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THAI ABSTRACT  

รัตนากร ธีรศรัณยานนท์ : ผลของการโดปโลหะบน La2NiO4 เพ่ือเป็นแคโทดส าหรับ
เซลล์เชื้อเพลิงออกไซด์ของแข็ง. (EFFECTS OF METAL DOPING ON La2NiO4 AS 
CATHODE FOR SOLID OXIDE FUEL CELL) อ.ที่ปรึกษาวิทยานิพนธ์หลัก: ผศ. ดร.
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(La0.8Sr0.2)2-xCaxNiO4 (LSN-Cax), (La0.8Sr0.2)2-xCaxNi0.9Co0.1O4(LSNC-Cax)ȮและȮLa2-xCaxNi0.9-w

Co0.1 (Fe,Zn)yO4 (LNCF-Cax and LNCZ-Cax) แสดงโครงสร้าง K2NiF4 แบบเตตระโกนัล  Ȯและ
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ตามล าดับ  พัฒนาการซึมผ่านออกซิเจนของ La2Ni0.9Co0.1O4 (LNC)  โดยแทนที่นิกเกิลด้วย
ไอออน Fe3+ และ Zn2+ ได้เป็น LNC-Fey และ LNC-Zny (y=0-0.2)  จากนั้นท าการเติมไอออน 
Ca2+ ที่ต าแหน่งแลนทานัมใน LNC-Fe0.05 และ LNC-Zn0.05 ที่มีค่าการซึมผ่านออกซิเจนสูงที่สุด
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The properties of (La0.8Sr0.2)2-xCaxNiO4 (LSN-Cax), (La0.8Sr0.2)2-xCaxNi0.9Co0.1O4 
(LSNC-Cax) and La2-xCaxNi0.9-yCo0.1(Fe, Zn)yO4 (LNCF-Cax and LNCZ-Cax)  as cathode 
materials for solid oxide fuel cell were investigated. All compounds prepared by 
modified citrate method exhibited K2NiF4-type with tetragonal structure using 
calcination and sintering temperature of 900ºC and 1350ºC for 10 hours, 
respectively. LSN-Cax and LSNC-Cax (x=0-0.5) substituted with Ca2+ on the A-site in 
composition of x=0.2 showed the single phase of K2NiF4-type structure and the 
highest electrical conductivity of 176.9 and 166.9 S/cm at 800ºC, respectively. To 
improve oxygen permeation of La2Ni0.9Co0.1O4 (LNC), Ni-site was firstly substituted 
with Fe3+ or Zn2+ to obtain LNC-Fey and LNC-Zny (y=0-0.2). Then Ca2+ was 
incorporated into La-site of LNC-Fe0.05 and LNC-Zn0.05 which had the highest 
oxygen permeation rate, to improve the electrical conductivity. The highest 
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were 98.4 and 84.9 S/cm at 800ºC. Additionally, the single cell performance of 
LNCF-Ca0.5 and LNCZ-Ca0.5 with LSGM electrolyte was measured and maximum 
power densities were 322 and 312 mW/cm2 at 800ºC, respectively. This indicated 
that LNCF-Ca0.5 and LNCZ-Ca0.5 could be potential cathode materials for IT-SOFC. 
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CHAPTER I 
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 (AFC), 
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 

Electrolyte 
Alkaline 
solution 

Polymer 
Phosphoric 

acid 
Molten 

carbonate 
Oxide 

Charge carrier OH- H+ H+ CO3
- O2- 

Operating 
Temp. (°C) 

70-90 70-200 180-200 650-700 800-1000 

Fuel H2 H2 H2 H2, CO 
Hydrocarbon, 

H2, 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 H2 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. 

 
 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 (600-800ºC) 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 (YSZ), 
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 
Ce4+ to Ce3+ 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 Ga2O3 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 (/ºC) 
YSZ 10.3 x10-6 (30-1000ºC) [5] 
GDC 12.4 x10-6 (30-1000ºC) [6]  
LSGM 9.78 x10-6 (25-1000ºC) [7] 

 

1.2.2.2 Anode  

 Transition metals are good candidates as anode materials in SOFC. They may 
be classified with respect to H2 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 H2 fuel. However direct use of 
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hydrocarbon fuel leads to a strong adsorption of H2S 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 O2 molecules 

ii) Reduction of O species into oxide ions, O2- 

iii) 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, La1-xSrxMnO3 (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. 

 

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 
preferably ionically 
conductive. 

Ionically but not 
electronically 
conductive. 

Electronically and 
preferably ionically 
conductive. 
 

Chemical Stable in fuel 
atmosphere; 
preferably also stable 
in air for redox 
tolerance.  
Catalytic for oxidation 
and performing but 
not for carbon 
deposition. 
 

Stable in both 
oxidizing and reducing 
environment. 
Minimal reduction 
and resulting 
electronic 
conductivity in 
reducing conditions. 
 

Stable in air 
environments. 
Catalytic for oxygen 
reduction. 
Resistance to 
performance loss 
caused by chromium 
deposition. 

Thermal  
  expansion 

Compatible with 
other layers, 
especially electrolyte. 

Compatible with 
other layers, 
especially structural 
support layer. 
 

Compatible with 
other layers, 
especially 
electrolyte. 

Chemical  
 compatibility 

Minimal reactivity 
with electrolyte and 
interconnect. 

Minimal reactivity 
with anode and 
cathode. 

Minimal reactivity 
with electrolyte and 
interconnect. 

 

1.3 Perovskite  

Materials based on simple perovskite such as LaCoO3, BaCoO3 or LaFeO3 have 
attracted extensive attention due to the possible use as cathode materials for IT-
SOFC. Their general formula is defined as ABX3 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 BX6 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 K2NiF4 structure having the chemical formular A2BX4 is the first member 
of the RP series (AX)(ABX3)n for n≥1. This structure have a cubic perovskite (ABX3)n 
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 I4/mmm. When the K2NiF4 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 K2NiF4 structure. 

Several recent studies have highlighted A2BO4 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 A2BO4 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. 

)(2

)(

OB

OA

rrx

rr
t




                                             (1.1) 

 
Where Ar , Br  and Or  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. 

3
9

1
4

9
9

0
6

0
6



 

 

10 

 
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 ( ) [18] is one significant factor in the cathode 
performance. It can be calculated from the equation: 

 
 nq                                        (1.2) 

 
Where n  is the charge carrier concentration (cm−3), q  is the charge (in 

coulombs), and   is the mobility of the charge carrier (cm2s−1V−1). The unit of   is 
normally expressed in S·cm−1.  

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. 
 

 
Figure 1.7 Covalent bonds between anionic p orbital and t2g 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 ( crr ) [16], 

as expressed in equation 1.3. This factor corresponds to the maximum ionic radius of 
mobile ion to pass through the saddle point. 

0

22
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BA
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(1.3) 

Where Ar  and Br  are the ionic radius of the A ion and B ion, respectively, and 

0a  is the crystal parameter. The critical radius is normally less than 1.10 Å 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). 

 

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 ( ) [20]. In the fuel system, there 
are three polarization losses: 

- Activation polarlization ( Act ) 

- Ohmic polarlization ( Ohm ) 

- Concentration polarlization ( Con ) 

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

iEP                                                  (1.4) 
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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). 

 

 

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

         

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 (Z) is the ratio of the applied 
sinusoidal voltage and the resulting sinusoidal current, as related to Ohm’s Law [22] 
in equation 1.5. 

)sin(cos
)cos(

)cos(

)(

)(
0

0

0 







jZ

tI

tE

I

E
z 




               
(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. 

 

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 (800-1000ºC), new cathode 
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materials with high electro-catalytic activity for IT-SOFC (600-800ºC) have been 
developed.  

The K2NiF4-type or A2BO4 oxides, a two dimensional layered structure of 
insulating rock-salt (AO) separated by cubic perovskite (ABO3) 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. 
La2NiO4, one of the K2NiF4-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 La2NiO4 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 
La1.6Sr0.4NiO4 (LSN), La1.6Sr0.4Ni0.9Co0.1O4 (LSNC) and La2Ni0.9Co0.1O4 (LNC) is of interest in 
this work. 

Cherry et al. [26] studied on La1-x (AE)xCoO3 (AE =Ca, Mg, Sr, Ba). They found 
that substitution of LaCoO3 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 Pr2NiO4. As Sr content increased, 
the compounds became denser and their electrical conductivity increased. However, 
the limitation of Sr addition in Pr2-xSrxNiO4 was less than x=0.8. 

Zhao et al. [28] studied the polarization resistance (Rp) of La2-xSrxCo0.8Ni0.2O4–
GDC composite. The results showed that the introduction of Sr at the A-site had an 
effect on the reduction of Rp. Doping with Sr 80 mole percent, the Rp was 26 times 
lower than the Rp 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 La2NiO4. They 
found that Ca doping promoted the elongation of La-O bond length providing more 
space in La2O2 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 Ni2+ to Ni3+. 
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Ding et al. [30] investigated the thermal expansion and electrochemical 
performance of La0.7AE0.3CuO3 (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 
Ba0.4Co0.4Fe0.4Zn0.2O3 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 Co3+/Co2+ or Fe3+/Fe2+.   

Park et al. [32] studied the electrochemical behavior of Ba0.5Sr0.5Co0.2-x 

ZnxFe0.8O3. They found that substitution with zinc improved the thermal stability and 
minimized the Co4+ loss in the structure. These resulted in the decrease of Rp value 
and high performance. 

Kostogloudis et al. [33] examined the oxygen nonstoichiometry of Pr1-x 

SrxCo0.2B0.8O3 (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 Fe3+ to Fe4+. Moreover, the magnitude of oxygen loss also 
increased with increasing the Sr content. 

Petitjean et al. [34] investigated the oxygen transport properties of 
(La0.8Sr0.2)(Mn1-yFey)O3. 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 Pr2Ni0.8Cu0.2O4 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 
Pr2Ni0.75Cu0.2Fe0.05O4. 

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 La1.6Sr0.4NiO4 (LSN), La1.6Sr0.4Ni0.9Co0.1O4 (LSNC) and 
La2Ni0.9Co0.1O4 (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 K2NiF4-type cathode materials substituted with Ca, Fe 
and Zn as below: 

- (La0.8Sr0.2)2-xCaxNiO4 (LSN-Cax, x=0–0.5) 
- (La0.8Sr0.2)2-xCaxNi0.9Co0.1O4 (LSN-Cax, x=0–0.5) 
- La2-xCaxNi0.9-yCo0.1(Fe,Zn)yO4 (LNCF-Cax and LNCZ-Cax, 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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CHAPTER II 
EXPERIMENTAL 

 
The chemicals and experimental procedures including preparation and 

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)36H2O 433.02 99.0 Himedia 

Ca(NO3)2.4H2O 236.15 99.0 Analytical 

Sr(NO3)2 211.63 99.0 Aldrich 

Ni(NO3)2.6H2O 290.81 97.0 Ajax 

Co(NO3)2.6H2O 291.03 ≥98.0 Ajax 

Fe(NO3)39H2O 404.00 ≥98.0 Fluka 

Zn(NO3)2.6H2O 297.48 99.0 Fluka 

La2O3 325.79 ≥99.99 Wako 

SrCo3 147.63 ≥99.9 Aldrich 

Ga2O3 187.44 ≥99.99 Aldrich 

MgO 40.3 ≥98.0 Fluka 

NiO 74.60 ≥99.9 Aldrich 

C6H8O7 192.43 ≥99.5 Aldrich 

HNO3 63.01 65 Merck 

liq.NH3 35.05 25 Merck 

 

3
9

1
4

9
9

0
6

0
6



 

 

19 

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 La1.6Sr0.4NiO4 

La1.6Sr0.4NiO4 LSN 

(La0.8Sr0.2)1.9Ca0.1NiO4 LSN-Ca0.1 

(La0.8Sr0.2)1.8Ca0.2NiO4 LSN-Ca0.2 

(La0.8Sr0.2)1.7Ca0.3NiO4 LSN-Ca0.3 

(La0.8Sr0.2)1.6Ca0.4NiO4 LSN-Ca0.4 

(La0.8Sr0.2)1.5Ca0.5NiO4 LSN-Ca0.5 

-Substitution La and Sr with Ca in La1.6Sr0.4Ni0.9Co0.1O4 

La1.6Sr0.4 Ni0.9Co0.1O4 LSNC 

(La0.8Sr0.2)1.9Ca0.1Ni0.9Co0.1O4 LSNC-Ca0.1 

(La0.8Sr0.2)1.8Ca0.2Ni0.9Co0.1O4 LSNC-Ca0.2 

(La0.8Sr0.2)1.7Ca0.3Ni0.9Co0.1O4 LSNC-Ca0.3 

(La0.8Sr0.2)1.6Ca0.4Ni0.9Co0.1O4 LSNC-Ca0.4 

(La0.8Sr0.2)1.5Ca0.5Ni0.9Co0.1O4 LSNC-Ca0.5 

-Substitution Ni with Fe or Zn in La2Ni0.9Co0.1O4 

La2Ni0.9Co0.1O4 LNC 

La2Ni0.89Co0.1Fe0.01O4 LNC-Fe0.01  

La2Ni0.87Co0.1Fe0.03O4 LNC-Fe0.03 

La2Ni0.85Co0.1Fe0.05O4 LNC-Fe0.05 

La2Ni0.8Co0.1Fe0.1O4 LNC-Fe0.1 

La2Ni0.7Co0.1Fe0.2O4 LNC-Fe0.2 
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La2Ni0.89Co0.1Zn0.01O4 LNC-Zn0.01  

La2Ni0.87Co0.1Zn0.03O4 LNC-Zn0.03 

La2Ni0.85Co0.1Zn0.05O4 LNC-Zn0.05 

La2Ni0.8Co0.1Zn0.1O4 LNC-Zn0.1 

La2Ni0.7Co0.1Zn0.2O4 LNC-Zn0.2 

-Substitution La with Ca in La2Ni0.85Co0.1Fe0.05O4 

La2Ni0.85Co0.1Fe0.05O4 LNCF 

La1.9Ca0.1Ni0.85Co0.1Fe0.05O4 LNCF -Ca0.1 

La1.7Ca0.3Ni0.85Co0.1Fe0.05O4 LNCF -Ca0.3 

La1.5Ca0.5Ni0.85Co0.1Fe0.05O4 LNCF -Ca0.5 

La1.3Ca0.7Ni0.85Co0.1Fe0.05O4 LNCF -Ca0.7 

-Substitution La with Ca in La2Ni0.85Co0.1Zn0.05O4 

La2Ni0.85Co0.1Zn0.05O4 LNCZ 

La1.9Ca0.1Ni0.85Co0.1Zn0.05O4 LNCZ -Ca0.1 

La1.7Ca0.3Ni0.85Co0.1Zn0.05O4 LNCZ -Ca0.3 

La1.5Ca0.5Ni0.85Co0.1Zn0.05O4 LNCZ -Ca0.5 

La1.3Ca0.7Ni0.85Co0.1Zn0.05O4 LNCZ -Ca0.7 

- 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 900ºC 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 g 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. 

 
Figure 2.1 KBr die assembly 

 

2.2.2 Anode preparation [36] 

The anode used was NiO-Fe2O3 (9:1), which synthesized by conventional 
impregnation technique. Fe(NO3)3·9H2O 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] 

La0.9Sr0.1Ga0.8Mg0.2O3 (abbreviated as LSGM) was used as electrolyte in this 
study. It was synthesized by conventional solid state method. Calculated amounts of 
La2O3, SrCo3, Ga2O3 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 
Kα 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: 

σ = (I/V)*(L/(W*T)) 
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where  σ  is electrical conductivity (S/cm) 

  I   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) 

 
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 1000ºC. 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 H2 
flow before the cell performance measurement.  During the operation, H2 (99.999%) 
as fuel and O2 (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 106 Hz with voltage amplitude of 10 mV. 
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CHAPTER III  
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) (La0.8Sr0.2)2-xCaxNiO4 (LSN-Cax)  b) (La0.8Sr0.2)2-xCaxNi0.9Co0.1O4 (LSNC-Cax) 

Compounds t  Compounds t 
LSN 0.891  LSNC 0.889 

LSN-Ca0.1 0.891  LSNC-Ca0.1 0.888 
LSN-Ca0.2 0.890  LSNC-Ca0.2 0.887 
LSN-Ca0.3 0.889  LSNC-Ca0.3 0.886 
LSN-Ca0.4 0.888  LSNC-Ca0.4 0.885 
LSN-Ca0.5 0.887  LSNC-Ca0.5 0.884 

 

c) La2Ni0.89-yCo0.1MyO4 (LNC-Fey or LNC-Zny) 

Compounds t  Compounds t 
LNC 0.883  LNC 0.883 

LNC-Fe0.01 0.882  LNC-Zn0.01 0.883 
LNC-Fe0.03 0.882  LNC-Zn0.03 0.882 
LNC-Fe0.05 0.881  LNC-Zn0.05 0.882 
LNC-Fe0.1 0.879  LNC-Zn0.1 0.881 
LNC-Fe0.2 0.875  LNC-Zn0.2 0.879 

 

 

 

3
9

1
4

9
9

0
6

0
6



 

 

27 

d) La2-xCaxNi0.85Co0.1M0.05O4 (LNCF-Cax or LNCZ-Cax) 

Compounds t  Compounds t 
LNCF 0.881  LNCZ 0.882 

LNCF -Ca0.1 0.880  LNCZ -Ca0.1 0.881 
LNCF -Ca0.3 0.879  LNCZ -Ca0.3 0.880 
LNCF -Ca0.5 0.878  LNCZ -Ca0.5 0.879 
LNCF -Ca0.7 0.877  LNCZ -Ca0.7 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 t 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 (La3+ and Sr2+) or substitution of B-site cation (Ni2+) 
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 (La0.8Sr0.2)2-xCaxNiO4 (LSN-Cax) 

 LSN-Cax (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-Cax 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-Cax sintered at 1350ºC for 10 hours. 
All the diffraction peaks can be indexed as K2NiF4-type with tetragonal structure 
(JCPDS 89-8309). It is noticed that the main diffraction peaks of LSN-Cax shift to higher 
values of 2θ compared to the undoped one. This shift is resulted from the shrinkage 
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of crystal lattice caused by substitution of La3+ (r=1.36 Å) and Sr2+ (r=1.45 Å) with Ca2+ 

(r=1.32 Å), as explained by Bragg’s law in equation 3.1.  

2d sinθ  = nλ                                            (3.1) 

 

Figure 3.1 XRD patterns of LSN-Cax (x=0-0.5) discs sintered at 1350ºC for 10 hours 

The lattice parameters a, c 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 ABO3 layer from Ni2+, Ni3+ to Ni4+ 
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-Cax (x=0-0.5) 

Compound 
* Lattice parameter 

V (Å3) 
a (Å) c (Å) 

LSN 3.819 12.741 185.77 
LSN-Ca0.1 3.818 12.719 185.37 
LSN-Ca0.2 3.813 12.687 184.46 
LSN-Ca0.3 3.816 12.690 184.80 
LSN-Ca0.4 3.811 12.684 184.22 
LSN-Ca0.5 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 Ca2+ 
addition in LSN is considered to be less than 0.3.  

3.2.2 SEM analyses 

LSN, LSN-Ca0.1 and LSN-Ca0.2 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 Ca2+ 
in the A-site, the dense microstructure with few isolated pores and large grain sizes 
are obtained. 

 

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

 

The increase in Ca2+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-Cax (x=0, 0.1 and 0.2) discs 

Sample Grain size (µm) Relative density (%) 
LSN 0.94 80.60 
LSN-Ca0.1 1.42 82.27 
LSN-Ca0.2 1.88 95.18 

 
3.2.3 Electrical conductivity analyses 

Figure 3.3 shows the Ca-doping level and electrical conductivity of LSN-Cax as 
a function of temperature. Moreover, the data are summarized in Table 3.4. 

 
Figure 3.3 Temperature dependence of the specific conductivity (σ) of LSN-Cax (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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Oo
x  

2

1 O2 (g) + Vo
••+ 2e-                                     (3.2) 

where Oo
x = an oxide ion on an oxide ion lattice site, with neutral charge 

 Vo
•• = 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´La NiNi
• + Vo

••                                           (3.3) 

where Ca´La    = a calcium ion on a lanthanum ion lattice site, with singular 
negative charge 

 NiNi
• = 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 Ni3+ 
to Ni4+ that would introduce electronic conductivity (electron holes by 




4
3Ni

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 
c decreased with increasing Ca2+ 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]. 
 

3
9

1
4

9
9

0
6

0
6



 

 

32 

Table 3.4 The specific conductivity of LSN-Cax (x=0-0.5) 

Sample 
Specific conductivity (S/cm) 

300ºC 400ºC 500ºC 600ºC 700ºC 800ºC max  (T, ºC) 
LSN 65.2 80.0 85.1 87.3 87.2 86.4 87.3 (600) 
LSN-Ca0.1 97.4 107.8 117.1 121.3 122.0 122.4 122.4 (800) 
LSN-Ca0.2 147.7 160.8 170.3 174.2 176.7 176.9 176.9 (800) 
LSN-Ca0.3 107.6 123.1 129.2 130.7 130.9 130.6 130.9 (700) 
LSN-Ca0.4 101.6 113.7 119.8 122.1 123.3 124.1 124.1 (800) 
LSN-Ca0.5 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 800ºC.  

The Arrhenius plot for electrical conductivity of samples is shown in Figure 
3.4. The linear relationship between ln Tand 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 (Ea) values in Table 3.5. 

 

Figure 3.4 Arrhenius plot of the electrical conductivity of LSN-Cax (x=0-0.5) 
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Table 3.5 Activation energy (Ea) of LSN-Cax (x=0-0.5) at 300-800ºC 

Sample Ea (kJ/mol) 
LSN 9.2  

LSN-Ca0.1 8.8  
LSN-Ca0.2 8.3  
LSN-Ca0.3 8.3  
LSN-Ca0.4 8.4  
LSN-Ca0.5 9.0  

The Ea value is used to determine the electron hopping. The lower the value 
of Ea, the faster the hopping of electrons. The lowest Ea value was obtained for x=0.2 
which corresponds to the highest conductivity of LSN-Ca0.2 in this work.  

3.3 Synthesis and properties of (La0.8Sr0.2)2-xCaxNi0.9Co0.1O4 (LSNC-Cax) 

LSNC-Cax (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-Cax with the highest electrical conductivity was chosen for testing 
the single cell performance. 

3.3.1 XRD analyses  

The XRD patterns of LSNC-Cax (Figure 3.5) show the similar result with LSN-
Cax. These patterns reveal the K2NiF4-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, Ni2+ and 
Co2+ are oxidized to small size cations therefore the lattice parameter is diminished. 
The lattice parameters a, c and the unit cell volume of LSNC-Cax were calculated in 
Table 3.6. 
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Figure 3.5 XRD patterns of LSNC-Cax (x=0-0.5) discs sintered at 1350ºC for 10 hours 

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

Compound 
* Lattice parameter 

V (Å3) 
a (Å) c (Å) 

LSNC 3.819 12.741 185.77 
LSNC-Ca0.1 3.818 12.719 185.37 
LSNC-Ca0.2 3.813 12.687 184.46 
LSNC-Ca0.3 3.816 12.690 184.80 
LSNC-Ca0.4 3.820 12.665 184.78 
LSNC-Ca0.5 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 2θ of 37.5º. 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-Ca0.1 and LSNC-Ca0.2 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-Ca0.2, 
suggesting that substitution of calcium enhances the density of LSNC-Cax in this work. 

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

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

 

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. 

 

Sample Grain size (µm) Relative density (%) 
LSNC 1.02 84.07 
LSNC-Ca0.1 1.39 90.69 
LSNC-Ca0.2 2.06 91.47 
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Figure 3.7 Temperature dependence of the specific conductivity ( ) of LSNC-Cax 
(x=0-0.5) 

It is observed that the electrical conductivity of all LSNC-Cax 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 La3+ with Ca2+ 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´La]  [NiNi
•] + [CoCo

•] + 2[Vo
••]                            (3.4) 

where Ca´La    = a calcium ion on a lanthanum ion lattice site, with singular 
negative charge 

 NiNi
• = 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-Ca0.2 and the value is 
166.9 S/cm at 800ºC. 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-Cax (x=0-0.5) 

Sample 
Specific conductivity (S/cm) 

300ºC 400ºC 500ºC 600ºC 700ºC 800ºC max  (T, ºC) 
LSNC 28.0 38.8 47.2 53.1 56.1 59.0 59.0 (800) 
LSNC-Ca0.1 80.7 105.1 122.0 133.7 140.4 143.8 143.8 (800) 
LSNC-Ca0.2 96.6 121.6 142.1 155.5 162.9 166.9 166.9 (800) 
LSNC-Ca0.3 79.3 102.6 118.4 130.4 135.7 139.0 139.0 (800) 
LSNC-Ca0.4 70.9 92.8 107.1 116.8 121.6 124.4 124.4 (800) 
LSNC-Ca0.5 52.4 68.1 79.2 86.6 94.2 98.3 98.3 (800) 
 

The activation energy of LSNC-Cax calculated from the slope of Arrhenius plot 
(Figure 3.8) at 300-800ºC is summarized in Table 3.9. The linear relationship between 
ln( T) and 1000/T indicates the small polaron conducting mechanism [46]. It can be 
seen that the Ea 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 Ea value 
increases but it is still lower than the undoped one. The lowest Ea value was 
obtained for x=0.2 which corresponds to the highest conductivity of LSN-Cax in this 
work.  

Table 3. 9 Activation energy (Ea) of LSNC-Cax (x=0-0.5) at 300-800ºC 

Sample Ea (kJ/mol) 
LSNC 14.0  

LSNC-Ca0.1 12.2  
LSNC-Ca0.2 12.1  
LSNC-Ca0.3 12.2  
LSNC-Ca0.4 12.1  
LSNC-Ca0.5 12.8  
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Figure 3.8 Arrhenius plot of the electrical conductivity of LSNC-Cax (x=0-0.5) 

 

3.4 Synthesis and properties of La2Ni0.9-yCo0.1MyO4 (M=Fe, Zn and y=0-0.2) 

LNC-Fey and LNC-Zny (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-Fey and LNC-Zny 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-Fey and LNC-Zny are illustrated in Figure 3.9 and 
3.10, respectively. The phase is identified as K2NiF4-type with tetragonal structure 
(JCPDS 34-0314). The main diffraction peak around 2θ 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 Å, Zn2+=0.88 Å) causes an expansion in 
lattice parameters. However, the secondary phase, La2O3 (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-Fey and LNC-Zny which y<0.1 were selected for further 
study.  
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Figure 3.9 XRD patterns of LNC-Fey discs sintered at 1350ºC for 10 hours 

Table 3.10 Lattice parameters and unit cell volume of LNC-Fey 

Compound 
* Lattice parameter 

V (Å3) 
a (Å) c (Å) 

LNC 3.869 12.646 189.25 
LNC-Fe0.01 3.881 12.682 190.99 
LNC-Fe0.03 3.878 12.710 191.14 
LNC-Fe0.05 3.885 12.682 191.45 
LNC-Fe0.1 3.879 12.708 191.19 
LNC-Fe0.2 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-Zny discs sintered at 1350ºC for 10 hours 

Table 3.11 Lattice parameters and unit cell volume of LNC-Zny 

Compound 
* Lattice parameter 

V (Å3) 
a (Å) c (Å) 

LNC 3.869 12.646 189.25 
LNC-Zn0.01 3.879 12.653 190.35 
LNC-Zn0.03 3.873 12.697 190.47 
LNC-Zn0.05 3.888 12.719 192.23 
LNC-Zn0.1 3.888 12.669 191.53 
LNC-Zn0.2 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-Fey and LNC-Zny (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 µm. 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. 

 

 

 

Figure 3.11 SEM images of LNC-Fey and LNC-Zny (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-Fey and LNC-Zny (y=0, 0.01, 
0.03 and 0.05) discs 

Sample Grain size (µm) Relative density (%) 
LNC 3.8 98.94 
LNC-Fe0.01 2.9 96.83 
LNC-Fe0.03 3.6 95.98 
LNC-Fe0.05 3.8 96.53 
LNC-Zn0.01 2.6 95.79 
LNC-Zn0.03 2.1 96.98 
LNC-Zn0.05 2.0 96.44 

 

3.4.3 Oxygen permeation analyses 
The variation of oxygen permeation rate with temperature was measured on 

LNC-Fey and LNC-Zny (y=0, 0.01, 0.03 and 0.05) and the results are presented in 
Figure 3.12 and 3.13, respectively.  

 
Figure 3.12 Temperature dependence of oxygen permeation for LNC-Fey (y=0, 0.01, 
0.03 and 0.05) 
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Figure 3.13 Temperature dependence of oxygen permeation for LNC-Zny (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 µmol/s.cm2 at 1000ºC for LNC-Fe0.05 

and LNC-Zn0.05, 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-Zny, 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 
Pr2Ni0.8−xCu0.2FexO4, 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 Ni3+ 
decreased by substitution with Fe. Therefore the oxygen vacancies increase by the 
charge neutralization reaction.  

The oxygen permeation in K2NiF4-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. 

 

 

Figure 3.14 Oxygen migration path in the a-b plane and c direction 
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3.5 Synthesis and properties of La2-xCaxNi0.85Co0.1M0.05O4 (M=Fe, Zn and x=0-0.7) 

 Based on oxygen permeation results, LNC-Fe0.05 and LNC-Zn0.05 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-Cax and LNCZ-Cax (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 K2NiF4-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-Cax and LNCZ-Cax which x=0-0.5 were 
selected for further study. 

.  

 

 
3

9
1

4
9

9
0

6
0

6



 

 

46 

 

Figure 3.15 XRD patterns of LNCF-Cax discs sintered at 1350ºC for 10 hours 

Table 3.13 Lattice parameters and unit cell volume of LNCF-Cax 

Compound 
* Lattice parameter 

V (Å3) 
a (Å) c (Å) 

LNCF 3.885 12.682 191.41 
LNCF-Ca0.1 3.872 12.558 188.24 
LNCF-Ca0.3 3.849 12.573 186.24 
LNCF-Ca0.5 3.819 12.570 183.32 
LNCF-Ca0.7 3.826 12.496 182.87 
*The average lattice parameter is calculated from the diffraction peaks of (101), (103), 
(110), (114) and (200) planes. 
 
 

3
9

1
4

9
9

0
6

0
6



 

 

47 

 

Figure 3.16 XRD patterns of LNCZ-Cax discs sintered at 1350ºC for 10 hours 

Table 3.14 Lattice parameters and unit cell volume of LNCZ-Cax 

Compound 
* Lattice parameter 

V (Å3) 
a (Å) c (Å) 

LNCZ 3.888 12.719 192.23 
LNCZ-Ca0.1 3.871 12.649 189.57 
LNCZ-Ca0.3 3.846 12.593 186.28 
LNCZ-Ca0.5 3.817 12.510 182.25 
LNCZ-Ca0.7 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-Cax and LNCZ-Cax (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 µm 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. 

 

 

 

 
Figure 3.17 SEM images of LNCF-Cax and LNCZ-Cax (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-Cax and LNCZ-Cax (x=0, 
0.1, 0.3 and 0.5) discs 

Sample Grain size (µm) Relative density (%) 
LNCF 3.8 96.53 
LNCF-Ca0.1 4.8 97.21 
LNCF-Ca0.3 6.2 98.45 
LNCF-Ca0.5 6.9 98.46 
LNCZ 2.0 96.44 
LNCZ-Ca0.1 4.0 96.78 
LNCZ-Ca0.3 4.2 97.45 
LNCZ-Ca0.5 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-Cax and LNCZ-Cax (x=0, 0.1, 0.3, 0.5 and 0.7) and the data are 
summarized in table 3.16 and 3.17, respectively. 

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

Sample 
Specific conductivity (S/cm) 

300ºC 400ºC 500ºC 600ºC 700ºC 800ºC max  (T, ºC) 
LNCF 26.7 38.2 48.4 56.5 55.5 53.3 56.5 (600) 
LNCF-Ca0.1 30.1 39.7 53.3 58.5 57.4 54.8 58.5 (600) 
LNCF-Ca0.3 37.2 51.8 59.7 63.9 67.5 69.9 69.9 (800) 
LNCF-Ca0.5 41.9 55.9 70.6 82.9 91.1 98.4 98.4 (800) 
LNCF-Ca0.7 37.3 49.3 58.3 68.2 73.9 78.5 78.5 (800) 

 

 
Figure 3.19 Temperature dependence of the specific conductivity ( ) of LNCZ-Cax 
(x=0-0.7) 

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

Sample 
Specific conductivity (S/cm) 

300ºC 400ºC 500ºC 600ºC 700ºC 800ºC max (T, ºC) 
LNCZ 19.0 39.4 43.7 45.2 44.8 43.0 45.2 (600) 
LNCZ-Ca0.1 33.8 47.1 55.9 61.2 59.8 57.4 61.2 (600) 
LNCZ-Ca0.3 34.4 48.6 56.9 65.8 69.1 73.4 73.4 (800) 
LNCZ-Ca0.5 38.1 51.5 58.7 70.7 80.2 84.9 84.9 (800) 
LNCZ-Ca0.7 33.6 43.5 51.7 58.4 64.3 68.5 68.5 (800) 
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Both LNCF-Cax and LNCZ-Cax 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 600ºC and remains constant afterwards. 
This suggests the semiconducting behavior only at low temperature. The conductivity 
do not increase at high temperature because of the reduction of B4+ to B3+ 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 B4+

 

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-Ca0.5 and 84.9 for 
LNCZ-Ca0.5 at 800ºC. Therefore LNCF-Ca0.5 and LNCZ-Ca0.5 were selected to study the 
electrochemical properties in the next experiment. 
 
3.6 Electrochemical analyses 

LSN-Ca0.2, LSNC-Ca0.2, LNCF-Ca0.5 and LNCZ-Ca0.5 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 1000ºC for 10 hours in air and determined the phase appeared by XRD 
technique.  
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Figure 3.20 XRD patterns of LNCF-Ca0.5 -LSGM (a) and LNCZ-Ca0.5 -LSGM (b) mixtures 
after fired at 1000ºC 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-Ca0.5 and LNCZ-Ca0.5 
suggesting that there are no serious reaction occurred between them. Therefore it is 
reasonable to conclude that LNCF-Ca0.5 and LNCZ-Ca0.5 are stable and do not react 
with LSGM electrolyte at 1000ºC.  
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Figure 3.21 XRD patterns of LSN-Ca0.2 -LSGM (a) and LSNC-Ca0.2 -LSGM (b) mixtures 
after fired at 1000ºC for 10 hours  

 In case of LSN-Ca0.2 and LSNC-Ca0.2, a new small peak is observed at 2θ of 30 
degree corresponding to SrLaGa3O7 (JCPDS 45-0637), indicating that they react with 
LSGM electrolyte to form a new phase at 1000ºC. 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 950ºC and 900ºC was then studied.  
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XRD patterns of mixed powder of LSN-Ca0.2 and LSNC-Ca0.2 with LSGM 
electrolyte at 950ºC and 900ºC are presented in Figure 3.22-3.23. There is a new 
peak appeared at 2θ of 30 degree corresponding to SrLaGa3O7. It can be concluded 
that at 950ºC and 900ºC LSN-Ca0.2 and LSNC-Ca0.2 are unstable and react with LSGM 
electrolyte to form a resistance phase. 
  

 

Figure 3.22 XRD patterns of LSN-Ca0.2 -LSGM (a) and LSNC-Ca0.2 -LSGM (b) mixtures 
after fired at 950ºC for 10 hours 
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Figure 3.23 XRD patterns of LSN-Ca0.2 -LSGM (a) and LSNC-Ca0.2 -LSGM (b) mixtures 
after fired at 900ºC for 10 hours 

3.6.2 Impedance and single cell performance analyses 

LNCF-Ca0.5 and LNCZ-Ca0.5 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 800ºC and 700ºC. 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-Ca0.5/LSGM/Ni-Fe and LNCZ-Ca0.5/ 
LSGM/Ni-Fe 

    

Figure 3.25 I–V curves and corresponding power density curves of LNCF-Ca0.5/ 
LSGM/Ni-Fe and LNCZ-Ca0.5/LSGM/Ni-Fe 
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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 (Ro) 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 (Rp) and the sum of Ro and Rp gives 
the total resistance of the cell [57-59]. For IT-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-Ca0.5/LSGM/Ni-Fe and 
LNCZ-Ca0.5/LSGM/Ni-Fe 

Single cell 
800ºC 700ºC 

Rp (Ω.cm2) P (mW/cm2) Rp (Ω.cm2) P (mW/cm2) 
LNCF-Ca0.5/LSGM/Ni-Fe 2.1 322 6.0 147 

LNCZ-Ca0.5/LSGM/Ni-Fe 2.9 312 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-Ca0.5 is slightly 
higher than LNCZ-Ca0.5. This is possibly due to the fact that LNCF-Ca0.5 has the higher 
oxygen mobility compared to LNCZ-Ca0.5, 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-Ca0.5 and LNCZ-Ca0.5 are 322 and 312 mW/cm2

, respectively. These 
value are higher than that of 226 mW/cm2 at 800ºC  for La2NiO4 electrode on LSGM 
electrolyte reported by Escudero [29], suggesting that good performance can be 
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obtained for the single cell using LNCF-Ca0.5 and LNCZ-Ca0.5 as cathode and LSGM as 
electrolyte. 
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CHAPTER IV  
CONCLUSION 

 
4.1 Conclusion 

The K2NiF4-type oxide including (La0.8Sr0.2)2-xCaxNiO4 (LSN-Cax, x=0-0.5), 
(La0.8Sr0.2)2-xCaxNi0.9Co0.1O4 (LSNC-Cax, x=0-0.5) and La2-xCaxNi0.9-yCo0.1(Fe,Zn)yO4 (LNCF-
Cax and LNCZ-Cax, y=0-0.2, x=0-0.7)  were prepared by modified citrate method with 
the calcination temperature of 900ºC and sintering temperature of 1350ºC for 10 
hours. The compounds were characterized for phase structure, surface morphology, 
conducting property, oxygen permeation and electrochemical property.  

All LSN-Cax and LSNC-Cax exhibited K2NiF4-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 Ca2+ 
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 800ºC were achieved for LSN-Ca0.2 
and LSNC-Ca0.2, respectively. 

The incorporation of Fe and Zn at Ni-site of La2Ni0.9-yCo0.1(Fe,Zn)yO4 (denoted 
as LNC-Fey and LNC-Zny) produced the single phase of K2NiF4-type structure when 
y≤0.05. At y>0.05, La2O3 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-Fe0.05 and LNC-Zn0.05 showed the 
highest oxygen permeation rate of 0.57 and 0.41 µmol/s.cm2 at 1000ºC, respectively. 

When substitution of Ca2+ ion at La-site of LNC-Fe0.05 and LNC-Zn0.05, the 
single phase of K2NiF4-type structure was obtained at x=0-0.5 whereas at x>0.5, CaO 
impurity phase was appeared. The substitution of Ca2+ enhanced the material density 
confirmed by SEM images and increased the electrical conductivity of materials. The 
highest electrical conductivities were achieved for LNCF-Ca0.5 and LNCZ-Ca0.5 and the 
values were 98.4 and 84.9 S/cm, respectively at 800ºC. 

Electrochemical performance was determined for LNCF-Ca0.5/LSGM/Ni-Fe and 
LNCZ-Ca0.5/LSGM/Ni-Fe and the maximum power densities at 800ºC 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-Ca0.5 and LNCZ-Ca0.5 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-Ca0.2 and LSNC-Ca0.2 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 
A.1. 

)(2

)(

OB

OA

rrx

rr
t




                                        (A.1) 

 where 
Ar , 

Br  and Or  represent the ionic crystal radii of A-site cation, B-site 
cation and oxygen ion, respectively. The example of the tolerance number 
calculation of La2NiO4 was showed as below. 

Tolerance number of La2NiO4 = 
 (       )          

√  (         )
  = 0.885 

 

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

Metal ion Ionic charge Coordination No. Crystal radius (Å) 
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 
 4+ (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 
 4+  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 (Ea) 
 

Arrhenius equation (B.1) is shown below. The plot of )ln( T  versus 
T

1000 (K) 

gives a straight line, whose slope can be used to determine the Ea of small polaron 
conduction. 
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Where A = material constant including the carrier concentration term 

σ = specific conductivity (S/cm) 
Ea = activation energy (kJ/mol) 
T = temperature (K) 
R = gas constant = 8.314472 J/K.mol 
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APPENDIX C 

XRD Data 

(La1.6Sr0.4)NiO4   PDF#89-8310 
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CaO   PDF#48-1467 
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La2NiO4   PDF#34-0314 

 

 

3
9

1
4

9
9

0
6

0
6



 

 

72 

La2O3   PDF#05-0602 
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(La0.9Sr0.1) ((Ga0.8Mg0.2) O2.87)   PDF#89-6965 
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SrLaGa3O7   PDF#45-0637 

 

 

3
9

1
4

9
9

0
6

0
6



 

 

75 

VITA 
 

Miss Ratanakorn Teerasarunyanon  was born on January 16, 1989 in Nakorn 
Pathom, Thailand. She graduated with Bachelor’s Degree in Chemistry (2    class 
honor) from Faculty of Science, Silpakorn University in 2010. She continued the 
Master’s degree in program of Chemistry (Inorganic Chemistry), Faculty of Science, 
Chulalongkorn University in 2011 and completed in 2013. 

PRESENTATIONS 

October 21-23, 2013. 

Poster Presentation: “Effects of Calcium Doping on Electrical Properties of  
La    Sr    Ni    Co    O   Materials for SOFCs”  The 17ȮȮ  congress on science and 
technology of Thailand (STT39), BITEC Bangna, Bangkok, Thailand. 

January 8-10, 2014. 

Poster Presentation: “Electrical Conductivity of La    Sr    Ni    Co    O 
Oxide Doped with Calcium” The 9   Mathematics and Physical Science Graduate 
Congress at University of Malaya, Malaysia. 

Her present address is 44 M.1, Thaplaung sub-district, Muang district, Nakorn 
Pathom, Thailand 73000. Tel: .76+027.151, E-mail: ratanakornt@gmail.com 

 

 

3
9

1
4

9
9

0
6

0
6

Hachiku
Typewritten Text

Hachiku
Typewritten Text

Hachiku
Typewritten Text

Hachiku
Typewritten Text

Hachiku
Typewritten Text
1.6

Hachiku
Typewritten Text
0.9

Hachiku
Typewritten Text
0.1

Hachiku
Typewritten Text
4

Hachiku
Typewritten Text
nd

Hachiku
Typewritten Text
th

Hachiku
Typewritten Text
1.6

Hachiku
Typewritten Text
0.4

Hachiku
Typewritten Text
0.9

Hachiku
Typewritten Text
0.1

Hachiku
Typewritten Text
4

Hachiku
Typewritten Text
0.4

Hachiku
Typewritten Text
th



 

 

 

 

 

 

3
9

1
4

9
9

0
6

0
6


	THAI ABSTRACT
	ENGLISH ABSTRACT
	ACKNOWLEDGEMENTS
	CONTENTS
	1.2.1 Operation of SOFCs
	1.5 Current-Voltage characterization
	1.7 Literature reviews
	1.8 The objectives of this thesis
	2.1 Chemicals
	2.2 Material preparation
	2.2.1 Cathode preparation

	2.3 Material characterization
	2.3.1 X-ray diffractrometry (XRD)
	2.3.2 Scanning electron microscopy (SEM)
	2.3.3 Density
	2.3.4 Electrical conductivity measurement
	2.3.5 Oxygen permeation measurement
	2.3.6 Electrochemical measurement

	3.1 Tolerance factor
	3.2 Synthesis and properties of (La0.8Sr0.2)2-xCaxNiO4 (LSN-Cax)
	3.2.1 XRD analyses
	3.2.2 SEM analyses
	3.2.3 Electrical conductivity analyses

	3.3 Synthesis and properties of (La0.8Sr0.2)2-xCaxNi0.9Co0.1O4 (LSNC-Cax)
	3.3.1 XRD analyses
	3.3.2 SEM analyses
	3.3.3 Electrical conductivity analyses

	3.4 Synthesis and properties of La2Ni0.9-yCo0.1MyO4 (M=Fe, Zn and y=0-0.2)
	3.4.1 XRD analyses
	3.4.2 SEM analyses
	3.4.3 Oxygen permeation analyses

	3.5 Synthesis and properties of La2-xCaxNi0.85Co0.1M0.05O4 (M=Fe, Zn and x=0-0.7)
	3.5.1 XRD analyses
	3.5.2 SEM analyses
	3.5.3 Electrical conductivity analyses

	3.6 Electrochemical analyses
	3.6.1 Material compatibility
	3.6.2 Impedance and single cell performance analyses

	4.1 Conclusion
	4.2 Suggestions

	REFERENCES
	APPENDICIES
	APPENDIX A
	APPENDIX B
	APPENDIX C

	VITA



