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CHAPTERI

INTRODUCTION

1.1 Background

The efficient and environmentally friendly production of energy and
chemicals is a long sought goal for the development of energy technologies and
chemical reactors that will contribute to a sustainable development. At the forefront of
these technologies is the solid oxide fuel cells (SOFC) which is hoped to find
widespread application in the direct conversion of chemical energy into electricity
with high thermodynamic efficiency and minimal environmental pollution [1]. Solid
oxide fuel cells (SOFC) have been targeted for both mobile and stationary power-
generation systems. Solid oxide fuel cells (SOFC) are promising candidates’ for high
efficiency energy production in the near future, Indeed, the advantages of SOFC are
as consequence of: (i) the high operating temperature (600900 =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; (iii) high energy conversion efficiency (iv) no
emission of pollutant by CO (v) high stability (vi) flexibility in fuel [2]. Solid oxide
fuel cells have so far been operated on methane, propane, butane, fermentation gas,
gasified biomass and paint fumes. Nevertheless, the current SOFC technology suffers
from two main drawbacks that must be overcome before up-scaling and launch to the
market: (i) the high price of the produced kWh due to the manufacturing costs; and
(i) the high operating temperature (>750 C), which increases the costs of
construction materials and the starting-up time, shortens the operating life of the fuel
cell stack, and therefore decreases the scope for domestic and vehicle power
generation applications [2] However, selection of the optimal electrode, electrolyte,

interconnect, and contact materials for SOFC remains open [3].



1.1.1 Fuel cells

Fuel cells are electrochemical devices that convert the chemical energy stored
in a fuel directly into electrical power. The basic physical structure or building block
of a fuel cell consists of an electrolyte layer in contact with a porous anode and a
cathode on either side. The main attractive features of fuel cell systems are also
flexibility in sizing, quiet operation and near zero emissions. These benign features
render the fuel cells as prime candidates for providing local or national wide power
systems for a sustainable economy while maintaining a clean environment. Fuel cells
promise to replace the internal combustion engine in transportation due to their higher
efficiency, low emissions depending on fuel cell types, and to replace batteries for
portable electronics due to their higher energy density and zero recharge time [1]. The
most common classification of fuel cells is by the type of electrolyte used in the cells,
operating temperatures, and the mechanism by which charge is conducted in it:
(1) Direct methanol fuel cell (DMFC), ~60 =C;
(2) Proton exchange membrane fuel cell (PEMFC), <80 =C;
(3) Alkaline fuel cell (AFC), ~100 <C;
(4) Phosphoric acid fuel cell (PAFC), ~200 =C;
(5) Molten carbonate fuel cell (MCFC), 650 =C;
(6) Solid oxide fuel cell (SOFC), ~650-1000 =C.

A schematic diagram of a planar SOFC single cell structure is shown in Figure 1.1.

=
Hy + 20" =+ 20 + de

HyO

Figure 1.1 Planar SOFC single structures.



1.1.2 SOFC materials

The electrolyte of SOFC is a solid, nonporous ceramic, usually Y-0;-
stabilized ZrO; (YSZ). The SOFC operates at 600-1000 «C where the ceramic
electrolyte becomes conductive to oxygen ions, O%", but nonconductive to electrons.
In 1899, Nernst discovered the solid oxide electrolyte when using stabilized zirconia
in making filaments for electric glowers. Nemst is the first scientist describing
zirconia (ZrO;) as an oxygen ion conductor. Until lately, SOFC have all been
developed based on an electrolyte of zirconia stabilized with the addition of a small
percentage of yttria (Y20;3). The range of the operating temperature of the SOFC is
the highest operating temperature range of all fuel cells, which presents both
challenges for the construction of durable SOFC, and advantages. The high operating
temperature permits rapid kinetics and allows production of high quality heat as by-
product suitable for co-generation.

SOFC cathodes are now made primarily from electronically conducting oxides
or mixed electronically conducting and ion-conducting ceramics. Typically, the anode
is made of nickel/ytiria-stabilized zirconia (Ni/YSZ) cermet and the cathode is Sr-
doped LaMnO;. Until recently, nickel is used as an internal reforming catalyst and it
is possible to carry out internal reforming in the SOFC directly on the Ni anode. At
high temperatures, the ceramic electrolyte ionic conductivity increases and the
electrochemical reactions are accelerated. The SOFC can be operated with simpler
concepts because there are only two phases, gas and solid, are involved. Ceramic
materials are- inorganic, nonmetallic materials which consist -of metallic and
nonmetallic elements bonded together primarily by ionic and/or covalent bonds.
Ceramic materials properties vary greatly due to differences in nature of
intermolecular bonding. Most oxides are ceramics. Metal oxide structures are formed
on the basis of nearly close-packed oxygen ions, and cations placed in available
interstices. Because ceramic materials are vulnerable to mechanical impacts and
thermal shocks, there are significant restrictions on the cell designs. Thermal
expansion mismatch between different ceramic compenents and sealing difficulties
are major concerns of SOFC design and fabrication. Modeling of SOFC will help

optimize the design and mitigate the problems [1].



Table 1.1 Properties of perovskites in components

components properties
Cathode (1) High ionic-electronic conductivity
(2) High catalytic activity for oxygen molecule dissociation and
oxygen reduction
(3) Thermal expansion compatible with SOFC electrolyte
Electrolyte | (1) High ion conductivity ( O; ions)
(2) Good chemical compatibility
(3) Excellent mechanical propertics
Anode (1) High electronic conductivity

(2) High catalytic activity of Ni promotes cracking of hydrocarbon

1.1.3 Operation of SOFC

©9 Other gas
% @0 Oxygen gas
‘ 00 Hydrogen gas

%
% oo ©@
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Figure 1.2 operation of SOFC

At the cathode, the oxygen molecules from the air are split into oxygen ions with the

addition of four electrons. The oxygen ions are conducted through the electrolyte and
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combine with hydrogen at the anode, releasing four electrons. The electrons travel an

external circuit providing electric power and producing by—product heat.

Anode Reaction: 2H;+20"=2H,0+4¢

Cathode Reaction: 0O, +4e =207

Overall Cell Reaction:| 2 H, + 0,=>2 H,0

The operating efficiency in generating electricity is among the highest of the
fuel cells at about 60%. Furthermore, the high eoperating 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%.

1.1.4 Fuel flexibility of SOFC

SOFC are more flexible for the use of fuels than low temperature fuel cells. In
the SOFC, not only hydrogen but also several hydrocarbons and carbon monoxide
(CO) can be used as fuels. When using hydrogen fuel, the clectrochemical reactions
of the SOFC:

At the anode of SOFC

H; +20; — 2H;0 +4e (1.1)
At the cathode

0;+4e — 205 (1.2)
The overall cell reaction is

0; +2H; — 2H;0 (1.3)

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

At the anode of SOFC

CO +20,—- — 2CO, + 4¢~ (1.4)
At the cathode
0, +4¢” 4 20,7 (12)

The overall cell reaction is
CO +0; — 2C0; (1.5)
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At high temperature, carbon monoxide can be oxidized with water to form carbon
dioxide and hydrogen gas as the water—gas shift reaction
CO + Hy0 — CO, + H, (1.6)
When using methane as fuel, the electrochemical reactions of the SOFC:
At the anode of SOFC

CHy +40; — COp + 2H,0 + 8 (1.7)
At the cathode

20:+ 8 — 40, (1.8)
The overall cell reaction is

CH; + 20; — CO; +2H,0 (1.9)

In practice, the methane-reforming reaction is normally used instead of the
direct electrochemical methane-combusting- reaction Eq. (1.9). The methane-
reforming reaction usually mnsiden‘;d as
CH, + H;0 — 3H, + CO (1.10)

When using hydrocarbon (C.H,Oyp) as fuels, the electrochemical reactions of
the SOFC:

At the anode of SOFC

CoHp + (2n + 0.5m)0; — nCO; + (0.5m)H:0 +(4n + m)e ;p=2n+0.5m (1.11)
At the cathode:

(n+0.25m)0; + (4n + m)e” — (2n+ 0.5m)0; (1.12)

The overall cell reaction is

CoHn + (n +0.25m)0; — nCO; + (0.5m)H0 (1.13)

The hydrocarbon-reforming reaction can be described as

CiHpm +nH20 — (n + 0.5m)H; + nCO (1.14)

Perovskite—like oxides have been the most widely studied as cathodes for
SOFC applications, however these materials do not fulfill all the technological
requirements for the adequate performance of SOFC systems. This has led to an
increasing interest in the search for new mixed conductors, where KsNiF; structures

have called considerable attention [4].



1.1.5 Perovskite

Mixed ionic electronic conductors (MIEC) exhibiting both electronic and ionic
conductivities have a wide range of utilization such as fuel cells. Some perovskite
oxides are found to be good mixed-conducting materials. Perovskites are a large
family of crystalline ceramics that derive their name from a specific mineral known as
perovskite. They are the most abundant minerals on earth and have been of continuing
interest to geologists for the clues they hold to the planet's history. The parent
material, perovskite, was first described in the 1830's by the geologist Gustav Rose,
who named it after the famous Russian mineralogist Count Lev Aleksevich von
Perovski. There are many perovskite compound types, each have various properties
that are used in different applications such as insulators, dielectrics, magnetic
materials, ionic eonductors, mixed conductors, and superconductors. This study is
focused on the use of mixed conducting perovskites as SOFC. The Ruddlesden—
Popper-type phase, RaNiOgs (R=Pr), as a mixed electronic and oxide-ion conductor
(MIEC) in an oxidizing atmosphere, is explored as the SOFC cathode material in this
thesis [3].

1.1.6 Crystal structure

M. Al Daroukh and et al. studied the structural of A,MO,., oxides compared
with the characteristics of perovskite-type oxides AMOs;., containing the same cations
[5]. In ABO; perovskite structure, where A is the larger cation in a twelvefold
coordination, and B is the smaller cation in the sixfold coordination with oxygen ions.
The B ions can take a mixed-valence state such as transition metals.

Figure 1.3 ABO; perovskite structure.

The partial substitution of cations in the ABO; perovskite structure by cations

with a lower valence either leads to formation of oxygen vacancies or to charge
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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 nonstoichiometry 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 AMOs-type oxides with A= Ln (lanthanides),
Ca, Sr, Ba; M= Cr, Mn, Fe, Co, Ni, Ga, In, with mixed occupation of the A- and M-
sublattices.
The structure of the Ruddlesden—Popper-type phase A;MOy,5 is shown in

Figure 1.4.

Figure 1.4 A;BO, perovskite structure.

A:BOy oxides with the perovskite-related K;NiFs- type structure are less
intensively investigated. Recent results on lanthanum cobaltites and nickelates
indicated enhanced chemical stability and moderate thermal expansion. Compounds
with formula A;BO4 generally have the tetragonal KsNiF; structure when the radius
of the A cation is 1.0 < ry < 1.9 A°, the radius of the B cation is 0.5 < rg < 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
peroyskite (ABO;) and rock-salt (AO) units [6]. It contains & excess interstitial
oxygen defects (O;" ions) per formula unit located between the paired AO rocksalt
bilayers that alternate with the ABO; layers [3]. These oxides (A;BQs), as well as
perovskite (ABO;), have a well-defined bulk structure and the composition of cations

at both A and B sites can be variously changed without destroying the matrix
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structure, they therefore can be very useful as model systems to investigate the
relationships between solid-state properties and catalytic performance of catalyst.
Corresponding to the thermodynamic stabilities of the oxides within the range
of phase stability, the oxide AMO; undergoes a partial reduction/oxidation reaction
resulting in the well-known oxygen vacancy and electron hole-type defect structure,
which determines the electrical transport properties of the oxides.
AMO; = AMO; + x/20; (1.15)
At higher temperatures and lower oxygen partial pressures, the AMO; phase
becomes unstable and reacts to form A.MOy:
2AMO; = A;MO4 + MO + 120, (1.16)

Reaction (1.16) can be assumed as a proof of the higher thermochemical stability of
the A;MOy-type compounds compared with the AMO;-type oxides. A;MOy-type
oxides undergo partial reduction/oxidation reactions as well, corresponding to their
thermodynamie stabilities within the range of existence of the phase.

A;MO, = A;MOyux® x20; (1.17)

The regular oxygen sites within the K;NiFs-type structure are completely occupied at
an oxygen stoichiometry of 4.0. In compositions with A+A’'>] excess oxygen ions
may occupy interstitial oxygen sites as demonstrated by structure investigations. The
perovskite and the K;NiFs-type oxide phases are characterized by a range of existence
expressed by the O/M stoichiometry range (3-x) and (4-x), respectively. Therefore,
one fixed value for the free energy, AG®, does not exist. Within the range of existence
of the phases, the value x of reversible oxygen exchange according io reactions (1.15)
and (1.17) is used as an expression for the thermodynamic stability.

x =f (T, p0y) (1.18)
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Figure 1.5 show AMO; phase reacts to A,MO;

1.1.7 Tolerance factors in perovskites

The formation of perovskite-oxides with high oxygen ionic conductivity
requires high oxygen vacancy concentrations created by dopants, and best conditions
for oxygen mobility. The ionic radii of the dopants must be fitted to the lattice, while
is expressed by the Goldschmidt tolerance factor: Besides the stability of the
perovskite structure has often been rationalized in terms of a parameter, termed
Goldschmidt tolerance factor, f , which is based on the ionic radii of the ions

comprising the unit cell defined as [7):

(= (ry +r5)

- -ﬁ(rﬂ +1y)

Where, r,, rs, and r, are the ionic radii of A, B and O ions, respectively. Where the
atoms are touching one another, the B-O distance is equal to a/2 (a is the cubic unit
cell parameter) while the A-O distance is (a/y/2) and the following relationship

between the ionic radius (r) holds: ry +rg = V2 (rg + o).
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Figure 1.6 The relationship belween symmetry and ionic radii in the perovskite.

The ideal perovskite is the cubic structure with the tolerance factor close to 1.0
at high temperature. The perovskite structure is stable in the range 0.75< 1 <1.0, and is
cubic in the range t > 0.95. However, it seems that t = 0.75-1.00 is a necessary but not
a sufficient condition for the formation of the perovskite structure. Even in the range
of t = 0.8-0.9 which is the most favourable value for perovskites. Deviations from the
ideal structure are well known as orthorhombic, rhombohedral, tetragonal, monoclinic
and triclinic symmetry. The closer the ¢ is to unity, the greater is the stability of the
perovskite structure, whereas greater declinations from unity give distorted unit cells.
Yokokawa [8-9] observed a strong correlation between the formation of perovskite
phases from oxides and the Geldschmidt numbers. Thermodynamic stability increases
with increasing Goldschmidt number. This correlation helps to establish doping
strategies, calculating with mean ionic radii in the case of doping. For example,
BaTiO; has a tolerance factor over 0.97 and it is stable over a wide temperature range.
BaCeO,, on the other hand, has a tolerance factor of ~0.89, and is unstable at low
temperatures [7]. The distorted structure may exist at room temperature but it
transforms to the cubic structure at ambient temperature.

Wan et al [3]. studied the performance of Nd.LaNiO4s as a cathode
material for solid oxide fuel cell (SOFC). Because of La;NiOys started to lose
interstitial oxygen above 430 °C. This loss introduced unacceptable volume changes
and a reduction of the oxygen- ion conductivity, which is clearly a problem for
applications such as the cathode of SOFC operating at about 800 °C. The introduction
of the O;" ions is driven by a mismatch in the equilibrium (R—0) and (Ni-O) bond
lengths, i.e. by a geometric tolerance factor t=(R—0)/N2(Ni-0)<I. The interstitial ions
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O," are expected to relieve the compressive stress on the NiO; layers. By increasing

this mismatch (i.e. lowering t) via substitution of a smaller Nd** ion for La’’, it might
be possible to retain the interstitial oxygen to higher temperatures in Nd;NiOyss.
Substitution of smaller Nd** ion for La®" in La;NiO4.s increased the retention of
mobile interstitial oxygen defects (0" ions). The concentration of the O" ions in
Nd;NiOy.s was stabilized at §=0.12 at 800 °C in air after thermal cycling. Deposition
of Nd;NiOy.s directly onto an LSGM electrolyte gave poor performance presumably
due to the interdiffusion of La’* and Nd*' ions across the electrolyte/cathode interface
and subsequent formation of ion-blocking phases at the interface. Insertion of an LDC
interlayer between Nd:NiOy:5 and LSGM and/or Pt sputtering on the Nd;NiOjs:s
surface significantly decreased the cathode overpotential. La; ;Nd; sNiO4.5 on LSGM
provided isoactivity of the La®" ions at the interface, and this cathode composition

gave a remarkable improvement in the cell performance.

1.1.8 Nonstoichiometry in perovskites

It is intended to explore the relevant properties for application as SOFC
cathodes with AjBOy; structure. and with or without A- and B-site cation
nonstoichiometry in respect of electrical conductivity, thermal expansion and
stability, ionic compatibility with other cell components. It is well known that cationic
nonstoichiometry has effects on defect structure, transport properties, and catalytic
activity of perovskites with ABO; structure; hence it can be assumed that the cation
nonstochiometry of A;BO4 materials may also play an impaortant role.

Nonstoichiometry in perovskites can arise from cation deficiency (in the A or
B site), anion deficiency, or anion excess. For the cation deficiency, A-site cations
can be missing without collapse of the perovskite network because of the stability of
the BO; group. On the contrary, B-site vacancies are not energetically favored
because of the large formal charge and the small size of the B cations in perovskites.
Nevertheless, an oxygen vacancy in perovskites is more common than a cation
deficiency.

Many oxygen-deficient perovskites can be described on the basis ol complex
perovskite-related super—structures of general formula A,ByOs,., in which the

stacking manner depends on the size, electronic configurations, and coordination
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numbers of A and B cations. Oxygen vacancies are accomplished by substituting

ions of similar size but different valence. For example, some of the La’' ions in
LaBO; are replaced by Sr** to form La;..SrsBO;., and therefore, oxygen vacancies
are formed. The former composition can be considered as an anion-deficient
perovskite with one-sixth of the oxygen ions being vacant. Oxygen vacancies are
ordered in alternate [001] BO; planes of the eubic structure such that alternate [110]

rows of oxide anions are missing.

1.1.8.1 Physical properties

The perovskite structure c¢lass is one of the most commonly occurring
and important in all of materials science. Physical properties of interest among
perovskites include superconductivity, colossal magnetoresistance, ionic conductivity,
and a multitude of dielectric properties, which are of great importance in
microelectronics and telecommunication. Because of the great flexibility inherent in
the perovskite structure there are many different types of distortions which can occur
from the ideal structure. These include tilting of the octahedra, displacements of the
cations out of the centers of their coordination polyhedra, and distortions of the
octahedra driven by electronic factors (i.e. Jahn-Teller distortions). Many of the
physical properties of perovskites depend crucially on the details of these distortions,
particularly the electronic, magnetic and dielectric properties which are so important
for many of the applications of perovskite materials.

1.1.8.2 Magnetic properties
In the ideal cubic perovskite structure, each atom of oxygen is shared
by two B* ions, forming a B-O-B angle of 180°. Such a configuration is favorable for
super exchange interactions between magnetic B** cations. This exchange usually
results in anti-parallel coupling of nearest-neighbor magnetic moments. When the B
ions are in two sub lattices (A;BB'Og) the other spin arrangements are possible. If B’
_is a diamagnetic ion, the B*" ions are aligned anti-ferromagnetic, and the most
important exchange mechanism is believed to be a longer range super exchange
interaction through two oxygens of the type B-O-B™-0-B. The B-B separation is now

considerably longer than the 0.4 nm separation found in the ideal perovskite. The
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LnFeQ; (Ln = lanthanide) perovskites are those that have attracted the most

attention because of their possible applications as technological magnetic materials
[10]. These compounds show a weak spontaneous magnetic moment, which is
attributed to a slight canting of the iron moments, which are otherwise anti-
ferromagnetic aligned.  Similarly, LnMnO; shows very interesting magnetic
properties. These manganites containing mostly Mn** or Mn** ions show anti-
ferromagnetic behavior. However, ferromagnetic behavior is observed in the range
from 25 to 35% Mn''. A weak magnetic interaction was found between Mn®* ions,
together with a negative interaction between Mn*' ions and a strong positive
interaction between Mn®* and Mn*', A similar kind of behavior was found for the
combination of Co®* and Co*, but the Cr and Fe compounds were found to be anti-

ferromagnetic.

1.1.8.3 Mixed ionic-clectronic conductors

Perovskite oxide exhibits both ionic and electronic conductivity. It may
show both high oxygen ion conductivity due to the high oxygen wvacancy
concentration, and a high electronic conductivity due to the mixed-valence state [11].
The B ions can take a mixed-valence state, charge neutrality is maintained by both the
formations of oxygen vacancies and a change in the valence state of the B ions. The
B-site ion substitution can increase the concentration of oxygen vacancies, such as Cu
and Ni ions, which naturally take the divalent oxidation state [12]. If the valence state
of the B ions.is fixed, neutrality is maintained only by the formation of oxygen
vacancics. The oxides may be predominantly ionic conductors, in this case.

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

In all materials that there are in principle nonzero electronic and ionic
conductivity, the overall electrical conductivity oy, is the sum of electronic
conductivity oe and ionic conductivity o, as Equation (1.19),

Ot = Eﬂu"'u: (]']g}
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where gj; is the partial conductivity (in @ 'cm™) of the jth-type ionic charge carriers
presenting in the solid. . lonic charge carriers can be either atomic in nature or
normally defects of either the anionic or cationic sublattice. lonic conductivity occurs
normally via interstitial sites or by hopping into a vacant site (vacancy motion) or a
more complex combination based on interstitial and vacant sites.

Electronic (electron/hole) conductivity occurs via delocalized states in the
conduction-valence band or via localized siates by a thermally assisted hopping
mechanism. The presence of electronic conduction in perovskites proceeds via B.
Lattice cations through overlapping B-O-B bonds via a mechanism known as the
Zerner double exchange process is shown in Equation (1.20) [13]:

B"-0*-B*) —— g™ U gt gt It g1 g2 g™ (1.20)
This process is facilited by strong overlap of the B site cation and O, orbital which is
maximized for B-O-B angles at 180 °C, i.e., cubic structure. In the orthorhombic
structure, the tilting of BO; give rise to a decrease in the B-O-B overlap and thus
would be expected to provide a larger barrier to electronic conduction. In the above
double exchange mechanism, electronic conduction requires the presence of B site
cations with multiple valences.

Furthermore, the electronic conduction can be n-type or p-type,
depending on the material properties and ambient oxygen partial pressure. The energy
level shifts from the center of the energy gap toward the empty zone for an n-type
semiconductor or the filled band for a p-type semiconductor. Ann-type conductor is
an electron conductor while a p-iype conductor is.an electron hole conductor [14].

1.1.8.4 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 for other compounds, the
electrical behavior in perovskites depends on the outermost electrons, which may be
localized at specific atomic sites or may be collective. Since localized electrons may
carry a spontaneous moment, there is a strong correlation between the electrical and
magnetic properties of perovskites. Rare-earth perovskites containing transition ions

show widely differing electrical properties. The electrical properties of perovskites
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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 Cu*'—Cu™". Among these, the exception is Ce—doped Nd,CuOy, with Te
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 [15].

1.1.9 Oxygen adsorption property

Oxygen adserption on perovskite oxides has been studied mainly because of
these compounds as redox catalysts. They were used for redox reactions in connection
with purification of automebile exhaust gases [16]. Thus the study by temperature-
programmed desorption (TPD) of oxygen adsorption on perovskite oxides has
attracted considerable interest.

Yamazoe et al. [17] reported the first oxygen TPD results from perovskites.
The objective was to study the influence of partial substitution of La'* by Sr*' in
La;45rCo0; oxides on their surface and catalytic properties. Oxygen TPD peaks
from perovskites appeared two oxygen desorption peaks after adsorption on
La;«SryCoO; at 1023 K. The low-temperature peak (o-type) was attributed to
adsorbed oxygen, whereas the high- temperature peak (B-type) was ascribed to lattice
oxygen. They concluded that the amount of desorbed oxygen from La;.Sr,CoO;
increased with increasing x-substitution. Since A-site substitution with a divalent ion
is known to induce the formation of oxygen vacancies.

In a recent contribution, Yokoi and Uchida [18] observed that the amount of
O; desorbed and the temperature of the a-type oxygen desorption from LaMO; (M =
Cr, Mn, Fe, Co, Ni) tended to decreased with the increasing atomic number of the
transition metal. The B-type oxygen desorption peak was found to be more specially
associated with the M cation, although it is also affected by La-site substitution.

In 1996, Zhen Zhao, et al. [19] investigated the oxygen TPD of the single-
phase catalysts LaNiQ;, La;NiOy4, and LaStNiOy4. For La;NiOy there exists only one
desorption peak (o) of oxygen which could be attributed to the ordinarily chemically

adsorbed oxygen (O;). For LaNiO;, there appear two desorption peaks (c.f) of
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oxygen. The P-type peak was attributed to the lattice oxygen, namely, the oxygen
that is released by the reduction of Ni** according to the following reaction:
2Ni**+ O — 2Ni*'+ Vj + 120,. Yet for LaSrNiOy, there exists three desorption

peaks (o, a’, B) of oxygen in the O;-TPD spectrum. The attributions of o and 3 are
the same as that for LaNiO;, while a’ corresponds to the desorption of the oxygen
chemically adsorbed on the oxygen vacancies. Therefore, the order of the mobility of
lattice oxygen could be given below: LaSrNiOy = LaNiO; = La;NiO4. Although, there
exist a little oxygen vacancies in the sample LaNiO; (4BO;), no o’ desorption peak
appeared. It may be suggested that the type of oxygen vacaney in LaNiO; is different
from that in LaSiNiO, (4280y). The ordered oxygen vacancies have been found in
LaNiO; perovskite-type oxide. The oxygen vacancies produced by the substitution of
La with Sr in LaSrNiOy seem to be disordered.

Junjiang Zhu, et al. [20] studied the La;-Sr,CuQy (x = 0.0, 0.5, 1.0) catalysts
for NO+CO reaction. In O;—TPD experiment, the desorption area of B oxygen, which
was contributed by the oxygen adsorbed on the oxygen vacancy, increased with the
increase of Sr content and was in the same order as the activity, indicating that the

activity depended largely on the oxygen vacancy resulted by Sr addition.

1.1.10 Perovskite synthesis

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

metal-EDTA; chemical co precipitation and the sol-gel process ete.

1.1.10.1 Gas phase reaction
The deposition of perovskite films with a specific thickness and
composition generally requires gas phase reaction or transport. Many physical

techniques have been developed for gas phase deposition such laser ablation, dc
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sputtering, magnetron sputtering, electron beam evaporation, thermal evaporation
and spray-pyrolysis.

In general, they can be divided into two categories based on the target
they use. The first type uses separate targets where a different speed of deposition for
each element has to be determined. The second method uses the performed perovskite
material itself as target and the stoichiometric phase is transported to the substrate by
sputtering or ablation techniques. Gas depositions can be divided further into three
categories: (1) deposition at low substrate temperature followed by a post-annealing at
elevated temperatures, (2) deposition at intermediate temperature of 873 to 1073 K,
and (3) deposition at crystallization temperature under an appropriate atmosphere.

1.1.10.2 Solution reaction

Solution preparation of perovskite materials generally involves the use
of metalloorganie compounds that are dissolved in a common solvent. General ways
of making perovskite materials usually adopt mixing the constituent oxides,
hydroxides and carbonates. These materials generally have a large particle size. The
selection strategy of this approach frequently requires repeated mixing and extended
heating at high temperature to generate a homogeneous and single-phase material. In
order to overcome the disadvantages of low surface arca and limited control of the
micro-structure inherent in the high temperature process, precursors generated by sol-
gel preparations or co precipitation of metal ions by precipitating agents such as
hydroxide, cyanide, oxalate, carbonate, citrate ions etc., have been used.

These gel or coprecipitated precursors can offer molecular or near
molecular mixing and provide a reactive environment during the course of subsequent
heating and decomposition. Because of the improved solid-state diffusion resulting
from the improved mixing, they need a relatively lower temperature to produce
similar materials compared to the traditional methods. These methods frequently offer
additional advantages, such as atomic/molecular level homogenous mixing of
constituent metal ions, better reactivity at lower reaction temperatures, high purity,
and good cantrol of stoichiometry and high sinter ability.

In 2003, Li, et al. [21] investigated a mixed-condueting complex oxide

La;NiOyss were prepared by complex sol-gel method. Both ethylene diamine
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tetraacetic acid (EDTA) and citric acid (Cit) were used as ligands. A dense
supported membrane of La;NiO4.s was fabricated by coating the sol on a porous a-
Al;O; substrate and followed by heat treatment. A single-phase La;NiO4.; membrane
was obtained at 1123 K which is much lower than the temperature needed for
conventional solid-state synthesis. The thickness of the membrane is about 40 pm
measured by weight method, and there is no crack detectable by gas chromatography.
X-ray diffraction (XRD) and IR spectrometry verify the presence of K;NiFs-type
structure. ¢ is experimentally determined to be 0.15-0.19. The oxygen flux of the
supported membrane, measured by the steady-state method, is not less than 0.3 ml
em” min"' at 923 K, which is significantly higher than that of the bulk membrane
made from by particle sintering similar material, showing its great potential for the
application in both air separation and catalytic membrane reactor.

The solution route used will also determine the extent of intermixing of
the metal species, whether formation of a network versus formation of individual
inorganic phases oceurs, the temperature of pyrolysis of organic species occurs, the
weight loss associated with oxide formation, the densification and crystallization
behavior of obtained metal oxide.

A more subtle concern is the choice of the presumably inert anions,
which will be determined by the pH values, ionie strength, degree of super saturation
and impurities. This is important firstly because of the tendency of these ions to
become incorporated in the final product and secondly because there are subsequent
effects can vary dramatically. Conditions that favor large particle size, slow growth
and equilibrium will generally produce the purest precipitate.

The advantages of the solution reaction methods, such as better control
the stoichiometry and purity, greater flexibility in from thin films and new
compositions, an easily generated porous, and an enhanced ability to control particle

size.

1.1.10.3 Solid-state reaction
The most common procedure for perovskite 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
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calcinations 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 have to be minimized in order to generate homogeneous high performance
perovskite. For example, LSCF represents a typical case. Raw materials La>O;,
SrC0O;, Co0;, and Fe;O3; were mixed and ball-milled. After drying, then the mixed
powders were calcined at 1,000°C to remove impurities and to achieve single-phase

perovskite powder. The high temperature was required to complete reaction.

1.1.11 Perovskite membrane preparation

1.1.11.1 Wet chemical synthesis of perovskite

Because of the perovskite synthesis via solid-state reaction has found
that the impurities occurred. For this reason, the improvement of the perovskite
synthesis has been interested continuously. A series of chemical methods, especially
solution reaction or wet chemical synthesis or liquid phase synthesis, have been
developed from solid-state synthesis. Solution reactions have been developed from
solid-state synthesis to produce the required properties of raw perovskite powders,
such as spray—pyrolysis, freeze drying, precipitation, sol-gel and liquid mix process,
etc.

It is widely known that the synthesis of ceramic powders by using the
conventional solid-state synthesis promotes the crystal growth and resulting in a hard
agglomeration. The pood sintered ability may be obtained when the preparation
procedure is weak agglomerates are formed. Therefore, the properties of the raw
material powder are largely determined by the properties of the raw material powders,
which several requirements are imposed, fine particles (< | pm), narrow size range,
no aggregation, controlled particle shape, uniformity in chemical and phase
compositions, and high purity [22].

Liquid mix process is a generic name for various processes that start
with a homogeneous solution containing the desired cations, which use additives and
evaporation to convert the homogeneous liquid to rigid cross-linked polymer, and

which utilize heat to convert the polymer into a homogeneous oxide powder.
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Snlu:'hilily is one of the most important considerations in solution
techniques. Metal oxalates, sulphates, nitrates, chlorides, and acetates were avoided.
Because of the low solubility of these compounds could lead to the phase separation
in the final product. Not only it is desirable that solubility being high in order to
minimize the amount of solvent which must be removed, but also the particular
components must be compatible, e.g., iron sulfates could not be combined with
barium chloride. Because of barium sulfate would precipitate in the reaction.

The initial process was pioneered by Pechini and is referred to either as
Pechini process [23]. The following steps are used to achieve a powder.

1. An aqueous solution is prepared with metal alkoxides, oxides,
hydrated oxides, or carbonates in an alpha-hydroxycarboxylic acid
such as citric acid; the ratio of metal ions can be precisely
controlled.

2. A polyhydroxy alcohol such as ethylene glycol is added and the

liquid is heated to 150 to 250'C to allow the chelates to undergo
polyesterification,
3. Heating is continued to remove excess water, resulting in solid

polymeric resin.

the resin.

5. The temperature is further increased to 500 to 900°C to form
crystallites of the mixed oxide composition. The crystallites are
typically 20 to 50 nm and clustered into agglomerates.

The citric process has been used to fabricate a variety of
multicomponent electronic ceramic materials. The citrate solution synthesis process is
similar to the Pechini process, except that ethylene glycol or other polyhydroxy
alcohols are not utilized. To produce citrate precursor solutions, stoichiometric
amounts of the desired metal nitrates are dissolved in water and citric acid is then
added to form citrate species. This process results in solution species that have a
lower organic content than in the Pechini process, and consequently, films that display
less weight loss during conversion to the ceramic phase. The nitrate method simply

involves the dissolution of the desired nitrates in deionized water or alcohol. The
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approach is thus more straightforward than the Pechini and citrate routes, but
dewetting of the substrate may present a problem.

In addition, the modified citrate method was synthesized by
stoichiometric nitrates dissolved into HNO; and citric acid was added at a ratio of,
citric acid to metal ions, 2:1. The pH value of the solution was adjusted to 9 by adding
NH3.H,O and the final solution was stirred for 24 hours. Spontaneous combustion
occurred when the solution was dried at 473 K.

The modifications of Pichini process have been developed (was called
citate method) that invelved the use from citric acid and metal nitrate before thermal
decomposition. For example, the production of Sr-substituted LaMnO; perovskite
powder by the amorphous citrate process, obtained the manganese citrate-nitrate
precursor as shown in Equation 1.21 [24]:
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In the complex, the lanthanum is triply charged and replaces in normal
citrate formation in the hydrogen of three ~COOH groups and it replaces in the
hydrogen of one —“OH group and two —COOH groups. As manganese is divalent state
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replaces in the hydrogen of two —COOH groups while NO; replaces the hydrogen
of one —OH group, respectively.

In all cases the minimum amount of citric acid used was that necessary
to bond the metals if all the NO;™ ions were replaced. However, the amounts of metal
and citric acid should not less than equimolar. If the high amount of citric acid was

used, Mn;O; was presented from the complex as in Equation 1.22:
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The formation of above structure would allow some citric acid, water,
and nitrate ions to be lost during the preparation of gel. Every three molecules of citric
originally present one remains uncombined and may be removed from the mixture by
either evaporation or decomposition to yield acetone, carbon dioxide and water during
the precursor preparation in the vacuum oven. The formation of this complex would

also liberate NO3~ groups for each two molecules of Mn(NO;); originally present in

solution. The calcinations temperature should be higher than 800°C because the wide
range. of homogeneity at lower temperatures was a result of the segregation of
Sr(NOj); during precursor preparation and the production of SrCOy during precursor
decomposition. However, it should not be higher than 1,100°C because these would

inevitably lead to-a decrease in surface area. They also reported that the best

compromise would appear and initial treatment of the precursor at 700°C to yield the
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high surface area followed by an increase in temperature to 1,100°C for a period of
up to 4 hours to remove carbon.

Another modification of the Pechini process was called the citric acid
pyrolysis method [25]. The citrate process is a synthesis route which can lead to the
YBa;Cu307.5, the mixed metal oxides were dissolved by nitric acid. Then pH value of
the dissolved nitrate solution was adjusted by NH3.H,O and then NH4NO; served as
fuel. It is a particular type of sol-gel method, and offers the advantage of relative
simplicity and the feasibility of the chemical compounds used in the development of
the process. The method assures a great local and overall stoichiometry.

The perovskite powders made by wet chemical methods are very fine,
and can be not agglomerate, which facilitates the densification process. The powders
made from wet chemical methods using sintering temperature which can be lower
than those made from conventional solid-state synthesis methods. By means of these
wet chemical methods, it is possible to obtain monophasic, pure, fully reacted
powders with submicrenic and even nanometric sizes, homogeneous and narrow size
distribution, and very reactive characteristic. When comparing several techniques in
wet chemical methods, liquid mix process is distinguished in the case of less energy
consumption, simplest technology, and potential to get fine particles and a
singlephase powder. Both adding several acids such as citric, malic acid, or etc. and
adjusting the pH of aqueous solution are used to provide the fine homogeneous

perovskite with the high surface area.

1.1.12 Powder sizing

Powder particles are influenced on compacting and sintering. A single particle
size does not produce good packing. Optimum packing for particles all the same size
results in over 30% void space. Adding particles of a size equivalent to the largest
voids reduces the void pore volume to 23%. Therefore, to achieve maximum particle
packing, a range of particle sizes is required. Powder particles are influenced on
compacting and sintering. The objective of the pressing step is to achieve maximum
particle packing and uniformity.

Hard and dense agglomerates in ceramic powders usually result in large

interagglomerate pores after sintering. Therefore small particle size is important
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because it facilitates the high strength of green disc and the sintering process. The
primary driving force for densification of a compact powder at high temperature is the
change in surface free energy. Very small particles have high surface areas. The high
surface free energy and very strong thermodynamic driving force decrease their
surface by bonding them together. The particle with approximate sizes of 1 pum or less
can be compacted into a porous shape and sintered at a high temperature to near-
theoretical density [26]. Typically, the finer the powder, the greater its surface area,
and the lower the temperature and shorter time for densification. Long time of the
sintering temperature causes of the increasing in grain growth and lowering strength.
calcined powder is not usually available with the optimum particle size distribution.
The ball milling and screening are the common techniques to achieve the desire
particle size of powder.

1.1.13 Powder compacting by uniaxial pressing

Uniaxial pressing is accomplished by placing the powder in to a rigid die and
applying pressure along a single axial direction through a rigid plunger, or piston to
achieve compacting. Pressing results in the direct contact of particles, reduces the
average distance between particles, and changes the shape of particles. The apparent
density of a compact was eontrolled by mixing of the proper various particles size
fractions.

To enhance the compacting, before pressing, the powder should be
disaggregated by mixing the powder with solvent such as isopropanol in the ultrasonic
bath or added a couple drops of acetone to reduce the surface tension.

1.1.14 Sintering

Sintering is the process whereby powder compacts are heated so that adjacent
particles fuse together. The fusing of particles results in an increase in the density of
the part and hence the process is sometimes called densification. There are some
processes such as hot isostatic pressing which combine the compaction and sintering

processes into a single step.

The density of the component can also change during sintering, depending on

the materials and the sintering temperature. These dimensional changes can be
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controlled by an understanding and control of the pressing and sintering
parameters, and components can be produced with dimensions that need little or no
rectification to meet the dimensional tolerances. The driving force for sintering is the
decrease in surface free energy that occurs as the surface area of the polycrystalline
aggregate is reduced. This process can be achieved by solid-state reaction or
alternatively in the presence of a liquid phase. When a powdered aggregate is
sintered, pore size is reduced, and the grain growth can be much enhanced. The
growth of the neck is due to the transport of matter or of the counter-flow of vacancies
between the particles and the pores. In crystalline powder, its transport occurs by
diffusion (bulk, surface, or grain boundary diffusion), whereas in amorphous
materials, it occurs by viscous flow. Kuczynski has defined the neck growth as in
Equation 1.23.

XN

kt (1.23)

Where X and r are defined in Figure 1.7, 7 is the time, k is the temperature
dependent constant, m and m are constants dependent on the mechanisms of growth,
viscous or bulk diffusion, surface diffusion, or evaporation and condensation.

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

eliminates surface and vapor transport.
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Stage 1 Stage 1
Figure 1.7 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, therefore,
hinders the attainment of theoretical density, since the pore’s growth is also enhanced.
It is essential, therefore, to retard grain growth so that densification of the compact
can continue to the theoretical limit, This is particularly important with the present
trend of using ultrafine particles as starting materials for the fabrication of technical
ceramics. Surface diffusion becomes important in the case of very fine particles.
Grain boundary diffusion and volume diffusion are the main mechanisms causing
shrinkage of the neck, whereas surface diffusion does not contribute to any shrinkage.
The most important diffusion paths during the sintering of two spheres with a grain
boundary are surface diffusion, grain boundary diffusion, volume diffusion from the
grain boundary to the neck surface, and volume diffusion from the sphere surface to
the neck surface. The sintering rate also affected by the crystallization and growth
processes, which occur concurrently. The sintering rate is reduced when there is
intensive grain growth because when diffusion forms the pores occurs toward the
boundaries of individual grains, the distance over which diffusion occurs with a

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

1.2 Literature review

In 2000, Odier, et al. [27] have studied the stability of ProNiOss under pure
oxygen flow by in situ measurement of its weight versus T. Above 850°C a fast
oxidation is observed corresponding to the ex-solution of PrO, species and to the

formation of metallic PryNi3Ojo... This reaction is not reversible. The quantity of
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exchanged oxygen, its fast kinetics, and the metallic behavior of the composite
suggest that this material should have interesting applications for electrodes of solid
oxide fuel cells.

In 2001, Kharton, et al. [28] reported results on oxygen permeation through
dense ceramics of LaxSr:Nij,.Fe,Cu.045 (x = 0-0.10; y = 0.02-0.10; z = 0-0.10),
LaPrNigoFeo 10445, LayCuy2C0,0445 (x = 0.02-0.30) and Ln;CuOys5 (Ln = Pr, Nd) at
973-1223 K suggest two significant contributions to the ionic conductivity of the
oxygen-hyperstoichiometric phases with K,NiFy-type structure. 1) Oxygen interstitial
migration in the rock-sali-type layers of the K;NiFs-like lattice increases with
increasing temperature. 2) The role of oxygen vacancy diffusion in the perovskite
layers increases when temperature decreases. This behavior was attributed to the
lower activation energy for ionic conduction via the vacancy diffusion mechanism.
The oxygen permeability of the title materials was found to be limited by both bulk
ionic conduetivity and surface exchange rates and may thus be enhanced by
catalytically active layers, including Pt, Ag and praseodymium oxide, deposited on
the membrane surface. Thermal expansion coefficients of the title materials vary in
the range of (10.1-13.4) x103v K Relatively low TEC values are the major
advantage of K;NiF-like nickelates and cuprates.

In 2002, Kilner, et al. [29] determined oxygen diffusion and surface exchange
coefficients for the materials La;Ni; ,Co,045 by the Isotope Exchange Depth Profile
Secondary lon Mass Spectrometry (IEDP SIMS) method. It is shown that the addition
of cobalt (0 < x < 0.5) leads to the formation of single-phase inaterials and that the
oxygen diffusion coefficient varies only slightly with x. In contrast, the surface
exchange coefficient was found to be strongly dependent upon the value of x, with the
activation enthalpy for this process dropping to values as low as ~20 kJ mol™ for the
high cobalt content material.

In 2003, Skinner, er al [30] studied La:NiO4.s structure using in-situ high
temperature neutron diffraction over a temperature range of 25-800 =C in vacuum.
The behavior of this material, and in particular the oxygen interstitial content, is
discussed and quite remarkable bond length changes observed. It is observed that at
temperatures above 150 'C La;NiOy+; transforms to the tetragonal f4/mmm structure

and maintains this over the entire temperature range on both heating and cooling. The
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loss of the interstitial oxygen was observed over the low temperature region of the
study and significant changes in both lattice constant and bond lengths found to
mirror these changes, indicating the structural importance of the interstitial oxygen.

Ullmann, er al. [5] investigated the Az A’ MOy, oxides (A= La; A’= Sr; M=
Mn, Fe, Co, Ni) with the perovskite-related K;NiF,-type structure and compared with
the characteristics of perovskite-type oxides AMO: , containing the same cations. The
K:NiFs-type manganites, ferrites, cobaltites and nickelates are assumed to be
reduction products of the corresponding perovskite-type oxides. The thermodynamic
stabilities, in terms of reversible oxygen desorption, were higher than those of the
corresponding perovskite-type oxides. Within the range of oxygen partial pressure
(pO,) from air to argon/H./H;O, the oxidation states of the M cations were
determined. The comparison of the oxidation states of M in AMO;, and (AMO;.
x).AO gives evidence on the stabilizing influence of the AO interlayer on the
perovskite layer. The electrical conductivity of the A;MOy oxides was of p-type and
reached values close to 100 § ecm™ at high oxygen partial pressures and 800 °C for
nickelates and cobaltites. The thermal expansion of K;NiFs-type oxides is generally
lower than that of the comparable perovskite-type oxides.

In 2004, Whitfield, er al. [31] synthesized the solid solution, La;Ni;—Co,O44s
(0.00 < x < 1.00), based on the K;NiF; structure by the Pechini method using both
conventional and microwave heating and studied for potential use as cathodes in
solid-oxide fuel cells. A structural phase transition was observed with increasing
cobalt substitution, between x = 0.50 and 0.60 from tetragonal to orthorhombic
symmetry. LasNi;,Co,04:5 where 0.00 < x < 0.20, is stable in air, and therefore are
potential candidates for SOFC cathode materials. Experiments have shown that
microwave preparation of La;NipsCo0g1O44s for 6 h leads to higher porosity than
conventionally synthesized material. The long-term stability of La;Nig¢CopO4ss and
CGO and LSGM is questionable, given the formation of secondary phases on
extended annealing at 950 <C. However, the retention of the smaller grained
microstructure formed by the microwave synthesis, means that microwave processing
may have benefits for long-term performance, and should be investigated further with

other materials.
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Kharton, ef al. [32] studied the electrical properties of a series of Ni-
containing phases, including La;Ni;.xM;O4:g (M=Co, Cu; x=0.1-0.2) with K;NiF,
and perovskite-type structures, in the oxygen partial pressure range from 10-18 Pa to
50 kPa at 9731223 K. Within the phase stability domain, the conductivity of layered
nickelates is predominantly p-type electronic and occurs via small-polaron
mechanism, indicated by temperature-activated hole mobility and p(O:) dependencies
of electrical properties. In oxidizing conditions similar behavior is characteristic of
Ni-containing perovskites, which exhibit, however, significant ionic contribution to
the transport processes. The role of ionic conduction increases with decreasing p(0;)
and becomes dominant in reducing atmospheres. All nickelate-based phases
decompose at oxygen pressures considerably lower with respect to Ni/NiO boundary.
The partial substitution of nickel in LazNi(M)Oy:s has minor effect on the stability
limits, which are similar to that of LagsgSro 10GagssMgo 1sNin2003.5. On the contrary,
praseodymium doping enhances the stability of Lag soPrg s0Gag esMgg 15Nig 20035 down
to p(0O;) values as low as 107-10""° Pa at 1023-1223 K.

In 2005, Aguadero, et al. [4] indicated materials formulated La;Ni;—Cu,O4:5
(0=x<l) have been prepared by the nitrate-citrate route, having an orthorhombic
K;NiF, structure. La;NiOy.s, which under heat treatments (873-1098 K) and high
oxygen pressure (200-250 bar), resulted to be the compound with the highest
capability to accommodate excess oxygen (d = 0.16). This led to an increase of excess
oxygen in the structure. Rietveld refinements on neutron powder diffraction data
probe the excess of oxygen to be accommodated as interstitial defect at the atomic
position (1/4, 1/4, z; z=1/4), which requires the displacement of four neighbouring
oxygen atoms from their normal positions. This result is in agreement with a non-
stoichiometry model which induces the stabilization of oxygen vacancies in the
perovskite layer of these materials. Results obtained herein reveal heat treatment
under high oxygen pressure (873 K, 200 bars) as a promising method to enhance
transport properties in KaNiFg-type structures.

Fontaine, et al. [33] developed composition and porosity graded Lag NiOq:s
(:=0) cathode interlayers for low-temperature solid oxide fuel eell that exhibit good
adhesion with the electrolyte, controlled porosity and grain size and good

electrochemical behaviour. La; ,NiOj4:s (x>0) monolayers are prepared from a derived
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sol-gel method using nitrate salts, acetylacetone and hexamethylenetetramine in
acetic acid. As a function of the organic concentration and the molar ratio of
lanthanum to nickel, these layers present platelets or spherical shape grains with a size
distribution ranging from 50 to 200 nm, as verified by SEM-FEG.

In 2006, Qing Xu, et al. [34] synthesized La;NiOy.s with a pure K;NiF; phase
from a polyaminocarboxylate complex precursor with diethylenetriaminepentaacetic
acid (HsDTPA) as ligand. Powder (100-200 nm) with a pure K;NiF; phase was
produced by calcining the complex precursor at 900 °C for 2 h in air. It was found
that La;NiO4+5 ceramic sintered at 1300 °C for 4 h shows a dense microstructure with
average grain size of about 1 pm. The La;NiOgs ceramic exhibit an electrical
conductivity of 76 Q=1 cm~—1 at 800 °C. This research demonstrates the advantage of
the polyaminocarboxylate complex method in preparing La;NiOgs with respect to the
simplicity of synthesis process, fine and uniform morphology of synthesized powder
and superior electrical conducting properties of sintered specimen.

Kharton, ef al. [39] studied the oxygen hyperstoichiometry of KiNiF-type
La;Nip gFeq 10445 by the coulometric titration and thermogravimetric analysis at 923—
1223 K. Doping of lanthanum nickelate with iron increases the oxygen excess under
oxidizing conditions, but has a minor effect on the low-p (O;) phase stability. In the
oxygen partial pressure range 6x10°-0.7 atm, the p (0,)-T-6 diagram can be
adequately described by equilibrium process of oxygen incorporation, electron hole
localization on Ni*" cations blocking neighboring sites in the B sublattice, and a
similar site-exclusion effect near interstitial anions. The predominant state of iron
cations under oxidizing conditions, confirmed by the Mossbauer spectroscopy, is 3".
Due to very low chemical expansion of La;NigeFeg 0445 lattice, the thermodynamic
functions governing oxygen intercalation and the site-blocking factors are
independent of defect concentrations. Although the hole mobility in La;NigoFeq 045
tends to weakly decrease with increasing temperature, the mobility values varying in
the range of 0.16-0.18 cm’xV'xs' are characteristic of a hopping conduction
mechanism.

Aguadero, ef al. [41] studied the thermal evolution of the crystal structure of a
cathode material across the usual working conditions in solid oxide fuel cells. It is

essential to understand not only its transport properties but also its chemical and
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mechanical stability in the working environment. In this regard, high-resolution
neutron powder diffraction (NPD) measurements have been performed in air from 25
to 900 =C on Oy-treated (350 <C/200 bar) La;Nig¢Cug 404+5. The crystal structure was
Rietveld-refined in the tetragonal F4/mmm space group along all the temperature
range. The structural data have been correlated with the transport properties of this
layered perovskite. The electrical conductivity of Oj-treated La;NiggCupsOyss
exhibits a metal (high T)-to-semiconductor (low T) transition as a function of
temperature, displaying a maximum value of 110 8 em™' at around 450 C. The
largest conductivity corresponds, microscopically, to the shortest axial Ni-O; distance
(2.29(1) A®), revealing a major anisotropic component for the electronic transport.
We have also performed a durability test at 750 =C for 560 h obtaining a very stable
value for the electrical conductivity of 87 S em™'. The thermal expansion coefficient
was 12.8 x107° K™ very close to that of the usual SOFC electrolytes. These results
exhibit La;Nig ¢Cug 4045 as a possible alternative cathode for IT-SOFC.

Ishihara, et al. [35] studied Pr;NiO,-based oxide as a new mixed electronic
and oxide ionic conductor. It was found that Pr,NiO4 doped with Cu and Fe for Ni site
exhibits the relatively high oxygen permeation rate. The trivalent cation seems to be
effective for increasing the oxygen permeation rate. Among the examined cation, the
highest oxygen permeation rate was obtained by doping 5 mol% Fe. Chemical
stability of PraNiOy4-based oxide seems to be reasonably high. Application of this new
mixed conductor for the oxygen permeation membrane under the CHy partial
oxidation was also studied and it was confirmed that the oxygen permeation rate
much improved under the CH,4 oxidation condition.

Vashook, er al. [36] prepared potential cathode malerials Pry—,SryNiOy.s
compositions with x=0.3 and 0.6 at 1300 °C in air and their electrical conductivity and
oxygen non-stoichiometry were investigated in the temperature range 201000 °C and
oxygen partial pressure (pO.) 1-21,000 Pa. Sr-doping allows partially to stabilize the
PrsNiQyss structure, but some phase transitions were observed in spite of that, The
electrical conductivity and the oxygen mability of the Pr- and La-containing ceramic
nickelates with K:NiFs- type structure are 10-15% higher for Pra SrNiOys

compounds at the same temperature and oxygen partial pressure.
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Miyoshi, er al. [37] investigated K;NiF-type oxides of
PraNip 3Cug 2Fe 04 as a new MIEC material for oxygen-permeating membranes. An
X-ray diffraction analysis suggested that a single phase K;NiFs-type structure was
obtained in the composition range from x=0 to 0.05 in PraNigg-CugsFe,04.The
electrical conductivity of ProNig g-«Cug2Fe, Oy gradually decreased with the increasing
amount of Fe substituted for Ni. However it showed a high hole conductivity and also
exhibited an excellent oxygen permeation rate. PraNigysCugaFeopsO4 has a high
chemical stability, Therefore, the K;NiFs-type oxide of PryNig7sCugiFeqsOy is
highly promising as an oxygen-permeating membrane material.

Wen, ef al. [38] synthesized A, ;A'sMO; (A=Pr, Sm, A'=Sr, M=Ni, Mn) with
K;NiFstype structure by solid reaction. Their chemical stability, electrical
conductivity and thermal expansion behavior as well as cathedic polarization were
investigated in relation to the cathode of SOFC. The results showed that A;-A'sMOy
exhibited a low reactivity with yttria stabilized zirconia (YSZ) electrolyte. The
thermal expansion coefficient (TEC) values changed with the ionic radius of A. The
conductivities of the nickelate, which were about 102 § cm ™' at 800 °C, are about one
order of magnitude higher than those of manganite. While the nickelates showed a
lower cathodic polarization in comparison with manganites. In conclusion, therefore,
nickelate A;-qA'sMO; exhibited a higher potential to be used as cathode for SOFC
after optimizing the composition.

In 2007, Kovalevsky, er al. [40] appraised the oxygen permeability and
stability of dense PraNiOgss ceramics - in-comparison- with KaNiFs-type lanthanum
nickelate. In oxidizing atmospheres, PraNiOy.s exhibit an extensive oxygen uptake
and decomposition into the Ruddlesden—Popper-type PryNizOp and praseodymium
oxide at temperatures below 900°C. At 900-950°C when the K;NiFy-type
praseodymium nickelate is stable in the ceramic membranes placed under an oxygen
partial pressure gradient, the steady-state oxygen permeability of PraNiQOy.; is similar
to LagNiOyss. The phase changes on cooling lead to considerably higher oxygen
permeability, which becomes comparable to that of perovskite-type cobaltites, and to
noticeable isothermal expansion. The stability of ProNiOg.s in reducing atmospheres,
estimated from the p(02) dependencies of total conductivity and Seebeck coefficient,

is lower than that of La;NiOy.s, probably due to a smaller size of the A-site cation.
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Ishihara, er al. [42] investigated PryNiOy-based oxides as a series of new
mixed electronic and oxide-ionic conductors for oxygen permeation membrane. High
electronic conductivity was observed for the PryNiO4 system and the temperature
dependence was of metal-like behavior, i.e., it decreased with elevating temperature.
The oxygen permeability of Pr;NiOy-based oxides was much higher than that of
La;NiO4-based oxides with the same K;NiF-type structure. The effects of the Ni-site
dopant were also studied and it was found that the oxygen permeation rate was
improved by doping Cu and Mg. In particular, doping of Cu is most effective for
enhancing the oxygen permeation rate from air to He, and the optimum concentration
of Cu was found at 20%. The maximum permeability of 60 pmol min™' cm™ at 1273
K was attained using a 0.5 mm thick Pr;NiggCug204 membrane. Addition of the
excess Cu to PraNiggCup 304 significantly enhanced the Oxygen permeation rate,
probably due to the remarkable grain growth assisted by the formation of some Cu-
containing liquid phase, and the oxygen permeation rate reached to 100 pmol min™
cm 2 with the same conditions.

According to the past studies, many researches demonstrated that perovskite
type K:NiF; structure is suitable for using as cathode material for solid oxide fuel cell
because they have high stability in air and less thermal expansion than perovskite type
ABO; structure. From many researches, ionic conductivity of La;NiO; is higher than
La;CuOy and ionic radius of Prascodymium (Pr) is similar to Lanthanum (La).
Moreover, Pr is a metal which is rarely studied. La;NiOy shows a promising candidate
for SOFC cathode. Because of similarity of Pr to La, it is likely that ProNiO4 can be
used as cathode material. Therefore Ni is interested to improve the electrical
conductivity by doping various metals at B site of PrzNiO,.

Therefore, in the present work, PriNijM,04 PraNij M,GagosOs and
PraNitsx-00sMxGao psOs (M = Cu, Co, Mg, Zn, Inand x = 0,1-0.3) were synthesized by
modified citrate method and characterized by XRD for the crystal structure, We are

interested in exploring the tendency of doped PraNiO4 materials for cathode of SOFC.
Their properties were investigated by TGA, Os-TPD and DC4-probes methods.
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1.3 The objectives of the thesis
The objectives of this study are as folows:

1. To synthesize perovskite powders of PraNij.,MOy, ProNij M Gag 9504 and
C Ag, Zn, Inand x = 0.1-0.3)
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CHAPTER II

EXPERIMENTAL

The chemicals, apparatus and experimental procedures such as processing of
perovskite powders synthesis, perovskite disc preparation and characterization of
materials, are described as below:

2.1 Chemicals

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

Table 2.1 Reagents for synthesis of perovskites.

Reagents Formula Weight | Purity% Company
Pr(NO3);-6H,0 435.02 99.9 Aldrich
435.01 | 99.9 Mitsuwa
Ni(NO3),.6H,O 290.79 98.0 Wako
Cu(NO;);.3H,0 241.60 99.0 Fluka
Co(NO;)2-6H:0 291.03 98.0 Fluka
Zn(NO3),-6H,0 297.48 99.0 Fluka
In(NO3)3-3H;0 354.88 - Wako
Mg(NO;3)2-6H;0 256.41 99.0 Fluka
Ga(NO;3);.xHz0 255.74 99,999 Aldrich
CeHgO, 192.43 99.5 Fluka
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Reagents Formula Weight | Purity% Company
HNO; 63.01 65 Merck
lig.NH; 35.05 25 Merck

C2HsOH 46.07 | - Merck

2.2 Synthesis of perovskite powder by modified citrate method

The perovskite powders ProNij MOy, PraNijxMyGagpsO4 and PraNij.x.00sMy
Gag osO4 (M = Cu, Coy Mg, Zn, In and x = 0.1-0.3) were synthesized in basic solution.
Stoichiometric amounts of corresponding high purity metal nitrates (based on 5 g. of
perovskite powder) were partially dissolved in 10 ml ultra pure nitric acid (65%).
Then citric acid was added with stirring at a ratio of citric acid to metal ions (2:1). The
mixture solution was then titrated with NH3.H;O at the controlled rate of 2-3 ml/min.
The pH value of the solution was adjusted to ~9.

The combustion of the homogeneous solution was carried out on a hot plate at
around 200-300°C by slowly heating temperature in a three-liter beaker covered with
a fine sieve to prevent the loss of fine powder. The water was evaporated until a
sticky gel was obtained. Then it became a large swelling viscous mass and finally self
ignited by NH4NO;. The combustion lasted for about 10-20 seconds. The resulting
powder was ground by mortar and pestle, subsequently the synthesized perovskite
oxide was calcined in a Carbolite RHF 1600 muffle furnace in air to achieve phase
purity and remove the residual carbon. The conditions used for the calcination of the

perovskite powders were set as follows:

800°C, dwell 6 hrs.
2 hrs. / \hrs,
Room temperature Room temperature

Scheme 2.1 The calcination condition of perovskite powder.
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The particle was ground completely well by mortar before characterization.

The equation for the formation of these perovskites assuming complete
combustion of the redox mixtures containing citric acid, for example, PraNi; 4Cu,Oy,
can be written as;

Pr(NO;);+(1-x)Ni(NO;3)4xCu(NO3); 42HOC(COOH)(CH,COOH),

!

ProNijxCuxOus (5) + 12€0; (g) + 8H20 (g) +3N: (g) 2.1

According to Equation (2.1), two moles of citric acid are required to react with

2 moles of all combined metal nitrates. In other words, the total metals will react with
citric acid in the approximately equimolar ratio, However, in practice, the excess
amount of citric acid was used to assure the complete reaction of all the metal nitrates.
MNormally, three moles of citric acid was used to react with 2 moles of the total metal
nitrates. Therefore, every three molecules of citric acid originally present, one
remained uncombined and was removed from the mixture later by either evaporation
or decomposition to yield carbon dioxide and water during heating in the vacuum
oven. In this research, the amount of citric acid is twice as much as the total metal

nitrate, was used in the synthesis of each perovskites.

2.3 Perovskite disc preparation
A KBr die was used for the shape-forming process, which includes loading,

os

pressing and ejecting.

disc

Figure 2.1 shows KBr die.
The calcined perovskite powder was ground and loaded into the cavity. The

die having the perovskite powder inside was knocked against table for 2-3 times to

evaporate the air inside the powder. After the die was completely assembled, the
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plunger was brought to the surface of the powders gently for final leveling and then

rotates for smooth surface. About 1-3 tons were then applied on the plunger of the die
by the uniaxial pressing machine. At the beginning of pressing, the pressure was
slowly applied to 1-3 ton for 20 minutes. The pressure was released and then the die
was removed from the press. All the components were then stripped away except for
the die assembly and plunger. Then the assembly was held while the press was slowly
pumped until the pellet ejected. The black disc is around | mm thick, 20 mm diameter
from 1.8 g of powder. Then the black discs were generally sintered in air. The

sintering conditions were as follows:

1300°C, dwell 6 hrs.
/ 3 hrs.
1000°C
6 hrs.
5 hrs.
Room temperature ' Room temperature

Scheme 2.2 The sintering conditions of perovskite disc.

Then the black discs changed to the dark gray discs.

2.4 Characterization of the perovskite oxides

2.4.1 X-ray diffractrometry (XRD)

The X-ray patterns, for either powder or disc, were taken by using Rigaku,
DMAX 2002 Ultima Plus X-Ray powder diffractometer eqipped with a
monochromator and a Cu-target X-ray tube (40 kV, 30 mA) and angles of 20 ranged
from 20-70 degree at Department of Chemistry, Faculty of Science, Chulalongkorn
University. The phase formations of peroyskite powders were characterized after

calcination and sintering by XRD.
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2.4.2 Scanning electron microscopy (SEM)

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

remarkable three-dimensional qualities.

2.4.3 DENSITY

Density of perovskite disc was determined by the Archimedes immersion
method using distillated water as a medium, Precisa Gravimetrics AG (model R
2055M - DR), at Department of Chemistry, Faculty of Science, Chulalongkorn

University.

2.4.4 Thermogravimetric analysis (TGA)

Thermogravimetric analysis (TGA) was performed on TA instrument
thermogravimetric analyzer (model SDT 2960) at Department of Chemistry, Faculty
of Science, Chulalongkorn University. The powder specimen after sintering was
heated up from room temperature to 1,000°C under N; atmosphere and heating rate of
20 *C/min.

2.4.5 Temperature-programmied desorption (TF'D)

The perovskite capabilities of adsorbing O, were measured by oxygen
Temperature-programmed desorption (O5-TPD), at Department of Chemistry, Faculty
of Science, Chulalongkorn University.

The perovskite capabilities of adsorbing O; were measured using temperature-
programmed desorption (O;-TPD), BEL JAPAN, INC. (model BEL-CAT) at
Department of Chemistry, Faculty of Science, Chulalongkorn University. About 200
mg of sample was loaded in a U-shape quartz tube. Helium was used as the carrier gas
with a flow rate of 40 mlU/min. The first step, the perovskite powder (sintered) was
pretreated, the perovskite powder was heated to 900°C in He flow for 100 min and
then 99.99% O, gas was flowed for 120 min, after adsorbed 99.99% 0. gas, then
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cooled to 100°C for 100 min. The powder was maintained at 100°C in He flow for

another 30 min to eliminate physically adsorbed O;. The temperature increased from
100°C to 900°C at a rate of 10°C/min. TCD was used on line with a computer data
acquisition system. The obtained values are described to the desorbed amount of

oxygen from the sample.

2.4.6 Electrical conductivity

The electrical conductivity of the perovskite materials was measured by the
conventional DC 4-probes method using Pt electrode. Specimens of perovskite were
sintered at 1300 °C for 6 h in air, The relative densities of specimens ranged from
95% to 99%. The sintered disk was cut into a rectangular shape with approximate
dimensions of 0.12 cm > 0.52 em * 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 distance L. 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,
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 afier the sample was left at each temperature at
which measurement was taken, for 40 min, The electrical conductivity was calculated
by the equation:

S=dAJHLIOVI T ceivnarsevsnnsldad)

S = electrical conductivity

I = applied current (A)

V = resulting potential (V)

L = length between Pt (cm)

T = thickness of memprane (cm)

W = wide of membrane (cm)
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1T

Figure 2.2 shows a rectangular specimen of perovskite. Four platinum (Pt) wire
contacts were made. W = wide L = length T = thickness

Cu'rrent} 12 3 ‘\ Current
Probe Probe

Figure 2.3 shows scheme of DC 4-probes method.



CHAPTER III

RESULTS AND DISCUSSION

3.1 Synthesis of perovskite powder by modified citrate method

The PraNijxMOy, PraNijxM,GagosOs and PraNij.x.00sMGagosOs (M = Cu,
Co, Mg, Zn, In and x = 0.1-0.3) perovskite-like were synthesized by modified citrate
method. Citric acid is utilized as a complexing agent. The complexation process
increases the solubility of metal ions and helps to maintain homogeneity by
preventing their seleetive precipitation.

By modified citrate method, the metal nitrates were dissolved in 70% nitric
acid, which then reacted with citric acid to form metal-citrate-nitrate complexes.
Liquid ammonia was added for adjust pH of solution and fuel in the process. These
metal-citrate complexes can undergo polymerization when liquid ammonia was
added. Meanwhile NH;.H;O was added, the white fume of NH4yNO; was suddenly
observed, which came from the free NO; reacting with NH;.H;O and generating the
heat. In the case of PryNip¢Cug Oy, in the first the color of the mixture changed from
green solid to clear green solution when 70% nitric acid was added. Afterwards the
solution was titrated by NH3.H>0 and remained green solution at NH;.H,O 3 ml and
fume stopped at NH3.H;0 12 ml. At this point, the remained citric acid and NHsNO;
might dissolve in-the solution due to- the adding of WH;.H;0. Then the solution
changed to blue cloudy solution when liquid ammonia was increased (NH3.H:O 17
ml) and to clear blue solution (NH3.H,O 20 ml, pH= 8). This solution indicated the
metal citrate-nitrate gel resulting from the polymerization of the metal citrate-nitrate
complex when NH;.H;O was increased. Finally, the solution changed from clear blue
to clear deep blue solution (pH= 9).

The combustion of metal citrate-nitrate gel solution was composed of three
steps, evaporation, decomposition, and spontaneous combustion. The excess solvent
was firstly evaporated until a sticky gel was obtained. Finally, at around 200°C the
spontaneous combustion was initiated to convert the mixture into the powder. The

synthesized perovskite oxides were calcined at 800°C and sintered at 1300°C.
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3.2 Tolerance number of perovskite compounds
The stability of the oxides was determined by the tolerance numbers. The
tolerance number can be calculated from the Goldschmidt's equation (Appendice A).
The calculated tolerance numbers of the synthesized compounds were

summarized in Table 3.1.

Table 3.1 Tolerance number of prepared perovskites.
(a) PraNip.xMyO,4

Compounds Tolerance No. Compounds Tolerance No.
PraNiOy4 0.873 PraNig sZng 204 0.868
PraNig ¢Cug 1Oy 0.871 PraNig 7Zng 304 0.866
PraNio gsCuo.1504 0.870 PraNig 9lng 104 0.868
PraNip 7Cuq 304 0.868 PraNig slng 204 0.863
Pr;Nig ¢Cog 04 0.870 PraNio 7106304 0.859
PrNig §Cog 204 0.868 PraNig oMgo 104 0.871
PrzNig 7C00304 0.865 PraNio sMgo 204 0.870
PraNigeZng 1Oy 0.870 Pr3Nig sMgg 304 0.869

(b) PraNij.x.00sMyGag 0504

Compounds Tolerance No. Compounds Tolerance No.
PraNip gsCug.1Gap psO4 0.872 PryNio 6sZng 3Ga 05O 0.868
PraNig §Cug ) sGag 0504 0.872 PraNig gsIng 1Gag o504 0.869
PryNig 6sCuo 3Gag 0504 0.869 PraNig 75Ing 2Gag 0504 0.865
PraNio 8sCog.1Ga0,0504 0.872 PraNig sslng 3Gag 05Oy 0.860
PrzNig 75C00.2Gag 504 0.869 PraNio ssMgo.1Gag 0504 0.873
PrzNig 6sCog 3Gag 0504 0.867 PraNig 7sMgo2Gag 0504 0.872
PraNig ssZno,1Gag0sO4 0.872 PraNig 6sMgoaGag 0504 0.870
PraNig 75Zng 2Gag 0504 0.870
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Compounds Tolerance No. Compounds Tolerance No.
PraNig 9Cup 1Gag 0504 0.855 PraNig 7Zng 3Gag 504 0.851
PraNig 85Cug 15Gag 0504 0.855 PraNigglng 1Gag 0504 0.853
Pr3Nig 7Cug 3Gag 05Oy 0.852 Pr;Nig glng 2Gag 0sO4 0.848
PraNip 9Cog 1Gag 0sO4 0.855 PraNig 7lng 3Gag 0sO4 0.844
Pr3Nig §Cog2Gag 0sO4 0.852 PraNigeMgg1Gag 0504 0.856
PraNip 7Coq 1Gag 0504 0.850 PraNiggMgo2Gao 0504 0.855
PraNig 9Zng 1 Gag 0504 0.855 PraNigsMgo 3Gao 0504 0.853
PraNig sZng 2Gag 0504

0.853

The perovskite structure is stable in the range 0.75<t <1.0. The closer the ¢ is

to unity, the greater is the stability of the perovskite structure, whereas greater

declinations from unity give distorted unit cells. Pr;NiOy4 had tolerance number 0.873

therefore it is able to form the perovskite structure. However, these perovskites had

tolerance number less than 0.95, which meant that they all should not have a cubic

structure. Deviations from the ideal structure are well known as orthorhombic,

rhombohedral, tetragonal, monoclinic and triclinic symmetry. The tolerance number

for substitution of the B-site cation is close to the value of Pr;NiQOy therefore the
structure of metal-doped PrzNiO4 should be orthorhombic.
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3.3 Characterization of the perovskite compounds

As-synthesized powder was calcined to remove residual water and other
impurities. In case of sintering process, the effect of heat treatment is related to
improve crystallized structure and the fusing of particles to increase the density of the
perovskite disc and eliminate the pores.

The structure of synthesized perovskite compounds were characterized by
XRD and the surface morphology by SEM.

3.3.1 X-ray diffraction (XRD)

XRD was used to indicate the formation of the perovskite-type phase with
either a K;NiFy or distorted K;NiF, structure. The phase formations of perovskites
were characterized afler calcinations and sintering. The diffraction peaks of
perovskites were observed within 260 in the range of 20 to 70°.

3.3.1.1 Phase formation of PryNiO,
The PrzNiOy calcined powder and disc were characterized by XRD.
The XRD patterns were illustrated in Figure 3.1.

» | K;NiF, structure

v | PrsOyy

20 30 40 2p S0 60 70

Figure 3.1 XRD pattern of PraNiOy
(1) PrsNiO4 powder afier calcined at 800°C for 6 hrs.
(2) PraNiQ; disc after sintered at 1300°C for 6 hrs.
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The calcined powder exhibited the Pr,NiOj diffraction lines with the

existence of secondary phase (PreOy;) (PDF 42-1121) [37] at 26 of 28, 32, 46, 55 and
58. Afterwards, the calcined powder was uniaxially pressed into disks, and then
followed by sintering at 1300°C for 6 h. It is noted that all the diffraction peaks can be
assigned to that of PrsNiO4 (PDF 86-0870). It showed the formation of single phase
with orthorhombic K NiFs-type structure. The secondary phase disappeared after
PraNi0y disc was sintered.

In this study, the effects of the dopant (Cu, Co, Zn, In and Mg) at Ni-

site of PryNiQ; were investigated.

3.3.1.2 Phase formation of Pr;Ni;.,M;04 (M = Cu, Co, Zn, In, Mg
and x = 0.1-0.3)

A. PryNiy,Cu 0y (x=0.1,0.15, 0.3)

The structures of PraNij M0y (M = Cu, Co, Zn, In, Mg and x = 0.1-
0.3) after sintering at 1573 K were analyzed by XRD. XRD patterns of PraNiO4 doped
with Cu at Ni site revealed the main phase of K;NiF -type structure. Secondary phase
formation (marked with “ ) was also observed (PrgO,;) at 26=28°. It is seen that the
amount of the PrsOy; phase increased with the increasing amount of metal (Cu: 0.1,
0.15, 0.3) substituted at Ni site (see Figure 3.2). From Shannon’s tables the effective
ionic radius for Cu®* in octahedral coordination is 0.87 A, which is close to the ionic
radius for Ni** in the same coordination (0.83 A). When compared with PryNiOs,
substitution of nickel by copper in B-site of Pr;NiOy induce a little slightly shift to
lower angle of 20.
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Figure 3.2 XRD patterns of PryNijCu,O5 (x=0.1, 0.15, 0.3) disc.

With increasing of Cu, the pattern peaks shifted gradually to the low
angle corresponding to the lattice expansion. It is due to the ionic radius of Cu’’

which substituted is somewhat larger than that of Ni**.

B. PryNi;.Co,04 (x=0.1, 0.2, 0.3)

For PraNij«CoyO4 (x=0.1, 0.2, 0.3), it was found that PraNi;..Co,O4
series have K;NiFq-type structure but trace of secondary phase still remained after
sintering. The main peak of secondary phase as PrgO;; (26=28°) was observed and the
amount of the PrgO, phase increased with the increasing amount of metal (Co: 0.1,
0.2, 0.3) doped at Ni site (see Figure 3.3). The substitution of Co ion for ion in B-site
of Pr;NiQ,, the oxidation number of Co is regarded as mixed valence of +2 and +3
and Ni also seem to be +2, Therefore the addition of oxygen due to the
electroneutrality rule and PrsO;; amount were increased. The ionic radius of Co™ is

similar to fonic radius of Ni** (7. = 0.89 A, r,...=0.83 A), the substitution of Co™

for Ni** in B-site of Pr;NiO; induce a little slightly shift to lower angle of 20 and
slightly expansion of lattice crystal.
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Figure 3.3 XRD patterns of PryNi,.xCo,04 (x=0.1, 0.2, 0.3) disc.

C. Pr;Niy . Zn, 04 (x=0.1, 0.2, 0.3)

From the XRD patterns in Figure 3.4, it is demonstrated that the
perovskite phase of PraNij..Zn0s (x=0.1, 0.2, 0.3) has orthorhombic structure and
PrgOy; (impurity) phase is observed at 26=28°, The crystal structures of PraNij«Zn,O4
did not change after doped with Zn. For PraNij»Zn,0; with x = 0.2-0.3, all peaks

slightly shifted toward lower angles when the amounts of Zn content increased.

2+ 2+
Generally, the replacement of Nii (#,,,. = 0.83 A) with the larger cation, Zn (r,.=

0.88 A) will reduce the 20 degree and induce a lattice expansion.



Lh

0

W
T BT S
. — o P1ZN0.6200.104
B BV s o Z7 SN
20 % w2 5 60 o o w2 m
K;NiF, structure | | PrgOy

Figure 3.4 XRD patterns of PraNi;xZn,04(x=0.1, 0.2, 0.3) disc.

D. Pr;NiyIn 0y (x=0.1, 0.2, 0.3)

Similar to the previous result, in the case of PryNi;.(In,04 x=0.1, 0.2,

0.3), the disc exhibited orthorhombic structure and PrgOy, (impurity) phase at 26=28°.
The substitution of In ion for ion in B-site of PralNiO4, the oxidation number of In is

+3 and Ni also seem to be +2. The charge imbalance caused by a replacement of Ni**

by In**. It was compensated by an addition of oxide ion in the lattice and PrsOy

amount were increased (see Figure 3.5).
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Figure 3.5 XRD patterns of Pr2Ni.xInO4(x=0.1, 0.2, 0.3) disc.

E. Pr;Ni;.Mg, 0, (x=0.1,0.2, 0.3)

The XRD patterns of PraNijMg,O4 membranes with various Mg
contents were shown in Figure 3.6. For PraNigeMgp 1Oy, it is noted that the diffraction
peaks can be assigned to the K;NiF, structure. The main peak of secondary phase as
PrsO); (26=28°) was still detected. When Mg substitution was more than 0.1, the X-
ray pattern displays not only some diffraction lines of the PrzNiOy perovskite but also
those of PrgOy,-and MgO. This is due o the fact that the complete structure was not
obtained. Therefore, it is considered that the optimum amount of Mg for Ni site is

around 10 mol%.
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Figure 3.6 XRD patterns of PraNi;.MgcO4(x=0.1, 0.2, 0.3) dise.

From XRD analyses, the results of crystalline phase analysis of PraNi,.
M0y (M = Cu, Co, Mg, Zn, In and x = 0.1-0.3) are summarized in Table 3.2. All
compositions of the system ProNi;. MOy except PraNi; Mg,Os (x= 0.2, 0.3) prepared
by the modified citrate method showed the existence of K;NiF; phase and

orthorhombic structure.

It should be noted that PrgOy, phase appeared only on the surface and

can be polished before application. For example PraNig ssCug 1504 after polished was

shown in Figure 3.7.

[ 1
. ® PrzN0.850u0.1504-after polshed
1 :_j'\ A A eeed
- Fr2N0.B500. 1504
- e® | os?
[ ]
20 30 0 22 & 60

F5NiFy structure
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Figure 3.7 XRD patterns of PraNig gsMgo 1504 disc.

(1) PraNig gsMgg 1504 disc after sintered at 1300°C for 6 hrs.
(2) ProNig ssMgo 1504 disc after sintered at 1300°C for 6 hrs and polished.
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Table 3.2 XRD analyses of sintered discs of PrsNi;.xM;04 (M = Cu, Co, Mg, Zn,

chemical compound Crystal system phase
PraNij.xM;Oj4
Metal at B-site X
0.1 orthorhombic K NiFy + PrgOyy
Cu 0.15 orthorhombie K NiFy + PrgO)
0.3 orthorhombic KsNiF; + PrgOy
0.1 orthorhombic K2NiF4 + PrgOy
Co 0.2 orthorhombic KaNiFy + PrgOy
0.3 orthorhombic K2NiFy + PrOyy
0.1 orthorhombic K2NiF, + PrgOyy
Zn 0.2 orthorhombic K3NiFg + PrgOyy
0.3 orthorhombic KsNiFy + PrgOyy
0.1 orthorhombic KaNiFs + PrsOyy
In 0.2 orthorhombic KNiFs + PreOyy
0.3 orthorhombic K;NiF; + PrgOyy
0.1 orthorhombic KaNiF; + PrgOyy
Mg 0.2 - KsNiFs + PrgOy + MgO
0.3 - KaNiFy + PrgOy + MgO
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3.3.1.3 Phase formation of Pr:Ni; M,GagusOs and Pr:Nij...

00sM;Gag,0:04 (M = Cu, Co, Mg, Zn, In and x = 0.1-0.3)

Ishihara et al. [35] reported that Pr;NiO4 doped with Cu and Fe ions
for Ni site exhibits the relatively high oxygen permeation rate. Doping second cation
to Ni site is effective for improving the oxygen permeation rate and the trivalent
cation seems to be effective for increasing the oxygen permeation rate. Among the
examined cation, the highest oxygen permeation rate was obtained by doping 5 mol%
Fe.

Therefore we are interested in exploring the effect of doping
stoichiometrically and excess of Ga (second cation) to Ni site in PraNi M0 (M =
Cu, Co, Zn, In;x=10.1-0.3 and Mg; x=0.1).

A. Pr;Nij,Cu,Gages0,4 and PraNij,00sCuGages04 (x = 0.1, 0.15, 0.3)

XRD patterns of perovskite discs in various compositions after sintered
at 1,300°C, reveal the orthorhombic structure. The formation of PrgQ); was observed,
which is recognized from the main peak at 206=28°, Because of the small ion size of
Ga' (r,,.=0.76 A, r,..=0.83 A), substituted for Ni** in B-site of PraNi;M,O4
caused XRD peak shift slightly to higher angle of 20.
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Figure 3.8 XRD patterns of PraNi; xCu,Oy, PraNi | Cu,Gag 5504 and
PN CuyGag 0505 compound. (1) x=0.1(2) x=0.2(3)x=0.3
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B. Pr;Ni;,Co,GagesOy4 and PraNij.,.00sC0,GagesO4 (x = 0.1, 0.2, 0.3)

Ga doped PriNiggCop 04, exhibited K;NiFs-type structure and the
small impurity peak at 26=28° were also found. The XRD peaks slightly shift to
higher angle of 20. It means that substitution of Ga'* smaller size in B-site cause

lattice shrinkage.

(x=0.1

;
i‘

J.ri—, L=

31 32 gz 3 34
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Figure 3.9 XRD pattemns of PraNi;.Co,04, PraNij..005C04Gag 0504 and
PraNi; «C0,Gag 0s0s compound. (1) x=0.1(2) x=02(3)x=023

XRD patterns of ProNijx00sCoGagesOs and PraNijCo,Gag 0504
(x=0.2, 0.3) display not only diffraction lines of the percvskite but also secondary
phases of Prs0y; and PryNi;Ojg. It is suggested that addition of Ga’' into B site caused
the callapse of the PryNiOy structure. It is concluded that Ga—doped PraNi;«CoO4
(x=0.2, 0.3) were not obtained.

C. PryNij.M;Gag o504, PraNij 00sM,GagesOy (M =Zn, In; x=10.1,0.2,0.3 and M
=Mg; x=0.1)

From XRD patterns of Zn**, In** and Mg?" ions content, XRD patterns
of PriNij.x00sMxGap 0504 and PryNi; M, Gag 0504 show the similar result with Ga
doped PraNi;.«CuycO4. All patterns reveal the orthorhombic structure. The formation of

PrgOy was observed, which is recognized from the main peak at 20=28° the
introduction of Ga'* (.= 0.76 A) into Ni site cause the somewhat shrinkage of the
lattice therefore XRD peak shift to higher angle.

From XRD analyses, the results of crystalline phase analysis of Ga
doped PraNij MOy (M = Cu, Co, Zn, In; x = 0.1-0.3 and Mg; x = 0.1) are
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summarized in Table 3.4. All compositions of the system Ga doped PraNi; M, Oy
except ProNijCo04 (x = 0.2, 0.3) showed the existence of K;NiF; phase with
orthorhombic symmetry.

Table 3.3 XRD analyses of sintered discs of Ga doped PryNij M0y (M = Cu, Co,
Zn, In; x =0.1-0.3 and Mg; x = 0.1).

chemical Synihesis result of Crystal phase
compound Ga doped PraNij.xMO4 system
Metalat | x | Stoichio | nonstoichio
B-site metry metry
0.1 v 4 orthorhombic KaNiF; + PrgOyy
Cu [O0T5| & v orthorhombic KoNiFy + PrsOyy
0.3 4 ¥ orthorhombic KaNiFy + PrsOy
0.1 Y o orthorhombic E5NiFy + PreOyy
Co 0.2 ® x - KoNiFy +PrgNiOy + PrsOy
0.3 x x - KaNiF; 4PraNizOyp + PrgOn
0.1 i 4 orthorhombic F5NiFy + PreOyy
Zn 0.2 4 4 orthorhombic KaNiFy + PrgOyy
0.3 J J | orthorhombic K5NiFg + PrgOyy
0.1 N 4 orthorhombic KaNiF; + PrsOy
In 02 ¥ 4 orthorhombic K;NiF, + PrgOyy
0.3 v ¥ orthorhombic KaNiFy + PrgOyy
Mg 0.1 v v orthorhombic KaNiFy + PrgOy,

J - complete phase of perovskite was obtained.

x _show in perovskite was not obtained.
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3.3.2 Scanning electron microscope (SEM) and density

The morphologies of perovskite disc were obtained by SEM technique. The
effect of doping Cu, Co, Zn, In, Mg and Ga to Ni-site in Pr2NiOy were compared in
the term of grain size, impurity and porosity. Densities of samples were determined

by the Archimedes immersion method using water as a medium.

3.3.2.1 The morphology of Pr;NiO;
The surface morphology of PraNiOy dise afier sintered at 1300°C for 6

hours was shown in Figure 3.9.

Figure 3.10 Surface morphology of Pr;NiOy disc.

SEM micrograph of PraNiOy disc exhibited high density and
homogenous phase. The rough grain size of perovskite disc are in the size range of 3-
5 pm. These particle size data were directly estimated from SEM micrographs. The
density of PryNiQyis 7.202 g.cm’ and relative density is 98.2%.

3.3.2.2 The morphologies of PryNij,Cu,0y, PraNij,.00sCu;Gages04
and PryNi; ,Cu,GagsOy (x = 0.1, 0.15, 0.3)

Form Figure 3.10, the surface of PraNixCu,Oy dise looked uniform,
crack-free and high density. Therefore the Cu contents in ProNiQ, system did not

affect on morphology of disc after sintering.
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Figure 3.11 Surface morphology of PryNi; «Cu,04 (x = 0.1, 0.15, 0.3) discs.

The grain size slightly increased with the increasing content of Cu. The
average grain size for the PryNigeCug Oy, PraNipssCug 1504, PralNip 7Cug 304 discs are
about 3um, 5 pm and 7 pm, respectively. As observed previously [43-44] the
increase in particle size with the doping level is a result of a change in the melting
point of the samples. Doping with copper decreases melting points of the materials,
this effect results in an enhanced grain growth. With further increasing of the Cu®'
content to 0.30, an increase in the amount of the PrsOy, packed plate-like grains was
observed which agreed with the XRD result.

The densities of PraNi; ,Cu,04 with various amounts of Cu were listed
in Table 3.4, Pr;Nig¢Cug Oy4 has the highest density.

Table 3.4 Density of PraNi;.«Cu Oy discs when x=0.1, 0.15 and 0.3.

PraNiy xCu, Oy disc Density/g.cm”
PraNiggCug Oy 7.143
PraNip gsCugp 1504 7.037
PrsNig 7Cug 304 6.819
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Figure 3.12 Surface morphology of PryNij..0.0sCuGaggsOs and PryNiy.CuGag o504
(x=0.1, 0.15, 0.3) discs.

SEM micrograph of Ga doped Pr;Nij..CuyO4 shows a microstructure
with no porosity and the packed grain sizes are in the size range of 3-7 pum.

Density of  PrNij00sCuGagesO0s,  PraNijCuGagesOs  discs
determined by the Archimedes method was listed in Table 3.5. It can be suggested
that Ga contents in Pr;Niy.,Cu,Oq4 did not affect the density of PraNi; «Cu,Os.

Table 3.5 Deusity of PriMi | .005Cu,Gag 5Oy, PraNijCu,Gag o0, discs when x = 0.1,
0.15 and 0.3.

PraNij.x.005CuGag os O4 disc Dcnsilyfg.cm“' PryNi;Cu,Gagos Os disc | Density/g.cm’

PI}N iu,;scuﬂ,jﬁﬂu_qs 'D‘q 7.322 Pl'zNio_gCl.toJGﬂo,us 04 7.119

PraNigCug.i5Gag 05 O4 7.043 PrzNip.gsCuqg 15Gag.os Os 6.935

PraNip 65Cuo 3Gag s Os 6.942 PraNip 7Cuqg 3Gag o5 Oy 6.698
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3.3.2.3 The morphologies of Pr;Ni;.,Co,0,4(x=10.1, 0.2, 0.3),
Prlﬂiu‘g;Cﬂu,;Gan,oso4 and Pr;Nin_gCDmGau,uan.
The surface of Pr;Ni;,Co,04 discs were investigated by SEM

technique shown in Figure 3.13.

Figure 3.13 Surface morphology of PraNi; xCo.04 (x = 0.1, 0.2, 0.3) discs.

The slight increase of the grain size from about 3 pm to about 6 nm
was observed when the amount of Co™* increased from 0.1 to 0.3. The increasing
amount of Co in the structure reduced the melting point of the materials. Therefore
the fusion of grain easily occurred, The SEM micrographs showed well-sintered dense
ceramics.

The densities of PrsNij_.Co,04 with various amounts of Cu were listed

in Table 3.6. Co contents in PraNi;..Co,0y did not affect the density of PraNi;4Co,O4.

Table 3.6 Density of Pr2MNi;..Co,0; discs when x= 0.1, 0.2 and 0.3,

PrsNi;.«Co,04 disc Density/g.cm’
PraNigsCog 04 7.106
PraNig sCop 20,4 7.108
PraNig7Co0g304 7.089




63

———

¢ PraNip gsCo{ 1Gagps 04 PraNiooCoo 1 GagnsO)

Figure 3.14 Surface morphology of PrzNig gsCog 1Gag psO4 and PraNig 9Coyp,1Gap o504

discs.

The SEM images of PryNiosCog1GagesO4 and PraNiosCug 1Gao 0504
discs showed larger grain size. The ceramic is dense and the packed grains are in the
size range of 3=7 pum,

Density of PraNip 3sCog1Gag 0504 and PraNigoCug 1 Gag osOs were listed
in Table 3.7, it revealed that Ga contents in PraNij..Co,0, did not affect the density of

disc.

Table 3.7 Density of PraNiggsCoqg 1Gap o504 and PraNig sCog 1Gag o504 discs.

" Ga doped PrNigsCoo.0; disc | Density/g.cm’
PralNig 85Co0.1Gag os Oy 7.249
PraNig9Coyg.1Gages Os 7.098
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3.3.2.4 The morphologies of PraNij.,Zn, 04, PriNij.y.00sZn,Gaggs0y4
and PraNij..Zn,GagesOy4 (x = 0.1, 0.2, 0.3)

The SEM micrographs of Pr;Nij.«Zn,O4 with small grain size and
dense microstructure were illustrated in Figure 3.15.

o X : _-_.'-1
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PraNio 520530y

i

Figure 3.15 Surface morphology of PraNijZn, Oy (x = 0.1, 0.2, 0.3) discs.

The estimation of Zn®' grain size was found to be in the range of 24
pum, almost independently on composition. The average particle size of the Zn-
containing samples is smaller than that of PrNiO, (of about 3—5 pm). The residual Zn
may distribute on the grain boundary which hinders the development of the grains of
perovskite phase in the sintering process. With further increasing the Zn** content
0.10 to 0.30, Figure 3.14 shows an increase in the amount of the PrgO); packed plate-
like grains, which agrees with the XRD observation.

Table 3.8 shows the density of Pr;Nij.ZnOy discs when x = 0.1, 0.2
and 0.3. It is found that the density decreased with doped Zn in ProNiO,.

Table 3.8 Density of PraNij..Zn,0; discs when x = 0.1, 0.2 and 0.3.

PraNij.xZn, 04 disc Density/g.cm’
PraNig ¢Zng 1Oy 6.525
Pr;Nio sZng 204 6.590
Pr;Nig3Zn5 30y 6.492
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Figure 3.16 Surface morphology of PraNij.y.005Zn,Gag 0504 and PraNij.«Zn,Gag 0504
(x = 0.1, 0.2, 0.3) discs.

SEM micrographs of PraNij.x00sZn,GagesOy and PraNij.ZnGagosOy
(x = 0.1, 0.2, 0.3) show small grain size about 2-4 pm. Morphology of samples
appeared crack-free and uniform.

The densities of PraNi;.CuyO4 with various amounts of Zn were listed
in Table 3.9,

Table 3.9 Density of PraNi|.x.00sZnGag 0sO4 and ProNiy . ZnGagsO4 discs when x =
0.1,0.2 and 0.3.

Pr;Nit.x.005Z0,Gag g5 Oy disc | Density/g.cm® | PraNi;..ZnGagos Os disc | Density/g.cm’

PraNig 8sZng 1Gag 05 O4 6.457 ~ PraNipeZng, Gag s Os 6.580

PraNig 75Zng 2Gag os O4 6.006 PraNig sZng 2Gag gs Oy 6.757

PraNig g5Zng3Gagos Os 6.132 ProNip 7Zng 3Gages Os 6.579
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3.32.5 The morphologies of PriNijp,In,04 PriNijy.00sln,.

Gagps04 and PryNip ,In,Gaggs04 (x = 0.1, 0.2, 0.3)
Fig. 3.16 shows the SEM micrographs of PryNi;,In,O4 (x = 0.1, 0.2,
0.3) disc sintered at 1300 °C for 6 h.

Figure 3.17 Surface morphology of ProNi; 4In Oy (x = 0.1, 0.2, 0.3) discs.

The observed morphology rt:veal.s that uniform, crack-free and high
density. The grain size slightly decreased with an increasing content of In. The
average grain size for the PraNigslng Og, PraNip glng 204, PraNig 7Ing 104 disc are about
5 pm, 4 pm and 2 pm, respectively. As compared to PraNij4Cu,O4 and PryNi; sCo,.
Oy, the increases of doped metal cation contents increase the melting point of the
compounds. Therefore the fusion of grain difficultly occurred.

The densities of Pr:Ni..In04 with various amounts of In were listed
in Table 3.10. PraNigslng 04 has highest density.

Table 3.10 Density of PraNij.,In,0y discs when x = 0.1, 0.2 and 0.3.

PraNLinaOe dise Densitylg.om’
PraNig slng Oy 7.187
PrzNig 5Ing 204 6.601
PraNig 71ng 304 6.610
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Figure 3.18 Surface morphology of PraNij.x.0.05In:GagesO4 and PraNijIn,Gag o504 (X

=0.1, 0.2, 0.3) discs.

SEM observations of Ga doped PraNijInO4 proved that dense materials have

a same grain sizes as undoped Ga compositions. The ceramic has a close

microstructure with low parosity.
Table 3.11 shows the density of Ga-doped PraNi«InyOy discs when x = 0.1, 0.2

and 0.3

Table 3.11 Density of PraNij.x00sInGagsO4 and ProNij.In,Gag 0504 discs when x =

0.1, 0.2 and 0.3.

PraNi 005N Gages Og disc | Density/g.cm’ | ProNijIn Gagos Oy disc | Density/g.em”
Pr;Nig gsIng 1 Gag o5 Oy 7.227 Pr;Nig olng ;Gagos O4 7.239
PraNig 75Ing 2Gag g5 O4 6.426 PraNio slng 2Gag gs Oy 6.382
PraNig ssIng yGag o5 Os 5970 Pr,Nig 71ng3Gag s O« 6.496
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3.3.2.6 The morphologies of Pr;Ni;,Mg,04(x = 0.1, 0.2, 0.3), Pr;Ni.
0.85Mg0.1Ga.0504 and PryNigsMgo1GagesOy
Figure 3.19 shows SEM pictures of Pr;NijMg,O4 with x = 0.1, 0.2

and 0.3.

Figure 3.19 Surface morphology of PryNi;,Mg.04 (x = 0.1, 0.2, 0.3) discs.

The morphology of PrNigeMgo 104 looked uniform, crack-free and
high density, PraNiggMgo204 and PraNig ;Mg 104 membrane revealed large pores and
impurity phase. The white dots scattered on the surface. It means that the Mg®* ions
0.2 and 0.3 mole can not be doped into PraNiO; which lead to the formation of
secondary phases on the grain boundaries which prevent the grain growth. When
comparing the XRD (Figure 3.6) and SEM (Figure 3.18) results, the limit of the Mg”*
solubility is determined to be within x = 0.1.

In addition, the large closed pores caused the decrease of the disc
density. Therefore, the density of PrNi . MgOs gradually decreased with Mg
contents, were listed in Table 3.12.

Table 3.12 Density of ProNi; xMg.0; discs whenx = 0.1, 0.2 and 0.3.

Pr;Ni,.Mg,O; disc Density/g.cm’
PraNigoMgo 1Oy 6.296
ProNio sMgo 205 4717
PraNip 7Mgo 304 4.779
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Figure 3.20 Surface morphology of ProNig gsMgo 1Gag 0504 and PrzNig sMgo 1Gag 0504

discs.

The average grain size for the Ga doped PriNigeMgp 0y ceramic
samples are about 1-4 pm. However, the densities of PraNip ssMgg 1Gag 0504,
PraNigsMgo 1Gag 0504 discs are listed in Table 3.13.

Table 3.13 Density of PraNig ssMgo 1Gap 0504 and ProNig sMgo 1 Gag 504 discs.

Ga doped Pr;NigoMgq 104 disc Dcnsityfg.¢m3
PraNio ssMgo.1G20.0s Og 6.471
PraNigeMgo 1Gag os O4 6.265
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3.3.3 Thermogravimetric analysis (TGA) method

All series of perovskite discs after sintered at 1,300°C except
PraNij «Mg.Oy4 (x = 0.2-0.3) and Ga doped Pr;Ni;.xCo,O4 (x = 0.2-0.3), were analyzed
by thermogravimetric analysis (TGA), under nitrogen gas. The temperature was

increased from room temperature to 900°C with heating rate of 20°C min™".

3.3.3.1 Thermal Analysis of Pr;NiO,
Figure 3.21 shows the weight loss of Pr,NiO4 sample (sintered at
1300°C) as a function of temperature upon heating process in nitrogen.

B
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Figure 3.21 Relative weight loss of PryNiOy as function of temperatures under Na.

In the TGA profile, a slow weight loss from room temperature up to
100°C is observed which can be attributed to the loss of adsorbed water and carbon
dioxide. Then the weight of sample decrease gradually from 100°C to 950°C.
Manthiram er al. [36] found that the relative degree of oxygen loss from the lattice
could be assessed with the TGA curves. The weight change corresponds to oxygen
vacancy concentration, which related to oxygen desorption.
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3.3.3.2 Thermal Analysis of PriNi;.,Cu,04 PriNijy00sCu,.

Gages04 and PryNij,Cu,GagesOy4 (x = 0.1, 0.15,0.3)
The weight losses for the ProNij«Cu, Oy (x = 0.1, 0.15, 0.3) compounds

are plotted versus temperature shown in Figure 3.22.
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Figure 3.22 Relative weight loss of Pr;Nij«Cu,Oy as function of temperatures and Cu

content under MNa.

From TGA curves, it is seen that all Cu composition of PryNi; .Cu,O;4
have the same weight loss starting around 100°C and more than PryNiOy. A change in
weight was monitored during the temperature from 100°C to 950°C. The heating
weight loss started below 100°C, while mass gain occurred above 350°C to 450°C.
The weight loss started decreasing from 450°C to 950°C. The weight addition step
might be the effect of oxygen contaminated in nitrogen atmosphere. Generally excess
oxygen in the perovskite compound frequently occurred in the structure because it has
oxygen vacancies in the perovskite planes and oxygen interstitials in the rock-salt
layers [12]. Therefore under heat treatments 350 to 450°C led to an increase of excess
oxygen in the structure.

The TGA data of PraNi,..Cu,Oj4 reveals that ProNig 7Cug 304 perovskite
had the highest weight change as compared to that of the other cemposition.
According to the findings reported by Manthiram er al., observed weight loss during

heating is due to the loss of oxygen from the lattice. It is observed that, both of
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PraNiggCug 104 and PraNiggsCug 5Oy has less weight change than PryNig7Cug 304

since their oxygen loss is lower than that of PraNig 7Cug 304. The extent of oxygen loss
increases with increasing Cu content in PraNijCuyOy. It is noted that the
PraNip7Cug 304 has the highest oxygen loss, which is in good agreement with the
work of Aguadero et al. [4]

The effect of Ga doped PraNi; Cu,O4 were studied. The weight loss of

PraNig 7Cug 304 compared with PraNip ssCug 3GagesOy and PraNig 7Cup3Gag 04 was
shown in Figure 3.23.
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Figure 3.23 Relative weight loss of PraNig3Cug304 and Ga doped PraNig7Cug 304 as

function of temperatures under Na.

In the case of Ga—doped PryNij..CuyOy, it is found that Ga’" addition
has an effect on higher capability to accommodate excess oxygen. In order to balance
the charge, the amount of oxygen increased in the structure. Because Ga'' was
directly substituted Ni*', it exhibited gain '.;.'cight of oxygen in stoichiometric more
than nonstoichiometric composition (see figure 3.23). It is noticed that the weight %
of PraNigssCuo3GagesOy decrease rapidly- from. room . temperature to 290°C and
increase abruptly from 300°C to 530°C and decrease gradually at high temperature.
Thermal induced oxygen gain in the lattice is the reason for the weight addition. For
this reason, it indicated that the weight loss of Ga-doped is less than Ga-undoped

PraNip.CugOy.
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3.3.3.3 Thermal Analysis of Pr;Ni;,Co,O4(x = 0.1, 0.2, 0.3),

Pr;Nigs5C09,1Gagps04 and Pr;Nig9Cog 1 Gages04

The weight changes for PraNij4Co,04 powder samples with various
Co contents were heated under N; atmosphere. It is suggested that the observed
weight change results from the loss of lattice oxygen on heating. TG weight losses are

plotted versus temperature in Figure 3.24.
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Figure 3.24 Relative weight loss of PraNi;<Co,O4 as function of temperatures and Co

content under Na.

The TGA curves show PryNig7Cog30, has dramatically weight loss
starting at 250°C. On the contrary, the weight of PraNig¢Cog 04 and PraNip sCop 204
start decreasing around 100°C. At 370°C-380°C, the weight of all the samples
increase slightly and then decrease slowly until to high temperature. It is explained
that oxygen might be adsorbed back into the crystals causing the weight addition.

PriNiOs, PraNiggCog 04 and Pr;NigsCop:04 are more stable than
PraNig7Cog 304 The oxygen loss increases with increasing Co content in PraNijCoy.
Oy. Because Co cations have various oxidation states of +2, +3 and +4, therefore it
easily changes oxidation state and not stable. Therefore, the increased Co content in
ProNi;.«Co,04 causes the increase of oxygen loss from the structure.

The effect of Ga doped PraNipsCop 04 were studied, The weight
losses of PrNigsCog 04 compared with ProNipgsCogGagosOs and  PraNi
09Cog 1 Gag 9sO4 was shown in Figure 3.25.
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Figure 3.25 Relative weight loss of Pr;NigsCog 04 and Ga doped Pr;NipsCoyg 04 as
function of temperatures under N..

The oxidation number of Ga®* ions is higher than Ni**, caused the
increase of oxygen in the lattice due to the electroneutrality rule. The stoichiometric
compositions have an affect on highest capability to accommodate excess oxygen.
Thus Ga—doped PraNijsCog ;04 especially stoichiometric compositions have weight
loss less than PraNip 9Cog 1 04.

3.3.3.4 Thermal Analysis of FI‘;N“.,,ZI[;U;, Pr;Ni;_,_anszn;GHnjsﬂJ
and PraNijZn,Gaggs04 (x = 0.1, 0.2, 0.3)
Figure 3.26 shows the relative weight change versus temperature for

Pr;Nij..Zn,0; compounds with various compositions (x = 0.1, 0.2, 0.3).
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Figure 3.26 Relative weight loss of ProNij<Zn, Oy as function of temperatures and Zn
content under N».

All compositions of PryNij..Zn,04 has the weight loss after heat up
from 100°C to 350°C and increased weight after heat from 300°C to 450°C and then
decreased weight loss until 900°C. In the temperature range of 300°C to 450°C, the
amounts of oxygen increased due to the nitrogen gas contaminated with oxygen gas.
The TGA data of PraNij»Zn,0; with x = 0.3 had the highest weight loss.

The effect of Ga doped PraNijZn,O,4 were studied. The weight loss of
PraNig7Zng 304 compared with PraNij 5Zng3Gag 05O and PraNig7Zng 3GagosO4 was

shown in Figure 3.27.
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Figure 3.27 Relative weight loss of Pr;NigZn, 304 and Ga doped PraNig7Zng 10,4 as
function of temperatures under Ns.

For Ga doped at B-site of PraNijZn,Oy, the result is similar to ProNi,.
Cu04 ProNi;Cos0y. It exhibited gain weight of oxygen in the lattice in
stoichiometric and nonstoichiometric more than Ga-undoped composition.

3.3.3.5 Thermal Analysis of PraNij.,In Oy, PraNip.0.0sIn:GagesO4
and Pr;NipIn,GagesO4 (x = 0.1, 0.2, 0.3)

Thermogravimetric analyses of powder PraNij.In,O4 after sintering
was measured under nitrogen atmosphere. The weight changes were displayed in
Figure 3.28.
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Figure 3.28 Relative weight loss of Pr;Ni; .In,O4 as function of temperatures and In

content under Ns.

From Figure 3.28, the weight loss of PryNi; In,04 show the same
pattern, it started decrease from 100°C to 320°C and increase slightly to 400°C and
then decrease gradually from 420°C to 950°C.

The relative weight loss of ProNijInOy4 (x = 0.1-0.3) are different
from the others. The oxygen loss decreases with increasing In content. The result
indicated that the Pr;Nigslng 04 membrane had the highest oxygen loss. It suggests a
stronger binding of the oxygen to the lattice with increasing In content, implying a
stronger In-0O bond compared to the Ni-O bond.

The effect of Ga doped PraNijxIngOy were studied. Figure 3.29
exhibited the effect of Ga doped PraNig7lng304. The weight loss of PraNig7Ing 304
was compared with Pr;Nig ¢sIng 3Gag psO4 and PraNig 71ng 3Gagp 050s4.
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Figure 3.29 Relative weight loss of PraNig 7Ing 304 and Ga doped PrzNig 71ng 304 as
function of temperatures under Ns.

Ga’* ion added to Pr;NigzIng304 affects on higher capability to
accommodate excess oxygen. It exhibited the weight increase. But in the case of
excess Ga'' ions addition to the oxide, only weight loss was observed. (see Figure
3.29)

The fonic radius of Ga™ ions (r,,,. = 0.76 A) is smaller than In*" ions
(7= 0.94 A) is a possible reason. Ga®' ions added to stoichiometric composition

was easily substituted at Ni-site of PraNij.InOg In the case of excess Ga'" ions
added to the mixed oxide, Ga®* ions was hardly introduced in the vacancy site of Ni**
in PraNi;,In Oy or interstitial site. The oxidation state of In®* is higher than Ni*",
therefore the excess of Ga®* ions in the structure cause the repulsion of the charge.
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3.3.3.6 Thermal Allﬂlj'SiS of Pr;Nio_ngu‘jﬂ“ Perip_gsMgm_

GagesO4 and PraNigsMgo. GagesOy
TGA plots of the PraNigsMgs 104 sample was shown in Figure 3.30.
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Figure 3.30 Relative weight loss of PryNigsMgg 104 as function of temperatures under
Na.

From Figure 3.30, the TGA curves show that PraNigsMgg 0y had
rapidly weight loss starting at 250°C and decreased slightly to 950°C. The Pr;Ni.
0sMgo 104 was compared with PraNiOy, it is seen that the weight change of PraNi.
0sMgo 104 was more than the ProNiO,. It suggested that PraNigeMgo 04 have the
great oxygen loss in the lattice.

The effect of Ga doped Pr;NigsMgo 04 were studied. Figure 3.31
exhibited the effect of Ga doped PraNigsMgo 104. The weight loss of PraNigoMgo 104
was compared with PraNig gsMgo 1Gag 9504 and PraNigeMgo 1 GagosOs.



80

i

%;m"o..uq,.ﬁamm

Sl

A — —

_.__..: .'. hi:-j:“-_‘ Y l. L Ngu I'D‘
woarhid . lr“* e
HQNMMIO‘“

Jg? :
E i

function of

; . ) ped PraNij MOy
(M=Cu, Co, | ibited | cig xygen in the lattice in stoichiometric
and nonstoichiometric more th d compos \

) y
ﬂumwmwmm
’QW']MT]?WNMWWM&QEI



81
3.3.4 Temperature-program desorption of oxygen (O,-TPD)

Oxygen desorption property is useful to predict the oxygen permeability of the
prepared samples. Oxygen desorption properties of perovskites are determined by O;-
TPD experiments. The oxygen was adsorbed through chemisorption mechanism. O,
gas participated not only on surface but also inside the perovskite.

In general, the desorption peaks obtained from the perovskite-like mixed
oxides contain three kinds of oxygen species. The desorption peak appeared at T <
500 =C is ascribed to the oxygen chemically adsorbed on the surface (denoted as: «
oxygen); the desorption peak appeared at 500 < T < 800 «C is ascribed to the oxygen
chemically adsorbed on the oxygen vacancy (denoted as: P oxygen); and the
desorption peak appeared at T' > 800 =C is ascribed to the oxygen escaped from the
lattice (denoted as: ¥ oxygen) [19]. In particular its onset and intensity depend in part
on the nature of the metal B of the structure. When the B ion is partially substituted
with an ion of different oxidation state, charge compensation is required so as to
achieve electroneutrality. This can either be achieved by formation of oxygen
vacancies or oxygen hyperstoichiometry [12].

3.3.4.1 Oxygen desorption of ProNiO4 compounds
The O-TPD profile of PruNiOy perovskite after sintering at 1,300°C is
given in Figure 3.32. ¥

Temp. 102 241 408 573 T35 800 889 go2
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Figure 3.32 O,-TPD chromatogram of PraNiOj.
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Four oxygen desorption peaks (a, «’, fj and y respectively) appear in

the TPD pattern at temperatures about 400, 480, 580 and 900°C. The amount of
desorption for each peak is 0.087, 0.034, 0.102 and 0.536 mmol Oy/g, respectively.
The result shows that there are different states of oxygen on the oxide surface. a and
o’ peak could be attributed to O" and O adsorb on the surface reported by Moseley
[48-49]. For oxygen peak at 580°C could be attributed to the [} oxygen which is
adsorbed on oxygen vacancies. The last oxygen peak could be assigned to the y
oxygen which is associated with the release of oxXygen from the bulk of the solid. It is
noted that the oxygen signal not to reach the baseline at the final temperature of 900
°C, indicating that the liberation of oxygen is still occurring. The oxygen desorption
from 100°C up to 700°C amounted to 0.224 mmolOy/g for PraNiOy clearly indicates
that oxygen desorbed from the crystal lattice. It is noted that the oxygen desorption
property of all samples are considered in the range of 100 to 700°C.

3.3.4.2 Oxygen desorption of Pr;Ni; yCu,04 and Ga doped Pr;Ni;.
xCu, 04 compounds (x=0.1, 0.15, 0.3)
The O3-TPD profiles for PraMi;.«Cu,04 were shown in Fig. 3.33.

g p— T T 7 —
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Figure 3.33 O,-TPD chromatogram of Pr:Ni;.,Cu, 04 (x=0.1, 0.15, 0.3).

Four O, desorption peaks are observed for all samples in the
temperature rangel00-900°C. The oxygen desorption amount increases with
increasing content of Cu substitution for Ni in PraNiO4 which was listed in Table
3.14. With the increase of x (x=0.1-0.3) the peak area increase gradually, implying

that the oxygen vacancies and mobile lattice oxygen increase.
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Table 3.14 The amount of oxygen desorbed from Pr;NiOy and PraNij4Cu, 0y (x =

0.1,0.15, 0.3).
Oxygen desorption (mmol/g) Total oxygen Oxygen
desorption desorption
o - B (mmol/g) (mmol/g)
(100-450°C) [ (350-550°C) | (550-700°C) (100-700°C) ¥ (700°C up)

x=0 0.087 0.034 0.102 0.224 0.536
x=0.1 0.058 0.031 0.089 0.178 0.539
x=0.15 0.055 0.033 0.091 0.180 0.518
x=03 0.093 0.044 0.118 0.256 0.562

The desorption peak at §550-700 °C is associated with desorption of the
oxygen chemically adsorption on oxygen vacancies. f-oxygen corresponds to the
reduction of Cu** to lower oxidation states. As Cu substitution increases in PraNi.
xCu Oy (x = 0.1, 0.15, 0.3), it is expected to create more oxygen vacancy in lattice and
therefore the amount of desorbing oxygen increases. It is observed that the value of
total desoprtion of undoped PraNiOy is higher than Cu—doped PrNiO4 (x = 0.1, 0.15).
Doping Cu 30% mole to PrNiOy is the right content to enhance the oxygen
desorption property. The oxidation number of Pr is regarded as mixed valence of +4
and +3, and those of Ni and Cu also seem to be +2. Therefore, the exact oxygen
content number in Pr;Ni;..Cu0O4 seem to be greater than 4, suggesting that the oxide
ion conduction is based on the excess oxygen introduced by the higher valence
number of Pr, Ni and/ or Cu as suggested in the literature [37].

The effect of Ga doped Pr;NijCu 04 were studied to improve the
desorption property. The amount of total oxygen desorbed (100-700°C) of PraNi,.
«Cu,04 compared with PraNij..00sCu,Gag 0504 and PraNij.«Cu,Gag 0504, were shown
in Table 3.15 and Figure 3.34.
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Table 3.15 The amount of total oxygen desorbed (100-700°C) of PraNij.«Cu,Os,

Pr;Nh-m.nsCuKGau.usU; and PeriHClI;Gﬂo,usD.l {X=ﬂ,], U,lﬁ, ﬂ.3}.

Total oxygen desorption (a, a', B) 100-700°C (mmol/g)
PraNijxCuOy4 | PraNijxo05CuxGagosOs | PraNiy<Cuy GagesO4

x=0.1 0.178 0.296 0.255

x=0.15 0.180 0.326 0.255

x=03 0.256 0.300 0.280

Oxygen (mmol/g)
0.40 -

0.30

0.20 -
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Figure 3.34 The amount of oxygen desorbed of PraNip.Cu,O4 (undoped), ProNij.x.
0.0sCu,Gag 0504 (st) and PraNij Cu,Gag o504 (nonst] (x=0.1, 0.15, 0.3).

It is shown that Ga—doped PraNi;.«Cu,O4 has higher capability to
accommodate excess oxygen than undoped metal. Doping Ga™* 5 mole% into PraNi,.
«Cu,Oy also increase the excess amount of oxygen which enhance oxygen desorption.
It is due to the large free volume in the rock-salt block in Pr;NiO; Therefore Ga doped
PraNi;.«Cu,Oj, the interstitial oxygen and excess cation might be introduced into the
rock-salt block [42].

Ga®* was directly substituted by Ni*', it exhibited the increase amount
of oxygen desorbed in sioichiometric more than nonstoichiometric composition of
PraNij.xCugOy.

3.3.4.3 Oxygen desorption of PriNijyCo; 0y (x=0:1,0.2, 0.3) and Ga
doped Pr;Ni;.,Co,04 compounds (x=0.1)
The O2-TPD profiles for Pr;Nij..Co,04 revealed a similar trend to the

analogous PrsNi;4Cu,Oy system.
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The amount of oxygen desorbed, calculated from deconvoluted

oxygen peaks, is given in Table 3.16.

Table 3.16 The amount of oxygen desorbed from PraNi;.,Co,04 (x = 0.1, 0.2, 0.3).

Oxygen (mmol/g) Oxygen(mmol/g)
Total oxygen
p : Y
a o desorption (700°C up)
(100-450°C) | (350-550°C) | (330-700°C) (100-700°C)
x=0 0.087 0.034 0.102 0.224 0.536
x=0.1 0.046 0.047 0.084 0.207 0.297
x=0.2 0.093 0.031 0.083 0.207 0.541
x=0.3 0.080 0.042 0.111 0.233 0.602

From Table 3.16, It was found that the P oxygen desorbed at
intermediate temperature zone of PrsNij.Co,04 with x=0.3 have the higher total

oxygen desorption than that of the other contents. It is concluded that PryNi;.«CoO4
with x=0.3 has the highest total oxygen permeation. In the range of 550-700 °C, the
desorption of surface lattice oxygen due to partial reduction of Co’' [50]. As
compared to the ProNig7Cug 104, doping Co into ProNiO4 barely increase the oxygen

desorption property of the compound.
The amount of total oxygen desorbed of PraNi,.,Co,04 and Ga doped

PraNij.xCox04 (x = 0.1) compounds at temperature in range 100-700°C are shown in

Table 3.17 and Figure 3.35.

Table 3.17 the amount of total oxygen desorbed (100-700°C) of PraNi;«Co,Os, PraNi.
1-x-0.05C0xGag 9504 and PraNij.Co,Gaggs0y (x=0.1, 0.2, 0.3).

Total oxygen desorption (a, o', B) 100-700°C (mmol/g)

PraNij xCoxO4 | PraNijx00sCoGaopsOs | PraNijxCox GagosO4
x=0.1 0.207 0.290 0.179
x=0.2 0.207 - =
x=03 0.233 - ||
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Figure 3.35 The amount of oxygen desorbed of PrzNi; Co,04 (undoped), PryNi .
005C0yGag 050y (st) and PrNij.Co,Gag 0504 (nonst) (x=0.1, 0.2, 0.3).

The oxidation number of Ga'* ions is higher than Ni**, caused the
increase in the excess amount of oxygen due to the electroneutrality rule. The oxide
ion conductivity seems to be much improved and in the rock-salt block in Ga doped
PryNigsCog 1Oy, interstitial oxygen and excess cation may be introduced into the rock-
salt block, which could be the fast oxygen diffusion route.

The stoichiometric compositions have an affect on highest capability to
accommodate excess oxygen. Thus Ga-doped PraNigsCoo Oy especially
stoichiometric compositions has amount of oxygen desorbed more than PraNigsCop .
Q..

3.3.4.4 Oxygen desorption of PryNi;Zn,04 and Ga doped Pr;Ni;.
im0y compounds (x=0.1, 0.2, 0.3)

The O;-TPD profiles for Pr;NijxZnsO4 showed similar result to
analogous Pr:Ni|Cu,Oy system.

Table 3.18 lists amount of oxygen desorption for PryNiy.Zn, 0y with

various compositions of Zn®* jon.
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Table 3.18 The amount of oxygen desorbed from PryNi;xZn, 04 (x = 0.1, 0.2, 0.3).

Ox ‘mmol/ Oxygen(mmol/g)
vgen ( ® Total oxygen Y
a o B desorption
= 700°C up)
(100-450°C) | (350-550°C) | (530-700°C) | (100.700°C) $ ¢
x=0 0.087 0.034 0.102 0.224 0.536
x=0.1 0.082 0.032 0.083 0.202 0.496
x=0.2 0.076 0.038 0.100 0.214 0.436
x=03 0.114 0.046 0.120 0.280 0.432

Amount of P oxygen desorption increased with an increasing Zn
contents. The amount of oxygen desorption of PraNij.«Zn,04 with x = 0.3 had the
highest as compared to the PraNij.sZn,04 with content of x = 0.1, 0.2. It showed that
PraNip 7Z2n0 304 had the highest oxygen vacancy and oxygen permeability.

The amount of oxygen desorption during the temperature from 100°C
to 700°C of Pr;Nij..Zn O, and Ga doped PrNi;.«Zn Oy (x = 0.1, 0.2, 0.3) is displayed
in Table 3.19 and Figure 3.36.
Table 3.19 The amount of total oxygen desorbed (100-700°C) of PryNij..Zn, Oy,
PraNij.x00sZnxGag 0504 and ProNij.Zn,GaopsOs (x=0.1, 0.2, 0.3).

Total oxygen desorption (o, @', §) 100-700°C (mmol/g)
PrpNijxZnO4 | PraNijx005ZnGagesOs | PraNiy..ZnyGagesOs
x=0.1 0.202 0.264 0:190
x=02 0.214 0318 0.260
x=03 0.280 0.373 0.203
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Figure 3.36 The amount of oxygen desorbed of Pr:Ni;..Zn.O4 (undoped), PraNij...
0.0s2n,Gag 0504 (5t) and PraNixZn.Gag 9504 (nonst) (x=0.1, 0.2, 0.3).

Ga doped at B-site of PrzNi;«Zn,0,4 showed the same trend as PryNi,.
«Cu, 0y, PrNijCo,04. Considering the ionic size and valence number of Ga'" ions,
interstitial oxygen is easily formed. It exhibited the increase amount of oxygen in
stoichiometric and monstoichiometric more than Ga-undoped composition except
PraNijxZnGag 504 (x = 0.1, 0.3).

3.3.4.5 Oxygen desorption of Pr;Ni;.,In, 04 and Ga doped Pr;:Ni;.
In,04 compounds (x=0.1, 0.2, 0.3)

Four O; desorption peaks are observed for all samples. The pattern at
temperatures about of 400, 480, 580 and 900°C is similar to Pr;Ni;.zCu,Qy system.
The amount of oxygen desorption were listed in Table 3.20.

Table 3.20 The amount of oxygen desorbed from PraNijInO4 (x = 0.1, 0.2, 0.3).

Oxygen (mmol/, Oxygen(mmol/g)
veen ( 8 Total oxygen ;
| ! p ;
. 9 Al @ pesoyniey (700°C up)
(100-450°C). | (350-550°C) | (550-700°C) | 1 90.700°C)
x=0 0.087 0.034 0.102 0.224 0.536
x=0.1 0.086 0.032 0,092 0.210 0.500
x=0.2 0.086 0.031 0.090 0.207 0.520

x=0.3 0.082 0.033 0.087 0.202 0.470
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The oxygen desorptions of PryNij..InsO4 (x = 0.1-0.3) are different

from the others. The degree of oxygen desorption slightly decreases with increasing
In content. According to Ishihara et al., [42] the substitution of the trivalent for the Ni-
site, where the regular valence is divalent, results in lower permeation rates compared
to doping with divalent cations. A plausible reason for this behavior is not clear.
Figure 3.37 exhibited the effect of Ga doped PryNig7lng;04. The
amount of oxygen desorption of Pr:NigslngsO4 was compared with PrNi
0.651n0 3Gag 0504 and PralNig 71ng 3Gag 9504
Table 3.21 The amount of total oxygen desorbed (100-700°C) of PraNij.InOy, ProNi.
1-x-0.051NxGag 05Oy and PraNiyIn,Gag 0504 (x=0.1, 0.2, 0.3).

Total oxygen desorption (a, ', f) 100-700°C (mmol/g)

ProNij4IncOyg | PraNijxo0sIngGaoosOs | PraNijxIniGagosOs
x=0.1 0.210 0.344 0.287
x=0.15 0.207 0.342 0.339
x=03 0.202 0317 0.299
Oxygen (mmol/g)
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Figure 3.37 The amount of oxygen desorbed of PryNij.InO4 (undoped), PraNij..
0.05I0Gag o504 (st) and PraNijIn,Gag o504 (nonst) (x=0.1, 0.2, 0.3).

Ga®' ion added stoichiometrically and nonstoichiometrically to PraNi.
«InyOy4 affects on higher capability to accommodate excess oxygen. The mechanism is
not clear for the declining permeability after In-doping and increasing after Ga-
doping. Considering the ionic size (r_,.=0.76 A, r, .= 0.94 A), doped Ga might be
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introduced at the vacancy site of Ni in PrzNiO; or interstitial site, due to the excess

amount of cations, interstitial oxygen is easily formed. Since the interstitial oxygen as
well as oxygen vacancy is introduced, the oxide ion conductivity seems to be much
improved.

Thus, Pr:Nij..o0sInGagpsOs and PraNij(In,GagesOs showed the
higher amount of oxygen desorbed.

3.3.4.6 Oxygen desorption of PrsNigshMgo 04 and Ga doped PrzNi

05Mgp 104 compounds

PraNigsMgp 104 showed four O; desorption peaks. The oxygen desorption
peak o, o', B and ¥ with the values of 0.090, 0.039, 0.101 and 0.418 mmol/g,
respectively. PraNigeMgp Oy has total oxygen desorption 0.230 mmol/g reveals the
slightly higher oxygen desorption than that of Pr;NiOy (0.224 mmol/g) in the range of
100-700°C.

The effect of Ga doped Pl'gNiq_n_gMEu_[ﬂq were studied. The amount of
total oxygen desorbed (100-700°C) of PriNigsMgs Oy compared with PrNi
0.85Mg01Gag 0504 and ProNigsMgoGao 0504, were shown in Table 3.21 and Figure
338,

Table 3.22 The amount of total oxygen desorbed (100-700°C) of PraNij.xMgOs,
PraNij.x.00sMg.Gag psO4 and PraNi Mg GagesOy (x=0.1).

Total oxygen desorption (a, o', ) 100-700°C (mmol/g)
PrzNi; xMg<Oy | PrNijx00sMgxGagosOs | PraNijMg.Gag o504

x=0.1 0.230 0.249 0.299
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Figure 3.38 The amount of oxygen desorbed of PryNigsMgg 04 (undoped), ProNi.
0.8sMgo 1Gag 0504 (st) and PryNigsMgo 1Gag 0sO4 (nonst).

Ga-doped in PraNig Mgy ;04 exhibited the increase amount of oxygen
in stoichiometric and nonstoichiometric compounds more than Ga-undoped oxide.

For PraNipsMgo 04, the addition of excess Ga’* seems to improve the
oxygen—desorption property which is contradicied to the other Ga-doped oxides.

It is concluded that the oxygen desorption property as well as oxygen
permeability of PryNiO4 depend significantly on the doped metals and their
composition in the material. The increasing order of the values of oxygen desorption
of PrzNijxM;04 (M = Cu, Co, Zn, In, Mg) is summarized as follows:

PraNigglng 104 < PraNiOy < PraNip7C0g 304 < PryNigsMgo 104 < PraNi
07Cug304 < PraNig7Zno:0s. For Ga doped PraNij MOy, PraNigssZng3GaoosOs
shows the highest oxygen desorption value.
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3.3.5 Electrical conductivity

For perovskite MIECs, the co-presence of electronic holes and oxygen
vacancies makes them simultaneously exhibit both electronic and ionic conductivity.
As electronic conductivity is at least one order higher than ionic conductivity, the
measured values (total conductivity) can be mainly referred to electronic conductivity
[54].

The total conductivity measured by the de four-probe method can be regarded
as the representative of electronic conductivity. After sintered at 1,300°C, the
temperature dependence of the electrical conductivity was measured in the

temperature range of 25-800°C in air.

Electronic conductivity of the PraNiOy, PraNi; «MyO4 (M = Cu, Co, Zn, In; x =
0.1-0.3 and Mg; x= 0.1) and PrzNi; .50 0sM:GaggsO4, PraNij«MGag 0504 (M = Cu,
Zn; x = 0.1-0.3 and Mg; x = 0.1) cathodes has been investigated.

3.3.5.1 Eleetrical conductivity of PryNiO4 compounds
The electrical conducting property of PraNiO; was investigated as a

function of measuring temperature.
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Figure 3.39 (a) Temperature dependence of the electrical conductivity (o) for
Pr:NiOy.
(b) Arrhenius plot of the electrical conductivity of PraNiQ,.

Figure 3.39 (a) shows the temperature dependence of the electrical
conductivity (o) for PraNiOy ceramic. The electrical conductivity increases with
measuring temperature through a maximum value of 82.5 Q' cm™ at 550 °C and
then decreases. In the intermediate temperature range (600-800 °C), the specimen
gives electrical conductivities of 79-67 €' em™', roughly near to the application
requirement (=100 Q' cm™) for a cathode material of SOFC. The Arrhenius plot of
Pr;NiOy is given in Figure 3.39 (b). The linear part can be described by the small
polaron conduction mechanism, following the formula: & = (4/7) exp (—Ea/kT), where
A is material constant including the carrier concentration term, Ea the activation
energy, k the Boltzmann's constant and T is the absolute temperature. The activation
energy calculated from the linear part of figure 3.39 (b) was 8.98 kJ/mol. The
specimen displays an obvious transition in electrical conduction characteristic
semiconductor-type.

It has been reported that the electrical conducting property of
PraNiOy+5 can be further modified by substitution. The research is being carried out in
our lab, aiming at enhancing the electrical conductivities of the material at

intermediate temperatures by B site substitution (Cu, Co, Zn, In, Mg and Ga).



3.3.5.2 Electrical conductivity of Pr;Ni;.,Cu,04 and Ga doped

Pr;Nij,Cu, 04 compounds (x=0.1, 0.15, 0.3)
The temperature dependence of the electrical conductivity of the

PraNi«xCu, 04 (x=0.1, 0.15, 0.3) samples is shown in Figure 3.40 and Table 3.23.
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Figure 3.40 Temperature dependence of the electrical conductivity (o) for PraNiOy
and PraNi;.Cu,O4 (x=0.1, 0.15, 0.3).

Table 3.23 The speeific conductivity of PraNiOy and ProNijCu,O4 (x=0.1, 0.15, 0.3).

Specific conductivity, o (S/cm)
Sample e Py
300°C | 400°C | 500°C | 600°C | 700°C | 800°C | o (T,°C)
PraNiO4 69.9 | 775 82.4 79.1 70.1 672 | 82.5(550)
PraNipgCuoyOy | 93.8 | 1025 | 972 90.6 82.6 75.2 | 102.5 (400)
PrNigssCug1sOq | 104.7 | 116.2 | 123.6 | 118.6 105.1 | 100.7 | 123.7(550)
PrNipsCugs0y | 494 | 569 | 61.8 63.0 59.0 55.2 | 63.1(550)

It can be found in Figure 3.40 and Table 3.23 that, upon heating, the

conductivity increases with the increasing of temperature (semi-conductivity) and
PraNipssCup 1504 reaches the maximum value of 123.74 S em " at about 550 =C, after

which, the conductivity begins to decrease (pseudometallic behavior). The decrease of

the conductivity is mainly associated with the loss of the lattice oxygen and the

reduction of the B-site iron ions at elevated temperature [54]. The conductivity of the
sample significantly increased by the substitution of Cu for Ni up to 15 mol%, while a
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further increase in the Cu amount caused a decrease in the conductivity. This

decrease in conductivity can be explained by the formation of the secondary phases of
PrsO); (see sections 3.3.1.2 figure 3.2)

The activation energy of PraNi;.xCu04 (x=0.1, 0.15, 0.3) specimens
calculated from the linear part of figure 3.40 were shown in table 3.24. The activation
energy of PrNijCu0y (x=0.1, 0.15) were lower than that of Pr;NiOy, but
PraNig 7Cug 304 was higher than Pr;NiOy.
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Figure 3.41 Arrhenius plot of the electrical conductivity of PraNij.CuyO4 (x=0.1,
0.15, 0.3).

Table 3.24 Activation energy of PraNiOy and PraNijxCu, Oy (x=0.1, 0.15, 0.3).

Sample E, (kJ/mol)
PryNiOy 9.80
PraNiggCug 1Oy 9.35

PryNig g5Cug 1504 9.45
PraNig 7Cug 304 10.11
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Fig. 3.42 the temperature dependence of the electrical conductivity

for PrzNiggCug 1Oy doped with Ga.
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Figure 3.42 Temperature dependence of the electrical conductivity (o) for
PrzNip 9Cug 104, PraNigssCug | Gag 0504 and PraNig 9Cug 1Gag gsOs.

Ishihara er al [52] mentioned that total conductivity in Pr;Ni;Cu, Q4 can be
decreased by doping Ga nonstoichiometric and further decreased by doping Ga
stoichiometric composition. Since the oxygen desorption which related to oxygen
permeation is much improved by doping excess amount of Ga, the oxygen permeation
in this material is controlled by oxide ion conductivity and the electrical hole
conductivity is much higher than that of the oxide ion conduction. Considering the
ionic size and valence number, doped Ga may be enter at the vacancy site of Ni in
PraNiQOy or interstitial site and it works primarily as the donor and generated electron.
The formed electron decrease the hole concentration by the charge neutralization
reaction resulting in the decreased electronic conductivity. In fact, total conductivity
of Pr;NijxCuOy (x = 0.1, 0.15, 0.3) decreased by doping Ga. For example Ga doped
PraNig sCug 104 were shown in Figure 3.42.
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3.3.5.3 Electrical conductivity of PryNi; ;Co,04 (x=0.1, 0.2, 0.3)
Figure 3.43 and Table 3.25 shows the temperature dependence of

electrical conductivity of dense Pr:Ni;..Co, O4 (x=0.1, 0.2, 0.3) in air.
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Figure 3.43 Temperature dependence of the electrical conductivity (o) for PraNiO

and Pr;Ni |.1C0x 04{x=0.1 . ﬂ.Z. ﬂ.3}.

Table 3.25 The specific conductivity of PraNiO4 and PraNij.,Coy04 (x=0.1, 0.2, 0.3)

Specific conductivity, o (S/cm)
Sample
300°C | 400°C | 500°C | 600°C | 700°C | 800°C | Omu (T,°C)
PraNiOy 69.9 71.5 824 79.1 70.1 67.2 82.5 (550)
PraNipoCog Oy | 45.8 | 55.6 65.8 73.6 72.0 68.4 73.6 (600)
PrNigsCo204 | 56.3 | 66.0 | 66.6 67.1 65.8 67.0 | 67.2(550)
PraNip 7Co0304 393 50.7 64.1 76.7 87.4 96.4 96.4 (800)

The conductivity of PrsNijxCoOy -is relative low, the formation of

oxide ion vacancies can cause a decrease in electrical conductivity. The vacancies
also can act as random traps for electrons, resulting in the decrease of the carrier
mobility [54], which will lead to the significantly decrease in charge carriers
concentration. The conductivity increases with the increasing of temperature (semi-

conductivity).
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Shown in table 3.26, the activation energies of Co specimens were

calculated from the linear part of figure 3.44. The activation energy of Pr;Ni;.«Co,Os
(x=0.1, 0.2, 0.3) was more than that of Pr;NiQj.
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Figure 3.44 Arthenius plot of the electrical conductivity of PraNi; «Co, 04 (x=0.1, 0.2,
0.3).

Table 3.26 Activation energy of ProNiOgand PraNij.Co,04 (x=0.1, 0.2, 0.3).

Sample E, (kJ/mol)

PrsNiO; 9.80
PraNip.5C09.104 12.22
PraNip 85C00204 12.28
PraNig 7C00.204 11.86




3.3.5.4 Electrical conductivity of PryNi;.,Zn,04 and Ga doped

Pr;Nij,Zn, 04 compounds (x=0.1, 0.2, 0.3)
Figure 3.45 and Table 3.27 shows the temperature dependence of

electrical conductivity of dense ProNij<Zn, Oy (x=0.1, 0.2, 0.3) in air.
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Figure 3.45 Temperature dependence of the electrical conductivity (o) for PraNiOy4
and PraNij«Zn, Oy (x=0.1, 0.2, 0.3).

Table 3.27 The specific conductivity of PraNiO; and PraNijZn,04 (x=0.1, 0.2, 0.3).

Specific conductivity, o (S/cm)
Sample
300°C | 400°C | 500°C | 600°C | 700°C | 800°C | Omax (T,°C)
PraNiOy 699 | 715 82.4 79.1 70.1 67.2 | 82.5(550)
PriNiggZng 0g | 105.8 | 1016 | 96.2 91.8 92.7 99.6 | 105.8 (300)
ProNigsZng204 | 79.0 | 744 | 703 68.1 69.4 743 | 80.0(250)
PraNig7ZngsOy | 569 | 54.5 50.8 50.1 51.1 56.1 56.9 (300)

From Figure 3.45 and Table 327, Pr:NipeZng Oy reaches the
maximum value of 105.8 S cm™' at about 300°C, the conductivity decreased with

increasing Zn contents. The decrease in conductivity of PralNij_Zn,0; is largely due

to firstly, high vacancy concentration in PraNij5Zn,O, lattice. As discussed above

(see section 3.3.3.4 and 3.3.4.4), there is large concentration of oxygen vacancy,

which will lead to the significantly decrease in charge carriers concentration. Because

of the vacancies also can act as the scattering centers, or as random traps for electrons,
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resulting in the decrease of the carrier mobility [54].The second reason can be

ascribed to the fact that zinc holds fixed bivalent state, which will not contribute to
conductivity. With zinc doping in B-sites, the conductivity will decrease as expected,
due to the decrease of the total concentration of B-sites that participate in the
clectronic transport processes.

The activation energy of PraNijZn 04 (x=0.1, 0.2, 0.3) specimens
calculated from the linear part of Figure 3.46 were shown in Table 3.28. The
activation energy of PryNi; .Zn 0, (x=0.1, 0.2, 0.3) were lower than that of PraNiOj.
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Figure 3.46 Archeries plot of the electrical conductivity of PraNijZn, Oy (x=0.1, 0.2,
0.3).

Table 3.28 Activation energy of PrNiOs and PraNijZn,O04 (x=0.1, 0.2, 0.3).

Sample E, (kJ/mol)

PraNi0Oy 9.80
Pr;NigsZng 10y 3.84
Pr;NigsZng204 3.85
PrzNig7Zng 304 | 4.39
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The temperature dependence of the electrical conductivity of ProNi.

09Zn9 104 and Ga doped PriNigeZng 04 compounds at temperature in range 100-
800°C are shown in Figure 3.47.
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Figure 3.47 Temperature dependence of the electrical conductivity (o) for
PraNig 9Zng 104, PraNio ssZng 1Gag 0sQs and PraNig sZng, Gag osOs.

Figure 3.47 show the result of Ga doped PraNipsZng 04, Ga doped at
B-site of Pr;Nij«Zn, 0y which is similar to that of Ga doped Pr:Ni;CuO4. It
exhibited the lower value of electrical conductivity in Ga—doped and Ga excess doped
Pr;Ni1.xZn,O4 more than that of Ga-undoped oxide. When Ga’ ion substituted Ni**
ion, it generated electron. The formed electron decrease the hole concentration by the
charge neutralization reaction resulting in the decreased electrical conductivity.

3.3.5.5 Electrical conductivity of PriNij;..In, 04 and Ga doped
PraNij,In; 04 compounds (x=0.1, 0.2, 0.3)

The temperature dependence of the electrical conductivity of the
PraNij.«In Oy (x=0.1,0.2,0.3) samples is shown in Figure 3.48 and Table 3.29.
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Figure 3.48 Temperature dependence of the electrical conductivity (o) for PraNiOy
and PraNij..In, Os(x=0.1, 0.2, 0.3). . E

Table 3.29 The specific conductivity of PrsNiO; and PraNij_In 0, (x=0.1, 0.2, 0.3).

Specific conductivity, o (S/cm)
Sample
300°C | 400°C | 500°C | 600°C | 700°C | 800°C | O (T,°C)
PraNiOy 69.9 77.5 824 79.1 70.1 67.2 82.5 (550)
PraNigslng 1Oy 78.7 82.1 82.2 80.8 76.1 67.1 82.2 (500)
PraNip gIng 204 42.7 | 435 455 39.0 37.0 344 | 43.6(350)
PraNig 71ng 304 24.8 7| 25.7 249 24.8 24.6 24.0 | 25.7(400)

Table 3.29 shows the negative impact of In-doped ProNiOi. The
conductivity of the perovskite—like oxide decrease with the increasing of In.

The reason can be ascribed to the fact that In holds fixed trivalent state,
which will not contribute to conductivity. Similar results were observed in Zn doped
Pr;NiOy system; the conductivity decreased with the increase of the Zn content. With
indium doping in B-sites, the conductivity will decrease as expected, due to the
decrease of the total concentration of B-sites that participate in the electronic transport
processes.. The mﬁductivily increases with the increasing of temperalure (semi-
conductivity), afterwards, the conductivity begins to decrease (pseudometallic
behavior).
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In Table 3.30, the activation energies of In doped Pr;NiO; were

calculated from linear part of Arrhenius plots in Figure 3.49. Similar to ProNi; xCu,O;4

specimens, the activation energy increased with increasing the amount of In.
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Figure 3.49 Arrhenius plot of the electrical conductivity of PraNi..In, 04 (x=0.1, 0.2,
0.3).

Table 3.30 Activation energy of PrzNiOg and PralNij . In,O4 (x=0.1, 0.2, 0.3).

Sample | E, (kJ/mol)

PryNiOy 9.80
PraNigslngOg | 8.58
Pr;Nip glng 204 9.54
PraNig 7Ing 304 9.72
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3.3.5.6 Electrical conductivity of Pr;NigsMgg 04 and Ga doped

Pr;NigsMgp 104 compounds
The temperature dependence of the electrical conductivity of the
PraNipsMgo 104 samples is shown in Figure 3.50 and Table 3.31.
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Figure 3.50 Temperature dependence of the electrical conductivity () for PraNiOy
and Perin_gMgntD4.

Table 3.31 The specific conductivity of PraNiQ, and PraNip sMgg 104,

Specific conductivity, o (S/cm)
Sample _ -
300°C | 400°C | 500°C | 600°C | 700°C | 800°C | Opmax (T,°C)
PraNiOy 699 | 775 82.4 79.1 70.1 67.2 82.5 (550)
PraNipsMgo10s | 246 | 282 28.6 28.2 27.2 25.6 28.6 (500)

The decrease in conductivity observed at higher temperatures for the
magnesium compositions could be due to the formation of significant amount of oxide
ion vacancies at higher temperatures as indicated by the TGA (see section 3.3.3.6) and
TPD data (see section 3.3.4.6). The formation of oxide ion vacancies can cause a
decrease in electrical conductivity due to a decrease in the charge carrier
concentration [53]). The conductivity of PraNiOy was reported as about 82.54 5 em”!
at 550 °C. With magnesium doping in B-sites, the conductivity will decrease as

expected. The conductivity increases with the increasing of temperature (semi-
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conductivity) after which, the conductivity begins to decrease (pseudometallic

behavior).
The activation energy calculated from the linear part of figure 3.51 was

13.10 kJ/mol. The activation energy of PraNigsMgo 104 was higher than that of
Fl’zNiﬂq,,
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Figure 3.51 Arrhenius plot of the electrical conductivity of ProNigoMgg 104.

Figure 3.51 exhibited the effect of Ga doped PriNigeMgg 05 on the
electrical conductivity. The temperature dependence of the electrical conductivity of

PraNigsMgo 04 was compared to PraNip ssMgo 1Gag 05Oy and PraNipsMgo 1Gag 0s04.
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Figure 3.52 Temperature dependence of the electrical conductivity (o) for

PraNigeMga; Oy, PraNig ssMgo 1 Gap 0504 and PraNig sMgp 1GagpsOs.
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As mentioned previously, when Ga’* ion substituted Ni** ion, it generated

electron. The formed electron decrease the hole concentration by the charge
neutralization reaction resulting in the decreased electronic conductivity. In the case
of PraNigsMgo 04, it exhibited that total conductivity of the sample decreased by
doping Ga as shown in Figure 3.52.

After examining the effect of doping various metal ions with different contents
at B site of PraNiOy, the study reveals that PrsNigssCug 1sO4 achieved highest values
of electrical conductivity at intermediate temperature (123.7 S/em at 550°C).
PraNiggZng 104 and PrsNigsCug 04 also show the satisfactory results. Interestingly,
the electrical conductivity of PraNiOy can be improved by doping metal with +2
oxidation state. Doping B site with second metal (Ga’") cause the negative effect to
the conductivity of the material.



CHAPTER IV

CONCLUSIONS

4.1 Conclusions

The perovskite K;NiFstype oxides in the system ProNij MOy, PraNij,.
00sMyGag osO4 and PryNi|..MyGagosO4 doped with various compositions of Cu, Co,
Zn, In and Mg ions at B site were synthesized by modified citrate method.

XRD patterns of PraNi;.M,.04 except PraNi Mg 0y (x= 0.2, 0.3), PraNij
00sC0xGag 9504 and ProNijCo,Gag sO4 (x=0.2, 0.3) revealed that the main phase of
KNiFy-type structure. The trace amount of impurity phase (PrgOy,) formation was
also observed at 20=28°, It is seen that the amount of the PrgOy; phase increased with
the increasing amount of metal substituted at Ni site. The ionic radius of Cu*', Co®'
Zn**, In’ * and Mg”', were higher than that of Ni**, so the substitution of metal ions
for Ni** in B-site of PraNiOy induce a little slightly shift to lower angle of 20 and
slightly expansion of lattice crystal. On the other hand, the substitution of Ga®* ions
for Ni** in B-site of PraNiO, induce a little slightly shift to high angle of 20 because
the ionic radius of Ga®* was lower than that of Ni** leading to shrinkage of the lattice.

The morphologies of the perovskite membranes were characterized by SEM.
The results of the perovskite disc except PraNijxMgcO4 (x = 0.2, 0.3) appear uniform,
crack—free and high density after sintered at 1300°C. The grain size slightly increased
with the incrcasing content of Cu, Co and slightly decreased with the increasing
content of In. It is shown that Ga contents in ProNi; MOy did not affect the density
and morphology of membrane.

Oxygen permeation property was determined by thermogravimetric analysis
(TGA) and oxygen temperature-programmed desorption (O;-TPD). TGA results
showed that the weight loss of oxygen of ProNi,.xM,;04 especially PrzNipsMgo 04
was higher than that of Pr;NiOs. The extent of oxygen loss except In contents
increases with increasing metal ions contents in PraNij.xM,O;. In the case of Ga-
doped PraNijM,Oy, it is observed that Ga’' ion addition has an effect on higher
capability to accommodate excess oxygen. It exhibited gain weight of oxygen in

stoichiometric more than nonstoichiometric composition. It indicated that the weight
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loss of Ga—doped less than Ga—undoped PraNij .M, Oy. For O;-TPD mieasurement,
the results show that the amounts of the B oxygen desorption of ProNi; M0, except
In contents increased with the increasing amount of metal doped at Ni site. PraNi.
0.72ng 304 has total oxygen desorption 0.280 mmol/g in the range of 100-700°C which
show the highest oxygen desorption property. Ga-doped in Pr;Ni;.,M,O;4 exhibited the
increase amount of oxygen desorption more than that of Ga-undoped composition.
From TGA and O,-TPD, It is concluded that the amounts of the oxygen permeation
increased with the increasing amount of metal doped at Ni site, except PraNi;.In 0y
and Ga—doped PrzNij«M, O, stoichiometric compositions show the highest increase of
oxygen desorption value.

The electrical conductivity of PrzNiO4 was improved by doping Cu and Zn at
Ni site, especially doping 15% Cu. The conductivity property decreased with
increasing the amount o-f Zn and In. The PryNiggsCup 504 ceramic exhibits an
electrical conductivity of 123.7 S'em™ at 550°C, which is about 50% higher than
that of PraNiO, (82.5 S'em™ at §50°C). However, Ga—doped at the B site ions
decreased the electrical conductivity in stoichiometric and nonstoichiometric
compositions. When Ga®* ion enter at the vacancy site of Ni in PraNiOy or interstitial
site, it generated electron. The formed electron decrease the hole concentration by the
charge neutralization reaction resulting in the decreased electronic conductivity.

In conclusion, Pr;NisssCug 504 (electrical conductivity is 123.7 S/em at
550°C and the oxygen desorption from 100°C up to 700°C is 0.180 mmolO,/g) is a
good candidate for SOFC cathode material.

4.2 Suggestions

From experiment results, the future work should be focused on the follwing:

1. To determine thermal expansion coefficient (TEC) of PraNipssCugsOs
specimen by dilatometer technique for fuel cell application.

2. To study of the performance of Pr;NiggsCug 504 specimen used as a
cathode on the single cell.
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APPENDICES

APPENDICE A
Tolerance number

Goldschmidt (19 ined the tolerance limits of the size of ions through a

tolerance factor, t as Equatio o

(A1)
where ra, rg, and r, ibstituted perovskite at
A and B site, the sum of each metal
at A site and B e atomic weight, ionic
charge, metals were shown in

; :
AU ININTNYINS
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Table A.1 Atomic weight, ionic charge, coordination number, and ionic radius of

concerned metals [55].

lon lonic charge | Coordination No. | lonic radius(A)
Pr 3+ 9 1.319
Ni 2+ 6 0.830
Ni 3+ 6 0.700
Ni 4+ 6 0.620
Cu 1+ 6 0.910
Cu 2+ 6 0.870
Cu 3+ 6 0.680
Co &+ 6 0.890
Co 3+ 6 0.750
Co 4+ 6 0.670
Zn 2+ 6 0.880
In 3+ 6 0.940
Mg 24+ 6 0.860
Ga 3+ 6 0.760
0 2- 6 1.260

Therefore, as Equation A.1 the tolerance number of perovskite compounds such as
Pr;Nig 9Cug Oy was calculated as below.
Tolerance number of PraNipsCug 1Oy = (1.319 x 1)+ 1.260
V2 [(0.83 x 0.9) +(0.87 x 0.9) +1.260]
=0.871
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APPENDICE B
Activation Energy (E,)

Arrhenius plot of PraNig 7Cug 304 is given in Figure B.1. The linear part can
be described by the small polaron conduction mechanism, following the formula:

a = (A/T) exp (—Ea/kD) (B.1)
ol = A exp (—Ea/kT)
IneT =—FEa/kT+ In A (B.2)

A is material constant including the carrier concentration term,
FEa the activation energy
k the Boltzmann's constant
T'is the absolute temperature.
From Equation B.2 Arrhenius plot of In T versus 1000/T gives a straight line,
whose slope and intercept can be used to determine £, and A.

12

A, \N‘\

= 8

g y=-1.2157x +12.273

. & R =0.9992

e

o 4

£
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1] | v + S
i) i 2 3 4

1000/T (K™

Figure B.1 Arrhenius plot of the electrical conduetivity of PriNig 7Cup 304.

The activation energy calculated from the slope of the straight line of figure
B.1 For example, the activation encrgy (Ea) of PraNig;Cup+Q4, was calculated as
below:
Slope =—FEa/k
Slope = —£a/8.314472
Ea=-slope x 8.314472
Ea=-(-1.2157) x 8.314472
Fa=10.11 kJ/mol
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Figure C.7 O,-TPD chromatogram of PraNip7CugaQy, PraNiggsCuo3GagesOy4 and

PraNig 7Cuq 3Gag nsOs.
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Figure C.8 O,-TPD chromatogram of PraNipeCog 04, PraNigssCog1GagoesOs and
PraNig ¢Cog.1Gag gs04.
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ProNig sZno 1Gag gs04.
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Figure C.11 O;-TPD chromatogram of PraNigsZng304, PraNigssZngiGagesOs and

PraNig 7Zng3Gap0s04.
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Figure C.13 O;-TPD chromatogram of Pr;NiggIng04, PraNig7slng2GagsO4 and
PryNip slng 2Gag 0504,
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Figure C.14 O:-TPD chromatogram. of PraNipsIngaQy, PraNigeslng3GagesOs and
PrzNig 7Ing 3Gag ¢50y.
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Figure C.15 O-TPD chromatogram of PriNigsMgo 04, PraNigssMgo GagesO4 and

PraNig sMgo 1 Gag 05Os4.
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APPENDICE D
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Figure D.1 Temperature dependence of the electrical conductivity (o) for

PraNig gsCug 1504, PralNip #Cug 15Gag 0sO4 and PraNio gsCuo 1 5Gag 0sO4.
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Figure D.2 Temperature dependence of the electrical conductivity (o) for

PraNig 7Cug 304, PraNig 6sCuo 3Gag 0sOs and PraNig 7Cuo 3Gag 0sO4.
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Figure D.3 Temperature dependence of the electrical conductivity (o) for
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