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The properties of (LaggSrg ), CaNiOg (LSN-Ca,), (LaggSrg )y CaNipoCoq 104
(LSNC-Ca,) and La,,CaNigq.,Coq1(Fe, Zn),O,4 (LNCF-Ca, and LNCZ-Ca,) as cathode
materials for solid oxide fuel cell were investigated. All compounds prepared by
modified citrate method exhibited K;NiFs-type with tetragonal structure using
calcination and sintering temperature of 900°C and 1350°C for 10 hours,
respectively. LSN-Ca, and LSNC-Ca, (x=0-0.5) substituted with Ca2+ on the A-site in
composition of x=0.2 showed the single phase of K;NiF4-type structure and the
highest electrical conductivity of 176.9 and 166.9 S/cm at 800°C, respectively. To
improve oxygen permeation of La,Nip9C0og104 (LNC), Ni-site was firstly substituted
with Fe™" or Zn”" to obtain LNC-Fe, and LNC-Zn, (y=0-0.2). Then Ca’  was
incorporated into La-site of LNC-Feqys and LNC-Znges which had the highest
oxygen permeation rate, to improve the electrical conductivity. The highest
electrical conductivity was achieved for LNCF-Cay s and LNCZ-Cays and the values
were 98.4 and 84.9 S/cm at 800°C. Additionally, the single cell performance of
LNCF-Cags and LNCZ-Cags with LSGM electrolyte was measured and maximum
power densities were 322 and 312 mW/cm2 at 800°C, respectively. This indicated
that LNCF-Cags and LNCZ-Cay 5 could be potential cathode materials for IT-SOFC.
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CHAPTER |
INTRODUCTION

Because of the non-renewable nature of petroleum-based energy resources,
their increasing demand has never met the realistic supply and tends to outrun the
resource itself. Accompanied with the rise in greenhouse emissions caused by the
combustion processes, the global warming is getting more serious. Therefore the new
environmentally-friendly energy resources have been receiving much attention in
order to reduce the global problems, and fuel cells turn out to be a promising

solution.
1.1 Fuel Cells

Fuel cells are a device generating electricity with cleanest and high efficiency.
Since there is no combustion during the operation, there are none of the pollutants.
For systems planned to use hydrogen directly, they produce only electricity, water
and heat.

The most common classification of fuel cells is by the type of electrolyte
used in the cells. The five major types of fuel cells are alkaline fuel cell (AFQ),
polymer electrolyte membrane fuel cell (PMEFC), phosphoric acid fuel cell (PAFC),
molten carbonate fuel cell (MCFC), and solid oxide fuel cell (SOFC). Table 1.1

provides a comparison between various fuel cells.

Table 1.1 Types of fuel cells [1]

Type AFC PEMFC PAFC MCFC SOFC
Alkaline Phosphoric | Molten i
Electrolyte . Polymer . Oxide
solution acid carbonate
Charge carrier OH H" H' COs o
Operating
70-90 70-200 180-200 650-700 800-1000
Temp. (°C)
Hydrocarbon,
Fuel H H; Hz H, CO
H,, CO
Efficiency (%) 30 40-50 40-50 50-60 50-60
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1.2 Solid Oxide Fuel cells (SOFCs)

SOFCs are devices that electrochemically convert chemical energy into
electrical energy directly without the need of combustion. They are all-solid-state
system and high operating temperatures (up to 1000°C). The major advantage of
SOFCs over other fuel cells is the fuel adaptability. SOFCs can be run on a variety of
fuels such as hydrogen, natural gas, diesel, gasoline, methane, butane, etc, while

other fuel cells operate with pure hydrogen.

1.2.1 Operation of SOFCs

The SOFC single cell is constructed with dense electrolyte which is
sandwiched between a porous anode and a porous cathode, as shown in Figure 1.1.
During the SOFC operation, fuel is fed to the anode, where an oxidation reaction
takes place and releases electrons to the external circuit, whereas oxidant, normally
oxygen or air, is fed to the cathode. Considering the electrode reactions, the cathodic
reaction is the electrochemical reaction of gaseous oxygen into oxide ion while the
dissociation of gaseous H, takes place on the anode. The resulting products include
water, carbon dioxide, heat and electrons. In order to minimize voltage losses and
maximize power densities, kinetics of reaction, ionic and molecular transport must be

taken into account.

02 ~ %0, + 26" — O

Cathode

Electroyte

Anode

' HQ+O=—)H70+28

@ ”2°Q

Figure 1.1 SOFC operation scheme [2]
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1.2.2 Materials in SOFCs

The problem of SOFC operated at intermediate temperature (600-800°C) is
the decline of performance because of low ionic conductivity of electrolyte and
strong cathode polarization. To solve this problem, the alternative electrode and
electrolyte materials are considerable to be used. Therefore, it is necessary to select
materials which have the properties such as conducting property and thermal

expansion property for the requirement of each component of SOFC.

1.2.2.1 Electrolyte

The requirements of electrolytes material are high ionic conductivity, low
electronic conductivity, stable in both reducing and oxidizing atmosphere over a
wide range of oxygen partial pressure, and good thermal and mechanical properties.
The electrolyte materials commonly used for SOFC are yttria-stabilized zirconia (YS2),
gadolinium- or samarium-doped ceria (GDC or SDC) and strontium, magnesium-doped
lanthanum gallate (LSGM).

Each electrolyte offers advantages and disadvantages. YSZ, the most popular
electrolyte, is now being used at high-temperature operating condition due to its
good ionic conductivity. Since, its shows poor conductivity at lower temperature,
another electrolyte operates at lower temperature are considerable interest. For
example, ceria doped with rare earth metals has higher ionic conductivity and lower
activation energy than YSZ, but the main problem of this material is the reduction of
ce' to Ce” at low oxygen partial pressure resulting in the introduction of electronic
conductivity which decreases the cell efficiency [3]. LSGM, the perovskite oxide
electrolyte, is stable without electronic conductivity in a wide range of oxygen partial
pressures. It also shows high ionic conductivity at intermediate temperature
compared to YSZ. Nevertheless, the high cost of Ga,O; becomes an obstacle for the
commercialization prospects of LSGM. The comparative conductivity of YSZ, GDC and
LSGM are showed in Figure 1.2.
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Figure 1.2 Conductivity of YSZ, GDC and LSGM [4]

Moreover the choice of electrolyte materials is also limited by thermal
expansion coefficient (TEC). The TEC value of electrolyte must be matched to the
electrode in order to avoid cracking. The TEC values for YSZ, GDC and LGSM are
listed in Table 1.2.

Table 1.2 Thermal expansion coefficients of various electrolytes

Electrolyte TEC (/°Q)
YSZ 10.3 x10”° (30-1000°C) [5]
GDC 12.4 x10° (30-1000°C) [6]
LSGM 9.78 x10° (25-1000°C) [7]

1.2.2.2 Anode

Transition metals are good candidates as anode materials in SOFC. They may

be classified with respect to H, oxidation rate as follows:
Ni>Fe>Ru>Co>Pt=Pd>Au>Mn

Among all transition metals, Ni is a popular choice of anode material because
of its high catalytic activity and relatively low cost. However the high TEC value of
nickel is a problem for using with YSZ electrolyte. The solution is by using the
composite anode between nickel oxide and YSZ to give Ni-YSZ cermet. This
composite anode provides both good ionic and electronic conductivity (from YSZ

and Ni) and shows stable performance with H, fuel. However direct use of
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hydrocarbon fuel leads to a strong adsorption of H,S on the Ni particles resulting in
the enhancement of the degree of activation polarization and performance loss [8].
Thus many alternatives have been proposed to overcome this problem such as using
copper instead of nickel in the cermet and the development of novel anode

materials.
Anode material requirements for SOFC can be summarized as follow:
- High catalytic activity for oxidation reaction of fuel gases
- Stability in low oxygen partial pressures

- Good chemical stability against the electrolyte and interconnect at high

temperatures

- Tolerance to carbon cracking or sulfur impurities when using hydrocarbon

fuels

1.2.2.3 Cathode

Generally, the main reaction occurring at the cathode is the reduction of
gaseous oxygen into oxide ion. The mechanism of the reaction can be described as
follow [9]:

i) Oxygen surface adsorption and dissociation by breaking the covalent

bond of O, molecules
i) Reduction of O species into oxide ions, o
i) Oxide ion transfer within the bulk cathode
iv) Oxide ion transport across the cathode/electrolyte interface

The oxygen reduction reaction plays a crucial role in the kinetics of SOFCs
due to the major contribution to the activation polarization. Therefore, lots of
research has gained much attention to the development of SOFC cathode material

in order to reduce this polarization.

The choice of this material can be summarized as follows [10]:
- Chemical stability during cell operation
- High electronic conductivity
- Thermal expansion match with other cell components
- Minimum reactivity with electrolyte

- Sufficient porosity to facilitate transport of oxygen molecule
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Conventional cathode materials used in SOFC are lanthanum-based
perovskite materials, La;,Sr,MnOs (LSM). They are only electronic conductors having
high electronic conductivity, good stability and moderate thermal expansion
coefficients (TEC) compatible to common electrolyte such as YSZ, which make LSM
considered as the state-of-the-art cathode materials for SOFCs operating at high
temperature (~1000 °C). However, the reduction of oxygen of this kind of cathode is
limited to a narrow region called three-phase boundary (TPB) where air, electrode
and electrolyte are in contact, as shown in Figure 1.3. Therefore, in order to extend
the electrochemically active region from the limited TPB, mixed ionic and electronic
conductors (MIECs) are required. Perovskite-type mixed ionic-electronic conducting
oxides including simple perovskites, double ordered peovskites and Ruddlesden-

Popper phases, have been widely studied as potential cathodes for IT-SOFC.

(a) Pure electronic conductor (b) MIECs

0, 0,

Electrochemically active in the TPB, Great enhancement of the
requires very high temperatures (LSM) active area. Reduction of the
working temperature.

Figure 1.3 Active areas for oxygen reduction reaction [11]

The desired properties and processing requirements for SOFC single cell

component are summarized in Table 1.3.
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Table 1.3 Micro-structural and property of SOFC component [12]

Anode

Electrolyte

Cathode

Microstructure

Porous, many TPBs,

stable to sintering.

Dense, thin, free of

cracks and pinholes.

Porous, many TPBs,

stable to sintering.

Electrical Electronically and lonically but not Electronically and
preferably ionically electronically preferably ionically
conductive. conductive. conductive.

Chemical Stable in fuel Stable in both Stable in air
atmosphere; oxidizing and reducing | environments.
preferably also stable | environment. Catalytic for oxygen
in air for redox Minimal reduction reduction.
tolerance. and resulting Resistance to
Catalytic for oxidation | electronic performance loss
and performing but conductivity in caused by chromium
not for carbon reducing conditions. deposition.
deposition.

Thermal Compatible with Compatible with Compatible with

expansion other layers, other layers, other layers,
especially electrolyte. | especially structural especially
support layer. electrolyte.

Chemical Minimal reactivity Minimal reactivity Minimal reactivity

compatibility | with electrolyte and with anode and with electrolyte and

interconnect.

cathode.

interconnect.

1.3 Perovskite

Materials based on simple perovskite such as LaCoO3, BaCoO; or LaFeO; have
attracted extensive attention due to the possible use as cathode materials for IT-
SOFC. Their general formula is defined as ABX; where A (alkaline or alkaline earth
metal) is a large cation in twelve fold coordination of X atoms, B (transition metal) is
a smaller cation in octahedral coordination of X atoms. The Ideal perovskite
structure is cubic and consists of a framework of corner-sharing BXg octahedral with

the A cation located at the body center of the cube as shown in Figure 1.4. The
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combination of perovskite (ABX3) and rock salt (AX) framework results in a complex

structural type, Ruddlesden-Popper (RP) structure.

Figure 1.4 The perovskite structure (ABX3) [13]

The K,NiF,4 structure having the chemical formular A,BX, is the first member
of the RP series (AX)(ABX), for n>1. This structure have a cubic perovskite (ABXs),
layer alternating with an insulating rock salt AX layer along the c axis [14], as
depicted in Figure 1.5. A repeat distance in layers leads to an ideal tetragonal
structure with the space group 14/mmm. When the KyNiF; structure tends to
stoichiometric, the octahedra can be tilted to relieve structural stresses in the
system. However the oxygen interstitials occured on the rock salt layer prevent the
tilting of octahedra leading to the various phases of the K;NiF, structure.

Several recent studies have highligshted A,BO, oxides because these oxides
can accommodate oxygen excess by the incorporation of interstitial oxygen (mainly
in the rock salt layer) or generate lots of oxygen vacancy (mainly in the perovskite
layer). This seems to improve the oxygen transport properties compared to simple

perovskite.
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Figure 1.5 The A,BO, structure showing the location of an interstitial oxygen atom

[15]

Perovskites exhibit a wide range of magnetic and electrical behavior because
many different ions can be combined into the structure so long as electrical
neutrality is preserved. The Goldschmidt’s tolerance factor (t) [16] as expressed in
equation 1.1 is used to determine the degree of a combination of cations and anions

which are feasible based on bond distances.

(ra +15)
=— A 07 1.1
\/§x(rB+ro) (1.1

Where 1,, I and I, represent the ionic crystal radii of A-site cation, B-site

cation and oxygen ion, respectively. The derivation of the tolerance factor is

presented in Figure 1.6.
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Figure 1.6 Derivation of the tolerance factor [17]

If 0.75 < t < 1.0, the ions selected should be able to form a perovskite
structure. When t=1, there are no stresses in the system, the perovskite is an ideal
cubic. The cubic structure can be maintained with 0.95<t<1.04, while 0.75<t<0.9 low-

symmetry orthorhombic or tetragonal structure will be obtained.

1.4 Electrical conductivity

The electrical conductivity (o) [18] is one significant factor in the cathode

performance. It can be calculated from the equation:
o=nqu (1.2)

Where n is the charge carrier concentration (cm_3), g is the charge (in
coulombs), and u is the mobility of the charge carrier (cm’s V). The unit of & is
normally expressed in Scm .

For perovskite oxides, their electrical conductivity is composed of two
mechanisms, electronic and ionic conductions, because there are both electronic
holes and oxygen vacancies appeared in the crystal structure. Generally, the
electronic conduction is much higher than ionic conduction, thus the electrical
conductivity values obtained are used to determine the electronic conductivity.

The electronic conductivity in perovskite oxides related to mobile charge
carriers (excess electrons/electron holes) along the B-O-B chains. The electron/hole
exchange causes by the overlapping of the orbitals of oxide ion and adjacent B-site

cation as displayed in Figure 1.7. The higher the concentration of the mobile charge
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carriers is, the higher the conductivity obtains. Generally, the generation of mobile
charge carrier is by the replacement of trivalent cations with divalent cations at the A
site. This leads to the reduction of total positive charge in the structure. Thus the
increase in valence of the B cation (electronic compensation) or the generation of
oxygen vacancies (ionic compensation) is occurred. However, the appearance of each
type of charge compensation is undesirable because it is related to many factors
including the temperature, the oxygen partial pressure, the type and concentration

of dopants, the microstructure, etc.

Y

Figure 1.7 Covalent bonds between anionic p orbital and t,, orbital of B-site cation

(19]

For ionic conductivity, it is not only affected by the formation of oxygen
vacancies and interstitial oxygen, it is also dependent on the critical radius (r, ) [16],
as expressed in equation 1.3. This factor corresponds to the maximum ionic radius of

mobile ion to pass through the saddle point.

8,(Ca,~2r,) + 12 -1
r-——4 (1.3)
“ 2(r, — 1) ++/23,

Where I, and I are the ionic radius of the A ion and B ion, respectively, and
a, is the crystal parameter. The critical radius is normally less than 1.10 A which is

smaller than the ionic radius of oxygen ion.
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The saddle point for oxygen ion migration is formed by two A-site cations and
one B-site cation. The migration of the oxygen ion is by jumping from one site to the

adjacent vacancy along the anion octahedral edge (Figure 1.8).

Pre-jump Saddle-point Post-jump

Figure 1.8 The migration of the oxygen ion passes through the saddle point [19]

1.5 Current-Voltage characterization

Figure 1.9 shows a current-voltage (I-V) curve in SOFC. Normally, the actual
cell voltage is less than theoretical reversible voltage. The decrease of the cell
voltage under current load depends on current density and many factors such as
electrode or electrolyte materials, microstructure of the electrodes, temperature,
etc. The difference between the theoretical reversible voltage and the actual cell
voltage gives a polarization loss or over-potential (77) [20]. In the fuel system, there

are three polarization losses:

- Activation polarlization (77, )
- Ohmic polarlization (77gn,)

- Concentration polarlization (77¢,,)

The output power density, P is expressed as the product of cell voltage and

current density:

P=iE (1.9)
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It can be seen from this equation that the power density equals zero at very

low and very high current densities. Therefore the maximum power density is

obtained between these two extremes (Figure 1.10).

Cell voltage (V)
=
]

Open circuit potential

Potential drop
mainly due to n¢,n

0.0

| ! I J T ' |
0.5 1.0 1.5 2.0

Current density (A/cm’)

Figure 1.9 Characteristics of a typical current-voltage curve in SOFC [21]

Power —»

Ideal power/cusrent Maxunum
relation without . power

overpotential losses

Power shutdown due
to  gas  transport
hmtatrons

Power losses increase due

to ohmic losses

Power losses due to activation l

overpotential

Current—*

Figure 1.10 Typical power/current relation [21]
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1.6 Electrochemical Impedance Spectroscopy (EIS) characterization

EIS is used to determine the polarization resistance in this study. It is
measured by applying a small signal AC voltage over a wide frequency range and
collecting the output current. The impedance (2) is the ratio of the applied
sinusoidal voltage and the resulting sinusoidal current, as related to Ohm’s Law [22]

in equation 1.5.

_ E(w)  E,cos(at)
" l(w) 1, cos(at — )

=Z,(cosp+ jsing) (1.5)

Data obtained from the experiment are displayed in the form of Nyquist plot
as shown in Figure 1.11. The x and y axes of this plot are the real and the imaginary
parts of impedance, respectively. Moreover the circuit elements consisting of
capacitor, resistor and inductance are used to describe some physical aspects of the

system.

—————————————

-(Im) Z

_____________

: S increasing w

(Re);Z

Figure 1.11 Schematic of a Nyquist plot [23]

1.7 Literature reviews

Solid oxide fuel cells (SOFCs) are the energy sources of current interest
because they offer high power efficiency and low production of pollutants. To

reduce its drawback in high temperature operation (800-1000°C), new cathode
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materials with high electro-catalytic activity for IT-SOFC (600-800°C) have been
developed.

The K;NiF4-type or A,BO, oxides, a two dimensional layered structure of
insulating rock-salt (AO) separated by cubic perovskite (ABOs) layers, have been
widely studied because of their excellent mixed conductivity and catalytic activity.
There are a lot of publications concerning the properties of this kind of cathode.
La,NiQg4, one of the K;NiF4-type oxides, is an interesting material which exhibits high
mixed oxide ionic and electronic conductivity. It has high thermal stability and good
catalytic activity. However there are many researchers trying to improve its
properties. The partial substitution of metal ions on La,NiO; shows a positive effect
on the cathode performance, for example, substitution with Co ions 10 mole percent
at the B-site and Sr ions 40 mole percent at the A-site can improve ionic and
electronic conductivity [24, 25], respectively. Therefore, the development of
Lay ¢Sro.4NiO4 (LSN), Lay ¢SrgaNigeCoq 104 (LSNC) and La,Nig9Cog 104 (LNC) is of interest in

this work.

Cherry et al. [26] studied on La; (AE),CoO5 (AE =Ca, Mg, Sr, Ba). They found
that substitution of LaCoOs; with Ca and Sr, the oxygen vacancies were easy
generated compared to substitution with Mg and Ba. These vacancies facilitated ionic
conductivity.

Yang et al. [27] reported that substitution with Sr had an influence on the
sintering densification and electrical conductivity of Pr,NiO4. As Sr content increased,
the compounds became denser and their electrical conductivity increased. However,
the limitation of Sr addition in Pr,_Sr,NiO4was less than x=0.8.

Zhao et al. [28] studied the polarization resistance (R,) of La,.,SrCoggNig,0q—
GDC composite. The results showed that the introduction of Sr at the A-site had an
effect on the reduction of R,. Doping with Sr 80 mole percent, the R, was 26 times
lower than the Ry of the undoped one which implied to the increasing of electron
hole when Sr-doping level was increased.

Shen et al. [29] studied the electrical conductivity of Ca-doped La,NiO,4. They
found that Ca doping promoted the elongation of La-O bond length providing more
space in La,0O, rock salt layers which facilitate the migration of oxide ion. Moreover,
the activation energy of oxide ion migration and the amount of excess oxygen
decreased with increasing Ca content. These lead to the high ionic conductivity. In
case of electronic conductivity, it increased with Ca-doping level by charge

compensation of the oxidation of NI~ to Ni™*,
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Ding et al. [30] investigated the thermal expansion and electrochemical
performance of LagsAE(sCuO; (AE=Ca, Sr, Ba). It was found that Ca-containing
composition had the highest electrical conductivity and the lowest thermal
expansion coefficient (TEC). Moreover, the electrochemical activity was also
enhanced.

Chen et al. [31] reported that the oxygen permeation flux of
Bag4CogaFeqqZng,05 did not decrease during the experimental operation of 100
hours. The reason was doping with zinc, which had a constant oxidation state of +2,
avoided the reduction of Co”/Co”* or Fe”'/Fe”".

Park et al. [32] studied the electrochemical behavior of BagsSrg5C0g2x
Zn,Feq50s. They found that substitution with zinc improved the thermal stability and
minimized the Co' loss in the structure. These resulted in the decrease of R, value
and high performance.

Kostogloudis et al. [33] examined the oxygen nonstoichiometry of Pri,
Sr,Coy2Byg03 (PSC, B= Mn, Fe) by thermogravimetric analyses. They found that the
loss of lattice oxygen in Fe-doped PSC was easily created, indicating the resistivity of
the oxidation of Fe from Fe’ to Fe'. Moreover, the magnitude of oxygen loss also
increased with increasing the Sr content.

Petitiean et al. [34] investigated the oxygen transport properties of
(LaggSro2XMnyFe )Os. They found that the oxygen diffusion via oxygen vacancy was
enhanced by iron substitution because of the increase in oxygen vacancy
concentration. On the other hand, the electronic conductivity was decreased
resulting from the decrease in the concentration of available hopping site which
limited the electrical conduction.

Miyoshi et al. [35] studied on Fe-doped Pr,NipgCuq .0, for oxygen-permeating
membranes. They found that replacing Ni with Fe led to the increase in excess
amount of oxygen, resulting in the enhancement of oxygen permeation rate,
especially at low temperature. The highest oxygen permeation rate was achieved for
PraNig 75CUg 2F€0,0504.

From the literatures, the substitution of Ca, Fe and Zn ions can promote the
conducting properties of perovskite oxides. Therefore the purpose of this work is to
improve such properties of Laj¢SrgaNiOs (LSN), Lay ¢SrgaNigeCoy;104 (LSNC) and
La,Nig9C0op 104 (LNC) including electrical conductivity and oxygen permeation by

substitution of Ca, Fe and Zn ions, for an alternative cathode material in IT-SOFCs.
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1.8 The objectives of this thesis

1.3.1 To synthesize K;NiF4s-type cathode materials substituted with Ca, Fe
and Zn as below:
- (LaggSro.2).«CaNiO4 (LSN-Ca,, x=0-0.5)
- (LaggSro.2).4CayNipoCop 104 (LSN-Ca,, x=0-0.5)
- Lay,CayNig ., Cog 1(Fe,Zn), O, (LNCF-Ca, and LNCZ-Ca,, y=0-0.2, x=0-0.7)

1.3.2 To characterize the prepared compounds for phase structure, surface

morphology and conducting property.

1.3.3 To measure the electrochemical performance of the selected
compounds which perform good electrical conductivity by single cell
test.
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The chemicals and experimental procedures including preparation and

CHAPTER Il

EXPERIMENTAL

characterization of materials are described below:

2.1 Chemicals

The chemicals and reagents listed in Table 2.1 were used without further

purification.

Table 2.1 Chemicals and reagents for synthesis of materials

Chemicals and reagents Formula weight Purity% Company
La(NO3)5+6H,0 433.02 99.0 Himedia
Ca(NOs3),.4H,0 236.15 99.0 Analytical
Sr(NO3), 211.63 99.0 Aldrich
Ni(NO3),.6H,0 290.81 97.0 Ajax
Co(NOs),.6H,0 291.03 >98.0 Ajax
Fe(NO5);-9H,0 404.00 >98.0 Fluka
Zn(NO;),.6H,0 297.48 99.0 Fluka
La,0Os 325.79 >299.99 Wako
SrCos 147.63 >99.9 Aldrich
Ga,05 187.44 >99.99 Aldrich
MgO 40.3 >98.0 Fluka
NiO 74.60 >299.9 Aldrich
CeHgOy 192.43 >99.5 Aldrich
HNO; 63.01 65 Merck
lig.NH3 35.05 25 Merck
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2.2 Material preparation
2.2.1 Cathode preparation

Modified citrate method was used for the formation of all cathodes. The
abbreviation and composition of the different compounds synthesized are

summarized in Table 2.2

Table 2.2 The composition of all prepared cathodes

Composition Abbreviation

-Substitution La and Sr with Ca in Laj ¢Sry4NiO4

9090667T6€

Lay ¢SrgaNiOq4 LSN

(LapgSro2)19Cap.1NiO4 LSN-Cagy 4
(Lag 8Sr0.2)1.8Ca0 NiO4 LSN-Cag»
(Lag gSr0.2)1.7Cag sNiO4 LSN-Cap 3
(LapgSro.2)1.6Cap.aNiOg LSN-Cap 4
(LapgSro2)15CapsNiO4 LSN-Cag s

-Substitution La and Sr with Ca in Lay ¢Sry4Nip 9Cog 104

La165r0.4 Nig.9C00.104 LSNC

(LapgSro.2)1.9Ca0.1Nig.9C00.104 LSNC-Cag
(LapgSro.2)1.6Ca0.2Nig.9C00.104 LSNC-Cay,
(Lag 8Sr0.2)1.7Ca0.3Nig.9C00 104 LSNC-Cag 5
(Lag8510.2)1.6Ca0.4Nig.9C00 104 LSNC-Cag4
(LapgSro.2)1.5Cag.sNig.9C00.104 LSNC-Cag s

-Substitution Ni with Fe or Zn in La,NiggC00 104

La,Nip9C0og 104 LNC
La;Nig 89C001F€0.0104 LNC-Feg o
LaNig.g7C00.1F€0.0304 LNC-Feg o3
LaNio.g5C00.1F€0,0504 LNC-Feg o
La,Nip gCoqg 1Fep 104 LNC-Feq

LazNi0'7COOA1FeoAZO4 LNC-FeO‘Z
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LazNig.89C00.14N0.0104 LNC-Zng 01
LazNig.87C00.1ZN0.0304 LNC-Zng 0
LazNig.85C00.12N0.0504 LNC-Zng 05
La,NipgC00,12N0.104 LNC-Zng 4
LazNig 7C00.1£N0204 LNC-Zng

-Substitution La with Ca in La2N10_85C00_1FeoA05O4

La,Nig g5C0g 1Feg.0504 LNCF

La19Cag 1NiggsCog.1F€00504 LNCF -Cag4
La;7Cag3Nigg5C0g.1F€0.0504 LNCF -Cag 3
Lay 5Cag sNig.g5C00.1F€0,0504 LNCF -Cags
La;.5Cag.7Niog5C00.1F€0.0504 LNCF -Cag 7

-Substitution La with Ca in LayNigg5C0g.1Z2Ng 0504

LazNig.85C00.12N0.0504 LNCZ

La1.9Cag.1Nigg5C00.12N0,0504 LNCZ -Cag 4
Lay 7Ca 3Nigg5C00.12N0.0504 LNCZ -Cag 5
La1.5Cag sNigg5C00.12N0,0504 LNCZ -Cags
La1 5Cag.7Nigg5C00.12N0,0504 LNCZ -Cay

- Preparation of powder

Stoichiometric amounts of corresponding metal nitrates were dissolved in
deionized water and nitric acid. Subsequently, citric acid in the molar ratio of 2 mol
of citric acid to 1 mol of metal ions was added drop wise into the solution with
continuous stirring at room temperature. After 3 hours, ammonia solution was slowly
added to adjust the pH value of the solution to about 9 and then stirred at room
temperature for 2 hours. The obtained solution was dehydrated and slowly heated
until self-combustion of the precipitate. The resulting ash was then ground using a

mortar pestle and finally calcined at 900°C for 10 hours in an air-muffle furnace.

- Preparation of disc

The calcined powders were finely ground with ethanol by a mortar pestle for

30 minutes. The 1.8 ¢ fine powders were loaded into the cavity of a KBr die to
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prepare a round disc (20 mm in diameter). The die having metal oxide powder inside
was knocked against table for 2-3 times to evaporate air inside the powder. After the
die was completely assembled, the plunger was brought to the surface of the
powders gently for final leveling and smoothing surface. After that the pressure was
slowly applied about 2 tons for 10 minutes to obtain a disc. Then the disc was
sintered at 1350°C for 10 hours in air.

—4—disc

Figure 2.1 KBr die assembly

2.2.2 Anode preparation [36]

The anode used was NiO-Fe,O5 (9:1), which synthesized by conventional
impregnation technique. Fe(NO;);-9H,0 was firstly dissolved in DI water, followed by
the addition of NiO. After that the mixed solution was evaporated and finally the
brown powder resulted. The obtained powder was calcined in a furnace at 400°C for
2 hours to get rid of the remaining nitrate and then fired at 1200°C for 6 hours. In
order to obtain a fine and uniform particle mixture, the resulting powder was ground

in ethanol for 1 hour.
2.2.3 Electrolyte preparation [37]

LagoSro.1GagsMgy,05 (abbreviated as LSGM) was used as electrolyte in this
study. It was synthesized by conventional solid state method. Calculated amounts of
La,Os, SrCos, Ga,03 and MgO were mixed for 1 hour in a mortar pestle and then
calcined at 1000°C for 6 hours. The resulting powders were pulverized and pressed
isostatically into a disc (20 mm in diameter). The discs were sintered at 1500°C for 5
hours in air and then polished to the thickness of 0.3 mm by a diamond grinding

machine.
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2.3 Material characterization

2.3.1 X-ray diffractrometry (XRD)

The phase formation of the sintered samples was examined by X-ray powder
diffraction using a Rigaku Dmax-2200 Ultima™ diffractometer with monochromatic Cu
Ka radiation (40 kV, 30 mA) at Department of Chemistry, Faculty of Science,
Chulalongkorn University. The data was collected in the range of 20 to 70 degree
with scan speed of 5 degree/min and the lattice parameter were calculated based
on the XRD data with Jade software.

2.3.2 Scanning electron microscopy (SEM)

Microstructural characterization of the sample discs was carried out with a
JEOL JSM-5800LV scanning electron microscopy with an Oxford Instrument (model
Link ISIS series 300) at the Scientific and Technological Research Equipment Center
(STREC), Chulalongkorn University.

2.3.3 Density

The Archimedes method was used to measure the bulk density of sintered
samples. The sample discs were firstly boiled in deionized water for 5 hours to
release air in sample pores and then weighted in dry and wet condition using Precisa
Gravimetrics AG (model R 2055M-DR) at Department of Chemistry, Faculty of Science,
Chulalongkorn University. The relative density was calculated from the ratio of the

measured bulk density to the theoretical density determined by XRD data.

2.3.4 Electrical conductivity measurement

The electrical conductivity of sintered samples was measured by a standard
four-probe direct current (DC) technique under air condition. The sintered disc was
cut into a rectangular bar with approximate dimensions of 5 mm x 12 mm x 1.5 mm.
Four platinum wires were attached to the bar with platinum paste and fired at 950°C
for 10 min with a heating rate of 5°C/min to obtain good electric contact as shown in
Figure 2.2. The different voltage between two probes was recorded in a tube furnace
at various temperatures in the range of 300 to 800°C with a heating rate of 5°C/min.

The electrical conductivity was then calculated by following equation:

o = (IVVXLAW*T))
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where o is electrical conductivity (S/cm)

| is fixed current (A)

V is difference of measured voltage between two probes (V)
L is distance between two voltage contact points (cm)
T is thickness of rectangular bar (cm)
W is width of rectangular bar (cm)

Voltage

probes

Pt Pt
- T

— 4 4
Pt j B _ﬁt W
Current probes

Figure 2.2 schematic diagram of specimen with four platinum (Pt) wire contacts

2.3.5 Oxygen permeation measurement

The discs were used as membranes for measurement of oxygen permeation
flux. Each membrane was polished to the thickness of 0.7 mm with a diamond
wheel, and then aligned with the two alumina tubes. Between the membrane and
the tubes, ring-shaped Pyrex glass was placed as a sealing glass to prevent leakage. A
seal was formed when the membrane and part of the alumina tubes were heated to
1000°C. The experimental set-up is shown in Figure 2.3.

Dry air (AR grade) and helium gas (99.999%) at a flow rate of 50 mL/min was
fed to the membrane and the oxygen partial pressure gradient was achieved. The
oxygen permeation measurement was carried out from high to low temperature in
the range of 600 to 1000°C. The mixed gases of helium, used as the sweep gas, and
permeated oxygen were then injected into the gas chromatography equipment
(VARIAN, CP-3800) equipped with a molecular sieve 13X packed column and a

thermal conductivity detector for determining the oxygen content.
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Figure 2.3 Cross-sectional view of the membrane reactor

2.3.6 Electrochemical measurement

Electrochemical performances and AC impedance analyses were evaluated

on single cells at temperature between 600 and 800°C.

- Single Cell Performance Test

Single cell performances of various cathodes were evaluated with LSGM
electrolyte and Ni-Fe oxide, as an anode precursor. All the electrode powders
synthesized were mixed with STD-100 binder in a mass ratio of 1:1 and then painted
onto both sides of the electrolyte surface by hand, followed by firing at 1000°C for
30 minutes to remove the organic solvent and complete the interface contact
between electrolyte and electrodes. Pt meshes and wires were fabricated to each
electrode as current collector. The schematic configuration of the test cell is shown

in Figure 2.4.
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Figure 2.4 Schematic configuration of the single cell performance test set-up

The Ni-Fe anode was reduced to a metallic state at 800°C for 1 hour under H,
flow before the cell performance measurement. During the operation, H, (99.999%)
as fuel and O, (99.98%) as oxidant were supplied to the cathode and anode,
respectively at a rate of 100 mL/min. Current-voltage (I-V) were measured with an
AUTOLAB PGSTAT302N instrument using galvanostatic mode.

- AC Impedance Measurement

AC impedance was analyzed in air by a potentiostat having a frequency
response analyzer, and the test cell geometry and configuration were same as that
used for the single cell performance test. The applied frequency ranged from 0.1 Hz

to 10° Hz with voltage amplitude of 10 mV.
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RESUTS AND DISCUSSION

3.1 Tolerance factor

The stability of perovskite structure of all prepared compounds was
determined by tolerance factors (t). These factors were calculated based on
chemical formulae using ionic crystal radii as tabulated by Shannon and Prewitt

(Appendix A). The calculated t values of all prepared oxides are listed in Table 3.1.

Table 3.1 The tolerance factors of all prepared oxides

a) (LagsSro.2).Ca,NiO4 (LSN-Ca,) b) (Lag gSrg 2)2.CayNipoCop ;04 (LSNC-Ca,)

_ Compounds t Compounds t

= LSN 0.891 LSNC 0.889

= LSN-Cay 0.891 LSNC-Caq 0.888

= LSN-Cay, 0.890 LSNC-Cay, 0.887
LSN-Cag s 0.889 LSNC-Cag s 0.886
LSN-Cag.q 0.888 LSNC-Cag.q 0.885
LSN-Cag s 0.887 LSNC-Caps 0.884

C) LazNngg,yCOOlMyOq (LNC—Fey or LNC—Zny)

Compounds t Compounds t
LNC 0.883 LNC 0.883
LNC-Feq o 0.882 LNC-Zng o, 0.883
LNC-Feq g3 0.882 LNC-Zng 3 0.882
LNC-Feq g5 0.881 LNC-Zng g5 0.882
LNC-Feg 4 0.879 LNC-Zng 0.881

LNC-Fey, 0.875 LNC-Zno 0.879
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d) La,,CayNip g5C001Mg 0504 (LNCF-Ca, or LNCZ-Ca,)

Compounds t Compounds t
LNCF 0.881 LNCZ 0.882
LNCF -Cag, 0.880 LNCZ -Cag, 0.881
LNCF -Cay 0.879 LNCZ -Cay, 0.880
LNCF -Cags 0.878 LNCZ -Cag s 0.879
LNCF -Cay- 0.877 LNCZ -Cag- 0.878

The perovskite structure is stable when t value locate in the range of
0.75<t<1.0 [38]. As t tends to 1, the structure is closer to the ideal cubic structure.
The cubic structure can be maintained with 0.95<t<1.04, while 0.75<t<0.9 low-
symmetry orthorhombic or tetragonal structure will be obtained [19, 39]. It can be
seen from Table 3.1 that the ¢ values of all prepared oxides vary from 0.877 to 0.891
and they are larger than 0.75 indicating the ability to form stable perovskite structure.
However, the tolerance factors are less than 0.95. This means that they do not have
a cubic structure. When A-site cation is substituted by Ca2+, whose ionic radius is
smaller than that of A-site cation (La”" and Sr™") or substitution of B-site cation (Ni°")
by larger cation (Fe2+ and Zn2+), the t value decreases. This indicates that the unit
cell is distorted resulting in the change of lattice structure from cubic to another

structure such as tetragonal structure.

3.2 Synthesis and properties of (LaggSr.),CaNiO,; (LSN-Ca,)

LSN-Ca, (x=0, 0.1, 0.2, 0.3, 0.4 and 0.5) were synthesized and sintered at
1350°C for 10 hours. The obtained samples were characterized for phase structure,
surface morphology and conducting property by XRD, SEM and DC 4-probe method,
respectively. LSN-Ca, with the highest electrical conductivity was chosen for testing

the single cell performance.

3.2.1 XRD analyses

Figure 3.1 shows the XRD patterns of LSN-Ca, sintered at 1350°C for 10 hours.
All the diffraction peaks can be indexed as K,NiFs-type with tetragonal structure
(JCPDS 89-8309). It is noticed that the main diffraction peaks of LSN-Ca, shift to higher

values of 26 compared to the undoped one. This shift is resulted from the shrinkage
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of crystal lattice caused by substitution of La”" (r=1.36 A) and S (r=1.45 A) with cat
(r=1.32 A), as explained by Bragg’s law in equation 3.1.

2d sin@ = nA (3.1)

V K;NiF, structure

v Ca0

—
o
[

4

s
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Figure 3.1 XRD patterns of LSN-Ca, (x=0-0.5) discs sintered at 1350°C for 10 hours

The lattice parameters a, ¢ and the unit cell volume decrease with the
calcium content as presented in Table 3.2. This shrinkage of lattice parameters can
be attributed to two factors. Firstly, the substitution of low valence cations (Ca2+) will
induce the oxidation state of B-site cations in the ABO; layer from Ni2+, Ni” to NI
due to the electroneutrality condition. From the valence bond theory, in this case
the Ni-O bond strength will increase and the bond length decreases [40]. Secondly,
the substitution of smaller cations on the A-site will affect the A-O bond in the rock

salt layer resulting in the shrinkage of A-O bond [41].
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Table 3.2 Lattice parameter and unit cell volume of LSN-Ca, (x=0-0.5)

* Lattice parameter

Compound - . V (5?)
a (A) c A

LSN 3.819 12.741 185.77
LSN-Cag 4 3.818 12.719 185.37
LSN-Cag ., 3.813 12.687 184.46
LSN-Cay 5 3816 12.690 184.80
LSN-Cap 4 3.811 12.684 184.22
LSN-Cag s 3.820 12.665 184.78

*The average lattice parameters are calculated from the diffraction peaks of (101),
(103), (110), (114) and (200) planes.

In addition, the formation of CaO (JCPDS 48-1467) is observed for x>0.2. At
x=0-0.2, there are no secondary phase appeared. Therefore, the limitation of ca’

addition in LSN is considered to be less than 0.3.

3.2.2 SEM analyses

LSN, LSN-Cap; and LSN-Cag, discs without impurity phase were chosen to
study the surface morphology. The reduction of porosity and the agglomeration of
grains were determined by SEM images in Figure 3.2. When LSN is substituted by ca”’
in the A-site, the dense microstructure with few isolated pores and large grain sizes

are obtained.

LSN-Ca,, LSNCa,,

Figure 3.2 SEM images of LSN-Ca, (x=0, 0.1 and 0.2) discs

The increase in Ca’'substitution promotes the higher grain size and the large
density of materials which is consistent with the result of relative density calculation

as shown in Table 3.3.
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Table 3.3 Average grain size and relative density of LSN-Ca, (x=0, 0.1 and 0.2) discs

Sample Grain size (um) Relative density (%)
LSN 0.94 80.60
LSN-Cap 1.42 82.27
LSN-Ca., 1.88 95.18

3.2.3 Electrical conductivity analyses

Figure 3.3 shows the Ca-doping level and electrical conductivity of LSN-Ca, as
a function of temperature. Moreover, the data are summarized in Table 3.4.
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Figure 3.3 Temperature dependence of the specific conductivity (o) of LSN-Ca, (x=0-
0.5)

The electrical conductivity of all samples shows an identical variation with
temperature. It increases with increasing temperature and then remains constant at
elevating temperature because at high temperature, phonon concentration increases
and causes lattice scattering which lowers the electron mobility. Moreover the loss
of lattice oxygen at high temperature results in the generation of oxygen vacancies
[42] and the reduction of the number of conductivity carriers as expressed in
equation 3.2.
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Oy > L0, + Vo + 28 (3.2)
2

where OOX = an oxide ion on an oxide ion lattice site, with neutral charge
v

oxygen vacancies

At each temperature, the electrical conductivity increases with calcium
content and reaches a maximum value at x=0.2, followed by a decrease of electrical
conductivity with more Ca-doping (x=0.3, 0.4 and 0.5), but it is still higher than the
undoped one. The conductivity increases with calcium due to the increasing
concentration of electron holes in material as charge compensation of Ca-doping on

A-site as described in equation 3.3
Ca' ;> Niy + Vs (3.3)

where Ca’i, = a calcium ion on a lanthanum ion lattice site, with singular

negative charge

Niy, = a nickel ion on a nickel ion lattice site, with singular positive
charge
VO" = Oxygen vacancies

Based on defect chemistry theory, the electron holes can be obtained by the
change in valence state of B-site ions. In this case, the partial replacement of A-site

cation with lower valent cation (Ca2+) leads to the change of B-site cation from N

4+ ®
o)

to Ni'" that would introduce electronic conductivity (electron holes by Ni
Moreover, the increasing of conductivity can be explained by the increased
overlapping of the atomic orbits. From previous XRD results, lattice parameters a and
¢ decreased with increasing Ca™* substitution. This was indicated that the bond
length of Ni-O-Ni reduced and the overlapping of the atomic orbitals between the
adjacent Ni was promoted leading to the fast migration of electron. Therefore the
conductivity increases.

The decreased electrical conductivity of samples with x=0.3, 0.4 and 0.5 is
mainly due to the appearance of impurity (CaO) as recognized by XRD. Moreover it
may associate with the distorted unit cells with increasing calcium content causing
the small orbital overlap. This will be unfavorable to the charge carrier transfer in
materials [43].
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Table 3.4 The specific conductivity of LSN-Ca, (x=0-0.5)

Specific conductivity (S/cm)

Sample

300°C  400°C  500°C  600°C  700°C  800°C oy (T, °C)
LSN 65.2 80.0 85.1 87.3 87.2 86.4 87.3 (600)
LSN-Cag 4 97.4 107.8  117.1 1213 1220 1224  122.4(800)
LSN-Cag, 1477 1608 1703 1742 1767 1769  176.9 (800)
LSN-Cag 3 107.6 1231 129.2 130.7 1309 130.6  130.9 (700)
LSN-Cag 4 101.6 1137 1198 1221 1233 1241  124.1(800)
LSN-Cags 71.8 83.3 89.0 91.8 92.5 92.9 92.9 (800)

In addition, the relative density has a dramatic effect on the electrical
conductivity of materials. The dense microstructure can contribute to an increase of
the bulk conductivity. The sample with x=0.2 which density is higher than others

offers a maximum electrical conductivity of 176.9 S/cm at 800°C.

The Arrhenius plot for electrical conductivity of samples is shown in Figure
3.4. The linear relationship between [(n(oT)and 1000/T demonstrates a
semiconducting behavior, which the electrical conduction occurs by thermally
activated hopping of small polarons [44]. With increasing temperature, the hoping of
small polarons increases. The slope of the linear part of Arrhenius plot can

determine the activation energy (£,) values in Table 3.5.

12.5 OLsN
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1

10.5 T T T T
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Figure 3.4 Arrhenius plot of the electrical conductivity of LSN-Ca, (x=0-0.5)
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Table 3.5 Activation energy (E,) of LSN-Ca, (x=0-0.5) at 300-800°C

Sample E, (kJ/mol)
LSN 9.2
LSN-Cap 8.8
LSN-Cay ., 83
LSN-Cay 8.3
LSN-Cag 4 8.4
LSN-Cag s 9.0

The E, value is used to determine the electron hopping. The lower the value
of E,, the faster the hopping of electrons. The lowest £, value was obtained for x=0.2

which corresponds to the highest conductivity of LSN-Cag, in this work.

3.3 Synthesis and properties of (LaggSrg.2),CayNipCoq 104 (LSNC-Ca,)

LSNC-Ca, (x=0, 0.1, 0.2, 0.3, 0.4 and 0.5) were synthesized and sintered at
1350°C for 10 hours. The obtained samples were characterized for phase structure,
surface morphology and conducting property by XRD, SEM and DC 4-probe method,
respectively. LSNC-Ca, with the highest electrical conductivity was chosen for testing

the single cell performance.

3.3.1 XRD analyses

The XRD patterns of LSNC-Ca, (Figure 3.5) show the similar result with LSN-
Ca,. These patterns reveal the K)NiF4-type with tetragonal structure. It is observed
that the peaks are slightly shifted to higher angle with increasing the calcium content.
It confirms that Ca occupies a part of La and Sr sites in crystal lattice. When A-site
cations are substituted by low valence cations, the average oxidation state of B-site
cations will increase, causing the change in crystal structure. In this case, NI~ and
Co”" are oxidized to small size cations therefore the lattice parameter is diminished.
The lattice parameters a, ¢ and the unit cell volume of LSNC-Ca, were calculated in

Table 3.6.
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Figure 3.5 XRD patterns of LSNC-Ca, (x=0-0.5) discs sintered at 1350°C for 10 hours

Table 3.6 Lattice parameter and unit cell volume of LSNC-Ca, (x=0-0.5)

* Lattice parameter .3
Compound - - V(A)
a (A c (A)
LSNC 3.819 12.741 185.77
LSNC-Cag 4 3.818 12.719 185.37
LSNC-Cag, 3.813 12.687 184.46
LSNC-Cag 3 3.816 12.690 184.80
LSNC-Cap4 3.820 12.665 184.78
LSNC-Cag 5 3.811 12.684 184.22

*The average lattice parameter is calculated from the diffraction peaks of (101), (103),
(110), (114) and (200) planes.

The formation of CaO impurity phase is observed in composition of x>0.2,

which is recognized from the main peak at 26 of 37.5°. Therefore, it is considered

that the limitation of Ca addition in LSNC is less than 0.3.
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3.3.2 SEM analyses

LSNC, LSNC-Cap; and LSNC-Cay, discs with pure single phase structure were
chosen to study the surface morphology. From SEM images in Figure 3.6, LSNC
exhibits porous surface materials. With increasing the calcium substitution, the grain
size increases and no porosity are observed in sample with x= 0.2. The average grain
size and the calculated relative density were listed in Table 3.7. It is found that the
relative density increases from approximately 84% for LSNC to 91% for LSNC-Cag,,

suggesting that substitution of calcium enhances the density of LSNC-Ca, in this work.

Figure 3.6 SEM images of LSNC-Ca, (x=0, 0.1 and 0.2) discs

Table 3.7 Average grain size and relative density of LSNC-Ca, (x=0, 0.1 and 0.2) discs

Sample Grain size (um) Relative density (%)
LSNC 1.02 84.07
LSNC-Cay 4 1.39 90.69
LSNC-Cay, 2.06 91.47

3.3.3 Electrical conductivity analyses

Figure 3.7 represents the temperature dependence of electrical conductivity

as a function of Ca-doping concentrations and the data are summarized in Table 3.8.
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Figure 3.7 Temperature dependence of the specific conductivity (o) of LSNC-Ca,
(x=0-0.5)

It is observed that the electrical conductivity of all LSNC-Ca, samples exhibits
semiconducting behavior. It increases with increasing temperature. Moreover the
calcium substitution on A-site in LSNC affects the electrical conductivity. The
conductivity increases with the calcium content and reaches a maximum value for
sample with x=0.2. This result can be explained by the increasing of concentration
and mobility of electron holes. The replacement of La” with Ca”" results in the
production of electron holes in Ni site and Co site or the formation of oxygen

vacancies [45]. The individual defect equilibrium can be described by equation 3.4.
[Ca"L] > N ] + [Coco] + 21V, ] (3.4)

where Ca’i, = a calcium ion on a lanthanum ion lattice site, with singular

negative charge

Niyw = a nickel ion on a nickel ion lattice site, with singular positive
charge

CoCO' = a cobalt ion on a cobalt ion lattice site, with singular positive
charge

Vo = Oxygen vacancies
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The highest electrical conductivity is achieved for LSNC-Cay, and the value is
166.9 S/cm at 800°C. The conductivity decreases with the composition of x>0.2. This
may be due to the appearance of impurity phase (CaO) which has low electrical

conductivity.

Table 3.8 The specific conductivity of LSNC-Ca, (x=0-0.5)

Specific conductivity (S/cm)

sample 300°C  400°C  500°C  600°C  700°C  800°C o, (T,°C)
LSNC 280 388 472 531 561 590  59.0(800)
LSNC-Caq,s 80.7 1051 122.0 1337 1404 1438  143.8(800)
LSNC-Cay, 96.6 ~ 121.6 1421 1555 1629 1669  166.9 (800)
LSNC-Cayg s 793 1026 1184 1304 1357 1390  139.0 (800)
LSNC-Cagq 709 928 1071 1168 1216 1244  124.4 (800)
LSNC-Cags 524 681 792 866 942 983  98.3(800)

The activation energy of LSNC-Ca, calculated from the slope of Arrhenius plot
(Figure 3.8) at 300-800°C is summarized in Table 3.9. The linear relationship between
(n(o T) and 1000/T indicates the small polaron conducting mechanism [46]. It can be
seen that the E, value decreases with increasing the calcium content until x=0.2. This
can be explained by substitution of calcium leading to the reduction of Ni-O bond
length which may result in an easy jump of electron holes [45]. Therefore activation
energy for the hopping of electron holes is decreased. When x>0.2, the E, value
increases but it is still lower than the undoped one. The lowest £, value was
obtained for x=0.2 which corresponds to the highest conductivity of LSN-Ca, in this

work.

Table 3. 9 Activation energy (E,) of LSNC-Ca, (x=0-0.5) at 300-800°C

Sample E, (kJ/mol)
LSNC 14.0
LSNC-Cag, 12.2
LSNC-Cay, 12.1
LSNC-Cag s 12.2
LSNC-Cag4 121

LSNC-Cag s 12.8
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Figure 3.8 Arrhenius plot of the electrical conductivity of LSNC-Ca, (x=0-0.5)

3.4 Synthesis and properties of La,Nij¢.,C0y:M,04 (M=Fe, Zn and y=0-0.2)

LNC-Fe, and LNC-Zn, (y=0, 0.01, 003, 0.05, 0.1 and 0.2) were synthesized and
sintered at 1350 °C for 10 hours. The obtained samples were characterized for phase
structure, surface morphology and oxygen permeation. LNC-Fe, and LNC-Zn,, with the
highest oxygen permeation rate was chosen for substitution of Ca in La-site to

improve electrical conductivity in the next experiment.

3.4.1 XRD analyses

The XRD patterns of LNC-Fe, and LNC-Zn, are illustrated in Figure 3.9 and
3.10, respectively. The phase is identified as K)NiF,-type with tetragonal structure
(JCPDS 34-0314). The main diffraction peak around 26 of 31.5 degree shifts to lower
angle with the introduction of iron or zinc, corresponding to an increase in the lattice
parameters as presented in Table 3.10 and 3.11. This is due to the fact that the
substitution with larger cation (Fe2+:0.92 A, Zn*'=0.88 A) causes an expansion in
lattice parameters. However, the secondary phase, La,O; (JCPDS 05-0602), is found in
the composition of y=0.1, indicating the limitation of Fe and Zn introduced into the
structure. Therefore, LNC-Fe, and LNC-Zn, which y<0.1 were selected for further

study.
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Figure 3.9 XRD patterns of LNC-Fe, discs sintered at 1350°C for 10 hours
Table 3.10 Lattice parameters and unit cell volume of LNC-Fe,

* | attice parameter 03
Compound - - V(A"
a (A c (A

LNC 3.869 12.646 189.25
LNC-Feq o, 3.881 12.682 190.99
LNC-Feq s 3.878 12.710 191.14
LNC-Feq o5 3.885 12.682 191.45
LNC-Feq 3.879 12.708 191.19
LNC-Feq, 3.893 12.671 192.05

*The average lattice parameter is calculated from the diffraction peaks of (101), (103),

(110), (114) and (200) planes.
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Figure 3.10 XRD patterns of LNC-Zn,, discs sintered at 1350°C for 10 hours

Table 3.11 Lattice parameters and unit cell volume of LNC-Zn,

* | attice parameter .3
Compound - - V(A)
a (A c (A)
LNC 3.869 12.646 189.25
LNC-Zng o4 3.879 12.653 190.35
LNC-Zng 03 3.873 12.697 190.47
LNC-Zng o5 3.888 12.719 192.23
LNC-Zng 4 3.888 12.669 191.53
LNC-Zng, 3.887 12.624 190.73

*The average lattice parameter is calculated from the diffraction peaks of (101), (103),
(110), (114) and (200) planes.
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3.4.2 SEM analyses

Figure 3.11 shows the surface microstructures of LNC-Fe, and LNC-Zn, (y=0,
0.01, 0.03, 0.05). Moreover the average grain size and calculated relative density were
presented in Table 3.12. All samples reveal good densificaion and no porosity are
appeared. The grain size is between 2.0 and 3.8 um. It is known that the oxygen
permeation measurement requires very dense discs (=94% of theoretical density)
and the absence of open porosity in the sample [47]. It can be seen that the density
of all samples in this system is higher than 95% which is sufficient for the
requirement of oxygen permeation measurement. However, there is no relationship

between the density and the amount of Fe or Zn substitution.

LNC-Zn0.01 LNC-Zn0.03 LNC-Zn0.05

Figure 3.11 SEM images of LNC-Fe, and LNC-Zn, (y=0, 0.01, 0.03 and 0.05) discs
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Table 3.12 Average grain size and relative density of LNC-Fe, and LNC-Zn, (y=0, 0.01,
0.03 and 0.05) discs

Sample Grain size (um) Relative density (%)
LNC 3.8 98.94
LNC-Feyo; 2.9 96.83
LNC-Feg g 36 95.98
LNC-Feg s 3.8 96.53
LNC-Zng; 26 95.79
LNC-ZNng.0s 2.1 96.98
LNC-ZNng.05 2.0 96.44

9090667T6€

3.4.3 Oxygen permeation analyses

The variation of oxygen permeation rate with temperature was measured on
LNC-Fe, and LNC-Zn, (y=0, 0.01, 0.03 and 0.05) and the results are presented in
Figure 3.12 and 3.13, respectively.
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Figure 3.12 Temperature dependence of oxygen permeation for LNC-Fe, (y=0, 0.01,
0.03 and 0.05)
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Figure 3.13 Temperature dependence of oxygen permeation for LNC-Zn, (y=0, 0.01,
0.03 and 0.05)

It is found that the oxygen permeation rate increases with increasing
temperature. At high temperature, the loss of lattice oxygen results in the increasing
of concentration and mobility of oxide ion [48] and the decreasing of activation
energy for the ion mobility and surface exchange [49]. Therefore the oxygen
permeation rate increases with temperature. Moreover the partial substitution of B-
site cations with Fe or Zn leads to the higher oxygen permeation rate. Substitution
with y=0.05 shows the highest oxygen permeation rate in each series. The maximum
oxygen permeation rate value is 0.57 and 0.41 pmol/s.cm2 at 1000°C for LNC-Feg s
and LNC-Zn g5, respectively.

The oxygen permeation rate is influenced by many structural factors such as
lattice free volume of the unit cell and available channels for mobility oxide ion
(saddle point) [50]. Doping B-site cation with large ionic size results in the lattice
expansion which providing more space in the structure. Moreover the electrostatic
force between cations and oxide ions is also weaker and the saddle point is
expanded. Thus, the oxide ions easily move throughout the structure leading to the

high oxygen permeation rate.
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In addition, the increasing of oxygen permeation can be explained by the
increased concentration of oxygen vacancies which facilitate oxide ion mobility via
oxygen vacancies [34]. In case of LNC-Zn,, Zn has a fixed valence state of +2. When
doping of this ion, the preferred mechanism of charge compensation is the
generation of oxygen vacancies in the structure rather than the formation of electron
hole because of its unchangeable oxidation state. Miyoshi [35] reported that for
Pr,Nigs_Cuo,Fe,Oq4, the enhancement in the oxygen permeation by replacing of Ni
with Fe can be explained by the increase in the amount of excess oxygen (interstitial
oxygen). Since the stable valence state of Fe is +3, the concentration of N
decreased by substitution with Fe. Therefore the oxygen vacancies increase by the
charge neutralization reaction.

The oxygen permeation in K;NiF4-type materials is controlled by oxide ion
conductivity [51] which related to the diffusion of interstitial oxygen mainly occurring
in the rock-salt layer (interstitial mechanism) and the transport of oxide ion via
vacancies in the perovskite layer (vacancy mechanism) [52] as displayed in Figure
3.14. Therefore, the highest oxygen permeation rate is associated with both oxygen

vacancy and interstitial oxygen.

vacancy A
mechanism

in ¢ direction

@ o0-2
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@ Nit+2, Cot+2

Oxygen.--* @
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interstitial mechanism i?
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Figure 3.14 Oxygen migration path in the a-b plane and c direction
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3.5 Synthesis and properties of La,_ Ca,Nigg5C001Mg 0504 (M=Fe, Zn and x=0-0.7)

Based on oxygen permeation results, LNC-Feqs and LNC-Zngys provide the
highest oxygen permeation rate in each series. Therefore calcium was then
incorporated into both of them at La-site in order to improve the electrical

conductivity.

3.5.1 XRD analyses

The XRD patterns of LNCF-Ca, and LNCZ-Ca, (x=0, 0.1, 0.3, 0.5 and 0.7) are
presented in Figure 3.15 and 3.16, respectively. The phase is identified as K,NiF4-type
with tetragonal structure. It is observed that all peaks shift to lower angle with
increasing the calcium content compared to the undoped sample, indicating reduced
lattice parameters as given in Table 3.10 and Table 3.11. This is due to the fact that
substitution with smaller cation causes a reduction in lattice parameters. The
samples with x=0-0.5 exhibit a pure phase without any impurity, while with higher Ca
content (x=0.7), a small amount of CaO is observed. This suggests that the limitation
of Ca addition is less than 0.7. Thus, LNCF-Ca, and LNCZ-Ca, which x=0-0.5 were
selected for further study.
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Figure 3.15 XRD patterns of LNCF-Ca, discs sintered at 1350°C for 10 hours

Table 3.13 Lattice parameters and unit cell volume of LNCF-Ca,

* | attice parameter .3
Compound - - V(A"
a (A c (A
LNCF 3.885 12.682 191.41
LNCF-Cag; 3.872 12.558 188.24
LNCF-Cag3 3.849 12.573 186.24
LNCF-Cag 5 3.819 12.570 183.32
LNCF-Cag 7 3.826 12.496 182.87

*The average lattice parameter is calculated from the diffraction peaks of (101), (103),
(110), (114) and (200) planes.
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Figure 3.16 XRD patterns of LNCZ-Ca, discs sintered at 1350°C for 10 hours

Table 3.14 Lattice parameters and unit cell volume of LNCZ-Ca,

* | attice parameter

03

Compound - - V(A)

a (A) c (A)
LNCZ 3.888 12.719 192.23
LNCZ-Cag 1 3.871 12.649 189.57
LNCZ-Cag 5 3.846 12.593 186.28
LNCZ-Cag s 3817 12.510 182.25
LNCZ-Cap 7 3.823 12.497 182.67

*The average lattice parameter is calculated from the diffraction peaks of (101), (103),

(110), (114) and (200) planes.
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3.5.2 SEM analyses

Figure 3.17 presents the SEM images of LNCF-Ca, and LNCZ-Ca, (x=0, 0.1, 0.3
and 0.5). The microstructure of all samples indicates densified membranes. With
increasing Ca content, the large grain size is obtained which is consistent with the
result of relative density calculation in Table 3.15. The average grain size varies from
2.0 to 6.9 ym and the calculated density is over 95 %. It can be seen that the grain
size of the Ca-doped sample is higher than that of the undoped one, suggesting that

the calcium dopant facilitates LNCF and LNCZ to form the dense microstructure.

LNCF-Ca0.1 LNCZ-Ca0.1

LNCF-Ca0.3 LNCZ-Ca0.3

LNCF-Ca0.5 LNCZ-Ca0.5

Figure 3.17 SEM images of LNCF-Ca, and LNCZ-Ca, (x=0, 0.1, 0.3 and 0.5) discs
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Table 3.15 Average grain size and relative density of LNCF-Ca, and LNCZ-Ca, (x=0,
0.1, 0.3 and 0.5) discs

a9

Sample Grain size (um) Relative density (%)
LNCF 3.8 96.53
LNCF-Cag 4.8 97.21
LNCF-Cag 5 6.2 98.45
LNCF-Capss 6.9 98.46
LNCZ 2.0 96.44
LNCZ-Cay, 4.0 96.78
LNCZ-Cay 4.2 97.45
LNCZ-Cag s 5.1 97.69

3.5.3 Electrical conductivity analyses

Figure 3.18 and 3.19 displays the temperature dependence of the electrical
conductivity of LNCF-Ca, and LNCZ-Ca, (x=0, 0.1, 0.3, 0.5 and 0.7) and the data are

summarized in table 3.16 and 3.17, respectively.

120 -
-BFLNCF
~-LNCF-Ca0.1
100 A —£-LNCF-Ca0.3
| NCF-Ca0.5

- .
80 - LNCF-Ca0.7

40

Specific conductivity (S/cm)
(=)
=
1

20 A

0 I I I I I

300 400 500 600 700 800
Temperature (°C)

Figure 3.18 Temperature dependence of the specific conductivity (o) of LNCF-Ca,
(x=0-0.7)
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Table 3.16 The specific conductivity of LNCF-Ca, (x=0-0.7)

50

Specific conductivity (S/cm)

Sample
300°C  400°C 500°C 600°C 700°C 800°C O, (T, °O)
LNCF 26.7 38.2 48.4 56.5 555 533 56.5 (600)
LNCF-Cap; 30.1 39.7 53.3 58.5 57.4 54.8 58.5 (600)
LNCF-Cap 5 37.2 51.8 59.7 63.9 67.5 69.9 69.9 (800)
LNCF-Cap s 41.9 55.9 70.6 82.9 91.1 98.4 98.4 (800)
LNCF-Cagp ; 37.3 49.3 58.3 68.2 739 78.5 78.5 (800)
100 T
BLNCZ
-~ LNCZ-Ca0.1
o 80 1  aLnczcaos
£
}Us - LNCZ-Ca0.5
ﬁ;:“ 60 —-LNCZ-Ca0.7
E
o
c
S a0
%
g
v
20
0 | |

300

400

500
Temperature (°C)

T00

800

Figure 3.19 Temperature dependence of the specific conductivity (o) of LNCZ-Ca,

(x=0-0.7)

Table 3.17 The specific conductivity of LNCZ-Ca, (x=0-0.7)

Specific conductivity (S/cm)

Sample
300°C  400°C 500°C 600°C 700°C 800°C O (T, °C)
LNCZ 19.0 39.4 43.7 45.2 44.8 43.0 45.2 (600)
LNCZ-Cap 4 33.8 47.1 55.9 61.2 59.8 57.4 61.2 (600)
LNCZ-Cag 34.4 48.6 56.9 65.8 69.1 73.4 73.4 (800)
LNCZ-Cags 38.1 51.5 58.7 70.7 80.2 84.9 84.9 (800)
LNCZ-Cay; 33.6 43.5 51.7 58.4 64.3 68.5 68.5 (800)
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Both LNCF-Ca, and LNCZ-Ca, have the similar trend of electrical conductivity.
For x>0.1 the conductivity increases with temperature which indicates a
semiconducting behavior in whole temperature range while for x=0 and 0.1 the
conductivity increases to the temperature of 600°C and remains constant afterwards.
This suggests the semiconducting behavior only at low temperature. The conductivity

. . . 4+ 3+ .
do not increase at high temperature because of the reduction of B to B™ resulting
in the creation of oxygen vacancies and the decreased covalency of B-O bonds [53].

In addition with increasing calcium substitution, the conductivity increases
and achieves a maximum value at x=0.5, and becomes decreasing with more calcium
content (x=0.7). The increased conductivity can be explained by the increase in "
cations caused by substitution of trivalent cation (La3+) with bivalent cation (Ca2+). On
the other hand, the decreased conductivity when x=0.7 may be due to the strain
caused by high calcium content substituted into the lattice and the existence of
impurity phase, CaO, which introduces scattering effect of the charge carrier [54]. It is
observed that the maximum conductivity is 98.4 for S/cm for LNCF-Cags and 84.9 for
LNCZ-Cag 5 at 800°C. Therefore LNCF-Cays and LNCZ-Ca, 5 were selected to study the

electrochemical properties in the next experiment.

3.6 Electrochemical analyses

LSN-Cag,, LSNC-Cag,, LNCF-Cags and LNCZ-Caps which had the highest
electrical conductivity in each series were chosen to investigate the electrochemical
properties. However before the electrochemical test, it is necessary to check the
possible chemical reaction of cathode materials and electrolyte (LSGM) because the
phase reaction occurring at the interface may create an insulating interfacial layer.
This layer can block oxygen transfer between the cathode and electrolyte resulting

in a decrease in cell performance [55].

3.6.1 Material compatibility

In order to check the compatibility between the cathode and the LSGM
electrolyte, cathode materials and LSGM in 1:1 weight ratio were mixed together and
then fired at 1000°C for 10 hours in air and determined the phase appeared by XRD

technique.
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(a)
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Figure 3.20 XRD patterns of LNCF-Cag s -LSGM (a) and LNCZ-Cag s -LSGM (b) mixtures
after fired at 1000°C for 10 hours

For comparison, the XRD pattern of each cathode, LSGM and mixed cathode-
LSGM are shown in Figure 3.20. It can be seen that the structure of the mixture is not
changed and no new diffraction peaks are observed in LNCF-Cays and LNCZ-Cags
suggesting that there are no serious reaction occurred between them. Therefore it is
reasonable to conclude that LNCF-Cays and LNCZ-Cay 5 are stable and do not react
with LSGM electrolyte at 1000°C.



9090667T6€

53

(a) v SrLaGa; 04
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Figure 3.21 XRD patterns of LSN-Cag, -LSGM (a) and LSNC-Cag, -LSGM (b) mixtures
after fired at 1000°C for 10 hours

In case of LSN-Cag, and LSNC-Cag,, a new small peak is observed at 26 of 30
degree corresponding to SrLaGa;O; (JCPDS 45-0637), indicating that they react with
LSGM electrolyte to form a new phase at 1000°C. The reactivity of these materials
leads to the negative effect on the cell performance. Therefore in order to avoid this
unwanted phase, the compatibility at 950°C and 900°C was then studied.
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XRD patterns of mixed powder of LSN-Cap, and LSNC-Cag, with LSGM
electrolyte at 950°C and 900°C are presented in Figure 3.22-3.23. There is a new
peak appeared at 26 of 30 degree corresponding to SrLaGas;O;. It can be concluded
that at 950°C and 900°C LSN-Ca,, and LSNC-Ca,, are unstable and react with LSGM

electrolyte to form a resistance phase.

(a) v SrLaGa;0;

LSN-Ca0.2+LSGM

J ILJJL - M J\ MLSN-Cao.zLM

(b)

LSNC-Ca0.2+LSGM

Lo U oo,

2 theta

Figure 3.22 XRD patterns of LSN-Cag, -LSGM (a) and LSNC-Ca,, -LSGM (b) mixtures
after fired at 950°C for 10 hours
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Figure 3.23 XRD patterns of LSN-Cag, -LSGM (a) and LSNC-Cag, -LSGM (b) mixtures
after fired at 900°C for 10 hours

3.6.2 Impedance and single cell performance analyses

LNCF-Cap 5 and LNCZ-Cags were chosen to study the electrochemical property
with LSGM-supported single cell because they did not react with LSGM electrolyte at
operating temperature. The polarization resistance and single cell performance in
SOFC were measured at 800°C and 700°C. The impedance spectra, current-voltage

and corresponding power density curves are displayed in Figure 3.24-3.25.
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Figure 3.24 The AC impedance spectra of LNCF-Ca, 5/LSGM/Ni-Fe and LNCZ-Ca, s/
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From Nyquist plot, it is found that all samples contain two separate arcs in
each spectrum. This means that there are at least two electrode processes
corresponding to the oxygen reduction reactions over the cell. The first arc at high
frequency region is related to charge transfer reaction at electrode/electrolyte
interface. While the other arc at low frequency region is related to the diffusion
processes namely the oxygen adsorption/desorption on the cathode surface and the
diffusion of oxygen ion [56]. The ohmic resistance (R,) including the electrolyte,
electrodes, current collectors and lead wires, is obtained from the intercept value at
high frequency region with the real axis. The width between the high and the low
frequency intercept is the polarization resistance (R;) and the sum of R, and R; gives
the total resistance of the cell [57-59]. For [T-SOFC, the cathode requires low
polarization. It is observed that the obtained polarization resistance is in agreement
with the data obtained from the cell performance test. The summarized total

polarization resistances and power densities of each sample are listed in Table 3.18.

Table 3.18 Polarization resistance and power density of LNCF-Ca, s/LSGM/Ni-Fe and
LNCZ-Cay 5/LSGM/Ni-Fe

800°C 700°C
Single cell 2 2 2 2
R, (Q.cm”) P (mW/cm’) R, (Q.cm’) P (mW/cm’)
LNCF-Cay /LSGM/Ni-Fe 21 322 6.0 147
LNCZ-Ca5/LSGM/Ni-Fe 29 312 6.4 111

It can be seen that the polarization resistance decreases with increasing
operating temperature. Since at high temperature several processes such as migration
of charge, gas transport and electrochemical reaction at TPB sites are enhanced
resulting in the reduction of polarization resistance.

The maximum power density of the single cell with LNCF-Cags is slightly
higher than LNCZ-Cags. This is possibly due to the fact that LNCF-Cags has the higher
oxygen mobility compared to LNCZ-Cags, as seen in oxygen permeation results. With
high oxygen diffusion properties, the oxygen rapidly transports through the material
resulting in the enhancement of electrocatalytic properties. The maximum power
densities of LNCF-Cays and LNCZ-Cag s are 322 and 312 mW/cmz, respectively. These
value are higher than that of 226 mW/cm” at 800°C  for La,NiO4 electrode on LSGM

electrolyte reported by Escudero [29], suggesting that good performance can be



9090667T6€

58

obtained for the single cell using LNCF-Cags and LNCZ-Cay 5 as cathode and LSGM as

electrolyte.
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CHAPTER IV
CONCLUSION

4.1 Conclusion

The K)NiFs-type oxide including (LaggSrg2)..Ca,NiOs (LSN-Ca,, x=0-0.5),
(LaggSro2)2xCaxNig9Cog 104 (LSNC-Ca,, x=0-0.5) and La,.Ca,Nigo.,Cog1(Fe,Zn),Oq (LNCF-
Ca, and LNCZ-Ca,, y=0-0.2, x=0-0.7) were prepared by modified citrate method with
the calcination temperature of 900°C and sintering temperature of 1350°C for 10
hours. The compounds were characterized for phase structure, surface morphology,

conducting property, oxygen permeation and electrochemical property.

All LSN-Ca, and LSNC-Ca, exhibited K;NiF4-type with tetragonal structure. The
pure single phase was obtained only for x=0-0.2 while at x>0.2 the formation of CaO
impurity phase was observed. SEM images of sintered discs revealed that Ca’
substitution promoted the higher grain size and the larger density of materials.
Additionally, it resulted in an increase in electrical conductivity. The highest electrical
conductivity values of 176.9 and 166.9 S/cm at 800°C were achieved for LSN-Cay,
and LSNC-Cag ,, respectively.

The incorporation of Fe and Zn at Ni-site of La,Niy.,Cog,(Fe,Zn), O, (denoted
as LNC-Fe, and LNC-Zn,) produced the single phase of K;NiF,-type structure when
y<0.05. At y>0.05, La,05; impurity phase was detected. The SEM analysis indicated
that Fe and Zn substitution did not affect the grain size and the density of materials.
However, it affected the oxygen permeation rate. The oxygen permeation rate
increased with increasing Fe and Zn content. LNC-Fejos and LNC-Zng o5 showed the

highest oxygen permeation rate of 0.57 and 0.41 pmoL/s.cm2 at 1000°C, respectively.

When substitution of Ca'" ion at La-site of LNC-Feqps and LNC-Znggs, the
single phase of K;NiFg-type structure was obtained at x=0-0.5 whereas at x>0.5, CaO
impurity phase was appeared. The substitution of Ca’" enhanced the material density
confirmed by SEM images and increased the electrical conductivity of materials. The
highest electrical conductivities were achieved for LNCF-Cags and LNCZ-Ca; 5 and the

values were 98.4 and 84.9 S/cm, respectively at 800°C.

Electrochemical performance was determined for LNCF-Cags/LSGM/Ni-Fe and
LNCZ-Cay5/LSGM/Ni-Fe and the maximum power densities at 800°C were 322 and
312, respectively.
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Based on the results, it can be concluded that substitution of Ca2+ ion at A-
site and substitution of Fe and Zn at B-site can improve the electrical conductivity
and the oxygen permeation of materials in this study. LNCF-Cays and LNCZ-Cag 5 are
interesting materials for using as cathode in IT-SOFC because of its high single cell
performance with LSGM electrolyte.

4.2 Suggestions

1) To study the single cell performance of LSN-Ca,, and LSNC-Ca,, using another
electrolyte, with gadolinium- or samarium-doped ceria being an example.

2) To study the long-term stability test of the single cell.

3) To investigate other properties such as structural property and thermal expansion

coefficient (TEC) in order to obtained more details of materials.
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APPENDIX A

Tolerance number

The Goldschmidth tolerance numbers were calculated based on equation
Al
(1)

= A.l
\/Ex(rB+ro) "D

where r,, ry and [, represent the ionic crystal radii of A-site cation, B-site

cation and oxygen ion, respectively. The example of the tolerance number
calculation of La,NiO; was showed as below.

, [(1.356x2) /2 +1.26]
Tolerance number of La,NiO,4 = - 0.885
V2 (0.83+1.26)

Table A.1 lonic crystal radii of concerned metal ions [60]

Metal ion lonic charge Coordination No.  Crystal radius (A)
La 3+ 9 1.356
Sr 2+ 9 1.45
Ca 2+ 9 1.32
Ni 2+ 6 0.83

3+ (LS) 0.7
3+ (HS) 0.74
a+ (LS) 0.62
Co 2+ (LS) 6 0.79
2+ (HS) 0.885
3+ (LS) 0.685
3+ (HS) 0.75
4+ (HS) 0.67
Fe 2+ (LS) 6 0.75
2+ (HS) 0.92
3+ (LS) 0.69
3+ (HS) 0.785
a+ 0.725
Zn 2+ 6 0.88
O 2- 6 1.26

LS = Low spin configuration, HS = High spin configuration
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APPENDIX B

Activation energy (E,)

Arrhenius equation (B.1) is shown below. The plot of In(oT) versus

68

1000
T

(K)

gives a straight line, whose slope can be used to determine the E, of small polaron

conduction.
-E,
(3
T
-E,
In(cT)=1In Ae RT
_Ea
In(eT)=Ine® +InA
In(oT)=| — E, (@j +In A
R T
\’ VSN \2
y slope  x intercept yaxis
-E .
( Ra j = slope of thelinear
E, =-slopexR
Where A = material constant including the carrier concentration term
o = specific conductivity (S/cm)
Ea = activation energy (kJ/mol)
T = temperature (K)

R = gas constant = 8.314472 J/K.mol

(B.1)
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XRD Data

(La1_65r0.4)NiO4 PDF#89-8310
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PDF#89-8310: QM=Calculated(C); d=Calculated; I=Calculated

| PDF Card

Lanthanum Strontium Nickel Oxide
(La1.6 Sr0.4 ) Ni O4

Radiation=CuKa1
Calibration=
Ref: Calculated from ICSD using POWD-12++

Tetragonalr -VPow'der Diffraction, 4/mmm (139)
CELL: 3.819 x 3.819 x 12.73045 <90.0 x 90.0 x 90.0>
Density(c)=6.796 Density(m)=6.88A Mwt=379.99

J. Solid State Chem., v145 p401 (1999)

Ref: Millburn, J.E., Green, M.A., Neumann, D.A., Rosseinsky, M.J.

Lambda=1.54060
2T=13.901-89.995

Vol=185.67

Filter=
I/Ic(RIR)=6.58
z=2  mp=
P.S=tl14 (?)

F(30)=243.9(.0038,32/0)

FIz=088633: TEM 298. RVP. No R value given. At least one TF missing. Evolution of the structure of the K2 Ni F4 phases La2-x Srx Ni O4+d with
oxidation state: octahedral distortion and phase separation (0.2 < x < 1.0)

Strong Lines: 2.84/X 2.70/7 1.91/3 2.06/3 3.66/3 1.58/3 2.12/2 3.18/1 1.64/1 1.42/1

37 Lines, Wavéxengtn to Compute Theta = 1.54056A(Cu), 1%-Type = Peak Height

pon

Simulation Parameters: Fixed-Slit Intensities, Two-Theta Range =11.9/91.99/0.02, FWHM = 0.1

4

1
T

#| dom) KD (hkl) 2Theta Theta  1/(2d) ] aem 2Theta  Theta  1/(2d)
1063652 55 (002) 13901 6951 000786 {20 018710 52 (118) 68367 34184 003647
2 036579 27.8 (101) 24312 12156 0.01367 121013502 71 (220) 69.568 34784 0.03703
3031826 148 (004) 28013 14006 0.01571 (22| 013264 01  (108) 71002 35501 003770
4| 028387 1000 (103) 31489 15745 001761 23| 013208 01 (222) 71349 35674 0.03785
5027004 718 (110) 33147 16573 001852 24| 012730 03 (0010) 74468 37.234 003928
6024860 16 (112 36.100 18050 002011 25| 012667 09 (301) 74906 37.453 0.03947
7021184 235 (105 42644 21322 0.02360 26] 012450 61  (217) 76444 38222 004016
8021184 235 (006) 42644 21322 002360 27/012430 35 (224) 76588 38.204 0.04023
0020501 304 (114) 43936 21968 0.02428 28] 012225 50 (208) 78116 39.058 004090
10/019095 314  (200) 47581 23790 002618 20| 012193 68 (303) 78356 39.178 004101
11/018200 03  (202) 49815 24908 002734 30| 012077 64 (310) 79259 39.630 0.04140
12/ 016927 53 (211) 54136 27.068 0.02954 31/011865 01 (312) 80962 40481 0.04214
13| 016684 82 (116) 54993 27.497 002997 32| 011515 15 (1110) 83969 41.985 0.04342
14| 016420 93  (107) 55955 27.977 003045 33(011391 33 (305) 85096 42548 0.04389
15 016374 114  (204) 56124 28.062 0.03054 |34 011391 33 (226) 85006 42548 004389
161015013 43  (008) 57.901 28951 0.03142 [35/ 011201 52 (314) 86.031 43015 004428
17| 015844 266 (213) 58178 29.089 0.03156 36| 011076 49 (1011) 88120 44.065 0.04514
18| 014184 110 (206) 65787 32893 003525 37| 010804 01  (219) 89995 44997 0.04500
19/ 014184 110 (215 65787 32893 0.03525 &

50

d-Scale(A)
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CaO PDF#48-1467
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CELL: 4.81059 x 4.81059 x 4.81059 <90.0 x 90.0 x 90.0>
Density(c)=3.345 Density(m)=2.59A Mwt=56.08
Ref: McMurdie, H.

Powder Diffraction, vi p265 (1986)

Vol=111.33

NOTE: See also 37-1497.

Strong Lines: 2.41/X 1.70/5 2.78/4 0.80/2 1.45/2 0.81/2 1.39/1 1.08/1 0.98/1 1.10/1
13 Lines, Wavelength to Compute Theta = 1.54056A(Cu), 1%-Type = Peak Area

PDF#48-1467: QM=Calculated(C); d=Calculated; I=Calculated | PDF Card
Calcium Oxide (PEXC)
Ca0
Radiation=CuKa1 Lambda=1.5405981 Filter=
Calibration= 2T=32.199-147.782 Ic(RIR)=4.45
Ref: Reardon, B., Hubbard, C., TM-11948.
Oak Ridge Natl. Lab. Rep. ORNL (U.S.)(1992) o
Cubic - (Unknown), Fm-3m (225) z=4 mp= }

P.S=cF8 (ClI Na)
F(13)=411.2(.0024,13/0)

) (hkl) 2Theta Theta 1i(2d)

# | d(nm) I(f) (hkl) 2-Theta Theta 1/(2d) { # | d(nm)
1 027777  40.0 (111) 32199 16.100 0.01800 ! 8 | 0.10757
2 | 0.24051 100.0 (200) 37.359 18.680 0.02079 9 | 0.09820
3 1 0.17008  51.0 (220) 53.859 26.929 0.02940 10 0.09258
’4”\ 0.14504 17.0 (311) 64.158 32,079 0.03447 |11 0.08504
5 1013887 14.0 (222) 67.378 33.689 0.03601 \ 12’ 0.08131
6 [ 0.12026 5.0 (400) 79.658 39.829 0.04158 ‘{ 13[ 0.08018
7011036 7.0 (331) 88527 44.263 0.04531 i

14.0 (420) 91467 45733 0.04648
11.0 (422) 103.336 51.668 0.05092
7.0 (511) 112616 56.308 0.05401
5.0 (440) 129.853 64.926 0.05879
15.0 (531) 142633 71.316 0.06149
19.0 (442) 147.782 73.891 0.06236

Simulation Parameter. E@xed-Slit‘ Intensities, Two-Theta 'Range =30.2/149.78/0.02, FWHM = 0.1

T
110 120 130 140
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La,NiO, PDF#34-0314
PDF#34-0314: QM=Indexed(l); d=Guinier; I=Densitometer } PDF Card
Nickel Lanthanum Oxide
Laz Ni 04
Radiation=CuKa1 Lambda=1.5405 Filter=Ge
Calibration=Internal(Si} 2T=13.969-96.236 Nc(RIR)=
Ref: Wustenberg, H., Hahn, Inst. fur Kristallogr., Technische Hochschule, Aachen, Germany.
ICDD Grant-in-Aid (1981)
Tetragonal - (Unknown), 14/mmm (139) z=2 mp=
CELL: 3.8617 x 3.8617 x 12.683 <90.0 x 90.0 x 90.0> P.S=tl14 (K2 Ni F4)
Density(c)=7.030 Density(m)=7.27A Mwt=400.51 Vol=189.14 F(30)=65.0(.0132,35/0)
Ref: Ibid.
NOTE: Sample is a decomposition product of La Ni O3 heated to 1500 C in air. To replace 33-712.
Strong Lines: 2.85/X 2.73/9 3.69/7 1.93/7 2.07/6 1.60/6 3.17/4 2.12/14 1.64/3 2.11/3
37 Lines, Wavelength to Compute Theta = 1.54056A(Cu), 1%-Type = (Unknown)
# [ d(r;m) 1(f) (hkl) 2-Theta Theta 1/(2d) # | d(nm) I(f) (hkl) 2-Theta Theta 1/(2d)
1063390 10.0 (002) 13.959 6.980 0.00789 20 0.13241 3.0 (109) 71.146 35.573 0.03776
2 0.36940 65.0 (101) 24071 12.036 0.01354 1211 0.12805 4.0 (301) 73.961 36.981 0.03905
3 0.31700 35.0 (004) 28126 14.063 0.01577 : 22,1' 0.12684 1.0 (0010) 74.787 37.393 0.03942
4 | 0.28510 100.0 (103) 31.350 15675 0.01754 ‘ 23 A 0.12539 8.0 (224) 75.803 37.902 0.03988
5 0.27320  90.0 (110) 32753 16.376 0.01830 ‘24 012499 18.0 (217) 76.089 38.044 0.04000
6 | 0.25090 5.0 (112) 35758 17.879 0.01993 l‘ 25 ‘ 0.12312 18.0 (303) 77.457 38.729 0.04061
7 021240 35.0 (105) 42527 21.263 0.02354 |26 | 0.12252 14.0 (208) 77.908 38.954 0.04081
8 | 0.21140 25.0 (006) 42738 21.369 0.02365 | 27 ; 012211 19.0 (310) 78.220 39.110 0.04095
9 | 0.20697  60.0 (114) 43699 21.850 0.02416 {28 0.11502 50 (1110) 84.087 42.043 0.04347
10 ‘ 0.19312 65.0 (200) 47.014 23,507 0.02589 29?‘ 0.11471 8.0 (226) 84.366 42.183 0.04359
11047118 16.0 (211) 53.485 26.743 0.02921 30| 011395  20.0 (314) 85.061 42530 0.04388
12 | 0.16721  20.0 (116) 54.860 27.430 0.02990 31, 011047 150 (1011) 88.418 44.209 0.04526
13| 016496  20.0 (204) 55673 27.836 0.03031 32| 0.10674 3.0 (321) 92380 46.190 0.04684
14 0.16405 30.0 (107) 56.009 28.004 0.03048 33| 0.10599 3.0 (2010) 93.229 46.614 0.04717
15| 0.15990  60.0 (213) 57.596 28798 0.03127 34| 0.10573 7.0 (316) 93.527 46.764 0.04729
16 0.15856  11.0 (008) 58129 29.065 0.03153 35| 0.10493 7.0 (307) 94461 47.230 0.04765
17 | 014262  20.0 (206) 65.380 32.690 0.03506 36| 010381 13.0 (323) 95806 47.903 0.04816
18 0.13703  14.0 (118) 68.372 34186 0.03647 37| 0.10346 7.0 (228) 96.236 48.118 0.04833
19| 013653 17.0 (220) 68.691 34346 0.03662 5
Simulation Parameters: Fixed-Slit Intensities, Two-Theta Range =11.96/98.24/0.02, FWHM = 0.1 5
10
9 1
3 7
14
" 12 17 ) 24 25 30 %
| I O P | Y
¥ T T T ‘}“\*Tﬁ* “ HT Jl T —‘\'—_77“‘. T T “5\‘ }IJ‘ T T T T l'l T 210\ ' }l“ ‘Ii‘ ﬂ T T ?12‘}!} I’
20 40 50 60 70 80 90

d-Scale(A)
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La,O; PDF#05-0602
PDF#05-0602; QM=5Star(S); d=(Unknown); I=Diffractometer | PDF Card
Lanthanum Oxide (cSCR)

CELL: 3.9373 x 3.9373 x 6.1299 <90.0 x 90.0 x 120.0>
Density(c)=6.573 Density(m)=6.22A Mwt=325.81
Ref: Ibid.

Color: Colorless

Strong Lines: 2.98/X 1.97/6 2.28/6 1.75/5 3.41/3 3.06/3 1.66/21.64/21.261 1.311
39 Lines, Wavelength to Compute Theta = 1.54056A(Cu), 1%-Type = (Unknown)

Laz 03 -
Radiation=CuKa1 Lambda=1.5405 Filter=Ni
Calibration= 27=26.110-148.312 c(RIR)=
Ref: Swanson, Fuyat.

Natl. Bur. Stand. (U.S.), Circ. 539, vill p33 (1954)
Hexagonal - Powder Diffraction, P-3m1 (164) Z=1 mp=

P.S=hP5 (La2 03)

Vol=82.30 F(30)=46.8(.0160,40/0)

NOTE: Sample from Fairmount Chemical Company. Spectroscopic analysis: <0.01% Ca, Mg, Si; <0.001% Al, Cu, Fe, Pb. Pattern taken at 26 C.
Sample was annealed at 1200 C for one hour and mounted in petrolatum to prevent reabsorption of C 02 + H2 O. Merck Index, 8th Ed., p. 608.
Opaque mineral optical data on specimen from Nanseke, Uganda: R3R%=14.2, Disp.=Std. VHN100=782-813. Pattern reviewed by Holzer, J.,
McCarthy, G., North Dakota State Univ., Fargo, North Dakota, USA, ICDD Grant-in-Aid (1990). Validated by calculated pattern except for the
following: 2.278 23 102; 1.968 28 110; 1.753 23 103. Calculated pattern indicates that the following reflections might be observable: 6.130 <1
001; 2.043 <1 003; 1.8744 <1 111; 1.4177 <1 113; 1.2260 <1 005.

d-Scale(A)

#| dinm)  If) (hkl) 2Theta Theta  1/(2d) _1#] dom) 4 (hkI) 2Theta Theta  1/2d)
1 [ 0.34100  34.0 (100) 26.110 13.055 0.01466 21 “ 0.10901 7.0 (213) 89.920 44.960 0.04587
2 : 0.30630 31.0 (002) 29130 14.565 0.01632 |22 | 0.10658 4.0 (302) 92560 46.280 0.04691
31029800 1000 (101) 29.960 14.980 0.01678 1231010220 00 (006) 97.824 48.912 0.04892
4 | 022780  58.0 (102) 39.527 19.764 0.02195 24| 0.09952 3.0 (205) 101.428 50.714 0.05024
5019680 630 (110) 46.084 23.042 0.02541 251009840 3.0 (220) 103.036 51.518 0.05081
6' 0.17530  52.0 (103) 52132 26.066 0.02852 26 | 0.09787 1.0 (106) 103.820 51.910 0.05109
7 ; 0.17050 4.0 (200) 53.716 26.858 0.02933 27 | 0.09459 0.0 (310) 109.043 54.522 0.05286
8 | 0.16560 24.0 (112) 55439 27.720 0.03019 28| 0.09372 3.0 (222) 110.550 55.275 0.05335
9 | 016420 170 (201) 55953 27.977 0.03045 29| 0.09345 5.0 (311) 111.029 55.515 0.05350
10 | 0.15320 3.0 (004) 60370 30.185 0.03264 30| 0.09131 2.0 (304) 115.042 57.521 0.05476
11 ‘7: 0.14900 5.0 (202) 62258 31.129 0.03356 311 0.09070 2.0 (116) 116.263 58131 0.05513
12 | 0.13980 20 (104) 66.870 33.435 0.03577 32| 0.08883 5.0 (215) 120.256 60.128 0.05629
13 | 0.13090 7.0 (203) 72,094 36.047 0.03820 33| 0.08766 1.0 (206) 122975 61.488 0.05704
141012890 2.0 (210) 73.393 36.697 0.03879 34| 008583 4.0 (313) 127.649 63.825 0.05825
15 } 012610 120 (211) 75302 37.651 0.03965 35| 0.08480 2.0 (107) 130.556 65.278 0.05896
161012090 6.0 (114) 79155 39.578 0.04136 136008443 1.0 (401) 131.659 65.829 0.05922
17| 0.11879 4.0 (212) 80.848 40.424 0.04209 37 | 0.08283 2.0 (224) 136.855 68.427 0.06036
18| 0.11538 4.0 (105) 83765 41.882 0.04334 38 | 0.08050 1.0 (314) 146.222 73111 0.06211
19 0.11396 2.0 (204) 85.051 42526 0.04388 {39 | 0.08007 2.0 (216) 148.312 74156 0.06245
20/ 041367 40 (300) 85320 42660 0.04399 ]
Simulation Parameters: Fixed-Slit Intensities, Two-Theta Range =24.11/150.31/0.02, FWHM = 0.1 7
4
[}
1 2
8
l 15
! 13 16 21
I | Ay e Yy )T s e af ow T fw ow ww
30 40 50 60 70 80 90 100 110 120 130 140
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PDF#89-6965: QM=Calculated(C); d=Calculated; I=Calculated

| PDF Card:

Lanthanum Strontium Gallium Magnesium Oxide
( La0.9 Sr0.1) ( ( Ga0.8 Mg0.2 ) 02.87 )

Radiation=CuKa1
Calibration=
Ref: Calculated from ICSD using POWD-12++

Monoclinic - Powder Diffraction, 12/a (15)

CELL: 7.81603 x 5.5898 x 5351467 <90.0 x 90.06 x 90.0>

Density(c)=6.685 Density(m)=6.44A

Ref: Slater, P.R,, Irvine, J.T.S,, ishihara, T., Takita, Y.
J. Solid State Chem., v139 p135 (1998)

FIZ=051040: ICSD SG: 112/A1

Mwt=240.33

Lambda=1.54060
2T7=19.627-89.455

Vol=238.76

IT is: 15 SG short form: 12/a ATF TEM 298. RVP. ITF TF are of'mixed type. TF are converted prior to pattern
calculation. ITF High-temperature powder neutron diffraction study of the oxide ion conductor Li0.9 Sr0.1 Ga0.8 Mg0.2 02.85

Strong Lines: 2.76/X 1.95/3 1.59/2 1.60/2 3.91/2 2.25/1 2.26/1 1.381 1.24/1 1.2311

64 Lines, Wavelength to Compute Theta = 1.54056A(C

u), 1%-Type = Peak Heighi

Filter=
Ic(RIR)=4.29

Z=4M* ) mp=
P.8=mC19.48 (?)
F(30)=28.5(.0140,75/0)

# | d(nm) () (hkl) 2-Theta Theta  1/(2d) [ amm I(fy (hkl) 2-Theta Theta 1/(2d)
1045194 01 (110) 19627  9.813 0.01106 133013237 04 (141) 71472 35586 0.03777
2 | 0.39081 16.1 (200) 22734 11.367 0.01279 ! 3 : 0.13237 0.1 (141) 71472 35.586 0.03777
31039081 16.1 (011) 22734 11.367 0.01279 % 013217 0.1 (-512) 71.295 35648 0.03783
4 027645 100.0 (211) 32358 16.179 0.01809 t3 1 013217 0.1 (332) 71.295 35.648 0.03783
5 | 0.27645 100.0 (-211) 32.358 16.179 0.01809 137 0.13201 0.1 (323) 71.394 35.697 0.03788
6 | 0.27573 789 (002) 32444 16.222 0.01813 %385 0.13201 0.1 (512) 71.394 35.697 0.03788
| 7 | 0.23576 0.6 (310) 38.140 19.070 0.02121 ‘539 1 0.13184 0.1 (114) 71497 35.749 0.03792
'8 0.23576 0.6 (121) 38.140 19.070 0.02121 {40[ 0.13042 0.8 (431) 72401 36.201 0.03834
9 0.23532 0.5 (-112) 38214 19107 0.02125 41 ’| 0.13042 0.8 (-431) 72401 36.201 0.03834
10 0.23532 0.5 (112) 38214 19107 0.02125 42 | 0.13027 0.9 (033) 72497 36.249 0.03838
11 0.22597 8.7 (220) 39.861 19.930 0.02213 43| 013027 0.9 (-413) 72497 36.249 0.03838
121 0.22519 107 (202) 40.005 20.002 0.02220 44 0.13008 09 (204) 72623 36.312 0.03844
13 0.22519 107  (-202) 40.005  20.002 0.02220 451043008 0.9 (413) 72623 36312 0.03844
141019541 337 (400) 46431 23216 0.02559 46 | 0.12361 80 (611) 77.091 38546 0.04045
15 i 0.19541 33.7 (022) 46.431 23.216 0.02559 47 | 0.12361 8.0 (-233) 77.091 38.546 0.04045
16| 047970 04  (130) 50.764 25382 0.02782 481012342 47 (024) 77.233 38617 0.04051
17f 0.17910 0.1 (321) 50.944 25472 0.02792 49| 0.11931 0.1 (341) 80.426 40.213 0.04191
18 047910 04 (312) 50944 25472 0.02792 50011931 04  (530) 80.426 40.213 0.04191
19 1 0.17472 3.5 (411) 52318 26.159 0.02862 51/ 0.11896 0.1 (314) 80.707 40.353 0.04203
20 047472 35 (222) 52318 26159 0.02862 521011896 04  (-314) 80.707 40.353 0.04203
21 ' 0.17447 24 (013) 52400 26.200 0.02866 53 0.11796 08 (242) 81535 40.767 0.04239
22/ 045977 178  (420) 57.649 28.825 0.03130 54| 041796 0.8 (-242) 81.535 40.767 0.04239
23 i 0.15977 17.8 (231) 57.649 28.825 0.03130 551 0.11788 0.7 (602) 81.604 40.802 0.04242
24 ) 0.159256 23.3 (213) 57.852 28.926 0.03140 56 | 0.11788 0.7 (620) 81.604 40.802 0.04242
25 f 015925 233 (402) 57.852 28.926 0.03140 57| 0.11766 1.1 (-224) 81.789 40.894 0.04250
26 Jl 0.15044 0.1 (510) 61.594 30.797 0.03323 '58’ 0.11766 11 (224) 81.789 40.894 0.04250
27‘1J 0.15044 01 (+123) 61594 30.797 0.03323 591 0.11299 1.9 (440) 85962 42981 0.04425
28 1 0.15028 0.1 (123) 61.672 30.836 0.03327 60| 0.11271 2.0 (-404) 86.227 43.114 0.04436
29 | 0.13848 3.0 (040) 67.591 33.796 0.03611 61| 0.11259 1.3 (404) 86.333 43167 0.04441
30| 0.13812 8.6 (422) 67.792 33.896 0.03620 62| 0.10969 0.1 (150) 89.213 44.606 0.04558
31| 043812 8.6 (422) 67.792 33.896 0.03620 63| 0.10946 0.1 (134) 89.455 44.727 0.04568
32013787 64 (004) 67.934 33.967 0.03627 1641010946 041 (710) 89455 44.727 0.04568
Simulation P: ters: Fis«idASlit Intensities, Two-Theta Range =17.63/91.45/0.02, FWHM = 0.1 e 7 e
14
2 2
‘ " J 46
1 i | 7 N I 2 2§ 33 40 k 4955 59 g
20 0 a0 T4 T T T T T T T T T T T T T T T g
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SrLaGa;O, PDF#45-0637

PDF#45-0637: QM=Star(S); d=Diffractometer; I=Diffractometer I PDF Card
Strontium Lanthanum Gallium Oxide

SrLaGa3 07

Radiation=CuKa1 Lambda=1.54056 Filter=Ni
Calibration=External(Al203) 2T7=15.540-110.206 Wic(RIR)=7.21

Ref: lvanov, S., Zhurov, V., Karpov Inst. of Physical Chemistry, Moscow, Russia.
ICDD Grant-in-Aid {1994)

7‘I;étragonal - Powder Diffraction, P-421 m (>1 15) - ) ‘é=2 - mp= )
CELL: 8.0541 x 8.0541 x 5.3325 <90.0 x 90.0 x 90.0> P.8=tP24 (?)
Density(c)=5.290 Density(m)=5.240 Mwt=547.68 VoI=345.91 F(30)=298.9(.0030,33/0)

Ref: Toropoy, N., ismatov, A.
“Dokl. Akad. Nauk ~SSSR, v183 p609 (1968)

NOTE: EDS analysis (LINK system) (at.%): Sr 20.1(3), La 19.8(2), Ga 60.1(5). Sample was provided by Kucheiko, S., Moscow State Univ.,
Russia. Pattern taken at 22 C. Single-crystals of Sr La Ga3 O7 were grown by Czochralski method. To replace 22-1436.

Color: Colorless

Strong Lines: 2.98/X 1.84/3 2.55/2 3.21/2 1.59/2 2.67/1 3.89/1 ‘17451537/1 1.55i1

101 Lines, Wavelength to Compute Théta =1.54056A(Cu), 1%-Type = Peak Area

# | dinm) ) (hkl) 2Theta | # | d(mm) () (hkl) 2Theta | # | dnm)  1n
1056975 3.0 (110) 15540 | 35 045941 150 (213) 57.791 69 | 011488 0.0
2 /053334 10 (001) 16608 | 36 045761 20 (412) 58515 |70 | 011443 50
3 044469 1.0 (101) 19.950 | 37 | 015464 7.0 (332) 59.751 041377 1.0
4 040264 20 (200) 22058 38 | 045145 20 (511) 61444 | 72 041169 1.0
5 038930 120 (111) 22824 |39 |045079 20 (223) 61437 |73 | 041117 1.0
6036023 10 (210) 24694 40| 044923 20 (422) 62150 | 74 01083 0.0
7 1032137 180 (201) 27.736 |41 |0.4822 1.0 (303) 62621 |75 041012 1.0
8 | 0.29848 1000 (211) 29.911 42 | 044577 1.0  (313) 63798 | 76 010933 1.0
o 028474 40 (220) 31390 | 43]014401 100 (521) 64674 | 77 010909 1.0
10 | 0.26665 140 (002) 33.581 44 | 014238 2.0 (440) 65502 | 78 040832 1.0
11 | 025471 220 (310) 35206 45043009 1.0 (323) 67.258 |79 040715 1.0
2 025309 3.0 (102) 35.438 46 | 013814 1.0 (530) 67783 | 80  0.10619 1.0
lo2s120 10 (221) 35714 |47 1043788 1.0 (432) 67.926 |81 | 010576 2.0
024147 20 (112) 37.204 |48 013756 1.0 (441) 68107 | 82 |0.0482 1.0
023976 1.0 (301) 37479 | 49(043589 00 (512) 69.053 | 83 |0.10476 0.0
1022987 1.0 (311) 39.156 50 | 013421 40 (600) 70.050 | 84 010351 1.0
17 | 022230 20 (202) 40547 51043333 30 (004) 70583 | 85 | 040307 10
18 (021431 50 (212) 42129 52013240 00 (610) 71150 | 86 | 0.10269 2.0
19 | 020605 2.0  (321) 43.805 043147 40 (413) 71732 87 | 040226 3.0
20 (020133 50 (400) 44.989 541013044 1.0 (522) 72387 |88 010125 0.0
21019534 3.0 (410) 46449 | 55 | 012977 20  (333) 72821 89 | 009983 1.0 (740) 100914
22 | 049465 30 (222) 46623 t 56 | 012850 1.0 (611) 73.659 90 | 0.09989 1.0 (225) 100.914
23018985 50 (330) 47.875 57 | 0412652 0.0 (423) 75008 | 91 009952 00 (524) 101425
24 | 048922 1.0 (302) 48.043 58 | 042580 0.0 (540) 75509 |92 (009892 1.0 (801) 102.279
25 | 048837 1.0 (401) 48275 59 | 012559 1.0 (442) 75663 93 009832 20 (732) 103.154
26 | 048417 250 (312) 49.447 60 | 042502 10 (214) 76065 | 94 | 009819 30  (811) 103338
27 048342 90 (411) 49.662 61 } 012386 1.0 (621) 76911 | 95 | 008732 1.0 (444) 104651
28 | 018010 3.0  (420) 50643 6210412265 1.0 (532) 77.809 | 96 (009592 1.0 (534) 106.845
29 | 047884 40 (331) 51.026 63 | 012242 20 (541) 77.983 | 97 1008430 1.0 (660) 108.524
30 ] 047121 1.0 (322) 53.474 64 | 012073 1.0 (224) 79287 | 98 009458 20 (643) 109.067
31 { 017064 0.0  (421) 53.667 65011990 30 (602) 79944 | 99 009458 20 (604) 109.067
32 | 016969 1.0 (113) 53993 66 | 011940 1.0 (304) 80351  [100) 009423 1.0 (405) 109.652
33 | 046262 20 (203) 56544 67 | 041864 00 (612) 80969  |101/ 0.09382 0.0 (723) 110.206
34 | 016068 20 (402) 57:290 68 | 011810 6.0 (314) 81.416 L

Simulation Paramet a;Fixed-Slit Intensities, fwo-Theta Range =13.5411 12.21/0.02, FWHM = 0.1

26
11
[ 10 7
! 3 4! 6 ' ! 2 l lz 14 16 1I5 19A 2 34 il
=TT : i B B o F e

30 33 J36 | 38 42}44 45 49l 52‘ 55 57 61 64 67‘ B% 7275 78 80 82 84 87 89 93 96 97‘101
s h f n o
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