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CHAPTER |

INTRODUCTION

Nowadays, the global demand in energy is increasing while energy sources such
as petroleum are limited. Moreover, global-warming phenomenon caused by the
emission of green house gases, i.e. CO, CO, and NOy, becomes more serious. Therefore,
efficient and environmental friendly energy sources such as biomass, solar cell, wind

power and fuel cells are gaining attention from scientists.

1.1 Fuel cells [1-2]

Fuel cells, energy conversion devices, can convert the chemical energy of fuel
gases to electrical energy and heat without combustion. Their conversion efficiencies are
much higher than the conventional thermomechanical method. The operation scheme of
fuel cell is similar to that of battery, i.e. electrical generation from the electrochemical
reaction between reactants, a fuel gas (hydrogen), an oxidant gas (oxygen), electrodes
and ion conducting electrolyte. Unlike the battery in requiring the recharging status, fuel
cells can continuously operate as long as the fuel and the oxidant are supplied to the
electrodes.

Fuel cells are classified by the type of electrolytes as summarized in Table 1.1.
The first six types are operated at low temperatures (50-210 °C) resulting in their
relatively low electrical generation efficiency of 40-50%. On the other hand, the high
operating temperatures (600-1,000 °C) of the latter two types promote high electrical
generation efficiency of 45-60%. Nowadays, proton exchange membrane fuel cell
(PEMFC) and solid oxide fuel cells (SOFC) are of research interested because PEMFC is
suitable for motor vehicles while SOFC is suitable for high power generating station.
Moreover, some fuel cell companies have pushed effort on development of SOFC as a

power source of motor vehicles.



Table 1.1 Types of fuel cells [3]

Operating
Fuel cell type Electrolyte temperature (°C) Fuel
Alkaline fuel cell ~ Potassium hydroxide 50-200 Pure hydrogen or
(AFC) (KOH) hydrazine

Direct methanol Polymer 60-200 Liquid methanol
fuel cell (DMFC)

Phosphoric acid Phosphoric acid 160-210 Hydrogen from
fuel cell (PAFC) hydrocarbons and

alcohol
Sulphuric acid fuel Sulphuric acid 80-90 Alcohol or impure
cell (SAFC) hydrogen
Proton-exchange Polymer, proton 50-80 Less pure hydrogen
membrane fuel cell  exchange membrane from hydrocarbons or
(PEMFC) methanol
Solid polymer fuel Solid sulphonated 90 Hydrogen
cell (SPFC) polystyrene
Molten carbonate Molten salt such as 630-650 Hydrogen, carbon
fuel cell (MCFC) nitrate, sulphate, monoxide, natural
carbonates gas, propane, marine
diesel
Solid oxide fuel Stabilized zirconia 600-1000 Natural gas

cell (SOFC) and doped perovskite

1.1.1 Solid oxide fuel cells (SOFCs) [1]

SOFC differs in many respects from other fuel cells. Firstly, it composes all solid
materials. Secondly, it operates at temperature as high as 1000°C, significantly hotter than
other fuel cell. And finally, since its components are all solid characters, there has no
fundamental restriction on the cell configurations which are usually tubular cells (rolled
tubes) and flat-plate cells. SOFC offers a clean, pollution-free technology to produce
electricity at high efficiency. It has a lot of advantages over traditional energy conversion
systems such as high efficiency, reliability, modularity, fuel adaptability, long life time,
and very low levels of toxic gas emission as shown in Table 1.2. Quiet and vibration-free

operation of SOFC also eliminates noise usually related to conventional power generation



systems. In addition to the high operating temperature (600-1000 °C) of SOFC, natural gas
can reform within the cell itself eliminating the need for expensively external reformer
system. SOFC can also be combined with gas turbines for co-generated system in order to
improve the efficiency which can be up to 70%. Due to such advantages, SOFC is best
suited for large-scale to small-scale power generations and also portable/emergency power
generators. Examples of the most needed uses are:
- The high reliability of power source on computer facilities, communication
facilities, and high technology manufacturing facilities.
- Minimization of emission gases in urban areas, industrial facilities and airports
zones with stricted emission standards or in waste treatment plants. By SOFC,
biological waste gases is converted directly to electricity and heat with minimal

environment intrusion.

Table 1.2 The amount of released gases from fossil-fuel plant and SOFC.

Released gases (kg/year)

SO NOy CcO CO, Organic Particles
Fossil-fuel plant 12,740 | 18,850 | 12,797 | 1,840.020 213 228
SOFC 0 0 32 846,300 0 0

1.1.2 Operation of SOFCs [1]

SOFC consists of two electrodes (one anode and one cathode) which sandwich
around ceramic electrolyte. The operation scheme of SOFC is shown in Figure 1.1.
Hydrogen gas is fed into the anode as a fuel while oxygen gas is fed into the cathode as
the oxidant. On the anode, the oxygen concentration is low leading to the migration of
oxygen ions from the electrolyte to react with hydrogen gas. Consequently, electrons (e)
are released and move toward the cathode via electrical connection between these
electrodes resulting in useful electrical power. On the cathode, the oxygen gas is reduced
by electrons into oxide ions which diffuse to the anode through the electrolyte. The
diffusion of oxide ions is driven by the oxygen pressure gradient and the difference in
electrical potential due to the imbalance charge between the anode and the cathode sides.
Byproducts of the system are only water, CO, and heat. The SOFC reactions are shown

below:



Anode: H; + 0% — H,0 + 2e or CO + 0 — CO;, + 2¢° (1.1)
Cathode: 1/20; + 2e" — 0% (1.2)
Cell: H,+ 1/20, — H,0O or CO + 1/20, — CO; (13)

Useful power

exhaust <—0

H, inlet :D”’ 10 : O:CZ O, inlet
Anode Cathode

Figure 1.1 SOFC operation scheme

1.1.3 Components of SOFCs [1]
Two electrodes and solid electrolytes are main components of SOFC. Each

component functions severally and must meet certain requirements such as:
- Thermal stability during cell operation and cell fabrication
- Proper conductivity
- Non-reactivity with other cell components
- Closely thermal expansion to prevent cracking during the cell fabrication and
cell operation.
- Dense electrolyte to avoid the direct combination between fuel gas and oxygen.
- Porous anode and cathode to provide more active sites
- Fabricability

- Low cost

1.1.3.1 Cathode

Cathode materials have to meet the following requirements [1,2,4]:
- High electronic and ionic conductivity.

- Chemical stability in encountered environment during cell use.

- Thermal expansion matching with other cell components.



- Non-reactivity with electrolytes or interconnections where the cathode comes

into contact.

- Sufficient porosity to provide more triple-phase boundaries (TPB) where the
reaction takes place, and to facilitate transportation of molecular oxygen from
the gas phase to the cathode/electrolyte interface.

To satisfy these requirements, metal oxides with the ABO3 perovskite structure,
where A is alkaline or alkaline earth metal, B is transition metal and O is oxygen, are
good candidates as cathode materials because they show high ionic and electronic
conductivity and also thermal stability. For high temperature SOFC (working
temperature is 800-1,000 °C), lanthanum strontium manganite, La; xSr«MnO3 (LSM) and
lanthanum calcium manganite, La;.xCaxMnQOs (LCM) are usually used because of their
great thermal expansion matching with electrolytes and good conducting properties. For
low temperature SOFC (working temperature is 600-800 °C), lanthanum strontium
cobaltite ferrite, La;.SrxCoiyFeyO3 (LSCF) and barium strontium cobaltite ferrite,
Bai.xSr«Coi.yFe,O3 (BSCF) are available because they exhibit higher conductivity than
LSM and LCM in this temperature range. Beside the metal oxide materials, a composite
material between metal oxide cathode and electrolytes is an alternative choice of
electrode because it improves electrode properties by increasing the TPBs. The reaction

mechanism at the cathode side is explained as following equations [5]:

1) Adsorption of O, onto the cathode surface

02 (9) —— 02 (ad) (1.4)
2) Charge-transfer from transition metals to O, (ad) on cathode surface
0, (ad) + 26 —— 0,* (ad) (1.5)
3) Dissociation of O,* (ad) at high temperature
0,” (ad)+ 268 —— 207 (ad) (1.6)
4) Diffusion of O%(ad) from cathode surface into the bulk
0% (ad) —— O (perovskite) (1.7)

5) Transfer of O” to the electrolyte
O (perovskite) —» O," (electrolyte)  (1.8)



1.1.3.2 Electrolyte [1,2,6]

Electrolyte materials must exhibit purely ionic conductivity (with no electronic
conductivity) and stable in such environment. They allow the migration of oxide ions
from the cathode to the anode, thus, they will expose both reducing atmosphere on the
anode and oxidizing atmosphere on the cathode.

Metal oxides with fluorite structure, i.e. yttria stabilized zirconia (YSZ),
samarium doped ceria (SDC), gadoliniums doped ceria (GDC) and bismuth yttrium
oxide (BYOQO), and with perovskite structure, i.e. lanthanum strontium gallium
magnesium (LSGM), have been widely studied as the electrolyte. Among these
materials, Figure 1.2, YSZ is the most favorable electrolyte due to availability and cost.
Even though YSZ has low ionic conductivity, yttrium oxide (Y.0O3) dopant stabilizes
cubic zirconia (ZrO,) at high temperature to produce oxygen vacancies through the

following defect reaction:
Y,0,—Z% 5 2Y! +30; +V3° (1.9)
For the crystalline array of ZrO,, each zirconium ion has surrounded by two
oxide ions while in Y,0s, yttrium ion has surrounded only by 1.5 oxide ions. By

substitution of Y in Zr, oxygen vacancies in the structure will be produced. These

vacancies promote the oxide ion conductivity in YSZ.
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Figure 1.2 lonic conductivity of electrolyte materials as a function of temperature [1]



1.1.3.3 Anode [1,2,4]

Since the oxidation reaction of H, and CO gases according to the reaction 1.10
and 1.11 takes place at the anode side, anode materials should be stable in the reducing
environment of the fuels, electronically conducting and sufficiently porous to allow the
transportation of the fuels to and the transportation of H,O and CO; products away from
electrolyte/anode interface where the oxidation reaction occurs.

Oz-(s) + H2 (@ ——> HzO(g) + 2e” (1.10)
0%+ CO gy —— COyyq +2¢ (1.11)

Nickel metals (alternately cobalt or ruthenium) are commonly used as anode materials
under reducing conditions. However, the high thermal expansion of nickel is still a
problem for using with YSZ electrolyte. Nickel can be sintered by the high operating
temperature resulting a decreasing of porosity. These problems can be solved by using
the composite electrode between YSZ and nickel oxide, NiO, which is subsequently
reduced to nickel metal under the reducing condition. The composite electrode inhibits
the sintering of nickel particles, reduces the thermal expansion coefficient closed to that

of YSZ electrolyte, and provides excellent adhesion of the anode with YSZ electrolyte

1.1.3.4 Interconnection [1,2]

Interconnection functions electric contact to the cathode and also protects the
cathode from reducing environment of fuels from the anode side. Requirements of
interconnection include the following.

- High electronic conductivity.

- Stability in both oxidizing and reducing atmospheres because it exposes to both

oxygen gas on the cathode side and fuels on the anode side.

- Thermal expansion close to that of the cathode and the electrolyte.

- Minimal reactivity with the cathode and electrolyte.

- High density with no porosity to prevent the direct gas mixing between fuel gas

and oxygen gas.

Doped lanthanum chromite (LaCrOs3) can be used as the interconnection. This

material shows p-type conductivity because of small polaron hopping. Its conductivity



can be improved by substitution either La or Cr ions with lower valence metal ions e.g.
Ca, Mg, Sr, etc.

1.2 Perovskite [7]

1.2.1 Crystal structure of perovskite

Perovskites are inorganic compounds which crystal structures relate to perovskite
mineral, CaTiOs. The chemical formula of perovskites is defined as ABX3 where A is
alkaline or alkaline earth metal, B is mostly transition metal and X is often O and also F
or Cl is possible. Ideal cubic perovskite consists of A and O ions forming a cubic close
packed lattice. The B ion occupies in octahedral holes created by O ions. The three
dimensional structure of perovskite has a net of corner sharing [BOg] octahedra with the
A ion in 12-fold coordination between the polyhedra (Figure 1.3). The A ion is in
position ¥2,%,%, the B ion in 0,0,0 and the O ion in %,0,0; 0,%,0; 0,0,%. However, the
ideal cubic perovskite structure is hardly found and CaTiOs itself is also slightly
distorted. Perovskite oxide is more attractive family because it exhibits surprising variety
of properties, e.g. magnetic and electrical properties, and it is flexible to accommodate
several elements. Due to these properties, the perovskite has great impact for industrial

application, especially SOFC and ferroelectric-concerned industries.

Figure 1.3 Perovskite structure [8]

Perovskite structure is very flexible because A and B ions can be varied resulting

in the large number of compounds with perovskite or related structures. There are three



main factors causing the distortion of perovskites: the size of A and B cations,
nonstiochiometric composition, and Jahn-Teller effect.

1) Effects of cation size

For ideal cubic perovskites (Figure 1.4), the B-O distance equals to a/2 (a is a
cubic unit cell parameter) while the A-O distance equals to a/~/2 . Thus, the relationship
between ionic radii and the unit cell parameter can be described by following equations:

a=2xB-0=2x(rg+1,) (1.1)
and a=+v2x(r,+1r,) (1.2)

The ratio of two expressions for the a is called Goldschmidt’s tolerance factor (t).

\/Ex(rAJrro) = (ry+15)

2% (g +15)  N2x(ry+1,) (13)

where rp, g and ro are the ionic radii of A, B and O ions, respectively.

Iy +ro TN

I'p == T'o
J k__,_._-——

o

Figure 1.4 The relationship of ionic radii in a cubic unit cell basing on the assumption

that all atoms touch one another as shown in the right picture

The Goldschmidt’s tolerance factor is used to measure the degree of distortion
from ideal cubic perovskite structure. The ideal cubic perovskite must has t = 1 such as
SITiOz (ra = 1.44 A, rg = 0.605 A, and ro = 1.40 A). If the A ion is smaller than the ideal
value, the t value is smaller than 1. Consequently, [BOg] octahedra tilt to fill space
leading to the distorted perovskite structure. However, the cubic structure is still stable if
0.89 <t < 1. But lower values of t indicate lower symmetry of crystal structure. For
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example, GdFeOs has orthorhombic structure with t = 0.81 (ra = 1.107 A and rg = 0.78
A), Figure 1.5a. With the t value < 0.8, ilmenite structure is formed. On the other hand, if
the t value is higher than 1 due to a large A or a small B ion, the perovskite with
hexagonal structure is stable, for example BaNiOz hast = 1.13 (ra = 1.61 A and rg = 0.48
A). In this case, the atomic layers are stacked in a hexagonal manner leading to face
sharing of [BOg] octahedra, see Figure 1.5b. However, the calculation of the t is based on
ionic radii. Since perovskites are not completely ionic compounds and the t value also
depends on what value is chosen for the ionic radii, the tolerance factor is only a rough

estimation.

b)

O w »

Figure 1.5 Perovskite structure with a) orthorhombic symmetry b) hexagonal symmetry.

2) Effects of nonstoichiometric composition

A nonstoichiometric composition from ideal ABO;3; is often due to oxygen
deficiency. The oxygen deficiency is accomplished by substituting ions of similar size
but different valence, or thermal reduction of B ions. For example, some of La** ions in
LaBOs are replaced by Sr** ions to obtain LayxSrBOs. Consequently, oxygen vacancies
are created in order to maintain charge neutrality of the structure. Another example is
SrFeOs. The oxygen content can be varied between 2.5 and 3 by heating the sample in
either oxidizing or reducing environment leading to the formation of some FeOs square
pyramids. Also the oxidation state of Fe ions changes from 4+ to 3+ leading to the

increase in ionic radii. These effects cause the distortion of perovskite structure.
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3) Jahn — Teller effects

The distortion of some perovskites may be due to Jahn — Teller active B ions. For
example in LnMnOs (Ln = La, Pr or Nb) with Mn®*" ions, the 3d* electrons divide up into
tr,> and e,'. The odd number of electrons in the ey orbital causes an elongation of the
[MnOg] octahedron.

1.2.2 Properties of perovskites

Due to the variety of structures and chemical compositions, perovskites illustrate
a large variety of properties. The well-known properties of perovskites are mixed ionic
and electronic conductivity (MIEC), oxygen permeation and magnetic property. Based

on these properties, perovskites are chosen as components for SOFC.

1.2.2.1 Electronic conductivity (o) [9]

As given that B cations locate in octrahedral holes generated by O anions. The
nuclear charge of B cations attracts anionic p orbitals strongly. Because of polarizability
of anions, the anionic p orbitals can spread towards the t,q orbitals of B cations and both
orbitals might overlap (Figure 1.6). So, d electrons of the ty4 orbital can delocalize to the
tog orbital of adjacent B cations through the anionic p orbitals. The electronic
conductivity in perovskite compounds concerns with mobile charge carriers (excess
electrons/electron holes) along the B-O-B chains. The higher amount of the mobile
charge carriers is, the higher conductivity is. The mobile charge carrier is typically
generated by the substitution of trivalent cations with divalent cations at the A site. This
case results in a decrease in total positive charge in the structure. As a result the
imbalance charge is compensated either by the increase in valence of the B cation
(electronic compensation) or the formation of oxygen vacancies (ionic compensation).
However, the relative proportion between two types of the charge compensation is
unpredictable because it depends on several factors such as temperature, pO, and
material-specific. If the electronic compensation is predominant, the electron holes (B**)
are formed. These holes act as hopping sites for electrons. The electronic conductivity
due to the electron hole is call p-type conductivity. On the other hand, if the formation of
oxygen vacancies is predominant, excess electrons due to the reduction of B cations are
generated. These electrons are loosely bound by a weak electrostatic attraction leading to

free or conducting electrons. The electronic conductivity due to the excess electron is
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call n-type conductivity. Beside, the excess electrons can be also formed by thermal
reduction of B cations at high temperature.

In addition to the doping of aliovalent cation on the A site, the mobile charge
carriers can be generated by a charge-disproportionation effect as shown in reaction 1.12
[10-11,25].

2B* —» B*+B* (1.12)

For example, the electronic conductivity of La;xSrkFeOs; and LaMnOgs is
improved by the charge disproportionation of Fe®**/Fe** and Mn?*/Mn** ion pairs,
respectively. This effect depends on entropy-driven, temperature and the relative stability

of electron configuration of B cations.

Figure 1.6 Covalent bonds between anionic p orbital and ty4 orbital of B cations.

The electronic conductivity of materials can be calculated from an electrical
conductivity (o). The electrical conductivity is the summation of electronic and ionic

conductivity (o), as follow:

o=0c+ G (1.4

The o; can be calculated from oxygen permeation flux. Either contribution may

predominate depending on the material, its purity, and temperature.
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1.2.2.2 lonic conductivity (Oxide ion conductivity, o) [9,12]

As earlier mentioned, oxygen vacancies are formed either by aligovalent
substitution of A cations and thermal reduction of B cations. These vacancies promote
great ionic conductivity because the oxide ion diffusion takes place by exchange of oxide
ion position with an adjacent vacancy along octahedral edge. The diffusion has to pass

through a “‘saddle point’’ built by two A cations and one B cation (Figure 1.7).

Pre-jump Saddle-point Post-jump
Figure 1.7 The migration of the oxygen ion pass through the saddle point.

The maximum ionic radius of mobile ions to pass through the saddle point is

represented by critical radius (rc) calculated from equation 1.5.

ao(iao _\/ErB)+ r|32 _rA2

rcr - 2(rA _ rB) ; \/an (15)

where ra and rg are the ionic radius of the A ion and B ion, respectively, and ag is
the pseudo cubic lattice parameter.

For general perovskite, the critical radius is about 1.05 A. Since the radius of the
oxide ion is 1.4 A in the six-fold coordination and is 1.36 A in the three-fold
coordination, the thermally outward relaxation of the cations (away from the mobile
oxide ion) is important for the migration of oxide ion. This relaxation depends on
following factors.

1) The cationic mass and size

Reduction of the cationic mass increases the amplitude of thermal relaxation. In
addition, large B cations and small A cations achieve larger r, therefore, enhances the

oxide ion conductivity.
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2) Structural stress

A stress-free lattice is also another factor for fast oxygen ion conductivity. The
stress-free lattice is provided by cubic symmetry which tolerance factors close to 1. The
increase in lattice distortion affects a high degree of anisotropy of oxide ions in the
structure. The jump of oxygen ions is hampered by this effect. Hence, substitutions of
cations must be done in a considerate manner, i.e. the host and substituting cations must
have similar size in order to maintain the distortion-free structure.

3) Metal-oxygen bonding energy

Further factor which supports oxide ion diffusion is the weak bond strength of
B-O bond. The interaction between the B cation and oxide ions increases with the
valence state of the B cation. Therefore, the best oxide ion conductivities are expected to
be within the A**B**O; perovskites.

The ionic conductivity, o, can be calculated from permeation fluxes (J) through a

perovskite pellet of the thickness L by means of the Wagner equation [13]:

L 16F1L
' TRIn(pO;/ pOy)

(1.6)

Where F is Faraday constant, R is gas constant, T is temperature, Pj and Pj are the

oxygen partial pressure in the poor and rich oxygen compartment, respectively.

1.2.2.3 Oxygen permeation [13-14]

Due to the ionic conductivity, perovskites can be developed as oxygen-
permeated discs. The oxygen permeation is driven by a difference in oxygen partial
pressure between rich and poor oxygen compartments, while overall charge neutrality
was maintained by a counter balancing flux of electron (and/or electron holes), see
Figure 1.8. Mechanism for oxygen permeation through the perovskite disc can be
described as follows:

1) At high oxygen pressure side of the disc, oxygen gas transfers to a disc surface
and interacts with B cations at oxygen vacancy sites along grain boundaries to produce

adsorbed O,. The adsorbed O, can be held on the disc surface by both chemical
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interaction between the B cation and O, and physical interaction between the grain
boundary and Os.

2) The adsorbed O is reduced and dissociated giving adsorbed O%. This specie
incorporates in the surface layer of the disc and diffuses to low oxygen pressure side via
bulk oxygen vacancies. At this side, the adsorbed O is oxidized to produce adsorbed O
and electrons which transfer back to the B cation.

3) The adsorbed O is desorbed and transferred from the disc surface to the gas
phase by low oxygen pressure.

These processes do not need for an external current but the sample disc requires
the mixed ionic and electronic conductivity to permit the reverse flow of the electrons

needed for the oxygen dissociation. The oxygen permeation (J, ) through the sample

disc with the thickness d relates to the permeation flux (J) as equation 1.7 [15].

14

J P
J =% |n(-2 1.7
p (Péz) (1.7)

The oxygen permeation flux depends on the disc thickness and the difference in

oxygen partial pressure between the two compartments.

Rich O, compartment ( Pc;’2 )
02 + 48 «—— 202-

Surface .......................................................

bulk 0% e

Surface | | — N—
207 +—— O, +4e

Poor O, compartment (5 )

Figure 1.8 Oxygen transport during oxygen permeation [14]

1.2.2.4 Magnetic property [16]
In ideal cubic perovskites, two B ions share one oxide ion forming B-O-B chain
with angle of 180°. The molecular bonding orbital of octahedral symmetry is mainly

occupied by electrons of oxide ions, while the antibonding orbital is partially occupied
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by 3d electrons of B cations. This effect leads to the localization of d spin from one of B
cations to the others through oxide ion.

There are two spins in the oxygen ion site, the up-spin state (+) and down-spin
state (-). Because of the overlap of wave functions, either of p electrons from these state
hops to one of B ions. The remaining unpaired p electron on the oxygen ion then
exchanges directly with the electron of other B ions with an exchange interaction. The
resultant interaction between the B ions coupled through oxygen ions is
antiferromagnetic or ferromagnetic. For examples, LnMnO3; exhibits both
antiferromagnetic and ferromagnetic behavior depending on the amounts of Mn®*" and
Mn** ions. Ferromagnetic behavior is observed in the range from 25 to 35% Mn*". A
similar kind of behavior was found for the combination of Co** and Co*, but the Cr and

Fe compounds were found to be antiferromagnetic

Exchange
interaction

Figure 1.9 Schematic representation of the exchange interaction between B ions and

oxide ions [16].

1.2.3 Perovskite synthesis [17]
There are many methods to synthesize perovskite such as a conventional solid-

state method and solution methods e.g. sol-gel process and co-precipitation process.

1.2.3.1 Solid-state method
A solid state method is the most common method for synthesizing perovskite
compounds. Starting materials, i.e. metal oxides, metal carbonates and metal hydroxides,

are directly mixed and fired at high temperature for a long period so that metals can
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diffuse and react with others to form desired perovskite structure. This method is very
easy to handle because it is simple and no solvent used. However, the homogeneity and
the purity of the powder are poor due to mechanical mixing of starting materials and
grinding processes. Furthermore, this method requires high temperature leading to high
energy consumption. Other problems may arise when some components in the
compounds (i.e. Cr and Pb) vaporize during the process resulting nonstoichiometric

component and toxicity.

1.2.3.2 Solution method

A solution method is a traditional method for producing perovskite compounds.
This technique provides higher purity, homogeneity and stoichiometry in perovskite
oxide than the solid state reaction. Moreover, perovskite powders made from solution
method are very fine particles resulting high surface area for oxygen reduction reaction.
In addition, this method generates porous easily in material and enhances ability to
control particle size. The popular solution methods are sol gel, coprecipitation and

hydrothermal methods.

1) Sol-gel technique

This technique is an important wet chemical route for synthesizing novel ceramic
oxide materials, especially perovskite oxide. It concerns with solution preparation,
network formation between metal ions and chelating agents, gel dehydration and gel
combustion. Generally, metal nitrates will be used as starting material because of their
high water solubility. The chelating agents, such as ethylenediaminetetraacitic acid
(EDTA), citric acid, alanine and glycine, are added into the solution in order to prevent
partial metal segregation which can form in the case of different stabilities of metal ions
in the solution. This method provides high chemical homogeneity.

The formation of metal framework consists of the metal centers and oxygens, namely
oxo (M-0O-M) or hydroxo (M-OH-M) bridges. For example, the metal-citrate framework of
LaMnO; perovskites is shown in Figure 1.10 [18].
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Figure 1.10 The manganese citrate-nitrate precursor.

2) Co-precipitation

The co-precipitation is generally used for synthesizing nano-materials. This
process associates with mixing an aqueous solution containing the desired cations and
another solution acting as a precipitation agent. The precipitation of product under high
super saturation condition, filtration, drying and thermal decomposition follow to the
desired product. Physical properties of the product depend on pH, mixing rates,
temperatures and concentrations. This method provides stoichiometric and high purity
product. Moreover, low calcine and sintering temperature are required because of the
high dispersion of different metals in the precipitate and the small particle size in the

range of nanometers, that facilitates in sinterbility.

3) Hydrothermal synthesis

This method is commonly used for synthesis advanced mixed oxide, a compound
with specific functionality such as pigments for electronics. This method requires
temperature in the range of boiling point of water and pressure can be as high as 15 MPa.
Hence, this method does not need calcinations and can be used as assistant in sol-gel
method for controlling particle sizes. The advantages of this method are low material
cost, easy to control the particle size and shape, and stoichiometric amount of

compositions.
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1.2.3.3 Calcination [19]

The calcination, a thermal treatment process, is applied to solid materials for
bringing up a thermal decomposition, phase transformation or removal of volatile
fraction. This process normally occurs at temperature below a melting point of materials
and mainly aims to oxidize metal to metal oxide and also eliminate volatile constituents

such as water or organic compounds.

1.2 3.4 Sintering [20]

The sintering process is a thermal treatment of powders or compact discs in order
to increase their density and strength by fusing together of adjacent particles. This
process is sometime called densification.

When a powder is sintered, neck forms between the particles that results in the
increase in density of materials. The growth of the neck relates to the transport of matter
(Figure 1.11). Normally, sintering is occurred in three sequential stages. During the
initial stage, the necks form at the point of particle contact and the particles usually
approach each other except the individual particles are still distinguishable. Next, for the
intermediate stage, the neck grows larger resulting in the formation of interconnected
pore structure. And the final stage begins when the pores pinch off and are isolated. After

a long period, these pores are finally disappeared.

Powder Pores

particles

Initial stage Intermediate stage  Final stage

Neck

Figure 1.11 The models for three stages of sintering [21]

1.3 Literature reviews
SOFCs have been developing as electrical generator in plants and automotive
because of its high power generation efficiency and fuel flexibility. However, the cell use

is limited by the high working temperature range (800-1,000 °C) affecting to the
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degradation of constructing materials. The development of SOFC for working at low
temperature (500-800°C) is being of great interest. Unfortunately, the lower the working
temperature is, the higher the polarization resistant of the cell, resulting in severely
deactivated efficiency. In order to improve its efficiency at reduced temperature, cathode
materials with high catalytic and conducting properties are required.

Mixed metal oxides with A,BO,4- and ABOs-type perovskites, such as La;NiOg,
Bai.xSrxCo1.yFe,03 (BSCF) and La;«SrCoi.yFe,O3 (LSCF) are widely studied because
of their great electronic and ionic conductivity properties. The high efficiency of low
temperature SOFC is recently revealed by the use of LSCF cathode with doped cerea
electrolytes. Therefore, there are a lot of publications concerning the properties of such
cathode as a function of synthesized method, sintering temperature, composition and also
types of dopant.

Mineshige et al.[22] studied the properties of La;.xSrkCoO3 (0 < x < 0.7). They
found that the excess charge induced by substituting La®** with Sr®* ions in this
compound was predominantly compensated by increasing oxidation state of Co ions
from Co** to Co* when X < 0.5, and by the creation of oxygen vacancy when X > 0.5.
Moreover, when X = 0.6-0.7, La;xSrkCoO;3 exhibited more idealized cubic than other
compositions. Also an increase in Sr** ion content and measuring temperature resulted in
a decrease of tilting of CoOg octahedra and the increase in Co-O-Co angle () closely to
180°. The increasing of & enhanced the orbital overlapping ability between O2p and
Co3d orbital. This effect decreases the energy gap between an occupied O2p valence
band and an unoccupied Co3d conduction band, which, therefore, enhancing electronic
conductivity of materials.

Hueso et al. [23] investigated the correlation of structural and electronic defects
in La;xSrkCoO3 (X = 0, 0.5 by means of Co and O K-edge x-ray absorption
spectroscopy. After doping of Sr** ions, the oxidation state of Co ions did not change,
which still presented as 3+. This observation indicated that the formation of oxygen
vacancies for charge neutrality was predominant. On the other hand, the electronic
configuration of Co** ions changed from low spin to high spin, indicating a decreasing of
coordination number of Co®" ions due to the formation of oxygen vacancy and a good
alignment of Co-O-Co chain. Both effects decreased ligand field splitting energy in
molecular orbital of CoOg octahedral symmetry resulting in such high spin electronic

configuration.



21

Cherry et al.[24] investigated the oxygen vacancies in Laj;.x (AE)xCoO3; (AE =
Ca, Mg, Sr, Ba). They found that replacing La®>" ions with Ca®* and Sr** ions provided
higher oxygen vacancies than the substitution of La** ions with other ones. These
vacancies supported oxide ion conductivity. Moreover, the high oxide ion conductivity
was also due to the smaller size of Ca®* ions.

Petric et al. [25] studied the electrical conductivity of Lag3Sro7Coi.yFe,O3 (Y =
0.0 —1.0) and La;-xSr«Cog2Fegs03 (X = 0.0 — 1.0). The result revealed that
Lao 3Sro7CopoFep 103 (LSCF3791) showed the highest conductivity comparing to other
LSCFs but it decreased gradually with temperature.

Onuma et al. [26] examined the oxygen vacancies in La;.xAExCrOs (AE = Sr, Ca
and X = 0.1-0.3) by a thermogravimetric analysis. It was shown that the oxygen vacancy
increased with increasing Ca®* and Sr®* ion content and there were no difference in
oxygen vacancy values between Ca-doped and Sr-doped compounds under the same
dopant conditions.

Ding et al. [27] investigated the cathodic overpotential of Lag;AEq3CuO3; (AE =
Ca, Sr, Ba) by an impedance spectroscopy. They found that the lowest cathodic
overpotential was obtained from Lag;Cap3CuOs. The lowest cathodic overpotential
implied to the high oxide ion conductivity and electronic property of the sample.

Hung et al. [28] measured the electrical conductivity of La; xCaxFeO3 (X = 0-0.5)
in the temperature range of 100-800 °C. It was found that the electrical conductivity
jumped about two orders of magnitude after doping Ca** ions in 15 mol%.

Xia et al. [29] reported that the electrical conductivity of SroFe;—«ZnNbOg was
improved by substituting of Fe®* ions with Zn?* ions. The electrical conductivity reached
the highest value when Zn =0.2.

Lakshminarayanan et al. [30] examined oxygen vacancies of
Lap 6Sro.4(Coo.18F€0.72X01)03 (X = Zn, Cu, Ni) by thermogravimetric analyses (TGA). It
was shown that LaggSro.4(C0o.18F€0.72Zn01)O3 (LSCF-Zn) exhibited the best results in
oxygen vacancy creation at low temperature of 400 ‘C and a much higher vacancy
content at 700 -C comparing to the undoped compound and also the Cu and Ni-doped
ones. Consequently, LSCF-Zn exhibited excellent performance on oxidation activity.

Vijayanandhini et al. [31] reported that the substitution of Mn** ions with Zn*
ions in LageSroaMni-yZn,O3 is chargely compensated by the formation of oxygen

vacancy. These vacancies increased with increasing Zn?* ion concentration.
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Datta et al. [32] studied the relationship between a unit cell free volume and an
oxide ion conductivity of Lag¢Sro1Gai;xMgxOsz (X = 0.05 - 0.2). They found that the unit
cell free volume increased with increasing Mg®* ion content. This was because of a
larger size of Mg?* ions (ionic radius (r) = 0.72 A) than Ga®* ions (r = 0.62 A). The
increase in unit cell free volume resulted in easier movement of oxide ions through the
saddle point leading to the high oxide ion conductivity.

Choi et al. [33] investigated oxide ion conductivity of LagsBag1Ga;«MgxOs3 (X =
0.05-0.2). They found that the oxide ion conductivity increased significantly with
increasing Mg®* contents. This was because the oxygen vacancies were created for
charge neutrality after replacing of Ga**with Mg®* ions.

From the literatures, LSCF3791 is one of the most interesting compounds in
LSCF group because of not only its high electrical conductivity but also its high oxygen
vacancies and more idealized cubic structure as expected from the reports of Mineshige
and Hueso. Moreover, doping of Ca?*, Mg** and Zn** ions can improve the conducting
properties of perovskites. Since, there has no report concerning about the properties of
structural distortion, electronic and structural defects, and oxygen permeation of
LSCF3791, this work is aimed to investigate such properties of LSCF3791 and improve
its electrical conductivity and oxygen permeation by doping Ca**, Mg®* and Zn* ions in

the structure.

1.4 The objectives of the thesis

1.4.1 To synthesize Ca, Zn, Mg-doped LSCF3791 perovskites with ABO;
structure as below:

- Lag3Srp7-xCaxCogoFe 103 (X = 0-0.7)

- (Lao.3Sro.7)1-xCaxCog gFeg 103 (X = 0-0.5)

- Lap3Sro5CaxCoo.9-y(Zn, Mg)yFeq 103 (Y = 0-0.05)

- Lap 3SrosCax(CogoFep.1)1-y(Zn, Mg)yOs (Y = 0-0.05)

1.4.2 To prepare sample discs and characterize their structure and surface
morphology by X-ray diffractometry (XRD) and scanning electron microscopy (SEM),
respectively.

1.4.3 To measure electrical conductivity and oxygen permeation of the sample

discs.
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1.4.4 To examine the distortion of structure, the electronic and structural defects
of samples by X-ray absorption spectroscopy (XAS) and X-ray photoelectron
spectroscopy (XPS).

1.5 Scope of the work

Firstly, LSCF3791 was synthesized by a modified citrate method at different
sintering temperatures of 1100 °C, 1200 °C and 1300 °C. The effects of sintering
temperature on structural distortion, surface morphology, structural and electronic
defects, electrical conductivity and oxygen permeation were investigated. All
LSCF3791s were characterized for single phase ABOj structure by XRD, for surface
morphology by SEM and for structural distortion and the defects by XAS and XPS. The
properties of LSCF3791 were examined for electrical conductivity and oxygen
permeation. LSCF3791 with more idealized cubic and highest oxygen permeation was
chosen for the further study.

Secondly, Ca®* ions were introduced into the A site to obtain
Lao 3Sro.7-xCaxCopgFep 103 (X = 0-0.7) and (Lap3Sro.7)1-xCaxCoogFeo 103 (X = 0-0.5). The
synthesized samples were characterized for the single phase ABOs structure by XRD, for
structural distortion and the defects by XAS and XPS. The properties of samples were
investigated for electrical conductivity and oxygen permeation. The one that shows the
highest electrical conductivity was chosen for further study.

Finally, Zn*" and Mg?* ions were introduced into the B site to obtain
Lao3SrosCaxCoog.y(ZN, MQ)yFeo103 and Lag3SrosCax(CopgFeo1)1y(Zn, Mg)yOs (Y = 0-
0.05). Single phase ABO; structure, structural distortion and the defects were
investigated by XRD and XAS, XPS, respectively. The properties of samples were
studied for electrical conductivity and oxygen permeation.

1.6 Assumption

1. Doping of Ca®* ions can improve electrical conductivity of LSCF3791 in the
temperature range of 600-800 °C because Ca* ions are smaller than Sr** ions resulting in
structural distortion from ideal cubic perovskite structure (Figure 1.12b). With increasing
temperature to 600-800 °C, the unit cell expands and ideal cubic structure is resulted

(Figure 1.12c¢) leading to high electrical conductivity.
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Figure 1.12 Proposed structural models of LSCF3791 a) before substitution of Sr** ions
with Ca®" ions b) after substitution of Sr** ions with Ca?* ions c) structure of Ca-doped
LSCF3791 at temperature of 600-800 °C

2. Doping of Ca®* ions can improve oxygen permeation of LSCF3791 in the
temperature range of 600-800 °C because of the transformation to ideal cubic structure in
such temperature range. The ideal cubic structure leads to more random distribution of
oxygen vacancy [30]. Moreover, the relaxation at the saddle point of Ca-doped
LSCF3791 occurs easily due to the less ionic mass of Ca®* ions than that of Sr** ions.
These effects support the ionic conductivity resulting in high oxygen permeation.

3. Doping of Zn®** and Mg”" ions can improve oxygen permeation of LSCF3791
due to two main reasons. Firstly, doping of these ions generates more oxygen vacancies
in the structure for charge neutrality because of their unchangeable oxidation state which
only presents as 2+. Secondly, weak electrostatic force between cations and oxide ions
due to the larger size and lower oxidation state of these ions than that of Co** and Fe**
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ion;m’s supports the movement of oxide ions leading to high oxygen permeation (ionic

radii (r) of Zn* = 0.74 A, Mg* = 0.72 A, Co*" = 0.54 A and Fe** = 0.64 A [29,33-35]).
4. Doping of Zn** and Mg?" ions does not affect electrical conductivity of

LSCF3791 because only small amounts of them are introduced. The hopping of electrons

is still limited by Co and Fe ion sites.

1.7 Benefit
To obtain perovskite discs with high electronic and oxygen permeation for using

as cathode materials in SOFC.



CHAPTER II

EXPERIMENTAL

2.1 Chemicals
Chemicals and reagents for synthesis of perovskite materials were listed in Table
2.1. They were used without further purification.

Table 2.1 Chemicals and reagents for synthesis of perovskite materials

Chemicals and Formula weight Purity (%) Company
reagents
La(NO3)3.6H,0 433.04 99.0 Himedia
Sr(NOs), 211.63 - Sigma-aldrich
Co(NO3),.6H,0 291.03 >98.0 Univar
Fe(NO3)3.9H,0 404.00 >98.0 Fluka
Ca(NOs3),.4H,0 236.15 99.0 Analytical
Zn(NOs),.6H,0 297.48 99 Fluka
Mg(NOs),.6H,0 256.41 99 Merck
CeH100s 210.14 >09.5 Merck
HNO; 63.01 65 Merck
Lig. NH3 35.05 25 Merck

2.2 Perovskite synthesis

All perovskite materials in Table 2.2 were synthesized in basic solution based on
a modified citrate method. Stoichiometric quantities of metal nitrates as starting
materials were mixed and dissolved in nitric acid. To the solution, citric acid solution
with mole ratio of citric acid to metal ions of 2:1 was added as chelating agent. The
solution was stirred at room temperature for 24 hrs and its pH was adjusted to 9 with
ammonia solution. After that, the solution was dried and combusted at 200 °C on a hot

plate, resulting grayish ash. The ash was then grinded using a mortar and calcined in air
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at 1,000 °C for 5 hrs with a heating rate of 6.5 °C/min to produce perovskite phase

structure.

Table 2.2 The components of all samples

Dopant Components Abbreviation
- Lao.3Sro.7C0¢.9F€0.103 LSCF
Lag 3Sro.6Cao.1C009Fen103 L(SCa01)CF
La0.3Sr0.5Cap 2C00.9F€0103 L(SCao.)CF
Ca Lag 3Sro.4Cap3C0p9Fep 103 L(SCao3)CF
(Subtiutution Lag3Sr03Ca04C009Fe0103 L(SCa4)CF
Srwith C) La0 3570 2Ca05C00sF€0 103 L(SCaos)CF
Lag 3Sr0.1Cag 6C00.0F€0.103 L(SCao6)CF
Lao3Cap 7C0g9Fe 103 LCCF
(Lao.3Sro.7)0.9Cag.1C0g 9Fe0 103 (LS)Cao1CF
(Subtiution (Lao.3Sro.7)08Cap.2C00.9Fe0 103 (LS)Cap.CF
Srand La (Lao.3Sr0.7)0.7Ca03C00.9F€0103 (LS)CapsCF
with Ca) (Lao.3Sro.7)0.6Cao.4C0g.9Fe0103 (LS)Cay.4CF
(Lao.3Sro.7)05Ca0.5C00.9F€0.103 (LS)CagsCF
o L2 3Sr0.5Cap 2C00.89ZN0.01 F€0.103 LSC(CZno.01)F
(Substitution Lao.3SrosCao 2C00.88ZN0.02 F€0.103 LSC(CZng2)F
Co with Zn Lag 3Sro5Cap2C00.87ZN0.03 FE0103 LSC(CZno.03)F
in Lag.3Sro5Cap.2C00.86ZN0.04 FE0.103 LSC(CZnoo4)F
L(SCao2)CF)
Lap 3Sro5Cap 2C00.85ZN0.05 F0.103 LSC(CZnoos)F




Dopant Components Abbreviation
Zn Lao,gsro,scaolz(COo,gFEo_l)o,ggZI’lo_mOg LSC(CF)Zno.o;L
(Substitution Lao,gsro_5C3.0.2(C00_9Feo,1)o_ggzno,0203 LSC(CF)ZI’]OOZ
Coand Fe Lap 3SrosCao 2(C0oo.9F€0.1)0.87ZN0.0303 LSC(CF)Zno3
with Zn in

Lap 3Sro5Cao.2(C0oo.9F€0.1)0.86ZMN0.0403 LSC(CF)Zno o4

L(SCap»)CF)
Lao,gsro,scaolz(COo,gFEo_1)0,85ZI’lo_o503 LSC(CF)ZHO.%
Mg Lao_38r0.5C3.0.2C00.89Mgo,01 Feo,103 LSC(CMgo()l)F
(Substitution Lao.3Sro5Cap 2C00.8sMdo.02 F€0.103 LSC(CMgo.02)F
Co with Mg Lag 3Sro5Cao 2C00.87Mdo.03 Fe0.103 LSC(CMgo.03)F
In L&o,gSfo,sC&o,zCOo,geMgo,o4 FEo_103 LSC(CMgo_o4)F

L(SCap2)CF)
Lao_38r0.5C3.0.2C00,85Mgo,os Feo,103 LSC(CMg()()S)F
Mg Lap 3Sro5Cao 2(C0oo.9F€0.1)0.89M70.0103 LSC(CF)Mgo.01
(Substitution Lao.3Sr05Capn 2(C00.9F€0.1)0.68M0.0203 LSC(CF)Mgo.02
Coand Fe Lap 3Sro5Cao 2(C0oo.9F€0.1)0.867MJ0.0303 LSC(CF)Mgo.o3

with Zn in

Lap 3Sro5Cao.2(C0oo.9F€0.1)0.86M70.0403 LSC(CF)Mgo.o4

L(SCap»)CF)
Lap 3Sro5Cag.2(C0oo.9F€0.1)0.85M70.0503 LSC(CF)Mgo.os

2.3 Sample disc preparation

28

After calcination, the obtained single phase perovskites were re-grinded with

ethanol using a pestle. A 1.8 g of powdered sample was loaded into a die cavity with 2

cm in diameter, and slowly pressed to 2 Tons for 10 min to obtain a disc. Then, the disc
was sintered at 1,200°C in air with a heating rate of 1 °C/min for 6 hrs to obtain the dense

perovskite disc.



29

2.4 Characterization

2.4.1 X-ray diffractometry (XRD)

The structure and phase formation were identified by XRD using monochromatic
Cu Ko radiation (40 kV, 30 mA). The XRD spectrum was carried out on a Rigaku
Dmax-2200 Ultima® at Department of Chemistry, Faculty of Science, Chulalongkorn
University. The data was recorded in the range of 20 — 70 degree with scan speed of 5

degree/min.

2.4.2 X-ray photoelectron spectroscopy (XPS)

The sintered powder was pressed into a pellet (3 mm in diameter and 1mm in
thickness) and measured for surface property using X-ray photoelectron spectroscopy
model Kratos AXIS HSi 165 and ULTRA instrument, at Institute for Molecular Science
(IMS), Japan. The sample was irradiated with Al Ko radiation of 1486.6 ¢V and pass
energy of 20 eV. The binding energy scale was calibrated using Cls spectrum with

binding energy of 284.6 eV. The vacuum chamber was pressurized under 10°® Torr.

2.4.3 Scanning Electron Microscopy (SEM)

Surface morphology of the sample discs was studied using a JEOL JSM- 5800LV
scaning electron microscopy, Oxford Instrument (model Link ISIS series 300) at the
Scientific and Technological Research Equipment Center (STREC), Chulalongkorn
University.

2.4.4 X-ray absorption near edge spectroscopy (XANES)

The XANES measurements for La3d and O1s, Co2p were performed using the
BL2A beamline with Beryl double-crystal monochromator, and the BL4B beamline of
which monochromator was Varied-Line-Spacing Plane Grating (G1) of SiO, (VLS-PGM
monochromator), respectively, at UVSOR synchrotron facility, Institute for Molecular
Science (IMS), Japan. The energy scale of the spectra was recorded in the total-electron-
yield (TEY) mode and calibrated using MgO. The pressure in the experimental chamber

was lower than 10 Torr.
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Figure 2.1 Throughput spectra of a) the double crystal monochromator at BL1A
beamline and b) the VLA-PGM monochromator on BL4B beamline.

Table 2.3 BL1A and BL4B beamline specifications

Beamline Monochromator Resolution Experiments
(E/AE)
BL1A Double-crystal (2d value, energy range): 1,500 Photoabsorption
Beryl (15.965 A, 826-2271 eV) spectroscopy
BL4B Varied-Line-Spacing Plane Grating > 5,000 Soft X-ray
(25 -1000¢eV) spectroscopy
(mainly,

photoelectron
spectroscopy for
gaseous and solid

targets)

2.4.5 Electrical conductivity measurement

The electrical conductivity was measured in a tube furnace in air by a DC 4-

probe method using Pt wire as electrodes. The sintered disc was cut into a rectangular

shape (5 mm x 12 mm x 1.5 mm). Four Pt wire electrodes-two current contacts and two

voltage contacts-were fabricated with the sample disc using Pt paste as a binder as shown

in Figure 2.2. The specimen was fired at 950 °C for 10 min with a heating rate of
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5 °C/min, to produce a firm contact between the electrodes and the sample disc. The
different voltage (V) between the two voltage contact electrodes was recorded every
temperature of 50 °C from 600 °C to 800 °C with a heating rate of 5 °C/min, after

applying the current of 0.25 A. The electrical conductivity was then calculated using

Equation 2.1.
o = (I*L)/(V¥*W*T) (2.1)

Where o is electrical conductivity
I is applied current
L is length between two voltage contact electrodes
V is different potential between two voltage contact electrodes
W is width of rectangular specimen

T is thickness of rectangular specimen

. Pt wire 4
Ptwirel  Ptwire2 Ptwired  (oup)
I(in)

N \

W \ I

T
\ « ]

Figure 2.2 A rectangular specimen with four Pt wire electrodes (Pt wire 1, 4 were

— Pt paste

e
1

current contact electrodes and Pt wire 2, 3 were voltage contact electrodes)

2.4.6 Oxygen permeation measurement
Oxygen permeation measurement from air to He was carried out on a gas reactor
(Figure 2.3). The sample discs were polished into 0.7 mm in thickness and placed

between the alumina tubes which connect to gases. Dry air and He gases were purged



32

into the alumina tubes at a flow rate of 50 ml/min on the top and the bottom of the
sample disc, respectively. The oxygen gas permeated through the sample disc was
collected by a gas tight syringe and analyzed by a gas chromatography (VARIAN, CP-
3800) equipped with Moleculare sieve 13X column.

Vent

Gl

Thermocouple

~

//m Sample disc
= A

I~ 1

U

=

Pyrex glass

[+ Electrical furnace

Alumina tube
——

_ﬂ_

He+O, out to GC

Figure 2.3 A Gas reactor for oxygen permeation measurement.



CHAPTER I11

RESULTS AND DISCUSSION

3.1 Synthesis and properties of Lag3Sro7C0g9Fep103 (LSCF)

LSCFs were synthesized and calcined at 1000 °C. The effect of sintering
temperature from 1100 - 1300 °C on LSCF discs was studied. Phase structure, surface
morphology, surface chemistry and bulk property of all LSCFs were investigated by
XRD, SEM, XPS and XAS, respectively. The conducting properties were also
investigated for electrical conductivity and oxygen permeation. LSCF with more
idealized cubic and highest oxygen permeation rate was chosen for doping of Ca ions in

the structure in order to improve the electrical conductivity.

3.1.1 XRD analyses

The XRD patterns of LSCF discs sintered at different temperatures, Figure 3.1,
indicate pure ABOs-perovskite structure in primitive cubic form. With increasing the
sintering temperature from 1,100 to 1,200 °C, the diffraction peak of (110) plane shifts
towards lower angle suggesting the increase in lattice parameters, which can be
34 cations to larger Co* cation (ionic
radii (r) of Co®* = 0.745 A, Co* = 0.61 A and Co*" = 0.53 A) [36-37]. The lattice

parameters of the samples were calculated and summarized in Table 3.1.

explained by thermal reduction of smaller Co



V Perovskite phase

1o (PDF no. 89-2528)
WY
211
1,300 °C v
1,200 °C
200
‘ | 1 10? C " v
32.5 33 335 v
220
v
100
v 210
v
JLM_ A.o.... S} 1300°C
A“u Vit s 1,200 °C
) AN A 1,100 °C
20 25 30 35 40 45 50 55 60 65 70
2 Theta
Figure 3.1 XRD patterns of LSCF discs sintered at various temperatures.
Table 3.1 Lattice parameters of LSCFs sintered at different temperatures.
Samples " Lattice Parameter (A)
LSCF sintered at 1,100 °C 3.828(9)
LSCF sintered at 1,200 °C 3.834(0)
LSCF sintered at 1,300 °C 3.834(5)

34

*The average lattice parameter is calculated from the diffraction peaks of (110), (111),

(200) and (211) planes.

3.1.2 SEM analyses

SEM images of LSCF discs in Figure 3.2 illustrate the agglomeration of grains

and the reduction of porosity when the sintering temperature is increased. The growth of

grains may be due to the releasing of lattice oxygen activated by high sintering

temperature [28,38].



35

Figure 3.2. SEM images of LSCFs sintered at different temperatures.

3.1.3 Electrical conductivity analyses

The electrical conductivity of LSCFs is shown in Figure 3.3. From the results,
LSCF sintered at 1,100 °C shows a great electrical conductivity at low temperatures but
it decreases continuously with increasing temperature, indicating a metallic-like behavior
(0c/0T < 0) of the material. For LSCFs sintered at higher temperatures, the electrical
conductivity is lower than the one sintered at 1100 °C but it increases with temperature
and reaches the maximum value at 550 °C, and becomes decreasing continuously. This
suggests semiconducting-like behavior (0o/0T > 0) of the materials at low temperature
range of 250-550 °C and metallic-like behavior at high temperature range of 550-800 °C.

When the concentration of Fe cation is very low with respect to Co content, the
electrical conductivities of these LSCFs will be controlled by the hopping of eg* electrons
[10,39] and electronic configuration of Co cations. For example, the electronic
configuration of Co®* was responsible for the metallic-like behavior of lanthanum
cobaltite based-materials [40-43]. Therefore, in this work, the high electrical
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conductivity and metallic-like behavior of LSCF sintered at 1100 °C may be caused by
HS Co® and Co™*. Since the e, electron of HS Co®* has low binding energy (Ep) as
shown in Figure 3.4, it is easily activated to conduction band, leading to a lot of localized
electrons/holes. Moreover, the movement of electrons/holes is also supported by Co**
without thermally activated need because of small difference in conduction band energy
(AE.) between Co** and Co*" cations [36,44]. These effects result in high electrical
conductivity of the material at low temperatures. When the temperature goes up, high
energetic electrons move no direction and the vibration of lattice sites reduce the ability
of electron/hole movement leading to the decrease of conductivity. For the
semiconducting-like behavior and low electrical conductivity of LSCFs sintered at high
temperatures, it may be explained by the changing in electronic configuration of Co®*

34 1o low

from HS Co** to LS Co*" state, and/or the reduction of high valence state Co
valence state Co**. Because LS Co®* (ty ey °) has only ty, electrons which Ey is higher
than that of e, electrons in HS state, small amounts of electrons are introduced to the
conduction band. Moreover, these electrons/holes will be trapped at Co?* sites because
the conduction band energy of Co®* cations is much lower than those of Co®" cations
[45]. These effects lead to low electrical conductivity of the materials. When the
temperature is increased, in spite of the lattice vibrates and the electron moves no
direction, the electrical conductivity is increased. This is because the electron has high
energy, which can move towards the Co?* site without electronic trapping.

Table 3.2 shows the activation energy (E.) for the hopping of electrons. The
result reveals that LSCF sintered at 1100 °C has the lowest E, followed by the one
sintered at 1300 and 1200 °C, respectively. According to the report of Kostogloudis et al.
[36], the activation energy equals to the summation of Ey, and AE.. Therefore, the low E,
value of LSCF sintered at 1100 °C may be resulted from HS Co®*" and Co ** which
provides both low E, and AE.. The high E; values of LSCFs sintered at 1300 and 1200
°C are caused by the high contents of LS Co®* and/or Co®*, which affects high E, and

AE. as explained previously.
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Figure 3.3 The temperature-dependent conductivity of LSCFs sintered at different

temperatures.

Table 3.2 Activation energy (E,) of LSCFs sintered at different temperatures.

Samples Ea (kd/mol)
LSCF sintered at 1,100 °C 0.2519 (250 — 450 °C)
LSCF sintered at 1,200 °C 6.5992 (250 — 600 °C)

LSCF sintered at 1,300 °C

4.6819 (250 — 600 °C)
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Figure 3.4. Electronic transition to the conduction band of HS Co®" sites [46-47]
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3.1.4 Oxygen permeation analyses

According to the semiconducting behavior, LSCFs sintered at 1,200 and 1,300 °C
are chosen for oxygen permeation analysis and the data are shown in Figure 3.5. It has
been found that LSCF sintered at 1200 °C shows higher oxygen permeation rate than the
other one. The high oxygen permeation rate of LSCF comes from the ability of oxygen
reduction reaction (ORR) ability to produce surface oxide ions and the bulk diffusion of
these ions, that is resulted from the large numbers of oxygen vacancies and active Co®*
cations. Since Co?" cations have larger ionic size and lower oxidation number comparing
to Co®"**, the Co*-O bond is weaker than that of the other. Thus, the expansion of
saddle point is proposed for the great bulk diffusion of oxide ions. Moreover, an
idealized cubic structure which provides stress-free lattice is also proposed to be another

reason to promote oxygen permeation in this sample.
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Figure 3.5 Oxygen permeation rate of LSCFs sintered at different temperatures

3.1.5 XPS analyses

The C1s spectra (Figure 3.6) illustrate three main peaks appearing at ca. 284, 286
and 288 eV. The low BE peak at ~284 eV relates to adventitious carbon and the
remaining peaks relate to La,(COs)s and surface carbonates e.g. COs?, respectively [48].
The highest contents of Lay(CO3)3 and carbonates are observed on LSCF sintered at 1100

°C and the value becomes decreasing after increasing the sintering temperature.
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Figure 3.6 The C1s core level XPS spectra of LSCFs at different sintering temperatures.

The XPS spectra of Sr are shown in Figure 3.7. The main peaks at 131 and 133 eV
can be assigned to 3ds, sub band of Sr** surrounded by oxygen vacancies in
SrO1.x suboxide and of the regular Sr in perovskite lattice (SrO), respectively [49]. From
the results, it is clear that oxygen vacancies of LSCFs sintered at 1200 and 1300 °C are
higher than those of the one sintered at 1100 °C.
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Figure 3.7 Normalized Sr3d core level XPS spectra of LSCFs at different sintering

temperatures.

The deconvoluting of O1s peaks, which are represented by letter A-E, is shown in
Figure 3.8. Peaks A and B (ca. 527 and 528 eV) are attributed to lattice O* coordinated
with La, Sr at A-site and Co, Fe at B-site, respectively [50-52]. The different BE of oxide
ions at A and B-sites (~1eV) corresponds to the La,O3 and Co,03, Fe,O3 standards
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reported by Barr [53]. The high BE peak (530 eV) is contributed to —OH species, which
locate at higher BE (2-2.5 eV) than those of lattice O% [50]. Peak D (531.5 eV) is
assigned to CO3> species confirmed by the appearance of COs> species in C1s spectra.
And the last broadening peak locating at ca 533 eV is assigned to adsorbed O,% and O
species [54-55]. From the spectra, LSCF sintered at 1100 °C exhibits the highest
quantities of ~OH species. For LSCFs sintered at 1,200 °C, the intensity of peak B is
lower than those of peak A, suggesting low amount of lattice O% at B site. This indicates
the oxygen vacancies in this sample prefer to coordinate with cations at the B site more
than the A site. Besides, it is well known that the formations of Co?* and oxygen
vacancies are the cooperative reaction as shown in reaction 3.1 and 3.2 [56]. Thus, it is
reasonable to conclude that LSCF sintered at 1,200 °C shows the highest amount of
oxygen vacancies and Co?*, followed by the one sintered at 1,300 and 1,100 °C,

respectively.

Co*'0%Co® —* Co™OCo” (3.1)

o _o —> 0 00 + Zg ............ .
C 3+OC 2+ C 2+VC 2+ 1/20() (3 2)
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Figure 3.8 O1s core level XPS spectra of LSCFs at different sintering temperatures a)
Normalized spectra b) Deconvoluting of O1s peak of perovskite sintered at 1100 °C c)
Deconvoluting of O1s peak of perovskite sintered at 1200 °C d) Deconvoluting of O1s
peak of perovskite sintered at 1300 °C

The La3ds, XPS spectra of La,O3 are shown in Figure 3.9. The doublet peak of
La3ds/, sub band indicates inequivalent La®* ions in the structure due to the difference in
final excited state. The lower binding energy peak (~833.5 eV) corresponds to 3d%f ° final
state and the higher energy one (~837 eV) corresponds to 3d% "L final state (where n > 0
and L = ligand hole), which resulted from the charge transfer from O2p to La4f orbitals
[48,50,57]. LSCFs sintered at 1300 and 1100 °C show the intense peak of 3d% "L final
state. This indicates strong charge transfer from O2p to La4f orbitals which may result
from the short distance between La and O, and the structural distortion (Figure 3.10b) as

reported by Houeso [23]. On the contrary, the weak intensity of 3d% "L final state
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observed on LSCF sintered at 1200 °C indicates weak charge transfer from O2p to La4f
orbitals, suggesting a weak structural distortion in the sample as shown in Figure 3.10a.

1100 °C
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| | I | | 1 | |
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Figure 3.9 The La3d core level XPS spectra of LSCFs sintered at different temperatures.
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Figure 3.10. Proposed structure of LSCF with a) weak structural distortion b) strong
structural distortion [23]

The Co2p spectra (Figure 3.11) split into Co2pz;, sub-band (~779 eV) and
Co2py, sub-band (~794 eV) due to spin-orbit interaction. The Co2ps, sub-band is
resolved into 2 main components. The first component locating at ~779 eV is assigned to
Co?* and Co®" ions which the different BE is ~0.6 eV [58-59]. The second component
locating at ~1 eV upscale from Co? and Co®* peaks associates with Co** [52].

According to a small difference in BE, it is difficult to discriminate the Co state by using
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the peak position alone. The better way to elucidate these state is to use the different BE
(AE) between Cogs/, sub-band and Coy, sub-band, and the satellite shake up peak, which
are sensitive to the changing in electronic state and electronic configuration of d electron
of Co and also other first low transition metals. The AE value depends on the number of
unpaired d electrons, which means that a lot of unpaired d electrons provide large AE
[60]. Thus, the AE value of HS Co?* in CoO is higher than those of LS Co*" in C0,0s,
which are close to 15.5-16 eV and 15 eV, respectively [58,60-62]. Moreover, the peak
feature and the shake up satellite peak can also be used to predict the state of Co in
materials. From the previous reports by several researchers [61,63-68], satellite peaks
found on the high binding energy side (~5-10 eV) of L-shell photoelectron lines of 3d
metal oxides arise from charge transfer and atomic shake up transition: e; > e, tog >
tyy , and e, > ajq (3d ->4s) transition, respectively (Figure 3.12). For HS Co**
(tag e ), all transitions are allowed leading to the strong and broadening shake up peak,
which can overlap with the parent peaks resulting in the broadening Co2p main peaks. In
the case of LS Co®" (tzy ey ), only e, = e, transition is occurred resulting in the weak
and sharp sake up peak, as well as the narrow Co2p main peaks. However, not only
electronic configuration, but the shake up transition also depends on ligand to metal
charge transfer (LMCT). Strong LMCT supports e, > eg* and tyg —>t29* shake up
transition affecting the intense and broadening shake up peak. On the other hand, weak
LMCT results in weak shake up transition and shake up peak [68].

The AE value (15 eV) and the weak HS Co?* shake up peak intensity of LSCFs
sintered at 1100 °C indicates that Co in this sample exhibits mainly as LS Co*". For
LSCFs sintered at 1200 °C, the AE value (15.3 eV) and strong shake up peak indicate HS
Co?* and strong LMCT. In case of LSCF sintered at 1300 °C, the weak intensity of HS
Co?* shake up peak is observed with AE value of 15.3 eV indicating the mixed HS Co?*
and LS Co*". This may be resulted from weak LMCT due to strong structural distortion.

From all XPS results, it has been concluded that LSCF sintered at 1200 °C has a
lot of surface oxygen vacancies and Co®* species, weak structural distortion, low surface
COs* and —~OH. These factors promote high surface ORR and oxygen permeation, which
is in agreement with the result in section 3.1.4.
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Figure 3.11. Normalized Co2p core level XPS spectra of LSCFs sintered at different
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7 — orbital
== (accupied)

Y

‘== 6 — arbital
— .

LE= (occupied)

-t
s

R
-

n+ O ligand
Co molecular orbital 5

diagram

Figure 3.12. Charge transfer shake up process in metal oxide compounds
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3.1.6 XAS analyses
The bulk properties of LSCF were investigated for oxygen deficiency, structural
distortion, oxidation state and electronic configuration of Co ions by X-ray absorption

near edge spectroscopy (XANES).

3.1.6.1 La M-edge X-ray absorption spectroscopy (La M-edge XAS)

Figure 3.17 shows the X-ray absorption spectra assigned to La3d —> La4f
transition. The lower and higher photon energy peaks indicate La3ds, and La3ds;, sub
band, respectively. The transition of La3d = La4f at 1100 °C and 1200 °C are higher
than that of 1300 °C. The low absorption intensity of LSCF sintered at 1300 °C may be
resulted from the strong distortion of structure, which allows the LMCT from O2p
orbital to La4f orbital, as previous discussed in XPS part. That situation results in high

density of electrons in La4f orbitals and prohibits the La3d = La4f transition.

n 1100 °C
e 1200 °C
1300 °C

830 835 840 845 850 855
Photon energy (eV)

Figure 3.13. Normalized La L-edge region X-ray absorption spectra of LSCFs sintered

at different temperatures

3.1.6.2 Co L-edge X-ray absorption spectroscopy (Co L-edge XAS)

Figure 3.14 shows the X-ray absorption spectra of LSCFs which indicates the
transition from Co2p to tzg* and eg* orbitals. The spectra are spitted into two main peaks
because of spin-orbit interaction, which are Co2ps, (lower photon energy) and Co2py.,
(higher photon energy) sub band [46]. From the result, LSCF sintered at 1300 °C exhibits
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the highest peak intensity compared with others, suggesting less electron density in tzg*
and eg* orbitals. This may be due to strong distortion in Co-O-Co bond which results in
poor overlapping between the Co and O leading to weak LMCT from O to Co.
Furthermore, the high quantity of Co*" specie is another plausible reason because this
specie has less electron in tp, and e, orbitals with respect to Co® and Co®*. On the
contrary, the lowest peak intensity of LSCF sintered at 1200 °C can be explained by
weak distortion in Co-O-Co bond, and may be resulted from the high quantities of Co**

specie which has high electron intp, and ey orbitals [74].
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Figure 3.14. Normalized Co L-edge region X-ray absorption spectra of LSCFs sintered

at different sintering temperatures

3.1.6.3 O K-edge X-ray absorption spectroscopy (O K-edge XAS)

The O K-edge spectra of LSCF, Figure 3.15, show important features, which
corresponds to the electronic transition as follows: transition of electrons from Ols
orbital of lattice O to hybridized 02p-t2g* hole state (feature A), transition of electrons
from O1s orbital of lattice O% hybridized OZp-eg* hole state (feature B and C, Figure
3.16), transition of electrons from oy orbital to ¢ resonance of adsorbed O, species
(feature D, Figure 3.17), transition of electrons from O1s orbital of lattice O* O1s orbital
of lattice O% to hybridized O2p-La5d/Sr4d hole state (feature E), transition of electrons
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from oy orbital to Codsp orbital hybridizing with O,  (feature F), and transition of
electrons from o35 orbital to Co4sp hybridizing with monoxidic species (feature G)
[69-70].
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Figure 3.15. Normalized O K-edge region X-ray absorption spectra of LSCFs sintered at
different temperatures
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In feature A — C, these transitions deal with electrons in O1s orbital of lattice 0%
to the hybridized hole state between O2p and Co3d (3d "L —> ¢3d "*!, where L and ¢
denotes hybridized O2p hole state and O1s core hole, respectively). The peak intensity is
sensitive to the quantity of 3d ™*L hole state.

The transition in feature B and C are in the following sequence: LSCF sintered at
1300 °C > 1100 °C > 1200 °C, which suggests the high quantity of O2p-g, hole state in
the series of LSCF sintered at 1300 °C > 1100 °C > 1200 °C. This result relates to the
oxidation state and electronic configuration of Co ions. Co®" has electron density in
hybridized O2p-e, orbital higher than Co®* and Co*, therefore, the transition of
electrons from O1s to hybridized 02p—eg* orbitals will be limited. Therefore, it can be
concluded that the quantity of Co®" is in the following sequence: LSCF sintered at 1200
°C > 1100 °C > 1300 °C.

Many researchers reported a mixed oxidation state of Co cations as HS Co?*, LS
Co**, HS Co*" and IS Co*" in lanthanum cobaltite based-perovskites [42,44,72-74]. And
the transition of electrons from O1s to O2p-g, hole state in feature C is the distinction of
IS Co* (tyy &g V), as shown in Figure 3.19 [69,74]. From feature C, it has been
concluded that the content of IS Co*" is in the following sequence: LSCF sintered at
1300 °C > 1100 °C > 1200 °C. Considering feature B, this feature represents electronic
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transition from O1s orbital to hybridized 02p-eg* hole state, which is strongly influenced
by LS Co**. The intensity of this feature of LSCF sintered at 1300 °C is higher than
LSCFs sintered 1100 and 1200 °C, respectively. This indicates the high quantity of LS
Co*" in the series of LSCF sintered at 1300 °C > 1100 °C > 1200 °C. On the contrary,
feature A, which corresponds to electronic transition from O1s orbital to hybridized O2p-
tzg* hole state, is strongly influenced by HS Co®". It is clear that LSCF sintered at 1200
°C shows the highest intensity of this feature followed by the ones sintered at 1100 and
1300 °C, respectively. This suggests the order of HS Co** content as follow: LSCF
sintered at 1200 °C > 1100 °C > 1300 °C.

These results clarify the assumption in electrical conductivity part that LSCF
sintered at 1100 °C shows high electrical conductivity and low E, value because of HS
Co*" and IS Co™*". For the ones sintered at 1200 and 1300 °C, the decrease of electrical
conductivity and the increase in E, value are due to HS Co®* and LS Co*", respectively.

Feature D is assigned to the transition of o1 electron to o antibonding of
adsorbed O, specie. The absorption intensity of LSCFs indicates the amounts of O,
species on the surface of materials. According to the reports of Imamura and other
researchers [51,75-77], O, molecule is adsorbed and reduced to O, at the oxygen
vacancies at B site along grain boundaries. Therefore, it can be concluded that the high
quantity of O, species of LSCF sintered at 1200 °C is due to a lot of oxygen vacancies at
Co site along grain boundaries. And the low amounts of O, species observed on LSCFs
sintered at 1100 and 1300 °C is due to low quantities of oxygen vacancies at Co site
along grain boundaries. These results are consistent with XPS analysis of O1s core in
previous section.

Feature E corresponds to the electronic transition from O1s orbital to hybridized
O2p-Sr4d/La5d hole state. The equal absorption intensity of this feature indicates the
same quantity of available hole state which may be resulted from several factors e.g.,
structural distortion and the amount of O around La/Sr cations.

Considering the remaining features, their intensity is almost equally for all LSCFs.
This may be because these features correspond to the electronic transition from core
electrons to Co4sp state which locates nearly continuum state. These states have small
energetic difference resulting in undistinguishable and broadening peaks. Thus, it is

difficult to use them for defect characterization in the materials.
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From all XAS results, LSCF sintered at 1200 °C exhibits the highest oxygen
vacancy and Co?* contents, and weak structural distortion which means more idealized
cubic. These factors lead to great bulk oxygen diffusion as explained previously in
oxygen permeation part. According to such properties, it has been chosen for further

study.

w®
.

4p

4s

m — orhital

— (occupied)

6 — orhital
(occupied)

O ligand

. 4+
Co Ca0

molecular orhital
diagram



Figure 3.18.

wst

7 — orbital

= (occupied)

..........
.........
-------

i, == & — orbital
e al ] ="
. -ﬂ—u.“! s (occupied)
éﬁﬁ._"... g
31'g'"
4 O ligand
Ca Co0

maolecular orbital

diagram

o1

b)

Simplified molecular orbital diagram of Co*" ions in octahedral

environment a) low spin configuration (tz4 e ) (Weak covalency bond and LMCT) b)

intermediate spin configuration with Jahn-Teller distortion (tzy ‘es ") (strong covalency
bond and LMCT stabilize t, and destabilize ty; leading to small A and 1S)

LTI TN

N o G .
O
-J-L i-l- _T.l. tin

_ aig

CoO molecular
orbital

LS Co* o~ P IS Co*
_alg*
. . e S Ky hybridized 2p-e,”
— hybridized 2p-e, ——) 1 ybridized 2p-e,
£  hole state s - 1L hole state
_L_ hybridized 2p-t5, rr.t g
hole state :
== B 2 ==
= o2 == 02p
=¥ V7 A1l —+
-LJ— —LL —t-l- tlu
T
— A —
O_lv CoO molecular Ols
l orbital

Figure 3.19. O K-edge transitions of LS Co®* (Feature B) and 1S Co*" (Feature C)



52

3.2 Synthesis and properties of Lag3Sro7.xCaxCoogFep103(X =0-0.7)

3.2.1. XRD analyses

The XRD patterns of Lag3Sro7.-xCaxC0ggFep103 (X =0 — 0.7), Figure 3.20, show
that the structures of all compounds are primitive cubic of perovskite phase. CaO and
CoO are impurity phases when X=0.6-0.7. The peak intensity decreases with increasing
the Ca content, which indicates low crystallinity of the materials due to structural
distortion. The lattice parameter is calculated and summarized in Table 3.3. Since Ca (r =
1.34 A) has smaller size than Sr (r = 1.44 A), the lattice parameter should theoretically
decrease with increasing the Ca content. On the contrary, the lattice parameter of X = 0.1
is slightly higher than that of LSCF. When X = 0.2, the lattice parameter decreases
drastically. This may be influenced by the oxidation state of Co ions [36]. Co®" has ionic
size larger than Co*, therefore the material with X = 0.1 should have higher quantity of

Co?" ions more than others.
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Figure 3.20. XRD patterns of Lag3Sr7-xCaxCoggFep103 (X =0 —0.7) sintered at 1,200

°C for 6 hrs
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Table 3.3. Lattice parameters of Lag 3Srg7.xCaxC0ogFeo 103 (X = 0 — 0.5) perovskites
sintered at 1200 °C for 6 hrs

Ca content *Unit cell parameter (A)
X=0 3.834(0)
X=0.1 3.844(6)
X =02 3.822(9)
X =0.3 3.824(3)
X =0.4 3.822(6)
X =05 3.799(6)

*The average lattice parameter is calculated from the diffraction peaks of (110), (111),
(200) and (211) planes.

3.2.2. Electrical conductivity analyses

The electrical conductivity of synthesized perovskites is shown in Figure 3.21.
The result shows that the conductivity increases after doping small amount of Ca. The
highest electrical conductivity is obtained at X = 0.2. When X >0.2, the conductivity is
decreased but it is still higher than LSCF except at X = 0.5 which shows the lowest
conductivity. Moreover, most of all Ca-doped perovskites have electrical conductivity
similar to the undoped one. Their electrical conductivity increases with temperature to
reach the maximum value at 550 °C and then decreases. Only X = 0.5 shows constant

electrical conductivity in all temperature range.
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Figure 3.21. Electrical conductivity of Lag3Srg7-xCaxC0goFeg103 (X = 0-0.5)
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Table 3.4 Activation energy (E,) of Lag 3Sr.7-xCaxCoogoFe 103 (X = 0-0.5).

Ca content Ea (kJ/mol)
X=0 6.5992 (250-600 °C)
X=0.1 4.2312 (250-600 °C)
X=0.2 4.0325 (250-600 °C)
X=0.3 4.8864 (250-600 °C)
X =0.4 3.5303 (250-600 °C)
X =05 2.2806 (250-600 °C)

3.2.3 Oxygen permeation analyses

The oxygen permeation rate of Lag3Sro7xCaxCopoFeo 103 (X =0, 0.2, 0.5) discs
is shown in Figure 3.22. It has been found that X = 0.5 shows higher oxygen permeation
rate than others. The higher oxygen permeation rate of this sample may be explained by
great oxygen reduction reaction (ORR) ability and bulk diffusion due to the large
numbers of oxygen vacancies and active Co?" cations. Moreover, the smaller size of Ca
dopant is also a reason that supports bulk diffusion resulting in a high oxygen permeation

rate.
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Figure 3.22. Oxygen permeation rate of Lag 3Sro 7.xCaxCog9Fep 103 (X =0, 0.2, 0.5)
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3.2.4. XPS analyses

From the Cls XPS spectra (Figure 3.23), the spectrum of -COs> species at
binding energy of ~288 eV indicates that Lag3Sro7xCaxCoogFeo 103 has the amount of -
COs? as following sequence; X =0.5>X =0.2> X = 0.

The Ca2p spectra are shown in Figure 3.24. The Ca2ps;, and Ca2p/, sub band of
CaO locates at ~345eV and ~349 eV, respectively. The intense peak at ~346.5 eV is
assigned to the Ca2ps/, sub band of CaCOg [48,78]. It can be concluded that Ca in these
samples presents as both CaO and CaCOs;. The amount of CaCOj; increases with

increasing the Ca content.

280 282 284 286 288 290 292
Binding energy (eV)

Figure 3.23. Normalized C1s core level XPS spectra of Lag 3Sro7-xCaxC0o.gFe103
(X=0,0.2,0.5)
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Figure 3.24. Ca2p core level XPS spectra of Lag3Sro7.xCaxC0oogFep 103 (X = 0.2, 0.5)
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The La3ds, sub bands of La,Os (Figure 3.25) correspond to 3d°f ° final state
(~833.5 eV) and 3d% "L final state (~836 eV) resulted from the charge transfer from O2p
to La4f orbitals. It is clear that the peak intensity of 3d%f "L final state is increased with
increasing the Ca content, which indicates strong charge transfer from O2p to La4f
orbitals due to structural distortion.

The Sr3d XPS spectra are shown in Figure 3.26. The peaks at binding energy of
~131 and ~133 eV represent 3ds;, sub band of Sr** surrounded by oxygen vacancies in
SrO1.« sub oxide and of the regular Sr in perovskite lattice (SrO), respectively. The peak
intensity of Sr in SrO;.x sub oxide of X = 0.2 is lower than those of X = 0 and X = 0.5,
suggesting the low content of oxygen vacancy on the surface of X = 0.2.
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Figure 3.25. Normalized La3d core level XPS spectra of Lag 3Sr7-xCaxCogoFep 103
(X=0,0.2,0.5)
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Figure 3.26. Normalized Sr3d core level XPS spectra of Lag 3Sro7-xCaxCoo9Fep 103
(X=0,0.2,0.5)
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From the O1s XPS spectra (Figure 3.27), LSCF with X = 0.5 exhibits strong peak
intensity of adsorbed O,% and O™ species locating at ~533-537 eV. This indicates high

contents of adsorbed O,> and O, on the surface due to high surface ORR of the material.
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Figure 3.27. Normalized O1s core level XPS spectra of Lag3Sro7-xCaxCoogFeo 103

(X =0,0.2, 0.5)

Figure 3.28 shows the Fe2ps, spectra. All samples exhibit the broadening Fe2ps,
peaks corresponding to the different form of Fe in the materials. For X = 0, the most
intense peak locates at 712 eV which closes to BE of Fe** in (FeO)OH (711.6 eV)
reported by Barr [53]. Upon doping Ca, the intense peaks at 711 and 710 eV, which
belong to Fe** in Fe,03 and Fe®* in FeO, respectively, are observed [53,57]. In summary,
the oxidation state of Fe change from high valence state (Fe**) to low valence state (Fe®")
after replacing Sr** with Ca?".

From the Co2p XPS spectra (Figure 3.29), the AE for X =0, 0.2 and 0.5 are 15.3,
15 and 15.5 eV, respectively. The high value indicates the large proportion of HS Co?*
[61]. Therefore, it can be concluded that Co presents as HS Co?* for X = 0.5. For X = 0,
the coexistence of LS Co®* and HS Co*" are observed due to the decreasing of both AE
value and the HS Co®* satellite shake up peak intensity. The low AE value and the

absence of HS Co*" satellite shake up peak of X = 0.2 are distributed to LS Co®".
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Figure 3.28. Normalized Fe2ps, core level XPS spectra of Lag 3Srg7-xCaxCoo.oFe0.103

(X=0,0.2,0.5)
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Figure 3.29. Normalized Co2p core level XPS spectra of Lag 3Sro7-xCaxC0o oFeg.103
(X=0,0.2,0.5)

3.2.5 XAS analyses

3.2.5.1 La M-edge X-ray absorption spectroscopy.

The La M-edge spectra in Figure 3.30 represent the transition of electrons from
3d to 4f orbitals. The high absorption intensity of X = 0 suggests low electron density in

La4f orbital which designates weak charge transfer from O2p orbital to La4f orbital.
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The samples with X = 0.2 and X = 0.5 show weak absorption intensity suggesting high
electron density in La4f orbital. This indicates strong charge transfer from O2p orbital to
La4f orbital. The result is similar to La3d XPS result.
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Figure 3.30. Normalized La3d X-ray absorption spectra of Lag3Sro7-xCaxCoooFep103

(X=0,0.2,0.5)

3.2.5.2 Co L-edge X-ray absorption spectroscopy.

Figure 3.30 shows the X-ray absorption spectra assigned to Co2p — Co3d
transition. The sample with X = 0.2 exhibits the highest peak intensity suggesting low
electron density in Co3d orbital. This indicates weak charge transfer from O2p to Co3d
due to the distortion of Co-O-Co bond, and the high content of Co** [74].

—X=0
—X=02
X=05

770 780 790 800
Photon energy (eV)

Figure 3.31. Normalized Co2p X-ray absorption spectra of Lag 3Sro 7.xCaxC0g9Fe 103
(X=0,0.2,0.5).
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3.2.5.3 O K-edge X-ray absorption spectroscopy (O K-edge XAS)

From the O K-edge XAS (Figure 3.32), feature A represents the transition of
electrons from O1s orbital of lattice O to hybridized 02p-tgg* hole state dominated by
HS Co®*". While feature B and C represent the transition of electrons from O1s orbital of
lattice O* hybridized O2p-e,” hole state, which is dominated by LS Co®* and IS Co*,
respectively.

The absorption intensity of feature B and C of the sample with X = 0.2 is higher
than those of X =0 and X = 0.5, respectively. This suggests the high quantity of
O2p-g, hole state in the series of X = 0.2 > X =0 > X = 0.5. As discussed previously in
section 3.1.6.1, Co*" has affected on the transition of feature B and C, thus, it can be
concluded that the quantities of LS Co*" and IS Co*" are in the following sequence: the
sample with X = 0.2 > X = 0 > X = 0.5, while that of Co®" is in the series of the sample
with X =0.5> X =0 > X = 0.2. The absorption intensity of feature A of the sample with
X = 0.2 is higher than those of X = 0.5 and X = 0, respectively. This also indicates the
order of HS Co>* content as follow: the sample with X =0.2> X = 05> X =

—N = ()
N =0.2
X=05

525 530 535 540 545 550 555
Photon energy (eV)
Figure 3.32. Normalized O K-edge region X-ray absorption spectra of

Lao,gsro_7-xcaxCOo,9Feo,103 (X = 0, 0.2, 0.05)
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Feature D can be assigned to the transition of electrons from o1 orbital to o
resonance of adsorbed O™ species produced by Co?* species and oxygen vacancies in the
structure. It is revealed that the amount of adsorbed oxygen at X = 0.5 is higher than
those of X = 0 and X = 0.2, suggesting high Co?* and oxygen vacancy contents in X =
0.5 comparing to X = 0 and X = 0.2. The result is in agreement with XPS results.

Feature E corresponds to the transition of electrons from O1s orbital of lattice 0%
to hybridized O2p-La5d/Sr4d hole state. The absorption intensity of this feature
increases with the Ca content. This corresponds to the strong Sr-O and La-O bond
covalency, and the strong charge transfer from O2p to La5d/Sr4d orbitals due to
structural distortion. This result is also in agreement with La3d XPS, La M-edge and Co
L-edge XAS results.

From XPS and XAS analysis, the properties of material with X = 0.2, e.g., the
decrease of lattice parameter, high electrical conductivity and low E, value, are due to
HS Co** and IS Co*". For the sample with X = 0.5, its low and temperature-independent
electrical conductivity, and high oxygen permeation are due to high quantities of HS

Co?" and oxygen vacancy.

3.3 Synthesis and properties of (Lag3Sro7)1xCaxC0opgFep103

3.3.1 XRD analyses

XRD spectra of (Lap3Sro7)1xCaxCopoFer103 (X = 0-0.4), Figure 3.33, indicate
pure phase of primitive cubic perovskite structure when X = 0-0.2. When X = 0.3, the
intensity of 100 and 110 peaks decreases and absolutely disappears when X = 0.4. This
suggests phase transformation from cubic to tetragonal structure. The calculated lattice
parameters of all samples are shown in Table 3.5. Despite of smaller size of Ca ions
comparing to Sr ions, the sample with X = 0.1 exhibits slightly higher lattice parameter

than the undoped one. This may be because of high content of Co*".
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Figure 3.33. XRD patterns of (Lag3Sro7)1-xCaxCoogFep 103 (X =0 — 0.4) sintered at
1,200 °C for 6 hrs
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Table 3.5. Lattice parameters of (Lag3Sro.7)1.xCaxC0o.9Fep103 (X = 0-0.4)

Ca content Phase structure “Lattice parameter (A)
X=0 Cubic 3.841(7)
X=0.1 Cubic 3.845(7)
X=0.2 Cubic 3.837(8)
X=03 Tetragonal a=3.836(1)
c =3.848(2)
X=04 Tetragonal a=3.827(5)
c = 3.871(6)
X=05 Melt -

*The average lattice parameter is calculated from the diffraction peaks of (110), (111),
(200) and (211) planes.

3.3.2 Electrical conductivity analyses

From Figure 3.34, the highest electrical conductivity is achieved when X = 0.1
and it decreases with the increasing of Ca content. However, the electrical conductivity
of Ca-doped perovskites is still higher than LSCF except for X = 0.4. The electrical
conductivity behavior of all Ca-doped perovskites is similar to the undoped one, it
increases with temperature and reaches the maximum value at 550 °C and then
decreases. The E, value increases with increasing Ca content. The lowest E, value is
obtained at X = 0.1, which may result from high HS Co** and Co ** contents. On the
contrary, the low electrical conductivity and high E, value of X = 0.4 are resulted from
the phase transformation from cubic to tetragonal structure which provides weak orbital
overlapping. These assumptions will be discussed further in the O K-edge XAS analysis,
section 3.3.5.3.
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Figure 3.34. Electronic conductivities of (Lag3Sro.7)1-xCaxC0p.gFep.103 (X = 0-0.4).

Table 3.6. Activation energy (E,) of (Lao3Sro7)1-xCaxCopgFep103 (X = 0-0.4).

Ca content Ea (kd/mol)
X=0 6.5992 (250-600 °C)
X =01 2.4943 (250-600 °C)
X=0.2 3.1420 (250-600 °C)
X=03 5.7046 (250-600 °C)
X =04 7.4473 (250-600 °C)

3.3.3 Oxygen permeation analyses

The oxygen permeation rates of (Lag3Sro.7)1.xCaxC0ogFeo 103 (X = 0, 0.1, 0.4)
discs are shown in Figure 3.35. It has been found that X = 0.1 shows higher oxygen
permeation rate than those of other ones. The higher oxygen permeation rate of this
sample can be explained by great bulk diffusion due to large unit cell parameter
providing more space in the structure. Its great oxygen ORR ability is also expected. But

for X = 0.4, the symmetry of tetragonal structure may affect the bulk diffusion.
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Figure 3.35. Oxygen permeation rate of (Lap3Sro7)1-xCaxCopoFep103(X =0, 0.1, 0.4)

3.3.4 XPS analyses

From the Cls XPS spectra (Figure 3.36), the sample with X = 0.4 shows the
highest peak intensity of -COs* species at ~288 eV followed by X = 0.1 and X = 0,
respectively. This indicates that the quantity of -COs* increases with increasing the Ca
content.

The Ca2p spectra are shown in Figure 3.37. The sample with X = 0.4 exhibits
strong intensity of Ca2ps;, sub band of CaCOj (~346.5eV). This indicates the high
content of CaCOgs in this sample.

X=0

—X=01
X=04

280 282 284 286 288 290 292
Binding energy (eV)

Figure 3.36. Normalized C1s core level XPS spectra of (Lag3Sro.7)1-xCaxC0o.9F€.103
(X=0,0.1,0.4)
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Figure 3.37. Normalized Ca2p core level XPS spectra of (Lag3Sro7)1-xCaxCoooFen103
(X=0,0.1,0.4)

The doublet La3ds;, peak of La,O3; (Figure 3.38) indicates inequivalent La ions
due to different final states: 3d °f ° final state (~833.5 eV), and 3d°f "L final state (~836
eV). It has been shown that the peak intensity of 3d °f "L final state increases when Ca
ions are introduced into the structure. This indicates strong charge transfer from O2p to
La4f orbitals due to structural distortion.

The Sr3d XPS spectra are shown in Figure 3.39. The peaks locating at ~131 and
~133 eV correspond to the 3ds;, sub band of Sr®* surrounded by oxygen vacancies in
SrO;.x sub oxide and of the regular Sr in perovskite lattice (SrO), respectively. The peak
intensity of Sr in SrO1.x sub oxide of X = 0.4 is lower than those of others. This indicates

the low quantity of oxygen vacancy in this sample.
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Figure 3.38. Normalized La3d core level XPS spectra of (Lag3Sro.7)1-xCaxC0ogFe0103
(X=0,0.1,0.4)
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Figure 3.39. Normalized Sr3d core level XPS spectra of (Lag3Sro7)1-xCaxCopgFep103
(X=0,0.1,0.4)

From the O1s XPS spectra, Figure 3.40, the sample with X = 0.4 exhibits strong
peak intensity of adsorbed -OH specie which locates at ~530 eV. This indicates high
quantity of —OH. This specie will block the active Co** and oxygen vacancy sites for
ORR, leading to the decrease of ORR ability of the material [79].
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Figure 3.40. Normalized O1s core level XPS spectra of (Lag3Sro7)1-xCaxC0g9Fe103
(X=0,0.1,0.4)

From the Co2p XPS spectra, the AE values for the samples with X = 0, 0.1 and
0.4 are 15.3, 15.4 and 15.2 eV, respectively. These values indicate the low proportion of
HS Co%". The intensity of Co?* satellite shake up peak decreases with increasing the Ca

content, reflecting to the decrease of HS Co?* amount.
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Figure 3.41. Normalized Co2p core level XPS spectra of
(Lao3Sro.7)1:xCaxCoo oFe0103 (X =0, 0.1, 0.4)
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3.3.5 XAS analyses

3.3.5.1 La M-edge X-ray absorption spectroscopy (La M-edge XAS)

From the La M-edge spectra (Figure 3.42), the sample with X = 0.4 shows the
highest absorption intensity indicating high electron density in La4f orbital due to weak
charge transfer from O2p orbital to La4f orbital. This is consequence of the expansion of
unit cell along c axis in tetragonal structure leading to the long distance between La and
O ions. For X = 0.1, its weak absorption intensity indicates strong charge transfer from
O2p orbital to La4f orbital due to structural distortion. The result is consistent with La3d
XAS result.

X=0

—X=0.1
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Figure 3.42. Normalized La M-edge region X-ray absorption spectra of
(Lao_3sro_7)1.xcaXC00_9FeO_103 (X = O, 01, 04)

3.3.5.2 Co L-edge X-ray absorption spectroscopy (Co L-edge XAS)

From the Co L-edge XAS, Figure 3.43, the highest absorption intensity of X =
0.1 attributes to low electron density in Co3d orbital. This reflects to weak charge
transfer from O2p to Co3d due to the distortion of Co-O-Co bond. On the contrary, the
sample with X = 0 and X = 0.4 show low absorption intensity suggesting high electron
density in Co3d orbital resulted from strong charge transfer from O2p to Co3d due to the
good alignment of Co-O-Co bond. Moreover, the short distance between Co and O ions
along a axis in tetragonal structure is a plausible reason for low absorption intensity of
the sample with X = 0.4
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Figure 3.43. Normalized Co L-edge region X-ray absorption spectra of
(Lao,gsro,7)1-xcaXC00,9Feo,103 (X =0, 0.1, 0.4)

3.3.5.3 O K-edge X-ray absorption spectroscopy (O K-edge XAS)

From the O K-edge XAS (Figure 3.44), feature A corresponds to the transition of
electrons from O1s orbital of lattice O to hybridized OZp-tzg* hole state. This feature is
dominated by HS Co*". Feature B and C relate to the transition of electrons from O1s
orbital of lattice O* hybridized O2p-g, hole state which is influenced by LS Co®*" and IS
Co*", respectively.

For feature B, the sample with X = O illustrates the highest absorption intensity
followed by X = 0.4 and X = 0.1, respectively. This indicates that the content of LS Co®*
is in the following sequence: the sample with X=0>X =0.4> X =0.1.

The sample with X = 0.1 shows the higher intensity of feature A than those of the
sample with X = 0.4 and X = 0, respectively. This reflects the high content of HS Co** in
the seriesof X =0.1>X=05>X=0.

The large proportion of HS Co®* results in the increase in lattice parameter and
electrical conductivity of the sample with X = 0.1 as explained previously in section
3.1.3. Moreover, HS Co*" affects the great oxide ion diffusion through the bulk of
mareial because HS Co® (r = 0.61 A) has larger size than LS Co®* (r = 0.545 A) leading

to weak bond strength between Co and O ions as explained in section 3.1.4. For the
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sample with X = 0.4, LS Co*" is responsible for low electrical conductivity and oxygen
permeation properties.

Feature D associates with the transition of electrons from ois orbital to o
resonance of adsorbed O;". The low absorption intensities of the samples with X = 0.1
and 0.4 correspond to the low content of adsorped O, due to low ORR ability, which
results from the low quantity of oxygen vacancy, and the high quantity of surface —OH
as shown in Sr3d and O1s XPS spectra.

Although the sample with X = 0.1 has low ORR ability, it exhibits high oxygen
permeation. This indicates that the ORR ability is not the important factor for oxygen
permeation. This view is also reported by Diethelm [80] that the oxygen permeation at
the temperature range < 850 °C is more influenced by the oxide ion diffusion than ORR
ability.

Feature E relates to the transition of electrons from O1s orbital of lattice O* to
hybridized O2p-La5d/Sr4d hole state. The absorption intensity of this feature increases
with the Ca content indicating to strong Sr-O and La-O bond covalency and LMCT due
to structural distortion. This result is in agreement with La3d XPS and Co L-edge XAS

results.
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X=04

525 535 545 555
Photon energy (eV)
Figure 3.44. Normalized O K-edge region X-ray absorption spectra of

(Lao_3sr0.7)1_xcaXC00_9F80.103 (X = O, 01, 04)
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From the study of Ca-doped perovskites, electrical conductivity of LSCF can be
improved by doping Ca in the structure. The highest electrical conductivity is observed
on Lag3Sros5Cap2C0oo9Fep103. This sample also shows higher oxygen permeation rate
comparing to LSCF. According to such great properties, Lag3SrosCag2C0goFep 103 is
chosen for improving oxygen permeation in the next study by doping Zn and Mg in the

structure.

3.4 Synthesis and properties of Lag3SrosCaxCog.9.yZnyFep 103

3.4.1 XRD analyses

The XRD spectra of Lag3SrosCaCoogyZnyFeo103 (Y = 0-0.05), Figure 3.45,
indicate pure phase of perovskite structure with primitive cubic form when Y = 0-0.03.
When Y = 0.04-0.05, an impurity phase is observed. The lattice parameter increases with
the Zn content, which corresponds to the changing in oxidation state and/or electronic

configuration of Co cation.
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Figure 3.45. XRD patterns of Lag3SrosCaxCoq.9.yZnyFeg 103 (Y = 0-0.05) sintered at
1,200 °C for 6 hrs
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Table 3.7. Lattice parameters of Lag 3SrosCaCogg.yZnyFep 103 (Y = 0-0.03) perovskites
sintered at 1200 °C for 6 hrs

Ca content “Lattice parameter (A)
Y=0 3.822(9)
Y =0.01 3.822(8)
Y =0.02 3.834(8)
Y =0.03 3.837(2)

*The average lattice parameter is calculated from the diffraction peaks of (110), (111),
(200) and (211) planes.

3.4.2 Electrical conductivity analyses

The electrical conductivity of LSCF and Lag3SrosCaxCogg.yZnyFeg103 (Y = 0-
0.03) is shown in Figure 3.46. The electrical conductivity decreases with increasing the
Zn content. However, the electrical conductivities of Zn-doped perovskites are still
higher than LSCF except Y = 0.03, which the conductivity is equal to that of LSCF. The
electrical conductivity of all perovskites increases with temperature and reaches the

maximum value at 550 — 600 °C.
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Figure 3.46. Electronic conductivities of LSCF and Lag 3Sro5Ca,C0g.9.yZnyFeq 103
(Y =0-0.03)
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Table 3.8. Activation energy (E,) of Lag3SrosCaxCoq.9.yZnyFeg 103 (Y = 0-0.03)

Zn content Ea (kJ/mol)
Y=0 4.0325 (250-600 °C)
Y =0.01 4.1789 (250-600 °C)
Y =0.02 3.7914 (250-600 °C)
Y =0.03 7.3733 (250-600 °C)

3.4.3 Oxygen permeation analyses

The oxygen permeation rates of LSCF and Lag 3Sro5Ca,C0gg.yZnyFeq 103 (Y =0,
0.01, 0.03) discs are shown in Figure 3.47. It has been found that Y = 0.03 shows the
highest oxygen permeation rate. This can be deduced from great oxygen ORR ability and

bulk diffusion due to high unit cell parameter, Co*" and oxygen vacancy contents.

1.2 1
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Figure 3.47. Oxygen permeation rate of LSCF and Lag 3Sro5Ca;C0g9.yZnyFeq 103
(Y =0, 0.01, 0.03)

3.4.4 XPS analyses

From the Cls XPS spectra (Figure 3.48), after introducing Zn ions in the
structure, the peak intensity of -CO3% specie at ~288 eV is increased, which indicates the
high quantity of -CO5>".
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Figure 3.48. Normalized C1s core level XPS spectra of Lag 3SrosCa,C0ogg.yZnyFeq 103
(Y =0,0.01, 0.03)

The Sr3d XPS spectra are shown in Figure 3.49. The peak intensity of Sr
surrounded by oxygen vacancies (~131 eV) of the sample with Y = 0.03 is higher than
those of others, reflecting to the high quantity of oxygen vacancy in this material. On the
contrary, the sample with Y = 0.1 exhibits the lowest peak intensity of Sr surrounded by
oxygen vacancies, which indicates the low content of oxygen vacancy.

From the Co2p XPS spectra, the AE values for the samples with Y = 0, 0.01 and
0.03 are 15.2, 15.2 and 14.9 eV, respectively. These values indicate LS Co**. The
intensity of HS Co?* satellite shake up peak of the sample with Y = 0.01 is lower than

those of others, reflecting to the low content of HS Co*".
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Figure 3.49. Normalized Sr3d core level XPS spectra of
Laol3Sro,5C8.2COo,9_yznyFe(),103 (Y =0, 0.01, 0.03)




77

‘i‘ AE 3 C02+.3+

: 7793 eV

" : Y=0

) : — Y - 0.01
Y=0.03

1 779 eV 7942 eV
)\E/ j:/

779.3 eV 3/794.2 eV

794.1 eV

r T T T T T T T 1 T T T T T T T 1

770 775 780 785 790 795 800 805 810 775 780 785 790 795 800 805 810

Binding energy (eV) Binding energy (eV)

Figure 3.50. Normalized Co2p core level XPS spectra of
LaolgsI’0,5C8.2C00,9.yzny|:60.103 (Y =0, 0.01, 003)

3.4.5 XAS analyses

3.4.5.1 La L-edge X-ray absorption spectroscopy (La L-edge XAS)

The La M-edge spectra (Figure 3.51) relate to the transition of electrons from
La3d to La4f orbitals. The sample with Y = 0.01 shows the highest absorption intensity
indicating low electron density in La4f orbital due to weak due to charge transfer from
O2p to La4f orbitals. This reflects the weak structural distortion of the material. On the
other hand, the sample with Y = 0.03 shows the lowest absorption intensity relating to

high electron density in La4f orbital strong due to structural distortion.
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Figure 3.51. Normalized La L-edge region X-ray absorption spectra of
La0,3Sr0,5Ca2Coo,g_yZnyFeo,103 (Y =0, 0.01, 003)

3.4.5.2 Co L-edge X-ray absorption spectroscopy (Co L-edge XAS)

Co L-edge XAS spectra, Figure 3.52, represent the transition of electrons from
Co2p to Co3d (tzg* and eg*) orbitals. The sample with Y = 0.01 shows the highest
absorption intensity attributing to low electron density in the Co3d orbital.

The first peak (=778 eV) of Co2ps;, sub band relates to the transition of electrons
from Co2p orbital to available tzg* state, which is dominated by HS Co®*" [44]. The
sample with Y = 0.03 shows the strongest intensity of first peak, indicating the high
content of HS Co**. On the other hand, the weakest intensity of first peak observed on

the sample with Y = 0.01 corresponds to the low quantity of HS Co**,
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Figure 3.52. Normalized Co L-edge region X-ray absorption spectra of
Lao,gsro,5CaZCoo,g_yZnyFe0,103 (Y =0, 0.01, 003)

3.4.5.3 O K-edge X-ray absorption spectroscopy (O K-edge XAS)

From the O K-edge XAS (Figure 3.53), feature A represents the transition of
electrons from O1s orbital of lattice O to hybridized OZp-tzg* hole state. This feature is
dominated by HS Co**. Feature B and C associate with the transition of electrons from
O1s orbital of lattice O* to hybridized O2p-g, hole state which is dominated by LS Co®*
and 1S Co*", respectively.

It is clear that the peak intensity of feature B and C of the sample with Y = 0.01 is
higher than those of Y = 0 and Y = 0.03, respectively. This corresponds to the high
quantities of LS Co®* and 1S Co*" the series of Y = 0.01 > Y = 0> Y = 0.03. As reported
in section 3.1.6.3 that Co®* will limit the transition of electrons from O1s to hybridized
OZp-eg* hole state. Therefore, it can be concluded that the quantity of Co®" is in the
following sequence: Y =0.03>Y =0 > Y = 0.01. For feature A, the sample with Y =
0.03 show the highest absorption intensity followed by the sample with Y =0 and Y =
0.01, respectively. This suggests the high content of HS Co** in the series of the sample
withY =0.03>Y =0>Y =0.01.

The high content of IS Co*" is a reason for low unit cell parameter, high electrical
conductivity and low E, value of the sample with Y = 0.01 comparing to the sample with
Y = 0.03, which exhibits the high quantity of HS Co®" leading to the high unit cell
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parameter, low electrical conductivity, high E, value and high oxygen permeation of the
material.

Feature D relates to the transition of electrons from o5 orbital to 6 resonance of
adsorbed O,". The absorption intensity of the sample with Y = 0.03 is higher than those
of others, indicating the high content of adsorped O,". This reflects great ORR ability due
to the high quantities of HS Co®* and oxygen vacancy.

Feature E corresponds to the transition of electrons from O1s orbital of lattice 0%
to hybridized O2p-La5d/Sr4d hole state. The highest absorption intensity observed on
the sample with Y = 0.03 implies strong hybridization between O2p and La5d/Sr4d due
to structural distortion. On the contrary, the sample with Y = 0.01 has the lowest
absorption intensity suggesting weak hybridization between O2p and La5d/Sr4d due to

weak structural distortion. The result agrees well with La M-edge XAS results.
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Figure 3.53. Normalized O K-edge region X-ray absorption spectra of
L&o,gSro,5C3.2C00,9-yZI’1yF80,103 (Y =0, 0.01, 0.03)



3.5 Synthesis and properties of Lag3SrosCag2(C0o.9Feg.1)1-yZnyOs

3.5.1 XRD analyses

The XRD patterns of Lag3SrosCag2(C0oooFeo.1)1-yZnyO3 (Y =0, 0.02, 0.04),
Figure 3.54, illustrate SrColLaQO, impurity phase after doping Zn in the structure.

y Perovskite phase

O SrCoLaOj phase (PDF no. 50-0093)

v
v
Vv
o0
J "u«J‘
it
20 25 30 35 40 45 50 55 60 65 70
2Theta

Figure 3.54. XRD patterns of Lag3SrosCag2(CoogFeq.1)1-yZnyOs (Y =0, 0.02, 0.04)
sintered at 1200 °C for 6 hrs

3.6 Synthesis and properties of Lag3SrosCag2C00.9.yMgyFeq103
3.6.1 XRD analyses
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The XRD patterns of Lag 3SrosCao.2C00.9-yMgyFeq 103 (Y =0 - 0.05) are shown in

Figure 3.55. CoO impurity phase is observed after replacing Co with Mg.
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Figure 3.55. XRD patterns of Lag 3SrosCag 2C00.9-yMgyFe 103 (Y = 0 - 0.05) sintered at
1200 °C for 6 hrs

3.7 Synthesis and properties of Lag3SrosCag 2(Coo.9Feo.1)1-yMgyOs

3.7.1 XRD analyses

The XRD patterns of Lag3SrosCao2(CoogFen1)iyMgyOs (Y = 0, 0.02, 0.04),
Figure 3.56, show CoO and SrColLaQO, impurity phases when Co and Fe are substituted
by Mg.
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Figure 3.56. The XRD patterns of Lag 3SrosCag 2(CogoFeo.1)1-yMgyOs (Y =0, 0.02, 0.04)
sintered at 1200 C for 6 hrs.



CHAPTER IV

CONCLUSIONS

4.1 Conclusions

The following materials: (a) Lag3Sro.7C0¢.9Fe103 (LSCF), (b) Lag3Srg.7-xCax
CopgFep103 (X = 0 - 0.7) and (LapsSros)1xCaxCoooFep10s3 (X = 0 - 0.4), (¢)
Lao.3Sro5Cao.2C0p.9.yZNyFeq 103 and Lag 3SrosCag 2(Coo.oFep.1)1-yZNyO3 (Y = 0 - 0.05), and
(d) Lag.3SrosCap2C00.9-yMgyFeo.1O and Lag3SrosCap2(CoogFeq.1)1-.yMgyOs (Y = 0 - 0.05),
were synthesized by modified citrate method. Phase structure, surface chemistry and
bulk properties were examined by XRD, XPS and XAS, respectively. The conducting
properties were studied for electrical conductivity and oxygen permeation.

LSCF had a primitive cubic phase with ABO3-perovskite structure. The electrical
conductivity of LSCF sintered at 1100 °C exhibited metallic-like behavior whereas
LSCFs sintered at higher temperatures exhibited semiconducting-like behavior. LSCF
sintered at 1200 °C showed the highest oxygen permeation rate, more idealized cubic, a
lot of oxygen vacancies and Co** cations.

Lao 3Sro7-xCaxCoooFen 103 showed pure perovskite structure with primitive cubic
form when X = 0 — 0.5, while (Lag3Sros)1-xCaxCoogFep 103 exhibited pure perovskite
structure with primitive cubic and tetragonal form when X =0 - 0.2 and X = 0.3 — 0.4,
respectively. Doping of Ca in the structure improved electrical conductivity due to the
increase in the quantities of IS Co** and HS Co®". The highest electrical conductivity was
achieved on Lag 3Sro5Cag 2C0g gFe010s3.

Lao3SrosCao 2C0oo9.yZnyFeg 103 exhibited pure perovskite phase with primitive
cubic structure when Y = 0 — 0.03 whereas Lag 3SrosCao.2(CoogFeo 1)1-yZnyO3 exhibited
SrLaCoO,4 and CoO impurity phases. Doping of Zn in the structure decreased electrical

conductivity but increased oxygen permeation because HS Co?***

and oxygen vacancies
were formed. The highest oxygen permeation rate was achieved on Lag 3SrosCag2C0o g7

ZnologFeollo.
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Lag 3SrosCao.2C00.9.yMgyFeq 103 and Lag3sSrosCag 2(CoooFeo.1)1-yMgyO3 showed
CoO and SrLaCoQO, impurity phases when Mg was introduced into the structure.

This work successfully improves electrical conductivity and oxygen permeation
of LSCF by doping Ca®* and Zn**, respectively. Lag3SrosCag2C00.87ZNg03Fe010 is a
good candidate for cathode material in SOFC because of its high electrical conductivity
and oxygen permeation.

4.2 Suggestion

1) Sr, Fe, Ca, Mg and Zn should be characterized by XAS in order to obtain more details
about oxidation state, electronic configuration, structural distortion and oxygen vacancy
of the material.

2) The compatibility with electrolytes, and cell performance of (Lag 3Sro5)0.9Ca0.1C00.9
Fep.103 and Lag 3Sro5Cap 2C00.87ZN0.03F€0.10 should be tested because these samples show

good properties in both electrical conductivity and oxygen permeation.
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APPENDIX A

lonic radii of some metal ions

Table A.1 lonic charge, coordination number, and ionic radii of concerned metal ions
[37].

Metal ion lonic charge Coordination No. lonic radius (A)
La 3+ 12 1.36
Sr 2+ 12 1.44
Ca 2+ 12 1.34
Co 2+ (HS) 6 0.745

2+ (LS) 0.65

3+ (HS) 0.61

3+ (LS) 0.545

4+ (HS) 0.53

Fe 2+ (HS) 6 0.78
2+ (LS) 0.61

3+ (HS) 0.645

3+ (LS) 0.55

4+ 0.585

Zn 2+ 6 0.74
Mg 2+ 6 0.72

HS = High spin configuration, LS = Low spin configuration
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Activation energy (Ea)
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Arrhenius equation (B.1) is shown below. The plot of IncT versus 1000/T(K) gives a

straight line, whose slope can be used to determine the E, of small polaron conduction.

o = (AIT)el =R
In (cT) = In A elERT)
In (6T) = In etF¥RD 4+ In A (B.1)
In (cT) = (-E4/R) (1000/T) + In A

oW,

y slope X Intercepty axis

-E4/R = Slope of the linear
Ea=-slope xR

Where A = material constant including the carrier concentration term

o = specific conductivity (S/cm)

E. = activation energy (kJ/mol)

T = temperature (K)
R = gas constant = 8.314472 J/K.mol
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