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Chapter 1 

Introduction 

1.1. Fuel cell technology and state of the arts  
 
It has been more than 160 years since 1839, when Sir William Robert Grove (1811-1896), a 
British judge and scientist, produced his ‘gas battery’, which would later be known as the 
world’s first fuel cell. The term 'fuel cell' was first used by the chemists Ludwig Mond 
(1839-1909) and Charles Langer in 1889 as they attempted to build the practical device using air 
and industrial coal gas. 

The interest on Grove’s invention began to diminish soon after people had realized that there 
were many scientific obstacles to overcome before the commercial application of fuel cells. Also 
partly because of the ‘success’ of the internal combustion engine and the widespread exploitation 
of fossil fuels by the end of the 19th century, the development of fuel cell towards the real 
applications was slow.  

The first truly workable fuel cell, a 5kW system that was capable of powering welding 
machinery, was demonstrated by Francis Thomas Bacon (1904-1992) in 1959, which was the 
first alkaline fuel cell (AFC). In the next year, Harry Karl Ihrig demonstrated a 20 horsepower 
tractor driven by Fuel cells. Research in the fuel cell field became exciting again from the early 
1960s, partly driven by funding from NASA who was looking for low weight, clean and highly 
efficient electricity sources for their space program. But it’s only limited in the space applications, 
due to the very high cost. The real serious effort trying to commercialize the fuel cell 
applications all over the world started from the 1970s, when governments tried to reduce their 
dependence on petroleum imports and find the solutions to the growing environment and energy 
crises.  

Today fuel cells are attracting more and more attentions from the world because of their high 
efficiency, zero emissions and silence. Compared to the normal internal combustion engine, 
whose efficiency is limited to about 30%, current fuel cells, when operated alone have 
efficiencies of about 40%~55%, and when they are used with Combined Heat and Power systems 
(CHP) they can reach efficiencies of 80% [1]. Since the output of an ideal fuel cell is pure water, 
the emissions are extremely low. Another advantage of fuel cells is the silence of operation, 
which is important for many applications. All these futures make fuel cells an excellent choice of 
the future of power generation

Due to the capability of producing any power in the range of 1W~10MW, fuel cells can be 
used almost anywhere if power is required. However issues remain, such as standardization, 
pricing, safety and electrical and mechanical interface. These issues must be addressed before 
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mass production. A few applications could include: 
 
i) Personal Electronic Devices (<1kW) 

Fuel cell has the potential to get into every electronic device we come in contact with. 
It offers the possibility with energy life measured in days or weeks, rather than hours. 
Many companies are working on developing fuel cells that could replace 
conventional batteries, and have demonstrated the prototype fuel cell modules for 
laptop, cell phones, PDA, MP3 player, and so on. Nowadays fuel cell systems can be 
packaged in containers of the same size and weight as conventional batteries and is 
recharged by refilling a fuel cartridge. 
 

ii) Transportation (1kW~200kW) 
Fuel cells are being widely investigated to fit the requirement of either propulsive 
power or Auxiliary Power Unit (APU) in all transportation fields, from bicycle to 
spacecraft. Nearly all the big vehicle manufacturers are involved in this area. Several 
prototype vehicles have been demonstrated. Fuel cell cars and buses are available in 
the market, although the prices are still much high (1M$/car, 2M$/bus). HDW 
produced the world’s first PEM fuel cell powered submarine, using the Siemens PEM 
units, which are ordered by a growing number of countries worldwide. A number of 
technical problems still remain, many relating to on-board fuel reformers and the 
fueling infrastructure, as well as high cost barriers. In addition, gasoline/electric 
hybrid vehicles have emerged recently. So the widespread commercialization of 
automotive fuel cells is not expected in the coming few years. With respect to the 
aircraft application, both Boeing and Airbus are concentrating on creating a 
heavy-duty APU for airplanes, and both are looking to the mid 2010s for the first 
on-board prototype [2]. 
 

iii) Stationary Power Production and Backup (1MW~10MW) 
Larger-scale fuel cells make it possible that the power generation could become so 
decentralized that each housing or apartment complex could be self-sustained with its 
own power. Hospitals and airports could have backup power supplies in case of a 
power failure. The major hurdle to overcome is still the cost. Fuel cells developed for 
the space program in the 1960s and 1970s were extremely expensive ($600,000/kW). 
But as R&D has progressed in the last 40 years, the cost of fuel cells has dropped 
largely; and the current cost is about $1,500/kW. According to the goal of the Solid 
State Energy Conversion Alliance (SECA), which was formed by the Department of 
Energy (DOE), the cost must be lowered down to $400/kW by the end of this decade 
[3].  
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1.2. Problems encountered in developing fuel cells 
 
Despite of the simple principle, high efficiency, zero pollutes and noise emission, and also the 
worldwide R&D, there is still quite a long way to go before the commercialization of the ‘old’ 
fuel cell technology. The high cost, as already pointed out before, is of course the biggest issue 
and challenge. It’s also a good representative of different types of problems, which fuel cell 
people are facing with. Why fuel cells are so expensive? The followings are some aspects of the 
problems. 

i) Electrodes are the places, where the reactions take place. It must be mixed conducting, 
electrochemically active to the reaction in question, and stable with electrolyte under 
reducing or oxidizing atmospheres. Unfortunately, Pt is still the most important 
catalysts for low temperature fuel cells, like PEM, AFC and PAFC, which make it 
difficult to low down the prices. Besides the high cost of electrodes, the polymer 
membrane used in PEM and DMFC are also quite expensive. 

 
ii) Today, nearly half of the R&D is focused on PEM fuel cells, which are used primarily 

for transportation application. A significant barrier to this application is hydrogen 
storage. Most fuel cell vehicles (FCVs) powered by pure hydrogen must store the 
hydrogen in pressurized tanks. Due to the low energy density of hydrogen, it is 
difficult to store enough hydrogen onboard to allow vehicles to travel the same 
distance as gasoline-powered vehicles before refueling. Higher-density liquid fuels 
such as methanol, ethanol, and gasoline can be used for fuel, but the vehicles must 
have an onboard fuel processor to reform the methanol to hydrogen. This increases 
costs and maintenance requirements. By the way, generation of hydrogen itself is not 
as easy and cheap as it looks like. 

 
iii) For high temperature fuel cells, like SOFC, the high temperatures provide high 

efficiency and the ability to cope with different hydrocarbon fuels without reformer. 
But it also means a higher requirement for the cell components, concerning electrical 
property, thermal expansion, chemical stability, mechanical compatibility, etc. For 
example, the interconnect materials are critical to the real applications, because the 
single fuel cell can only provide about 1V. The interconnect materials must be a good 
electronic conductor, which is chemically and mechanically stable in both oxidizing 
and reducing environment at working temperatures. Sr-doped LaCrO3 is the state of 
the art interconnect material for SOFC operating at temperatures ~1000°C because of 
its relatively high electronic conductivity and its stability under the operating 
conditions. The main drawback of this material is that it’s difficult to sinter at 
temperature less than 1750°C, which is too high to the other parts of the cell. As the 
consequence, the manufacture cost is increased.  
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1.3. Present approach to solve the problems 
 
Efforts have been underway for many decades to overcome the problems of fuel cell technology, 
and push it to transfer from a technology of tomorrow to that of today. Different approaches have 
been considered. On the one hand, from the engineering point of view, the production procedure 
and structure configuration should be further optimized to minimize the manufacture cost. On the 
other hand, new materials, including electrolytes, electrodes, catalysts and interconnect materials 
are being investigated to search for the alternative to the old parts, which are more costly and less 
effective. Although PEM and DMFC are still dominating today’s research activity and 
application field, SOFC is attracting growing interests and attentions from governments and 
researchers, due to their remarkable advantages. From now on, we will concentrate merely on the 
field of SOFC in this work. 

The most widely used SOFC consists of yttria stabilized zirconia (YSZ) electrolyte, Ni-YSZ 
cermet anode and Sr doped lanthanum manganite-YSZ cermet cathode [3,4,5]. YSZ was chosen 
for this purpose because of the relatively high ionic conductivity and good chemical stability. 
Since fuel cell must be able to sustain a certain amount of current, the conductivity of the 
electrolyte should be high enough to meet this requirement. A conductivity of 10-1S/cm was 
needed for electrolyte-supported cells of about 200μm thickness [6]. That is the reason why 
YSZ-based fuel cells have to work under very high temperature.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 1.1. Electrical onductivities of selected oxides. 
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By decreasing the thickness of the electrolyte to 10~20μm, YSZ can be used at temperature 
between 700 and 800°C [6]. But such thin films need to be mechanically supported, and there are 
limitations to this approach in terms of chemical interdiffusions and difficulty to make pinhole 
free films. Another approach to decrease the temperature is to find alternative materials, which 
have higher conductivities than YSZ. The most intensively studied candidates are doped ceria 
(CeO2) [7-13] and doped lanthanum gallate (LaGaO3) [14-18]. 

Figure 1.1 shows the conductivities of several oxides [9,19]. The conductivity of doped ceria 
is approximately an order of magnitude greater than that of YSZ, making it possible to be the 
electrolyte of SOFC working at the temperature between 500°C and 650°C. The reduction of 
cerium under reducing conditions, which introduces the n-type electronic conductivity, makes 
people hesitate to use it as electrolyte. Different ways [7,8] have been tried to minimize or block 
the electronic short circuit. A simple solution lies again in the operating temperature. At 
temperature below ~700°C (and at 10-18 atm O2 partial pressure), the ionic transference of ceria 
is greater than 0.9, a value that results in good fuel cell efficiency [20] With further decreasing 
temperature, the conductivity and the catalytic activity decline, causing higher polarization. 

The history of perovskite LSGM is quite short. It was reported nearly simultaneously in 1994 
by Goodenough [16] and Ishihara [14]. The AC conductivity was reported to be 0.10 S/cm at 
800°C for the composition of La0.9Sr0.1Ga0.8Mg0.2O2.85. Single SOFC based on the LSGM were 
demonstrated to have high power density even with a thick film (>500 μm) [21]. Since then, 
LSGM have become a significant potential electrolyte material for its high conductivity 
(comparable to that of ceria), which is entirely ionic over an extremely wide O2 partial pressure 
range at temperature as high as 1000°C. The application of LSGM in fuel cells was hindered by 
the material’s reactivity with Ni and/or CO2 in the anode. However, these reactions can be 
eliminated by incorporating a buffer layer between the anode and the electrolyte [22].  

Electrodes play as important role as the electrolyte in fuel cells. As already mentioned before, 
traditional electrodes must be mixed conducting, porous and highly catalytic active so that 
reactions can take place at the so-called triple phase boundary. Since electrodes are mostly where 
the rate-limiting steps are, different materials and approaches are being investigated to accelerate 
the electrode reaction. One of the most promising ways is to use mixed conductor as electrodes 
[23,24]. The electrode reaction is then no longer confined at the triple phase boundary. In fact, 
the reaction expands to all bulk volume of the electrode. Thus the porosity is no more a crucial 
factor. One of the problems using mixed conducting electrodes in practical applications is the 
relatively large thermal expansion coefficient (TEC). However, this problem can be solved to 
some extent by using composite mixed conductors. Then the thermal expansion match between 
electrolyte and electrode can be adjusted by the ratio of different phases. 

If electronic conductivity can be introduced into the surface part of the electrolyte, then this 
part becomes mixed conducting, which will improve the kinetics of the interfacial redox 
processes of the mobile charge carrier. Once the surface electronic conductivity is high enough, 
the extra electrodes can be omitted, and the severe problems at the interface due to thermal 
expansion and charge transfer will be eliminated. Shouler et al. have doped the surface of a YSZ 
pellet with cerium turning it into an n-type semiconductor [25]. Worrell et al. dissolved titania 
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[26-28] and terbia [29,30] into YSZ for n and p type conductivity, separately. Based on these 
results, they tested their single-component solid oxide fuel cell [31] by doping of titania and 
terbia.  

 
 

1.4. SEA concept and the aim of this work 
 
Besides the application of mixed ionic and electronic conductors (MIECs) as electrodes for fuel 
cells, their application as electrolyte materials have also been investigated by some researchers. 
Riess discussed the possibility and conditions of MIECs being the electrolyte [32]. Weppner 
developed a new concept of single element arrangement (SEA) of galvanic cells, which consist 
of only one material [33-35]. This material becomes electron conducting at the anode and hole 
conducting at the cathode due to the stoichiometry change, but remains predominantly ionically 
conducting at intermediate activities of the electroactive component. Different from the previous 
single-component fuel cell, which needs extra surface modification by doping to provide faster 
electronic kinetics, the single material in SEA is homogeneously composed of the same material 
without a gradient in the composition except the minor non-stoichiometry generated by the 
different activities of the mobile component at both sides. Compared to the normal PEN 
structured fuel cell, SEA has the following remarkable advantages. 

i) As the electrodes are the part of the MIEC, no separate electrodes are required which 
simplify the cell construction. Most importantly, the problems due to the thermal 
mismatch and chemical reactivity between the electrolyte and the electrodes should 
be eliminated. 

ii) The charge transfer across the solid-solid interface between the electrolyte and the 
electrodes are always impeded in view of different crystal structures, air gaps and bad 
contact. Since there are no phase boundaries in SEA, the electrode polarization should 
be greatly minimized.  

iii) Since SEA consists of only one material, the manufacture cost should be lowered. 
 
An example of SEA is the doping of conventional cubic stabilized or tetragonal zirconia by 

both titania and praseodymium oxide. Both oxides are mixed homogeneously with zirconia 
throughout the bulk of the material. Titania provides n-type conduction under reducing 
conditions while praseodymium oxide increase the p-type conduction in oxidizing atmospheres 
[36]. Thangadurai et al. found interesting properties also in Fe substituted SrSnO3 [37].  

In this work we will continue the investigation of SEA concept, mainly focusing the 
discussion on the influence of doping on the electrical conductivities of different group of 
materials, which could be possibly used as SEA solid oxide fuel cell at intermediate 
temperatures. 
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Chapter 2  

Theoretical aspects 

2.1. Fuel cell basics  

2.1.1. Working principle of fuel cells 
 

Different from batteries, which are energy ‘storage’ devices, fuel cells ‘convert’ chemical energy 
directly to electrical energy. As long as a fuel, like H2, is supplied, fuel cell will generate 
electricity continually without charging. 

The normal PEN structured fuel cells consist of positive electrode (cathode), electrolyte and 
negative electrode (anode). Although what we will mainly discuss in this work is SEA concept, 
which contains only one element, for general basic understanding we will still start from the 
conventional concept. Figure 2.1 shows schematically the working principle of a fuel cell, 
employing an oxide ion electrolyte. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 
 

Figure 2.1. A schematic diagram of a conventional fuel cell, employing an oxide ion
electrolyte. 
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At anode side, where H2 is supplied, the oxidation of H2 is completed in the following steps: 

i) Transport of molecular hydrogen from the gas phase to the electrode and adsorption 
on the surface: 

H2         H2, solv         H2, ads                     (2.1) 
ii) Dissociation of the hydrogen molecule: 

H2, ads        2Hads                              (2.2) 

iii) Ionisation:  

Hads + O2-        OH- + e-                           (2.3) 

Hads + OH-        H2O + e-                          (2.4) 

iv) Desorption of products. 

The total anode reaction is as follows: 

H2 + O2-        H2O +2e-                          (2.5) 
 

At the cathode side, the following reaction mechanisms occur for oxygen reduction. 
i) Transport of molecular oxygen from the gas phase to the electrode and adsorption on 

the surface: 
O2        O2, solv        O2, ads                      (2.6) 

ii) Dissociation of the oxygen molecule: 

O2, ads        2Oads                            (2.7) 

iii) Ionisation: 

Oads + 2e-        O2-                             (2.8) 

iv) Desorption of products and transport into the electrolyte. 

The total cathode reaction is the following: 

O2 + 4e-        2O2-                            (2.9) 

 
Electrons generated at the anode during oxidation pass through the external circuit on their 

way to cathode, where they complete the reduction reaction. During this process, electricity is 
generated, with the byproduct of only water and heat. The total fuel cell reaction is shown below: 

H2 + 1/2O2        H2 O                           (2.10) 
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During the reaction, the fuel and oxidant do not mix anywhere, and there is no actual 
combustion taken place. The fuel cell is therefore not limited by the Carnot efficiency [1]. 

The electromotive force (EMF) of the cell is determined by the Nernst equation: 

zFEG −=∆                                 (2.11) 

where G∆  is the Gibbs free energy change of the reaction (2.10), z  is the number of electrons 
transferred, F is Faraday’s constant and E  is the EMF. 

Under standard state, E  has the value of 1.23V, which decreases with increasing 
temperature. The relation between E  and temperature is shown in figure 2.2.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In the ideal case, the cell voltage is independent on the current drawn. But practically, the cell 
potential will be decreased with increasing current because of the unavoidable irreversible losses. 
The potential difference measured between the open circuit voltage (OCV) and the terminal 
voltage under the conditions of current flowing has been termed as overpotential (or 
polarization). There are several sources of overpotential. 

 

i) Activation overpotential is present when the rate of an electrochemical reaction at 
an electrode surface is controlled by sluggish electrode kinetics. It’s always dominant 
at low current density range, where the electronic barriers must be overcome prior to 
current and ion flow. Activation overpotential increases as current increases. 

 

Figure 2.2. Calculated EMF of a H2/O2 cell vs. temperature. 
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ii) Ohmic overpotential is simply the voltage drop across the resistive component of the 
cell. There is no relation between the Ohmic losses and the chemical process at the 
electrodes. It varies directly with current. 

 

iii) Concentration overpotential stands for voltage changes caused by diffusion 
processes. Under high current densities, as a reactant is consumed at the electrode, 
there is a loss of potential due to the inability to maintain the initial concentration of 
the bulk fluid. The concentration polarization may arise duo to different processes: 
slow diffusion in the gas phase in the electrode, solution/dissolution of reactants and 
products into and out of the electrolyte, or diffusion of reactants and products through 
the electrolyte to and from the electrochemical reaction site. 

 
iv) Reaction overpotential is the voltage difference appearing when the product of the 

chemical reaction changes the operating conditions. One example is the generation of 
water in Phosphoric Acid Fuel Cell (PAFC) dilutes the electrolyte, which then causes 
an electrolyte concentration change at the electrode interface. 

 
A polarization curve of a H2 – O2 cell is shown in figure 2.3.  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 2.3. A schematic diagram of the polarization curve for fuel cells. 
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2.1.2. Types of fuel cells 
 

Generally speaking, fuel cells are classified in term of the electrolyte, which determines the 
chemical reactions that take place in the cell, the kind of catalysts, the operating temperature, the 
type of fuels, and some other factors. These factors, in turn, affect the applications for which 
these cells are most suitable. There are several types of fuel cells under development, and each 
has its own advantages and limitations [2-4]. Table 2.1 compare the different type of fuel cells. 

i) Polymer electrolyte membrane (PEM) fuel cell—also called proton exchange 
membrane fuel cells—use a solid polymer, mostly Nafion®, as the electrolyte and 
porous carbon electrodes containing a platinum catalyst. PEM operate at around 90°C. 
Low temperature results in fast start-up and less wear of the cell component. However, 
it needs high platinum loadings (0.4mg/cm2) to catalyse the electrode reaction, 
leading to high cost. Due to poisoning effect of CO on platinum, only pure humidified 
H2 can be used as fuel in PEM. Because of the low operating temperature, it also 
requires cooling and management of the exhaust water in order to function properly. 
Another type of fuel cell that also use polymer as electrolyte is Direct Methanol Fuel 
Cell (DMFC). It differs from PEM in the way that the liquid methanol (CH3OH) 
instead of hydrogen is oxidized in the presence of water at the anode side. So DMFC 
doesn’t have the problem of hydrogen storage. These cells have been tested in a 
temperature range of about 50ºC-120ºC. This low operating temperature and no 
requirement for a fuel reformer make the DMFC an excellent candidate for very small 
to mid-sized applications. But again, the requirement of large amount of platinum 
cause high cost of DMFC. 

 

ii) Alkaline fuel cell (AFC) was one of the first fuel cell technologies developed and the 
first type widely used in the U.S. space program to produce electrical energy and 
water onboard spacecraft. Alkaline fuel cells use potassium hydroxide as the 
electrolyte and operate at around 70°C. However, they are very susceptible to carbon 
contamination. Even a small amount of CO2 in the air can affect the cell's operation, 
making it necessary to purify both the hydrogen and oxygen used in the cell. 

 

iii) Phosphoric acid fuel cell (PAFC) uses liquid phosphoric acid as the electrolyte and 
operates at about 200°C. It is one of the most mature cell types. Compared to the first 
two types of fuel cells, PAFC has higher tolerance ability to the CO content up to 
about 1.5%. Although PAFC can work at 85% efficiency when used for the 
co-generation of electricity and heat, it generates electricity alone at about 40% 
efficiency, which is only slightly higher than combustion-based power plants. PAFCs 
are also less powerful than other fuel cells, given the same weight and volume. 
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iv) Molten carbonate fuel cell (MCFC) uses an electrolyte composed of a molten 
carbonate salt mixture suspended in a porous, chemically inert ceramic lithium 
aluminium oxide (LiAlO2) matrix, and operates at approximately 650°C. It requires 
carbon dioxide and oxygen to be delivered to the cathode. Due to the high 
temperatures at which they operate, non-precious metals can be used as catalysts and 
there is no need for the external reformer to convert more energy-dense fuels to 
hydrogen. To date, MCFCs have been operated on hydrogen, carbon monoxide, 
natural gas, propane and simulated coal gasification products. The primary 
disadvantage of MCFC is durability due to the high temperature and the corrosive 
electrolyte. 

 
v) Solid oxide fuel cell (SOFC) uses a hard, non-porous ceramic compound as the 

electrolyte, and operates at very high temperatures. Similar to MCFC, there is no need 
for precious-metal catalyst and the lethal CO to the low temperature fuel cells can 
even be used as a fuel in SOFC. As the electrolyte is a solid, problems due to the 
liquid leakage and corrosion are also eliminated. The obstacles to the development 
and commercialisation of SOFC are still the cost and poor durability because of the 
high temperature. Therefore, solid oxide fuel cells working at intermediate 
temperature are more promising in this field. 

 
Table 2.1 Comparisons of different type of fuel cells. 

 

 PEM DMFC AFC PAFC MCFC SOFC 

Electrolyte  
Polymer 

membrane 
Polymer 

membrane 
Solution of 

KOH 
Phosphoric 

acid 

Molten 
carbonate 

salt mixture 

Solid metal 
oxides 

Operating 
temperature 

60~100°C 50~120°C 25~250°C 150~200°C 600~1000°C 600~1000°C

Fuel  Pure H2 
Methanol 
solution in 

water 
Pure H2 H2 

H2, 
CO,CH4, 

natural gas 

H2,CO,CH4,
natural gas 

Oxidant  O2/air O2/air Pure O2 O2/air O2/CO2/air O2/air 

Reforming External  / External  External Ex/internal Ex/internal 

Efficiency 
(without 

cogeneration) 
35~60% 35~40% 50~70% 35~50% 45~60% 45~60% 

Power range ~250kW ~5kW ~100kW ~1MW ~5MW ~10MW 

Power density 
(Wcm-2) 

0.35~0.7 0.25 0.1~0.3 0.14 0.1~0.12 0.15~0.7 
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2.2. Introduction to ionics 

2.2.1. General aspects 
 

Although it’s well known that fuel cell is a type of clean energy converter that provides higher 
efficiency than the combustion engine, it’s still just a promising solution to the energy and 
environment crises. Fuel cells have not yet come to the stage to replace the conventional 
techniques. In view of the difficulties in developing the fuel cell technology, which has been 
briefly mentioned in chapter 1, it’s necessary to understand more about the operating principle 
and the parameters that control the material’s performance before we can better improve the 
properties of the materials.  

Ionics is the science and technology of the motion of ions alone or together with electrons 
within the bulk of materials and across interfaces [5-10]. It’s a key technology for developing 
most of the energy related applications and devices, including fuel cells, water electrolysis cells, 
batteries, supercaps, thermoelectronic converters, photogalvanic solar cells, chemical sensors and 
electrochromic systems.  

The materials with predominant and high ionic conductivity are the starting point of ionics. 
However, individual materials have no meaning for practical applications. All applications 
require the combination of materials with appropriate ionic and electronic properties. This is 
similar to electronics, which require combinations of semiconductors or metallic materials with 
differences in the chemical potential of electrons. While only electrons equilibrate across the 
semiconductor junctions, both electrons and ions equilibrate across the ionic junctions. Since all 
materials are sufficiently good electrical conductors, there should be no electrical field built up in 
the bulk of each material; all voltage drops occur across the interfaces. In another word, the 
interfaces (or ‘ionic junctions’) between the materials play the most important role in ionic 
devices. The interfaces have to be chemically and mechanically stable for the lifetime of the 
device, which is not easy to achieve due to the commonly large number of components present in 
both phases and the existence of mobile species with sometimes large variations in the activity of 
the electroactive component. Fast charge transfer across the interfaces is also required for high 
power density in many cases [11]. In the first approach, Debye’s formula can be used to estimate 
the space charge region  

cq
kT

LD 2
0εε

=                                (2.12) 

where qTk ,,,, 0εε  and c  are the dielectric constant of the material, the permittivity in 

vacuum, Boltzmann’s constant, absolute temperature, elementary charge and concentration of 
charge carriers, i.e. ions for electrolyte and electrons for electrodes, respectively. Compared to 
semiconductor junctions, which normally have a width in the µm range, the width of the ionic 
junction is several orders of magnitude lower, i.e. 100~1000 pm due to the relatively higher 
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concentration of charge carriers. The narrow region of electrostatic potential drop at the interface 
is unique in comparison with semiconducting materials. Electronic junctions do not allow the 
building up of voltages which are measurable at the outside and do not produce a current in an 
outer electrical circuit, while solid electrolytes are blocking the electronic charge carriers which 
therefore have to move through the outer electrical circuit in order to compensate the local 
charge displacement of the ionic charge carriers in the electrolyte. 

Ionics is the technology in which the properties of electrolytes have the central attention. 
Defects chemistry is inherently connected with ionics. From next section, an elementary 
introduction of defects, conducting mechanism of electrolyte and generation of voltage in ionic 
devices will be considered step by step. 
 
 
 

2.2.2. Elementary defect chemistry 
 
The perfect crystal is only an abstract concept in crystallographic descriptions. In reality, the 
lattice of a crystal always contains imperfections or defect at temperatures above 0K arising from 
the entropy contribution to the Gibbs free energy as a consequence of the disorder introduced by 
the presence of the defects [10]. 

If x  is the mole fraction of a certain type of defect, the entropy increasing due to the 
formation of these defects is:  

[ ])1ln()1(ln xxxxRS −−+−=∆                          (2.13) 

which is the mixing entropy of an ideal mixture of defects and occupied lattice positions. If the 
formation energy of the defect is E∆  J/mol, then the increase of the enthalpy is:  

ExH ∆⋅=∆                                  (2.14) 

The change in Gibbs free energy is: 

[ ])1ln()1()ln( xxxxRTExSTHG −−++∆⋅=∆−∆=∆              (2.15) 

Since G  must be minimum at equilibrium, the partial differentiation: 

[ ] 0)1ln()ln( =−−+∆=
∂
∆∂ xxRTE
x
G                       (2.16) 

then:  

)exp(
1 RT

E
x

x ∆
−=

−
                              (2.17) 

If 1<<x , then: 

)exp(
RT

Ex ∆
−=                                (2.18) 
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The existence of imperfections in the material doesn’t mean that it’s really ‘defect’. On the 
contrary, defects play an important role in solid state electrochemistry. Ion conduction or 
diffusion can only take place because of the presence of defects. Chemical reactions in the solid 
state are also fundamentally dependent upon imperfections. So a comprehensive understanding 
of all possible defects is necessary in the study and development of the technology of ionics.  

Defects are generally classified according to their dimensions, i.e. point defect, such as 
vacancies, interstitial ions and substitution impurities; one-dimensional defects including 
dislocations; two-dimensional defects including grain boundaries, stacking faults and surfaces; 
three-dimensional defects including inclusions or precipitates in the crystal matrix. However, 
only point defects contribute to the electrical conductivity, and are thermodynamically stable, 
which means they are determined by a number of independent variables such as pressure, 
temperature, and chemical composition, while all the other defects also depend on the way of 
preparation. Defects can also classified as intrinsic and extrinsic. If the concentration of the 
major defects are independent of the component activities and are only determined by pressure 
and temperature, then they are intrinsic disorders or thermal disorders. 

In general, defects in ionic crystals posses an effective charge relative to the ideally ordered 
lattice. In the absence of electric fields and of gradients in the chemical potential, charge 
neutrality must be maintained throughout an ionic lattice. Thus a charged defect must be 
compensated by one (or more) other defect(s) having the same charge, but opposite sign. As a 
result of this condition, the total number of positively and negatively charged defects in the 
lattice must be equal. We can think of these defects as being grouped into neutral pairs, while 
they don’t have to be close together in many cases.  

Defects can be introduced into the lattice in three ways: (a) by thermal excitation, (b) by 
deviation from stoichiometry, and (c) by doping [12].  

Two common types of disorder in ionic solids are Schottky and Frenkel defects. Schottky 
defects involve equivalent number of cation and anion vacancies. Frenkel defects consist of same 
amount of interstitial ions and corresponding ion vacancies. These two types of disorder are 
shown in Figure 2.4.  
 
 

 

 

 

 

 

 

 

 

 

 

 

           

(a)                                      (b) 

Figure 2.4. (a) Schottky defects, and (b) Frenkel defects. 
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Nonstoichiometry occurs when there is an excess of one type of defect relative to that at the 
stoichiometric composition. Since the ratio of cation to anion lattice sites is the same whether a 
compound is stoichiometric or nonstoichiometric, complementary electronic defects must be 
present to preserve electroneutrality. One example is given in figure 2.5 by NiO [13], which 
should be written strictly as Ni1-δO, where δ is a measure of the concentration of nickel ion 
vacancies. Since the vacancies are negatively charged, an equivalent amount of electron holes 
should be present in the form of Ni3+. By virtue of the chemical equilibrium between the oxygen 
and defects one can experimentally control the valence state of a component (i.e. Ni3+/Ni2+). 
Therefore one can control the electrical conductivity of a compound by fixing the component 
activities (i.e. the oxygen partial pressure). The extent of nonstoichiometry and defects as a 
function of activities of the electroactive component will be discussed later. 
 

 

 

 

 

 

 

 

 

 

 

 

 

C. Wagner [14] was the first to point out the possibility of the controlled introduction of 
defects by means of dissolving a third heterovalent component in binary ionic crystals. The 
excess charge introduced by this third component will be compensated either by the controlled 
valence as discussed above, or by vacancies or interstitial ions. This theory can be easily 
extended to crystals and compounds with more than two or three components. 

Electronic defects may arise as a consequence of the transition of electrons from valence 
band to conduction band, leaving an electron hole behind. When electrons or electron holes are 
localized on ions in the lattice, the semiconductivity arises from electrons or electron holes 
moving between the same ions with different valences, which is called the hopping mechanism. 
 

Ni2+   O2-   Ni2+   O2-   Ni2+   O2- 

O2-   Ni2+   O2-         O2-   Ni2+ 

Ni2+   O2-   Ni3+   O2-   Ni2+   O2- 

O2-   Ni2+   O2-   Ni2+   O2-   Ni2+ 

Ni2+   O2-   Ni2+   O2-   Ni3+  O2- 

O2-   Ni2+   O2-   Ni2+   O2-   Ni2+ 

 

Figure 2.5. Disorder in NiO: cation vacancies and an equivalent number of trivalent
nickel ions. 
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2.2.3. Conduction and transport mechanism  
 

Ionic conduction can take place in a solid via three types of mechanisms: Frenkel (ionic 
interstitial), Schottky (vacancy) and interstitialcy. A schematic interpretation of these three 
mechanisms is shown in figure 2.6.  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A detectable flow of ions only occurs when a series of ionic transport take place, which 
produces a net change in charge over the material. This can be modelled as a process of discrete 
jumps over the energy barriers.  

Electrical conductivity is one of the most important properties of a material. The total 
conductivity can be written as a sum of the conductivity of the mobile species, including ionic 
and electronic charge carriers [15]: 

∑∑∑ ===
i

iii
ii

i
i

i
i kT

Dqzc
quzc

22

σσ                      (2.19) 

 

(a) Vacancy                (b) Interstitial              (c) Interstitialcy 

Figure 2.6. Mechanisms for transport of ions. 
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where q is the elemental charge, k is Boltzmann’s constant, iiii Duzc ,,,  are the concentration, 

number of charge, electrical mobility and diffusivity of the species i , respectively. Di can be 

determined from the tracer diffusion coefficient Di
T through a correlation factor if : 

ii
T
i DfD =                                 (2.20) 

Since the mobility of an electronic carrier is often 100~1000 times larger than that of ions [16], 
this means the ionic conduction will only predominate if the concentration of ionic defect is 
100~1000 times higher than that of electronic carriers. 

For a thermally activated diffusion process, the ionic conductivity of a solid electrolyte with 
one mobile ion follows the Arrhenius dependence on the temperature: 

)exp(0

RT
E

T
a∆

−=
σ

σ                             (2.21) 

Which can be written as the following: 

RT
E

T a∆
−= 0ln)ln( σσ                            (2.22) 

If we plot ln(σT) against 1/T, we produce a straight-line relationship. σ0 is the value at 1/T=0. 
The slope of this line is the activation energy, ∆Ea. The actual temperature dependence of 
conductivity can be shown as three regions [17,18]. In region I, which appear at high 
temperatures, the electrical conduction is determined by the intrinsic defects. In region II, 
electrical conduction is controlled by extrinsic defects. In region III, at low temperature, the 
number of charge carrying defects is determined by the thermodynamic equilibrium between the 
free defects and associated pairs. 

When there are more than one type of mobile species in the material, the contribution of 
individual species to the total conduction is given by the transference number, which is the 
fraction of the conductivity of each species to the total conductivity: 

∑
=

j
j

i
it σ

σ
                                (2.23) 

In an ionic device, the transference numbers are not only the properties of the electrolyte or 
mixed conductor but also influenced by what happens at the ionic junctions [19]. Only when 
there is no impedance to the transfer of either ions or electrons across the ionic interfaces, are 
they properties of the electrolyte or mixed conductor alone. The transference number is also not a 
constant throughout a given material, but instead, is dependent on the chemical potentials of the 
component within it. Different techniques to determine the transference number can be found 
elsewhere [20,21]. 

The electrical current that passes through a galvanic cell is directly related to the transport of 
mobile ionic and electronic species. The partial flux density ji (particles/cm2·s) of any species i is 
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proportional to the overall transport force acting on it. This force can be expressed as the gradient 
of the electrochemical potential ηi: 

xqz
j i

i

i
i ∂

∂
−=

ησ
22                              (2.24) 

where ηi can be divided into an electrostatic potential component φ  and a chemical potential 

component µi: 

φµφµη qzakTqz iiiiii ++=+= ln0                     (2.25) 

where ii a,0µ  stand for chemical potential in the standard state ( 1=ia ) and the activity, 

respectively.   
With the help of equation (2.19) and (2.25), equation (2.24) can be written as: 









∂
∂

∂
∂

+
∂
∂

−=
x
c

c
a

xkT
qcz

Dj i

i

iii
ii ln

lnφ                       (2.26) 

For all species, if there is no externally applied electric potential difference, charge flux 

balance must be maintained: 

0=∑
i

ii jz                                (2.27) 

Inserting equation (2.26) into (2.27) yields the relation between the flux density for species i 

and all other ionic and electronic species: 
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which can be further transformed into the form only containing activity and concentration terms 

of neutral chemical species: 
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where e, h, i*, j* stand for electron, electron hole and neutral species i, j respectively. This 

equation gives the flux density for any chemical component and holds both for the ionic species 

within the solid or for the effective flux density of such species in their neutral form [22]. The 

quantities in the square brackets can be defined as an enhancement factor (or Wagner factor) W: 
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∂
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−= ~                          (2.30) 

where iD~  is the chemical diffusion coefficient for species i with reference to the crystal lattice. 

In the systems where two types of species dominate the transport phenomena, the chemical 

diffusion coefficients of the two species are equal, and we can use D~  for both. For the case in 

which only one ionic and one electronic species are considered, if the sample is predominantly 

an electronic conductor ( 1→et ), 

*

*

ln
ln

i

i

c
a

W
∂

∂
=                               (2.31) 
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If the sample is predominant an ionic conductor ( 1→it ) 
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and  
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∂
=                            (2.34) 

In both cases the chemical diffusion coefficients are dependent on the diffusivity of the 

minority charge carriers. It should be noted that the charge flux density could be far more than 

what would be expected from the concentration gradient alone due to the presence of the Wagner 

factor. In some cases, W as large as 105 was observed experimentally [23]. In such a case, the 

transport originates from a concentration gradient, but the major driving force for the ions is the 

local electrical field, which results from the fast electronic charge carriers pulling the ions 

behind. 
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2.2.4. Defect equilibrium and defect diagram 
 
In section 2.2.2 we gave a general introduction about the formation of defects, which is 
dependent on temperature, stoichiometry and doping level. In this section we will discuss 
primarily how the concentration of ionic and electronic defects are interrelated and their 
dependence on the above variables.  

The charges of defects and of regular lattice particles are only important with respect to the 
neutral, ideal lattice. In the discussion the charges of all the point defects are defined relative to 
the neutral lattice. Using the notation of Kröger and Vink [24], point defects in a simple binary 
compound MX can be expressed as shown in Table. 2.2, given both M and X are divalent ions.  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

i). Pure oxide compound 
 
Starting from a simple binary metal oxide compound, which has Frenkel disorder in the oxygen 
sublattice, the Frenkel defect equilibrium can be written as: 

••× +↔ OiO VOO ''                             (2.35) 

The thermal equilibrium between electrons in the conduction band and electron holes in the 
valence band is represented in similar way as: 

•+↔ henull '                              (2.36) 

As the partial pressure of the metal component is negligible compared to that of oxygen 

Table. 2.2. Kröger-Vink notation for point defects in crystals 
(M and X are divalent ions.) 

Type of defect Symbol  
Free electron 'e  

Free electron hole •h  
Vacant M site ''

MV  

Vacant X site ••
XV  

Interstitial M ion ••
iM  

Interstitial X site ''
iX  

L+ on M site '
ML  

N3+ on M site •
MN  

Ion on lattice site ××
XM XM ,  
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under most conditions, nonstoichiometry is a result of the equilibrium of the oxide with the 

oxygen in the surrounding gas atmosphere: 

↑++↔ ••× )(
2
12 2

' gOeVO OO                       (2.37) 

By using the mass action law, these three equilibriums can be represented as the following: 

[ ] [ ] )exp(0''

kT
E

KKVO F
FFOi

∆
−==⋅ ••                     (2.38) 

)exp(0

kT
E

KKnp g
ee

∆
−==                        (2.39) 

[ ] )exp(02/12
2 kT

E
KKPnV R

RROO
∆

−==••                     (2.40) 

where [ ], n and p are concentration of ionic species, electrons and electron holes, respectively. 

2OP  is the partial pressure of oxygen in the gas. RgF EEE ∆∆∆ ,,  are the formation energy of 

Frenkel defect, energy band gap and the activation energy for the equilibrium with the gas phase, 

respectively, while eF KK ,  and RK  are the temperature dependent equilibrium constants.  

With the help of electroneutrality condition, which can be written as: 

[ ] [ ]••+=+ Oi VpOn 22 ''                          (2.41) 

The four defect concentrations as a function of temperature and oxygen partial pressure 

should be in principle solved from Eqs (2.38-41). In practice, to simplify the calculation process, 

it’s easier to solve the equations for the limiting forms of Eq. (2.41), each of which is appropriate 

for a range of temperature and oxygen partial pressure [25]. At low
2OP , Eq. (2.37) is 

predominate, so Eq.(2.41) can be simplified to [ ]••= OVn 2 ; at high
2OP , it becomes [ ]''2 iOp = ; 

and at intermediate
2OP , intrinsic defects predominate, giving [ ] [ ]••= Oi VO ''  ( eF KK >>  in case 

of predominant ionic conductor). Under these conditions, the concentration of the defects can be 

easily calculated, which are shown in Table 2.3. 
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Table 2.3. Defect concentrations for pure Frenkel-like oxide 

 

 

The concentration of the defects can be plotted on a logarithmic scale versus the logarithm of 
the oxygen partial pressure as shown in figure 2.8, which is called the defect equilibrium 
diagram, or Brouwer diagram. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The corresponding conductivity curves are obtained by multiplying the carrier concentration 
by their charge and mobility, respectively. Due to the high electron/ion mobility ratio, the 
electronic curves have the shifts upward relative to the ionic ones, as is shown in figure 2.9. 
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Figure 2.8. Defect concentration vs. oxygen partial pressure for pure oxide with Frenkel
disorder. 
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ii). Doped oxide 
 

The electrical property can be largely improved by doping. For example, the ionic 
conductivity of fluorite phase of zirconia (ZrO2) can be increased by dissolving aliovalent ions, 
like Y, into the lattice, generating oxygen vacancies. The defect reaction can be written as: 

••× ++→ OoZr
ZrO VOYOY 32 '

32
2                       (2.42) 

Taking into consideration of Eqs. (2.35), (2.36) and (2.37), the electroneutrality condition is 
modified into: 

[ ] [ ] [ ]••+=++ OMi VpNOn 22 '''                        (2.43) 

It should be noted here that in Eq. (2.43), [ ]'
MN  is used instead of [ ]'

ZrY  for a more general 

expression. The defect concentrations can be deduced from Eqs. (2.38), (2.39), (2.40) and (2.43) 
following the same way as described before. The defect concentrations and the corresponding 
Brouwer diagrams are shown in Table.2.4, figure 2.10 and 2.11, respectively. The defects in 

doped oxide have same relation as those in pure oxide at very low and high 
2OP  limit. The 

difference from the previous situation is that there are now two intermediate regions, both being 
impurity-controlled. 

 

Figure 2.9. Conductivity vs. oxygen partial pressure for pure oxide with Frenkel
disorder. 
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Table 2.4. Defect concentrations for doped Fenkel-like oxide at intermediate 
2OP range. 
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Figure 2.10. Defect concentration for acceptor-doped oxide with Frenkel disorder. 

 
Figure 2.11. Conductivity of acceptor-doped oxide with Frenkel disorder. 
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2.2.5. Generation of OCV 
 

The electrolytes and electrodes of a galvanic cell are predominant ionic and electronic 
conductors, respectively. The concentrations of the mobile charge carriers, i.e. ions in the 
electrolytes and electrons or holes (also ions for mixed conductors) in the electrodes, are high. 
Thus the chemical potential of the mobile charge carriers keep nearly constant inside the 
materials according to Eq. (2.25), in which the activity ai can be replaced by the product of the 
activity coefficient γi and concentration ci. As a result, there will be no electrical fields within the 
electrolyte and electrodes. Any possible electrical field will be destroyed by a small motion of 
large number of mobile charge carriers. On the other hand, both type of charge carriers have to 
be taken into consideration in the electrolyte and electrodes, even the concentrations of the 
minority charge carriers are normally very low. This will lead to large differences in chemical 
potentials of the minority charge carriers due to the large change of the chemical potential of the 
neutral electroactive component between the two electrodes according to the ionization 
equilibrium: 

−+ += eMM zz ηηµ                             (2.44) 

which can be transformed into: 

( ) −+−+ +=−++= eMeMM zqzzq zz µµφµφµµ                 (2.45) 

Inside the electrolyte, the chemical potential of the mobile ions +zMµ  and electrostatic potential 

φ  remain constant; the chemical potential of electronic species −e
µ  will change simultaneously 

with the neutral species Mµ . 

Since there are no electrical fields available inside both the electrolyte and electrodes, 
generation of the open circuit voltage of the galvanic cell can only occur at the interfaces (or 
ionic junctions). Under the assumption of isothermal and isobaric conditions, the electrochemical 
potential will equilibrate across the interfaces for all mobile species. It should be noted here that, 
according to Duhem-Margules’ equation, changes of activities of all other species in the material 
have an influence on those of the electroactive ones. Based on the assumption that all those 
species expect the electroactive ones are sufficiently immobile and not able to achieve 
equilibrium across the interface within the given period of time, only the mobile ions and 
predominant electronic species are being considered in our discussion. 

The equilibrium process of the electroactive species across the ionic interface is similar to 
what happens at the semiconductor junction. An electrical field at the interface is formed to 
compensate the driving forces for both ionic and electronic species in view of their concentration 
gradient between the two phases. For both species, the diffusion flux jD is compensated by the 
drift flux jE,  
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which means that the magnitude of the electrical field is only dependent on the concentration 
gradient of the mobile charge carriers, but not on the diffusivity or other factors. To achieve this 
equilibrium, there may be a large number of mobile species moving between the two phases, 
depending on their compositions. So the equilibrium of the second fastest species is the rate 
determining process. These are electrons in case of electrolytes and ions in case of electrodes.  

The local variations of the electrostatic and chemical potential of the charged and neutral 
electroactive species at the interface before and after the contact of an oxide ion electrolyte and 
an electrode is shown in figure 2.12.  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.12. Local variations of −2O
µ , ×O

µ , −e
µ and φ  before and after contact. 
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Two electrical fields are generated at the two interfaces in a galvanic cell. When there is a 
chemical potential difference of electrons between the two interfaces, which cannot be balanced 
by the motion of electrons through the electrolyte because of the blocking nature, an OCV is 
established. The local variations of the electrostatic and chemical potential of the charged and 
neutral electroactive species in the case of an oxide ion electrolyte is shown in figure 2.13 [6]. 
Both figure 2.12 and 2.13 are drawn based on the following requirement: 

i) Electrochemical potentials of the species are in equilibrium across the interface; 
ii) Electrostatic potential only changes across the interface under open circuit condition; 
iii) Chemical potentials of the majority charge carriers keep constant in their phases, 

while changes only occur at the interface; 
iv) The ionization equilibrium (2.44) holds everywhere in the galvanic cell.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In the case of an electrical current across the galvanic cell, the chemical potentials of the 
majority charge carriers remain nearly unchanged, while those of the minority charge carriers are 
changed. Under this condition, the diffusion fluxes cannot be fully compensated by the drift 
fluxes. There is a net flux of the charge carriers, which is everywhere the same in the cell. In the 
case of an oxide ion conductor, the electrostatic potential drop at the cathode/electrolyte interface 
will be decreased to drive the oxide ions from the cathode to the electrolyte and the electron 
holes from the electrolyte to the cathode, while at the anode/electrolyte interface, the electrostatic 

 
 

Figure 2.13. Local variations of chemical and electrostatic potential of the species in the
case of an oxide ion conductor under open circuit condition and upon a current flux. 
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potential will be increased to allow the oxide ions and electrons to diffuse from the electrolyte to 
the anode. In order to drive the ions across the electrolyte, another electrostatic potential drop is 
required inside the electrolyte, which is always referred as the IR-drop. The local variations of 
the electrostatic and chemical potential of the charged and neutral electroactive species in the 
case of an oxide ion electrolyte when a current is passed is also shown in figure 2.13. 
 

Figure 2.14 schematically shows the general arrangement of galvanic cells with the interfaces 
marked as I, II, III and IV. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

If two identical metal materials are used as electrical leads to connect the electrodes of the 
galvanic cell with a potential measuring device, the chemical potentials of the electrons in the 
two leads are same because of the large concentration of electrons: 

IV
e

I
e µµ =                                 (2.47) 

Using Eqs. (2.25) and (2.47), the difference in the electrostatic potential between the two 
metallic leads can be written in term of the difference in the electrochemical potential of the 
electrons: 

( )IV
e

I
e

IIV

q
E ηηφφφ −=−=∆=

1                      (2.48) 

The electrode materials used in the galvanic cell should also have large number of electronic 
charge species. Therefore there should be no electrochemical potential gradients in the electrodes. 
Thus the cell voltage can also be expressed as the difference in the electrochemical potential of 
electrons between the interface II and III: 

( ) ( )III
e

II
e

IV
e

I
e

IIV

qq
E ηηηηφφφ −=−=−=∆=

11               (2.49) 

Utilizing the ionization equilibrium (2.44), the electrochemical potential of electrons can be 

 
Figure 2.14. Schematic drawing of a galvanic cell with the interfaces marked as I, II, III and 
IV. 
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replaced by the differences in the electrochemical potential of the mobile ions and the chemical 
potential of the neutral species: 

( ) ( )II
i

III
i

III
i

II
i

III
e

II
e zz

zqq
E ++ −+−=−= ηηµµηη 11                (2.50) 

The difference in the electrochemical potential of the ions can be neglected in view of the 
large concentration of ions in the electrolyte. So the cell voltage is simplified into: 

( )III
i

II
izq

E µµ −=
1                            (2.51) 

which can be expressed in term of the activities of the neutral electroactive species: 
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a
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zq
kTE lnln ==                         (2.52) 

Eq. (2.52) (Nernst’s equation) holds for the electrolyte with the transference number 1=iont . 

Although electrolytes are predominant ionic conductor, the minority electronic charge carriers 
play also important roles in such materials. They are responsible for many kinetic and other 
properties. Transports of the ionic fluxes are always accompanied with the electronic fluxes due 
to the local charge and charge flux neutrality conditions. If we assume that only one type of 
mobile ionic and electronic charge carriers are predominant, under open circuit condition, Eqs. 
(2.24) and (2.27) provide the relation between the electrochemical potentials of the two species: 

xzx
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                           (2.53) 

Differentiating Eq. (2.50), and then substituting Eq. (2.53) into the new equation, we can get: 
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                    (2.54) 

It should be noted that the superscript II and III here don’t mean the electrolyte/electrode 
interfaces any more. They are the boundaries of an infinite small region in the electrolyte. 
Substituting Eq. (2.54) into the differential form of Eq. (2.50), we can have the generalized 
Nernst’s equation: 

ieelectrolyt iondt
zq

E µ∫=
1                          (2.55) 

which means that only the dependence of the transference number on the chemical potential of 

the mobile component plays the role in the formation of the voltage. When 1=iont , Eq. (2.55) is 

just the same as Eq. (2.52).



Chapter 2 Theoretical aspects                                                            2.2.6. SEA concept 
 

- 33 - 

33

 

2.2.6. SEA concept 
 
Figure 2.9 shows the dependences of the electrical conductivities in a pure oxide on the oxygen 
partial pressure. In principle, all the oxides are mixed ionic and electronic conductors. As long as 
the oxygen partial pressure is sufficiently high or low, the electronic conductivities become 
predominant and follow the 4/1±  slope dependence in Brouwer diagram. In a fuel cell, the 
partial pressure of oxygen changes from about 10-30 bar at the anode side to air or oxygen at the 
cathode side. Conventional fuel cells require that the electrolytes should be always 
predominantly ionic conducting in this range of the oxygen activity, while in SEA concept the 
electronic conductivity at the two ends should be higher than ionic conductivity. A schematic 
drawing of the conductivities in a normal fuel cell and SEA concept are shown in figure 2.15.  
 

 

 

 

 

 

 

 

 

 

 

 

 

The strategy to fulfill the requirement of SEA is to increase the concentrations of the 
electronic charge carriers under the working conditions by doping. Once the concentrations of 
the charge carriers are increased, the ionic junctions are no longer as sharp as described before, 
but may extend over a wide regime, which may be comparable in thickness to those of the 
electronic pn-junctions. In case that the electronic conductivity becomes dominant and high 
enough at both interfaces, the surface charge region of the electrolyte can actually work as the 
electrode; and the separate electrode can be omitted [6,26]. Since the chemical potential of 
oxygen drops continuously through the cell, there will be always a region of predominant ionic 
conducting that blocks the electronic short circuit. The cell voltage will be reduced according to 
Eq. (2.55), which can be reflected from the narrowing of the electrolyte domain in Brouwer 
diagram by shifting the electronic lines upwards. However, this voltage drop could be much 
smaller than other overpotential losses in normal three component cells. Also, this energy loss 
due to the mixed conduction at the surfaces might be recovered as heat in real applications.  

Different types of materials were chosen to be modified for SEA concept. Detailed 
discussions, regarding the structure and electrical properties, will be presented in chapter 3 and 5, 
respectively. 

 

Figure 2.15. Schematic drawing of the conductivities in a normal fuel cell and SEA. 
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2.3. Background to experimental methods  

2.3.1. X-Ray Powder Diffraction 
 
X-rays are electromagnetic radiation with photon energies in the range of 100 eV-100 keV. For 
diffraction applications, only short wavelength x-rays in the range of a few angstroms to 0.1 
angstrom (1 keV - 120 keV) are used. Because the wavelength of x-rays is comparable to the size 
of atoms, they are ideally suited for probing the structural arrangement in a wide range of 
materials. The energetic x-rays can penetrate deep into the materials and provide information 
about the bulk structure. 

In laboratory x-ray instruments, x-rays are normally generated in x-ray tubes by a focused 
electron beam bombarding a solid target. Common targets used include Cu and Mo, which emit 8 
keV and 14 keV x-rays with corresponding wavelengths of 1.54 Å and 0.8 Å, respectively. 

Diffracted waves from different atoms can interfere with each other. If the atoms are arranged 
periodically as in crystals, the diffracted waves will consist of sharp interference peaks, which 
contain the information of the atomic arrangement. The peaks in an x-ray diffraction pattern are 
directly related to the atomic distances through the Bragg's law, which is shown in figure 2.16, 
where d is the distance between the lattice plane, λ is the wavelength of the x-ray and n is an 
integer representing the order of the diffraction peak.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Powder XRD (X-ray Diffraction) is perhaps the most widely used x-ray diffraction technique 

for characterizing materials. The term 'powder' really means that the crystalline domains are 
randomly oriented in the sample. The positions and the intensities of the peaks are used for 
identifying the structure, lattice constant and grain size of the material. Detailed discussions 
about XRD can be found in a lot of books and journal articles on this subject [27].  

The database of diffraction patterns used is from the Joint Committee for Powder Diffraction 
Studies (JCPDS). 

 
 

Figure 2.16. Bragg's law 
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2.3.2. Thermal analyses 
 

Thermal analyses include a group of methods by which physical and chemical properties of a 
substance and/or a mixture are determined as a function of temperature or time. Only three of the 
TA methods are listed below: 
 

Differential Thermal Analysis (DTA) measures the difference in temperature between a 
sample and a thermally inert reference as the temperature is raised. The plot of this differential 
provides information on exothermic and endothermic reactions taking place in the sample. 
Temperatures for phase transitions, melting points, crystallization can all be determined using the 
computer controlled graphics package. 
 

Thermogravimetric Analysis (TGA) measures changes in weight of a sample with increasing 
temperature. Moisture content and presence of volatile species can be determined with this 
technique. Computer controlled graphics can calculate weight percent losses. TGA gives no 
direct chemical information. 
 

Dilatometry (DIL) is a technique by which the dimensional changes of the sample are 
monitored as a function of temperature or time. 
 

 

 

2.3.3. Impedance spectroscopy 
 

Electrochemical impedance spectroscopy (EIS) or impedance spectroscopy (IS) is one of the 
most powerful tools to analyze the characteristics of an electrochemical system. Compared to the 
DC techniques, which are mostly complicated and difficult to overcome the problems due to the 
nonlinear polarizations at the interfaces, impedance spectroscopy is easier to perform, with the 
capability to separate the contributions from different processes. Electrochemical Impedance is 
normally measured using a small excitation signal. This is done so that the cell's response is 
pseudo-linear, and the current response to a sinusoidal potential will be a sinusoid at the same 
frequency but shifted in phase. By applying a small AC voltage at varying frequencies, the phase 
shift and amplitude of the resulting current are recorded, from which the contributions from the 
bulk materials, grain boundaries in case of polycrystal, electrode processes and ionic junctions to 
the electrical properties could be distinguished from each other. The frequencies most employed 
in this technique can range from several mHz to more than 10 MHz, which are determined by the 
components of interest in the system. This is because in solid state systems all phenomenon have 
a characteristic capacitance and relaxation time [28]. Such capacitances are shown in Table 2.5.



Chapter 2 Theoretical aspects                                                  2.3.3. Impedance spectroscopy 
 

- 36 - 

36

 

Table. 2.5 Capacitance values with possible characteristics for a given capacitance. 

Capacitance (F)  Characteristic responsible 
10-12 Bulk 
10-11 Second phase in minor quantities 

10-12~10-8 Grain boundary 
10-10~10-9 Bulk ferroelectric 
10-9~10-7 Surface layer 
10-7~10-5 Sample-electrode interface 

10-4 Electrochemical reactions 
 

 

i). Basics 
 

If a small voltage is applied in a sinusoidal manner with time as follows: 

( )tVtV ωcos)( 0=                              (2.56) 

where 0V  is the amplitude of the signal, ω  is the angular frequency (radians/s), which is 

related to the frequency f  (hertz) by: 

fπω 2=                                  (2.57) 

then the current response is also sinusoidal, but out of phase with the potential by an angle θ : 

( ) ( )θω += tItI cos0                             (2.58) 

where oI  is the current amplitude. 

The impedance is defined as the ratio between the voltage and current in the complex plane: 

⋅

⋅
⋅

=
I

VZ                                  (2.59) 

where · represents the complex number. 
Generally, it’s convenient to describe these quantities in terms of real and imaginary 

coordinate. Then the ac voltage V  can be expressed as a complex number: 

jVVV ''' +=                                (2.60) 

where 1−=j , 'V  and ''V  are the real and imaginary part, respectively. 

Using the Euler’s relationship:  
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( ) θθθ sincosexp jj +=                          (2.61) 

Eq. (2.60) can be written as: 

)exp(sincos 000 ωωω jVjVVV =+=                   (2.62) 

In the same way, the current can be expressed as: 

)exp(0 θω −= jII                            (2.63) 

According to Eq. (2.59): 

)exp(''' θjZjZZZ =+=                         (2.64) 

with ( ) ( )
0

02''2'

I
V

ZZZ =+= , '

''
1tan

Z
Z−=θ , which can be plotted in a complex plane as 

shown in figure 2.17. This type plot is also known as Nyquist plot or Cole-Cole plot. Another 

type is called Bode plot, which is a plot of Zlog  vs. ωlog . 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

ii). Circuit elements 
 

Given the basic theory, we can now look at impedance expressions for some simple electrical 

circuits as shown in Table 2.6. The impedance of a resistor RZ  is simply the resistance R, which 

is represented by a single point on the real axis in the Nyquist plot, while a capacitance 

CjZC ω
1=  is shown as a straight line on the imaginary axis. If there is a resistance in series 

 

Figure 2.17. Complex plane representation of an impedance vector. 
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with a capacitance the impedance CRZ −  is given by: 

CjRZZZ CRCR ω
1+=+=−                        (2.65) 

If they are combined in parallel, the impedance RCZ  is then given by: 

Cj
RZZZ CRRC

ω+=+=
1111                         (2.66) 

which gives: 

j
CR

CR
CR

RZ RC 222

2

222 11 ω
ω

ω +
−

+
=                      (2.67) 

RCZ  has the shape of a semicircle on the complex impedance plane. At very low frequencies, all 

the current flows through the resistor, while at very high frequencies, the current is short 
circuited by the capacitor. On the top of the semicircle, the real and imaginary parts are equal, 
which define the relaxation time τ  of the ‘RC’ element: 

ω
τ 1

== RC                                (2.68) 

 
Table 2.6. Basic circuit elements and their Nyquist plots. 

Circuit elements Impedance equation Nyquist plot 

 R  

 

 
CjZC ω
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 CjRZ CR ω
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iii). Simple Circuit  
 

The electrochemical cell can be described by a equivalent circuit, which is a combination of 
capacitors and resistors. A simple example is given in figure 2.18, where two ionic blocking 
electrodes are used on top of a solid electrolyte. The Ohmic resistance of the electrolyte can be 
represented as a pure resistor, Ri in figure 2.19. The capacitive properties of the two 
electrolyte/electrode interfaces are combined into one capacitor, Cint, with the subscript ‘int’ 
being the abbreviation of interface. Cint is sometimes also call the double layer capacitor Cdl. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

At higher frequencies an additional geometrical capacitance, Cgeom, due to the presence of a 
dielectric material between the two parallel metallic electrodes is involved as shown in figure 
2.20. This is often called the “Debye circuit”. The corresponding Nyquist plot is shown in 
figure.2.21. 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.18. Solid electrolyte with
two ion-blocking electrodes. 

 

 

 

 

 

 

Figure 2.19. Equivalent circuit for the cell
shown in figure 2.18 at low frequency. 

 

 

Figure 2.20. Debye circuit. 
 

Figure 2.21. Nyquist plot of Debye circuit.
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In figure 2.21, the impedance may not go all the way down to the real axis at intermediate 
frequencies if the values of Cgeom and Cint are not sufficiently different from each other. The low 
frequency tail is not vertical in most cases, but is inclined at an angle from the vertical, as 
illustrated in figure 2.22. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Such kind of deviation from the ideal Debye circuit behaviour is related to the processes 
occurring at the electrolyte/electrode interfaces [29]. These processes can be represented in the 
equivalent circuit by the following element: 

αα ωω −− −= jBAZ                             (2.69) 

If the electrodes are not completely blocking for the transport of ion, then the electroactive 
species can diffuse to or from the electrodes as a neutral reaction product according to Fick’s 
second law. In this case, the low frequency tail will fall onto a straight line with a slope of 45 
degrees, as shown in figure 2.23. Eq. (2.69) can then be written as: 

2
1

2
1 −− −= ωω jBAZW                            (2.70) 

where ZW is the so called Warburg impedance, A and B include the information of the diffusion 
coefficient, the charge-transfer resistance, Rct, and the interfacial capacitance, Cint.  

If ionic transport through the solid is hindered by the presence of internal interfaces, e.g. 
grain boundaries, the additional ionic impedance, Rgb, must act in series with the bulk ionic 
resistance. The blocking effect from the grain boundaries can be represented by a parallel local 
capacitance, Cgb.  

The equivalent circuit, considering the Warburg impedance and the grain boundary effect is 
shown in figure 2.24. The corresponding Nyquist plot consists of three semicircles with a straight 
line at the low frequency end following 45 degrees slope, as shown in figure 2.25. In the real 
electrochemical systems, the Nyquist plots may differ from figure 2.25, in view of the different 

 

Figure 2.22. Nyquist plot showing
tilted tail at low frequencies. 

 

Figure 2.23. Nyquist plot showing
Warburg impedance. 
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material properties and working conditions. Detailed discussion about impedance spectroscopy 
and their applications can be found elsewhere [19,30]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.24. Equivalent circuit with the Warburg impedance and grain boundary 
impedance. 

 
 

Figure 2.25. Nyquist plot of the equivalent circuit shown in figure 2.24. 
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2.3.4. Gas mixtures 
 

Oxygen partial pressure can be controlled by means of different gas mixtures. For example, 
2OP  

range from 10-5 bar to 1 bar can be obtained by simply mixing O2, air or 1000 ppm O2 with inert 

gas, like Ar. The value of 
2OP  is determined by the ratio between the two gases. However, the 

control of oxygen partial pressure at very low values is much complicated than that of the other 
side. Normally this can be achieved by establishing the gas equilibriums between CO2 and H2, or 
CO2 and CO.  
 

i) CO2/H2 mixture 
 

Initially, when only CO2 and H2 are present in the gas system, equilibrium is established as 
below: 

OHCOHCO 222 +⇔+                           (2.71) 

At high temperature, H2O is present in gas state. Once CO and H2O are introduced, there are 
two more equilibrium established simultaneously: 

OHOH 222 2
1

⇔+                              (2.72) 

222
1 COOCO ⇔+                              (2.73) 

with the equilibrium constant 1k  and 2k , respectively: 

2
1

22

2
1

OH

OH

pp

p
k =                                 (2.74) 

2
1

2

2
2

OCO

CO

pp

p
k =                                 (2.75) 

In a closed system, the total amount of each element should be kept constant no matter in 
what form they are exist. Thus the following three conditions should be fulfilled for the amount 
of C, H and O, respectively: 

[ ] [ ] [ ]COCOCO += 2
0

2                             (2.76) 

[ ] [ ] [ ]OHHH 22
0

2 222 +=                            (2.77) 

[ ] [ ] [ ] [ ] [ ]222
0

2 222 OOHCOCOCO +++=                    (2.78) 
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where the superscript denotes the initial concentration. The numbers (or concentrations) of the 
gas phases are proportional to their partial pressures. Thus Eqs (2.76)-(2.78) can be rewritten as: 

COCOCO ppp +=
22

0                              (2.79) 

OHHH ppp
222

0 +=                              (2.80) 

2222
222 0

OOHCOCOCO ppppp +++=                      (2.81) 

From (2.79) and (2.81) we can have: 

22
2 OOHCO ppp +=                              (2.82) 

2222
20

OOHCOCO pppp −−=                          (2.83) 

With the help of Eqs. (2.80), (2.82) and (2.83), the equilibrium constant 1k  and 2k will have 

the following forms: 

2
1

222

2

)( 01
OOHH

OH

ppp

p
k

−
=                            (2.84) 

2
1

222

222

)2(

20

2
OOOH

OOHCO

ppp

ppp
k

+

−−
=                          (2.85) 

From (2.84), 

2
1

2

2
1

22

2

1

0
1

1 O

OH
OH pk

ppk
p

+
=                              (2.86) 

Substituting (2.86) into (2.85) for OHp
2

: 

0)()2()(22 000
1

0
2121

2
21 2

2
1

22222

2
3

22
=−−+++++ COOCOHOHOO ppppkppkkpkkpkk     (2.87) 

Since 
2Op  is mostly in the range of 10-25~10-15 bar, so the first two items in Eq. (2.87) can 

be ignored, which leads to the form: 

0)())(2( 000
1

20
21 2

2
1

222

2
1

22
=−−++ COOCOHOH ppppkppkk               (2.88) 

It’s convenient to introduce the parameter, x, defined as: 

0

0

2

2

H

CO

p
p

x =                                 (2.89) 

Under the condition of 
21

0 2
2 kk

pH >> , the oxygen partial pressure can be calculated by: 
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21
2
2

2

2 4
)1(

2
1

2
1

2 kk
x

k
x

k
xpO +

−
+

−
=                        (2.90) 

1k  is the equilibrium formation constant of gaseous OH 2 , which can be directly taken from 

[31], while 2k  is the difference of the equilibrium formation constants of 2CO  and CO . Table 

2.7 lists the 1k , 2k  and 
2OP  at different temperatures and x  values. The results are also 

plotted in figure 2.26.   
 

Table 2.7  

2
log OP  (bar) 

T (K) log k1 log k2 

x1=100 x2=10 x3=1 x4=0.01 

800 13.293 13.909 -23.8 -25.6 -27.2 -30.6 

900 11.503 11.856 -19.7 -21.6 -23.3 -27.0 

1000 10.066 10.214 -16.4 -18.4 -20.3 -24.1 

1100 8.888 8.874 -13.7 -15.7 -17.8 -21.8 

1200 7.904 7.758 -11.5 -13.5 -15.7 -19.8 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.26. TsvPO /1000..log
2

 of mixture of H2 and CO2. 
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ii) CO2/CO mixture 
 
The oxygen partial pressure in CO2/CO mixture is easily obtained by simply considering the 
equilibrium (2.73). From (2.75), the oxygen partial pressure is as follows: 

2

2

2

2

2

2 







=








⋅

=
k
x

kp
p

p
CO

CO
O                         (2.91) 

x  is the ratio between 
2COp  and COp . Table 2.8 and figure 2.27 list some results from 

CO2/CO mixture. 
 

Table 2.8  

2
log OP  (bar) 

T (K) log k2 

x1=1000 x2=10 x3=1 x4=0.01 

800 13.909 -21.8 -25.8 -27.8 -31.8 

900 11.856 -17.7 -21.7 -23.7 -27.7 

1000 10.214 -14.4 -18.4 -20.4 -24.4 

1100 8.874 -11.7 -15.7 -17.7 -21.7 

1200 7.758 -9.5 -13.5 -15.5 -19.5 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.27. TsvPO /1000..log
2

 of mixture of CO2 and CO. 
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2.3.5. EMF measurement 
 

i) Kiukkola-Wagner cell 
 
Kiukkola-Wagner type cells were initially used to determine the standard molar free energy of 
formation of several compounds such as CoO, NiO, Cu2O, Ag2S [32,33]. An oxide cell can be 
generally written as the following: 

BOBeelectrolytAOA ,,                          (2.92) 

where A, B and AO, BO are metals and metal oxides, respectively. Assuming the ionic 
transference number of the electrolyte is 1, the EMF of such cell is: 

zF
GE r∆−=                                (2.93) 

z and F have the normal meanings, while BOFAOFr GGG ∆−∆=∆  stands for the Gibbs reaction 

energy of the following reaction: 
BAOBOA +→+                             (2.94) 

If one of the Gibbs formation energies of the two oxides AOF G∆  and BOF G∆  is known, then 

the other one can be determined by Eq. (2.93).  
The cell (2.92) is also a measure of the activity difference of oxygen, which is given by the 

mixtures of the metal and metal oxide. The Gibbs formation energy can be written as: 

2
1

22
1

2

'

'
ln1lnln O

O

AOAOF pRT
p

RTKRTG =−=−=∆              (2.95) 

2
1

22
1

2

"

"
ln1lnln O

O

BOBOF pRT
p

RTKRTG =−=−=∆              (2.96) 

where KAO, KBO are the equilibrium constants of the formation reactions: 

AOOA →+ 22
1                            (2.97) 

BOOB →+ 22
1                            (2.98) 

Thus Eq. (2.93) can be rewritten as: 

'

"

2

2ln
2 O

O

p
p

zF
RTE =                             (2.99) 

Eq. (2.99) is actually same as (2.52).  
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In this work, Kiukkola-Wagner type cells are used to estimate what type of conduction is 
predominant in the material. Figure 2.28 shows the oxygen partial pressures given by different 
metal and metal oxide mixtures. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

ii) Gas concentration cell 
 
Different from Kiukkola-Wagner type cells, the activities of the neutral electroactive species at 
the two electrodes are given by the gas phases directly. The EMF is calculated by Eq. (2.52). 
 
 
 
 

 
Figure 2.28. Oxygen partial pressures given by different metal and metal oxide
mixtures. 
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Chapter 3 

Material aspects 

3.1. General introduction  
 

General requirements for electrolytes in fuel cells include: 
i) High ionic conductivity with negligible electronic conductivity; 
ii) High chemical stability in the working environment. 

 
Both oxide ion and proton conductors can be used as electrolyte for fuel cells. Because of the 

high activation energy for oxide ion conduction, generally high temperatures (>800°C) are 
required to reach the reasonable conductivity. At high temperatures, solid oxide materials are 
favorable for fuel cell applications due to the presence of high oxygen partial pressure under 
working conditions. Among those materials, yttria-stabilized-zirconia (YSZ) was found to be the 
best material for its high conductivity and chemical stability [1-5]. To date, YSZ is still the most 
widely used electrolyte for SOFC in the real applications. Higher oxide ion conductivities have 
been found in materials based on CeO2, LaGaO3; however, their applications are limited to some 
extent by the low chemical stability [6-15]. Protons were shown to exist in some oxides as 
minority charge carriers in the 1960s [16,17]. Predominant protonic conductions were found in 
materials based on SrCeO3 [18], SrZrO3 [19], BaCeO3 [20] and some other materials under 
hydrogen-containing atmospheres. Severe problems related to these materials are also mostly due 
to the stability, especially the high reactivity with CO2. More comprehensive reviews about the 
electrolyte materials can be found elsewhere [21,22]. 

 

Compared to normal fuel cells, SEA concept has several advantages that have been 
mentioned in chapter 1. It demands the new requirement for the materials as well. The following 
requirement should be fulfilled for SEA: 

i) Predominant electron hole conduction in oxidizing atmosphere; 
ii) Predominant electron conduction in reducing atmosphere; 
iii) Predominant ionic conduction at intermediate oxygen partial pressure range; 
iv) High catalytic effect on the surface under both oxidizing and reducing conditions. 

 
In this chapter, we will give a brief introduction to the common electrolytes, and discuss the 

possibilities of using them for SEA concept by modifying their electrical properties. 
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3.2. Fluorite-type oxide electrolytes  
 

The fluorite type material YSZ is the most widely used electrolyte in SOFC. To lower the 
operating temperature, extensive work has been done to look for new fluorite materials with high 
conductivity values than that of YSZ. A schematic view of the fluorite structure is show in figure 
3.1.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

From the structural point of view, the oxide ion must cross a bottleneck limited by three 
cations located on one of the triangular faces of its coordination tetrahedron to reach to a new site. 
The simplest way to make this crossing easier is to occupy the cation sites with polarizable 
cations. As the polarizability of an ion increases with the size, big cations are preferred. On the 
other hand, the ratio between the cation and anion radii must be close to 0.7 to maintain the 
fluorite structure. Since the oxide ion radius is 1.38Å when the coordination number is four, the 
optimum cation size should be close to 1Å. Thus only elements located at the beginning of the 
lanthanide series can ideally fit the size requirement [23]. 

Pure ceria is basically a poor ionic conductor and its ionic conductivity is very low. The ionic 
conductivity can be significantly enhanced by cation doping as a result of the increase in oxygen 
vacancy concentration. The ionic conductivities of a series of ceria-based oxides are higher than 
YSZ, and Sm doped ceria was found to have the highest conductivity [24-26]. Figure 3.2 shows 
the conductivities of several ceria-based oxides according to Yahiro et al. [27]. The higher 
conductivities of Sm and Gd doped ceria are mainly due to the close radii to that of cerium, 
which leads to the smaller values of the association enthalpy [28]. 

 

 

 

Figure 3.1. A schematic view of the fluorite type structure. 
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The electrical conductivities of doped ceria are constant in the high and intermediate oxygen 

partial pressure region, but they increase at low oxygen partial pressure range with decreasing 

2OP . The n-type conduction appears because of the number of conductive electrons increase with 

the reduction of ceria. It also increases with increasing temperature. Different approaches have 
been conducted to minimize the electronic conduction. For examples, a thin YSZ layer is 
deposited between ceria and anode [29,30]; extra dopant is introduced into the lattice to trap the 
mobile electrons [31]. However, instead of try to block this electronic conduction, we can take 
advantage of it in SEA concept. A more critical problem related to the reduction could be the 
cracking due to the large difference on ionic radii between Ce4+ (0.97Å) and Ce3+ (1.143Å), 
which always cause failure during EMF and fuel cell measurement. In SEA concept, we need 
both n and p type conductions under the working conditions. To do so, dopant with mixed 
valence, like Pr, was also introduced into the lattice: 

••×× +++ → OOCeCe
CeO VOO 11Pr4Pr2Pr '

116
2                    (3.1) 

Under oxidizing conditions, the electron hole conduction is supposed to take place via the 
hopping mechanism: 

×• ↔+ CeCe h PrPr '                                (3.2) 

 

 
Figure. 3.2. Arrhenius plots of the ionic conductivity of ceria based oxides doped with
rare-earth oxides according to Yahiro et al. [27]. 
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3.3. Perovskite-type oxide electrolytes I 
 
The name perovskite is generally used for metal oxides with the formula ABO3, where A is the 
larger twelve-coordinated cation and B is the smaller six-coordinated cation. A unit cell of the 
perovskite structure and the BO6 polyhedron stacking are shown in figure 3.4.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
The ions on A site should be large in order to achieve the large free volume, while the ions on 

B site should be chosen to adjust the so called tolerance factor (or Goldschmidt factor) to be close 
to 1 [32]. The tolerance factor, introduced by Goldschmidt [33], describes the relationship 
between symmetry and ionic radii in the perovskite:  

( )OB

OA

rr
rr

t
+

+
=

2
                                (3.3) 

When the factor is close to 1, the structure of the perovskite should be cubic.  
Similar to fluorite type materials, substitution of A or/and B cations by aliovalent dopants will 

introduce vacancies in the anion network that may lead to significant oxygen mobility. The first 
successful composition with high oxide ion conductivity was obtained by Feng and Goodenough 
in 1994 with the composition of La0.9Sr0.1Ga0.8Mg0.2O2.85 (LSGM). Ishihara et al. published the 
same result nearly at the same time when he studied the effect of various dopants at the La and 
Ga sites on the conductivity, and Sr and Mg were found to be the best results among the 
alkaline-earth cations.  

 

(a)                                 (b) 

Figure 3.4. (a) Perovskite type structure, (b) Stacking of the BO6 polyhedron. 
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The same authors also extended their study to the family (La0.9Ln0.1)0.8Sr0.2Ga0.8Mg0.2O3-δ 
with Ln=Y, Nd, Sm, Gd and Yb [34]. The conductivity decreases in the order Nd>Sm>Gd>Yb>Y. 
This is an illustration of the effect of the crystal lattice symmetry on the oxygen mobility: the 
conductivity decreases linearly with the departure from the ideal ion radii ratio for a cubic 
perovskite structure.  

The contribution from p and n type electronic conduction was calculated based on the defect 
model and measured experimentally [35]. When the defect concentrations are controlled by 
doping, the electroneutrality condition is given by the following: 

[ ] [ ] [ ] pVnMgSr OGaLa +=++ ••2''                          (3.4) 

Compared to ionic defects, the concentrations of electronic defects are very small. So Eq. (3.4) 
can be simplified to: 

[ ] [ ] [ ]••=+ OGaLa VMgSr 2''                             (3.5) 

From Eqs. (2.39~40) and (3.5),  

[ ] [ ]
4

1

2

2
1

''

2 Oe
R

GaLa pK
K

MgSr
p ⋅⋅







 +
=                          (3.6) 

 
Under reducing conditions, the defect equilibrium is same as Eq. (2.37). Assuming the 

concentrations of the electronic defects are small, the Eq. (3.5) still holds. Then from Eqs. (2.40) 
and (3.5), 

[ ] [ ]
4

1

2

2
1

''

2 −⋅



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


+

= O
GaLa

R p
MgSr

k
n                          (3.7) 

 

The concentrations of electron holes and electrons in LSGM have 1/4 and –1/4 dependence 
on the oxygen partial pressure, respectively. Under the working conditions of fuel cells, the 
number of electron holes and electrons are small, so LSGM is a pure ionic conductor over a wide 
range of oxygen partial pressure.  

Many perovskite oxides such as Sr-doped LaMO3 (M=Mn, Fe, Co, or Ni) exhibit very high p 
type electronic or mixed conductivity at elevated temperatures [36-40]. For example, 
La0.9Sr0.1MnO3-δ (LSM) and La0.6Sr0.4CoO3-δ are well known cathode materials. However, few 
examples have been given concerning the n type conductivity in LSGM type materials. Only Cr 
and Mn doped samples show visible increase on the conductivity at low oxygen partial pressure 
region [41-43]. Since Mn is also well known for providing the p type conductivity, it’s interesting 
to study the possibility of employing Mn doped perovskite oxides for SEA concept.  
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3.4. Perovskite-type oxide electrolytes II 
 

Generally speaking, protonic transport includes transport of protons (H+) and any assembly that 
carries protons (OH-, H2O, H3O+, NH4

+, HS-, etc.). The transport of protons (H+) between 
relatively stationary host anions is termed the Grotthuss or free-proton mechanism. Transport by 
any of the other species is termed a vehicle mechanism [21].  

Protons are not part of the nominal structure or stoichiometry in perovskite materials. But 
they are present as defects remaining in equilibrium with ambient hydrogen or water vapour: 

•••× ↔++ OOO OHVOOH 22                             (3.8) 

which is exothermic so that protons rule at low temperatures and oxygen vacancies at high 
temperatures. 

The systematic investigation of proton conducting perovskite type oxides started with the 
work of Takahashi and Iwahara in 1980 [44]. Several oxides have been shown to be good 
conductors. The most well known of these are acceptor doped Sr, Ba cerates and zirconates. 
These materials have higher proton conductivity especially at lower temperatures than pure oxide 
ion conductors, making them good candidates for intermediate temperature fuel cells. Another 
advantage of using a proton conductor for fuel cell is that water will be formed at cathode; hence 
the fuel at the anode remains pure, eliminating the need for re-circulation.  

At high oxygen partial pressures, Eqs. (2.36-37) hold for the equilibrium with the gas, so this 
type of materials also have high p-type conductivity at high temperature.  

The conductivity of perovskite proton conductors decrease in the following order: BaCeO3> 
SrCeO3> SrZrO3> CaZrO3 [45]. To get higher conductivity, two approaches are under active 
consideration: (i) to substitute A site cations with lower electronegative elements (Ba> Sr> Ca), 
and (ii) use of easy reduction element in B site (Ce> Zr). Some solid electrolyte with perovskite 
and fluorite structures are good catalysts for the oxidation of hydrogen and hydrocarbons [46], 
which make it possible to omit the separate electrode as long as the electronic conductivity in the 
surface region under the working condition is high enough. Electronic conductivities in the 
perovskite oxides have been investigated for different purpose by several authors. Various 
dopants were introduced into the lattice. Among them, Hirabayashi et al. reported the result of a 
fuel cell model operating without an anode, utilizing BaCe0.76Y0.2Pr0.04O3-δ as the electrolyte [47]. 
Worrell and his coworkers reported the effect of Pr substitution on the electronic and ionic 
conductivity of 10% Gd doped barium cerate. The introduction of Pr in the 
Ba(Ce0.9-yPryGd0.1)O2.95 solid solutions increase the p-type conductivity [48]. Fukui et al. also 
observed the increase on electron hole conductivity in Ba(Pr0.6Gd0.4)O3-δ [45,49]. In this work, we 
will also look at the possible application of this kind of material for SEA concept.  
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Chapter 4 

Experimental aspects 

4.1. Sample preparation  

4.1.1 Solid-State Reaction 
Most samples were prepared in the way of the conventional solid-state reaction. Metal oxides or 
carbonates from Chempur, Aldrich, Alfa or Merck products were used as starting materials. The 
detailed information about the starting oxides is listed in Table 4.1. Before weighting the 
stoichiometric amounts of the powers, La2O3 was annealed in air at 950°C for 24hs to remove the 
water and carbonate contents; SrCO3 was always kept in the drying chamber at 120°C. The 
mixed powders were ground in an agate mortar with a pestle, and then ball milled with 
isopropanol in the ZrO2 or Al2O3 container for 16~24hs. After drying, the ball-milled mixtures 
were calcined in Al2O3 crucibles first at 1100°C for 10hs. The obtained powders were then 
ground and ball milled again, and pressed isostatically into cylinders (15mm diameter and 25mm 
thickness). The last synthesis step was the sintering at 1500°C for 6~10hs. The heating and 
cooling rates at this step were different for fluorite and perovskite materials. Experimentally, to 
avoid cracks in the fluorite cylinders the heating and cooling rate were set to be 1°C/min. 
Generally speaking, there were no cracks found in perovskite materials after sintering, so they 
could be heated up and cooled down rapidly. The heating and cooling rate in this case were set to 
be 5°C/min. The obtained samples were cut into small pieces (0.5mm~1mm in thickness) by the 
diamond saw. Both surfaces of the pellets were polished by the diamond embedded disc with 
diamond suspension of 10µm, or 6µm~1µm when very smooth surfaces were required. For 
electrical measurement, both surfaces were covered with platinum past, and the electrical contact 
was made by heating the platinum past at 950°C for 1h. A flow chart of the solid-state preparation 
process is shown in figure 4.1 in next page.  
 
 

Table 4.1. Chemical list. 
CeO2 (99.9%, Chempur) Cr2O3 (99%, Alfa) La2O3 (99.99%, Alfa) 

Sm2O3 (99.9%, Chempur) CoO (Alfa) SrCO3 (99.9%, Aldrich) 

Pr6O11 (99.9%, Chempur) TiO2 (99.99%, Aldrich) Ga2O3 (99.99%, Alfa) 

Fe2O3 (99.9%, Alfa) SnO2 (99.9%, Merck) MgCO3 (Alfa) 

CuO (99.9%, Alfa) Bi2O3 (99.999%, Strem) Mn2O3 (99%, Aldrich) 

Sb2O5 (99.999%, Ventron Y2O3 (99.99%, Aldrich) BaCO3 (99.8%, Alfa) 
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weighted, ground mixed with isopropanol, 

ball milled for 16~24hs 

dried  calcined at 1100°C for 10hs 
Ground, ball milled again 

dried 
ground; isostatic pressing 
sintered at 1500°C for 6hs 

cut into small pellets 
Pt-paste; cured at 950°C for 1h Weighted, ground 

 

Mixed with isopropanol,  
and ball milled for 16~24hs 

 

Dried 

 

Calcined at 1100°C for 10hs 

 

Ground, ball milled again 

 

Dried 

 

Ground; isostatic pressing 

 

Sintered at 1500°C for 6hs 

 

Cut into small pellets 

 

Pt-paste; cured at 950°C for 1h

 

 

Figure 4.1. Flow chart of solid-state reaction. 
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4.1.2 Glycine-nitrate combustion 
Glycine-nitrate combustion is a wet chemical process that can produce ultrafine powders of oxide 
ceramics in a shot time at a lower calcination temperature with improved powder characteristics. 

Glycine ( 2 2NH CH COOH ) is known to act as a complexing agent for a number of metal ions as 

it has carboxylic acid group at one end and amino group at the other end [1]. Such types of 
character of a glycine molecule can effectively complex metal ions of varying ionic sizes, which 
helps to maintain compositional homogeneity among the constituents. On the other hand, glycine 
can also serves as a fuel in the combustion reaction, being oxidized by nitrate ions. For 
stoichiometric redox reaction between a fuel and an oxidizer, the ratio of the net oxidizing 
valency of the metal nitrate to the net reducing valency of the fuel should be unity [2]. In the case 

of glycine-nitrate combustion, primarily 2 2, ,N CO  and 2H O  are evolved as the gaseous 

products. Therefore, carbon and hydrogen are considered as reducing elements with the 
corresponding valencies of 4+ and 1+, while oxygen is considered as an oxidizing element with 
the valency of 2-, and nitrogen is assumed to have a valency of zero. Cerium is considered as a 
reducing element with the valency of 3+ and 4+ in its nitrate and oxide, respectively. Using these 

valencies of individual element, total oxidizing valency of 3 3( )Ce NO  work out to be 15+, 

whereas total reducing valency of 2 2NH CH COOH  is 9+ and the redox reaction can be 

expressed as follows [3]: 

)(6/61)(3/10)(3/7
4/19/156)(

2222

222233

gOHgCOgNCeO
OCOOHCHNHOHNOCe

+++
→++⋅

               (4.1) 

In the same way, the reactions for OHNOSm 233 6)( ⋅  and OHNO 233 6)Pr( ⋅  can be written 

as the following: 

)(6/61)(3/10)(3/72/1
9/156)(

22232

22233

gOHgCOgNOSm
COOHCHNHOHNOSm

+++
→+⋅

              (4.2) 

)(6/61)(3/10)(3/7Pr2/1
9/156)Pr(

22232

22233

gOHgCOgNO
COOHCHNHOHNO

+++
→+⋅

               (4.3) 

In Eq. (4.3), we have assumed that Pr is fully in 3+ state. Practically, both Pr3+ and Pr4+ exist 
in the oxide.  

The glycine-to-nitrate molar ratio for these reactions is 0.56 (or metal nitrate-to-glycine molar 
ratio of 1:1.67). It was also found that fuel-deficient ratios produce favourable powder 
characteristics due to the relatively lower flame temperature during autoignition [3]. The extreme 
fuel-deficient ratio was experimentally determined to be metal nitrate-to-glycine molar ratio of 
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1:0.9. In this work, this ratio was set to be 1:1.2 unless otherwise noted. The flow chart of 
glycine-nitrate combustion process is shown in figure 4.2. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Metal nitrates and glycine were 
mixed in required molar ratio 

 
Dissolved in a minimum  

amount of water  

 

Heated at ~80°C to become viscous

 

Heated to 220°C 

 

Autoignition 

 
Heated at 550°C for 1h to 

 remove unreacted substance  

 

Ball milled for 2hs 

 

Dried 

 

Isostatic pressing 

 

Sintered at 1300°C for 6hs 

 

Cut into small pellets 
 

 

Figure 4.2. Flow chart of glycine-nitrate combustion. 
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4.2. XRD 
 
Phase characterization was performed by XRD using the Seifert diffractometer (XRD 3000TT or 
XRD 3000PTS) with Cu Kα radiation at room temperature with the operation conditions U=40kV 
and I=30mA. Samples either in powder or pellet forms were used.  
 
 

4.3. Electrical conductivity 
 
The AC electrical conductivity was mostly measured using two-point impedance spectroscopy, 
employing an HP 4192A impedance analyzer (5Hz~13MHz). Even though, the two-point setup is 
made with two wires for the current and two for potential measurement. When low frequency 
(10-4Hz ~ 50kHz) measurement is required, it can be carried out by using an EIS-6416b 
impedance spectrometer, combined with a perturbation generator (PG-6416b) and a 
filter-amplifier (SR-640, Stanford Research Systems Inc.).  

Samples were pressed in the sample holder of a Kiel cell with helps of the spring and Al2O3 
spacers. Pt wires, working as the electrical leads were fixed between the sample pellet and Al2O3 
spacers by spring load. These leads will be connected with the electrical instrument via the BNC 
connections. A Ni-NiCr thermocouple was placed very close to the sample to monitor the 
temperature. The cell is covered by a double wall quartz tube, so the measurement can be taken in 
various gas atmospheres. A schematic view of Kiel cell is shown in figure 4.3.  
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.3. Kiel cell 
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4.4. “Brouwer spectrometer” 
 
The dependence of electrical conductivity on the oxygen partial pressure was measured by using 
a compact experimental arrangement, the homemade “Brouwer spectrometer”, as shown in figure 
4.4. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Samples were put into Kiel cell and heated in the cylinder furnace to desired temperature, 
which was controlled by the temperature controller. Gas mixtures with proper ratio were feed into 
Kiel cell. Precise amounts of the gases were adjusted by the mass flow controller (Bronkhorst 
Hi-Tech). The oxygen partial pressure was monitored by a ZrO2 oxygen sensor located at the 
outlet of Kiel cell. High and low oxygen partial pressures can be simply obtained by switching 
the gas mixture between Ar, O2 or 1000ppm O2 and H2, CO2. Impedances as a function of oxygen 
partial pressure and/or temperature were measured. Before each measurement, samples were held 
in the new atmosphere for some time until the new gas equilibrium reached, which would take 
half an hour or several hours depending on the differences of the oxygen partial pressures.   
 
 

 

Figure 4.4. “Brouwer spectrometer” 
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4.5. EMF measurement 

4.5.1 Kiukkola-Wagner cell 
Kiukkola-Wagner measurement was also conducted in Kiel cell by using the electrodes made 
from the mixtures of metal and metal oxide such as Ni/NiO and Fe/FeO. Inert gas, like Ar, was 
kept flowing through the cell to avoid oxidation of the metals in the electrodes at elevated 
temperatures. EMF as a function of temperature was measured by a multimeter (Keithley 2000), 
or electrometer (Ionics system EM 1.0), and recorded by the Labview program through a GPIB 
interface. EMF measured in concentration cells were recorded in the same way. 
 
 

4.5.2 Gas concentration cell 
Two types of setups were used to make the concentration cell measurement. In the first approach, 
an Al2O3 tube was employed to separate the gases. Samples were sealed on top of the tube by 
ceramic glue and/or AR glass rings. The other approach eliminated the requirement for glues. 
Two glass/Al2O3 tubes were pressed on each side of the sample pellet by spring load. A gold ring 
sit in between the sample and the tube, both for electrical contact and sealing purpose, because 
that gold becomes soft at high temperature. The two experimental setups are shown in figure 4.5 
and 4.6, respectively. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

    

(a)                                    (b) 

Figure 4.5. (a) Schematic and (b) picture of the experimental setup for EMF measurement.
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Figure 4.6. Schematic diagram of the new experimental setup for EMF measurement. 
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Figure5.1. XRD patterns of Ce0.8-xSm0.2PrxO2-δ (x=0.03~0.1). All samples show the single
fluorite type structure. The red line in the top graph is taken from the XRD database
(JCPDS No. 04-593) for pure CeO2.  

Chapter 5 

Results and discussion I 

5.1. Phase characterization 

5.1.1 Ceria doped with Sm and Pr 

Ceria doped with Sm and Pr with the compositions of Ce0.8-xSm0.2PrxO2-δ (x=0.03~0.1) and 
Ce0.8Sm0.2-xPrxO2-δ (x=0~0.15) were prepared in the way described in chapter 4. The XRD 
patterns of the samples Ce0.8-xSm0.2PrxO2-δ (x=0.03~0.1) are shown in figure 5.1. 
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Table 5.1. Ionic radii (CN=8). (R.D. Shannon, Acta Cryst. A32, 751-767 (1976)) 

Ions (CN=8) Ce4+ Ce3+ Sm3+ Gd3+ La3+ Pr3+ Pr4+ 

Radius (Å) 0.97 1.143 1.079 1.053 1.160 1.126 0.96 

 
 
All samples show the single fluorite type structure. The red line in the top graph, which is the 

pattern of pure cerium oxide, was taken from the XRD database (JCPDS No. 04-593). Using the 
Bragg’s law, the strongest (1 1 1) peak at around 5.282 =θ  was chosen to calculate the lattice 
constant. The results are plotted versus concentration of Pr in figure 5.2. The ionic radii of 
several ions are listed in Table 5.1  

 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 

Figure 5.2 shows that the unit cell parameter slightly increases with increasing Pr content due 
to the larger size of Pr3+ compared to Ce4+. This is in agreement with the result of Shuk and 
Greenblatt [1] who reported that up to 30% of Pr could be doped into ceria (Ce1-xPrxO2-δ) without 
second phase. In order to still maintain the highest ionic conductivity of Ce0.8Sm0.2O1.9 among 
the rare earth doped ceria [2-5], the Pr content was kept below 20% in this work.  

The XRD patterns of the other group δ−− 22.08.0 Pr OSmCe xx  (x=0.02~0.15) prepared by 

solid-state reaction are shown in figure 5.3. The lattice constants were also calculated in the same 
way, and are plotted in figure 5.4. The cell parameter slightly decreases with increasing Pr 

 

Figure 5.2. Lattice constant of Ce0.8-xSm0.2PrxO2-δ (x=0.03~0.1) vs. the Pr content x. With
increasing amount of Pr, the lattice constant slightly increases due to the larger size of
Pr3+/Pr4+ than Ce4+. 
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content. Although Pr3+ is larger than Sm3+ according to Table 5.1, it should be noted that both 
Pr3+ and Pr4+ exist in the sample after preparation at atmospheric pressure [6]. As a result, the 
effective radius of Pr3+/Pr4+ [7] is smaller than that of Sm3+.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure5.4. XRD patterns of Ce0.8Sm0.2-x PrxO2-δ (x=0~0.15). All samples show the single
fluorite type structure. 
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5.1.2 Ceria doped with Sm and other metal ions 

Transition metal ions, such as Mn, Fe, Co, Cu have been reported as sintering aids for ceria 

[8-12]. In this work, transition metal ions and some other metal ions were doped into 

samarium-doped ceria (SDC), and we mainly looked at the influence on the electrical property. 

For the first approach, the oxygen deficiency of all compositions was kept as δ=0.1 in order to 

maintain the ionic conductivity. Selected XRD patterns and calculated lattice constants are 

shown in figure 5.5 and Table 5.2, respectively.  
 
 
Table 5.2 Lattice constant a of Bi(CN=8), Co(CN=8), Fe(CN=8), Cr(CN=6), Cu(CN=6), 
Sb(CN=6), and V(CN=6) doped SDC. (R.D. Shannon, Acta Cryst. A32, 751-767 (1976)) 
 

 

 

 

 

 

Figure.5.3. Lattice constant of Ce0.8Sm0.2-xPrxO2-δ (x=0.03~0.1) vs. the Pr content x. With
increasing amount of Pr, the lattice constant slightly decreases due to the smaller size of
Pr3+/Pr4+ than Sm3+. 

 Fe3+
(0.05) Fe3+

(0.1) Co2+ Bi3+ V5+
(CN =6) Cr3+

(CN =6) Cu2+
(CN =6) Sb3+

(CN =6) 

rion (Å) 0.78 0.78 0.90 1.17 0.54 0.615 0.73 0.76 

a (Ǻ) 5.418 5.407 5.408 5.459 5.447 5.409 5.414 5.422 
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In Figure 5.5, all samples have shown the fluorite type structure. But most of the XRD 
patterns also include small impurity peaks. One explanation to the existence of these impurities 
could be due to the contamination from the Al2O3 ball-milling containers.  

From Table 5.2, we can see that: 
i) a decreases with increasing Fe content because Fe is smaller than both Ce and Sm; 
ii) a increases with increasing radius of the dopant, i.e. Fe3+<Co2+<Bi3+, 

Cr3+<Cu2+<Sb3+; 
iii) V doped sample has a large lattice constant despite of the smallest size of V5+, 

because it has the highest Sm content. 
 
 
 

Figure 5.5 XRD patterns of Co, Cr, Cu, Sb, V, Bi and Fe doped SDC. Most of the XRD 
patterns include small impurity peaks. 
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5.2. Electrical Conductivity  

An initial characterization of all compositions consisted of impedance measurements conducted 
in air between 473K and 1073K. These data were used to compare the relative performance of all 
compositions. The ionic conductivity, which is determined by doping is oxygen partial pressure 
independent over a wide range of oxygen activity. When the oxygen partial pressure is 
sufficiently high and/or low enough, electronic conductivity may become predominant, which is 
oxygen activity dependent. To evaluate the electronic contribution to the total conductivity, 
impedance measurements were performed in different oxygen partial pressures using a ‘Brouwer 
spectrometer’. The total conductivity obtained from impedance measurement is the sum of the 
ionic, n-type and p-type conductivities: 

pnitotal σσσσ ++=                              (5.1) 

where iσ , nσ  and pσ  are ionic, n-type and p-type conductivities, respectively. If the total 

conductivity value obtained from the intermediate oxygen partial pressure (~10-5 bar) is assumed 
to be fully ionic, then the deviation from the measured ionic conductivity at high or low oxygen 
partial pressure could be attributed to the electronic conductivity [13,14].   
 
 

5.2.1 Ceria doped with Sm and Pr 

5.2.1.1 Ce0.8-xSm0.2PrxO2-δ (x=0.03~0.1) 
 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.6. Nyquist plots of Ce0.8Sm0.2O1.9 measured at 2500C and 3500C in air. The 
calculated capacitances correspond well to the bulk and grain boundary process.  
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Figure 5.6 shows the Nyquist plots of Ce0.8Sm0.2O1.9 measured at 2500C and 3500C in air. The 
frequency range is 5Hz~13MHz. At low temperatures, two semicircles can be easily 
distinguished. The tail at the low frequency is due to the Warburg impedance. Since the 
resistance decreases with increasing temperature, higher frequencies are required to resolve the 
semicircles. That’s the reason why the first, sometimes even the second semicircles disappear at 
higher temperatures. The capacitances calculated using Eq. (2.68) indicate well that the two 
semicircles are corresponding to the bulk and grain boundary processes, respectively, according 
to Table 2.5. Thus the bulk and grain boundary conductivities were calculated from the diameters 
of the semicircles. The Nyquist plots of Pr doped samples at 2800C in air are shown in figure 5.7.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5.7. Nyquist plots of Ce0.8-xSm0.2PrxO2-δ (x=0.03, 0.06, 0.1) measured at 2800C in air. 
 
 

There are two semicircles for all three samples in figure 5.7. However, impedance 
measurement at higher temperatures and DC measurements reveal that there is another small 
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semicircle following the first two. The diminishing semicircle at low frequency with increasing 
Pr content could be explained in the following way: 

i) Better contact between electrolyte and Pt paste; 
ii) Increased catalytic effect due to the presence of Pr [15]; 
iii) Increased p-type conductivity through the sample.   

 
The Arrhenius plot of bulk (from the first semicircle) and total (from the sum of the first two 

semicircles) conductivities of Ce0.8-xSm0.2PrxO2-δ are shown in figure 5.8. 

Figure 5.8. Arrhenius plot of the total (top) and bulk (bottom) conductivities of 
Ce0.8-xSm0.2PrxO2-δ (x=0~0.1). The asterisk (*) in the top graph refers to literature [5]. 

 
 
The bulk conductivities of Pr doped samples are nearly one order of magnitude lower than 

that of SDC, while the total conductivities are still close to each other. The activation energies of 
all samples calculated from the slope show similar values, which are 0.84eV and 0.74eV for total 
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and bulk conductivity, respectively. The black line in the upper plot is taken from the reference 
[5] for SDC, which was measured by the DC four point method (Van der Pauw method). It has 
been reported by several authors that the Arrhenius plot has a curvature at about 5800C for 
several oxide ion conductors [16-18], due to different mechanisms of ionic motion. It should be 
mentioned here that the deviation from the straight line at high temperature may be due to 
experimental limitations of low sample resistance compared to all leads at high temperatures.  

The dependence of the total conductivity on the oxygen activity is determined by the 
impedance measurement under different oxygen partial pressures. O2, air, and the mixture of Ar 
and 1000ppm O2 in Ar were used to provide intermediate and high oxygen partial pressures, 
while the reducing atmosphere for Pr containing samples was simply provided by H2. The plot of 

σlog  vs. 
2

log Op  is shown in figure 5.9. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.9. Plot of logσ vs. logPO2 for Ce0.8-xSm0.2PrxO2-δ (x=0~0.1) at 5760C, 6750C and 
7720C.  
 

 
The total conductivity of SDC shows a flat line at high oxygen partial pressures. With 

increasing Pr content, the conductivities decrease both in reducing condition and intermediate 
region. Another effect of Pr doping on Ce0.8-xSm0.2PrxO2-δ is that the electrolyte domain boundary 
(EDB) can be shifted to lower oxygen activities. It has been reported that Pr might have trapping 
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effect on electrons [19,20], but this mechanism is still under debating [13,21-23]. If the 

conductivity at 5log
2

−=Op  is assumed to be ionic, then the increase of the conductivity in 

oxygen for Ce0.7Sm0.2Pr0.1O2-δ has a slope of 1/6. Calculated p-type conductivities of the samples 
are plotted in figure 5.10. The line for Ce0.8Gd0.17Pr0.03O2-δ is taken from reference [22], which 
was obtained by employing the Heb-Wagner method using a Pt microcontact. The decrease of 
the ionic conductivity of Ce0.8-xSm0.2PrxO2-δ is due to: 

i) Although [ ]••OV  increase with increasing Pr content, oxygen deficiency δ  exceeds 

an optimum value ( 1.0=δ  for SDC) for ionic conduction [24]. Further increase of 
the amount of oxygen vacancies will lead large structure distortion, which has a 
negative influence on the transport of oxide ion;  

The increase of p-type conductivity with increasing amount of Pr is due to: 
i) High oxygen partial pressure and large number of oxygen vacancies facilitate the 

generation of electron holes; 
ii) Increased number of electron holes contribute to the conduction via the polaron 

mechanism.  
 
 

 
 
 
 
 
 
 
 
 
 
 

Figure 5.10. Calculated p-type conductivities of Ce0.8-xSm0.2PrxO2-δ (x=0.03, 0.06, 0.1). The 
asterisks (**) refer to literature [22] for Ce0.8Gd0.17Pr0.03O2-δ. 

 
 

Although the p-type conductivity under oxidizing condition can be increased by replacing Ce 
with Pr in Ce0.8-xSm0.2PrxO2-δ, such kind of doping deteriorate the ionic and n-type conductivities. 
Thus it’s not a promising candidate for SEA applications. Different compositions will be 
discussed. 
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5.2.1.2 Ce0.8Sm0.2-xPrxO2-δ (x=0~0.15) 
 

Figure 5.11 shows the Nyquist plots of Ce0.8Sm0.2-xPrxO2-δ measured at 2500C in air. To better 
understand the conducting behavior of the samples Ce0.8Sm0.1Pr0.1O2-δ and Ce0.8Sm0.05Pr0.15O2-δ, 
low frequency impedance measurement was carried out. As shown in figure 5.11, the low 
frequency semicircle corresponds to the electrolyte/electrode process, but not the grain boundary 
conduction. One remarkable effect that can be seen from figure 5.11 is the influence of Pr 
content on the grain boundary conduction. With increasing Pr content, the second semicircle 
becomes smaller and smaller, and finally disappears at all for Ce0.8Sm0.05Pr0.15O2-δ. The bulk 
resistance and DC value also have the tendency to decrease when the Pr content is increased.   
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.11. Nyquist plots of Ce0.8Sm0.2-xPrxO2-δ (x=0.03~0.15) measured at 2500C in air. 
Low frequency impedance measurement was performed for samples Ce0.8Sm0.1Pr0.1O2-δ and 
Ce0.8Sm0.05Pr0.15O2-δ. With increasing Pr content, the second semicircle becomes smaller. 
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Arrhenius plots of the total and bulk conductivities of Ce0.8Sm0.2-xPrxO2-δ are shown in figure 
5.12. These results are compared with the data points taken from reference [5] and [22] for total 
and bulk conductivities, respectively. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.12. Arrhenius plot of total (top) and bulk (bottom) conductivities of 
Ce0.8Sm0.2-xPrxO2-δ (x=0.03, 0.05, 0.1, 0.15) in air. (*) and (**) stand for reference [5] 
and [22], respectively. 

 
 

Compared to figure 5.8, in which the total and bulk conductivities of Ce0.8-xSm0.2PrxO2-δ are 
lower than for SDC, figure 5.12 shows a different behavior for Ce0.8Sm0.2-xPrxO2-δ. With 
increasing content of Pr, both total and bulk conductivities increase, especially at low 
temperatures. At temperatures higher than about 6300C, all samples show similar conductivity 
values. This is once more a proof of the positive effect of Pr doping on the p-type conductivity in 
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the samples. The activation energy of Ce0.8Sm0.2O1.9 and Ce0.8Sm0.05Pr15O2-δ are labelled in the 
plot. Because of the highest concentration of Pr, Ce0.8Sm0.05Pr15O2-δ has the smallest activation 
energy due to the influence of the increased electronic conduction. At low temperatures, the 
contribution from electron holes cannot be neglected as in the case of pure SDC. Conduction is 
thus controlled by a combination of the two processes, bulk and electronic. As long as the 
temperature is below the point at which ionic conductivity is far larger than the electronic 
conductivity, both processes play the role for the total conductivity. Once the limiting 
temperature is reached, ionic conduction becomes predominant because it increases faster with 
the temperature than the electronic one does. It should be noted here that the increase of bulk 
conductivity by Pr doping in figure 5.12 doesn’t mean that Pr can really improve the bulk 
property. When there is considerable electronic transfer through the sample, interpretation of the 
impedance plot is different from the case when pure ionic conductor is employed. The 
intersection of the first semicircle and real axis is no longer simply the bulk resistance, but a 
combination with the electronic resistance [25,26]. Figure 5.12 is also an indication that even 
15% Pr doping is still not sufficient for providing enough p-type conductivity. This can be easily 
seen by comparing the impedance of Ce0.8Sm0.05Pr15O2-δ measured in air and mixtures of CO2 
and H2 at 7000C (figure 5.13).  
 
 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.13. Nyquist plots of Ce0.8Sm0.05Pr15O2-δ measured in air and reducing atmosphere 
(CO2:H2=1:10) at 7000C. 

 

 

As shown in Table 2.6, the impedance of a resistor is just a single point on the real axis in the 

complex plane. When measured at a low oxygen partial pressure ( 5.2110
2

−=Op bar for 

CO2:H2=1:10), only one dot can be seen, indicating a large electronic contribution. When 
measured in air, there is still a semicircle, which means the sample is predominantly ionic 
conductor. 
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Figure 5.15. Calculated electronic conductivity for Ce0.8Sm0.05Pr15O2-δ at 700 0C. Some

 

Figure 5.14. Brouwer diagram of the total conductivity for Ce0.8Sm0.05Pr0.15O2-δ at 570 0C
and 700 0C. 

A plot of σlog  vs. 
2

log Op  at 700 0C is shown in figure 5.14. Only the sample with highest 

p-type conductivity, i.e. Ce0.8Sm0.05Pr15O2-δ, is shown here.  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Electronic conductivity calculated from figure 5.14 is plotted in figure 5.15, and compared 
with some literature values [22,27,28]. Ce0.8Sm0.05Pr15O2-δ has higher p-type conductivity than 
other compositions, which slightly changes with oxygen partial pressure. The n-type conductivity 
is in the same order of magnitude as reported by other people with a slope of –1/9.      
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5.2.2 Ceria doped with Sm and other metal ions 

5.2.2.1 Ce0.8-ySm0.2-xMexO1.9 (Me=Bi, Co, Cr, Cu, Fe, Sb, V) 
 

The effects of small amount of transition metal ions on the densification and grain boundary 
conduction of gadolinium doped samarium (GDC) have been investigated by several groups 
[8-12]. Our aim here is to have a first impression of the influences of different metal ions on the 
electronic conduction, especially the p-type conductivity under oxidizing condition. Impedance 
measurements were performed in H2, air and Ar/O2. Because of the high porosity of Fe doped 
samples (Figure 5.16), no further measurement was conducted on them. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 5.17. Arrhenius plot of the total conductivity for Ce0.8-ySm0.2-xMexO1.9 in H2. 

(a)                                   (b) 

Figure 5.16. SEM of (a) Ce0.8Sm0.15Fe0.05O1.9 and (b) and Ce0.8Sm0.1Fe0.1O1.9 show high
porosity in the samples.   
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The reduction of Ce occurred for all the compositions in H2, and only a dot can be seen in the 
complex plane, which looks similar to the one shown in figure 5.13. The Arrhenius plot in H2 is 
shown in figure 5.17, which indicates that little effect was made on the n-type conduction. The 
lowest conductivity of Ce0.7Sm0.25V0.05O1.9 at most temperatures is due to the relatively small 
amount of Ce.  

Figure 5.18 shows the Arrhenius plots of Ce0.8-ySm0.2-xMexO1.9 in air.  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The Sb doped sample has the lowest value either for total or bulk conductivity. All other 
samples show bulk values close to SDC, while all the total conductivities are lower, which 

 
Figure 5.18. Arrhenius plot of the total (top) and bulk (bottom) conductivities of
Ce0.8-ySm0.2-xMexO1.9 in air. 
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indicate a large impedance from the grain boundary. The impedance and Arrhenius plots 

measured in Ar/O2 ( barpO
510

2

−= ) are the same as those measured in air, except for a larger low 

frequency tail, which is due to the slower charge transfer process across the electrode/gas 
interface because of the lower oxygen activity in Ar/O2. Thus, the electrical conduction is still 

dominated by oxide ion at high 
2Op . Doping by these metal ions cannot improve the p-type 

conductivity remarkably.  
 
 

5.3. EMF and dilatometric measurements  

Based on the results of the impedance spectroscopy, Ce0.8Sm0.05Pr15O2-δ was selected for further 
measurement. EMF measurement was performed using the experimental setup shown in figure 
4.5. Sample pellet was sealed on top of the Al2O3 tube by glues. H2 was supplied to the inner side 
of the sample though a gas pipe inside the Al2O3 tube. Because of the large thermal expansion 
and reduction of Ce4+ and Pr4+, the pellet was not mechanically stable, i.e. many cracks can be 
seen after flushing of H2 even by naked eyes. To quantify the thermal expansion coefficient and 
lattice constant after reduction, dilatometry and XRD were performed. Figure 5.19 shows the 
result from dilatometer working in Ar atmosphere, and the thermal expansion coefficient 

calculated from Figure 5.19 is K/1018 6−×=α . From the XRD pattern, the lattice constant of 

the sample after reduction is 5.437Å, which is larger than the value before reduction, 5.405Å. As 
the result of such expansion and reduction, gases could penetrate through the sample by the 
generated voids and cracks, and then EMF always decreased drastically.   
 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 5.19. Elongation vs. temperature for Ce0.8Sm0.05Pr15O2-δ in Ar. The calculated thermal

expansion coefficient is K/1018 6−×=α . 
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Chapter 6 

Results and discussion II 

6.1. Phase characterization 

6.1.1 BaCe0.76Y0.2Pr0.04O3-δ   

It’s known that doped BaCeO3 shows mixed proton and electron conduction in the presence of 
moisture, whereas in dry oxidizing atmospheres, it exhibits mixed oxide ion and electron hole 
conducting properties [1-4]. Various doped BaCeO3 has been investigated for working as 
electrolyte or electrode materials. Among these materials, BaCe0.76Y0.2Pr0.04O3-δ was reported to 
work as the electrolyte in SOFC without the anode material. In order to further improve the 
property to fulfil the requirement for SEA concept, materials based on BaCe0.76Y0.2Pr0.04O3-δ were 
prepared by solid state reaction. The last sintering process was performed in air at 16000C for 6 
hours. XRD patterns of BaCe0.8Y0.2O3-δ and BaCe0.76Y0.2Pr0.04O3-δ are shown in figure 6.1.  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 6.1. XRD patterns of BaCe0.8Y0.2O2.9 and BaCe0.76Y0.2Pr0.04O3-δ. Both samples show 
single perovskite type structure.  
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Table 6.1. Ionic radii (CN=6). (R.D. Shannon, Acta Cryst. A32, 751-767 (1976)) 
 

 

 

 

 
 
No impurity peaks can be found in figure 6.1. The lattice constants calculated from the 

strongest peak are 4.380Å and 4.383Å for BaCe0.8Y0.2O2.9 and BaCe0.76Y0.2Pr0.04O3-δ, respectively. 
The slight increase is due to the replacement of Ce4+ by a larger Pr3+/Pr4+ (see Table 6.1).  

 
 

6.1.2 BaCe0.76Y0.2Pr0.04O3-δ (TiO2)  

Conductivity measurement of BaCe0.76Y0.2Pr0.04O3-δ shows that there is an increase at low 
2OP . 

Similar effect was also found in SrCe1-xYxO3-δ, where the increase of the conductivity was 
attributed to the H/D isotope effect [5]. Figure 6.2 shows the color change of 
BaCe0.76Y0.2Pr0.04O3-δ before and after heating in H2 at 7000C, which is an indication of the type 
of conduction, as the color of the electronic conductor is normally dark.   

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
TiO2 was used in ZrO2 to introduce the n-type conduction under reducing conditions. In order 

to improve the electronic conductivity, powders of BaCe0.76Y0.2Pr0.04O3-δ and TiO2 were mixed in 
a molar ratio of 10:1, and then sintered at 16000C for 6 hours. The obtained XRD pattern is 
shown in figure 6.3.  

Ions (CN=6) Ce3+ Ce4+ Y3+ Pr3+ Pr4+ Ti4+ Ti3+ 

Radius (Å) 1.01 0.87 0.900 0.99 0.85 0.605 0.67 

 

(a)          (b) 

Figure 6.2. Color of BaCe0.76Y0.2Pr0.04O3-δ (a) before and (b) after heating in H2 at 7000C 
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6.1.3 BaCe0.8Y0.2O2.9 + Ce0.8Sm0.2O1.9  

BaCe0.8Y0.2O2.9 was mixed with Ce0.8Sm0.2O1.9 with a molar ratio of 1:1 for the same reason as 

mentioned in the last section, for Ce0.8Sm0.2O1.9 is known for the reduction at low 
2OP . XRD 

patterns of the mixture before and after sintering at 16000C are shown in figure 6.4. Two phases 
coexist in the mixture. There is no reaction product between BaCe0.8Y0.2O2.9 and Ce0.8Sm0.2O1.9. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 6.3. XRD pattern of mixture of BaCe0.76Y0.2Pr0.04O3-δ and TiO2. TiO2 dissolved into 

BaCe0.76Y0.2Pr0.04O3-δ after sintered at 16000C for 6 hours. 

 

Figure 6.4. XRD patterns of BaCe0.8Y0.2O2.9 + Ce0.8Sm0.2O1.9 before (top) and after (bottom)
sintering at 16000C. There are still two phases after sintering. 
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6.2. Electrical Conductivity 

6.2.1 BaCe0.76Y0.2Pr0.04O3-δ   

Bulk conductivity Arrhenius plots of BaCe0.76Y0.2Pr0.04O3-δ measured in different gases are 
plotted in figure 6.5. In dry air, the conductivity is due to the combination of holes and oxide ions, 

since the concentration of protonic defects is small at low OHP
2

. Similarly, the conductivity in 

dry Ar/O2 ( 2OP =10-5) is due only to oxide ions, since the concentration of holes is also small at 

low intermediate 
2OP . The activation energies are also shown in the plot. The smaller activation 

energies, compared to some other reported results [6], are generally thought to be typical of 
protonic transport in these bulk materials [7].  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

The σ  vs. 
2OP  curve at 650 0C is plotted in figure 6.6, which indicates clearly the influence 

of the oxygen activity on the total conductivity. At high 
2OP , the slope is calculated to be 0.08, 

which agrees well with the result of Hirabayashi [8].  
 

 
Figure 6.5. Arrhenius plots of the bulk conductivity for BaCe0.76Y0.2Pr0.04O3-δ measured in 
dry atmospheres. 
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The sample pellet became light in colour after the measurements in reducing atmospheres, as 

already shown in figure 6.2. Accordingly, the increase of the conductivity at low 
2OP  is not due 

to the n-type electronic conduction. To increase the electronic conductivity, TiO2 and 
Ce0.8Sm0.2O1.9 were added to BaCe0.76Y0.2Pr0.04O3-δ and BaCe0.8Y0.2O2.9, respectively.  

 
 

6.2.2 BaCe0.76Y0.2Pr0.04O3-δ (TiO2)  

Conductivities of BaCe0.76Y0.2Pr0.04O3-δ measured in all 
2OP  ranges are largely degraded by 

adding TiO2. Three examples are given in figure 6.7 to compare the impedance plots of 
BaCe0.76Y0.2Pr0.04O3-δ with and without TiO2 in air, dry and humidified H2 at around 6500C. 
Humidified H2 was obtained by bubbling the gas through water at room temperature. 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 6.6. Brouwer diagram of the total conductivity for BaCe0.76Y0.2Pr0.04O3-δ at 6500C. 
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Figure 6.7. Comparisons of impedance plots of BaCe0.76Y0.2Pr0.04O3-δ with and without TiO2 
in air, dry and humidified H2 at around 6500C.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 6.8. Arrhenius plots for the bulk conductivity of BaCe0.76Y0.2Pr0.04O3-δ+ TiO2 in air,
dry and humidified H2 



Chapter 6 Results and discussion II                                                6.2. Electrical Conductivity  

- 92 - 

92

 

Comparing the Nyquist plots in figure 6.7 and Arrhenius plots shown in figure 6.5 and 6.8, 
the conductivities were lowered more than one order of magnitude by mixing with TiO2. Figure 
6.3 shows that Ti has been dissolved in BaCe0.76Y0.2Pr0.04O3-δ. When trivalent cation, such as Pr3+ 
or Y3+, is replaced by tetravalent cation Ti4+, oxygen vacancies will be filled up to maintain the 
charge neutrality. Thus, the conductivity is lowered by doping TiO2. 
 

 

6.2.3 BaCe0.8Y0.2O2.9 + Ce0.8Sm0.2O1.9  

Figure 6.4 shows that there is no reaction product between BaCe0.8Y0.2O2.9 (BCY) and 
Ce0.8Sm0.2O1.9 after sintering. Two phases are homogeneously distributed in the sample. If there 
are continuous paths through the sample, charge transfer can take place within each phase 
without interfering with each other. The total conductivity should be dominated by the one with 
higher conductivity. When there is no continuous path, then the charge carriers have to pass 
through the interfaces between the two phases, which is normally a rate-determining process. In 
this case, the total conductivity will be dominated by the interfacial process and the slower 
conducting phase. The idea of mixing these two compounds is to take advantage of the reduction 

of cerium under low 
2OP  and p-type conduction of barium cerate under dry oxidizing 

atmospheres. However, impedance measurements indicate that the conductivity of the mixture is 
much worse compared to the single material as shown in the Arrhenius plots in figure 6.9. 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 6.9. Arrhenius plots of the bulk conductivity in air and total conductivity in H2. for 
BaCe0.8Y0.2O2.9 + Ce0.8Sm0.2O1.9.  

 
From figure 6.9, the conductivity of the mixture is much lower than SDC and BCY in air at 

low temperatures, indicating that the charge carriers are largely impeded by the interface between 
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SDC and BCY. While at high temperatures, the impeding effect from the interface becomes 
smaller and not rate determining any more, thus the conductivity of the mixture is determined by 
BCY, which has a smaller conductivity than SDC. The existence of the interfacial process can 
also be indicated from the impedance plot, which in principle should have one more semicircle. 
Figure 6.10 shows the Nyquist plot in air at 3800C. The third semicircle is assigned to the 
interfacial process.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

6.3. EMF measurement 

6.3.1 BaCe0.76Y0.2Pr0.04O3-δ   

The EMF was measured using the experimental setup shown in figure 4.6. The working 
temperature is limited to about 6000C due to the AR glass tube and the metal spring. Because this 
type of setup eliminates the requirement of any ceramic or glass glues, it can be used to provide 
fast result. The disadvantage is that the permanent deformation of the springs at high 
temperatures may lead to loose contact between the sample and the AR glass tube. Also a very 
flat and smooth surface is required for both the sample and the tube surface. A pellet of 
BaCe0.76Y0.2Pr0.04O3-δ without Pt paste on both sides was pressed in between the two glass tubes. 
Two gold rings between the tube and the sample were employed here as sealing material and 
electrical leads. Figure 6.11 shows two parts of the EMF result using air and H2+3%H2O. At 
4500C and 4000C, the cell has shown a stable EMF of 0.943V and 0.876V, respectively. Further 
increase of the temperature caused a sharp decrease of the voltage, which could be due to the gas 
leakage through the cracks inside the sample. 

 
Figure 6.10. Nyquist plot of BaCe0.8Y0.2O2.9 + Ce0.8Sm0.2O1.9 in air at 3800C. 
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Figure 6.12. EMF of BaCe0.76Y0.2Pr0.04O3-δ (TiO2) at 4500C. The sawtoothed curve was due 
to the change in H2 flux. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.11. EMF of BaCe0.76Y0.2Pr0.04O3-δ without Pt paste, using air and H2+3%H2O. Two 
gold rings between the tube and the sample were employed here as sealing material and 
electrical leads. 

 
 

6.3.2 BaCe0.76Y0.2Pr0.04O3-δ + TiO2  

Samples were measured in the same way as discussed in last section. The only difference was 
that the anode side of the sample was covered by the Pt paste. The sawtoothed curve was due to 
the change in H2 flux. With higher flux, the voltage became smaller. Compared to figure 6.11, the 
OCV is about 100mV lower than that of BaCe0.76Y0.2Pr0.04O3-δ, which can be explained by the 
reduction of Ti. 
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Chapter 7 

Results and discussion III 

7.1. Phase characterization 

7.1.1 La0.8Sr0.2Ga0.6Fe0.4-xTixO3-δ (x=0~0.2)  

It was reported that Fe doped La(Sr)GaO3 exhibited mixed electron hole and oxide ion 
conductivity over a wide range of oxygen partial pressures, which could be assigned to the 
formation of Fe4+[1-4]: 

•×•••× ++⇔++ hOFeVOFe OGaOGa 22/1                       (7.1) 

In the following section, we will discuss the influence of Ti doping on the electrical property of 
Fe doped La(Sr)GaO3. Firstly, ionic radii of ions and calculated tolerance factors from Eq.(3.3) 
are shown in Table 7.1 and Table 7.2, respectively.
 
 

Table 7.1. Ionic radii. (R.D. Shannon,        Table 7.2. Tolerance factors of  
Acta Cryst. A32, 751-767 (1976))           La0.8Sr0.2Ga0.6Fe0.4-xTixO3-δ. (x=0~0.2) 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 

Ions Ionic  
radius (Å) 

La3+ (CN=12) 1.36 

Sr2+ (CN=12) 1.44 

Ga3+ (CN=6) 0.62 

Mg2+ (CN=6) 0.72 

Fe3+ (CN=6) 0.645  

Ti4+ (CN=6) 0.605 

Sn4+ (CN=6) 0.69 

Mn3+ (CN=6) 0.645 

O2- (CN=6) 0.140 

Composition t 

La0.8Sr0.2Ga0.6Fe0.4O3-δ 0.9540 

La0.8Sr0.2Ga0.6Fe0.37Ti0.03O3-δ 0.9545 

La0.8Sr0.2Ga0.6Fe0.35Ti0.05O3-δ 0.9549 

La0.8Sr0.2Ga0.6Fe0.34Ti0.06O3-δ 0.9551 

La0.8Sr0.2Ga0.6Fe0.32Ti0.08O3-δ 0.9555 

La0.8Sr0.2Ga0.6Fe0.3Ti0.1O3-δ 0.9559 

La0.8Sr0.2Ga0.6Fe0.2Ti0.2O3-δ 0.9577 
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Ti4+ has similar size to Fe3+, so there is no significant change of the tolerance factor with 
increasing Ti content. Thus the influence from the distortion of the perovskite structure can be 
neglected. All the samples were prepared by solid-state reaction, sintered at 15000C for 6 hours. 
The XRD patterns in figure 7.1 show pure perovskite phase. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

Figure 7.1. XRD patterns of La0.8Sr0.2Ga0.6Fe0.4-xTixO3-δ (x=0~0.2). All samples show single 
perovskite type structure. 
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7.1.2 La0.56Sr0.44Ga0.64Mg0.16Me0.2O2.8 (Me=Ti and Sn)  

Oxide ion conductivity of LaGaO3 can be greatly improved by aliovalent substitution of Sr and 
Mg for La and Ga, which introduce oxygen vacancies into the lattice. When Ti tetravalent ions 
replace the Ga site, no oxygen vacancies can be generated. In order to try to maintain the ionic 
conductivity while incorporating with certain amount of Ti or Sn for n-type conductivity, the 
oxygen deficiency of the samples was kept to be 0.2. The corresponding compositions are 
La0.56Sr0.44Ga0.64Mg0.16Ti0.2O2.8 and La0.56Sr0.44Ga0.64Mg0.16Sn0.2O2.8. The tolerance factors are 
0.958 and 0.950, respectively. XRD patterns are shown in figure 7.2. No impurity peaks can be 
found.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 7.2. XRD patterns of La0.56Sr0.44Ga0.64Mg0.16Ti0.2O2.8 (top) and  

La0.56Sr0.44Ga0.64Mg0.16Sn0.2O2.8 (bottom). No impurity peaks were found. 
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7.1.3 La0.9Sr0.1Ga1-x-yMgyMnxO3-δ (x, y=0~0.2)  

LSGM is a pure ionic conductor over a wide range of oxygen partial pressure, while strontium 
doped lanthanum manganite (LSM) is a well-known cathode material for fuel cells. In order to 
investigate the effect of Mn doping on the electrical property of LSGM, especially the electronic 
conductivity, a series of La0.9Sr0.1Ga1-x-yMgyMnxO3-δ compositions were prepared. Different 
crystal structures of LSGM phase, including cubic, orthorhombic and rhombohedral were 
reported by different authors [5-8]. XRD patterns show that the best fit to the database is 

orthorhombic (JCPDS No.24-1102). Splitting of the strongest peak at 05.322 ≈θ , which is the 

indication of rhombohedral structure, was not found. Impurities of LaSrGaO4 and LaSrGa3O7 
can be seen in most of the samples, as also previously reported [9,10]. The structure parameters 
of La0.9Sr0.1Ga1-x-yMgyMnxO3-δ compositions are listed in Table 7.3. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table 7.3. The structural parameters of La0.9Sr0.1Ga0.8-x-yMgyMnxO3-δ compositions 

Compositions t x y a (Å) b (Å) c (Å) Phases*

La0.9Sr0.1Ga0.8Mg0.2O2.85 0.9456 0 0.2 5.489 5.501 7.745 O+I+II 

La0.9Sr0.1Ga0.8Mg0.15Mn0.05O3-δ 0.9472 0.15 5.490 5.550 7.747 O+I+II 

La0.9Sr0.1Ga0.75Mg0.2Mn0.05O3-δ 0.9449
0.05 

0.2 5.494 5.543 7.754 O+I+II 

La0.9Sr0.1Ga0.8Mg0.1Mn0.1O3-δ 0.9488 0.1 5.499 5.517 7.785 O+II 

La0.9Sr0.1Ga0.75Mg0.15Mn0.1O3-δ 0.9465 0.15 5.490 5.532 7.778 O 

La0.9Sr0.1Ga0.7Mg0.2Mn0.1O3-δ 0.9442

0.1 

0.2 5.501 5.527 7.797 O+II 

La0.9Sr0.1Ga0.8Mg0.05Mn0.15O3-δ 0.9505 0.05 5.486 5.504 7.752 O 

La0.9Sr0.1Ga0.75Mg0.1Mn0.15O3-δ 0.9481 0.1 5.490 5.529 7.766 O 

La0.9Sr0.1Ga0.725Mg0.125Mn0.15O3-δ 0.9470 0.125 5.499 5.581 7.766 O+II 

La0.9Sr0.1Ga0.7Mg0.15Mn0.15O3-δ 0.9458 0.15 5.489 5.495 7.772 O 

La0.9Sr0.1Ga0.65Mg0.2Mn0.15O3-δ 0.9435

0.15 

0.2 5.490 5.510 7.775 O 

La0.9Sr0.1Ga0.8Mn0.2O3-δ 0.9521 0 5.520 5.660 7.796 O+I+II 

La0.9Sr0.1Ga0.7Mg0.1Mn0.2O3-δ 0.9474 0.1 5.512 5.569 7.774 O+II 

La0.9Sr0.1Ga0.65Mg0.15Mn0.2O3-δ 0.9451 0.15 5.501 5.552 7.775 O+II 

La0.9Sr0.1Ga0.6Mg0.2Mn0.2O3- 0.9428

0.2 

0.2 5.496 5.564 7.761 O+I 

* “O”: orthorhombic. “I”: LaSrGaO4. “II”: LaSrGa3O7 
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7.2. Electrical property 

7.2.1 La0.8Sr0.2Ga0.6Fe0.4-xTixO3-δ (x=0~0.2) 

Figure 7.3 and figure 7.4 shows the impedance plots of La0.8Sr0.2Ga0.6Fe0.4-xTixO3-δ (x=0 ~ 0.2) at 
around 3000C in air (left) and hydrogen (right), respectively.  
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According to Eq. (7.1), the electron hole conduction of La0.8Sr0.2Ga0.6Fe0.4O3-δ under 

Figure 7.3. Impedance plots at around 
3000C in air. 

 

 

Figure 7.4 Impedance plots at around 
3000C in hydrogen. 
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Figure 7.5. Total σ vs. Ti content in air at 
3000C for La0.8Sr0.2Ga0.6Fe0.4-xTixO3-δ. 

oxidizing atmosphere is due to the formation of Fe4+. At low oxygen partial pressure, Fe2+ is 
formed according to the following equation: 

••×× ++⇔+ OGaOGa VOFeOFe 2
' 2/122                     (7.2) 

Because of the increasing amount of oxygen vacancies and decreasing amount of electron 
holes, ionic conduction is becoming more dominant at low oxygen partial pressures. When Ti4+ 
is substituted into the lattice, oxygen vacancies will be filled to maintain the electroneutrality 
condition as shown in Eq. (7.3). 

×••• +→++ OGaOGa OTiVVTiO 22'''
2                       (7.3) 

As the result, the electron hole conductivity decreases by doping with Ti. Samples with Ti 
content less than 10 mol% show similar metallic behavior to La0.8Sr0.2Ga0.6Fe0.4O3-δ in air. Ionic 
conduction starts to play a more important role from 10-mol% and becomes predominant when 
the Ti content reaches 20 mol%. Figure 7.5 and figure 7.6 show the variation of the total 
conductivity of La0.8Sr0.2Ga0.6Fe0.4-xTixO3-δ on the Ti content at 3000C. In air, the conductivity 
drops when Ti is added, and then increases slightly with the Ti content up to 6-mol%. The 
conductivity decreases quickly when more than 10 mol% Ti is introduced into the lattice. In 
hydrogen, there is no obvious influence on the conductivity with up to 5-mol% Ti. Samples with 
6 and 8-mol% Ti have slightly higher total conductivity than other compositions, because the 
first semicircles in both cases should be actually the overlap of two semicircles according to the 
capacitance values. When the Ti content exceeds 8 mol%, the conductivity decreases quickly 
again. The conductivity of the sample with 20-mol% Ti is higher than the one with 10-mol% Ti. 
This could be attributed to the increased n-type conductivity due to the larger amount of Ti. But 
the electronic conductivity is still much small compared to the ionic conductivity, which can also 
explain the difference between the impedance plots of La0.8Sr0.2Ga0.6Fe0.2Ti0.2O3-δ measured in air 
and hydrogen. The first two semicircles measured in two atmospheres are almost the same, and 
only the third one is missing in the case of hydrogen. This kind of phenomenon also holds at 
high temperatures. 
 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.6. Total σ vs. Ti content in H2 at 
3000C for La0.8Sr0.2Ga0.6Fe0.4-xTixO3-δ. 
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Figure 7.7 and 7.8 show the Arrhenius plots of the total conductivity for 
La0.8Sr0.2Ga0.6Fe0.4-xTixO3-δ (x=0 ~ 0.2) in air and hydrogen. The Ti free sample always has the 
highest conductivity in air. Samples with Ti content up to 8-mol% all show metallic behavior. In 
hydrogen, samples with Ti content less than 10 mol% show higher conductivity than 
La0.8Sr0.2Ga0.6Fe0.4O3-δ at elevated temperatures due to the formation of Ti3+ and liberation of 
oxygen vacancies. 

••××• ++⇔+ OGaOGa VOTiOTi 22/122                       (7.4) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 7.7. Arrhenius plot of the total conductivity of La0.8Sr0.2Ga0.6Fe0.4-xTixO3-δ (x=0~0.2) 
in air. 

 
Figure 7.8. Arrhenius plot of the total conductivity of La0.8Sr0.2Ga0.6Fe0.4-xTixO3-δ (x=0~0.2)
in H2. 
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In figure 7.8 La0.8Sr0.2Ga0.6Fe0.37Ti0.03O3-δ and La0.8Sr0.2Ga0.6Fe0.38Ti0.02O3-δ show the highest 
conductivities in most of the temperature range. So the dependence of the total conductivity on 
oxygen partial pressure was also measured and is shown in figure 7.9 and 7.10, respectively. 
There is no obvious improvement in n-type conductivity under reducing conditions, which is a 
proof of the previous conclusion, i.e. the increase of conductivities of Ti containing samples in 
figure 7.8 is due to ionic conduction, but not electronic. n-type electronic conductivity was found 
in La0.8Sr0.2Ga0.6Fe0.2Ti0.2O3-δ, but both the ionic and electronic conductivities of this composition 
are too low at working temperatures. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 7.9. The total conductivity of La0.8Sr0.2Ga0.6Fe0.37Ti0.03O3-δ vs.
2OP . 

 

Figure 7.10. The total conductivity of La0.8Sr0.2Ga0.6Fe0.38Ti0.02O3-δ vs.
2OP . 
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7.2.2 La0.56Sr0.44Ga0.64Mg0.16Me0.2O2.8 (Me=Ti and Sn)  

In order to increase the n-type conductivity in LaGaO3 based materials, Ti was tried to doped 
into La0.8Sr0.2Ga0.6Fe0.4O3-δ, which is a predominant p-type conductor in wide range of oxygen 
partial pressures. In this section, the possibility of improving the electronic conductivity in an 
ionic conductor LSGM under reducing conditions by doping of Ti or Sn will be discussed. Since 
20-mol% was considered to be the minimum amount of Ti for n-type conduction in case of 
La0.8Sr0.2Ga0.6Fe0.4O3-δ, this amount was maintained in the present study. Concentrations of other 
components were also adjusted so as to avoid deteriorating the ionic conductivity largely.  

7.2.2.1 La0.56Sr0.44Ga0.64Mg0.16Ti0.2O2.8  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 7.12. Arrhenius plots of bulk and total conductivities for
La0.56Sr0.44Ga0.64Mg0.16Ti0.2O2.8 in air. 

Figure 7.11. Nyquist plots of La0.56Sr0.44Ga0.64Mg0.16Ti0.2O2.8 in (a) air and (b) PO2=10-25bar at 
4000C. 

(a) (b) 
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Figure 7.13. Arrhenius plots of the bulk and total conductivities for
La0.56Sr0.44Ga0.64Mg0.16Ti0.2O2.8 in reducing condition. 

Figure 7.11 shows the impedance plots of La0.56Sr0.44Ga0.64Mg0.16Ti0.2O3-δ measured in air and 
reducing atmosphere (PO2=10-25bar) at 4000C. From the two semicircles bulk and total 
conductivities can be determined and the corresponding Arrhenius plots are shown in figure 7.12 
and 7.13. The total conductivity of La0.9Sr0.1Ga0.8Mg0.2O2.85 in air is also plotted in figure 7.12 
for comparison. The conductivity of La0.56Sr0.44Ga0.64Mg0.16Ti0.2O3-δ is much lower than LSGM 
below 7000C, but close to each other at higher temperatures. So the degradation of ionic 
conductivity due to the doping of Ti can be compensated by the adjustment of the oxygen 
deficiency. Comparing the impedance plots in figure 7.11 and Arrhenius plots in figure 7.12 and 
7.13, it can be seen that La0.56Sr0.44Ga0.64Mg0.16Ti0.2O3-δ has nearly the same conductivities in 
both atmospheres, which is similar to pure LSGM that has a constant conductivity over a wide 
range of oxygen partial pressures. To further investigate the effect of Ti doping, both AC 
impedance and DC resistance of La0.56Sr0.44Ga0.64Mg0.16Ti0.2O3-δ were measured under different 
atmospheres. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 7.14. Nyquist plots of La0.56Sr0.44Ga0.64Mg0.16Ti0.2O2.8 in high oxygen partial 
pressures at 7000C. 
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Figure 7.15. Nyquist plots of La0.56Sr0.44Ga0.64Mg0.16Ti0.2O2.8 in low oxygen partial 
pressures at 7000C. 

Figure 7.14 shows the Nyquist plots of La0.56Sr0.44Ga0.64Mg0.16Ti0.2O3-δ in high oxygen partial 
pressures at 7000C. Successive impedance measurements at lower temperatures indicate that 
these curves are the overlaps of the second and third semicircles. The intersections of the third 

semicircle and real axis agree well with the DC results. With increasing 
2OP , the DC resistance 

decreases. This can be explained by fast kinetics at the sample-electrode interfaces due to the 
increased amount of oxygen species in the surrounding atmosphere. Similar change occurs under 

reducing conditions, too. But the DC value decreases with decreasing 
2OP , as shown in figure 

7.15. This phenomenon can be explained either by increased number of H2, which will take up 
oxygen from the sample surface more rapidly, or by increased electronic conductivity with 

decreasing 
2OP  due to the reduction of Ti. This can be further confirmed by taking impedance 

measurements on the samples with different length/area ratios. However, if the electronic 
conductivity is largely increased, the intersection with the real axis at high frequencies should 
also be shifted to the left side, which is not the case in figure 7.15. Figure 7.16 shows the 

dependence of the DC conductivity on 
2OP  under high and low oxygen partial pressures, 

respectively. The DC conductivity is mainly controlled by the kinetic processes at the 
sample/electrode interfaces. 
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7.2.2.2 La0.56Sr0.44Ga0.64Mg0.16Sn0.2O2.8  

La0.56Sr0.44Ga0.64Mg0.16Sn0.2O3-δ was analyzed in the same way as described in the previous 
section. Figure 7.17 shows the impedance plots of La0.56Sr0.44Ga0.64Mg0.16Sn0.2O3-δ measured in 
air and low oxygen partial pressure at 4000C. The total conductivities measured in these two 
gases are close to each other. Conductivity of La0.56Sr0.44Ga0.64Mg0.16Sn0.2O3-δ is also close to that 
of La0.56Sr0.44Ga0.64Mg0.16Ti0.2O3-δ. One remarkable difference between the two compositions is 
that the grain boundary resistance of Sn doped sample is much smaller than the bulk resistance. 
The Arrhenius plots of bulk and total conductivities for the two gases are shown in figure 7.18 
and 7.19, respectively. 

 

 

Figure 7.16. DC conductivity of La0.56Sr0.44Ga0.64Mg0.16Ti0.2O2.8 vs.
2OP  at 7000C. 

(a) (b) 

Figure 7.17. Nyquist plots of La0.56Sr0.44Ga0.64Mg0.16Sn0.2O3-δ in (a) air and (b)
PO2=10-25bar at 4000C. 
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Figure 7.20. Nyquist plots of La0.56Sr0.44Ga0.64Mg0.16Sn0.2O3-δ in high oxygen partial
pressures at 7000C. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 7.19. Arrhenius plots of the bulk and total conductivities for
La0.56Sr0.44Ga0.64Mg0.16Sn0.2O3-δ in reducing condition (PO2=10-25bar). 

 

Figure 7.18. Arrhenius plots of the bulk and total conductivities for 
La0.56Sr0.44Ga0.64Mg0.16Sn0.2O3-δ in air. 
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Figure 7.21. Nyquist plots of La0.56Sr0.44Ga0.64Mg0.16Sn0.2O3-δ in low oxygen partial pressures 
at 7000C. 

Figure 7.20 and 7.21 show the Nyquist plots in high and low oxygen partial pressures at 
7000C, respectively. DC conductivity was plotted in figure 7.22 against the oxygen partial 
pressure. All the conducting properties of La0.56Sr0.44Ga0.64Mg0.16Sn0.2O3-δ are similar to those of 
the Ti containing sample.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 7.22. DC conductivity of La0.56Sr0.44Ga0.64Mg0.16Sn0.2O3-δ vs.
2OP  at 7000C. 
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7.2.3 La0.9Sr0.1Ga1-x-yMgyMnxO3-δ (x, y=0~0.2)  

7.2.3.1 La0.9Sr0.1Ga0.8-yMgyMn0.2O3-δ (y=0~0.2) 

7.2.3.1a. AC impedance 

20 mol% Mn was first doped into La0.9Sr0.1Ga0.8Mg2O2.85 in the following three compositions: 
La0.9Sr0.1Ga0.6Mg0.2Mn0.2O3-δ, La0.9Sr0.1Ga0.7Mg0.1Mn0.2O3-δ, and La0.9Sr0.1Ga0.8Mn0.2O3-δ. The 
impedance spectra of La0.9Sr0.1Ga0.8-yMgyMn0.2O3-δ at around 3000C in air (left) and forming gas 
(90%N2+10%H2) (right) are shown below in Figure 7.23.  
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Figure 7.23. Impedance spectra of La0.9Sr0.1Ga0.8-yMgyMn0.2O3-δ (y=0~0.2) at around 3000C 
in (a) air and (b) forming gas (90%N2+10%H2) 

 
Two semicircles that correspond to bulk and grain boundary conduction, can be easily 

resolved from the spectra for La0.9Sr0.1Ga0.8Mg0.2O2.85 at this temperature. The arc after the 
second semicircle, which is due to the diffusion process through the Pt electrode [11] in air and 
the blocking behavior in forming gas, can be clearly seen at higher temperatures. No obvious 
deviation can be found between the spectra measured in air and forming gas, proving a constant 
ionic conductivity of LSGM through a wide range of oxygen partial pressure. A comparison of 
the conductivity of LSGM between this work and some other results are given in figure 7.24. 
The total conductivity from this work agrees well with other authors’ result below 5000C. The 
relative large deviation at high temperature is mostly due to the experimental limitations of low 
sample resistance compared to all leads at high temperatures. If not specially stated, the 
self-made LSGM is used for comparison with Mn doped samples in the following chapters. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(a) air (b) 90%N2+10%H2 

 

Figure 7.24. Arrhenius plot of the bulk and total conductivity of LSGM in air. The
literature data are taken from reference [5,12]. 
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The electrical properties of La0.9Sr0.1Ga0.8-yMgyMn0.2O3-δ (y=0~0.2) differ from each other 
despite of the same amount of Mn doping. With increasing amount of Ga and decreasing of the 
same amount of Mg, La0.9Sr0.1Ga0.8-yMgyMn0.2O3-δ become more and more electronic conductive 
in both atmospheres.  

 
 
La0.9Sr0.1Ga0.6Mg0.2Mn0.2O3-δ has two distinguishable semicircles. Compared to LSGM, its 

total conductivity is lower in air, but higher in forming gas. Successive impedance spectra and 
magnification of the low frequency part reveal that there are indeed three semicircles for 
La0.9Sr0.1Ga0.6Mg0.2Mn0.2O3-δ in forming gas. The increased conductivity and the last two 
depressed semicircles can be explained by increased electronic conductivity under reducing 
conditions. When there is considerable electronic conduction throughout the sample, which can 
be schematically represented by a resistor in parallel with the ionic path in the equivalent circuit 
(figure 7. 25), the interpretation of the impedance plot is changing as well.  

 

Figure 7.25. Schematic equivalent circuit for an electrochemical cell with a mixed ionic and
electronic conductor between two ionically-blocking, but electronically-conducting,
electrodes. 

 

Figure 7.26. Complex plane plot for the case of a mixed conductor between two
ionically-blocking, but electronically-conducting, electrodes. 
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If there are three semicircles representing bulk, grain boundary and electronic conduction 
(figure 7.26), then the three intersections with the real axis (R1<R2<R3) will have the following 
meanings according to Huggins’ calculation [13]: 

be

be

RR
RR

R
+

=1                                 (7.4) 

gbbe

gbbe

RRR
RRR

R
++

+
=

)(
2                               (7.5) 

eRR =3                                   (7.6) 

where Re, Rb and Rgb are the resistances to electronic, bulk and grain boundary conductions, 
respectively. When Re is small, which means a relative large electronic conductivity, R1, R2 and 
R3 are all approaching to Re. From Eqs. (7.4~7.6), Re, Rb and Rgb can be calculated as: 
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In the spectrum of La0.9Sr0.1Ga0.6Mg0.2Mn0.2O3-δ in forming gas at 3040C, cmR ⋅Ω≈ 140001 , 

cmRR ⋅Ω≈≈ 1500032 , thus using Eq. (7.8):  

cm
RR

RR
Rb ⋅Ω≈

−
= 210000

13

13 , 

which agrees well with cmR ⋅Ω≈ 2500001  in air at 3000C. The higher bulk conductivity in 

forming gas is due to the reduction of Mn. This also suggests that ionic conduction is 
predominant for La0.9Sr0.1Ga0.6Mg0.2Mn0.2O3-δ in air.  

La0.9Sr0.1Ga0.7Mg0.1Mn0.2O3-δ shows incomplete arc with lower resistance than LSGM in both 
air and forming gas at 3000C. At temperatures higher than 4000C, La0.9Sr0.1Ga0.7Mg0.1Mn0.2O3-δ 
exhibits metallic behavior in all atmospheres.  

La0.9Sr0.1Ga0.8Mn0.2O3-δ shows only dots in all impedance spectra at 3000C. It’s a p-type 
conductor in air. Figure 7.27 and 7.28 show the Arrhenius plot for the total conductivity of 
La0.9Sr0.1Ga0.8-yMgyMn0.2O3-δ (y=0~0.2) in air and forming gas, respectively. 
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As shown in figure 7.27 and 7.28, La0.9Sr0.1Ga0.7Mg0.1Mn0.2O3-δ and La0.9Sr0.1Ga0.8Mn0.2O3-δ 
have higher conductivity and lower activation energy than LSGM. While keeping the same 
amount of Mn, the activation energy decreases with increasing Ga content. The major difference 
between the two plots is the sharp change of La0.9Sr0.1Ga0.6Mg0.2Mn0.2O3-δ due to the n-type 

 
Figure 7.27 Arrhenius plot of the total conductivity of La0.9Sr0.1Ga0.8-yMgyMn0.2O3-δ

(y=0~0.2) in air.  

 

Figure 7.28. Arrhenius plot of the total conductivity of La0.9Sr0.1Ga0.8-yMgyMn0.2O3-δ 
(y=0~0.2) in 90%N2+10%H2. 
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conduction, as what we have discussed before. In order to further prove the existence of n-type 
electronic conductivity in La0.9Sr0.1Ga0.6Mg0.2Mn0.2O3-δ and to identify the conduction of 
La0.9Sr0.1Ga0.7Mg0.1Mn0.2O3-δ and La0.9Sr0.1Ga0.8Mn0.2O3-δ at low oxygen partial pressures, 
dependence measurement of total conductivity on the oxygen partial pressure and 
Kiukkola-Wagner measurements were performed.  

7.2.3.1b. Brouwer diagram of total conductivity 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 7.29 shows the Brouwer diagram of total conductivity of La0.9Sr0.1Ga0.8-yMgyMn0.2O3-δ 
(y=0~0.2) at 6000C. At high oxygen partial pressures, all three compositions keep nearly constant 
conductivities. Although La0.9Sr0.1Ga0.7Mg0.1Mn0.2O3-δ has a small scattering at low PO2, the 
conductivity is close to the values at high PO2. La0.9Sr0.1Ga0.8Mn0.2O3-δ starts to decrease the 

conductivity below barPO
1610

2

−≈ . Only La0.9Sr0.1Ga0.6Mg0.2Mn0.2O3-δ has a higher 

conductivity at low PO2.  
 
 
7.2.3.1c. Kiukkola-Wagner measurements 

Figure 2.28 tells us the equilibrium oxygen partial pressures from Ni/NiO and Fe/FeO electrodes 
are 10-19bar and 10-25bar at 6000C, respectively, which is suitable to check the conduction 
mechanism for the present samples.   

 
Figure 7.29. The total conductivity of La0.9Sr0.1Ga0.8-yMgyMn0.2O3-δ (y=0~0.2) vs. PO2 at 
6000C. 
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For the pure ionic conductor LSGM, the result agrees well with the theoretical calculation 
between 6000C and 8000C, as shown in figure 7.30.  
 

 
 

Kiukkola-Wagner measurements of the other three samples didn’t show any voltage at 6000C, 
indicating that they are all predominantly electronic conducting under the given experimental 
conditions.  

So far we can draw the following conclusions for the three compositions at the working 
temperature, based on the combined results of impedance spectroscopy, Brouwer diagram and 
Kiukkola-Wagner measurements: 

i. La0.9Sr0.1Ga0.6Mg0.2Mn0.2O3-δ is an predominantly ionic conductor at high oxygen 
partial pressure, and a n-type electronic conductor at low oxygen partial pressure; 

ii. La0.9Sr0.1Ga0.7Mg0.1Mn0.2O3-δ and La0.9Sr0.1Ga0.8Mn0.2O3-δ are p-type electronic 
conductors in all the range of oxygen partial pressures under discussion; 

iii. The usual ±1/4 dependences of the electronic conductivity on oxygen partial pressure 
were not seen in Brouwer diagram. In stead, the electronic conductivities are fairly 
stable in the certain pressure range. This is because the amount of electronic charge 
carriers are determined in this case by the doping level, which is not dependent on the 
oxygen activities, as what was discussed in chapter 2.2.4. 

 
LSGM is the well-known ionic conductor. 20-mol% Mn doped LSGM show different 

electrical properties, depending on the relative amount of Ga and Mg. Both n and p-type 
electronic conductivities can be dominate in various compositions. Mn plays a very important 
role in modifying or controlling the conducting behaviour of LaGaO3 based materials. If we now 
draw a triangle with the composition of La0.9Sr0.1Ga0.8Mg0.2O2.85, La0.9Sr0.1Ga0.8Mn0.2O3-δ and 

(a) (b) 

Figure 7.30. Plots of (a) EMF vs. time and (b) EMF vs. temperature for the cell
Fe+FeO / LSGM / Ni+NiO. 
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La0.9Sr0.1Ga0.6Mg0.2Mn0.2O3-δ occupying the three corners of the triangle (see figure 7.31), then in 
principle there should be at least one composition somewhere inside the triangle, fulfilling the 
requirement for SEA concept.  
 

 

 

 

Along each side of the triangle, only two elements will change simultaneously. The electrical 
conductivity can be modified from ionic to n or p type by tailoring the composition along the 
side, or through the interior of the triangle. 

In the following part, we will discuss more systematically the effect of different amount of 
Mn doping on the electronic conduction. All the compositions, which have been listed in Table 
7.3, can be represented by a dot in the triangle, and shown in figure 7.32. 
 

La0.9Sr0.1Ga0.8Mg0.2O2.85 
(ionic) 

 
 
 

Mg, Mn                      Ga, Mn 
 
 
 
 
La0.9Sr0.1Ga0.8Mn0.2O3-δ                       La0.9Sr0.1Ga0.6Mg0.2Mn0.2O3-δ 

(p-type)                 Ga, Mg          (n-type under low PO2 ) 
 
Figure 7.31. Compositional triangle of Mn doped LSGM. La0.9Sr0.1Ga0.8Mg0.2O2.85 is an 
ionic conductor over a wide range of oxygen partial pressure. La0.9Sr0.1Ga0.8Mn0.2O3-δ is a 
predominantly p-type conductor. La0.9Sr0.1Ga0.6Mg0.2Mn0.2O3-δ is a predominantly n-type
conductor under low oxygen partial pressure, and an ionic conductor at high oxygen partial
pressure. 
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La0.9Sr0.1Ga0.8Mg0.2O3-δ 

 

 

 

 

La0.9Sr0.1Ga0.8Mg0.15Mn0.05O3-δ     La0.9Sr0.1Ga0.75Mg0.2Mn0.05O3-δ 

 

 

 

 

 

La0.9Sr0.1Ga0.8Mg0.1Mn0.1O3-δ                 La0.9Sr0.1Ga0.7Mg0.2Mn0.1O3-δ 

La0.9Sr0.1Ga0.75Mg0.15Mn0.1O3-δ 

 

 

 

 

La0.9Sr0.1Ga0.8Mg0.05Mn0.15O3-δ                   La0.9Sr0.1Ga0.7Mg0.15Mn0.15O3-δ 

La0.9Sr0.1Ga0.75Mg0.1Mn0.15O3-δ                      La0.9Sr0.1Ga0.65Mg0.2Mn0.15O3-δ 

 

 

 

 

La0.9Sr0.1Ga0.7Mg0.1Mn0.2O3-δ             La0.9Sr0.1Ga0.6Mg0.2Mn0.2O3-δ 

La0.9Sr0.1Ga0.8Mn0.2O3-δ                                            La0.9Sr0.1Ga0.65Mg0.15Mn0.2O3-δ  

 

 

Figure 7.32. Compositional triangle of La0.9Sr0.1Ga1-x-yMgyMnxO3-δ (x, y=0~0.2) 
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7.2.3.2 La0.9Sr0.1Ga1-x-yMgyMnxO3-δ (x, y=0 ~ 0.2) 

In this chapter we will group the compositions according to the Mn content. 

7.2.3.2a. La0.9Sr0.1Ga0.95-yMgyMn0.05O3-δ (y=0.15, 0.2) 

Impedance measurements and Brouwer diagram reveal that there is only negligible effect on the 
electrical property of LSGM by incorporating 5-mol% Mn. Figure 7.33 show the impedance of 
La0.9Sr0.1Ga0.8Mg0.15Mn0.05O3-δ and La0.9Sr0.1Ga0.75Mg0.2Mn0.05O3-δ in air at 3050C. The Arrhenius 
plots for the total conductivities are shown in figure 7.34. 

(a) (b) 

Figure 7.33. Nyquist plots of (a) La0.9Sr0.1Ga0.8Mg0.15Mn0.05O3-δ and (b)
La0.9Sr0.1Ga0.75Mg0.2Mn0.05O3-δ in air at 3050C. 

 

Figure 7.34. Arrhenius plots of the total conductivity of La0.9Sr0.1Ga0.8Mg0.15Mn0.05O3-δ 
and La0.9Sr0.1Ga0.75Mg0.2Mn0.05O3-δ in air. 



Chapter 7 Results and discussion III                               7.2.3 La0.9Sr0.1Ga1-x-yMgyMnxO3-δ (x, y=0~0.2)  

- 121 - 

121

 

Table 7.4 Activation energies of bulk and total conductivities in air. 

Compositions EA,bulk (eV) EA,total (eV) 
LSGM 0.86 0.85 

La0.9Sr0.1Ga0.8Mg0.15Mn0.05O3-δ 0.91 0.88 
La0.9Sr0.1Ga0.75Mg0.2Mn0.05O3-δ 0.97 0.94 

 
 

The total conductivities of all three samples are close to each other, except a small increase at 
high temperature for Mn containing samples. This result is similar to that reported by Ishihara 
[1,3], who found that the conductivity of LSGM could be slightly increased by small amounts of 
doping of Fe or Co. Table 7.4 lists the activation energies of bulk and total conductivities for 
LSGM, La0.9Sr0.1Ga0.8Mg0.15Mn0.05O3-δ and La0.9Sr0.1Ga0.75Mg0.2Mn0.05O3-δ in air. Although 
La0.9Sr0.1Ga0.75Mg0.2Mn0.05O3-δ has the highest activation energy, its conductivity is higher than 
La0.9Sr0.1Ga0.8Mg0.15Mn0.05O3-δ at high temperatures. Mn is known as a mixed valence cation and 
the trivalent one is predominant in perovskite in air. Assuming the valence states (or contribution 
to the oxygen vacancies) of Mn are the same in both La0.9Sr0.1Ga0.8Mg0.15Mn0.05O3-δ and 
La0.9Sr0.1Ga0.75Mg0.2Mn0.05O3-δ, then the number of oxygen vacancies only varies with the 
content of the lower valent cation Mg2+.  
 

 

 

 

 

Figure 7.35. Brouwer diagram of the total conductivity for La0.9Sr0.1Ga0.8Mg0.15Mn0.05O3-δ at
6000C and 8500C. 
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Figure 7.35 and 7.36 show the Brouwer diagrams of the total conductivity at 6000C and 
8500C for La0.9Sr0.1Ga0.8Mg0.15Mn0.05O3-δ and La0.9Sr0.1Ga0.75Mg0.2Mn0.05O3-δ, respectively. In 
both cases, the total conductivities are about the same in the experimental range of the oxygen 
partial pressures. 

 
 

7.2.3.2b. La0.9Sr0.1Ga0.9-yMgyMn0.1O3-δ (y=0.1, 0.15, 0.2) 

Figure 7.37 shows the impedance plots of 10-mol% Mn doped samples in air at 3000C. Two 
semicircles can be seen at this temperature. All samples showed similar impedance plots as in the 
case of LSGM at higher temperatures.  

 

Figure 7.36. Brouwer diagram of the total conductivity for La0.9Sr0.1Ga0.75Mg0.2Mn0.05O3-δ

at 6000C and 8500C. 

(a) (b) 
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Samples with 10-mol% Mn are still predominantly ionic conductors in air. Arrhenius plots 
(Figure 7.38) shows that their conductivities are of the same order of magnitude as LSGM. 
La0.9Sr0.1Ga0.7Mg0.2Mn0.1O3-δ has the highest conductivity among the Mn containing samples 
because of the highest amount of Mg. The activation energy for bulk and total conduction are 
listed in Table 7.5.  

 
(c) 

Figure 7.37. Nyquist plots of (a) La0.9Sr0.1Ga0.8Mg0.1Mn0.1O3-δ and (b)
La0.9Sr0.1Ga0.75Mg0.15Mn0.1O3-δ and (c) La0.9Sr0.1Ga0.7Mg0.2Mn0.1O3-δ in air at 3000C. 

 

Figure 7.38. Arrhenius plots of the total conductivity of La0.9Sr0.1Ga0.9-yMgyMn0.1O3-δ 
(y=0.1, 0.15, 0.2) in air. 
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Table 7.5 Activation energies of bulk and total conductivities in air. 

Compositions EA,bulk (eV) EA,total (eV) 
LSGM 0.86 0.85 

La0.9Sr0.1Ga0.8Mg0.1Mn0.1O3-δ 0.81 0.85 
La0.9Sr0.1Ga0.75Mg0.15Mn0.1O3-δ 0.90 0.91 
La0.9Sr0.1Ga0.7Mg0.2Mn0.1O3-δ 0.87 0.90 

 
 

The investigated samples show similar conducting behavior as LSGM in air, indicating that 
there is less effect on p-type conduction. To check the influence of Mn on n-type conduction, 
samples were measured in reducing atmospheres. Firstly, the impedance plots of LSGM in air 
and forming gas at 5480C are shown in figure 7.39 for comparison.  

 

 
 

In figure 7.39(a), a straight line with the slope of 450 can be seen at low frequency. This line 
corresponds to the Warburg diffusion of oxygen through the Pt electrodes. Under reducing 
conditions, Pt works as a fully blocking electrode. Thus figure 7.39(b) shows the typical blocking 
behavior. 

When a sufficient amount of Mn is added to LSGM, the electrical property will be modified 
due to the reduction of Mn3+. Thangadurai et al [14] reported reduction of Mn in 
La0.9Sr0.1Ga0.8Mn0.2O3-δ occurring at around 2500C and 5000C. The impedance measurement 
confirmed that the reduction of Mn started below 3000C, for the tails at low frequency shown in 
figure 7.37 vanished completely in forming gas. Figure 7.40 shows the impedance plots of 
La0.9Sr0.1Ga0.75Mg0.15Mn0.1O3-δ in air and forming gas from 3000C to 7000C. The other two 
samples are not shown here because they have exactly same tendency as 
La0.9Sr0.1Ga0.75Mg0.15Mn0.1O3-δ. 

(a) (b) 

Figure 7.39. Nyquist plot of LSGM in (a) air and (b) forming gas at 5480C 
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(a)                                     (b) 



Chapter 7 Results and discussion III                               7.2.3 La0.9Sr0.1Ga1-x-yMgyMnxO3-δ (x, y=0~0.2)  

- 126 - 

126

 

 

 

In figure 7.40(a), the Warburg contribution can be seen in air at all temperatures. Such kind 
of tails disappeared in forming gas (figure 7.40(b)). Below 5000C there is no tails at low 
frequency. As Mn started to be reduced at 2500C, diminishing of the tail could be attributed to 
the increasing of the electronic conductivity. Starting from 5000C, after the first three semicircles 
there is a small tail coming up, which became more and more obvious with increasing 
temperatures. Such changes of the low frequency behavior could be explained in the following 
way:   

 
i) n-type electronic conductivity increases due to the reduction of Mn. The increased 

electronic conductivity facilitates the charge transfer between the sample and the 
electrodes, so the semicircle that corresponds to the sample-electrode process is not 
visible below 5000C. Comparing the impedance plots between air and forming gas, it 
can be seen that there is no obvious difference for the first two semicircles, which 
should not be the case if there would have been electronic short-circuit throughout the 
sample. So it’s likely that the concentration of electronic charge carriers is increased 
due to the presence of Mn, but the electronic conduction does not occur throughout 
the sample because of the low mobility of the electronic charge carriers; 

 
ii) When Mn3+ is reduced to Mn2+, La0.9Sr0.1Ga0.75Mg0.15Mn0.1O3-δ should have a higher 

conductivity than that measured in air because of higher concentration of divalent 
cation after reduction; 

 
iii) The electronic conduction occurs via the hopping mechanism between Mn3+ and 

Mn2+. With the reduction process of Mn3+, the electronic conductivity will increase 
first and then decrease. 

(a) (b) 

Figure 7.40. Nyquist plots of La0.9Sr0.1Ga0.75Mg0.15Mn0.1O3-δ in (a) air and (b) forming gas.
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Table 7.6 Activation energies of bulk and total conductivities in forming gas. 

Compositions EA,bulk (eV) EA,total (eV) 
LSGM 0.88 0.91 

La0.9Sr0.1Ga0.8Mg0.1Mn0.1O3-δ 0.70 0.85 
La0.9Sr0.1Ga0.75Mg0.15Mn0.1O3-δ 0.90 0.99 
La0.9Sr0.1Ga0.7Mg0.2Mn0.1O3-δ 0.88 0.92 

 
 
 

Figure 7.41 shows the Arrhenius plots for the total conductivity of the investigated materials 
in forming gas. The activation energies for bulk and total conduction are shown in Table 7.6. 
Arrhenius plots show that the total conductivities are close to each other. Only ionic conduction 
was observed in all the samples. At high temperatures higher than 5000C, Mn containing samples 
have slightly higher conductivity than LSGM due to the fully reduction of Mn3+.  
 

 
 

The total conductivities of La0.9Sr0.1Ga0.9-yMgyMn0.1O3-δ (y=0.1, 0.15, 0.2) at 6000C are 
plotted in the Brouwer diagram (Figure 7.42). Similar to what has been discussed before, the 
conductivities measured at low oxygen partial pressures are higher than those measured at high 
oxygen partial pressures. In most of the pressure ranges, the conductivities of the samples are of 
the order of La0.9Sr0.1Ga0.8Mg0.1Mn0.1O3-δ < La0.9Sr0.1Ga0.75Mg0.15Mn0.1O3-δ < 
La0.9Sr0.1Ga0.7Mg0.2Mn0.1O3-δ.  

 
Figure 7.41. Arrhenius plots of the total conductivity of La0.9Sr0.1Ga0.9-yMgyMn0.1O3-δ 
(y=0.1, 0.15, 0.2) in forming gas. 
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7.2.3.2c. La0.9Sr0.1Ga0.85-yMgyMn0.15O3-δ (y=0.05, 0.1, 0.15, 0.2) 

The impedance plots of La0.85Sr0.1Ga0.9-yMgyMn0.15O3-δ (y=0.05, 0.1, 0.15, 0.2) at 4000C in air 
are shown in figure 7.43. La0.9Sr0.1Ga0.8Mg0.05Mn0.15O3-δ and La0.9Sr0.1Ga0.75Mg0.1Mn0.15O3-δ in 
figure 7.43(a) and 7.43(b) exhibit typical behavior when there is an electronic conduction in 
parallel with the ionic conduction. Figure 7.43(c) and 7.43(d) show that 
La0.9Sr0.1Ga0.7Mg0.15Mn0.15O3-δ and La0.9Sr0.1Ga0.65Mg0.2Mn0.15O3-δ are still predominantly ionic 
conductors in air. 
 

 
Figure 7.42. Brouwer diagram of the total conductivity of La0.9Sr0.1Ga0.9-yMgyMn0.1O3-δ

(y=0.1, 0.15, 0.2) at 6000C. 

(a) (b) 
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La0.9Sr0.1Ga0.8Mg0.05Mn0.15O3-δ exhibits electronic conduction at all measured temperatures 
(2000C~8000C). Each of the impedance spectra consists of a distorted arc, indicating a 
comparable ionic conductivity to electronic conductivity. If the electronic conductivity is much 
larger than the ionic conductivity, then there should only be a dot in the Nyquist plot, but not an 
arc. The arc consists of overlapped semicircles. Using Eqs.(7.7~7.8), the bulk and electronic 
conductivity can be calculated. The results are listed in Table 7.7, and the corresponding 
Arrhenius plots are shown in figure 7.44. 

 

(c) (d) 

Figure 7.43. Nyquist plots of La0.9Sr0.1Ga0.85-yMgyMn0.15O3-δ at 4000C in air. 

 
Figure 7.44. Arrhenius plots of the ionic and electronic conductivities of
La0.9Sr0.1Ga0.8Mg0.05Mn0.15O3-δ in air. The ionic and electronic conductivities were
calculated here using the model given by Huggins.  
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Table 7.7 Ionic and electronic resistivities of La0.9Sr0.1Ga0.8Mg0.05Mn0.15O3-δ in air.  

 R1 (Ωcm) R2 (Ωcm) R3 (Ωcm) Rb (Ωcm) Rb+Rgb (Ωcm) Re (Ωcm)
2000C   42400   42400 
3000C   7500   7500 
4000C 450 1800 2100 573 12600 2100 
5000C 320 700 900 496 3150 815 
6000C  280 382  1049 382 
7000C  147 204  526 204 
8000C  82 103  402 103 
 

 
La0.9Sr0.1Ga0.75Mg0.1Mn0.15O3-δ shows electronic behavior in the impedance plots below 

5000C. The bulk resistivities calculated using Eq.(7.8) are listed in Table 7.8. The bulk values of 
La0.9Sr0.1Ga0.7Mg0.15Mn0.15O3-δ and La0.9Sr0.1Ga0.65Mg0.2Mn0.15O3-δ taken from the impedance 
plots are also listed in Table 7.8 for comparison. The bulk resistivities of the three samples are of 
the same order of magnitude. Although the electronic resistance is more than one order of 
magnitude higher than the bulk resistance, the very low ionic conductivity is due to the large 
impeding effect from the grain boundary. Since the activation energy for ionic conduction is 
larger than that for electronic conduction, the ionic conductivity increases faster with temperature. 
Figure 7.45 shows the bulk and electronic conductivities of La0.9Sr0.1Ga0.75Mg0.1Mn0.15O3-δ in air. 
 

 

 

Figure 7.45. Bulk and electronic conductivities of La0.9Sr0.1Ga0.75Mg0.1Mn0.15O3-δ in air. The 
bulk conductivity was calculated using Eq. (7.8).  
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Table 7.8 Bulk resistivities Rb (ohm·cm) of La0.9Sr0.1Ga0.75Mg0.1Mn0.15O3-δ in air below 5000C.  

 
 
 

La0.9Sr0.1Ga0.7Mg0.15Mn0.15O3-δ and La0.9Sr0.1Ga0.65Mg0.2Mn0.15O3-δ show two distinguishable 
semicircles, which correspond to bulk and grain boundary conduction. As listed in Table 7.8, 
their bulk values are in the same order of magnitude. But the grain boundary resistances of 
La0.9Sr0.1Ga0.7Mg0.15Mn0.15O3-δ are much larger than those of La0.9Sr0.1Ga0.65Mg0.2Mn0.15O3-δ.  
 

 

 

The Arrhenius plots for the total conductivity of La0.9Sr0.1Ga0.85-yMgyMn0.15O3-δ (y=0.05, 0.1, 
0.15, 0.2) in air are shown in figure 7.46. La0.9Sr0.1Ga0.8Mg0.05Mn0.15O3-δ has the highest 
conductivity below 4000C because of the high electronic conduction. It should be mentioned here 
that the ‘total’ conductivities of La0.9Sr0.1Ga0.75Mg0.1Mn0.15O3-δ plotted in figure 7.46, especially 
at the temperatures below 5000C, are not the real total conductivities, but the electronic 
conductivities at these temperatures. That’s why the conductivity is much lower than other 

La0.9Sr0.1Ga0.75Mg0.1Mn0.15O3-δ 
 

R1 R3 Rb 
La0.9Sr0.1Ga0.7Mg0.15Mn0.15O3-δ La0.9Sr0.1Ga0.65Mg0.2Mn0.15O3-δ 

3000C 35000 700000 36842 30000 35500 

4000C 3300 70000 3463 3000 3350 

5000C 500 6500 542 530 700 

 

Figure 7.46. Arrhenius plots of the total conductivity of La0.9Sr0.1Ga0.85-yMgyMn0.15O3-δ 
(y=0.05, 0.1, 0.15, 0.2) in air. 
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compositions. The activation energy changes from 0.71eV to 0.89eV at around 4000C, which 
means a more ionic contribution to the total conduction at elevated temperatures. The total 
conductivity of La0.9Sr0.1Ga0.7Mg0.15Mn0.15O3-δ and La0.9Sr0.1Ga0.65Mg0.2Mn0.15O3-δ are lower than 
LSGM. The one with higher amount of Mg has higher ionic conductivity. 

 

 

 

Figure 7.47. Arrhenius plot of the conductivity of La0.9Sr0.1Ga0.8Mg0.05Mn0.15O3-δ 
during heating and cooling in forming gas. 

 

Figure 7.48. Arrhenius plot of the n-type electronic conductivity of
La0.9Sr0.1Ga0.85-yMgyMn0.15O3-δ during heating process of La0.9Sr0.1Ga0.85-yMgyMn0.15O3-δ in 
forming gas. 
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Figure 7.47 shows the Arrhenius plot of La0.9Sr0.1Ga0.8Mg0.05Mn0.15O3-δ in forming gas. As 
reduction of Mn starts when hearted in reducing atmospheres, the n-type electronic conductivity 
of La0.9Sr0.1Ga0.8Mg0.05Mn0.15O3-δ will increase until a certain amount of Mn is reduced, while the 
ionic conductivity will also increase at the same time. During heating, n-type conductivity is 
predominant, and the activation energy is 0.58eV. During cooling, Mn cannot be oxidized in 
forming gas. The total conductivity is predominantly ionically conducting, with an activation 
energy of 0.79eV. Such kind of behavior was also found for other samples below 5000C. Figure 
7.48 shows the n-type electronic conductivity of La0.9Sr0.1Ga0.85-yMgyMn0.15O3-δ in forming gas. 
With increasing amount of Mg, the electronic conductivity decreases slightly. 

Figure 7.49 shows the Arrhenius plots for the total conductivity of 
La0.9Sr0.1Ga0.85-yMgyMn0.15O3-δ (y=0.05, 0.1, 0.2) in forming gas. Only the data taken from 
cooling process are plotted. All the samples show similar total conductivities as in the case of 
LSGM after heating in reducing conditions. 

 
 

The total conductivities of La0.9Sr0.1Ga0.85-yMgyMn0.15O3-δ (y=0.05, 0.1, 0.15, 0.2) as a 
function of the oxygen partial pressure at 6000C are shown in figure 7.50. All the samples 
increase their conductivities under reducing conditions due to the increased n-type electronic and 
ionic conduction. 
 

 

Figure 7.49. Arrhenius plots of the total conductivity of La0.9Sr0.1Ga0.85-yMgyMn0.15O3-δ 
(y=0.05, 0.1, 0.2) in forming gas. 
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(c) (d) 

Figure 7.50. Brouwer diagrams of the total conductivity of La0.9Sr0.1Ga0.85-yMgyMn0.15O3-δ

(y=0.05, 0.1, 0.15, 0.2) at 6000C. 

(a) (b) 
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7.2.3.3 Summary 

(a). Effect on the ionic conductivity in air 

Although the main purpose of doping Mn into LSGM in this study is to investigate the 
electronic conduction, it’s also important not to deteriorate the ionic conductivity significantly. 
Mn exists in the samples mainly in a high valence state (+3, +4) after preparation. Replacement 
of Ga by trivalent or tetravalent Mn will decrease the ionic conductivity because of decreased 
concentration of oxygen vacancy. Generally speaking, the ionic conductivity of 
La0.9Sr0.1Ga1-y-xMgyMnxO3-δ (x, y=0~0.2) decreases with increasing amount of Mn. For example, 
at 5000C in air (2.92×10-3S/cm for LSGM),  

05.015.0 MnMgσ  (2.86×10-3S/cm)> 
1.01.0 MnMgσ  (1.78×10-3S/cm)> 

15.005.0 MnMgσ  (3.17×10-4S/cm) 

05.02.0 MnMgσ  (2.94×10-3S/cm)> 
1.015.0 MnMgσ  (1.89×10-3S/cm)> 

15.01.0 MnMgσ  (1.54×10-4S/cm) 

1.02.0 MnMgσ  (2.42×10-3S/cm)> 
1.02.0 MnMgσ  (1.14×10-3S/cm)> 

2.02.0 MnMgσ  (2.67×10-4S/cm) 

 
Keeping the same amount of Ga, the ionic conductivity decreases with increasing amount of 

Mn, for less Mg means less oxygen vacancies. While at a same doping level of Mn, the ionic 
conductivity increases with increasing of Mg content, except for La0.9Sr0.1Ga0.75Mg0.1Mn0.15O3-δ, 
which has a very large grain boundary resistance.  

 

(b). Effect on the ionic conductivity under reducing conditions 

Under reducing conditions, trivalent Mn can be reduced to divalent cation, generating oxygen 
vacancies. 

••×× ++→←+ OGaOGa VOMnOMn 2
'

2
122                   (7.10) 

Both ionic and n-type electronic conductivities should be increased. It should be mentioned 
again here that all the Mn containing samples have a conductivity difference between the first 
heating and cooling below 5000C. The total conductivity became lower during cooling, as shown 
in figure 7.45. This difference can be explained by the reduction of Mn. The n-type conduction 
occurs via a hopping mechanism, which requires sufficient amount of Mn2+ and Mn3+ so that 
mobile electrons can jump from one Mn to a neighboring one, but with different valence. If more 
Mn3+ is reduced at high temperature, then the electronic conductivity will be decreased. The data 
taken from the cooling process were used to plot the Arrhenius diagrams, if not specially 
mentioned.  
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For all the compositions, except for La0.9Sr0.1Ga0.8Mn0.2O3-δ and La0.9Sr0.1Ga0.7Mg0.1Mn0.2O3-δ, 
higher conductivities were found at low oxygen partial pressures. The difference of the 
conductivity between high and low oxygen partial pressures is dependent on the concentration of 
Mn. The larger the amount of Mn there is, the larger is the difference of the conductivity. 
However, Brouwer diagrams show that the conductivities of all the samples, except for 
La0.9Sr0.1Ga0.8Mn0.2O3-δ, are at the same level (7.9×10-3S/cm ~ 9.5×10-3S/cm at 6000C) and fairly 
constant under reducing atmospheres. So the magnitude of the total conductivity is less 
influenced by Mn at low oxygen partial pressures than at high oxygen partial pressures. And the 
larger difference on the conductivity is mainly due to the decreasing ionic conductivity with 
increasing Mn content at high oxygen partial pressures.   

 

(c). Effect on the electronic conductivity  

Compared to LSGM, the typical low frequency tail in the Nyquist plot due to the blocking 
behavior from the sample/electrode interfaces is greatly minimized or completely removed in all 
Mn containing compositions under reducing conditions, suggesting the existence of n-type 
conductivity. Kiukkola-Wagner measurements also suggest the predominant effect of electronic 
conduction at low oxygen partial pressures. There is no doubt that the n-type conduction is the 
result of Mn doping, and it seems easy to understand the increase of total conductivity under 
reducing conditions, especially for the samples which have high Mn Content. The only 
exceptions are La0.9Sr0.1Ga0.8Mn0.2O3-δ and La0.9Sr0.1Ga0.7Mg0.1Mn0.2O3-δ, which are 
predominantly p-type electronic conductors at both high and low oxygen partial pressures. The 
n-type conductivities of several compositions have been shown by analyzing the impedance plots 
using a simple approach. However, this method is indirect to samples, which have insignificant 
portion of the electronic conduction. Therefore it’s difficult to separate the electronic 
conductivity from ionic conductivity by this simple method for all the compositions. To do so, 
different techniques such as DC measurement and Hebb-Wagner polarization measurement 
should be applied.  

For the same reason, p-type conductivity was not quantitatively determined for the samples, 
whose electronic conductivity could be ignored compared to the ionic conductivity. The p-type 
conductivity of Mn doped LSGM increases with the amount of Mn. In the present study, ionic 
conduction is predominant in 5mol% and 10mol% Mn doped samples, and no obvious electronic 
conduction was found. In 15-mol% Mn doped samples, La0.9Sr0.1Ga0.8Mg0.05Mn0.15O3-δ and 
La0.9Sr0.1Ga0.75Mg0.1Mn0.15O3-δ exhibit electronic behavior in air. The electronic conductivity 
obtained from impedance measurement decreases with increasing Mg content. For example, at 
5000C,  

δ
σ

-30.150.050.80.10.9 OMnMgGaSrLa  (1.11×10-3S/cm) > 
δ

σ
-30.150.10.750.10.9 OMnMgGaSrLa  (1.54×10-4S/cm). 

In 20mol% Mn doped samples, all compositions show electronic conductivities. At 5000C, the 
p-type conductivities are in the following order:  
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0.20.8MnGaσ  (1.82×10-2S/cm) > 
0.20.1MnMgσ  (4.87×10-3S/cm) >

0.20.15MnMgσ  (5.26×10-4S/cm) 

 
With increasing amount of Mg, the p-type electronic conductivity decreases. Such kind of 

relation can be explained in the following way: 
When Ga is replaced by Mg, oxygen vacancies can be generated: 

••× ++ → OOGa
OGa VOMgMgO 222 '32                     (7.11) 

Under oxidizing conditions, Mn can be oxidized: 
×•••× +→←++ OGaOGa OMnVOMn 22

12 2                   (7.12) 

with the equilibrium constant: 

[ ]
[ ] [ ] 2/12

2

2OOGa

Ga

PVMn

Mn
K

⋅⋅
=

••×

•

                         (7.13) 

The electroneutrality condition is: 

[ ] [ ] [ ] [ ]••• ++=+ GaOGaLa MnVpMgSr 2''                    (7.14) 

in which the very small concentration of electrons is not considered here. Eq. (7.14) can be 
rewritten to: 

[ ]•+≈ GaMnpconst.                            (7.15) 

When [ ]••OV  is increased in Eq. (7.13) due to the increased concentration of Mg, [ ]×
GaMn  

and [ ]•
GaMn  will be decreased and increased, respectively. Then from Eq. (7.15), the p-type 

conductivity should be decreased. 
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Chapter 8 

Summary 
Different from the traditional PEN structured fuel cells, the novel SEA (Single Element 
Arrangement) concept consists of a single material to complete the whole galvanic cell. The 
essential of the SEA concept is the in-situ electrode formation. Such kind of material becomes 
mixed ionic and electronic conducting in the surface region, while still being predominantly 
ionically conducting inside under the working conditions. The surface region could be either n 
type or p type electronic conducting depending on the oxygen activity. Separate electrodes can 
therefore be omitted if the electronic conductivity in the surface region is high enough. The 
electronic short circuit will be blocked by the region where ionic conduction is dominant, 
allowing the generation of electromotive force. Since the oxygen activity drops continuously 
through the material from cathode to anode, there must be such a region in between. The 
advantages of SEA are obvious. Any impeding effects and matching problems at the interfaces 
between electrolyte and electrodes can be eliminated or highly reduced.  

In this work, several materials that were considered to be possible candidates for SEA 
applications were investigated, with the focus on modification of the electronic conductivity by 
appropriate doping in the well-known electrolyte materials, including samarium doped ceria 
(SDC), yttria doped barium cerate and LSGM.  

There are a number of methods being normally used to separate the electronic and ionic 
components of the total charge transport. These methods include Faraday’s method, 
Hebb-Wagner method and open circuit potential method. A relatively new and simple technique 
was mostly used in this work to evaluate the electronic and ionic contributions to the total 
conduction. This technique is based on AC impedance spectroscopy using ion-blocking 
electrodes. It’s easy to determine whether there is an electronic leakage through the sample by 
looking at the capacitive tail at low frequencies in the Nyquist plot. If such tail is invisible, then 
there is considerable electronic conduction through the sample. In this case, interpretation of the 
intersections with the real axis in Nyquist diagram will be different from the case when there is 
only ionic conduction. Information of electronic and ionic resistivities can be derived from these 
intersections.

(a) Materials based on SDC 

SDC was chosen as the starting material because it has high oxide ion conductivity, and Ce can 
be reduced at low oxygen partial pressure, leading n-type conduction. Pr and several other metal 
ions (Bi, Co, Cr, Cu, Fe, Sb, V) were doped into SDC to try to improve the p-type conductivity in 
air. 

Up to 15-mol% Pr was doped into SDC in two groups. In one group the amount of Sm was 
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kept constant (Ce0.8-xSm0.2PrxO2-δ), while in the other group the amount of Ce was kept constant 
(Ce0.8Sm0.2-xPrxO2-δ). 

Among the Ce0.8-xSm0.2PrxO2-δ samples, the ionic conductivity decreases with increasing 
amount of Pr. 20-mol% Sm doped ceria is known to have the highest conductivity among ceria 
based materials. Replacing Ce by Pr will generate more oxygen vacancies, which will cause large 
distortion of the structure but not contribute to the conduction. The increased number of oxygen 
vacancies will facilitate the incorporation of oxygen from surrounding atmospheres at high 
oxygen partial pressures, which will increase the number of electron holes. The mobile electron 
holes can be transferred by hopping between Pr3+ and Pr4+. Thus, the p-type conductivity 
increases with increasing number of Pr. For example, the p-type electronic conductivity at 6000C 
in air increases from Ce0.77Sm0.2Pr0.03O2-δ (5.15×10-4S/cm) to Ce0.7Sm0.2Pr0.1O2-δ (3.80×10-3S/cm). 
In this group of samples, Pr has an effect of shifting the electrolyte domain boundary to lower 
oxygen partial pressures. With increasing Pr content, the n-type conductivity decreases under 
reducing conditions, partially also due to the reduced amount of Ce. For instance, the electronic 
conductivity at 6000C in H2 is 1.99×10-2S/cm for Ce0.77Sm0.2Pr0.03O2-δ and 1.58×10-3S/cm for 
Ce0.7Sm0.2Pr0.1O2-δ.  

Among the Ce0.8Sm0.2-xPrxO2-δ samples, the total conductivity increases with the Pr content 
due to the increased p-type conductivity. The highest electron hole conductivity at 7000C in air 
was found to be 5.62×10-3S/cm for Ce0.8Sm0.05Pr0.15O2-δ. Although the n-type electronic 
conductivity of Ce0.8Sm0.05Pr0.15O2-δ is lower than SDC, they are of the same order of magnitude. 
Based on the Brouwer diagrams of the total conductivity, Ce0.8Sm0.05Pr0.15O2-δ was supposed to 
be a possible composition for SEA concept among all of the Pr doped samples. The thermal 
expansion coefficient of Ce0.8Sm0.05Pr0.15O2-δ was measured to be 18×10-6/K. The problems 
related to the thermal expansion and reduction expansion should be solved prior to the fuel cell 
test. 

Several other metal ions (Bi, Co, Cr, Cu, Sb, V) were also doped into SDC. The amount of 
dopant was adjusted to keep the same calculated oxygen deficiency. No obvious improvement on 
the electronic conduction was observed in these materials. 

(b) Materials based on BCY 

It’s known that doped BaCeO3 shows mixed proton and electron conduction in the presence of 
moisture, whereas in dry oxidizing atmospheres, it exhibits mixed oxide ion and electron hole 
conducting properties. In order to improve the electronic conductivity under reducing conditions, 
TiO2 was tried to mix with BaCe0.76Y0.2Pr0.04O3-δ in a molar ratio of 1:10. After sintering at 
16000C, TiO2 is completely dissolved in BaCe0.76Y0.2Pr0.04O3-δ. Thus both the ionic and electron 
hole conductivity of BaCe0.76Y0.2Pr0.04O3-δ are lowered by an order of magnitude by mixing with 
TiO2, because the number of oxygen vacancies is largely reduced by the replacement of a lower 
valent cation, i.e. Y3+ or Pr3+, by a higher valent cation Ti4+. A composite electrolyte, 
BaCe0.8Y0.2O2.9+Ce0.8Sm0.2O1.9, was also prepared in view of the reduction of SDC under 
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reducing conditions and the electron hole conduction of BCY under oxidizing conductions. There 
is no side product between SDC and BCY after sintering at 16000C. The conductivity of the two 
phase mixture is lower than each of the individual material especially at temperatures lower than 
6000C, suggesting a large impeding effect from the interface between the two compositions. 

(c) Materials based on LSGM 

LSGM is a well-known ionic conductor over a wide range of oxygen activities. Doping of 
transition metals such as Fe, Co, Mn in LSGM was reported to increase the electron hole 
conductivity. Few authors also reported the n-type conduction introduced by Mn. So Mn was 
chosen to improve both n and p-type conductivities.  

Replacement of Ga or Mg by trivalent or tetravalent Mn will decrease the ionic conductivity 
because of the decreased concentration of oxygen vacancies. The ionic conductivity decreases 
with increasing amount of Mn. For instance, La0.9Sr0.1Ga0.8Mg0.15Mn0.05O3-δ (2.86×10-3S/cm) has 
higher ionic conductivity than La0.9Sr0.1Ga0.6Mg0.2Mn0.2O3-δ  (2.67×10-4S/cm) at 5000C in air. At 
the same doping level of Mn, the ionic conductivity increases with increasing Mg content 
because of the increasing amount of oxygen vacancies.  

All the investigated compositions in this study are inside of a compositional triangle with 
LSGM, La0.9Sr0.1Ga0.8Mn0.2O3-δ and La0.9Sr0.1Ga0.6Mg0.2Mn0.2O3-δ at the three corners, 
respectively. La0.9Sr0.1Ga0.8Mn0.2O3-δ is a predominant p-type electronic conductor over the entire 
range of the interested oxygen partial pressures (PO2=10-25~1bar); La0.9Sr0.1Ga0.6Mg0.2Mn0.2O3-δ is 
a predominant ionic conductor at high oxygen partial pressures, and shows n-type electronic 
conductivity under reducing conditions (~7.08×10-3S/cm at 6000C). So there should be a 
composition inside the triangle, which will be predominantly electronic conducting at high and 
low oxygen partial pressures, and ionic conducting at intermediate oxygen partial pressures.  

All the Mn containing samples show electronic conducting behaviour under reducing 
atmospheres. The electrolyte/electrode process can be largely improved by Mn, due to the 
increased electronic conduction in the surface region and the catalytic effect of Mn, which is 
more effective to the oxidation of H2 than to the reduction of O2. Thus, Mn containing perovskite 
materials should also be possibly used as anode materials for SOFC.  

p-type conductivity of Mn doped LSGM increases with the amount of Mn, and decrease with 
increasing Mg content. At 5000C, 

0.20.8MnGaσ  (1.82×10-2S/cm) > 
0.20.1MnMgσ (4.87×10-3S/cm) > 

0.20.15MnMgσ (5.26×10-4S/cm) 

 
It has been observed that both 15-mol% Pr doped SDC and 15~20mol% Mn doped LSGM 

showed interesting properties, which are close to the requirement of SEA. The suitable material 
may have a very narrow range of stoichiometry. This region has already been largely narrowed in 
this work. 
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Chapter 9 

Outlook 

In view of the simple construction, absence of the problems arising from thermal mismatch and 

impeding effect at the electrolyte/electrodes interfaces, SEA concept is considered to be a 

promising candidate for ITSOFC. Our initial study has shown that n and p-type electronic 

conductions were observed in a single material under reducing and oxidizing atmospheres, 

respectively. Materials based on Pr doped SDC and Mn doped LSGM have been investigated to a 

certain extent. One big hurdle to overcome for the further investigation of Pr doped samples is 

the poor mechanical strength at high temperature. Both thermal and reductional expansions, in 

view of the Ce4+/Ce3+ and Pr3+/Pr4+ transformation, always cause cracking and failure of the 

samples. One possible way to solve this type of problem is to enhance the mechanical strength, 

while still keeping the electrical property by proper doping. LSGM itself has the problem in 

preparation because of the narrow stoichiometry range. When Mn is involved, this region is 

further narrowed. Small amount of variation in the Mn content may lead large change in the 

electrical property. The stoichiometry region, where the suitable compositions for SEA concept 

are located, has been narrowed to a great extent in the compositional triangle. Tailoring of the 

components inside the small region is necessary to achieve the right compositions. Composite 

electrolyte might also be a choice for the purpose. Although it’s not a really ‘single’ material, the 

composition is still homogenously distributed throughout the sample. Problems due to the large 

expansion might also be easily solved by choosing the components with different expansion 

coefficient.  
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