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The properties of LaCaNii.,Co/(Ga, TiyOuss (x = 0.0-1.0, y = 0.1-0.2,
z = 0.00-0.1, 0.2) cathode materials for solid oxide fuel cell were studied. It was
found that the KNiF;-type perovskite structure synthesized by the modified citrate
method was obtained from bNdi;.,C0,0O4+s (y = 0.1-0.2) calcined and sintered at
1200°Cand 1300°C, respectively, for 6 hrs. The highest oxygen permeation rate
was obtained from the kMigg¢C0y104+s for 0.78 pmol/s.CI?n at 1000°C. The
electrical conductivity of LaNio.¢C0y 104+ increased with the doping of €don
in La®* site for La.,CaNipoC 104+ (x = 0.0-1.0). However, the single phase of
K2NiF4-type structure was only achieved when x = 0.5. The electrical conductivity
of the La sCaysNig.gCp 10445 reached the maximum value of 106.3 S/cm at 800°C
and the oxygen permeation rate was 0.48 pmolfsami000°C. The addition of
Ga’*and Tf* ions on LasCasNigsCp1(Ga, Ti),Ous (z = 0.00-0.1, 0.2) was
investigated. For Gaion addition, all of compositions showed the single phase of
KoNiF4-type structure. The highest oxygen permeation rate was obtained for 0.49
pumol/s.cnf at 1000°C on GA ion doping of z = 0.01, while the electrical
conductivity was decreased to 60.12 S/cm at 800°C. Additionally, the addition of
Ti** ion with z = 0.01-0.05 showed the single phase MiR,-type structure. The
oxygen permeation rate and the electrical conductivity were tentatively decreased

with an increase of tiion.
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CHAPTER |

INTRODUCTION

1.1Background

Fuel cell is developed as an intermediate-term power source for
atmospheric applications. A fuel cell is similar to a battery in that it converts the
chemical energy of a fuel directly into D.C. electricity. However, unlike a battery, it
does not down in energy and have to be recharged. It keeps producing electricity as
long as the fuel is supplied. The fuel cell can be called “the gas battery”. A typical
fuel gas is hydrogen or a hydrogen mixture and an oxidant.

A fuel cell also finds applications as an auxiliary power source for orbit
transfer vehicles in space lasting for a few days to a few weeks. The regenerative fuel
cell integrated with an electrolyzer unit presents an attractive mass saving for large
energy storage. In the fuel cell, hydrogen and oxygen are combined to produce
electricity and water. The energy conversion is direct from chemical to electrical. It
skips the usual combustion step of conventional power systems and converts a high
percentage of the fuel's available free chemical energy directly into electricity. The
fuel cell efficiency, therefore, can be about twice that of the thermodynamic
converter. It is as high as 75-80% in solid metal oxide fuel cells developed for ground
base power plants. Its superior reliability is an additional benefit over thermodynamic
power generators [1]. Indeed, the advantages of solid oxide fuel cell (SOFC) are as
consequence of; (i) the high operating temperature (600-900°C), allowing the use of
non-precious metal electrocatalysts, heat recovery and the superior ionic conductivity
of the different components; (ii) the fact that the cell consists of assembled solid
ceramic components; (iilhigh energy conversion efficiency; (iviho emission of
pollutant by CO; (v) high stability; and (vi) flexibility in fuel [2]. The cathode
materials of SOFCs should have high-electronic and ionic conductivity, thermal and
chemical compatibilities with the electrolyte. The development of new material in

oxygen permeation, thermal compatibilities and long term stability is also important



for applications [3]. Therefore, the interest is currently being expressed in mixed
electronic and ionic conductors (MIECs) of oxide materials, such as perovskite
(ABO3) and KNiF-type structure (ABO,) with high conductivities [4].

1.2 Literature reviews

Perovskite and related oxides have been extensively studied for solid oxide
fuel cell (SOFC). The perovskite-type oxides such as perovskite {ABW@ KNiF,
(A2BOg) are of interest materials for using SOFC cathodeBQA oxide with the
KoNiF4-type structure, represented by a combination of the Ai@ovskite and the
AO rock-salt layers which are arranged one upon the other, have better performance
in thermochemical stability, oxygen permeation flux and thermal expansion compared
with the ABG;-type structure. In addition, recent studies on mixed conductors [3]
indicated that the WiF,-typed structure have promising properties at intermediate
opegation temperatures due to their high ionic conduction and their high
electricatalytic activity.

In 2000, Ishiharaet al. [5] studied properties of Fe-, Co-, Ni-doped LaGaO
oxides by a conventional solid state reaction technique. These LaGa@es
exhibited low electronic conductivity but high oxide ion conductivity. However, the
electrical conductivity strongly depended on the type of dopant in the Ga site of
LaGaQ. It was evident that the electrical conductivity was increased by the dopant in
the following order, Co>Ni>Fe. Co dopant for a LaGd@sed oxide gave the
highest electrical conductivity whereas the Ni-doped sample gave the highest oxygen
permeation rate. Therefore, Co- and Ni-doped La&d@3ed oxides seem to have a
mixed electronic hole and be an oxide-ionic conductor.

In 2003, Daroukhet al. [6] reported that the thermochemical stability of
A,BO, oxides (AxA'xBO4, A =La, A'=Sr, B = Mn, Fe, Co, Ni) was higher than that
of the perovskite AB@ oxides, and the thermal expansion ofB®, oxides was
generally lower than that of the ABOxides with comparable cationic compositions.
This implies that ABO,oxides are very likely to be new type of cathode mialtefor
IT-SOFCs [7].

In 2003, Mori et al. [8] studied thermal and electrical conductivity of
Lag 6AE0.4MNO3 perovskite (AE = Ca, Sr). The thermal expansion coefficient (TEC)



of LapsCa.sMnO; was lower than that of k@S MnO; in the temperature range
from 50-1000°C. Electrical conductivity of the dense membranes@CbBaMnO;
was higher than that of bgSK/MnOsz at 1000°C. LgCaMnOs; showed
electrochemical compatibility with the YSZ electrolyte greater than the
Lag 6Srh.4aMnO3 materials.

In 2006, Ding et al [9] studied the effect of cation substitution on the sintering
characteristics and thermal expansion properties @d4E),1sCrO; (AE = Mg, Ca,

Sr). It was found that the densities of sintered bodies increased with increased
sintering temperatures. Ca-doped Lagsample showed better sintering ability than

Sr- and Mg-doped samples. The thermal expansion coefficiency achiever of Ca-
doped, the strength of the interatomic bonds increases, which causes less thermal
expansion.

In 2007, Burrielet al. [10] studied on the LiNiO4.s family, where Ln = La,

Pr, Nd, Sm and found that kdiO,.s is the parent of a new important family of mixed
conductors for intermediate temperature application. It has relatively large oxygen
permeation, low thermal expansion as well as the high chemical stability but low
electrical conductivity.

In 2007, Qing Xuet al. [11] studied electrical conductivity and thermal
expansion properties of bBESIHhCoFegOs (Ln = La, Pr, Nd, Sm) perovskite
ceramics prepared from a glycine-nitrate process. The electrical conductivity of
sample in mixed conducting perovskite originates from the B-O-B electrical transport,
highly depending on the overlap of the oxygen 2p orbitals with the transitional metal
3d orbitals. The decrease of average cationic radius of the A-site cations induces a
titing and rotation of the Bgoctahedra to accommodate the extra space around the
A-site. This occurrence reduces the B-O-B bond angle, which is unfavorable for the
orbital overlap and consequently the B-O-B electrical transport. The thermal
expansion coefficient (TEC) can be explained in term of chemically induced lattice
expansion due to oxygen loss and formation of oxygen vacancies. The average TEC
values in low temperature of bgSrCoFeysOs ceramics tends to reduce with
decreasing the size of the lanthanide cation, conversely TEC values in high

temperature (600-1000°C) result in an increase in thermal expansion.



In 2007, Rizeet al. [12] studied the influence of A-site and B-site doping on
the properties of the L&00y+; system. The LaSrGeMo 04+ (M = Co, Fe, Mn, Ni)
and La 4Sr.6CysMo 504+ (M = Co, Ni) compounds were prepared and characterized
in order to elucidate the influence of Sr-doping on A-site as well as the doping of
transition metal on B-site of the mixed conductos@@Oy.;. The decreasing content
of Sr in A-site made the unit cell volume increased and Ni-doping on B-site metals
reduced the volume of unit cell because the size of B-site cation affects the length of
the B-O bond. Compounds containing minimal unit cell volume and short length of
the B-O bond have low loss of oxygen in the lattice. Therefore, the electrical
conductivity increases and thermal expansion coefficient decreases.

In 2007, Leeet al. [13] investigated the effect of Mcation doping on thermal
expansion coefficient (TEC) and electrical conductivity of the §h 4Cop sMo 2035
(M =Ti, Cr, Mn, Fe, Co and Cu). When increasing temperature, the oxygen loss form
lattice result to an increase in the thermal stability and bond strength and decrease in
the metal-oxygen (M-O) covalency. For *“Tiions are much stable at high
temperatures. The replacement of Tons leads to a decrease in TEC, becau$e Ti
was investigate with the prevent of oxygen loss in lattice, implying that the M-O bond
strength increases on“*Tiand decreases in the transfer gap between the metal 3d
orbital and oxygen 2p orbital bands leading to an increased electrical conductivity.

In 2008, Ishihara&t al. [14] investigated the oxygen permeation by varying Ga
concentrations. It was found that cation excess composition i gR4C Uy 25G &y 0504
achieved the highest oxygen permeation in air, but doping small amount of excess Ga
decreased total conductivity in 2RIy 7sClp 2504. Since the oxygen permeation rate
was much improved by doping excess amount of Ga, the oxygen permeation in the
material was controlled by oxide ion conductivity and electrical hole conductivity was
much higher than that of the oxide ion conduction. In addition, the doping extra Ga
may be introduced at the vacancy site of Ni ipNKD4 or interstitial site. Doping
excess Ga gave the large free volume in the rock-salt blockMi@®; the interstitial
oxygen and excess cation may be introduced into the rock-salt block, which could be
improved the high oxygen permeation rate in this Ga excesgNinRr

In 2009, Zhangt al. [15] studied electrical conductivity of doped lanthanum
manganese chromites based perovskitg;A@sCrosMnp 035 (LACM, A = Ca, Sr,



Ba). The microstructure of LCM depended strongly on the A-site doping. The Ca-
dopal LCM (LCCM) gave the dense microstructure with few isolated pores and the
bulk density higher than Ba- and Sr-doped in LCM. The highest electrical
conductivity was obtained on LCCM. The much lower electrical conductivity of Ba-
and Sr-doped LCM were most likely due to the formation of the secondary phase,

poor microstructure and the lower density.

1.3 Objective of this study

The objectives of this study are as follows:

1. To synthesize LaCaNii,Co(Ga, Ti}Oss (X =0.0-1.0, y = 0.0-0.9,
z=0.01-0.1, 0.2) with the fiF4-type structure.

2. To prepare dense membrane and characterize the structure by XRD and
surface morphology by SEM.

3. To study properties of synthesized materials such as electrical conductivity,

oxygen permeation and thermal expansion coefficient property.
1.4 The scope of this study

Firstly, LaNi;,C0,0O4:5 (y = 0.1-0.9) were synthesized by modified citrate
method. The samples were characterized for thdifK-type structure by XRD and
for surface morphology by SEM. The property of samples were investigated for
electrical conductivity and thermal expansions coefficiency. The sample with the
highest oxygen permeation is chosen for further study.

Secondly, C# ions is introduced in to the in A-site to obtain
Lap«CaNii1yC00Oss (x = 0.1-1.0, y = 0.1-0.2). The synthesized samples were
characterized for the single phaseNi--type structure by XRD and for surface
morphology by SEM. The property of samples were investigated for oxygen
permeation, thermal expansion coefficiency. The sample with the highest electrical
conductivity is chosen for further study.

Lastly, G&" and Tf*ion doped non-stoichiometry was introduced to obtain
LapxCaNi1yCoy(Ga, Ti}Os+s (X =0.5,y = 0.1 and z = 0.01-0.1, 0.2). The synthesized
samples were characterized for single phageiR,-type structure by XRD and for



surface morphology by SEM. The properties of samples were investigated for

electrical conductivity, thermal expansion coefficiency.



CHAPTER I

THEORY

2.1Fuel cells

A fuel cell is an energy conversion device that coverts the chemical energy of
a fuel gas directly to electrical and heat, giving much higher conversion efficiencies
than conventional thermomechanical methods. The operating principles of fuel cells
are similar to those of batteries, i.e. electrochemical combination of reactants to
generate electricity, a combination made of gaseous fuel (hydrogen) and an oxidant
gas (oxygen from air) through electrodes and via an ion conducting electrolyte. A fuel
cell operates as long as both fuel and oxidant are supplied to the electrodes and it also

exerts on the surrounding environment.

2.1.1 Types of fuel cells

Fuel cells are generally classified by the chemical characteristics of the
electrolyte used as the ionic conductor in the cell, as summarized in Table 2.1. The
five types are catagorized by their operating temperature, their electrical generating
efficiencies, and their abilities to utilize methane [16].

There are also other types of fuel cell which are less employed, but
may later find a specific application. Examples are the air cells, sodium amalgam
cells, biochemical fuel cells, inorganic cells, regenerative cells, alkali metal-halogen

cells, etc.



Table 2.1. Types of fuel cells [17].

Photon )
) Phosphoric Molten _ _
Alkaline exchange _ Solid oxide
acid fuel carbonate
Type fuel cell | membrane) fuel cell
cell fuel cell
(AFC) fuel cell (SOFC)
(PAFC) (MCFC)
(PEMFC)
potassium phosphoric molten _
Electrolyte _ polymer . oxide
hydroxide acid carbonate
Charge
_ OH H* H* COy o
carrier
Operating
50-200 50-80 160 - 210 630 - 750 600-100
temp.(°C)
Ho, hydrocarbon,
Fuel H H,, alcohol | H, methanol
alcohol H,, CO
Efficiency
50-55 40-50 40-50 50- 60 50 - 60
(%)
o mobile mobile _ _ stationary
Application _ _ stationary stationary _
space ship| vehicle mobile

specialized applications. By far the greatest research interest throughout has focused
on proton exchange membrane (PEM) and solid oxide fuel cell (SOFC) stacks. PEMs
are well advanced type of fuel cell that are appropriated for cars and mass
transportation. SOFC technology is the most interesting and is developed to high
power generating station. The efficiency of SOFC is resulted from the flexibility of
fuel such as carbon-based fuels, natural gas. The high operating temperature of
SOFCs produces high quality heat by product which can be used for co-generation, or

for use in combined cycle applications. Additionally SOFCs do not have problems

with electrolyte management.

Present materials science has made the fuel cells a reality in some




2.1.2 Solid oxide fuel cell

Solid oxide fuel cells (SOFC) have recently emerged as a serious high
temperature fuel cell technology. They promise to be extremely useful in large, high-
power applications such as full-scale industrial stations and large-scale electricity-
generating stations. Some SOFCs are being used in motor vehicles. A SOFC system
usually comprises of a solid ceramic as the electrolyte and operates at high
temperatures (600-1000°C). This operating temperature allows internal reforming,
promotes rapid electrocatalysis with non-precious metals, and produces high quality
by product heat for co-generation. Efficiency of the cell can be increase up to 70%
and providing 20% as heat recovery. SOFCs are hd@stidor provision of power in
utility applications due to the significant time required to increase the operating
temperatures.

During operating, hydrogen fuel is fed onto the anode of the fuel cell
and oxygen from the air, enters the cell through the cathode. By burning fuel
containing hydrogen on one side of the electrolyte, the concentration of oxygen is
dramatically reduced. The electrode on this side will allow oxygen ions to leave the
electrolyte and react with the fuel which is oxidised, thereby releasing electrpns (e
On the other side of the plate exposed to air, an oxygen concentration gradient is
created across the electrolyte, which attracts oxygen ions from the air side, or cathode,
to the fuel side, or anode. If there is an electrical connection between the cathode and
the anode, this allows electrons to flow from the anode to the cathode. Whereas a
continuous supply of oxygen ions{{for the electrolyte is maintained, oxygen ions
from the cathode to the anode maintain the overall electrical charge balance, thereby
generating useful electrical power from the combustion of the fuel. The only

byproduct of this process is a pure watefgHand heat, as shown in Figure 2.1.
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Figure 2.1 Schematidiagram showing the mechanism of a solid oxide fuel cell [18].

The SOFC reactions at each electrode are described as follows:

Anode reaction: 2b+ 207 => 2HO0 + 4e (2.1)
Cathode reaction: O 46 = 20 (2.2)
Overall cell reaction: 2H+ O, = 2HO0 (2.3)

The efficiency in generating electricity is among the highest of the fuel
cells at about 60%. Furthermore, the high operating temperature allows cogeneration
applications to create high-pressure steam that can be used in many applications.
Combining a high—temperature fuel cell with a turbine into a hybrid fuel cell further
increases the overall efficiency of generating electricity with a potential of an
efficiency of more than 70%.

2.1.3 Materials for SOFC

Once the molecular oxygen has been converted to oxygen ions, it must
migrate through the electrolyte to the fuel side of the cell. For such migration, the
electrolyte possesses high ionic conductivity and no electrical conductivity. The
electrolyte must be fully dense to prevent short circuiting of gases through it. It should
also be as thin as possible to minimize resistive loss in the cell. As with the other

materials, it must be chemically, thermally and structurally stable across a wide
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temperature range. For oxygen ion conductors, current flow occurs by the movement
of oxide ions through the crystal lattice. This movement is owing to thermally
activated hopping of the oxygen ion moving from crystal lattice site to crystal lattice
site, with a superimposed drift in the direction of the electric field.

- Cathode (Air Electrode) and Anode (H/CO Electrode)
The cathode shows oxidation atmosphere where oxygen molecules
are reduced to oxygen ions. At high temperature, it is particularly strong oxidizing
environment, which made it not possible to use lower coat metal but favor the use of
noble metal, semi-conducting oxides, or conducting oxides. The anode shows the
reducing environment of the fuel gas and it allows for the use of a range of metals.
Porous nickel has been the most widely employed anode materials. SOFC electrodes
must meet the following requirements [2,19,20].
1. High electronic conductivity
2. Minimal inter-diffusion with adjacent materials
3. Chemical and mechanical stability (at 600-1000°C in oxidizing
condition for the cathode and in highly reacting conditions for
the anode)
4. Thermal expansion coefficient that matches that of electrolyte
5. Sufficient porosity to facilitate transport ob@om the gas

phase to the electrolyte

- Electrolyte
The current transfer in solid electrolyte involves the movement of
oxygen ions (@) vacancies. A criteria to select an electrolyte is its ionic
conductivity, which is temperature dependent. Ceramic ion conducting electrolytes
are available for operating over a wide rang of temperature from 450-1000°C. Basic
dependent for a solid oxide electrolyte is [2,19,21]:
1. Free of porosity
High oxygen ion conductivity
Very low electronic conductivity
Phase stability

a kb 0N

Chemically stable at high temperatures



6.
7.
8.

12

Chemically stable in reducing and oxidizing environments
Thermal expansion that matches electrodes

Compatibility with electrode and interconnect materials

- Interconnect (between Cathode and Anode)

The interconnect material is used to electrically connect the anodes

and cathode of stacked cell in series. Interconnect materials range from high cost

ceramic materials to low coat stainless steel depending mainly on the SOFC operating

temperature [22]. The requirements of interconnect materials are [19,20]:

A

o

High density with no open porosity

High electronic conductivity and negligible ionic conductivity
Stable in both oxidizing and reducing atmospheres
Chemical and thermal expansion compatibility with other
component

Stable under multiple chemical gas streams

6. Absence of mass transport effects in the presence of chemical

gradients that may lead the formation of voids or contact
resistances

No time-dependent phase changes or re-crystallization between
25-1000°C

2.2 Operating regimes and typical SOFC components

Based on the behavior of ceramic electrolyte material and properties

of the interconnect materials, three operating temperature regimes can be achieved as

high temperature (>800°C), intermediate temperature (600-800°C) and Ilow

temperature (400-600°C). The operating temperature will also be classified by

features such as possibility of internal fuel reforming, the possibility in operating in

conjunction with gas and steam turbines and the type of balance of plant equipment

required. Table 2.2 shows some typical materials used in SOFC at different operating

temperature.
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Table 2.2. Potential SOFC components at operating temperatures [23].

>800°C 600-800°C 400-600°C
Electrolyte Y doped ZrQ -Y or Sm doped Zr@| Gd or Y or Sm doped
- Ceria-based CeG

- Sr or Mg doped
LaGaQ : Composite
electrolytes (ceria-

and zirconia-based

layers)
Cathode La;.,SrMNnO3 Lay..SrMn;.,Co,O5 -LaySrCo,.,Fg0;
(LSM) (LSMC) (LSCF) used with

(diffusion barrier CeO.:
required between -La,.,CaCoy.,Fg0s
cathode and YSZ (LCCF) used with

electrolyte) CeO:
- SmM.SKLCoO;
(SSC) used with
LaGaQ
Anode Ni-ZrO,(-Y ,05) Ni-ZrO,(-Y ,05) Ni-ZrO,(-Y ,05)
Oxide materials
Interconnect Ca or Mg doped Special metallic or | Stainless steel
LaCrG cermet bipolar plate:| pipolar plate

stainless steel
(700°C) bipolar plate

2.2.1 High temperature operating regime (>800°C)

Most research efforts up to date have investigated the high temperature
SOFCs and a number of stack systems have developed at different stages of testing
and demonstration. An advantage of the high temperature operating regimes is that
internal reforming can occur spontaneously. Operating temperature above 800°C
requires costly materials. Common problems are voltage degradation due to electrode
sintering and interfacial reaction and mechanical stress due to differential shrinkage

and internal expansion. Also, high temperature sealing is a challenging problem in
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planar SOFCs. Typically, suitable materials for high temperature operation are YSZ
electrolyte, strontium doped lanthanum maganate (LSM) cathodes and Ni-cermet
anode [20,24].

2.2.2 Intermediate-temperature operating regime (600-800°C)

SOFCs operating at intermediate and low temperature regimes are at
less developed stage than the high temperature one, however much interests in lower
operating temperatures have gained importance more recently mainly as a means to
reduce costs. Cell and system costs at these operating temperature can be greatly
reduced compared to high temperature operation because of the use of low cost
materials (e.g. stainless steel bipolar plate instead of ceramic interconnects) [25,26].
Lower temperatures may possibly lead to longer lifetimes and less complicated and
costly designs. In addition, the temperature range considered is suitable for operation
in combination with steam turbines.

In term of material selection for operating temperatures between 600-
800°C, the conventional 8 mol% ,¥s-ZrO, electrolytes is replaced by either
Cep.dGh.101.95 (GDC 10 mol%) or LgeSrh1Gay sMgo 202 (LSGM) [25]. Ceria-based
solid solution have been regarded as the most promising electrolytes in the
intermediate temperature fuel cell system [26] due to the ionic conductivity of ceria-
based is higher than of yttria-stabiliized zirconia at this temperature range. The ceria-
based materials have ionic conductivity at 0.1-1.0 S/cm [27]. Strontium and
manganese doped lanthanum-cobaltate (LSMC) showed a thermal expansion
compatible with that of YSZ electrolyte and Ni-cermet appears as the most likely
choice for the anode as it offers suitable electrochemical and thermo-mechanical
properties and has a moderate cost.

One of the major problems encountered today to develop intermediate
temperature solid fuel cells (IT-SOFC) is the large cathode overpotential caused by
the reduced operation temperature. Mixed ionic and electronic conductors (MIECSs)
have been widely studied as cathodes for IT-SOFC. The electrical overpotential on
the MIEC oxide cathode presents a combined activation barrier of many underlying
transport processes that contributes significantly to the total energy loss, particularly
at low operating temperature. Therefore, it is very important to understand the
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knowledge on the mechanism and kinetics of the oxygen exchange with MIEC to
improve the development of cathode materials for this technology. The elementary
steps in the cathodic oxygen reduction reaction on a mixed conducting electrode
material can be resumed as follows [29].

1. Diffusion of O, molecules in the gas phase to the electrode

2. Adsorption of Q on the surface of the electrode

3. Dissociation of molecular into atomic oxygen species

4. Charge transfer from the electrode to oxygen species before or after

dissociation

o

Incorporation of oxide ions in the crystal lattice of the electrode
6. Bulk transportaton of © ions through the electrode to the
electrode/electrolyte interface

7. Transportation of ®ions across the electrode/electrolyte interface

2.2.3 low-temperature operating regime (400-600°C)

Operation further reductions at lower temperature (400-600°C) give
rise to further reductions in materials and design costs and creates opportunities for
markets other than stationary power generation (e.g. transport). Low cost metals and
metal fabrication techniques can be employed and gas sealing problems are easier to
overcome [27]. Also, cheaper materials can be used for the balance of plant
equipment including heat exchangers, pumps etc. Longer lifetime are likely to result
from lower operating temperatures and contributing to the economic viability of fuel
cell stack. The upper temperature range of 600-700°C is also suitable for indirect
internal reforming of methane although direct internal reforming will take place at
600°C. Candidate materials suitable for electrolyte at lower operating temperature
include CeQ@ and LaGa®@based materials. Previous investigation showed ,CeO
based electrolyte had power densities comparable to those of zirconia-based systems
[25] towards the upper end of the temperature range (700°C) and a good thermal
expansion match with ferritic stainless steels. For electrode materials, strontium and
cobalt doped lanthanum ferrate (LSCF) is a suitable cathode material for used with
ceria-based electrolyte for operation at high temperature close to 700°C. Other
interesting candidate for cathode is strontium doped samarium-cobaltate (SSC)
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[28,30]. Ni-cermet has been the most commonly used as anode material so far,
however its use in the this temperature range may cause problems such as the
formation of carbon deposits and NiO formation which may reduce the cell
performance [27].

2.3 Perovskite and K;NiF4 — type structure

(xide groups consisting of two more different cations are called complex
or mixed oxides and many types of structures are different from those of the simple
oxides. In some special cases, oxide consisting of a single cation in different oxidation
states are also classified as mixed oxides. For exampl®, Emixed oxide consists
of Eu(lll) and Eu(ll) in 6- or 8- coordination, respectively. However, the most typical
structure of a mixed oxide consists simply of two or more different cations with
different oxidation states, ionic radii, and coordination numbers. This diversity which
comes from the complexity of these structures, results in a larger number of different
properties as compared to those of simple oxide. One of the most well known and
important complex oxide structures is the perovskite structure AB@e structure
of such oxides displays the most interesting complexity. Because the A and B ions in
this structure are close in size, oxide of this type are typical examples of the versatility
of mixed oxides. In the ideal case, one six fold-coordinated ion occupies the A site
and another six fold-coordinated cation occupies the B site; however in some cases
mixing of cations on A and B site ion occurs [31]. Therefore a unique feature of
mixed oxide compounds is the display of a variety of properties that are partially the
result of the variety of the structures. In particular among mixed oxides the perovskite

oxides are well known for displaying a multitude of structures and properties.
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2.3.1 Crystal structure

- ABOs-type

Perovskite oxides comprise large families among the structures of
oxide compounds and several perovskite-related structures are currently recognized.
Typical structures consist of large sized 12 coordinated cations at the A site and small
sized 6 coordinated cations at the B site. Several complex halides, sulfides and oxides
have a perovskite structure. In particular (Mg,Fe}20OCasSiqQ is thought to be the
predominant compound in the geosphere [32,33]. Perovskite compounds with
different combinations of charged cations in the A and B sites, e.g. 1+5, 2+4 and 3+3,
have been discovered. In addition many AROmpounds crystallize in polymorphic
structures which show only a small distortion from the most symmetrical form of the
perovskite structure. The ideal structure of perovskite is illustrated in Figure 2.2.

Figure 2.2 ABG; perovskite structure [34].

The partial substitution of cations in the ABferovskite structure
by cations with a lower valence either leads to formation of oxygen vacancies or to
charge compensation by electronic charge carriers. The ratio of the ionic to electronic
conductivity may vary markedly and in a complex manner with temperature, oxygen
activity and dopants. The nature and extent of oxygen non-stoichiometry greatly
affects the level of ionic conductivity, requiring judicious choice of the substituting
ions. Large numbers of disordered oxygen vacancies at elevated temperatures may
lead to the onset of high ionic conductivity. There are many investigations on the

composition—property relationship of AB@ype oxides with A = Ln (Lanthanides),
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Ca, Sr, Ba; B= Cr, Mn, Fe, Co, Ni, Ga, In, with mixed occupation of the A- and B-

sublattices.

- ABOg4-type
The structure of the Ruddlesden—Popper-type phagais shown
in Figure 2.3.

 Perovkite

»  Rock salt

' Peroviate

v Rock zalt

v Perovkite

Figure 2.3 ABO, — type structure [35].

A,BO, oxides with the perovskite-relatedMiF;- type structure are
less intensively investigated. Recent results on lanthanum cobaltites and nickelates
indicated enhanced chemical stability and moderate thermal expansion. Compounds
with formula ABO, generally have the tetragonajNF, structure when the radius
of the A cation is 1.0 €a < 1.9 A®, the radius of the B cation is 0.5x< 1.2 A°.
The larger A cation has nine-fold coordination and the smaller B cation has octahedral
coordination. This structure can be described as containing alternate layering of
perovskite (ABQ) and rock salt (AO) units [36]. It contairis excess interstitial
oxygen defects (0 ions) per formula unit located between the paired A€k salt

bilayers that alternate with the AB@yers [35]. These oxides §BO,), as well as
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perovskite (ABQ), have a well-defined bulk structure and the composition of cations
a both A and B sites can be variously changed without destroying the matrix
structure, they therefore can be very useful as model systems to investigate the
relationships between solid-state properties and catalytic performance of catalyst.

2.3.2 Tolerance factors in AB@and A,BO,4

In the ideal structure of ABOand ABO,, the larger A site cations
locate at the corners of the cube, the B site ions at the body center, and the oxygen
ions at the centers of the faces. The A-site ion of structure is coordinated by twelve
oxygen ions whereas the ion located at the B site has sixfold coordination. The
structure can withstand wide variations of the elements at the A and B sites.

The stability of the structures is frequently defined by Goldschmidt in
terms of the tolerance factot,, in Equation 2.4. Where, , s, andr, are the ionic
radii of A, B and O ions, respectively [37]. The relationship between ionic radii in the
ABOj3; and ABO, structure can be illustrated in Figure 2.4.

t= (rA + ro) (2_4)
V2(rg +10)
rB/+ lo i
ra+rIo ( \ .
A o N A cation
| ( -

\
_
-

/‘

T é T Q B cation

® Oxygen atom

Figure 2.4 The relationship between symmetry and ionic radii in the perovskite.
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For the stability of AB@type structure, thé values are defined for
0.77 <t < 1.00 [35]. Designing close to unity leads to higher symmetry and smaller
unity cell volumes [36]. The perfect cubic close packing structurel| is achieved
when the A-site cation has the same size as the oxygen ion (1.40A°) and the B-site
cations are located in the octahedral holes formed only by oxygen [37]. In a perfect
cubic perovskite structure, the B-O-B chains are linear, i.e. the bond angle of 180°.
Deviation from cubic symmetry results in tilting of the 80Octahedra, therefore,
reducing B-O-B bond angles. For> 1 the hexagonal structures tend to be stable
whereas fot <1 the lattice structure changes from cubic to rhrombaiend then to
orthorhombic [38].

Stable ABO,-type structures, an ideal matching between the A cation
and one layer of linked B§octahedra, occur far = 1 and the structural form is
tetragonal with the space group 14/mmm. In the range=010.8-0.9, the distorted
structure may show orthorhombic, rhombohedral, tetragonal, monoclinic and triclinic
asymmetry at room temperature but it transforms to the cubic structure at ambient
temperature. Ganguly and Rao et al. [32] proposed thBOA compounds with the t
value near the lower limit e.g.= 0.85, exhibit superlattice reflection lines in their
diffraction patterns associated with a rotation ofsB0Gtahedra around theaxis or a
tilting of BOg octahedra [39].

2.3.3 Roperties of structure

- Mixed ionic-electronic conductors

The perovkite oxides exhibit high oxygen ion conductivity due to
the high oxygen vacancy concentration in the structure aarfiigh electronic
condutivity due to the mixed-valence state. For example858B0Os.; [40], when
the B ions can take a mixed-valence state, charge neutrality is maintained by both the
formation of oxygen vacancies and a change in the valence state of the B ions. The
concentration of oxygen vacancies can also be increased by mild B-site ion
substitution, such as Cu and Ni ions which naturally take the divalent oxidation state
[41]. If valence state of the B ions is fixed, neutrality is maintained only by the
formation of oxygen vacancies. The oxides may be predominantly ionic conductors.
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- Electrical properties
The electrical conductivity of perovskites also shows wide variations.

Several compounds have been used for their dielectric properties, while others show
metallic conductivity, although most are semiconductors. As other compounds, the
electrical behavior in perovskites depends on the outermost electrons, which may be
localized at specific atomic sites or may be collective. Since localized electrons may
carry a spontaneous moment, there is a strong correlation between the electrical and
magnetic properties of perovskites. Rare-earth perovskites containing transition ions
show widely differing electrical properties. The electrical properties of perovskites
have aroused special interest since the discovery in 1986 of superconductivity at 40 K
in cuprates. These cuprates are whole superconductors, exhibiting a mixed valence of
copper C&'—Cu**. Among these, the exception is Ce—dopedQu,, with Tc close
to 25 K, which belongs to a different structural type and is an electron
superconductor. All these compounds have a common feature, the two-dimensional
character of the structure, which has been shown to be an important factor for the
existence of superconductivity at high temperature [42].

The electrical conductivity of perovskite waeasured using DC 4-

probe or “Kelvin” measurement as illustrated in Figure 2.5.

Figure 2.5 DC 4-probe method.

The measurement method includes a forced current, 1, through the
outer wires 1 and 4 and a measurement of the voltage drop over wire 2 and 3, using a
very high ohmic measurement device, so that the current flowing through wire 2 and
3 nearly zero. In that case the individual, additional contact resistance does not play a
role as it cancels out of the equation. To study the behavior of the structure an I/V

curve is generated, typically in thé to the mA range. If the graph shows a straight
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line, the structure behaves as an Ohmic resistor. If assume that the resistance of a

structure to be R, the following Equation 2.5.
R=£ 2.5)

Where L is the length of the structure (m)

A is the area (width x thickness) of the cross sectién (m

p is the specific resistivity (¢n of the practical unit uem)

- Oxygen permeation
The mixed conductive perovskite membrane can be an intrinsically

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

Figure 2.6.
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Figure 2.6 Oxygen transport during oxygen permeation [44].

The oxygen anions permeate from the high to the low partial pressure
side, while overall charge neutrality was maintained by a counter balancing flux of
electrons (and/or electron holes). Mechanism for oxygen permeation through a mixed
ionic-electronic conducting membrane can be described as follows [43]:

1. Mass transfer of gaseous oxygen from the gas phase with high

oxygen partial pressure to the membrane surface

2. Reaction between the molecular oxygen and oxygen vacancies at

the membrane surface

3. Dissociation and electron transfer, giving chemisorbed oxygen
species
Incorporation in membrane surface layer
Diffusion of lattice defects to interior

Diffusion of bulk oxygen vacancy across the membrane

N o g A

Association and electron transfer, forming chemisorbed oxygen

species

o

Desorption from the surface
9. Mass transfer of oxygen from the membrane surface to the gas
phase with low oxygen partial pressure
When the oxygen transport in a membrane is at the steady state, the
oxygen permeation flux can be calculated by the Wagner Equation 2.6 [3].
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RT_ Oumw |, PO,

Jo, =
2 (4F)? L P"o,

(2.6)

WhereP"0, and P6, stand for the oxygen partial pressure in the higher
and lower oxygen partial pressure compartment, respectively, L is the sample
thickness, T is the temperature, R is the universal gas constant and F is the Faraday
constant. The ambipolar conductivity is defined as:

o . = 0.0; 2.7)
am — , 1\ .
(Ge + Gi )

Wheregos is the electronic contribution arngl is the ionic contribution
to the total conductivity.

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

membrane thickness and on the ionic and electronic conductivity of the membrane.

- Thermal expansion
To minimize stresses during cell fabrication and cell operation,
thermal expansion of the cathode should be matched with other S®OFR{Ponent
materials, especially electrolyte and interconnect.
Over small temperature ranges, the linear nature of thermal expansion
leads to expansion relationships for length in terms of the linear expansion coefficient.
The fractional thermal expansion of uniform linear objects is proportional to the

temperature change. The calculation is set up in the form of Equation 2.8 [46].

| Lo > |e—pL—> .

Figure 2.7 The relationship for length in terms of the linear expansion [47].

L =  aldAT (2.8)
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Where b is original length (mm)
L is length change (mm)
AT Is original temperature — final temperature

o Is thermal expansion coefficients

The thermal expansion coefficients of,NFs;-type oxides are
generally lower than the thermal expansion coefficients of the perovskite-typed oxides
of comparable cationic compositions. The differences in thermal expansion between
measurements in air and in argon environment are also smaller,foF;Kype
oxides compared with the differences for the AB&Xides [48]. It is because the
K2NiF4-type structure has interstitial oxygen in rock-salt layer and there oxygen can
migrate and replace the oxygen loss in the lattice, but in perovskite structure when

oxygens loss from the lattice at high temperature, M-O bond energy decreases.

2.3.4 Synthesis

2.3.4.1 Powder synthesis

The procedure for preparingKiF;- type membranes consists of three
geps: powder synthesis, calcining and sintering. Powder synthesis plays a critical
role in determining the particle size of,MiF, powder, and consequently has an
influence on the microstructure of;MiF; membrane. There are many routes to
synthesize KNiF,, such as a conventional solid—state reaction method and a wet
chemical process that includes hydrothermal synthesis, metal-EDTA, chemical co-

precipitation and the sol-gel process, etc.

- Solid-state reaction
The most common procedure fgdiK, oxides synthesis via solid
state reactions is the calcination of a homogenous mixture of the corresponding
metal-carbonates, hydroxides, and oxides. This is also known as ball milling and
calcination method. This method is very convenient but the impurities are introduced
from raw materials, milling media, and the calcination container. Because of the high

temperature required for the complete reaction, the problems such as multiphase can
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be minimized in order to generate homogeneous high performance
K2NiF,4. For example, LSCF represents a typical case. Raw materigds, lxCQ,
Co0;, and FgOs; were mixed and ball-milled. After drying, the mixed powders were
calcined at 1,001 to remove impurities and to achieve single—pha\if powder.

- Hydrothermal synthesis
This synthesis method is applied to produce advanced mixed oxides

or compounds with specific characteristics in their composition such as pigment for
electronics. This process generally uses temperature between the boiling point of
water and the material’s critical temperature, while the pressure can be as high as
15MPa [45,49]. Consequently, the calcinations step required by other steps discussed
can be eliminated in this case. Hydrothermal synthesis can be used to assist the sol-gel
technique in controlling the particle size. The materials used are generally
inexpensive, easy to control in terms of its size, shape and stoichiometry. Elimination
of impurities associated with milling and other advantage mentioned will result in

very fine and highly reactive ceramic powders [50].

- Co-precipitation
One of the oldest techniques comprises of an aqueous solution
containing the desired cations and another solution acting as a precipitation agent.
Filtration, drying and thermal decomposition are followed to acquire desired products.
The desired products and their physical properties are adjusted using pH, mixing
rates, temperature and concentration. Although different precipitation rates sometimes
result in inhomogeneities, the morphology, purity and composition are well achieved.
A doping agent may be sometimes added to assist homogeneity of composition. The
resultant compound requires a lower sintering temperature than those employed in the
conventional method [50] due to the high dispersion of different metals in the
precipitate. The particle size is typically in the range of few nanometers, which is
achieved by careful precipitation of suitable surfactants and capping agents [51]. A
careful control of pH and precipitation temperature also produce materials with an

exact stoichiometric condition.
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- Sol-gel technique
The sol-gel technique involves the production of an amorphous like

gel, followed by dehydration at low temperature [52]. This technique delivers high
purity and excellent composition control.

EDTA, citrate and modified citrate route

This route is very popular and has been utilized extensively due to its
advantages such as carbonate-free and chemically homogeneous final oxide
compounds with a high relative density. Citric acid, ethylenediaminetetraacetic acid
(EDTA) or glycine can be used as chelating agent. This route involves complexation
of metal ions in EDTA/citric acid, evaporation of water solvent, and thermal
decomposition of the complex with subsequent formation of perovskite phase. A
chelating agent is used to prevent partial segregation of metal components, which
could occur in the case of different stabilities with the metal ions in solution. In some
cases [53] a polyol (e.g. ethylene glycol) is added with chelating agent to promote the
polymerization and to produce an organometallic polymer, which results in a
perovskite precursor after drying and pyrolysis.

Sol-gel process involves producing precursor from citric acid and
metal nitrate or acetate before thermal decomposition. For example, the production of
Sr-substituted LaMn@perovskite powder by the citrate amorphous process produced

the manganese citrate-nitrate precursor as shown in Equation 2.9.
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L~ COO La
J\ 2
4
CH,COO
(2.9)
4
Mn——OOCH,C
CO .
c/
\ s
ONO,
3
CH,COO La
3
OOCH.C
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In the complex, lanthanum is triply charged and replaces normal citrate
formation in the hydrogen of two -COOH groups (shown in position number 1) and it
replaces in the hydrogen of one -OH group (shown in position number 2) and it
replaces in the hydrogen of three -COOH groups (shown in position number 3). As
manganese is divalent state replaces in the hydrogen of two -COOH groups (shown in
position number 4) while NOreplaces the hydrogen of one -OH group (shown in
postion number 5), respectively [47].

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

Mn,O3; was presented from the complex as in Equation 2.10.
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The formation of this complex would also liberate ;N@Qroups for
each two molecules of Mn(N§) originally present in solution. The formation of
above structure would allow some citric acid, water and nitrate ions to be lost during
the preparation of gel. Every three molecules of citric originally present one remains
uncombined and may be removed from the mixture by either evaporation or
decomposition to yield acetone, carbon dioxide and water during the precursor

preparation in the vacuum oven [47].

2.3.4.2 Calcination [54]

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

employed in special cases and these will be mentioned as roasting, firing or burning.
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2.3.4.3 Sintering [55]

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

When a powder aggregate is sintered, three stages of process can be
distinguished, as shown in Figure 2.8. In first stage, the necks form between the
particles, at points of particle contact. In second stage the individual particles are still
distinguishable and the aggregate may increase in density. During this period, the
necks become larger, resulting in the formation of an interconnected pore structure.
During the third stage, the pores become isolated. Elimination of the interconnectivity

of pores eliminates surface and vapor transport.

~(83-&

Coarsering Densification

1

Figure 2.8 Mechanism of sintering.

Closed pores isolated from grain boundaries shrink very slowly
because grain boundary diffusion is far away from the pores. The growth of grains
hinders the theoretical density because the pore’s growth is also enhanced. It is
essential, therefore, to retard grain growth by using ultrafine particles as starting
materials so that densification can continue to approach theoretical limit. Thus,
surface diffusion becomes important in the case of very fine particles. During the
sintering of two spheres with a grain boundary, the most important diffusion paths are
surface diffusion, grain boundary diffusion, volume diffusion from the grain boundary
to the neck surface, and volume diffusion from the sphere surface to the neck surface.

Grain boundary diffusion and volume diffusion are the main mechanisms causing
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shrinkage of the neck, whereas surface diffusion does not contribute to any shrinkage.
The sintering rate also affected crystallization and growth processes, which occur

concurrently.



CHAPTER Il

EXPERIMENTAL

3.1 Chemicals
The chemicals listed in Table 3.1, were used without further purification.

Table 3.1 Reagents for synthesis obL@aNiq.,Co/(Ga, Ti)Oass materials.

Reagents Formula Weight  Purity%o Company
La(NOs)3-6H,0 433.02 99.9 Himedia
Ca(NG)2.4H,0 236.15 99.0 Analytical
Ni(NO3)2.6H0 290.81 97.0 Ajax
Co(CHOO0), 249.09 99.0 Wako
Ga(NG)2-xH0 255.74 99.99 Aldrich
TiO, 79.87 99.00 Fluka
CsHsOr 192.43 99.5 Aldrich
HNO3 63.01 65 Merck
lig.NH3 35.05 25 Merck
CoHs0OH 46.07 - Merck
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3.2 Synthesis of La.CaxNi;.yCoy(Ga, Ti),04+; powder by modified citrate

method

The powdersf La;«CaNii.yCo/(Ga, Ti)Ouss, (x = 0.1-1.0, y = 0.1-0.9 and
z = 0.01-0.1, 0.2) were synthesized in solution. Stoichiometric amounts of
corresponding high purity metal nitrates and acetates (based on 3 g. of powder) were
mixed and dissolved in 10 ml deionized water and followed by 15 ml nitric acid (65
wt%) under stirring at room temperature. Then citric acid with a ratio of citric acid to
metal ions (2:1) was added into the solution. The homogeneous solution was stirred
and slowly titrated with NBIH,O (25 wt%) until the pH value of the solution was
adjusted to~9 [56]. After that the combustion of the solution waken place by
slowly heating the solution on a hot plate to 200-300°C. During combustion, the water
was evaporated until a sticky gel was obtained and became the sponge-like solids
expanded to occupy almost 2/3 of the beaker volume at the end. The resulting powder
was ground by mortar and pestle, subsequently the synthesized powder was calcined
in a air-muffle furnace at 1000-1350°C for 6 hrs.

3.3 Preparation of disc

A round disc (20 mm in diameter and 1 mm in thickness) was prepared by
loading 1.8 g groundly calcined +ZaNi1.,Co,(Ga, Ti)Os+ powder into the cavity
of a KBr die. The die having the $ZaNi;,Co/(Ga, Ti)Oss powder inside was
knocked against table for 2-3 times to evaporate air inside the powder. After the die
was completely assembled, the plunger was brought to the surface of the powders
gently for final leveling and smoothing surface as shown in Figure 3.1. Then, the
powder was pressed by slowly applying pressure to 1.5 ton for 10 minutes. After the
die was removed from the press, all the components were stripped away. Then the
black discs were generally sintered in air at 1300-1400°C for 6 hrs to form dense

membranes.
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Figure 3.1 KBr dieassembly

3.4 Characterization of the La,xCaxNi1yCoy(Ga, Ti),04+5 OXides

3.4.1 Xray diffractrometry (XRD)

The X-raydiffraction patterns, for either powder or djsgere taken busing
Rigaku, Ultima Plus >-Ray powder diffractometer equipp&dth a monochromatc
and a Cu-target Xay tube (40 kV, 30 mA) and angles 0 from 2(-70 degree at
Department of Chemistry, Faculty of Science, Chulalongkorn University. The
formationsof perovskite powders were characterized after calcination and sir
by XRD.

3.4.2 Scanning electron microscopy (SEN

The morphology of the membrane discs wasied out using a JEOL JS&-
5800LV scanningelectron microscopyOxford Instrument (model Link ISIS seri
300) at Chulalongkorn Univers. This instrument uses ¥ys or electrons scatter
bad from the surface illuminat« by a restored electron beam to generate an i

with remarkable thredimensional qualities.

3.4.3 Density

Density of La,xCaNii.,Co/(Ga, Ti}Oss disc were determined by th
Archimedes immersion method usiideionizedwater as a mediu. Prior to the
measurement, the membrane discs were boiled in deionized water forPrecisa
Gravimetics AG (modl R 2055M-DR), at Bpartment of Chemistry, Faculty

ScienceChulalongkorn Universit
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3.5 Properties measurement

3.5.1 Hectrical conductivity

The electrical conductivity of the kaCaNii,Coy(Ga, TiyOs+s materials was
measured by the conventional DC 4-probes method using Pt electrode. Specimens of
LaxxCaNi1yCo/(Ga, TiyOsss were sintered at 1300°C for 6 hrs in air. The sintered
disc was cut into a rectangular shape with approximate dimensions of
0.12 cm x 0.52 cm x 1.12 cm. Four platinum (Pt) wires were attached to the rod with
Pt paste. Two current contacts were made at the rod edges, and two voltage contacts
in between at a distantg as shown in Figure 3.2-3.3. The sample was then fired at
950°C for 10 min with a heating rate of 5°C/min to allow complete adhesion of the
electrodes and to obtain a firm bonding and good electrical contact between the Pt
wires and the sample. Measurements were performed from room temperature to
800°C with a heating rate of 5°C/min. The voltage (V) between the two inner
electrodes and the current intensity (I) were recorded after the sample was left at each
temperature at which measurement was taken, for 40 min. The electrical conductivity

was calculated using Equation 3.1 [57].

o = (IV)*(L/(W*T)) (3.2)
Where o is electrical conductivity

I is applied current (A)

Vv is resulting potential (V)

L Is length between Pt (cm)
T is thickness of membrane (cm)
W

is width of membrane (cm)
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Figure 3.2 A rectangularspecimen of LaxCaNii,Coy(Ga, Ti}Oasss With four
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Figure 3.3 Scheme of DC 4-probes method [58].

3.5.2 Thermal expansion measurement

A dilatometer, NETZSCH DIL 4020C (from Department of Materials Science,

Faculty of science, Chulalongkorn University) was used to determine thermal

expansion coefficients (TEC) of the sintered specimens. The sintered disc was cut to

a specimen (about 12 mm in length, 5 mm in width and 1.5 mm in thickness). The

principle of dilatometer is to measure the changing of specimen length compared to

the changing of temperature. In this evaluation, the heating rate of 10°C/min was

applied to the specimen from room temperature to 800°C in air. The thermal

expansion was calculated by Equation 3.2 [59].
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a = (TL)*(L ~La)/AT (3.2)
Where a is the thermal expansion coefficient (TEC)

L1 Is initial gauge lengths

Lo is final gauge length

AT is the starting — terminal temperature of the expent

3.5.3 Oxygen permeation measurement

Oxygen permeation measurement from air to He was performed on the high
temperature oxygen permeation apparatus as shown in Figure 3.4. The details of this
techniqgue was described elsewhere [60]. The,CaNii.,Co/(Ga, Ti}Oss Oxide
disc were polished into 20 mm in diameter and 0.7 mm in thickness. Then, porous
catalyst was applied on the surface of the oxide disc by coating the disc surface with
its own powder and then fired at 800°C for 10 min. Place the catalyst disc between the
alumina tubes connected to gases. Dry air and He gas was supplied to each side of the
specimen at a flow rate of 50 ml/min. Oxygen permeation flux from air to He was
measured in temperature range of 600-1000°C and analyzed by a gas chromatograph
(VARIAN, CP-3800) equipped with Molecular sieve 13X column [60].
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Figure 3.4 The diagram of the high temperature for the oxygen permeation

measurement.
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CHAPTER IV

RESULTS AND DISCUSSIONS

In this research, LAIO4.s were synthesized by modified citrate method and
substituted by different contents of metal ions in A-site and B-site. The obtained
samples were characterized fopbN{F, type structure by XRD and for surface
morphology by SEM. The properties of samples were investigated for electrical

conductivity, oxygen permeation and thermal expansion coefficients.

4.1 Preparation and properties of LaNi;.,C0yO4+s (y = 0.0-0.9)

4.1.1 Synthesis of L#Ni1.yC0oyO44; (y = 0.0-0.9)

LaNi1.yC0/0O4+5 (y = 0.0-0.9) powders were prepared and calcined at
1200°Cfor 6 hrs. The XRD patterns are illustrated in Figure 4.31NLgC0/Ou+s
with the composition of y equals to 0.0, 0.1, 0.2 shows the characteristic diffraction
pattern of tetragonal WiF,-type structure (PDF No. 11-0557), with the main (103)
peak at 260f 32°. The small diffraction peaks of 100, 00211102 and 110 planes of
La,O3 impurity phase (PDF No. 05-0602) are also observed. Other compositions of
LaNi1,C00s+s (y > 0.3) exhibit a deformed structure of tetragonal peibesto
orthorhombic structure [61,62] and 4 impurities. This result is consistent with the
data reported bydo-Chieh et al. indicating that the transformation of tetragonal to
orthorhombic structure could be observed when the samples were calcined at 1200°C
in air [63].
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Figure 4.1 XRD patterns of LAli;.,Co,O4s (y = 0.0-0.9)after calcination at
1200°C.

4.1.2 Hect of calcination temperature
Since the k@; impurity was minimal observed on iNi1.yC0,Os+5
(y = 0.1-0.2) materials, the effect of calcined temperature was studied in order to get
rid off the impurity. The LgNiodC0y 1045 and LaNipsCoy 045 Were prepared and
calcined at 1000°C-1350°C for 6 hrs. The XRD analyses for phase identification were

performed and the spectra are displayed in Figure 4.2.
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Figure 4.2 XRD patterns of calcined materials at various temperatures
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All of materials still exhibit the tetragonal structure MiR,-type
materials and small amount of A& impurity. However, the intensity of impurity
peaks varies, with calcining temperatures. Therefore, the peak area ratio between the
(103) peak of the WNiF,-type materials and the (101) peak ob@awas calculated

and the data are summarized in Table 4.1.

Table 4.1 Calculated ratio of peak area between the (101) diffraction peak®f La
and the (103) diffraction peak of ;. yC0/O45 (y = 0.1-0.2)materials.

Peak area ratio between,(a and
Temperature (°C) LaNi1-yC0/Ouss
LapNip gC.104+s5 | LapNig gCp 20as+s
1000 15.60 15.00
1100 6.40 6.50
1200 3.20 3.02
1250 4.85 3.92
1300 4.75 6.49
1350 3.15 11.98

With increasing calcined temperature, the phase proportion,0f La
decreases gradually and reaches the minimal portion at 1200°C. Increasing
temperature from 1000°C to 1200°C, results in the high vibrational of bonding and
weaker binding energy of L@s; impurity [64]. When temperature was increased
higher than 1200°C, the decreasing of the main peak intensity,NiFKtype
structure was observed. This can be explained by the loss of A-sit§ {ta from
K2NiF,-type structure, resulting in the formation of metal oxideQsaimpurity and
LaNi oC 104+, the decreasing of the crystal ofNiF,-type structure, resulting the
La,O3 impurity decreased. Thus, iNi;1,C0,O4s (y = 0.1-0.2) samples calcined at

1200°Cwas selected for further study on the sintering effect of membranes.

4.1.3 Effect of sintering temperature
Since the L#&®s;impurity was minimal observed on ANi1.yC0,O4+s
(y = 0.1-0.2) materials at calcined temperature of 1200°C for 6 hrs. The samples were
pressed into a membrane discs and sintered at 1300-1400°C for 6 hrs. The XRD
analyses for phase identification were performed thedpatterns are displayed in
Figure 4.3
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Figure 4.3 XRD patterns of sintered materials at various temperatures for 6 hrs.
(@) LNiggC0p.10s+s, (b) LaNiogC0axs.

Fom the result, both the samples show the optimum sintering temperature

around 1300°C because the content o$Gsaimpurity phase is minimized. The
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content of impurity phase increases as the sintering temperature increases. This may
be because at higher sintering temperature, melting and deformation of the disc may
occur and the molecular motion takes place resulting in the weaker bon#lif,K
type structure and the distortion of structure [64]. Therefore, the optimal condition for
calcining and sintering L&li;,C0,O4.5 (y = 0.1-0.2) material in this research are at
1200°Cand 1300°C, respectively.

The lattice parameter and relative density sMik.§C0o,Ous (y = 0.1-0.2)
were calculated and indexed in tetragonal symmetry, as shown in Table 4.2. The
increase in lattice parameter alorsgaxis as C content is increasingly substituted
can be explained by the ionic radii of octahedrally coordinated ©a (0.75°A),
which is longer than that of RNi ion (0.69°A). This causes the shifting of
characteristic KNiF4-type structure pattern to the lower angle, as shown in Figure
4.4. In addition this substitution also causes the tilting ofs BOtahedral layer in
ABO; perovskite structure along tleeaxis and exhibits a decrease along ¢faxis
[63]. The B-O-B angle which represents the tilting level of thes BQahedron and
the rotation of the B@octahedral is illustrated in Figure 4.5 [65]. The distortion of
K,NiF4s-type structure by doping €oin Ni** site also enhances the increment of cell

volume. The increase of cell volume is effective from the increase of ion size in B-site

substitution.
¢ e K,NiF,-structure
JL y=02 + La,0O3
¢ v=01
y=0.0
31 32 33 34
° o i °

y=0.2
°

__J+.+L-+. + 3w A AL

_ B Y
lJALAAMJ uukk e
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Figure 4.4 XRD patterns of LaNi1.yC0o/Ous+s (y = 0.0-0.2)iscs after sintered
at 1300C for 6 hrs.
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Table 4.2 The lattice parameters and cell volume oNLa,C0,O.:5 (y = 0.0-0.2).

Sample Lattlge parameteL(A )| Cell volume(A%)
LapNiOyes 3.853 12.751 189.28
LazNio.gCOo.lo4+5 3.894 12.496 189.48
LaoNig 8C00.204+5 3.998 12.057 192.76

Rock =alt

) a-axis
Paroviite

BOg octahedra

Figure 4.5 Rotation of B@Qoctahedra in perovskite layer osMiF4-type structure
[66].

4.1.4 The surface morphology of L&li;.,C0,O4.s(y = 0.0-0.2)
The surface morphology dfa;Ni;.,C0,04+5 (y = 0.0-0.2)sintered discs
was investigateddy SEM as shown in Figure 4.6. INiO,.;s disc exhibits porous
materials with grain size around 8.89 um. The grain size gflik§C0,Ou:5 (y = 0.0-
0.2) increases when the Co content increases and the porosity is decreased. It is
suggested that the increase of Co substitution promotes grain size and high relative

density of materials as shown in the Table 4.3.



Figure 4.6 Surface morphology of bidi;.yC0,O4+5 (y = 0.0-0.2discs.

Table 4.3 Grain size and relative density ofMB.yC0,O4:5 (y = 0.0-0.2).

Sample Grain size (um) Relative Density (%)
LazNiO4+3 8.89 86.64
LayNip gC0p 104+ 9.10 86.85
LazNio gC0p 20445 10.67 87.34

4.1.5 The oxygen permeation of LBli;yCoyO4s.s5(y = 0.0-0.2)

46

Theoxygen permeation property of ;. ,C0/Oss (y = 0.0-0.2) discs

were investigated as a function of temperature shown in Figure 4.7.
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Figure 4.7 Temperature dependence of thggen permeation raido,) for

LaoNi1yC0yOus (y = 0.0-0.2).

The temperature dependence of the oxygen permeation rate of
LaoNi1yC0o/0Os5 (y = 0.0-0.2) was increased with increasing temperature. The
increasing temperature indicates the tendency of oxide ion vancancies inciéased.
oxygen permeation rate dfaNipdCay 10445 IS greater than of LAIIO,.; especially at
high temperatures. The highest oxygen permeation rate can be obtained from
LayNio.gC00104+5 for 0.78 pmol/s.ch at 1000°C. A high oxygen permeation of
LaNigoCm 10445, can be attributed to the increase in oxygen vacancy in the
perovskite layer the excess oxygen on the rock-salt layer can easily diffuse into
oxygen vacancies resulting in the improvement of oxygen permeation rate [67]. For
LayNip sCaop 04+ the oxygen permeation rate is less than that gNigaCay 104+
because with increasing €oion substitution, the ¥NiFs- type structure is more
distorted due to the B-O-B angle and the rotation of the &®ahedral. The distance
between the defects will be longer with increasing defect concentration [64],
therefore, the transport of oxygen interstitials in the rock-salt layers can’'t move
through the oxygen vacancies in the perovskite layer. Wheredsip k@, 204+ has
higher oxygen permeation than,NaOg.;.

In oxide materials with BNiF,-like lattice, diffusion of oxygen along-b

planes (oxygen vacancy in perovskite layer) is much faster than the diffusion in the
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c direction (interstitials in rock-salt). Therefore, the highest oxygen permeation rate is
related to oxygen migration, which moves through oxygen vacancies in perovskite

layer and oxygen interstitials in rock-salt layer [68] showed in Figure 4.8.

Figure 4.8 Oxygen migration path inlaplane and clirection.

4.1.6 Eectrical conductivity of La,Ni;.yC0,04+s (y = 0.0-0.2)
Eectrical conductivity ofLa;Ni;yC0/Os+s (y = 0.0-0.2) materials were
investigatedas a functionof temperature shown in Figure 4.9 and the data are

summarized in Table 4.4.
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Figure 4.9 Temperature dependence of thecdic conductivity(c) for
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Table 4.4 Specific conductivity dfaNi;.,Co/Oss (y = 0.0-0.2).

Specific conductivity (S/cm)
Sample 300°C | 400°C| 500°C | 600°C| 700°C | 800°C| . O™
(Tma); C)
. 70.78
LaNiOys | 6552 | 70.78| 67.31) 6209 56.0f 49.69 (00
LaNiooCOus | 29.11| 39.72| 43.16| 4420 4334 41.14 ?g(.)(z)g)
LaNiosCOus | 8.39 | 16.04| 21.41| 2542 282p 29.85 ?gd?)?

The temperature dependence of the electrical conductivitgNiOLa
increased with measuring temperature through a maximum near 40Q3¢ gnd
decreased with elevating temperature. At high temperature, the loss of oxygen from
the lattice [69], led to the low ionic conductivity. This is because at high temperature
the valency state of Ni ions at B-site in LaNi@ABO3) perovskite layer is changed
from Ni** to Ni#* [70]. With substitution of CO ions in Nf*-site, electrical
conductivity decreases but the ionic conductivity is improved. The ionic conductivity
of LapNi1.yC0,0s+5 (y = 0.1-0.2) compounds increases with increasing temperature,
suggesting the increase in oxygen vacancy. The oxygen atom loss from the lattice
[69]. The substitution of Gdin Ni** site made the change in oxidation state of'Co
to Co™* or Cd" ions which associated with the formation of the oxygen vacancies.
Therefore, increasing substitution of ‘Cofor Ni** site decreased electrical
conductivity [71].

The Arrhenius plot of iNi1,C0/O4+s (y = 0.0-0.2)is given in Figure

4.10.1ts linear parts can be described by the formula.

o =(A/T) exp (-B/KT) (4.1)
and
Slope = -Ek (4.2)

Wherd is material constant including the carrier concentration tEgs
the activation energy, k is the Boltzmann'’s content Riglthe temperature (K). The
activation energy calculated from the linear part of Arrhenius plot and the data are

summarized in Table 4.5. It can be seen that the activation energy increases with the
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increase in the Go ion content. According to these results Ni®..;s shows the

lowest activation energy, corresponding to the highest electrical conductivity.

Activation energy is related to the different lattice structure and the energy
gap of the LaNi;.,C0,0O4s (y = 0.0-0.2)The increasing of activity energy of doped
LaNiO4+s can be attributed to the defect structure from the tilingg B&ahedra
prohibits the overlap of the oxygen 2p orbital with the transition metal 3d orbital.
When C&" is substituted for the Rfiions. The change carriers are transported by the
M-O-M. It is well-known that increases €ao lattice distortion and corresponding
oxygen vacancies increasing result to increases of activation energy. The distortion in
M-O-M bond wide energy band-width and decreases the mobility of change carrier
between two metal sites. Consequently, lattice distortion increases the activation

energy for change carrier hopping [72].
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Figure 4.10 Arrhenius plot of the electrical conductivity obN&,C0,/Os+s
(y =0.0-0.2).
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Activation energies of INi;.yC0,Oa4+s (y = 0.0-0.1) in this research are
lower than those values reported Nighiyama et al. [63], as shown in Table 4.5.
This may be due to the different synthesis method and the small grain sized patrticles

of synthesized materials.

Table 4.5 Activation energy of Llli;.,C0,0a4+5 (y = 0.0-0.2) at 400-700°C.

Sample Ea (kJ/mol)
LaoNiOg45 2.86 This work
4.36 [63]
LazNio.gCQ)_104+5 8.66 This work
12.82 [63]
LazNio.gCQ)_QO4+5 17.32 This work

4.1.7 Thermal expansion coefficients of kidi;.,C0yOass5(y = 0.0-0.2)
Dilatometric curves for the;N#y.,C0,Oa4+5 (y = 0.0-0.2) in air are shown
in Figure 4.11. The average thermal expansion coefficient (TEC) was defined as the

slope of curves and be summarized in Table 4.6.
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Figure 4.11 Temperature dependence of the thermal expansion i1 180,045
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Table 4.6 The average TEC values oblNa.,C0,04+s (y = 0.0-0.2) at 50-800°C.

Sample TEC (x10° °CY)
LazNiO4+5 14.69
LasNig cCy 10445 15.22
LasNiggC0p 20445 15.92

Thermal expansion coefficient (TEC) slopes are linear and increased at
elevated temperature, which is attributed to the loss of lattice oxygen. That is
associated with the formation of the oxygen vacancies in the lattice, result to
difference in the oxidation state in B-site. It is also seen that the value of TEC
increases with increasing cobalt content. The change in oxidation states of cobalt ions
in B-site and the consequent changes in the ionic size fréint€&o™ or Cd™* ions
can be also accounted for the loss of lattice oxygen. That is associated with the
formation of the oxygen vacancies in the lattice and the transformation of the changes
in valency state in B-site, which can be accomplished by Eq 4.3.

=V, +%Q + 26 (4.3)
Where © = oxygen ion

\§" = oxygen vacancies

e formation of oxygen vacancies{Y can let to the lattice expansion
to occur due to a weak bonding of metal-oxygen-metal and a change in the oxidation
state of the B-site cations by the reduction of'No Ni#* ion and the oxidation of
Co?* to Co* or Cd" state. The different valence charges of B-site are also associated
with the difference of the ionic radius of M-O-M bond according to the size¢ BO
octahedral and the defect structure from the tilting ¢Bf2tahedral. Thus, the
substitution of Co in Ni increases the TEC [64].



53

4.2 Preparation and properties of La.xCaxNipgC00104+ (X = 0.0-1.0)

Since the effect of C3 substitution in Ni*-site on the oxygen permeation rate of
LapNiOg445, results the highest oxygen permeation rate ofNLaCy 10445, the
substitution of C& in La'-site on the KNiF,type structure and electrical

conductivity is further investigated.

4.2.1 Synthesis of LaCaxNiggC0p 104+ (X = 0.0-1.0)
LazxCaNip oCy 10445 (X = 0.0-1.0) powders were prepared and calcined
at 1200°C for 6 hrs. The XRD patterns are illustrated in Figure 4.12.
LayxCaNipdCm 104+5 (X = 0.0-0.3) shows the characteristic diffraction pattern of
tetragonal KNiF, type structure whereas small peaks 0fQaimpurity phase are
also observed. As the material composition of .5, the tetragonal JiF,-type
structure and small amount of CaO impurity phase (PDF No. 75-0264) are detected.

® K,NiFs-structure
+ La,03 A JUE&;S
V CaO * =
x=03
° . ; . 2= j(ll)
31. 32 33 34
° oo . x=1.0
[ | IS | ST S i
x=0.9
J A ML_A/\ M A M)\_,A- . N
A x=0.7
A A m
k M x=0.5
A . A A JL A m
M [ x=0.3
N ANM JL A__A
M l x=0.1
. A MAJL AN
x=0.0
. + L .t J\A N| , um,'\‘ | A A
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Figure 4.12 XRD patterns of LaCaNiooC 1045 (X = 0.0-1.0) powder after
alcined at 1200°C for 6 hrs.
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Figure 4.13 XRD patterns of LaCaNiodC0y.104+s (X = 0.0-1.0) discs after sintered
81300°C for 6 hrs.

Figure 4.13 illustrates the XRD patterns of samples sintered at 1300°C
for 6 hrs. All of La.xCaNipdCoy 104+5 Samples distinctively show the,NiFs,-type
with tetragonal structure. At x = 0.0-0.3, not only diffraction lines gMiKs-type, but
aso the secondary phase of,0g are observed. At x equals 0.5, only single phase
KoNiF4-type structure is observed. At x = 0.7-1.0, it is found that secondary phase as
CaO (206= 37.5°, PDF No. 75-0264) is observed and the amount oC#@@ phase
increases with the increasing amount of'Cdoped at L& (A-site). The XRD

paterns of C&" doped materials (26 31.7° and 33.2°) are slightly shifted to the
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higher angle compared to the undoped one and the relationship of lattice parameter
and cell volume are summarized as shown in Tdble The lattice parameters and

cdl volume decrease with the increase of Qans in A-site of KNiF, (A,BO.)-type
structure. Two plausible explanation can be accounted. Firstly, the ionic radif'of Ca
ion is smaller than that of Eathus the substitution of €aion in the A-site will

affect the A-O bond in the rock salt layer causing the shrinkage of A-O bond. And,
secondly, the substitution of €aions for L&" ion in the A-site will induce the
oxidation state of B-site ion in the ABQayer from Nf* to Ni** or Cd*to C&** or

Co**. Therefore the bond distance of B-O-B becomes stronger and shorter [73] and
when x = 0.9, 1.0 leading to the expansiort-aikis because of transition metal ions

with different sizes at A-site can cause simple distortion of the rock-salt layer.

Table 4.7 The lattice parameters and cell volume efyCaNip ¢Cy 104+5

X = 0.0-1.0).
Ration Lattg:e paramete; A% | Cell volume (A%)
x=0.0 3.894 12.496 189
x=0.1 3.862 12.242 182
x=0.3 3.859 12.181 181
x=0.5 3.841 12.120 178
x=0.7 3.832 12.114 177
x=0.9 3.819 12.129 176
x=1.0 3.793 12.142 174

4.2.2 The surface morphology of LgCaxNipgC0p.104+5 (X = 0.0-1.0)
Te surface morphology dfa, «CaNig.oCay 10445 (X = 0.0-1.0)

sintered discs were investigated by SEM as shown in Figure 4.14.

Figure 4.14 Surface morphology of £g&CaNig.gC0p 104+5 (X = 0.0-1.0) discs.
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x=1.0

Figure 4.14 Surface morphology of £ a&CaNio.dC0p 104+5 (X = 0.0-1.0) discs.

LayxCaNip oCy 104+5 (X = 0.0-1.0) discs exhibit porous surface materials.
The grain size of samples tends to decreases with increasing the contefitiohCa
doping since the ionic size of &aion (1.14°A) is smaller than that of 1aion
(1.17°A), the bond distance in the structure becomes shorter leading to the small
particles, which relates to the density of materials. The smaller the grain size are, the
higher the relative density of materials obtained. Conclusively, the increasé’in Ca
ion substitution promotes the smaller grain size and high relative density of materials

as shown in the Table 4.8.
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Table 4.8Grains size and relativeensity of LaxCaNipdCn 104+5 (X = 0.0-1.0).

Ratio Grain size (um) Relative density%)
x =0.0 9.1 86.85
x=01 10.7 93.72
x=03 8.0 95.96
x=05 7.6 97.86
x=0.7 6.1 97.97
x =079 5.8 98.11
x=1.C 55 98.19

(a)

Figure 4.15Surface morphology (a) aitCa-mapping (b) of LgsCéep sNip.dC0n.104+s

discs.

Figure 4.15(b) illustrates the homogeneous distribution ¢* ion on
La; sCay sNip dC0p 10445 material. This result is in agreement with the XRD anal

which indicates only L; sC& sNig.oCm.104+51S a pure single phase matel

4.2.FElectrical conductivity of LasxCaxNig.gC0p.104+5 (X = 0.(-1.0)
Electrical conductivit of La.xCaNipgC0 1045 (X = 0.(-1.0) materials
were investigated as a function of temperature shown in Figure 4.16 and the «

summarized in Table 4
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Figure 4.16 Temperature dependence of the specific conducts)ifpr

La,CaNio.gC.10445 (x = 0.0-1.0).

e temperature dependence on the electrical conductivity of
LazNio oC0p 10445 increases with increasing the measuring temperature and slightly
decrease at elevating temperature. At high temperature, electrons move no direction
causing the high resistance and the loss in electrical conductivity. In addition, it is also
attributed to the loss of oxygen from the lattice to the formation of oxygen vacancies
[74]. When C&' ions substitutes into the asite, the conductivity of
LapxCaNip dCy 104+5 materialsincrease with the increasing of temperature. It is
suggested that the partial replacement of'Lian by C&" ion leads to the direct
increase in electrical hole which plays an important role in electronic conductivity and
the formation of oxygen vacancies. While the change in oxidation state‘ofim
Co?* plays a minor rule in oxide ion conductivity [75]. The maximum electrical
conductivity in the research is obtained from; k@aysNipdCay.104+5 Sample. The
individual defect equilibrium can be expressed as following Eq. 4.5.

[Cad = [Nini] + [Coco] + 2[Vo'] (4.5)

Where [Nii] and [Cao] is electron hole

Vo] iS 0Xygen vacancies
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The electrical conductivities of samples with x < 0.5 are lower than the undoped
samples. It may be due to the existence ofdzampurity phase, which is similar to

the samples with the &aion substitution are greater than x > 0.5, where CaO is
recognized as the impurity phase from XRD analysis. In addition, the decreases of
electrical conductivity when x < 0.5 and x > 0.5 may associate with the distorted
structure of KNiF;-type from the B-O-B angle and the tilting of the B&tahedral

in perovskite layer. That prohibits the overlap of the oxygen 2p orbital with the
transition metal 3d orbital.

Table 4.9 Specific conductivity ofLapxCaNig.gC0p 104+ (X = 0.0-1.0).

Specific conductivity (S/cm)

Sample
P 300°C | 400°C | 500°C | 600°C | 700°C | 800°C | ,Zma

(T,°C)

LagNigoCOnes | 29.11| 39.72| 43.16| 44.20 43.34 41.13?36%?

Loy dCoo:NiodCoo Onss | 16.67 | 24.20 | 27.81 2945 2045 28740 s
Lag CavNiodCooOnss | 518 | 921 | 1356 1667 20.07 2387500
Lay «Cén eNio 80 1Osvs | 51.01 | 66.78 | 80.79| 9154 100.L 106 3%{?&?
Lay {CooNiodCoo Onss | 27.95 | 38.35| 47.40| 5453 5072 6279500
Loy CansNiodCon :Os | 11.84| 16.04| 2172 2571 2872 3089500
LaCaNbeCa:Oss | 12.82 | 19.00 | 24.94) 30.02 33.86 36.42?&‘5

The Arrhenius plot @By «CaNipdC 104+5 (X = 0.0-1.0) is given in
Figure 4.17 andhe activation energy calculated from the liner parArrhenius plot
are summarized in Table 4.10. It can be seen that the activation energy increases with
the increase in the &aion content. Increasing distortion in the structure produces the

higher activation energy.
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Figure 4.17 Arrhenius plot of the electrical conductivity of,L@aNip dC0p 10445

X = 0.0-1.0).

Table 4.10 Activation energy of LaCaNipdC 104+5 (X = 0.0-1.0) at 400-700°C.

Sample Ea(kJ/mol)
x=0.0 8.66
x=0.1 10.21
x=0.3 20.63
x=0.5 13.98
x=0.7 14.74
x=0.9 16.28
x=1.0 17.21

4.2.4 The oxygen permeation of kaCayNipgC0p.104+5 (X =0, 0.5)
Since the substitution of k@& sNipCm 1045 gave the pure single
phase structure and the highest electrical conductivity, the oxygen permeation of the
material discwas investigateds a function of temperatushown in Figure 4.18,

conmpared with the undoped materials.
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Figure 4.18 Temperature dependence of thggex permeation raido,) for
Laz«CaNip dCy 10445 (x = 0, 0.5).

The temperature dependence of the oxygen permeaiieoof r
LapxCaNipdC 10445 (X = 0, 0.5) materials were increased with increasing
temperature, indicating the tendency of oxygen vacancies increases with increasing
temperature. When trivalent t'aion is substituted by divalent ioes). C&*ion, the
oxygen permeation rates of both samples at 600-800°C are not different, suggesting
LazNip gC0p 10445 and La sCay sNip.gC0p 10445 are good as materials for intermediate-
temperature solid oxide fuel cell (IT-SOFC).

At temperature of 800-1000°C, the oxygen permeation rate of
La; sCay sNip dC0p 10445 iS lower than the oxygen permeation rate ofNigagCay 10445,
suggesting the effect of Eaion substituted in L-site. Since the oxidation state of
Ca”" ion is less than the Bhion, the change in oxidation state of cation in A-site
postion induces the change in oxidation state of B-site froffi tdiNi**and C&" to
Co** or Cd". Therefore the bond energy of B-O in B-O plane becomes stronger and
the bond distance becomes shorter in AB®ucture and the A-O bond distance in
rock-salt layer will become higher in bond-strength. The increase in bonding energy
inhibits the migration of oxygen in structure. This effect will decrease the free space
of excess oxygen from the interstitial sites in the rock-salt layer, to migrate to the

oxygen vacancies in the perovskite layer [87,91]. TherefoedNib.gC0p 104+5 IS more
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appropriate material than LgCa sNipoCm 10445 for using at high temperature solid
oxide fuel cell (>800°C)

4.2.5 Thermal expansion coefficients of LaCaxNio.0C00.104+5 (X = 0, 0.5)
Datometric curves for the LaCaNigoC 104+ (X = 0, 0.5) in air are
shown in Figure 4.19. The average thermal expansion coefficient (TEC) was defined
as the slope of curves and be summarized in Table 4.11.
1.4 -

1.2 1 X = 0.0
x=0.5

AL/L (%)
o
[00)

o
o
1

0.4 -

0.2 -

O T T T T T T T 1
0 100 200 300 400 500 600 700 800

Temperature (°C)

Figure 4.19 Temperature dependence of the thermal expansion for

La,CaNio.gC.104+5 (X = 0, 0.5).

Table 4.11 The average TEC values of J@aNiodCp 104+ (X = 0, 0.5)

B850-800°C.
Sample TEC (x10° °C™H
LazNio,QCQ),104+5 15.22
Lay £Cay.eNip.cC0y.104+5 13.82

Thermal expansion coefficient (TEC) slopes are linear and increased at
elevated temperature, which is attributed to the loss of lattice oxygen. That is
associated with the formation of the oxygen vacancies in the lattice. The substitution
of a C&" ion for L&**-site associates with the decreasing of ionic radius at the A-site,
the A-O bond in rock-salt layer, and the B-O-B bond in perovskite layer and the size
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BOs octahedral structure, which suggests a lower concentration of oxygen vacancy

formation [77]. Thus, the substitution of €éon in La**-site decreases the TEC.

4.3 Preparation and properties of La sCagsNipgC0p.1(Ga, Ti);044+5

(z =0.00-0.1, 0.2)

Since the effect of €asubstitution in L&"-site on electrical conductivity of
LaNigoCm104+5, results in  the higher electrical conductivity of
Lay sCaysNiodC.104+s, the addition of GH and Tf* ions on the KNiF4type

structure and the oxygen permeation rate is further investigated.

4.3.1 Synthesis and properties of LgCap sNip.dC0p.1Ga,04+5 (z = 0.00-0.1,
0.2)
4.3.1.1 Synthesis of LaCapsNipgC01Ga;04+5 (z =0.00-0.1, 0.2)
Lay sCa& sNip dC.1Ga04+5 (z = 0.00-0.1, 0.2) powders were
prepared and calcined at 1200°C for 6 hrs. The XRD patterns are illustrated in Figure
4.20. La sCa sNip.gC.1Ga04+5 (z = 0.00-0.1, 0.2) shows the characteristic pattern

of single-phase tetragonabliF,-type structure.
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Figure 4.20 XRD patterns of LaCasNig.oCay 1Ga0Oas+s (z = 0.00-0.1, 0.2powder
feer calcined at 120@ for 6 hrs.
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Figure 4.21 illustrates the XRD patterns of samples sintered at1300°C for
6 hrs. All of LasCasNiggC01GaOas samples distinctively show the single-
phase KNiF;-type with tetragonal structure and no peak from a secondary phase is
obeerved. The XRD patterns of Gadoped materials (26 31.7° and 33.2°) are
slightly shifted to the lower angle compared to the undoped one and the relationship
of lattice parameter and cell volume are summarized as shown in Table 4.12. Since
the ionic size of G4 ion is small (0.68A%), it can be inserted into the interstitial
posgtion of the rock-salt and the perovskite layers leading to the expansion of A-O
bond along the-axis[13] and the cell volume.

N
o
N

o K,NiF,-structure jl\
I — N

z=0.1

N

i

.

w
N
w
w
w
S

X J
[ ]
[ ]
[

~ N
Il
S

W U G S G S, S—

—r

— = = = = = &= &= "]

S —
-L_
-
S
4

EeEEE

20 30 40 2 Theti s5p 0 70

Figure 4.21 XRD patterns of LaCa sNig.gCy1Ga,04+5 (z = 0.00-0.1, 0.2)iscs
after sintered at 1300°C for 6 hrs.
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Table 4.12 The lattice parameters and cell volume @ECa sNio.oC0.1GaO4+s5
4 =0.00-0.1, 0.2).

Ration Lattg:e parameteé (A% | Cell volume (A%)
z=0.00 3.841 12.120 178
z=0.01 3.807 12.599 183
z=0.03 3.810 12.548 182
z =0.05 3.807 12.586 182
z=0.07 3.801 12.635 182
z =0.09 3.810 12.568 182
z=0.1 3.811 12.564 182
z=0.2 3.813 12.514 182

4.3.1.2 The surface morphology of LaCag sNip.gC0o.1Ga;O4+5
z(=0.00-0.1, 0.2)

The surface morphologyLaf sCay sNig.gC0p.1GaOas+s (z = 0.00-
0.1,0.2) sintered discs were investigated by SEM as shown in Figure 4.22. All discs
exhibits porous surface materials. The grain size of samples tends to increase with
increasing the content of &adon doping. Then the relative density is lower than the
undope material. In addition, there is no relationship between relative density and the

content of G&' ion.

z=10.00 z =0.01

Figure 4.22 Surface morphology of L.gCa sNip.gC0y1Ga04s (z = 0.00-0.1, 0.2)
dics.
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Figure 4.22 Surface morphology of LgCa sNipgC.1GaO4s (z = 0.00-0.1, 0.2)
dics.
Table 4.13 Grains size and relative density of; 4@ey sNip dC0y 1GaOss
Z=0.00-0.1, 0.2).

Ratio Grain size (um) Relative density%)
z=0.0 7.6 97.86
z=0.01 8.3 88.75
z=0.03 9.0 89.21
z=0.05 9.6 90.27
z=0.07 8.4 90.69
z=0.09 9.1 89.13
z=0.1 10.1 89.65
z=0.2 10.3 90.38
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Figure 4.23 Ga-mapping of LaCa sNip dC 1Ga0O4s5 (z = 0.07, 0.1, 0.2) discs.

iGure 4.23 illustrates the homogeneous distribution &f @a on
L&y sCay sNip dC0p.1GaO44+5 (z = 0.07, 0.1, 0.2) materials. No gallium oxide secondary
phase was observed. This result is in agreement with the XRD analysis, which
indicates LasCasNiggCm1Ga0Osus (z = 0.07, 0.1, 0.2) are pure single phase
materials.
4.3.1.3 The oxygen permeation of LaCapsNip.gC0p1Ga;O4+s

z(= 0.00-0.1, 0.2)

Thaxygen permeation property of 1ga sNio.oCy.1GaOus+s
(z = 0.00-0.1,0.2)were investigate@s a function of temperaturehown in Figure
4.24.
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Figure 4.24 Temperature dependence of thggex permeation raido,) for

La1_5Cag,5Nio_9CQ),1GazO4+5 (Z = 0.00-0.1, 02)

e temperature dependence of the oxygen permeation rate of
La; sCasNipdC01GaOss (z = 0.00-0.1, 0.2) materials were increased with
increasing temperature, indicating the tendency of oxygen vacancies increase with
increasing temperature. With a small amount of'Gan doped by 0.01, the oxygen
permeation rate is slightly increased whereas the higher contentdfdBaesults in
the deplete of oxygen permeation rate. Sincd @Gms are inserted into the spaces
availability in the rock-salt layer in fNiF,~type structure, therefore, a small amount
of excess GH ion is effective for increasing of oxygen excess interstitial in the rock-
salt layer. The introducing of excess oxygen from the interstitial site may diffuse or
migrate to the oxygen vacancies in the perovskite layer resulting in the improvement
of oxygen permeation rate [76, 79]. While further addition of the excedsi@an
from 0.03 to 0.2 reduces the number of oxygen excess in the interstitial position of the
rock-salt layer. Then the migration of oxygen excess to the oxygen vacancies is
reduced [78]. Therefore, a small amount of excess iBa is effective for increasing
oxygen permeation rate and considering the oxygen permeation rate at 600-800°C,
La; sCay sNip dC0p.1Ga.0104+5 IS a good material for intermediate-temperature solid
oxide fuel cell (IT-SOFC).



69

4.3.1.4 Electrical conductivity of LasCap sNig.gC0p.1Ga;O44+5
z(= 0.00-0.1, 0.2)
Electrical conductivity property of k@ay sNio dC0y 1Ga, 0445
(z = 0.00-0.1, 0.2) discs were investigated as a function of temperature as shown in

Figure 4.25 and the data are summarized in Table 4.14.
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Figure 4.25 Temperature dependence of the specific conducis)ifpr

Lall5C&),5Nio.9CQ),168¢O4+5 (Z = 0.00-0.1, 0.2).

Ae temperature dependence on the electrical conductivity of
Lay sCay sNip dCy.1Ga0445 (z = 0.00-0.1, 0.2) increases with increasing the measuring
temperature. In addition, it is also attributed to the loss of oxygen from the lattice to
the formation of oxygen vacancies at high temperature [74]. The result shows that the
electrical conductivity is decreased when the amount 6f ®a was added to the
materials. This may be due to the change in oxidation state®vfhd N*, and the
distortion of the structure. Considering the change in oxidation state*ofihd Ni*
ions, L&" and NF* will be reduced in to & or Ni#* and Ni* ion, when G¥& is
added, the formation of lower valence state of La and Ni introduces the decreased
electron hole by the change of neutralization reaction resulting in the decreasing of
electronic conductivity [13]. In addition, by doping small amounts of exce$siGa
to the interstitial site in the B{®ctahedral in perovskite layer, the ions are closed and
repeled each others causing the distorted structureMiFictype from the B-O-B
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angle and tilting of the B§octahedral. That prohibits the overlap of oxygen 2p

orbital with the 3d orbital of transition metal.

Table 4.14 Specific conductivity of.a; sCay sNio.dC0.1Ga,0s+5 (z = 0.00-0.1, 0.2).

Specific conductivity (S/cm)

Sample o
300°C| 400°C| 500°C | 600°C| 700°C| 800°C| oy

2=0.00 51.01 6678 8079 91.34 100.1 10p. 0&?
2=0.01 2547 | 35.44| 4456 5130 5625 60.1 gd%)?
7=0.03 28.13| 38.40| 47.56 5456 59.00 63.2 gd%%
z2=0.05 22.68| 33.46( 4422 5408 6093 650 gd%())
2=0.07 26.46 | 37.04] 47.00 54.84 60.90 65.0 gd%?
= 46.52
2=0.09 18.29| 2593 3304 3869 43.02 46.5550
2=0.1 14.80| 2149 2791 3338 3830 408y
2202 10.93| 16.85| 23.04 28.9p 33.88 37.8 gd%?

The Arrhenius plot &fa; sCay sNipgCay.1Ga04+s (z = 0.00-0.1, 0.2)
is given in Figure 4.26 and the activation energy calculated from the line part of
Arrhenius plot are summarized in Table 4.15. It can be seen that the activation energy

of in Lay sCay sNip.gC0p 1GaO4s increased with increasing the Gaon content.
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Figure 4.26Arrhenius plot of the electrical conductivity of 18Ca sNip gC0p 1GaOsxs
£=0.00-0.1, 0.2).

Table 4.15 Activation energy of LaCaysNig.oCay.1GaOa4+s (z = 0.00-0.1, 0.2)

8400-700°C.
Sample Ea(kJ/mol)
z=0.0 12.87
z=0.01 13.59
z=0.03 15.64
z=0.05 13.24
z=0.07 14.76
z=0.09 14.97
z=0.1 15.64
z=0.2 17.18

4.3.1.5 Thermal expansion coefficients ofils&ag sNig.9C0p.1Ga;O44+5
z(= 0.00-0.05)
Dilatometric curves forik@a sNiggC 1GaOs+s (z = 0.00-
0.05) in air are shown in Figure 4.27. The average thermal expansion coefficient
(TEC) was defined as the slope of curves and be summarized in Table 4.16.
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Figure 4.27 Temperature dependence of the thermal expansion for
LasCay sNig.oC0p.1Ga0445 (z = 0.00-0.05).

Table 4.16 The average TEC values of ¥&a) sNip dCy.1Ga,04+5 (z = 0.00-0.05) at

5@00°C.
Sample TEC (x10° °C?)
z=0.00 13.82
z=0.01 16.03
z=0.03 14.75
z=0.05 14.58

Thermal expansion coefficient (TEC) slopes are linear and
increased at elevated temperature, which is attributed to the loss of lattice oxygen.
That is also associated with the formation of the oxygen vacancies in the lattice.
Small addition of GH ion in the KNiF4type structure associates with the change in
low valence state of Efand Nf*ionsto L&* and Nf* or Ni**ions. This is the reason
that the larger the ionic radius of the La- and Ni-ions, the longer the bond distance for
A-O in rock-salt layer and the B-O-B bond in perovskite layer, which suggests a

higher concentration of oxygen vacancy formation and the higher TEC [77].



73

4.3.2 Synthesis and properties of LgCap sNig.gC0p.1Ti,O44+5 (z = 0.00-0.1,
0.2)
4.3.2.1 Synthesis of LgCapsNig.gC0p.1Ti,044+5 (z =0.00-0.1, 0.2)

La; sCay sNip gC0p 1TizO45 (z = 0.00-0.1, 0.2Dowders were
prepared and calcined at 1200°C for 6 hrs. The XRD patterns are illustrated in
Figure 4.28. LasCa sNig.gCm 1Ti,Oss (z = 0.00-0.05) shows the characteristic
paterns of single phase tetragonaN{F,-type structure. As the material composition
is greater than 0.07, the tetragongNic,-type structure and small amount of CaJiO
impurity phase (PDF No. 43-0226) are detected.
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Figure 4.28 XRD patterns of LaCa sNipdC1Ti;O44+5 (2 = 0.00-0.1, 0.2powder
fher calcined at 120 for 6 hrs.
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Figure 4.29 illustrates the XRD patterns of samples sintered at 1300°C for
6 hrs. All of La sCa sNigoCy 1Ti,04+5 Samples distinctively show theMiF,-type
structure. However, only LaCasNipdCy 1Ti;Oss (z = 0.00-0.05) gives the pure
single phase of tetragonal,KiF,-type structure, while at composition of z = 0.07-
0.1,0.2, secondary phase as Cad @0 = 32.5°, PDF No. 43-0226) is observed. The
amount of CaTiQ phase is increased with increasing the addition &f ibin in
KoNiF4-type structure. The (103) and (110) refection peaks of materials 807°
and 33.2°) are slightly shifted to the lower angle compared to the undoped one,
suggesting the expansion of unit cell. The relationship of lattice parameter and cell
volume are calculated summarized in Table 4.17. Since the ionic siz&" aTis
large (0.75A0), it can be inserted into the interstitial position in the rock-salt layer

leading to the expansion along tiraxis and the little shrinkage along thexis.

o KLNiF,-structure
0 CaTiO,

AJ\ULA

20 30 40 2 Thet: 50 60 70

Figure 4.29 XRD patterns of LaCa sNipdC.1Ti;O4+5 (z = 0.00-0.1, 0.2)liscs
fer sintered at 1300°C for 6 hrs.



75

Table 4.17 The lattice parameters and cell volume @fCay sNip gC0y.1Ti1,04+5
(z=0.00-0.1, 0.2).

Ration Lattlace parameteé (A% | Cell volume (A®)
z=0.00 3.841 12.120 178
z=0.01 3.807 12.592 183
z=0.03 3.811 12.569 183
z=0.05 3.818 12.568 183
z=0.07 3.827 12.422 182
z=0.09 3.818 12.501 182
z=0.1 3.818 12.591 183
z=0.2 3.828 12.463 183

4.3.2.2 fle surface morphology of LasCap sNip dC00.1Ti,Os+s
z(=0.00-0.1, 0.2)
The surface morphology lcd; sCa sNip dC0p.1Ti;Os+5 (z = 0.00-
0.1, 0.2) sintered discs were investigated by SEM as shown in Figure 4.30.
All discs exhibit porous surface materials. The grain size of samples tends to decrease
with increasing the content of *fiion doping, and the relative densities are lower

than the undoped material, as summarized in Table 4.18.

z=10.00 z=10.01

Figure 4.30 Surface morphology of LgCa& sNipdC0p1Ti,Oss (z = 0.00-0.1, 0.2)
dics.



Figure 4.30 Surface morphology of LgCa sNipgCay 1Ti,Os+s (z = 0.00-0.1, 0.2)

dics.

Table 4.18 Grain size and relative density of; @&y sNig.oCy.1Ti;O44+5 (z = 0.00-

z=10.03

z=10.07

z=0.1

0.05)

Ratio Grain size (um) Relative density%)
z=0.0 7.6 97.86
z=0.01 7.4 95.97
z=0.03 6.5 93.56
z=0.05 6.5 91.23

76
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4.3.2.3 The oxygen permeation of 1589 sNio.9C0p.1Ti,04+5
z(= 0.00-0.05)
Thaxygen permeation property of 1g€a sNip.gCy 1Ti;O044+5
(z = 0.00-0.05) were investigated as a function of temperahawn in Figure 4.31.
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Figure 4.31 Temperature dependence of thggex permeation raido,) for

La; sCa.sNig.gC0y1TiOses (Z = 000-005)

e temperature dependence of oxygen permeation rate of
La; sCa sNip dC0p.1GaO4+5 (z = 0.00-0.05) materials were increased with increasing
temperature, indicating the tendency of oxygen vacancy increases at high temperature.
With a small amount of *i ion doped, the oxygen permeation rate is decreased
indicating that the oxygen vacancy is decreased. This is becdliiseriThas a high
valence state, which will annihilate oxygen vacancies in the perovskite layer by
changing neutralization reaction. The excess oxygen in the rock — salt later cannot
migrate to the oxygen vacancies in the perovskite layer resulting in the decrease of
oxygen permeation rate [81]. In addition, thé*Tion inserted into the interstitial
posgtion in the rock-salt layer, can reduce the number of oxygen excess in the
interstitial position of rock — salt layer. Then the migration of oxygen excess from
rock — salt structure to the oxygen vacancies in the perovskite layer is reduced [78,
82]. It has been concluded that a small amount of excé$sofi is effective for

decreasing the oxygen permeation rate.
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4.3.2.4 Electrical conductivity of La sCagsNipdC00.1Ti;04+5(z = 0.00-0.05)
Since LaCa sNigdC0p 1TiOs+5 (z = 0.00-0.05) gave the pure single
phase structure, the electrical conductivity of the material discs were investigated as a
function of temperature shown in Figure 4.32 and the data are summarized in Table
4.19.
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Figure 4.32 Temperature dependence of the specific conducis)ifpr

LasCay sNip.gCy 1TiOs4s (Z = 000-005)

The temperature dependence on electrical conductivity of
Lay sCay sNipodC 1Ti,Oss (z = 0.00-0.05) increases with increasing the measuring
temperature, which attributes to the loss of oxygen from the lattice to the formation of
oxygen vacancies at high temperature [74]. For z = 0.01-0.05, the electrical
conductivities are decreased. This result can be explained by the effeét afrTi
doping, which may be introduced to the interstitial site in the; BCtahedral in
perovskite layer. Since the “iion has no 3d electrons, wheri *Tion is added, parts
of the B-O-B are broken, due to no electron hopping from oxygen 2p orbital with the
3d orbital of transition metal. A disorder introduction of*Tion by B-O-Ti bond

causes the decrease of electrical conductivity [80].
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Table 4.19 Specific conductivity oka; sCay sNigoCy 1Ti,04+5 (z = 0.00-0.05).

Specific conductivity (S/cm)
Sample Gmax
300°C| 400°C| 500°C| 600°C| 700°C| 800°C| 7T
2=0.0 51.01| 6678 80.79 91534 100.1 10B. 0&;’
z=0.01 34.01| 45.92| 5639 6470 7017 744 gd?)?
_ ) 71.01
z=0.03 2801 39.02| 5073 601p 6644 7LDY
z=0.05 26.81| 37.17| 4659 5470 60.67 65.6 é’d%
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Figure 4.33Arrhenius plot of the electrical conductivity of L& sNip dC0p 1Ti,04+5

Z = 0.00-0.05).
Table 4.20 Activation energy of LaCaysNig.gCa 1TiOss (z = 0.00-0.05)
©8400-700°C.
Sample Ea (kJ/mol)
z=0.0 12.87
z=0.01 13.63
z=0.03 14.72
z=0.05 14.38

Table 4.20 shows the activation energy of materials increased

with the Ti*"ion addition.
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4.3.2.5 Thermal expansion coefficients ofils&ag sNip gC00 1Ti;044+5
z(E 0.00-0.05)
Dilatometric curves of; kaaysNiggCoy1Ti,Os+s (z = 0.00-
0.05) in air are shown in Figure 4.33. The average thermal expansion coefficient

(TEC) was defined as the slope of curves and be summarized in Table 4.21.
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Figure 4.34 Temperature dependence of the thermal expansion for
LasCa sNig dCy.1Ti,04+5 (Z = 000-005)

Table 4.21 The average TEC values of @a) sNig.oC 1Ti,O44+5 (z = 0.00-0.05) at

5®00°C.
Sample TEC (x10° °C™
z=0.00 13.82
z=0.01 15.26
z=0.03 15.17
z=0.05 15.52

Thermal expansion coefficient (TEC) sloped are linear and increased at
elevated temperature, which is attributed to the loss of lattice oxygen. That is
associated with the formation of the oxygen vacancies in the lattice. Small addition of
Ti** ion in the KNiF4type structure makes the TEC value higher than the undoped
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materials. The reason is that the larger the ionic radius of ffiéofj the longer the

bond dstance of A-O in rock-salt layer.

In this research the electrical conductivity was 106.03 San800°C and
oxygen permeation rate was 0.48 pmol/€.@n1000°C of LasCay sNiooC0o.10a+s
are compared with those of othepMiF, structuree.g. the electrical conductivity of
PNig 78C W 2504+ Was 79.43 S/cmat 1000°C and the oxygen permeation rate was
0.83 pmol/s.ci at 1000°C reported [14]. Therefore, it is concluded that
L& sCay sNip.dC0p 10445 IS @ potential candidacy for the intermediate temperature solid
oxide fuel cell (IT-SOFC, 600-800°C).



CHAPTER V

CONCLUSIONS

5.1 Gonclusions

LayNiO445, the substitution of Cdion at B-site, the substitution of €adon at
A-site and the additions of &and Tf* ion in the structure were successfully
synthesized by modified citrate method. All compositions were calcined at
temperature of 1200°C and sintered at 1300°C for 6 hrs. The synthesized compounds
were characterized by XRD, SEM and investigated the properties for oxygen
permeation, electrical conductivity and thermal expansion coefficient.

LayNi1,C0/Os+ (y = 0.1-0.2) materials have a tetragonal of thBliRs-type
structure and small amount of 4@; impurity phase. The surface morphology of the
sintered discs examined by SEM revealed that the increase®hig@osubstitution
promotes the increasing of grain size of materials. The oxygen permeation rate and
thermal expansion coefficient were increased whereas the electrical conductivity was
decreased when the £don content increased. However,,;Niy ¢C0p.104+5 Showed
the highest oxygen permeation rate of 0.78 umol/satri000°C in this research.

The substitution of CGaion in La.xCaNiodCp104+s (X = 0.0-1.0) to produce
tetragonal KNiF,-type structure was achieved. At x = 0.5, only pure single phase of
K2NiF4-type structure was obtained whereas at x = 0.1-0.3 and x = 0.7-1.0,@e La
impurity phase and the CaO impurity phase were present, respectively. The SEM
analysis was concluded that the grain size of samples decreases with increasing the
content of C& ion doping because the ionic radii of“#n is smaller than that of
La** ion. The electrical conductivity was increased whereas oxygen permeation rate
and thermal expansion coefficient were decreased when the increasing*dbiCa
doping at 0.5. However, The maximum electrical conductivity was achieved for the
Lay.sCay sNio.¢C0p. 104+ sample at 106.3 S/éat 800°C.

Asingle phase tetragonal of theN{F-type structure was obtained from the
addition of G&" ion in the LasCaysNiosC.1Ga0ass (z=0.00-0.1, 0.2). Since the
ionic size of G& ion is small, it can be inserted into interstitial position of the rock —
salt layer. The SEM characterization revealed that grain size of samples increases
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with increasing of GH ion doping. The oxygen permeation rate, electrical
conductivity and thermal expansion coefficient were decreased when the amount of
Ga* ion was added to the materials. In this work, non-stochiometric
L&y sCa sNip dC0p 1Ga.0104+5 Material gave the highest oxygen permeation at 0.49
pmol/s.cnf at 1000°C.

The addition of T§" ion in La, sCay sNigdCu.1Ti,Oass5 (z=0.00-0.1, 0.2)
to produce a tetragonal of theMiF,-type structure was investigated. At z=0.00-0.05,
the pure single phase of tetragonaNK=;-type structure was obtained whileQz07,
CariO3 impurity phase was observed. The SEM analysis incicated that grain size of
samples decreases with increasing the content &f i6h doping. The oxygen
permeation rate and electrical conductivity were decreased whereas the thermal
expansion coefficient was increased when the amount’6fidfi was added to the
materials.

In conclusion, the substitution of €don in B-site of LaNiO4.; improved the
oxygen permeation rate of materials while the substitution 6f @m in A-site
improved the electrical conductivity of materials. The additions &t &ad Tf* ion
in the structure had no effect on the oxygen permeation rate but reduced the electrical
conductivity. From this research, 1&asNipdC0y 104+ Mmaterial has the mixed
ionic-electronic conducting property for using as a future solid oxide fuel cell
(SOFC).

5.2 Suggestion
From experimental results, the future work should be focused on the
following:
1. To study the compatibility of LaCaysNipdCm104+s cathode materials
with the 8%-YSZ electrolyte for SOFC.
2. To investigate the property of {.é&Ca sNiodC0p 104+ cathode on the 8%-
YSZ electrolyte for oxygen permeation rate, electrical conductivity and

thermal expansion coefficient.
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APPENDIX A

Tolerance number

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

tolerance factor, t as Equation (A.1)
_ (ratro) (A1)
\/E(rB +15)

where K, rs, and p are the radii of respective ions. For the substituted
perovskite at A and B site, AA'xB1.,B'yOs, ra and g were calcuated from the sum
of each metal at A site and B site, respectively, time its compostition. The atomic
weight, ionic charge, coordination number, and ionic radius of all concerned metals

were shown in Table A.1

Table A.1 lonic charge and ionic radius of concerned metals.

Element Charge | lonic radius(A°)
La 3+ 1.17
Ca 2+ 1.14
Ni 2+ 0.69
Ni 3+ 0.64
Ni 4+ 0.58
Co 2+ 0.75
Co 3+ 0.67
Co 4+ 0.54
Ga 3+ 0.68
Ti 3+ 0.81
Ti 4+ 0.75
O 2- 1.40
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APPENDIX B
Activation Energy (Ea)
Arrhenius plot of LSFNi 4682 is given in Figure B-1. The linear part can

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

o = (AIT) E4RD
In (cT) = In A F¥RD
In (cT) = In RN+ In A (B.1)
In cT) = (-E/R) (1000/T) + InA

oov '

y slope X intercept y axis

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

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

Ea = The activation energy (kJ/mol)

T = Temperature (K)

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

From Equation B.1 Arrhenius plot of bl versus 10007 gives a straight line,
whose slope and intercept can be used to determgiardEA.
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Figure B.1 Arrhenius plot of the electrical conductivitylad; sCay sNig.oC0p 10445

The activation energy calculated from the slope of the straight line of figure
B.1 For example, the activation energyalEof La sCa sNiggC0y 10445, Was
calculated as below:
y =-1.6855x + 13.22
Slope =-1.6855 = 4R
Then, E=-(-1.6855) x 8.314472 = 14.02 kJ/mol
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