen ions encounter the
fuel at the anode/electrolyte interface and react catalytically, giving off water, carbon
dioxide, heat, and most importantly electrons. The electrons transport through the
anode to the external circuit and back te the cathode, providing a source of useful

electrical energy in an external circuit.

When using hydrogeafuel, the electrochiemical reactions of the SOFC:

Anode side:

Hy+ OF — #HQ#+ 26 . (1.1)
Cathode side:

150 + 26 —» (i | (1.2)
Theoverall cell reaction: '

Hy + %20, — KO (1.3)

When using carbon menoxide fuel, the electrochemical reactions of the SOFC:

Anode side:

CO +2Q- —2C0; +4e (1.4)
Cahode side:

O, +4ei» 20y (1.2)
Theoverall cell reaction:

CO+Q —2CO (1.5)

At high'temperature; carben imonoxide can be loxidized with water to form carbon
dioxide and hydrogen gas as the water—gas shift reaction
CO+HO —->CO; +H; (1.6)

When using hydrocarbon (EinO,) as fuels, the electrochemical reactions of
the SOFC:



Anode side:
CiHm + (2n + 0.5m)@ - nCG + (0.5mMm)HO + (4n+ m)e;p=2n+0.5m  (1.7)
Cahode side:

(n +0.25m)Q@ + (4n + m)e — (2n + 0.5M)Q" (1.8)
Theoverall cell reaction:

CiHm + (n + 0.25m)@ — nCG, + (0.5m)HO (1.9
The hydrocarbon-reforming reaction can be described as

CoHm + NnH,O — (n.+ 0.5m)H + nCO (1.10)

1.2.2 Conponents oissolid oxide fuel cells
Each component of the SOFC serves several functions and must therefore
meet certain requirements/such as [4]‘7.

(a) High chemicaland structural stability to endure fabrication and operation at
high temperatures.

(b) High conductivity, FR

(c) Reactivity and interdiffusion benNeen the components must be as low as
possible ey

(d) The thermal expansion coefficients of the components must be as close to
one anothéer as possible in order to minimize thermal stresses which could
lead to cracking and mechanical failure

(e) Porous anode and cathode to ‘allow gas transport to the reaction sites

(H High strength and toughness properties

(g) Low cost

1.2.2.1 Electrolyte

The electrolyte is a solid, nonporous ceramic, usuaji@s¥tabilized
ZrO, (YSZ). The properties of materials used as electrolytes in SOFCs must be [5]:

(& A good ionic conductor.

(b) Non-electron conductor.

(c) Good chemical compatability.

(d) Excellent mechanical properties.



(e) Thermal expansion that matches electrodes.
() Dense and leak tight.
(9) Thin to reduce ionic resistance.

(h) Economically processable.

1.2.2.2 Anode

The ceramic anode layer must be very porous to allow the fuel to flow
towards the electrolyte. Like the cathede, it must conduct electrons, with ionic
conductivity a definite asset. The mast common material used is a cermet made up of
nickel mixed with the ceramie tnaterial that is used for the electrolyte in that particular
cell, typically YSZ (yttria.stabilized zirconia). The anode is commonly the thickest
and strongest layerin each individual,_(,cell, because it has the smallest polarization
losses, and is often the /layer that provides the mechanical support. Design
requirements for the apode are [5):

(a) High eléctronic conductivity

(b) High catalytic:activity 'Q'f-Ni promotes cracking of hydrocarbon

(c) Stable in areducing eﬁvi}Jdnment

(d) Thermal expansion coefficient.similar neighboring cell component

(e) Chemically-compatible-with-neighboring cell component

1.2.2.3 Cathode

The ceramic eathode, layer imust beyporous, so that it allows air flow
through it and.into the electrolyte. Today the ‘most commonly used cathode material
are lanthanum strontium manganite, LaSrMn(@SM) and“lanthanum calcium
manganite, LaCaMn@(LCM). The conductivitycof these perovskites is all electronic
(no ionic conductivity), a desirable feature since the electrons from the open circuit
flow back through the cell via the cathode to reduce the oxygen molecules, forcing the
oxygen ions through the electrolyte. In addition to being compatible with YSZ
electrolytes and provide good performance at operating temperatures above 800°C.
The cathode has to meet the following requirements [5]:

(a) High ionic-electronic conductivity



(b) High catalytic activity for oxygen molecule dissociation and
oxygen reduction
(c) Chemically compatible with neighboring cell component

(d) Thermal expansion compatible with SOFC electrolyte

1.2.2.4 Interconnect

The interconnect can he' either a metallic or ceramic layer that sits
between each individual cell. Its purpose is to.connect each cell in series, so that the
electricity each cell generates can be combined. Because the interconnect is exposed
to both the oxidizing and redueing side of the cell at high temperatures, it must be
extremely stable. The reguitements of the interconnection are the most severe of all
cell components and‘include the followi_ng [5]:

(a) 100% electrical condUctivity.

(b) No paorosity (to avoid miking of fuel and oxygen).

(c) Thermal expansion compatible with other fuel cell components.

(d) Inertness with respect’{b-the other fuel cell components.

(e) Stability in both oxidizinél""and reducing atmospheres at the cell

operating temperature since it is exposed to air (or oxygen) on one

side and fuel on the other.

1.3Perovskite [6]

Perovskite is an inorganic compound that thesdeal structure is primitive cube.
Perovskite (calcium titanium oxide, CaEjQvas discovered'in the Ural mountains of
Russia by G. Rose in 1839 and named for RuSsian mineralogist, L. A. Perovski (1792-
1856). Under the'high pressure canditions ©f ithe_mantle, the pyroxene enstatite,
MgSIQ;, is a perovskite polymorph and may be the most common mineral in the
Eath. Perovskite is also the name of a more general group of crystals which take the
same structure. There are many kinds of perovskites such as oxides, some carbides,
nitrides, halides, and hydrides also crystallize in this structure. Perovskite exhibits
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
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Figure 1.3ABO; idealperovskite strug:ture.

The general chemigal forrﬁula fblr perovskite oxides is AB®here A is the
larger cation (such as an alkaline earih cation) and B is the smaller cation (such as a
transition metal cation). The ideal pefb_,_vskite structure ABOprimitive cubic, as
shown in Figure 1.3. The ideal cubic-s‘fymmetry structure has the B cation in 6-fold
coordination, surrounded by-an octaheié‘r:i of oxygen ions, and the A cation in 12-
fold cuboctahedral coordination. The-.-:bétovskite structures can be appropriately
modified by partial substitution of A or B cations by other cations with different ionic
radius or valence numbers.

The formation” of perovskite-oxides with high oxygen ionic conductivity
requires high_oxygen. vacancy concentrations.created by dopants, and best conditions
for oxygen mobility. TThe ionic radii'of the dopants ‘mustibe fitted to the lattice, This
can be illustrated for the perovskite structuresby deriving asrelationship between the
radii ofithe various ians. Figure 1.4.shows the relationship,between ionic radii in the

perovskite structure.
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Figure 1.4 The relationship.ofionic radii in-perovskite structure.

@< 2x(B<0)=2(5+ o) (1.11)
and a:%xe(A.—O):\/E(rAHO) (1.12)
hence, 2(fs + 15 )= g/f(rA ) (1.13)

Where the atoms are touehing one another, the B-O distance is eg(2al@o
is the cubic unit cell parameier) while the A-O distance/ig2 and the following
relationship between the ionic radius holds shown in Equation Inl@eneral, the
perovskite structureis-iermed-t-the-tolerancefactor; L

P
- V2(rghto) (1.14)

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 range 0.75< t <1.0, and
is cubiC in the range't > 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 ambient temperature.

1.3.2 Nonstoichiometry in perovskites [7]
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
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anions (such as form 2B°'0;, A*B*0; or A¥B*'0;). In addition, partial
subgitution 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.

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 vaeant.

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 oceur offoxygen excess nonstoichiometry. First, because the trivalent
cation vacancies cause a/large electronic imbalance and local lattice distortion, it does
not stay close to eagh other. Second;- with the formation of cation vacancies, a
nonbonding O2p level js formed by the oxide ions around the vacancies. This
nonbonding O2p level @ serves as  the hole-trap. Applying this structure,
nonstoichiometry of the oxygen-deficierit ébmposition was explained by the random
distribution of oxide-ion Vvacancies. The general formula of oxygen-deficient
perovskite oxides ISTABEY-6FABOss:

1.3.3 Rhysical properties

The ABO; perovskitessdisplay several-interesting physical properties
suwch as ferroelectricity” "(BaTig), © ferromagnetism (SrRuf) weak
ferromagnetism (LaFe$), superconductivity (YB#&usO;); large thermal
conductivity doe ‘to exciton dransport (LaCeQ insulator-to-metallic
transitions of interest for thermistor applications (LaGp@ fluorescence
compatible with laser action (LaAlD Nd), and transport properties of interest
for high temperature thermoelectric power (CaiO,).

1.3.3.1 Magretic properties [7]
In the ideal cubic perovskitstructure, each oxygen is shared by
two B**ions, forming a B-O-B angle of 180°. Such a configuration is favorable for
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superexchange interactions between magnetic dations. This exchange usually
results in antiparallel coupling of nearest-neighbor magnetic moments. When the
B3*'ions are in two sublattices §BB'Og) other spin arrangements are
possible. If B is a diamagnetic ion, the *Bons are aligned
aniferromagnetically, and the most important exchange mechanism is believed to be
a longer range superexchange interaction through two oxygens of the type-B-O-B

B. The B-B separation is now censiderably longer than the 0.4 nm separation found in
the ideal perovskite. The LnFe@Ln=lanthanide) perovskites are those that have
atracted the most attention because of their possible applications as technological
magnetic materials. These.compounds show a weak spontaneous magnetic moment,
which is attributed t0" a_slight canting of the iron moments, which are otherwise
antiferromagnetically” aligned . The ron moments align in such a way that the
direction of easy magnetization is alohg therc axis of the orthorhombic cell.

The weak ferromagnetic moment of'-0.03-0.07uB/moI led to the materials
being considered for memaory devices. Similarly, LnMn®hows very
interesting magnetic properties. These manganites containing mosfi{y Mn
or Mn** ions show antiferromagnéti(':‘ﬂ”’ behavior. However, ferromagnetic
behavior is observed in the range from 250 35%*MmM weak magnetic
interaction was “found—betweenMnions,—tagether with a negative
interaction between Mt ions and a strong positive interaction between
Mn®*" and Mr"*. A"Similar kind of behavior was found for the combination

of Co®" and~Cd*; but~the, €r cand- Fe; compeunds were found to be

antiferromagnetic.

1.3.8.2 Electricabproperties [7]

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



13

show widely differing electrical properties. The electrical properties of perovskites have
aroused special interest since the discovery in 1986 of superconductivity at 40 K in
cuprates. These cuprates are hole superconductors, exhibiting a mixed valence of copper
Cu(I-Cu(ll). Among these, the exception is Ce dopedQud, with T, close to 25 K,
which belongs to a different structural type and is an electron superconductor. All these
compounds have a common feature, the bidimensional character of the structure, which has
been shown to be an important factor for the existence of superconductivity at high
temperature.

The electrical conductivity of perovskiteasmeasured by using DC 4-

probe or “Kelvin” measuremeni

Figure 1.5DC 4-probe method.

The measuremeni-inethod-then-nciuaes 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~Inthaticase 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 thed\ to the mA range. If the graph shows a straight
ling the structure ‘behavestas ‘ant@hmic resistor: lf.-assume 'that the resistance of a

structure to be R then the following applies:

R= p—AL (1.15)

With L = the length of the structure (m)
A = the area (width x thickness) of the cross sectid (m

p = the specific resistivity(d.m of the practical uniQ.cm)
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1.3.3.3 Mixed ionic-electronic conductors

The perovskite oxides exhibit both ionic and electronic conductivity.
These oxides may show both high oxygen ion conductivity due to the high oxygen
vacancy concentration, and a high electronic conductivity due to the mixed-valence
state [8]. 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 B-site ion substitution ¢an increase the concentration of oxygen vacancies,
such as Cu and Ni ions, which naturally iake.the divalent oxidation state [9]. 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, in this case.

In orderto ghayacterize the materials, it is more often to measure their
electronic and ionicsconductivity instead of concentrations of electrons (holes) and
mobile ions (vacancigs). The calculated ionic and electronic conductivity, which were
separately, measured by using 4-probe ikbnic direct current and ordinary 4-probe direct
current techniques, respectively. '

In all materials that there are in principle nonzero electronic and ionic
conductivity, the overall electrical co'hdﬁ'ctivit¢tot is the sum of electronic

condudivity ce and-ionic conductivitys;, as Equation (1.16),
o= Gij + Ce (116)

where oj is the partial conductivity (im'lcm'l) of the jth:type ionic charge carriers
presenting in“the solid. lonic charge carriers can be either atomic in nature or
normally defects.of either the.anionic ercationicysublattice~lonic conductivity occurs
normally via interstitial ‘sites or ‘by ‘hopping'into a vacant site (vacancy motion) or a
more complex combination based on interstitial and vacant sites. Electronic
(electron/hole) conductivity occurs via delocalized states in the conduction-valence
band or via localized states by a thermally assisted hopping mechanism. The presence

of electronic conduction in perovskites proceeds via B.
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Lattice cations through overlapping B-O-B bonds via a mechanism

known as the Zerner double exchange process is shown in Equation (1.17) [10]:
Bn+_02-_B(n+l) } B(n+1)+_02-_B(n+l)+ } B(n+1)+_02-_Bn+ (1.17)

This process is facilited by strong overlap of the B site cation and O
orbital which is maximized for B-O-B angles at 280 i.e., cubic structure. In the
orthorhombic structure, the tiliing of B@iverise to a decrease in the B-O-B overlap
andthus would be expected-to-provide a largerbarrier to electronic conduction. In the
above double exchange mechanism, electronic conduction requires the presence of B
site cations with multiple walences.

Furthermore, the ‘electronic conduction can be n-type or p-type,
depending on the material properties énd ambient oxygen partial pressure. The energy
level shifts from the center of the energ-']-y gap toward the empty zone for an n-type
semiconductor or the filled band for a p'-type semiconductor. An n-type conductor is

an electron conductor while a p-type cOri‘ductor is an electron hole conductor [11].

1.3.4 Oxygen permeation property"[l'Z]

Mixed-conduciing-exides-with-high-electron-and oxygen ion conductivities
(MIEC) are applied as ceramic membranes to separate oxygen from other gases by
selective permeation. The very high €eparation factor is achieved by oxygen ion
transport through the: denses membrane at temperatures:generally higher than 700 °C.
The driving force Is the oxygen partial pressure gradient over the membrane. At the
high oxygen partial pressure_side, the.oxygen. molecules adsorb on the membrane
surface, dissociate ‘into' atoms" which 'become lonized “and.-migrate through the
membrane to the low oxygen partial pressure side of the membrane. Finally, they
release electrons forming oxygen atoms and molecules by recombination. In the
opposite direction, the electrons move through the membrane thus ensuring local
electrical neutrality. A schematic description of the dense perovskite type membrane

is given in Fig.1.6
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Figure 1.60xygen transport tarough a perovskite type membrane.

In the above diagram, rrt'embralr?nea; IS in the middle, and high and low oxygen
pressure zones are, respectively, in the dleft and right sides of the membrane. The
driving force for oxygen transport is the*’drfference of oxygen partial pressures of both
sides. High temperature provrdes the enﬂrgy for the increasing motion of ions.

The theory..of oxygen permeatlon “through mrxed -conducting materials has
been described by‘_the—fe’rtawrﬁg—retatreﬂ—mte—th&case of a steady-state, diffusion-
limited, with electronic conductivity much higher than ionic conductivity and one-
dimensional oxygen transport. The simplified form of the Wagner equation which has

been derived-originally to-describe the.oxide film growth«on metals [13] is as follows:

RT o.. In Plo,

Jo, =
> 1 (4R)2 L P"0,

(1.18)

WhereP"0, and P'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:
(oo

O b Z(Ue#-) (119)
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Where o, is the electronic contribution ang is the ionic contribution to the total
condudivity.

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.

1.3.5 Perovskite synthesis

The procedure forpreparing perovskite type membranes consists of three
steps: powder synthesisy shaping and sintering. Powder synthesis, as the first step,
plays a critical rolegin determining-the particle size of perovskite powder, and
consequently has an influence on ihe rhicrostructure of perovskite membrane. There
are many routes to synthesize perovskite, such as a conventional solid—state reaction
method and a wet chemical precess that includes thermal decomposition of cyanide,

metal-EDTA, chemical co precipitation and the sol-gel process etc.

1.3.5.1 Solid-siaie ieaction

The mest common procedure for perovskite oxides synthesis via solid
state reactions is the calcination of a homogenous mixture of the corresponding metal-
carbonates, hydroxides,~oxides iof rsaltsy iThis; is, alsa=known as ball milling and
calcinations method. This'method is very convenient but'the impurities are introduced
from raw materials, milling media, and the_caieination container. Because of the high
temperature required-far the complete reaction. The/problems such as multiphase have
to be minimized in order to generate homogeneous high performance perovskite. For
example, LSCF represents a typical case. Raw materia@3;L8rCQ, Co(;, and
Fe,O; were mixed and ball-milled. After drying, then the mixed powders were
cdcined at 1,000°C to remove impurities and to achieve single-phase perovskite

powder. The high temperature was required to complete reaction.
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1.3.5.2 Sol-gel technique

The sol-gel process, also known as chemical solution deposition, is a
wet-chemical technique widely used in the fields of materials science and ceramic
engineering. Such methods are used primarily for the fabrication of materials
(typically a metal oxide) starting from a chemical solution (or sol) that acts as the
precursor for an integrated network (or gel) of either discrete particles or network
polymers. Typical precursors are metal'alkoxides and metal chlorides, which undergo
various forms of hydrolysis and polycendensation reactions to form a colloid, a
system composed of solid particles (size ranging from 1 nmurm)ldispersed in a
solvent. The sol evolves then iowards the formation of an inorganic continuous
network containing~a liguid: phase (gel). Formation of a metal oxide involves
connecting the metal ceniers with 0X0 (M-O-M) or hydroxo (M-OH-M) bridges,
therefore generatings metal-oxo -or metal-hydroxo polymers in solution. Sol-gel
process involves producing precursor frdm citric acid and metal nitrate before thermal
decomposition. For example, the production of Sr-substituted LaMnO3 perovskite
powder by the amorphous ciirate prO'éess, obtained the manganese citrate-nitrate

precursor as shown in Equaticn 1.20 [14}.

CHZCO\
i/coo/ La
\
‘ 0
CH,COO0
Mn 00OCH,C
(1.20)
coo
c/
\
ONO,
CH,COO—————a
OOCH,C

ONO,
C

e
™~

COO

CH,COO—————Mn
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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; X&places 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 NCions were replaced. However, the amounts of metal
and citric acid should not less than equimelar. If the high amount of citric acid was

used, MnO3; was presented. from the.complex.as.in Equation 1.21:

CHZCOO\

ONO, Mn
<

CH,COO ' (1.21)
Mn——OOCH,C
coQ
c<
ONO,
GHL00———a=Mn

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. The formation of this complex would

also liberate N@ groups for each two molecules of Mn(BQoriginally present in

solution. The calcinations temperature should be higher tharcgegcause the wide
range of homogeneity at lower temperatures was a result of the segregation of

Sr(NGs), during precursor preparation and the production of QIE@ng precursor
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decomposition. However, it should not be higher than fﬂo;(ecause these would

inevitably lead to a decrease in surface area. They also reported that the best
compromise would appear and initial treatment of the precursor ?;(tl’ﬁq/ield the

high surface area followed by an increase in temperature toOLE,IOOa period of up
to 4 hous to remove carbon.

The drying process serves to remove the liquid phase from the gel thus
forming a porous material, then a theumal treatment (firing) may be performed in

order to favor further polycondensation and-€nhance mechanical properties [15].

1.3.5.3 Co=preeipitation

One of the'oldest techniques comprised of mixing an aqueous solution
containing the desired €ations 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 concentrat_i(_)'r{.- Usually, the morphology, purity and
composition control achieyed - is good although different precipitation rates
sometimes result in inhomogeneities.A_d_oping agent may be added to assist in
reaching the compasitional homogeneity. A careful/control of pH and precipitation
temperature is substantial to obtain material with an. exact stoichiometric condition.
After coprecipitation the resulting powders undergo intermediate high-temperature
calcination to decompese. the salts and,produce fine crystallites of the desired oxides
[16].

1:3:5:4 Hydrethermal-syrithesis

Hydrothermal synthesis is a widely used technique for the preparation
of fine particles. It can be carried out in batch or flow systems, although most studies
have used batch reactors below %D0 More recently, however, continuous
hydrothermal synthesis has been employed in near- and supercritical water to obtain
metal oxide particles. This technique offers tremendous promise for control of particle
characteristics due to the rapidly changing properties of water with temperature and

pressure in the critical region [17]. This synthesis method can be defined as a method
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of synthesis of single crystals which depends on the solubility of minerals in hot water
under high pressure. The crystal growth is performed in an apparatus consisting of a
steel pressure vessel called autoclave, in which a nutrient is supplied along with
water. A gradient of temperature is maintained at the opposite ends of the growth
chamber so that the hotter end dissolves the nutrient and the cooler end causes seeds
to take additional growth.

Possible advantages of the hydrothermal method over other types of
crystal growth include the ability to create«crystalline phases which are not stable at
the melting point. Also, materials .which-have a high vapour pressure near their
melting points can also be.grown by the hydrothermal method. The method is also
particularly suitablefor the growth of large good-quality crystals while maintaining
good control over their composiiion. Disadvantages of the method include the need of

expensive autoclaves; and the imposéibility of observing the crystal as it grows [18].

1.3.5.5 Spray and-freéze drying

Freeze-drying, anether route to homogenous and reactive precursor
powders, a mixture of water-soluble seilté‘ﬂ"is dissolved in water. Small droplets are
then rapidly frozen by spraying the solution into a_chilled organic liquid such as
hexane. With rapid freezing-of-the-spray-adropiets-into small ice crystals, segregation
of the chemical constituents is minimized. The frozen material is removed from the
hexane by sieving, and water is then removed from the ice by sublimation under
vacuum [16].~Excellenttimpurity; and .composition .control is inherent, leading to
homogeneous. fine' materials. ' In-addition, ‘spray drying is an industrially established
process and the manufacture of complex #nulti-metallic oxides can be scaled up

easily.

1.3.6 Calcination[19]

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 but without fusion.
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,
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present as absorbed moisture, as water of crystallization, or as water of constitution;
(2) to drive off carbon dioxide, sulfurdioxide, 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 employed in special cases, and these will be mentioned in their propel’

places. The process is often called roasting, firing, or burning by the warkmen

1.3.7 Sintering [20, 21]

Sintering is a method for making ebjects from powder, by heating the material
in a sintering furnace below its melting point (solid state sintering) until its particles
adhere to each other."The fusing of particles results in an increase in the density of the
part and hence the process is sometimes called densification. The driving force of
sintering process is«reduetion ©f surface energy of the particles caused by decreasing
their vapour-solid inierfaces. 'When a powder aggregate is sintered, necks form
between the particles and the aggregaié 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. In crystalline powder, its transport occurs by diffusion (bulk,
surface or grain boundary diffusion), Whérﬂéas in amorphous materials, it occurs by

viscous flow. Kuczynski has defined the neck growth as in Equation 1.22

XM =kt (1.22)

Whee X andr arexdefined in Figure 1.7,is the timek is the temperature
dependent constamt,andm are constants dependent an the mechanisms of growth,
viscous or bulk diffusion, surface diffusion, or.evaporation and, condensation.

The sintermgprocess can be distinguished by three stages. The early stage or
initial stage 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 stage
during, the pores become isolated. Elimination of the interconnectivity of pores

eliminates surface and vapor transport.
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Figure 1.7 Mechanism of sinterings is the internal radius of the neck;is the

particle radius.

Closed pores isolated from grainf?boundaries shrink very slowly because grain
boundary diffusion is far away from tﬁe‘"lbores. The growth of grains, therefore,
hinders the attainment of theoretical dehﬂsi'ty,' since the pore’s growth is also enhanced.
It is essential, therefore,-to-fetard-grain-growth-so that densification of the compact
can continue to the-theoretical limit. This is particularly important with the present
trend for the fabrication of technical ceramics. Surface diffusion becomes important in
the case of veryqfine; particles. » Grainzbeundary-diffusion and volume diffusion are
the main mechanisms’ causing ‘shrinkage of the neck, whereas surface diffusion does
not contribute_to_any shrinkage. . The mosSt important diffusion paths during the
sintering af twa 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.
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1.4 Literature reviews

In 2002, Gopalan et al. [22] investigated the effect of the time of sintering on
the electrical conductivity of L5O,-Al,O3 composites. It was found that the
electrical conductivity of composite increased with increasing the sintering time but
the electrical conductivity decreased with increasing the sintering temperature. The
composite containing 50% AD; has maximum conductivity, about three order of
magnitude higher than that of pure;8Q.. The value of the conductivity for this
conposition are 1.76 x I®and 6 x 10 Q*em*at500 and 20, respectively.

In 2003, Shiratori et al. [23] prepared. yitria-stabilized zirconia (YSZ)-MgO
composite electrolyte'matenalswith the aim to decrease the TEC mismatch with other
SOFC components:“Thescomposite electrolyies were prepared by mixing partially
stabilized zirconia with varigus amounts of magnesium oxide and firing at°C,400
for 5 hours. The thermal expansion increased. with increasing MgO content and a
thermal expansion cogfficient (TEC) of 12.3 %°1&! was obtained with 80 mol%
MgO in the starting mixitire, the TEC value of the composite electrolyte agrees with
that of the Ni/'YSZ cermet anode. However, at this MgO content, the electrical
conductivity is decreased and-one order"of"ﬂmagnitude lower than the conductivity of 8
mol% yttria-stabilized zirconta (8YSZ).  The composite with 60 mol% MgO is an
attractive material for-further-development-because the composite material has rather
low TEC value of 11:6 x T0K " and acceptable conductivity.

In 2004, DyckK et al. [24] examined the thermal expansion match of the Gd
SrCo0s 5 systemuta the GeGdy 01.¢5 iT-SOFC eleetralyte-material for x = 0 to 0.5.

The optimum, . composition” in~the" GQSKLC0O;; " system was found to be
GdhsS12C00s; as a result of its’high electriéal conductivity(400 Scat 606C),

linear thermal expansion response-with temperature, and 'high mechanical stability.
The thermal expansion mismatch for all ;G8LCo0O;5 compositions with the
CeysGh 0195 electrolyte was shown to be high. The formation of composite
GdysSI 2C00s5/Cey sGh 201 95 cathodes solved the thermal mismatch problem. High
electrical conductivity values on the order of 115 and 60 Samre maintained for
CasGdh 0195 additions of 12.5 and 25 wt%, respectively. High electrical
condudivity was maintained for compositions with excellent thermal expansion
matching to the IT-SOFC electrolyte materiab g&d 201 95
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Huang et al. [25] studied composites of yttria-stabilized zirconia (YSZ) with
Sr-doped LaFe®(LSF) for application as high-performance cathodes for solid oxide
fuel cells (SOFCs). The composites were formed by aqueous impregnation of porous
YSZ with La, Sr and Fe salts, followed by calcination at various temperatures. X-ray
diffraction measurements showed that the LSF perovskite phase had formed by 1,023
K and that solid-state reaction with the YSZ did not occur below approximately 1,223
K. The electronic conductivity of the 40 wi% LSF-YSZ composite was maximized by
calcination at 1,123 K. SOFCs prepared with-a 40 wt% LSF-YSZ cathode showed
improved performance over SOFCs!prepared with conventional LSM-YSZ cathodes
at 973 K, although the periertnance of cells made with cathodes having lower LSF
content did not perform as'well:

In 2005, Pelosate et al. [26] studied composites of (logdSH1/Ga s3
Mgo.1702.83 (LSGM) —XLaygSip MnOs (LSM) (x = 0, 0.01, 0.05, 0.25, 0.50, 0.75 and
1). Composites have been sintered at 1?6001 alr for 2 hours, and their relative
densties vary in the range 89-85%. The total conductivity was about ZSbbri*
at 800°C for samples with 4% and 5% LSM; such low conductivity is consistent with
the values found in the literattite for pure LSGM sintered at P@emd may account
for the low relative densities:" The presence of large quantity of LSM induces high
electronic conductivity-ahd-these-composites-could-be suitable as electrode cathodic
material in IT-SOFC;

In 2007, Zhou et al. [27] prepared B8 sCop s-& 203-s + LaCoQ (BSCF +
LC) compositeias a eathade forintermediate-temperature solid-oxide fuel cells based
on a S LCea ¢0; ¢ (SDC) electrolyte. The LC oxide was added to BSCF cathode in
ordg to _improve its_ electrical conductivity, X-ray diffraction examination
demonstrated that the solid-staté reaction between ' LC and/BSCF phases occurred at
temperatures above 9%D and formed the final product with the composition:

Lag 316B80,345500.34 00 868 6.13703-5 at 1,100C with a lattice parameter of 3.789 °A.
The electrical conductivity of the BSCF + LC composite oxide increased with
increasing calcination temperature, and reached a maximum value of about 360 Scm
at a calcination temperature of 1,080 while the electrical conductivity of the pure
BSCF was only about 40 S¢ The improved conductivity resulted in attractive
cahode performance. Peak power densities as high as about 700 Tt ®80C
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and about 525 mWocrh at 600C were reached for the thin-film fuel cells with the
optimized cathode composition and calcination temperatures.

In 2008, Xu et al. [28] investigated the structure, electrical conducting and
thermal expansion properties of ole®15.4C0p sFen 035 - Ca sSmy 0,5 composite
cathodes with respect to the fraction ofyg&3m 0.5 electrolyte. No chemical
reaction product between the two constituents was detected for the composite
cathodes sintered at 1,200 for 4 hours: A dense microstructure composing of
homogeneously distributed constituent’ phases was observed. It was found that the
electrical conducting and.thermal expansion properties of the composite cathodes are
sensitive to the fraction oi~GegSm ;0.5 electrolyte. In terms of both electrical
conduding and thermal expansion properties, the composite cathode containing 50
wt% Ce sSmy 0, electrolyie was ascertained to be the optimum composition. This
conposition offers sufficiently high electrical conductivities of 100-T18cm ™ at
intermediate temperatures (600—80Dandfa moderate thermal expansion coefficient
of 14.4 x10°® K™ averaged between 100 and %30

Zhu et al. [29] studied BaStsCan sFe203-~—XSMy sSihsCo0s-; (BSCF—
XSSC, x= 0-40 wt%) composiie catho'&’es supported ony B s0;9 (SDC)
electrolyte for applications in IT-SOFCs. X-ray.diffraction patterns showed obvious
solid-state reactions-between-BSCE-ahd-SSC.—HOwever, the composite materials
exhibited higher conductivity than that of pure BSCF, e.g., around 176*Stm
500°C for the x= 30 Wt% composite, which was nearly seven times higher than that
of BSCF. The-thermal;expansien eoefficients of the.BSEF-SSC were between (18.0
and 21.9) x 1% K™ from 30 to'806C, which was'slightly higher than that of BSCF.

In addition, electrochemical impedance spectra exhibited the better performance of
BSCF-S$SC camposite cathades ithan pure (BSCFE.. The'results of the polarization
resistance indicated that the optimum content of SSC in the composite cathodes was
about 30 wt%, e.g., the polarization resistance value of BSCF-30 wt% SSC was only
0.71Qcn¥ at 550C, about one seventh of that BSCF at®50which indicated that

the composite BSCF-30SSC could be a potential candidate for IT-SOFCs cathode
materials.

In 2010, Zhou et al. [30] prepared SSC (70 wt% &§5Sqy s035)-SDC (30
wt% SmyCegO19 composite cathode in various sintering temperature (950-
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1,100C). The chemical interaction between SSC and SDC was characterized by
oxygen-temperature programmed desorptiop {®D) technique. The conductivity of

the composite was measured by a four-probe direct current technique. As a result, the
phase reaction likely occurred by the incorporation of cerium and samarium from
SDC into both the A-site and B-site of SSC. The phase reaction increased the
reducibility of the cobalt ions. The newly formed phase had a higher electrical
conductivity than the calculated values for the composite of the reactants, SSC and
SDC, without phase reaction. The derived electrical conductivity of the composite
was only slightly lower. than that .ef SSC. Due to lower ionic conductivity and
electronic conductivity'of SBC.as compared to SSC, a lower electrode performance
was observed for the SSC+SDC composite than for the pure SSC electrode. The
increase in firing temperaiure resulted in a lower electrode surface area and in a
higher degree of the phase reaction between SSC and SDC. The SSC+SDC electrode
fired at 950C showed the best performanée.

Zhang et al. [31] 'studied 1@Ca CrO; (LCC)-Ce G019 (GDC)
conposites as symmetrical electrodes: for solid-oxide fuel cells (SOFCs) on
Lag.oSr.1Gay.sMgo. 2035 (LSGM) electrolyte,"‘where there is no interlayer between
anodeand electrolyte. LCC oxide is chemically. compatible with GDC and LSGM
electrolyte at temperatuies-up-io-1,200The-TECs of the LCC-GDC composites
increased from 10.1 % I0K ™ to 10.8 x 10° K * on increasing the GDC content from
20% to 40%, showing thermal compatibility with the LSGM electrolyte in the
temperature range; 30=1,000-The LEC-daped, with 20%-of GDC (LCC-GDC20)
sanple displayed the-highest electrical ‘conductivities of 18.64 Stmair and 1.86
San! in H, at 850C. Cell performances with“the symmetri¢al electrodes decreased
with increasing GDC content due to the decrease._in canductivity. The maximum
power densities attained with the LCC—-GDC/LSGM/LCC-GDC symmetrical cells
were 573, 481, and 476 mwWchat 900C in H, fuel with GDC contents of 20%,
30%,and 40%, respectively. No obvious carbon deposition and sulfur poisoning were
observed in city gas over a period of 20 hours. The LCC-GDC20 composite showed
high electrical conductivity, good thermal expansion compatibility with LSGM
electrolyte, and pertinent electrochemical performance, hence it is recommended as a
promising symmetrical electrode material for use in SOFCs.
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Ortiz-Vitoriano et al. [32] prepared b&laFengNiop:03 (LCFN) -
CeysSmy 20, (SDC) composite cathodes with different mass content of SDC. The best
electrochemical performance is for LCFN cathode doped with 10% of SDC (LCFN-
SDC9010), exhibiting an ASR value of 0.18f¥% at 850 °C. The electrical
condutivity of LCFN-SDC9010 composite at temperatures above 600 °C is over
100 Scm'. These results suggest that the LCFN and SDC composites are promising
cathode materials for intermediate-temperature-operation solid oxide fuel cells (IT-
SOFC) applications.

Recently, many reseaichers are looking for new cathode materials for
intermediate temperaturg«solid oxide fuel cell (IT-SOFC)..58C0;.,Fg055 is a
good candidate for eathode material for IT-SOFC because of their superior mixed
electronic ionic conducting properties.‘ However, {$1,Co,.yFg,03-5 exhibits a high
thermal expansion coeificient (TEC) vaIde, resulting in a difficulty in matching with
other SOFC componenis stch-as solid state electrolyte. Numerous research efforts
have been devoted in solving the preblem by means of adjusting the content of
acceptor dopant Sr at the A'siie and/or"C'c‘ﬂ)‘YFe ratio at B site [33, 34]. Unfortunately,
lowering TEC is usually coupled with a decrease of electrical conducting property.
Thus, it is difficult to-atiain-a-compromise-between acceptable thermal expansion
behavior and high electrical conducting property. ©n the other hand LSF perovskite
oxide exhibit lower thermal expansion and electrical conducting properties.
Therefore, thisiresearch.is focusedste minimize the, TEC=mismatch problem by adding

La;.xSiFeGs—;s into LayxSKCoi.yF603-; for making composite.

1.5 The'objectives of'the thesis

The objectives of this study are as follows:

1. To synthesize composite perovskite of;larFeGs (x=0.6 and 0.7)-
LaggSr Lo xFe0s3-5 (x=0.1 and 0.2) in various weight ratios, calcined
temperature, sintering temperature and time.

2. To study the properties of synthesized composite perovskite oxides in

order to evaluate their potential as cathode materials for SOFC.
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EXPERIMENTAL

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

materials, are described as below:

2.1Chemicals

The chemicalslisted in Table 2.1, were used without further purification.

Table 2.1 Reagents for synthesis of pérovskites

Reagents Formula Weight Purity% Company
La(NOs)s6H;0 43302, | 1299.0 Fuka
Sr(NOs), 211.63 M =99.0 Ruka
Fe(NQy)s-9H,0 40400/ 98 Fluka
Co(NG;),'6H0 291.03 98.0 Fluka
CeHgOy 192.43 995 | Riedel-deHaén
NH3-H20 35.05 25 Merck
CoHsOH 46.07 30 Merck

2.2 Synthesis of perovskite powder
2.2.1 LaysSroFe0s5 (LSF37) and Lay 4Sro éFe0ss (LSF46)
Theperovskite powders LaSr Fe0s5 (LSF37) and LauSr FeGss (LSF46)
were synthesized in basic solution. La(j§6H.0, Sr(NQ), and Fe(NQ)z-9H,0,
were used as raw materials. Stoichiometric amounts of corresponding high purity
metal nitrates (based on 3 g. of perovskite powder) were partially dissolved in 15 ml

D.I. water, and citric acid was added with 2 times of total metal ions. The above
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solution was mixed at room temperature under constant stirring for 3 hours. The
mixture solution was then titrated with 25% ammonia solution at the controlled rate of
2-3 ml/min. The pH of the solution was adjusted to ~9 and the solution was allowed
to stir at room temperature for 2 hours. The homogenous clear solution (in a 2,500 ml
beaker covered with a fine sieve) was heated and stirred on a hot plate at around 200-
300°C until the dried gel was obtained. Then the self combustion was initiated and the
mixture was burned instantaneously and transformed into black powder. The as-
burned loose powders were ground by mmortar.and pestle, subsequently the synthesized
perovskite oxide was calcined in a furnace in-aii-to achieve phase purity and eliminate
the residual organic compound:

The conditions used jior'the calcination of the perovskite powders were set as

follows:

900°C, dwell 6 hours.

Rate £C/min

Room temperature

Figure 2.1 The condition of calcination for LSF.

2.2.2 L&y gS10.2C00.8F 020375 (LSCEB8282) and La gSro 2C0o.d-€9.103 5
(LSCF8291)

The ' perovskite @ powders | " bgbr Copshey0s5 ~(LSCF8282) and
LagsSh Lo e 1035 (LSCF8291) were synthesized in basic solution.
La(NO3)3:6H,0, Sr(NQ)2 Co(NGs)2.6H,O and Fe(N@s3-9H.,O, were used as raw
materials. Stoichiometric amounts of corresponding high purity metal nitrates (based
on 3 g. of perovskite powder) were partially dissolved in 10 ml D.l. water, and citric
acid was added with 1.2 times of total metal ions. The abolkeion was mixed at

room temperature under constant stirring for 24 hours, and then heated at@6-100
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for 3.5 hours. The solution changed from partially dissolved dark red solution to dark
red gel

The combustion of the homogeneous solution was carried out on a hot plate at
around 200C in a three-liter beaker covered with a fine sieve to prevent the loss of
fine powders. The water was evaporated until a sticky gel was obtained. Then it
became a large swelling viscous mass and finally self ignited by nitrate compound.
The combustion lasted for about 10-20 seconds. The resulting powder was ground by
mortar and pestle, subsequently the synihesized perovskite oxide was calcined in a
furnace in air.

The conditions used-forthe caicination of the perovskite powders were set as

follows:

800°C, dwell 4 hours.

Rate .2 C/min

Room temperature

Figure 2.2 The condition of calcination for LSCF.

2.3 Preparation of composite perovskitegpowder by physical method

The camposite perovskite:powders LSF37-LSCF8291, LSF37-LSCF8282,
LSF46-LSCF8291 and LSF46-LSCF8282 were prepared by physical mixing method
with various weigit ratigd SF:LSCF = 3:1,2:1,11:1, 1:2 and-1:3. Mixture powders
were calcined in a furnace in air at 800-1,/eor 10 hours.

The conditions used for the calcination of the composite perovskite powders

were set as follows:
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800-1,000C, dwell 10 hours.

Rate 2C/min

Room temperature

Figure 2.3 The condition of Calcinati?)}n for LSE-LSCF.

2.4 Perovskite disc preparation “'1

The shape-forming process of perovskite powders was performed by using a
KBr die. —

e disc

Figure 2.4 KBr die.

The calcined perovskite pewders were-ground with ethanol by mortar for three
times.fThe'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.

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 were stripped from the die and plunger. Then the discs were generally

sintered in air.
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2.5 The sintering of the perovskite oxides
The perovskite discs were generally sintered in air under different conditions,
depending on the composition. The conditions used for sintering were set as follows:

1,300°C, dwell 10 hours.

Rate 1C/min

Room Temperatu

, 0@4000, dwell 8-15 hours.

AULINENINYINT

¢ / Rate 2C/min y
ARIAND AW ANRTINETRE
(©

Figure 2.5 The sintering conditions of perovskite (a) L8 LSCF and (c) LSF-
LSCF composites.
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2.6 Characterization techniques

2.6.1 X—Ray Diffractrometry (XRD)

The phase formations of perovskite oxide were investigated after calcinations
and sintering by X-ray powder diffraction (XRD). The XRD patterns, for both powder
and disc, 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 2@anged from 20-70 degree (step time 0.5 sec., $ean0s020

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

2.6.2 Scanning Election-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 Technologicali Research  Equipment Center (STREC),
Chulalongkorn University ./ This instrument uses X-rays or electrons scattered back
from the surface “illuminated” by a restored electron beam to generate an image with
remarkable three-dimensional qualities'.{? -
2.7 The investigation of the perovskite pfc')'pe'rties

2.7.1 Denslity-measuiemerit

Density of perovskite disc was determined by the Archimedes immersion
method using D.l. water as a medium, Precisa Gravimetrics AG (model R 2055M-

DR), at Department of Chemistry, Faculty of Seience;Chulalongkorn University.

2.7.2 Electrical conductivity measurement

The DCl4=probe is a device-used to investigate the electrical property of the
perovskite materials. 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.



35

A\

It

Figure 2.6 DC 4-probe measurement:

The specimen was heaied to 950°C for 10 min with the heating rate of
5°C/min. The electrieal conductivity measurements were performed in a tube furnace
at the temperature range, of room temberature to 800°C. Specimen was applied current
(D) through the outer wires/1 0 4 and rﬁ_eésured the voltages drop over wires 2 and 3 at
each temperature by potentiostat/galvahos‘tat (Autolab PG100).

The electrical conductivity'was caleulated by the equation:

|

A
VWxT

S (2.1)
where ¢ = 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)

2.7.3 Thermal expansiormeasirement

The thermal expansion behavior explore the compatible behavior between
electrolyte and electrode materials 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
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into small pieces (about 12 mm in length, 5 mm in width and 1.5 mm in thickness).
The length of the sample piece was measured as the temperature increased from room
temperature to 800°C in air.

ﬂummmwmm
ammnmummmaa



CHAPTER Il

RESULTS AND DISCUSSIONS

Theobjectives of this research are as follows:
1. Synthesis of perovskite
1.1LapsSrhdFeGs (LSF46)and LasSh FeGs (LSF37)by modified citrate
method.
1.2Lag S CooFe 1036 (LSCF8291)  and  LewSroCooahen 03
(LSCF8282) by ciirate method.
1.3LSF37-LSCE8291, + LSE37-LSCF8282, LSF46-LSCF8291, LSF46-
LSCF8282 cemposites by physical mixing method in various weight
ratios, caleination temperature, sintering temperature and sintering time.
2. Characterization iechniques “ !
2.1 X-ray diffractrtometry (XRD) QfgL—SF, LSCF and LSF-LSCF composites
2.2Scanning electron microsco}j)},"l(_SEM) of LSF, LSCF and LSF-LSCF
composites s ;
3. The investigation of the perovskite p.rb-pmérties
3.1Density of LSF, LSCF and LSF-LSCF composites
3.2Electrical conductivity of LSF, LSCF and LSF-LSCF composites
3.3Thermal expansion coefficient (TEC) of LSF, LSCF and the highest
conductivity LSF-LSCF compaosites

3.1 Synthesis of perovskite

3:1.1 La,SrFe0s (LSF) (x = 0.6 and 0.7) by modified citrate method

The perovskite oxides were prepared by modified citrate method. The metal
nitrates were dissolved in distilled water, which then reacted with the mole ratio of
metal nitrate to citric acid, 1:2 to form metal-citrate-nitrate complexes. These metal-
citrate complexes can undergo polymerization when ammonia solution was added.
While NH3H,O was added, the white fume of MN¥D3; was suddenly observed,

which came from the free NO reacting with NgiH,O and generated hedthen, the
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solution changed from clear red brown to clear deep brown solutiorx (pH The

excess solvent was evaporated until a sticky gel was obtained. Finally, at around
200°C the spontaneous combustion occurred and the black oxide powder was
obtained. The mixture powder was calcined at°@@r 6 hours to achieve pure
phase and removed residual organic compound. The calcined powder was ground and
pressed to make a disc. The perovskite discs were sintered in air at 1,300°C for 10

hours to increase the density of the perovskite disc and eliminate the pores.

3.1.2 Lay gSro CoFe 0355 (LSCF) (x=0:1and 0.2) by citrate method

The mixed LSCF _systems were prepared via the citrate process. The metal
nitrates were dissolved.in distilled water, which then reacted with the mole ratio of
metal nitrate to citric’ acid, 112 to form metal-citrate-nitrate complexes. These metal-
citrate complexes can form polymeric precursor when solution is heated at@5-100
for 3.5 hours. The solution changed from partially dissolved dark red solution to dark
red gel Finally, at around 200°C the spb'nt'aneous combustion occurred and the black
oxide powder was obtained. The mixtufé 'p(?wder was calcined &E86604 hours to
achieve pure phase and removed residuaﬂ: organic compound. The calcined powder
was ground and pressed to make a disc. The perovskite discs were sintering in air at
1,300°C for 10 hours to increase the density of the perovskite disc and eliminate the

pores.

3.1.3 LaSnFe0s, (LSF) - ‘LagsSrosCoFeQs (LSCF) composites by

physical mixing method

Theccompeosite .perovskite ;powders LSE-LSCR~were ¢prepared by physical
method with various weightratios. The mixture powder was calCined at 800:T,000
for 10 hours to achieve pure phase and removed residual organic compound. The
calcined powder was ground and pressed to make a disc. The perovskite discs were
sintering in air at 1,200-1,400°C for 8-15 hours 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 and sintering. The
diffraction peaks of perovskites were chseved within angles cdrged from 20-70
degree. J

3.2.1.1 Phaseformation of LaySrFeO;;5 (x = 0.6 and 0.7)
The formatien .of L@XS‘EXFeOg,-s (x = 0.6 and 0.7) calcined powders
investigated by XRDwasShown |n Figu're 3.1.

=
)

“F x=0708737)

A A
A i A1x=0.6 (LSFj@L]

20 30 40 50 00 70
2 Theta

Figure 3,1 XRD patterns of La,SiFeG;;5 (x = 0.6 and 0.7) powders after calcined at
900°C br 6 hours.
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The XRD patterns of LSF exhibited the single phase of ABO
perovskite oxides with a cubic structure. 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 LaSKFeQs;, corresponding to the lattice shrinkage. When La
lattice sites (L&"; 1.032 A) are partially occupied by the larger ionic radius 6f Sr
(1.180A), the charge imbalance occuis., Some of' §6.645 A) oxidized to F&

(0.585 A) reduces the average ion radiis*of.the B-site [35]. When content of Sr
increases, the lattice must be redueed 1o maintain the perovskite structure, causing

smaller lattice parameter.

Table 3.1The latticesparameters of LgBrFeG;; (x =0.6 and 0.7) after calcined at
900C°C for 6 hours.

Ratio Lattice parameter (A)
x 208 oy 3871
x=0.7 . 3.850

3.2.1.2"Phase formation of LasSro Coi1xFeOs5 (x = 0.1 and 0.2)
The formation of LagSrCoxFe0s5 (X = 0.1 and 0.2)cdcined

powders inveStigated’' by XRD was ‘shown‘in Figure 3:2.
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ﬁk (LSCT 8282)
x= 0.1 (LSCF 8291)
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Figure 3.2 XRD patterns of LagSi. 20,01 W=e03;5 (x = 0.1 and 0.2powders after
calcined at 800°C fof 4 hbuis /. | | 4
Figure 3.2 shows the})jRD patterns of ¢ k3 Co dFey.103s
(LSCF8291) and LSt 2000 ¢ 652055 (LSCE8282). It demonstrated that all samples
haveno any impurity phase _Q_n;r:the str@j_es are rhombohedrallH]XRD peak
slightly shifted to the higher angle with increasing of Fe issba Co1.,F803; since
the ionic radius "O?,F%* (0.645 A) is smaller th‘;ﬁ“ that of €0(0.718 A),

corresponding to the lattice shrinkagehe lattice must be reduced to maintain the

perovskite structure, ‘causing smalleralattice parameter. The decrease of lattice
parameter with the increase of Fe caontent igs&& Co4F603.5 was shown in
Table 3.2.

Table 3:2 The lattice parameters of $.g5Co1xFeOs35 (x = 0.1 and 0.2) after
calcined at 808C for 4 hours.

Lattice parameter ( A)
Ratio

a b C

x=0.1 5.452 5.452 13.150

x=0.2 5.435 5.435 13.11¢

O
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3.2.1.3 Phase formation oESF-LSCF composites

The XRD patterns of LaSr /FeGs (LSF37)-La gSrhCoydFen 1035
(LSCF8291) composite with ratio 1:3 calcined at 800-’00@ere illustrated in
Figure 3.3.

* impurity phase
LSCF8291
e
L.000°C
900°C
800°C
LSF37
A
20 70
Figure 3.3 XRD patterns of L ﬂ,_; CF829 composite in a weight ratio of 1:3 at
et ‘ ## "* -U‘:-J'

calcination temperature 800-1, daofor 10

The paEern obi ing tQ@DOs indicative of a mixture
of LSF and LSCF phases. The impurity. phase was observed in XRD patterns of the

composite cAeinbd & G %A AL b Spibiy calcnation temperature

for LSF- LSCFgomposnes shoulq,be 800 ano°900

wwaﬂmmumwmaﬂ
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The formation of LSF37-LSCF8291 and LSF37-LSCF8282 composites

calcined powders with different weight ratios investigated by XRD was shown in

Figure 3.4.

(a) (b)
e
—_— e J N | A A Y, N 13 A

A ‘hk A g ,[ A Jk AL 12 _Aa

i1 A M A 11 .

| —

A Jk; g1 L A JK A nl w, .
——A—_—.—_J ; AL J\ J\‘ 3 N
1 I/ m Y A
20 30 : 4 50 60 70

2 Theta ‘a 2 Theta
_Jr & N n

m \ (d)

N S ~ L s

A J\ A A A 13 oy

A A A N 1:2 A

. Jk . A A

N A ,_‘_} oM

A Jk g A A o

R [N
20 30 4 50 60 70

2Theta € o, 2 Theta

'H
S‘HE co -ﬁ t different weight ratios.
€)) LSF37-LS&|:8291 after calcined at 800(b£LSF37-LSCF§}91 after calcined at

900’0&)%@@5&@2@ mr Hl%ﬂ@%nﬂﬂ @%LSCFszsz after

cacined'at 906C.

Figure 3.4 XFE]' M&Jsﬁf ?IQF& ¥
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The formation of LSF46-LSCF8291 and LSF46-LSCF8282 composites

calcined powders with various weight ratios investigated by XRD was shown in

Figure 3.5.
@ (b)
LSCF_829_1 LSCF§291
A A B
A A
M MM
M. A
A A ¥
‘ A A‘ LSF-’!-GJ¥j
20 30 50 6 70

2 Theta
(d)
LSCF§282
A A A A A A 1:3 -
A J‘t A A A A 1:2 A
. J A M M A
. N A AH
1% A A
e [
20 30 40 5 6 70| |20 00 e 4 50 6 70
2 Theta 2 Theta

Figure 3.5 XRD patterns of LSF-LSCF composites with various weight ratios.
(a) LSF46-LSCF8291 after calcined at 800(b).LSF46-LSCF8291 after calcined at
900°Ca(c) LSF46-LSCF8282 after calcined at 80@nd (d) LSF46-LSCF8282 after

cdcined at 906C.

The XRD patterns of LSF-LSCF composites calcined at 800 arf€900
with different weight ratios shown in Figures 3.4 and 3.5, revealed the dual-phase
composites comprising LSF and LSCF based solutions with cubic perovskite and
rhombohedral lattice, respectively. The diffraction patterns (Figure 3.6) are shown
only in the region between 20° and 4%°t8 focus on the major peaks of LSF-LSCF.
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LSCF8§291

1:3

1:2

v b P
-

% Theta

Figure 3.6 Magnlfled XRD pattern of LSFE37-LSCF8291 composite with various

—

weight ratios after calcmed atgm | 4
’ o .4‘ 1)

id

XRD analysis showed fhat as expected LSF-LSCF (1:1 ratio)
consisted of two equal phases Whenjéhe, content of LSCF is higher than LSF, the
peaks shifted very sllghtly to tﬁe h|gh15']r angle The XRD data and comparison of
composite unit cell® parameters with those in LSF angd LSCF system, confirm that LSF
part was dlssolved__m the LSCF lattice. Similarly, L§QF part dissolved into the LSF
structure when amo_q_nts of LSF are greater than _I;_SCF, corresponding to the XRD
peaks shifted to the I“ower angle direction. But the p_atterns still showed two perovskite
phases: LSFand LSCF, which: may ‘indicate. that no significant chemical reaction
occur betweenithe LSF and LSCF [47].

Ity is"naticed «thatythe; XRD spatterns; of | LSFLSCF composites after
calcined at 800 and 980 do not differ significantly. Therefore 8 was selected as

minimum temperature for calcination LSF-LSCF composite powder.

In Figure 3.7, XRD patterns of LSF-LSCF composites (1:3) sintered at
1,200, 1,300 and 1,400 for 10 hours are presented.
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Figure 3.7 XRD hafterns of LSE-LSCE compasi s in a weight ratio of 1:3 after
, ] ‘\ ..
calcined at 80C V d Jresfor 10 hours in air. (a) LSF37-

I |
LSCF8291, (b) LSF37-LSCF8282, (c LSF46-LSC 291 and (d) LSF46-LSCF8282.

e U NS YA s v e

of 20° and 45 ggwere exhibited in'Figure 3.8. .,
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J’\ 1,400°C
h\ 1,300°C

1,200°C

40 45

-
O

Figure 3.8 Magnified 3291 composite with different

sintering temperaturés fof

5
In Figures ) 2aks shift a bit to the low two-theta
or the higher of spacing rq&,‘.ﬁ‘qrrf n the sintering temperatures is pushed up from
1,200 to 1,408%C, which reprgs% ncrease in lattice length (see Table 3.3). The
attice was Bbse 2_

expansion of the sted that the change in lattice

_ structure.
In all S a@ indexed with in the distorted
rhombohedral structure QLSCF The width of the peaks corresponding to pedk ~ 32

decreased wﬂ tu Ed éa %ﬁr‘ﬁ‘@ an ’hrjﬁ ﬁjuch is related to crystalline

grains growth. %

QW’]@\?ﬂ‘ﬁﬁUﬁmﬂﬂmﬂﬂ

parameter is due
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Table 3.3 The lattice parameters of LSF-LSCF composites in a weight ratio of 1:3
after calcined at 80C with different sintering temperature for 10 hours in air.

) _ LSF37-LSCF8291 LSF37-LSCF8282
Sintering
temperature | Lattice parameter (A) | Lattice parameter (A)
(°C)
a b c a b c
1,200 5.329 5.325} 13.119 5.335 5.335 13.104
1,300 5354 5354 43485 5.342 5342 13.111
1,400 5.371 5.3-71 13.1448 5.359 5.3b9 13.130
) ) LSF46-LS&F8291 LSF46-LSCF8282
Sintering ;
temperature J Lattice parameter (A) | Lattice parameter (A)
(°C) v
a B " C a b c
1,200 b.365 '5.3555‘;-*' 13.120 5.342 5.342 13.098
1,300 5.376-<5.376 }'1::3‘.4143 5366 5.366 13.114
1,400 5388 52388 13160 5.385 5.385 13.126

The cemposites after sintered at 1, &Qvere sintered with various

sintering temperatures (8-15 hours).

The"XRD patterns-of' LSF-LSCF-composites in a weight ratio of 1:3
after calcined at 80C with diffefent sintering=time for sintered at 1,300were
illustrated in Figure 3.9. Figure 3.10.shaw XRD pattern of LSF37-LSCF8282 for the
Bragg angle range of 20°-45°.20
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Figure 3.9 XRD ﬂ:.‘.!—---—--——-——h ------------ sites'in a weight ratio of 1:3 after

v .

sintered at 1,300in air. (a)

Tl

3282, (c) LSF46-LSCF8291 and (d) LSF46-

AULINENINYINT
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calcined at 80t V’
LSF37-LSCF8291, *“ LSF37-L
LSCF8282.



50

2 _}k 15 hours
n jk 12 hours
) _L 10 hours

\\1““ sy n
J& 8 hours
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Figure 3.10 Magnified XRD'p l.m LSF3 \\\ 8282 with different sintering

time for sintered at 1,360

However, the! p: show that heating the composite t0°Q,300
for 8-15 hours did not ca _ 5-sig f in the peak position for LSF-LSCF
phase. The lattice paramete ‘ omposites in a weight ratio of 1:3 with
different sintering time wn in Tab

_
7=

It is c@clu

LSCF composites (1'3}%,9 gfor calciagtion and 1,368C 10 hours for sintering.

ﬂummmwmﬂi
QW']MﬂiﬂJ UAIINYAY

= i
‘c@ditions to prepared pure LSF-
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Table 3.4 The lattice parameters of LSF-LSCF composites in a weight ratio of 1:3
after calcined at 80C with different sintering time for sinterd at 1,3Q0in air.

LSF37-LSCF8291 LSF37-LSCF8282
Sint(er:i(?ugr)time Lattice parameter (&) | Lattice parameter (&)
a b c a b c
8 5.354| 5.354 A 13.134 5.340 5.340 13.111
10 5354 5354 18,136 5.342 5342 13.111
12 2.355 5.3§5 13:433 5.342 5342 13.112
15 24803 5.35L3 13.138 5341 5.341 13.110
(SF46.LSCra291 LSF46-LSCF8282
Sint(ehrionugr)time Lattice »'p;)araméteﬁr (A) | Lattice parameter (&)
off THb "t a b c
8 518771 .5.371 1135143 5366 5366 13.112
10 | 5.376/5:376 13143 5305 53p6 13.114
12 5.374) 5.37 13.144 5365 5.3p5 13.116
15 || 5.376| 5376 13145 5367 5367 13.114
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3.2.2 Scanning electron microscope (SEM) and density
The surface morphologies of perovskite discs were characterized 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,SrkFeOs; (x = 0.6 and 0.7)

The surface mormw La&SrFeG;s (x = 0.6 and 0.7) sintered
discs was investigated by K:s\h 3.11.

densty (relative densi 92%) and homc Us- “surface. The grain size increases
with increasing of content The relative densnyuﬂ S FeQ,s discs increased

with the increﬁe of Sr'which was listedfir Table 3.5.

WEINENINEINS

Table 3.5 Density of La,SrFeQ;5 d(x 0.6 and 0.7) discs.

TR T] e loEn) ) e bielon

|
x=0.6 5.623 92.44
x=0.7 5.635 93.38
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3.2.2.2 Morphologies of LasSro 2C01.4FeO35 (x = 0.1 and 0.2)
The surface morphology of kg Co«Fe0ss (x = 0.1 and 0.2)

discs after sintered at 1,3@for 10 hours were indicated in Figure 3.12.

Reutive density (%)

B E Lt TAARLrT
AMIANTUUNIINYAY
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3.2.2.3 Morphologies of LSF-LSCF composites

The surface morphology of LSF37-LSCF8291 and LSF37-LSCF8282
composites discs after calcined at 8D@vith different weight ratio for sintered at
1,300C were investigated by SEM shown in Figures 3.13 and 3.14, respecTikely.
cross section of LSF-LSCF composite discs are presented in Figure 3.15.

Figure 3.14 Surface morphology of LSF37-LSCF8282 composite discs.



55

L x "
PR

e .
LSCES282
g ¥
.‘. ! 5

el S R \
Figure 3.15 SEM picture{*ﬂ _crsos , ion. of LSF37-LSCF8291 and LSF37-
LSCF8282 composite discs.~ &

These S e h'i'\:'t:)ited he:ﬁghtly larger grain size with the

increase of LSCF contenit’| nicrogra n exhibited non-uniform grain structure with

no porosity. There w. ) e present in.the microstructures that confirmed
the phase purity of LS éomp_'!,‘ tes tha Was\indicated by XRD results.

The surface md@ho& f  LSF46-LSCF8291 and LSF46-

2lels . . :
LSCF8282 composites discs after caicined at@0Rith different weight ratio for
sintered at 1,30 were in&éﬁﬁﬁété@EM shown in Figures 3.16 and 3.17,
respectively. The cross secﬂ'é?fff‘gfléﬁm‘compo ite discs are presented in Figure
A __v4

3.18. b & :

"

Figure 3.16 Suface morphology of LSF46-LSCF8291 composite discs.
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Figure 3.18 SEM puﬁtures of cross section of . LILSF46 LSCF8291 and LSF46-
LSCF8282 composite dises.

ANEINYNTNYING

'Ftlle grain sizes of LSF-LSCF (gmposnere S|IQDt|y larger with the
increa@ Wﬂlﬁo@ﬂ a‘ﬁomegilz%q aq{raa% %’%n@c%}sing content of LSCF.
In addition, the large closed pores caused the decrefashe disc densitySEM
inspection demonstrated the formation of homogeneous compaosites microstructures of
LSF46-LSCF8291 and LSF46-LSCF8282.

The relative density of LSF-LSCF composite discs were listed in
Tables 3.7 and 3.8. The densities of LSF-LSCF compaositesase with the increase

of LSCF contentAccording to our results, it was found that the morphology and the



57

relative density of LSF-LSCF composites after calcined at 800 anC 990 not
differ significantly.

Table 3.7Density of LSF37-LSCF8291 and LSF37-LSCF828Pposite discs with
different weight ratios of LSCF.
(a) Calcined at 800C

Weight LSF37-LSCF8291 LSF37-LSCF8282
ratios of |  Density Relative density Density Relative density
LSCF | (g.cnm) (%) (g.cn) (%)
v
0.25 5.323 93.84 5.337 93.52
0.33 5.401 94.20 5.429 94.12
0.50 5.615 95.8"5 5.636 95.67
0.67 5.776 96.55 5.776 96.04
0.75 5.899 97'6£ % 5.862 96.48

(b) Calcined at 906C

il

)
F I

Weight LSF37-LSCF8291 - = i LSF37-LSCF8282

ratios of | Density Relative density.«|  Density Relative density
LSCF (9-cnr) %) (g crf) (%)
0.25 5.387 94,08 5.344 93.64
0.33 5.434 94.78 5435 94.23
0.50 5.633 96.16 5.655 95.99
0.67 5788 96:75 5:/88 96.24
0.75 5.868 97.10 5.889 96.93
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Table 3.8Density of LSF46-LSCF8291 and LSF46-LSCF828Pposite discs with
different weight ratios of LSCF.
(a) Calcined at 800C

Weight LSF46-LSCF8291 LSF46-LSCF8282

ratios of Density Relative density Density Relative density
LSCF (9.cn) (%) (9.cn) (%)
0.25 5.376 93.94 5.353 92.99
0.33 5.474 94.83 5.463 94.12
0.50 5.639 95.99 5.613 95.06
0.67 5.775 96.66 5.750 95.76
0.75 5.871 97 .45 5.832 96.32

(b) Calcined at 906¢

Weight LSF46-LSCE8291 LSF46-LSCF8282
ratios of | Density Rélative density Density Relative density
LSCF (g.cnt) G A (g.cnt) (%)
0.25 5.394 94,26 dia. 5.365 93.20
0.33 5.491 9512 |  5.464 94.14
0.50 5651 |+~ 9619 ' | 4.5614 95.08
0.67 5.788 96.88 5.:768 96.06
0.75 5.883 97.65 5.868 96.91

The, surface, morphology-of; LSF37-L.SCE8291, LSF37-LSCF8282,
LSF46-LSCF8291 and LSF46-LSCF8282" composites in a weight ratio of 1:3 after
calcined at 80T with different sintering températures for 10°hours were exhibited in
Figuresi3.19, 3.20, 3:21 and 3:22, respectively.
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Figure 3.19 Suface morphology of ‘Tfi?-LSCFSZQl composite discs.

«

Figure 3.21 Surface morphology of LSF46-LSCF8291 composite discs.

AUBINENINETINT

Figure 3.22 Surface morphology of LSF46-LSCF8282 composite discs.
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The results show that all of the samples were homogeneous and
without any impurity phase. It is seen that the grain size of LSF-LSCF composites
increases with increasing of the sintering temperature that was confirmed by XRD
results.For the LSF46-LSCF8282 composites, the number of pores increased when
the sintering temperature increased from 1,300 to $(Gl0Dhe relative density of

LSF-LSCF composite discs are more than 93% as shown in Table 3.9.

Table 3.9 Density of LSFE-LSCFcompesite“discs in a weight ratios of 1:3 after

calcined at 80T with different sintering temperatures for 10 hours.

Sintering FSE374LSCFR8291 LSF37-LSCF8282
tempoerature Density«| Relative density |  Density | Relative density
(°C) (g.cirr) (%) (g.cn) (%)
1,200 5.845 96.22 5.831 95.67
1,300 5.899 97,61 5.862 96.48
1,400 5.739 95.66 5.655 93.80
Sintering LSF46-LSCF8291 LSF46-LSCF8282
tempc()erature Density | ‘Reative density | Density | Relative density
('C) (g.cnt) (%) .| (g.cn?) (%)
1,200 5.822 95.72 5.754 94.07
1,300 5.871 97.45 5832 96.32
1,400 5.710 95.33 5.621 93.58

The relative density |0f composites i$ quite high after sintering at
1,300C. The effect of sintering time on the density and grain growth of the composite
disc was investigaled.

Figures 3.23, 3.24, 3.25 and 3.26 show the SEM micrographs of
LSF37-LSCF8291, LSF37-LSCF8282, LSF46-LSCF8291 and 46SFSCF8282

composite discs in a weight ratio of 1:3 and sintered at 4G308spectively.
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10 hours

Figure 3.25 Surface'morg Y ¢ : “%!_SCF8H'2§1 composite discs.

! 15 hours -

Q b re T

Figure 3126 Surface morph

= 2 - - 2 = —

ology of LSF46-LSCF8282 composite discs.

SEM micrographs of LSF-LSCF composites showed dense packed
grain and homogeneous surface. It is seen that the grain size of LSF37-LSCF8282
decreases with increasing of the sintering time. On the contrary, LSF37-LSCF8291,
LSF46-LSCF8291 and LSF46-LSCF8282, the grain size decreases with increasing of
the sintering time from 8 to 10 hours. But the increase of sintering time from 10 to 15
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hours has no effect on the grain size. The number of pores for LSF46-LSCF8282
increased when the sintering time increase from 10 to 15 hours. The relative density

of LSF-LSCF composite discs are more than 94% as shown in Table 3.10.

Table 3.10Density of LSF-LSCFcomposite discs in a weight ratios of 1:3 after
calcined at 80 with different sintering times for sintered at 1,3D0

Sintering L'SF37-LSCI.:8291 . L'SF37-LSCF.8282 .
time (hour) E)ger;ﬁgg/ Relatng;) ;jensny E)gegﬁl%/ Relatl\éoeA) gjensny

8 5.855 96.83 5.818 95.69

10 5.899 97.61 5.862 96.48

12 5.825 96.41 5.793 95.35

15 5.826 96.35 5.789 95.24

Sintering L_SF46-LSCE82§1 _ I__SF46-LSCF8282 _
time (hour) E)ge(r:lrsrgg/ Relatl\é((;) ;iier-ﬁnsny E)ge(r:lrs#tg/ Relatl\g;) ():Iensny

8 5.811 96.49 5.776 95.38

10 5871 |- 9745 5.832 96.32

12 5.804 96.28 5.652 93.32

15 5.789 96.11 5633 93.07

No phase jimpurities and docal inhomogenities were detected in LSF-
LSCF compasite ceramigs. The relative density of composites is acceptable after
sintering at 1,30 for 10 hours. In order to study the thermal expansion coefficient
of theSe miaterials; the samples lin' a ‘weight ratio 'of 1:3| dfter calcined % 8ad
sintering at 1,30%C for 10 hours were used.
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3.3 Properties of perovskite compounds

3.3.1 Electrical conductivity

The total electrical conductivities of the obtained oxides as a function of
temperature were measured by the DC 4—probes method. The measured value of total
conductivity includes electronic and ionic contributions due to the presence of charge
carriers and oxygen vacancies, respectively. However, ionic conductivity in the type
of perovskite oxides is known te he smalliin comparison with the overall conductivity
[36]. Therefore, the experimental value of.ihe electrical conductivity is assumed to be
the electronic conductivity. alone.

The electrical™conductvity. is strongly dependent on temperature. The
electrical conductivity of meials decEeases with. increasing temperature whereas the
electrical conductivity of semiconduct_or,g increases with increasing temperature.

3.3.1.1 Eléctical conduetivity of La S« eOs (x = 0.6 and 0.7)
As shown in Figure 327 the electrical conductivities of lthe,
SKFeOs; (x = 0.6 and 0.7) were studréd as a function of temperature from room

temperature to 800°C in air. * L-"Jf'ﬂ

400+
300+

==y =().7
200

“Fx =05

100

Specific conductivity (S/em)

0 T T T T T T
0 100 200 300 400 sS00 600 700 800

Temperature (°C)

Figure 3.27 Temperature dependence of the specific conductifyp(
Lay xSikFeQs;s (x = 0.6 and 0.7)
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Table 3.11 Maximum specific conductivity of LgSiKFeG;5 (x = 0.3-0.7).

Ratio Maximum specific conductivity (S.cm®) | Temperature (°C)
x=0.3 151* 800*
x=0.4 212* 800*
x=0.5 325* 650*
x=0.6 301 550
x=0.7 417 550

*from Aunpajsuda’s thesis

Figure 3.27_shows a semi-conducting behavior between 25-550°C and
metallic property at higher temperature. However, the conductivity value ,of La
SiFeG;; materials was gnhanced by doping Sr at A-site. As displayed in Figure 3.27
and Table 3.11, the.Speglii¢ conductivit_y of d.#B e reached the maximum
value of 417 S/cm at about 550°C,

In Table 8.1%, ‘when-Xx -ivr'lc"'reases, the value of maximum specific
conductivity increases whereas the té"rfnpe.rature at maximum specific conductivity
decreases from 800 to 550°C.in order'to "Iaiscuss the possible responses of an oxide
system, two extremes need fo be considered onsthe introduction of the dopdnts (Sr
The 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 (©f électran” holés fassdciated )\ witli Eations<[37]. Since the partial
replacement of La by Sr affects the formation of both oxygen vacancies’Jj\#@d
Fe" ([Fe-el):

The assumption-can“be made that the-electronie~conduction is caused
by the exchange of electron holes between Fe ions of different valence states, where
the concentration of oxygen vacancies is always relatively small. It can be suggested
that the addition of Sr into La sites increasegptiype conductivity.

The Arrhenius plot of LgSrhFeQ;s (x = 0.6 and 0.7) is given in

Figure 3.28. Its linear part can be described by the formula:

o = (A/T) exp (-EakT) (3.1)
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whereA is material constant including the carrier concentration term,
Ea is the activation energ¥ is the Boltzmann’s constant andis the absolute
temperature. The activation energy calculated from the linear part of Arrhenius plot
(Figure 3.28) is listed in Table 3.12. It can be clearly seen that the activation energy of
LagsSrh /e s decreased with the increase of the Sr content. According to these
results, La S e showed the lowest activation energy, corresponding to the

highest specific conductivity
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£ 8 4
= ‘ o ; + x=06
; 6 - Y mx-07
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4 4 —— Linear (x = 0.7)
s
0 - — —
0.9 L ="E3 {Aeg=-17 1.9
LO00ZI (RS

Figure 3.28 Arrhenius plot of the electrical conductivitylaf; .S FeQs
(x=0.6 and 0.7)

Table 3.12 Activation energy of LaSrFeGs 5 (x = 0.6 and 0.7)

Ratio E. (kJ/mal)

x=0.6 10.98
x=0.7 9.77
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3.3.1.2 Electrical conductivity of La gSroC01xFe035 (x = 0.1 and

0.2)

The temperature dependence of the electrical conductivities of the
Lap Sr 2C01xF80s.5 (x = 0.1 and 0.2) are shown in Figure 3.29 and Table 3.13.
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Figure 3.29 Temperature_JQegendenfzj_',gi the specific conductivity for
Lao 8S10.2C01xFe0s4(x = 0.1 and 0.2)

r !
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wd o

Table 3.13 Maxmum.specific conductivity of LgeSr 2C0; «Fe0s.s (x = 0.0-0.5).

Ratio Maximum specific conductivity (S.cm') | Temperature (°C)
x=0.0 1,610 200*

1,040 650
xq%? 1,000 800

979 650
x=02 959 800
x=0.3 ~ 775* 800*
x=0.4 ~ 450* 900*
x=0.5 ~ 300* 900*

*from referenc¢43]
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Figure 3.29 shows the specific conductivity ofyp k3 2C0;-xF6035
measured in air as a function of temperature. The specific conductivity of each
conmposition increases with temperature through a maximum, then decreases. The
specific conductivity of LasSr Co.xF603.s reached the maximum value of 1,040
S/cm at about 650°C.

In Table 3.13, when x increases, the value of maximum specific
conductivity increases whereas the temperature at maximum specific conductivity
shifts from approximately. 200 to 900°C. The electrical conductivity of LSCF
decreases with increasing-Fe content because-oxygen vacancies are formed in these
oxides, which results in a_reduction in the concentration of electronic charge carriers.
Because of the vacancies alse can act as random traps for electrons, resulting in the
decrease of the electron Cairier mobif-44].

The agtivation' energy pr_LgagSro,ZCol-xFeXO% (x = 0.1 and 0.2)
speimens calculated from the linear ﬁar't of Figure 3.30 are shown in Tablelt3.14.
can be observed that/the activatioﬁ':'e'hergy increases with the amount of Fe,

corresponding to the specific COﬂdUCti\/li-{yf(_)fo]gsro_zcol_xFe)(()g_g.
d o -‘IJ‘I;I
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Figure 3.30 Arrhenius plot of the electrical conductivity oblk8rp 2C0;-xF&035
(x=0.1and 0.2).
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Table 3.14 Activation energy of aSr 2C01«FeOs5 (x = 0.1 and 0.2)

Ratio Ea (kJ/mol)
x=0.1 6.09
x=0.2 7.05

3.3.1.3 Hectrical conduc$ivity of LSF-LSCF composites

Figures 3.31 and 3.32 sl’io(ythe electrical conductivity of LSF-LSCF
ceramics as a function of measuririg..«te'mperature. The maximum electrical
conductivity of compos_if_e_g,_with diffeTent weight ratios of LSCF are shown in Figures

3.33, 3.34 and Tables},%S’, 6. ‘\\
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Figure 3.31 Temperature dependence of the specific conductigjtyof LSF-LSCF
compogeswith different weight ratios. (a) LSF37-LSCF8291 after calcined at@G00
(b) LSF37-LSCF8282 after calcined at 800 (c) LSF37-LSCF8291 after calcined at
900°C and (d) LSF37-LSCF8282 after calcined at®@0
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Table 3.15 Maximum specific conductivity of LSF37-LSCF8291 and LSF37-
LSCF8282 composites with different weight ratios of LSCF.
(a) Calcined at 800C

Weight LSF37-LSCF8291 LSF37-LSCF8282
rettlsoé ,S f ('\g;lg(mc) Temperature (°C) g?é;; Temperature (°C)

0.00 417 550 417 550

0.25 559 550 447 550

0.33 600 550 500 550

0.50 654 550/ 584 650

0.67 837 650 697 650

0.75 1,000 850 852 650

1.00 1,040 650" 979 650

(b) Calcined at 900C

Weight LSF374.SCF8291 7, LSF37-LSCF8282
ralitgé FO f ('\g?é(m(; Tem'pératureii(l_f"’é) ('\g?é(m“) Temperature (°C)

0.00 417 550 ey W 417 550

0.25 574 550 . 464 550

0.33 617 550 ~ 517 550

0.50 701 550 601" 650

0.67 869 650 715 650

0.75 996 650 862 650

1.00 1,040 650 979 650
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Table 3.16 Maximum specific conductivity of LSF46-LSCF8291 and LSF46-
LSCF8282 composites with different weight ratios of LSCF.
(a) Calcined at 800C

Weight LSF46-LSCF8291 LSF46-LSCF8282
r?_tlsoé,f f (l\gixm(; Temperature (°C) (I\g;/acxmc) Temperature (°C)

0.00 391 550 391 550

0.25 450 550 425 550

0.33 503 550 480 550

0.50 596 650 521 650

0.67 789 650 639 650

0.75 882 650 756 650

1.00 1,040 650 979 650

(b) Calcined at 900C

Weight LsEdelSCF82o1y, LSF46-LSCF8282
ralitlsocs:Fo f (I\g?é(mc) Temperature'(°C) ('\g?é(mc) Temperature (°C)

0.00 391 SO 391 550

0.25 468 550 S 461 550

0.33 518 550 /4t 502 550

0.50 616 650 544 650

0.67 816 650 650 650

0.75 908 650 164 650

1.00 1,040 650 979 650

Figures 3.31 and;3.32 show a semi-conducting behavior between 25-
650°C and metallic property .at higher temperature. It was found that the
conduetivities of all«composite materials increase with an iicrease of temperature at
about 650°C and begins to decrease. Figures 3.33, 3.34 and Tables 3.15, 3.16 show
the conductivity of the composites with different weight ratios of LSCF after sinterd
at 1,300C for 10 hours in air. The data show that there is a dramatic increase in the
condutivity of the composites when the content of LSCF increases. LSF-LSCF in a
weight ratio 1:3 shows the highest conductivity which is higher than LSF but lower
than LSCF. This suggests that electronic transport in the composites is determined by
the property of LSCF based solid solution. Mixing a good mixed ionic-electronic
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conductor LSCFwith LSF causes the conductivity of LSF to improve. &toer,
LSF37-LSCF8291 (1:3) (1,000 S/cm) shows higher conductivity than LSF37-
LSCF8282 (1:3) (852 S/cm) and the LSF46-LSCF8291 (1:3) (882 S/cm) shows
higher conductivity than the LSF46-LSCF8282 (1:3) (756 S/cm) too. It is possible
that the addition of LSCF8282 might increase the amount of Fe from 10% to 20% in
the LSF-LSCF8282 composite, which results in a formation of oxygen vacancies. The
vacancies also can act as random traps for electrons. The conductivity of composites
after calcined at 800 and 9D do not differ.significantly (< 50 S/cm). The study of

the effect of sintering temperature for 10-hours, the samples in a weight ratio of 1:3
after calcined at 80C were used.

The activation energy values of LSF-LSCF composites calculated from
the linear part of Figures 3.35 and 3,36 are shown in Tables 3.17 and 3.18. It is
observed that the aciivation energy decreases with the amount of LSCF. Moreover,
LSF-LSCF8291 shows' lower activation Menergy than LSF-LSCF8282, corresponding
to the specific conductivity '
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Table 3.17 Activation energy of LSF37-LSCF8291 and LSF37-LSCF8282
composites with different weight ratios of LSCF.
(a) Calcined at 806C

Weight | | SF37-LSCF8291| LSF37-LSCF8282
rati os of
LSCF Ea (kJ/mol) Ea (kJ/mol)
0.00 9.77 | 9.77
0.25 ; 8.54
0.33 8.36

0.50 ,9 813
0.67 m ' - 52
0.75 "'////l"\ \
1.00 4 I

;5_\ i_':)

(b) Calcined at 90€

Weight
ratios of
LSCF

SF37-LSCF8282
Ea (kJ/mol)

ﬂ‘;'\oo o™y ﬂg'gglﬂﬂﬂgﬂﬂﬂ7qs\#ﬂl
AN THETR
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Table 3.18 Activation energy of LSF46-LSCF8291 and LSF46-LSCF8282
composites with different weight ratios of LSCF.

Weight | | SF46-LSCF8291| LSF46-LSCF8282
rati os of

LSCFE Ea (kJ/mol) Ea (kJ/mol)

0.00 10,98 10.98

0.25 8.41 9.22

0.33 7.87 9.05

0.50 7.62 8.58

0.67 7.89 8.30

0.75 6.87 8.05

1.00 6.09~ " 7.05

(b) Calcined at 906C

Weight LSF46-LSCF8291 | SF46-LSCF8282
ratios of —
LSCFE B (kd/mol) === Ea (kJ/mol)
000 | 727098 f ik 10.98
0:25 8.34 8.06
0.33 7.73 8.78
0.50 7.52 8.28
0.67 7.20 8.04
075 6.69 7.85
1.00 6.09 7.05

The temperature dependence of the electrical conductivities of LSF-
LSCF composites in a weight ratio of 1:3 after calcined a®@0®ith different
sintering temperatures for 10 hours were exhibited in Figure 3.37. The maximum
electrical conductivity of composites with different sintering temperatures for 10

hours are shown in Figure 3.38 and Table 3.19.
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Figure 3.37 Temperature dependence of the specific conductigjtyof LSF-LSCF
compodes in a weight ratio of 1:3 after calcined at‘8Dawith different sintering
temperatures for 10-hours. (a) LSF37-LSCF8291, (b) LSF37-LSCF8282, (c) LSF46-
LSCF8291 and. (d) LSF46-LSCF8282.

Figure 3.37 shows a semi-conducting behavior for all composite
materials. It is found, that the conductivities of all compaosite materials increase with
an increase of temperature at about 650°C and begin to dedrease 3.38 and
Table 3.19 show the maximum conductivity of the composite in a weight ratio of 1:3
after calcined at 80C as a function of sintering temperature. The data show that
there is a dramatic increase in the conductivity of the composites after increasing the
sintering temperature from 1,200 to 1,30Mut decreased when the temperature was
raised to 1408C. The influence of sintering temperature on the value of conductivity
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most likely should be attributed to the density of LSF-LSCF composite, which
influence the grain to grain connection.
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for LSF-LSCF composites in a weight }aﬁo of 1:3 for 10 hours.

Table 3.19 Maximum specificbonduéﬁ{/it,y of LSF-LSCF composites in a weight

ratio of 1:3 after calcined at 88D with diftéLé”ﬁt sintering temperatures for 10 hours.

Sintering L SF37-LSCF8291" - — ,LSF37-LSCF8282
temperature | \Max g | —_ Max ¢ o
(°C) (Slem) - Temperature (°C) (Skm) Temperature (°C)
1,200 8_79 650 152 650
1,300 1,000 650 852 650
1,400 867 650 720 650
Sintering LSF46-LSCF8291 LSF46-LSCF8282
temperature. | _Max o . Max 6 .
€c) (Slern) Temperature (°C) (Slem) Temperature (°C)
1,200 840 650 714 650
1,300 882 650 756 650
1,400 806 650 686 650
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Shown in Table 3.20, the activation energy values of LSF-LSCF
composites in a weight ratio of 1:3 after calcined at°80@ith different sintering
temperature were calculated from the linear part of Figure 3.39.
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Table 3.20 Activation energy of LSF-LSCF composites in a weight ratio of 1:3 after
calcined at 80 with different sintering temperature for 10 hours.

Sintering LSF37-LSCF8291 | LSF37-LSCF8282
temperature
°C) Ea (kJ/mol) Ea (kJ/mol)
1,200 6.58 7.54
1,300 6.27 7.30
1,400 6.74 7.73
Sintering L SF46+L.SCF8291 (" LSF46-LSCF8282
temperature
1,200 7A18 8.44
1,300 6.87 8.05
1,400 7.524 8.61

According' to' these res,tjjté", the sintering temperature at °G300
showed the lowest activation energ‘)r(',?;_gorresponding to thghest specific
conductivity It is concluded that the suitaﬁleﬁlsintering temperature is 4300

Figure3.40 shows the temperature depéndence of specific conductivity
of LSF-LSCF compositesn a weight ratio of 1:3 after calcined at 8G0with
different sintering time-for sintered at 1,800 Figure 3.41 and Table 3.21 show the
maximum specific | conductivity - of ‘composites. with different sintering time for
sintered at 1,30C.
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Figure 3.40 Temperature dependence of the specif_ié conductigityof LSF-LSCF
compoges in a Wéight ratio of 1:3 after calcined at“&Dawith different sintering
time for sintered at' 1,300. (a) LSF37-LSCF8291, (b) LSF37-LSCF8282, (c)
LSF46-LSCF8291 and. (d)*LSF46-LSCF8282.

Figure 3.40 shows two regiens of conductivity. In the lower
temperature region Y(at room’ temperature to. 650 °C), the composite materials are
semi-conductor while these perovskites show metallic conductivity at higher
temperature region. Figure 3.41 and Table 3.21 summarize the specific conductivity
as a function of sintering time for the composite in a weight ratio of 1:3 for sinterd at
1,300C. The data show that there is a dramatic increase in the conductivity of the
conposites after increasing the sintering time from 8 to 10 hours but decreased when
sintered for 12 and 15 hours, suggesting the highest relative density when sintered for
10 hours.
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Figure 3.41 Sintering-time _dependence of the maximum specific conductivity for
LSF-LSCF composites in.a'weight réwiio of 1:3 for sintered at 2300

Table 3.21 Maximuq}”épecific C'.ohdu‘st'ivity of LSF-LSCF composites in a weight

ratio of 1:3 after calcined at 88D with dl}if,fé"rent sintering time for sinterd at 1,300

Sintering

LSF37:LSCF8291 «

LSF37-LSCF8282

time (hour) ('\g";‘é(m“) J jlz_ev‘r_r_meratu'r._éi:(;‘:g:) ?/Is?g(mc) Temperature (°C)
8 876 | .= 650 . 785 650
10 1,000 e T 650
12 845 650 754/ 650
15 ~.843 650 749 650
o "~ LSF46-LSCF8291 "~ LSF46-LSCF8282
Sintering
time (hour) ('\g?é(mc) Térfipetature Q) l(\/ls‘?é(mc) Temperature (°C)
8 837 650 726 650
10 882 650 756 650
12 803 650 704 650
15 793 650 678 650
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Shown in Table 3.22, the activation energy values of LSF-LSCF
composites in a weight ratio of 1:3 after calcined at°80@ith different sintering
time for sinterd at 1,36Q were calculated from the linear part of Figure 3.42.
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H—.—.—.—._. a H""ﬂ—.—.—.
12 12
10 b hotr's
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Y / 15 hou's ==15hows
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0 : : . SN : : ‘ ‘
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’ , ;: fTa
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F ." =
4 REE Y (d)
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,3 e R
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Table 3.22 Activation energy of LSF-LSCF composites in a weight ratio of 1:3 after

calcined at 80 with different sintering time for sintered at 1,300

Sintering time LSF37-LSCF8291 | LSF37-LSCF8282

(hour) E. (kd/mol) Ea (kJ/mol)
8 6.69 7.66
10 6.27 7.30
12 6.82. 7.73

15 6.90 7.83

Sintering time LSF46-LSCF8291 | LSF46-LSCF8282

(hour) E. (Kd/mol) Ea (kJ/mol)
8 728 8.34
10 6.874 8.05
12 7.60, 8.53
15 778, 8.83

According to these result_s?_tﬁg sintering time at 10 hours showed the
lowest activation energy, corresponding' to thighesi'specific conductivity It is
conduded that the suitable sintering time is 10 hours. In order to study the thermal
expansion coefficient of the composite oxide, the samples in a weight ratio of 1:3

after calcined at 86C and.sintering at 1,300 for 10 hours were used.

Table 3.23 shows the maximum specific conductivity of composites in
a weight ratio’of 1;8.after calcined at 8@0and sintered at1,3%0 for 10 hours.

Table 3.23 Maximum specific conductivity of LSF-LSCF8291 composites in a
weight ratio of 1:3 after calcined at 8@and sintered at 1,380 for 10 hours.

Maximum specific conductivity
(S/cm)

LSF37-LSCF8291 1,000 650
LSF46-LSCF8291 882 650

Sanple Temperature (°C)
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From Table 3.23, it demonstrated that LSF37-LSCF8291 shows higher
conductivity than LSF46-LSCF8291. It is possible that the addition of LSF37 might
be increase the amount of Sr into the composite. It can be suggested that the addition
of Sr into the composites increases pkgpe conductivity.

From the conductivity results, it is concluded that mixing LSCF with
LSF can improve the conductivity of LSF. In a weight ratio 1:3, the specific
conductivity of LSF37-LSCF8291 shows the highest value which is 1,000 S/cm at
650°C. For variation of the sintering temperature and sintering time, the composite
materials sintered at 1,3Wfor 10 hours shows.the highest conductivity. The highest
specific conductivity obtained. ffom this work is"1,000 S/cm at®65fbr LSF37-
LSCF8291 in a weight raiid of 1.3 after calcined at°@0and sintered at 1,300 for
10 hours. The conductivity of LSF37~L$CF8291 in this work is greater than that of
30% L& oSt 1Gay gMge0s4 + 70% La,§r0,4Cm_2F@,@3 _p composite cathodg85
S/cm in air at 800°C).and 50% MO%L,'(;J:- 50% L& St 4Cop Feyg03-5 composite
cathodes (230 S/cm in air at 800°C) re'éiorted by Lin and Lu, respeddseip].

3.3.2 Thermal expansicn 'coefficiefg-tis{"ﬂ

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

The thermal expansions-were measured by'using amiser (NETZSCH
DIL 402C)in, the temperature range from roofir temperatureto 80A8a@surements
were perfarmed at'a‘heating rateld@<dmin and data acquisition. dfie differential
lengh and the temperature was conducted every 10 seconds. No eleglge of the

sanple was observed before and after the measurement.
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3.3.2.1 Thermal expansion coefficients of LaSriFeOzs (x = 0.6

and 0.7)

Dilatometric curves for the LaSkFeOs;s (X = 0.6 and 0.7)n air are
shownin Figure 3.43. The average thermal expansion coefficient (TEC) is defined

the dope of dilatometric curves, is displayed in Table 3.24.
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Figure 3.43 Temperature dependence of the thermal expansiaaf@rFeG; s
(x=0.6 and 0.7)

The peravskite oxides expanded almost linearly in the temperature
range 25-400°C but they became steeper at high temperature due to a loss of oxygen
(i.e., the formation of oxygen vacancies) in the structure during heat-treatment [43].
The lattice’ exparnsion “Observed may: be attributed to the€)léss of oxygen and the
formation of oxygen vacancies. There were two reasons for the lattice expansion
concerned with the formation of oxygen vacancies. Firstly, the repulsion force arising
between those mutually exposed cations when oxygen ions are extracted from the
lattice. Secondly, the increase in cation size due to the reduction of the valence state
of iron from Fé&* (ree™ = 0.585 A) to F& (ree" = 0.645 A), which must occur
conairrently with formation of oxygen vacancies in order to maintain electrical

neutrality, described in equation (3.2) [38-40].
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(1] 1
2Fgs + Ot —> 2Fee +Vo'+ 502 (3.2)

The result of these chemical-induced mechanisms is a deformation and
an increase of the unit cell volume [41]. Therefore, thermal reduction*btd-&€”
andthe formation of oxygen vacancies enhanced the thermal expansion coefficient.
From Table 3.24, it is seen that the thermal expansion coefficient increases with
increasing value of x, due to the higher.eoneentration of oxygen vacancies in the

samples with more Sr.

Table 3.24 The TECValues &by ,SrFeC; (x = 0.6 and 0.7).

Ratio L TEC (x.10°°C™
X2 0l6 [ 4 1495
X 207 2 1502

3.3.2.2 Thermal expansio_rf(_:_(_);e_fﬂcients of 1gaSro 2C01.4Fe035 (X =
0.1 arid 0.2) i |
Dilatemetric curves for the LLaSi C0, 6035 (x = 0.1 and 0.2) in
air are shown in Figure 3.44. The average thermal expansion coefficient (TEC) is

defined as the slope of dilatometric curves, is displayedlaeTa?25.
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Thermal expansion curves in Flgure 3.44 show gradual increases in the high
¥ K

temperature region for all composmons ;Ehe observed inflection of the curves is

thought to be due to a Ioss of oxygen (| e the formation of oxygen vacancies) in the

LSCF structure durlng heat- treatment artd this phenomenon might be associated with

the reduction of thetalence state of Co and Fe for compensatlng the charge neutrality
of the crystal by the formatlon of oxygen vacan¢#s. From Table 3.25, it is seen
that the thermal expansion coefficient increases with increasing value of x, due to the

higher concentration of oxygen vacancies in the samples with more Fe.

Table’3125The TEC values-afag sSig LL015F6035'(x|=0.0-0.2)

Ratio TEC (x 10°°C™ Reference
Xx=0.0 19.70 [43]
19.47 This work
x=0.1
20.10 [43]
20.01 This work
x=0.2
20.70 [43]
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3.3.2.3 Thermal expansion coefficients of LSF-LSCF composites

The average thermal expansion coefficient (TEC) of LSF-LSCF
composites in a weight ratio of 1:3 after calcined af@G#ind sintered at 1,3%0D for
10 hours (the highest specific conductivity) in air, obtained from dilatometric curves

(Figure 3.45) are showed in Table 3.26
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Figure 3.45 Temperature dependencé;df theermal expansiorfor LSF-LSCF
conmpositesin a weight ratio of 1:3 after cal@:ined at 800and sintered at 1,380 for
10 hours. T

d .l

Table 3.26The TEG values oESF-LSCF composites'a weight ratio of 1:3 after
cakined at 808C and sintered at 1,3%0 for 10 hours.

Samplé TEG }W10° G Sample TEC (x 10°°C™)
LSF37 15.02 LSF46 14.95
LSF37-LSCF8291 18:15 LSF46-LSOR8294. 18.10
LSF37-LSCF8282 18.70 LSF46-LSCF8282 18.40
LSCF8291 19.47 LSCF8291 19.47
LSCF8282 20.01 LSCF8282 20.01

It can be seen that mixing LSF with LSCF reduces tnerntal
expansion coefficient values as compared with LSCF but higher than LSF. This

manifests a remarkable advantage of the composite design. In addition, mixing LSF
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with LSCF8291 reduces the TEC values more than mixing LSF with LSCF8282, due
to the concentration of oxygen vacancies in LSCF8282 higher than LSCF8291.

Table 3.27 shows the TEC values of LSF-LSCF8291 composites in a
weight ratio of 1:3 after calcined at 8@and sintered at 1,380 for 10 hours.

Table 3.27The TEC values ot SE-LSCF3291 compositas a weight ratio of 1:3
after calcined at 80C and sintered at 1,280f6r.10 hours.
Sample @ |=TEC(wdC°CY
LSE3ALSCF8291 18.15
LSF46-LSCF8291 18.10

The data showed that ttfe TEC values of LSF46-LSCF8291 lower than
that of LSF37-LSCF8291: It |s p055|ble that the higher amount of Sr in LSF37 might
increase the concentration of oxygen Vapanmes in the composites.

From the results of thermal p,xpansmn property, it is concluded that
mixing LSF with LSCF can reduce the Ihermal expansion of LSCF but still greater
than TEC value of > 12.5 X f0°C for gadollnlum doped ceria (GDC) and yttria-
stabilised zirconia :(~ 10.7 x fo°c*t ) electrolyte. The lowest thermal expansion
coefficient obtained ftom this work is 18.10 X1 for LSF46-LSCF8291.



CHAPTER IV

CONCLUSIONS

4.1 Conclusions

La;xSiFeGs (x = 0.6 and 0.7):l@Sr CoxFe0s35 (x = 0.1 and 0.2)
composite cathodes were prepared by-physical mixing method in various weight
ratios, calcination temperature, sintering temperature and sintering time. The X-ray
results indicated all compesiies showed single-phase of;AR@vskite oxides and
the optimum calcinations‘of the mixture are &@nd 906C.

Moreover, the XRD analysis indicated that sintering temperature affected on
the lattice parameterof the €ompasites. With the increasing of temperature, the lattice
parameter increased.dt was likely that the electrostatic repulsion between the cations
via the formation of oxygen vacanciesn' caused the expansion of lattice parameter.
Therefore, the lattice parameter of the"éém_posites did not change significantly when
increasing the sintering time. J

Surface morphology of the sin't'e'.r'e"d dises was examined by SEM. SEM
characterization concluded that each sample exhibited high density (more than 92%)
with homogeneous surface. The grain sizes of composites increased with increasing
the amount of LSCF and the sintering temperature, but decreased with increasing the
sintering time;

From the conductivity results, the increase of LSCF content results in an
increasetheselectrical, conductivityf, the .ccompositess This suggests that electronic
transport in"the "composites ‘1s ‘determined by "the~property “of LSCF based solid
solution. Mixing a good mixed ionic-electronic conductor LSt LSF causes the
corductivity of LSF to improve. LSF37-LSCF8291 in a weight ratio of 1:3 shows the
highest conductivity which is 1,000 S/cm at 850 For variation of the sintering
temperature, it was revealed that the conductivity of composites increased when the
temperature was raised from 1,200 to 1980(but decreased when the temperature
was raised to 140Q. In case of sintering time, the conductivity increased with

increasing the sintering time from 8 to 10 hours and then decreased when the sintering
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time was raised to 12 hours. The specific conductivity of 1,000 S/cm for LSF37-
LSCF8291 in a weight ratio of 1:3 after calcined at°80and sintered at 1,380 for
10 hours, at intermediate temperature (650°C) was obtained in this work.

The thermal expansion values proved that mixing LSF with LSCF is
significant to reduce the thermal expansion coefficients of LSCF. The lowest thermal
expansion coefficient obtained from this work is 18.10 X £a* for LSF46-
LSCF8291. Unfortunately, the thermal expansion coefficient of the composites is only
6-8 % lower.

As compared between LSF37-LSCE8281=1,000 S/cm at 650°C, TEC =
18.15 x 10 °CY) and LSF46-LSCF829% (= 882 S/em at 650°C, TEC = 18.10 %10
°c!), the TEC valués of both ‘composites did not differ significantly but the
conductivity of LSE37-L.SCF8291 was. very higher than LSF46-LSCF8291. When
adding 33 wt% LSF37, the conductivify value was slightly reduced but the TEC value
was reduced from 19#47/x £00-18:15 x 10 °CL For LSF46-LSCF8291, the
conductivity value was réduced from 1,040.42 to 882.69 S/cm and the TEC value was
reduced from 19.47 x T0t0 1840 x 1G°G". In summary, LSF-LSCF composites
exhibit enhanced thermomechanical probé”r"fies compared to single phase LSCF, while

the electrical conducting property of these materials still have high values.
4.2 Suggestions

From experiment resultsythe futureswork should be focused on the following:

1. Determination for oxygen permeability of LSF37-LSCF8291 composites
in a weight ratio of 1:3.

2. Study Gfory the celeetrachemical cperformance:’ of. LSF37-LSCF8291

composite in a weight ratio of 1:3 specimen in single cell testing.
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APPENDIX

APPENDIX A

Tolerance number

Goldschmidt (1926) defined the tolerance limits of the size of ions through a

tolerance factor, t as Equation (A.1)
t =(intio) [V2:(s +io)] (A.1)

where R, Is, and parethe radii of respective ions. For the substituted
perovskite at A and B site,:4A%B1.,ByOgs, a and g were calcuated from the sum
of each metal at A sit€ and B site,"respectively, timeits compostition. The atomic
weight, ionic charge, coordination nurﬁber, and ionic radius of all concerned metals

were shown in Table A.1

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

concerned metals

Metal | Atomic | Ionic charge| Coordination No. lonic radius
weight (R)
La 138.92 3+ 12 1.032
Fe 55.85 3+ 6 0.645
Sr 87.62 2+ 12 1.180
Co 58194 2+ 6 0.790
O 16.00 2- 6 1.400

Therefore, as Equation A.1 the tolerance number of perovskite compounds such as
LSCF 8291 was calculated as below.
tolerance number of LSCF8291 = (1.032 x0.8) + (1.18 x 0.2) + 1.40
V2 [(0.79 x 0.9) + (0.645 x 0.1) + 1.40]
= 0.80
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APPENDIX B
Activation Energy (Ea)

Arrhenius plot of LSCF 8291 is given in Figure B-1. The linear part can be
described by the small polaron conduction mechanism, following the formula:

= (AJT) F2RD

(B.1)

-
[t

o = The specific conduciivity

Wlul i 013 L
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APPENDIX C

7
Table C.1 Specific conductivity of LaSKFeGss (X = O§ ’

Ratio Specific condu

27°C 250°C 300C

x=0.6 18 185 237

x=0.7 19 315 346

vl 1555 AN
JRZ BN

Specific conducitivity, ¢ }

ﬂlh\\‘a!\ ooe
IIIE. RN

363
414

Ratio 1
550°C 600°C 650C 70(? ‘ @c— PC | 6max (T, °C)
x=0.6 391 386 357 Lz 5'1! -' 03 391 (55
=0.7 417 402 368 | ) 417 (55
X e — Y (

et
2

5

ﬂUH’J‘I’lHVﬁWH’]ﬂ‘ﬁ
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Table C.2 Specific conductivity of LgSr 2C0or.x F&0Os5 (x = 0.1-0.2).
\

:‘\

_ Specific conductivity, 6(S/cm) .

Ratio 27°C 250C | 300C — /@ 450C 500°C
x=0.1 686 965 995 996" //ﬂ \ 12 1,020
x=0.2 486 718 761 l ”lglh\\\&\ 947

/)

= 4\%\\\\

Ratio Specific condu I l

550°C 600C | 650C | 700C ‘ % W\\\ o (T, °C)
x=0.1 1,027 1,031 1,040 10 ‘\n 1,040 (650)
x=0.2 958 972 979 97 @6}& 95 979 (650)

£TN) NG

y— 4

s

EJ 2
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Table C.3 Specific conductivity of LSF37-LSCF8291 composites with different weight ratios of LSCF after calcinetCat 800

Weight ratio Specific conductivity, 6(S/cm)
of LSCF 27°C 250°C 300C 350C 400)0_"F 450°C 500°C
0.25 226 395 433 458 487 514 537
0.33 319 459 496 525 54§ 568 590
0.50 409 549 586 645 6384 % 651 654
0.67 511 658 689 707 4 138 | & \ 761 770
0.75 525 779 806 833 868 ’-* 4 910 938
Weight ratio Specific conductivity, d'(‘S/cm)f' ‘_r_!"__*; )
of LSCF 550C | 600C | 650C | 700C | 7500C ﬁOJO’C Gmax (T, °C)
0.25 559 544 514 |~ 474  435| 398, ;559 (550
0.33 600 592 569 || /536 501 440 |+ 600 (550)
0.50 654 635 615 | 584 553 497 | 654 (550
0.67 792 824 837 _‘ 817 791 769 837 (650
0.75 957 979 1,000 985 974 957 1,000 (65

SN N

0)
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Table C.4 Specific conductivity of LSF37-LSCF8291 composites with different weight ratios of LSCF after calcinetCat 900

Weight ratio Specific conductivity, 6(S/cm)
of LSCF 27°C 25C | 300C | 350C | _400C. | 450C 500°C
0.25 234 392 428 467 408 539 558
0.33 310 479 521 552 574 591 613
0.50 400 602 630 659 67649 |\ 686 699
0.67 446 657 701 736 [ [ 7711 4 | 805 830
0.75 520 815 853 853 9174 939 952
Weight ratio Specific conductivity, d'(‘S/cm)f' ‘_r_!"__*; )
of LSCF 550C | 600C | 650C | 700C | 750C tsobc Gmax (T, °C)
0.25 574 555 522 |~ 495 | 470 407 574 (550)
0.33 617 610 584 || 552 510 447 | 7 617 (550)
0.50 701 684 650 1615 574 514 | 701 (550)
0.67 849 864 869 | 867 853 825 869 (650)
0.75 963 976 996 089 975 057 996 (650)

L0T



Sintering Specific conducti

temp. (C) 27°C 250C | 300C | 35
1,200 493 776 796
1,300 525 779 806
1,400 484 749 783

Sintering Specific conducti cf&}f: | ‘*\‘

temp. (C) 550°C 600°C | 650°C | 70C° :#sgr;g; max (T, °C)
1,200 873 875 879 86 ”;‘?8 :,1. 8 879 (650)
1,300 957 979 1,000 985 | — 974 957 1,000 (650)
1,400 861 865 867 | -, 861 " Tesa 847, 867 650)
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Table C.6 Specific conductivity of LSF37-LSCF8291 composites in a weight ratio of 1:3 with different sintering time for sintered@t 1,300

Sintering Specific conductivity, 6(S/cm)

time (hours) | 27°C 250°C 300°C 350°C Z00°CT | 450C 500°C
8 502 753 780 807 826 844 861
10 525 779 806 }317 86§I 910 938
12 260 707 748 }82 80549\ \825 834
15 467 717 766 ’7*92 4. 8121 4 822 831

F | i il

Sintering Specific condug:ti‘vity,‘-’o‘(‘S;/cm)ff "

time (hours) | 550°C 600°C | 650°C | 700°C. 750’(: }a‘ep’c 6max (T, °C)
8 864 874 876 868 —865 ?855 876 (650
10 957 979 1,000 |~ 985 [~ 974 957}, 1,000 (65
12 839 842 845 J 841 838 831 j_;é45 (650
15 836 842 843 1840 835 822 | 843 (650

0)

60T
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Table C.7 Specific conductivity of LSF37-LSCF8282 composites with different weight ratios of LSCF after calcinetCat 800

Weight ratio Specific conductivity, 6(S/cm)
of LSCF 27°C 25C | 300C | 350C | _400C. | 450C 500°C
0.25 190 388 407 427 435 441 444
0.33 238 430 454 478 485 491 500
0.50 411 526 552 559 ABSLM | \ 570 578
0.67 491 628 659 667 // /.. 678 4 | 681 690
0.75 497 703 735 785 8064 821 834
Weight ratio Specific conductivity, d'(‘S/cm)f' ‘_r_!"__*; )
of LSCF 550C | 600C | 650C | 700C | 750C tsobc Gmax (T, °C)
0.25 447 427 301 |~ 339 | 200 [ 243 447 (550)
0.33 500 480 434 || 7379 320 269 | 500 (550)
0.50 580 581 584 1567 546 518 || 584 (650)
0.67 692 694 697 | 677 651 619 697 (650)
0.75 847 849 852 829 790 753 852 (650)
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Table C.8 Specific conductivity of LSF37-LSCF8282 composites with different weight ratios of LSCF after calcinetCat 900

N

N—r

Weight ratio Specific conductivity, 6(S/cm)
of LSCF 27°C 25C | 300C | 350C | _400C. | 450C 500°C
0.25 208 396 425 445 449 455 460
0.33 259 463 489 507 511 516 517
0.50 339 507 531 554 57047 582 591
0.67 404 604 632 660 || /., 678| 4 | 693 703
0.75 488 717 761 803 82674 842 844
Weight ratio Specific conductivity, d'(‘S/cm)f' ‘_r_!"__*; )
of LSCF 550°C 600C | 650C | 700C | 750C 180J0’C 6max (T, °C)
0.25 464 434 398 |~ 350  305| 233, , 464 (550
0.33 517 494 444 | 7378 318 241 7;_517 (550)
0.50 595 598 601 1587 568 535 | 601 (650
0.67 708 712 715 699 676 636 715 (650
0.75 850 855 862 839 808 769 862 (650

N—r
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Table C.9 Specific conductivity of LSF37-LSCF8282 composites i

Sintering Specific conducti o

temp. CC) | 27C | 250C | 300C | 350°¢ Fc —500C
1,200 456 660 686 ﬁz \2\ N 748
1,300 497 703 735 ﬁs,f}. - 834
1,400 372 615 635 681 712

a5 ‘ I‘

Sintering Specific conduCtiyity;’s (E}f: \\

temp. (C) 550°C 600°C | 650°C | 70C° ?ng:cj':é’f 6max (T, °C)
1,200 750 752 752 7400| =722 6 752 (650)
1,300 847 849 852 829 tj;;J g: 753 852 (650)
1,400 712 715 720 0 720 ’“’"70@_“ . L?ZO (650)

AU INENINYINS
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Table C.10 Specific conductivity of LSF37-LSCF8282 composites in a weight ratio of 1:3 with different sintering time for sintered@t 1,300

. /7%
Sintering Specific conductlw cm)

time (hours) | 27°C 250C | 300C | 350 cfc" 500°C
8 487 689 720 f' /57/3 “ . 778
10 497 703 735 Qq R 823.*: 834
12 468 662 692 ’I 3244 \‘ N 748
15 465 658 688 7 l’ 727J ,4r 1\'* 743

a8 \\ N

Sintering Specific condugtiviy ,-ts(%‘[”“J | \ \

time (hours) [ 55°C | 600°C | 650C | 700°C/ | ,;;ﬁct"‘c Gmax (T, °C)
8 782 783 785 774 ""j—z‘;%? 709 785 (650
10 847 849 852 o 829 | 790 _‘ ;?52 (650
12 751 753 754 J54 (650
15 746 747 749 ﬂ 749 (650
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Table C.11 Specific conductivity of LSF46-LSCF8291 composites with different weight ratios of LSCF after calcinetCat 800

Weight ratio Specific conductivity, 6(S/cm)
of LSCF 27°C 25C | 300C | 350C | _400C. | 450C 500°C
0.25 145 339 367 338 405 425 439
0.33 260 440 465 484 492 501 503
0.50 254 482 508 538 A7\ \ 573 583
0.67 392 651 684 7 ] 7641 4753 770
0.75 488 729 759 794 8204 845 854
Weight ratio Specific conductivity, d'(‘S/cm)f' ‘_r_!"__*; )
of LSCF 550C | 600C | 650C | 700C | 750C ﬁoJO’C Gmax (T, °C)
0.25 450 449 447 |~ 443 | 420 393 450 (550)
0.33 503 493 481 || 469 442 422 |+ 503 (550)
0.50 589 593 596 1592 587 554 | 596 (650)
0.67 772 785 789 | 789 781 767 789 (650)
0.75 868 877 882 882 88> 873 882 (650)

viT



Table C.12 Specific conductivity of LSF46-LSCF8291 composites with different weight ratios of LSCF after calcinetCat 900

N

N—r

Weight ratio Specific conductivity, 6(S/cm)
of LSCF 27°C 250C | 300C | 350C | 400C | 450C 500°C
0.25 151 352 381 403 422 442 457
0.33 268 453 479 498 507 516 518
0.50 294 498 526 546 568" | 585 599
0.67 425 674 703 726 [ J, 756 4 783 792
0.75 502 751 781 817 8444 " 870 879
Weight ratio Specific conductivity, d'(‘S/cm)f' ‘_r_!"__*; )
of LSCF 55°C | 600C | 650C | 700C | r50C ﬁoJO’C 6max (T, °C)
0.25 468 466 265 |~ 4601  447| 409, /468 (550
0.33 518 513 505 || 487 474 434 |+ 518 (550)
0.50 616 616 616 612 600 568 | 616 (650
0.67 802 805 810 | 796 787 760 810 (650
0.75 894 903 908 9083 908 893 908 (650

N—r
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Table C.13 Specific conductivity of LSF46-LSCF8291 composites in a weight ratio of 1:3 with different sintering temperatures for 10 hours.

Sintering Specific conducti o

temp. CC) | 27C | 250C | 300C | 35 Fc ~500C
1,200 464 694 722 ,4/?8 \C\ 813
1,300 488 730 759 ' /B 0 N 854
1,400 445 666 693 4749 780

/ i (158 W

Sintering Specific conducti cf&}f: | ‘*\‘

temp. (C) 550°C 600°C | 650°C | 70C° ‘»7?{(135’; max (T, °C)
1,200 826 835 840 840" ;‘?8 01— 8 840 (650)
1,300 868 877 882 882 ?_2%8% 873 882 (650)
1,400 793 801 806 o 806 "“’"8064 _‘ !‘;806 (650)
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Table C.14 Specific conductivity of LSF46-LSCF8291 composites i

n a weight ratio of 1:3 with different sintering time for sintered@t 1,300
‘\\X\ , é
Sintering Specific conduc_’g___q cm) é
time (hours) | 27°C 250C | 300C | 350C | 400C. 500°C
8 505 693 733 [ 818
10 488 730 759 4 854
12 384 651 687 3 782
15 379 642 678 W
. A\ N
Sintering Specific condug
time (hours) | 550°C 600°C 650C omax (T, °C)
8 827 834 837 31 837 (650
10 868 877 882 é,::l 882 ‘ _m ;:?82 (650
12 803 803 803 5]803 (650
15 793 793 793 j_,] 793 (650
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Table C.15 Specific conductivity of LSF46-LSCF8282 composites with different weight ratios of LSCF after calcinetCat 800

Weight ratio Specific conductivity, 6(S/cm)
of LSCF 27°C 250C | 300C | 350C | 400C | 450C 500°C
0.25 122 257 294 328 357 383 415
0.33 166 309 353 379 411 432 460
0.50 201 347 389 447 43807 461 483
0.67 276 411 462 492 ¥ ], 5291 4 551 573
0.75 326 522 563 508 63014 673 696
Weight ratio Specific conductivity, d'(‘S/cm)f' ‘_r_!"__*; )
of LSCF 55°C | 600C | 650C | 700C | r50C tsoJO’C 6max (T, °C)
0.25 425 412 383 |~ 243  305| 252, ;425 (550
0.33 480 472 460 || 7437 403 371 | 480 (550)
0.50 505 512 521 1509 488 465 || 521 (650
0.67 602 626 639 | 636 631 623 639 (650
0.75 717 742 756 751 741 728 756 (650

SN N N
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Table C.16 Specific conductivity of LSF46-LSCF8282 composites with different weight ratios of LSCF after calcinetCat 900

N

N—r

Weight ratio Specific conductivity, 6(S/cm)
of LSCF 2°C | 250C | 300C | 350C | 400C | 450C | 500C
0.25 130 273 319 357 396 436 454
0.33 155 297 338 378 419 460 487
0.50 192 329 372 408 4437 48l 504
0.67 280 428 469 500 f /.. 537 4 | 561 583
0.75 333 568 613 647 6611 699 719
Weight ratio Specific conductivity, d'(‘S/cm)f' ‘_r_!"__*; )
of LSCF | 550C | 600C | 650C | 700C | 56C | 800C | omm(T,°C)
0.25 461 242 | 420 |~ 384| 349 308, , 461 (550
0.33 502 491 470 || 7449 427 405 |+ 502 (550)
0.50 526 538 544 | | 531 510 486 | 544 (650
0.67 602 626 650 | 647 631 613 650 (650
0.75 737 747 764 763 750 78771 7 1764 (650

N—r
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Table C.17 Specific conductivity of LSF46-LSCF8282 composites in a weight ratio of 1:3 with different sintering temperatures for 10 hours.

Sintering Specific conducti o

temp. CC) | 27C | 250C | 300C | 350°¢ Fc —500C
1,200 310 504 545 ﬁ \2\ N 655
1,300 326 522 563 /b__}. . 696
1,400 267 493 533 #5095 636

N W

Sintering Specific conduCtiyity;'o (E}f: \\

temp. (C) 550°C 600°C | 650°C | 70C° ?ng:cj':é’f 6max (T, °C)
1,200 675 689 714 71 .::?? 7 6 714 (650)
1,300 717 742 756 751 12%11} 728 756 (650)
1,400 653 666 686 o 676 ’“’"65@_“‘ . Lsss (650)
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Table C.18 Specific conductivity of LSF46-LSCF8282 composites i

A\

n,a weight ratio of 1:3 with different sintering time for sintered@t 1,300

Sintering Specific conductl cm) é
time (hours) | 27°C 25C | 300C 3505-‘—_”@(?0‘! = 500°C
8 317 491 534 i 665
10 326 522 563 696
12 289 459 501 N 638
15 278 426 467 W
/ AN N
Sintering Specific condug
time (hours) | 550°C 600°C 650C omax (T, °C)
8 700 717 726 S—710= 726 (650
10 717 742 756 |, 751 ' _A /756 (650
12 671 695 704 Jo4 (650
15 638 664 678 j_,] 678 (650
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