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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 SkW 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 Thrig 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)

iii)

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.

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].

Stationary Power Production and Backup (IMW~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)

iii)

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.

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.

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 LaCrO; 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"'S/cm was
needed for electrolyte-supported cells of about 200 1 m thickness [6]. That is the reason why
YSZ-based fuel cells have to work under very high temperature.
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Figure 1.1. Electrical onductivities of selected oxides.
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By decreasing the thickness of the electrolyte to 10~20 1 m, 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
(Ce0,) [7-13] and doped lanthanum gallate (LaGaOs) [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™'® atm O, 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 Lag ¢Sty 1GagsMg20,55. Single SOFC based on the LSGM were
demonstrated to have high power density even with a thick film (>500 u m) [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 O, 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 CO, 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.

1) 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.

i1) 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 SrSnO; [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 H,, 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.

electron flow  —»

Load
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H, © l“w : 0,
Cod® ) < ®
— 1 oS o e 3

Bl Oxygen ions
] BN -
HO Qovie &
2 RaHC &
B q\h FJIL,,«L.'- Q
@ o 0O Y -
& &P ALY —
o - B B
o '\ff@: o q
RINSN
Anode Cathode

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

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

Hy —— Ha sov —> Ha ags (2.1)

i1) Dissociation of the hydrogen molecule:
HZ, ads ———=> 2Hads (22)

1) Ionisation:

Hags + O ——> OH +¢ (2.3)
Hags + OH —> H,0 +¢ 2.4)

1v) Desorption of products.
The total anode reaction is as follows:

H, + 0 — H,0 +2¢ (2.5)

At the cathode side, the following reaction mechanisms occur for oxygen reduction.

1) Transport of molecular oxygen from the gas phase to the electrode and adsorption on
the surface:

Oy — >0y 5oy — > Oy, ugs (2.6)
i1) Dissociation of the oxygen molecule:
02,20s 7 20u4s (2.7)
1i1) Ionisation:
Opas + 26— OF (2.8)

iv) Desorption of products and transport into the electrolyte.
The total cathode reaction is the following:

0, +4e——> 20~ (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:

H,+ 120, ——> H, O (2.10)

-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:

AG = —zFE 2.11)

where AG 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.

(liquid)  H +1/20 =H O  —=—EMF

1.20 | \ (58} -
\-\I B ]
115 F e Ty -

1.10 |- B -

EMF (V)
/

1.05 | - I

1.00 | “m E

0.90 -

200 400 600 800 1000 1200 1400
T (K)

Figure 2.2. Calculated EMF of a H,/O; cell vs. temperature.

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.

1) 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.

-11 -
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ii)

iii)

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.

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.

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 H, — O; cell is shown in figure 2.3.

A
u
Activation polarization
Ohmic polarzation
!
=
]
L T —
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>
I

current density ——

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

-12 -
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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)

iii)

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/cm?) to catalyse the electrode reaction,
leading to high cost. Due to poisoning effect of CO on platinum, only pure humidified
H, 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 (CH3;OH)
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 50°C-120°C. 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.

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 CO, in the air can affect the cell's operation,
making it necessary to purify both the hydrogen and oxygen used in the cell.

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.

-13 -
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v)

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 (LiAlO;) 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.

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
. . Molten .
Polymer Polymer Solution of | Phosphoric Solid metal
Electrolyte . carbonate .
membrane membrane KOH acid ) oxides
salt mixture
Operating
60~100°C 50~120°C 25~250°C 150~200°C | 600~1000°C | 600~1000°C
temperature
Methanol H,,
. H,,CO,CH,,
Fuel Pure H, solution in Pure H, H, CO,CH4,
natural gas
water natural gas
Oxidant O,/air O,/air Pure O, O,/air 0,/CO,/air O,/air
Reforming External / External External Ex/internal | Ex/internal
Efficiency
(without 35~60% 35~40% 50~70% 35~50% 45~60% 45~60%
cogeneration)
Power range ~250kW ~5kW ~100kW ~IMW ~SMW ~10MW
Power density
> 0.35~0.7 0.25 0.1~0.3 0.14 0.1~0.12 0.15~0.7
(Wem™)

- 14 -
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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
kT
L, = 2 2.12)
qc

where ¢&,¢,,k,T,q 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 um range, the width of the ionic
junction is several orders of magnitude lower, i.e. 100~1000 pm due to the relatively higher

- 15-
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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:

AS = —R[xInx + (1 - x)In(1 - x)] (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 AE J/mol, then the increase of the enthalpy is:

AH = x-AE (2.14)
The change in Gibbs free energy is:
AG = AH —TAS = x-AE + RT[xIn(x) + (1 - x)In(1 - x)] (2.15)

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

BG _\p+ RT[In(x) - In(1-x)]=0 (2.16)
X
then:
x AE
— exp(— 22 2.17
1- p( RT) @17
If x<<1, then:
AE
— exp(— 2L 2.18
x = exp( RT) (2.18)

-16 -
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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.

e De Qe e ' NON BON NON NO
O e [|]e O e[| e OOO.oQoOo
'HON ROBERON O e Oy O 0 O 0 O
QU Oe Qe e QU OCeOe(Oe
"RON O BEON BO 'NON EON EON NO)

(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 Ni;.sO, where & 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 Ni**. By virtue of the chemical equilibrium between the oxygen
and defects one can experimentally control the valence state of a component (i.e. Ni*"/Ni*").
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.

N12+ OZ— Ni2+ 02— N12+ OZ—
o* Ni¥* 0* |:| 0¥ Ni¥

NiZ¥ 0¥ Ni¥¥ o* N o*

o* Ni¥' 0o N o Ni¥
NiZ* 0¥ Ni¥¥ 0¥ Ni¥ o*

o* Ni¥' oY N o Ni¥

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

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.

-18 -
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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.
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Figure 2.6. Mechanisms for transport of ions.

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]:

2 2
O'=ZO'Z. :Zciziqui :Z%QTD’ (2.19)

1
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where ¢ is the elemental charge, kis Boltzmann’s constant, c,,z;,u;,D, are the concentration,

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

determined from the tracer diffusion coefficient D;” through a correlation factor f,:

1

D! = fD, (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:

o, AE
o =20 exp(—2Ea 221
T p( RT) (2.21)

Which can be written as the following:

AE(I
In(eT)=1Ino, 2T (2.22)
If we plot In(¢T) against 1/7, we produce a straight-line relationship. oy is the value at 1/7=0.
The slope of this line is the activation energy, AE,. 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:

f=2i (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 j; (particles/cm®s) of any species i is

-20 -
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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 #;:
o, 0,

Ji:_ 2 2

z,7q° Ox

(2.24)

where 7; can be divided into an electrostatic potential component ¢ and a chemical potential
component y;:

n=p +z,9¢9 = u) +kTna, +z,9¢ (2.25)

where u!,a, stand for chemical potential in the standard state (a, =1) and the activity,

respectively.

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

j, =-p|Z4c. 09  Olna, o (2.26)
kT ox Olnc, ox

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

balance must be maintained:

>z,j,=0 (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:

Olna,
. ==D.|(1-¢, I—EtA
]1 1|:( I)alnc J

i J#i

(2.28)

Z; Oln a./‘ aci
ox

z; Olng,

which can be further transformed into the form only containing activity and concentration terms

of neutral chemical species:

Olna .
5 } c, (2.29)

_ pla )ﬁlna_*
=-D|(1-t)——— t -4 —
S T alne, &,z ane, | ox
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:

-21 -
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Ji :_Dz‘W%Z_Ni% (2.30)

where 5i 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),

Oln a.

- dlnc,

(2.31)

and

-~ Ohna.
D =D, - (2.32)
alnci*

If the sample is predominant an ionic conductor (¢, — 1)

ceDe Oln a.

zl¢,D, 0ln c.

(2.33)

and

(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 10° 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 Kroger 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.

Table. 2.2. Kroger-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 Vi
Vacant X site 43
Interstitial M ion M
Interstitial X site X,
L" on M site Ly,
N** on M site Ny,
Ion on lattice site My, X

1). 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:

0, <0 +V (2.35)

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

null < e +h’ (2.36)

As the partial pressure of the metal component is negligible compared to that of oxygen
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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:
O <>V +2e + %02 27 (2.37)

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

,, AE
0/ s ]= k. = K2 exp(- =1 (2.38)
kT
np=K :Koexp(—AEg) (2.39)
e e kT .
Vo 2Rl = Ky = Kb exp(- Akb;R ) (2.40)

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

P, is the partial pressure of oxygen in the gas. AE,,AE,,AE; are the formation energy of
Frenkel defect, energy band gap and the activation energy for the equilibrium with the gas phase,
respectively, while K,,K, and K, are the temperature dependent equilibrium constants.
With the help of electroneutrality condition, which can be written as:
n+2\0;|= p+2rg] (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 P, , Eq. (2.37) is

predominate, so Eq.(2.41) can be simplified to n = 2[V(;']; at high P, , it becomes p = 2[0;];

and at intermediate 7, , intrinsic defects predominate, giving [Ol]= [VO ] (K, > K, 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

Limiting . ;

p.range - n p |4 O,
o condition [ ¢ ] [ ]
n 4 1/3

low n= 2[V0"] K,)" P | K2k, )" R)¢ 3 KF(KJ R

R
intermediate [01]: [Vo"] K}?/ZK;MP&;M KGK;1/2K1F/4P(;Z/4 K},/z K,ly/z

K.k \" K 4Kk2) " 4

high - O,-“ R -1/6 e RMF P71/6 el

1g p=2[0; ] [2KFJ 0, n [ Kf J 0, 2

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.

-] 11 p=2p]
s _n e
- ;}"— T i

logP, —»

Figure 2.8. Defect concentration vs. oxygen partial pressure for pure oxide with Frenkel
disorder.

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 2.9. Conductivity vs. oxygen partial pressure for pure oxide with Frenkel
disorder.

i1). Doped oxide

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

Y,0, —2%2Y, +30° +V.* (2.42)

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

n+20 |+, |= p+2lr;] (2.43)

It should be noted here that in Eq. (2.43), [NM] is used instead of [YZ'r] for a more general

expression. The defect concentrations can be deduced from Egs. (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 F, limit. The

difference from the previous situation is that there are now two intermediate regions, both being
impurity-controlled.
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Table 2.4. Defect concentrations for doped Fenkel-like oxide at intermediate P, range.

P, Tange i:)l:;l::;i n p [VO’ * ] [01 ]
b
intermediate [N;l]: Z[VO"] (iv[i; j ’ p&i“ I,ie %I [2N£MF]
- 3B K, ' KV, | KK
R R G P

log[ | —»

log P, —+

Figure 2.10. Defect concentration for acceptor-doped oxide with Frenkel disorder.
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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 a; can be replaced by the product of the
activity coefficient y; and concentration ¢;. 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:

My =1, 21, (2.44)
which can be transformed into:

My =M,y +29P+ Z(ﬂgf ~q¢)= Wy + U, (2.45)
Inside the electrolyte, the chemical potential of the mobile ions 4, .. and electrostatic potential

¢ remain constant; the chemical potential of electronic species x  will change simultaneously

with the neutral species x,, .

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 j, is compensated by the
drift flux jg,
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dc;, o, 0¢ _ D dc; ¢,;zqD; 0p

l. =-D,—- (2.46)
Ox z,q Ox ox kT ox

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.
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Figure 2.12. Local variations of z, , p,., p and ¢ 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:

1) Electrochemical potentials of the species are in equilibrium across the interface;

i1) Electrostatic potential only changes across the interface under open circuit condition;

1ii) 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.

with currtent ™ - - - oo oo without current

7 S— ——

[

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.

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
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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 I'V.

Electrode Electrolyte Electrode

Figure 2.14. Schematic drawing of a galvanic cell 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:

! =pl (2.47)

Using Egs. (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:

E=np=¢" ~¢' = lnl -n") (248)
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:

E=Ap=¢" ¢ =é(77; —UZV)=$(77!’ —n") (2.49)

Utilizing the ionization equilibrium (2.44), the electrochemical potential of electrons can be
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replaced by the differences in the electrochemical potential of the mobile ions and the chemical
potential of the neutral species:

1 1
E - [/ /i
p (776 7. )

]

(e =™ + 0™ -7 (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:

E="(u" - ™) 2.51)

zq i

which can be expressed in term of the activities of the neutral electroactive species:

E=—"—In—=—"In—— (2.52)
Z.

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

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, Egs.
(2.24) and (2.27) provide the relation between the electrochemical potentials of the two species:

on, o on,.

= 2.53
ox zo, Ox (233)

Differentiating Eq. (2.50), and then substituting Eq. (2.53) into the new equation, we can get:
ont on" (o ou"
771 _ 77[ — te llll ﬂl

(2.54)

ox  ox ox  ox

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:

E=[ o du (2.55)

zq electrolyte

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, Eq. (2.55) is

ion

just the same as Eq. (2.52).
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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 +1/4 slope dependence in Brouwer diagram. In a fuel cell, the
partial pressure of oxygen changes from about 10~ 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.
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Figure 2.15. Schematic drawing of the conductivities in a normal fuel cell and SEA.

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.
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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 A and 0.8 A, 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, 4 is the wavelength of the x-ray and # is an
integer representing the order of the diffraction peak.

2d-Sin@ =nA

L
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® 060 0 0 0 0 00
Figure 2.16. Bragg's law

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

Capacitance (F) Characteristic responsible
10" Bulk
10" Second phase in minor quantities
102~10® Grain boundary
10"°~10” Bulk ferroelectric
10°~10" Surface layer
107~107 Sample-electrode interface
10" Electrochemical reactions

1). Basics

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

V)=V, cos(a)t) (2.56)
where V, is the amplitude of the signal, @ is the angular frequency (radians/s), which is
related to the frequency f (hertz) by:

=2 (2.57)
then the current response is also sinusoidal, but out of phase with the potential by an angle &:

1(t) =1, cos(wt + ) (2.58)

where [, is the current amplitude.
The impedance is defined as the ratio between the voltage and current in the complex plane:
7= (2.59)
1
where - represents the complex number.

Generally, it’s convenient to describe these quantities in terms of real and imaginary
coordinate. Then the ac voltage 7 can be expressed as a complex number:

V=V +Vj (2.60)

where j=+/—1, V' and V' are the real and imaginary part, respectively.

Using the Euler’s relationship:
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exp(j9)=cos9+jsin¢9 (2.61)

Eq. (2.60) can be written as:
V=V,cosw+ jV,sinw=V,exp(jw) (2.62)

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

I=1,exp(jo—0) (2.63)

According to Eq. (2.59):
Z=7+7j=|Z|exp(jO) (2.64)

0

with |Z]=(z ] +(z' ] =2

yAk l9=tan"1%, which can be plotted in a complex plane as
0

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 log|Z | vs. logw.

“Tm(7) &

oy

P Re(

Figure 2.17. Complex plane representation of an impedance vector.

i1). 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 Z, is simply the resistance R, which

1s represented by a single point on the real axis in the Nyquist plot, while a capacitance

z.=V is shown as a straight line on the imaginary axis. If there is a resistance in series
¢ joC
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with a capacitance the impedance Z, . is given by:

Zoe=Zp+ 2 :R+%wc

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

1 1 1 I .
=—+—=—+joC
Zpe Zp Z. R

which gives:

B R 3 R*wC
1+ R*w?C? 1+R2a)2C2]

RC

(2.65)

(2.66)

(2.67)

Z - 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 7 of the ‘RC’ element:

T:RC:l
w

Table 2.6. Basic circuit elements and their Nyquist plots.

(2.68)

Z. . = _ j
T R0 CE 1+ R’ C

ORC =1
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ii1). 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, R; in figure 2.19. The capacitive properties of the two
electrolyte/electrode interfaces are combined into one capacitor, C;,,, with the subscript ‘int’
being the abbreviation of interface. C;, is sometimes also call the double layer capacitor Cy.

Electrolyte

!

RJ (Tull
N/
Ion-blocking electrodes
Figure 2.18. Solid electrolyte with Figure 2.19. Equivalent circuit for the cell
two ion-blocking electrodes. shown in figure 2.18 at low frequency.

At higher frequencies an additional geometrical capacitance, Cg.om, 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.

A
|| A
e,
| | — O
o—— | | O
R Z
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 Cgeon and Ciy, 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.

A A
-Z -Z
—0 —O
R, Z R, Z
Figure 2.22. Nyquist plot showing Figure 2.23. Nyquist plot showing
tilted tail at low frequencies. Warburg impedance.

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:

Z=Aw ™ - jBo™“ (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:

Z, = Adw? - jBo (2.70)

where Zy is the so called Warburg impedance, 4 and B include the information of the diffusion
coefficient, the charge-transfer resistance, R, and the interfacial capacitance, Ci,,.

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

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
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material properties and working conditions. Detailed discussion about impedance spectroscopy
and their applications can be found elsewhere [19,30].
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Figure 2.24. Equivalent circuit with the Warburg impedance and grain boundary
impedance.
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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, P,

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

gas, like Ar. The value of F, 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 CO; and H,, or
CO; and CO.

1) CO,/H; mixture

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

CO, +H, < CO+H,0 (2.71)

At high temperature, H,0 is present in gas state. Once CO and H>O are introduced, there are
two more equilibrium established simultaneously:

H, +%02 < H,0 (2.72)
co+%o2 & CO, (2.73)

with the equilibrium constant &, and £, , respectively:

k, = p”zo% (2.74)
Pu, Po,

k=L (2.75)
PcoPo,

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:

[co,]’ =[co,]+[co] (2.76)
2[H, ] =2[H,]+2[H,0] (2.77)
2[co, ]’ =2[co,]+[co]+[H,0]+2]0,] (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 Egs (2.76)-(2.78) can be rewritten as:

pgo2 =Pco, * Pco (2.79)
Pi, = Pu, + Puo (2.80)
217202 = 2pco2 +Pcot Puo ™t 2po2 (2.81)

From (2.79) and (2.81) we can have:
Pco = Pro +2Po, (2.82)

Pco, = pgo2 ~Pno _2po2 (2.83)

With the help of Egs. (2.80), (2.82) and (2.83), the equilibrium constant &, and k, will have

the following forms:

-— Puyo . (2.84)
(pH2 _szo)poz2

1

. = Pgo2 ~Pho —2p02

. (2.85)
(pH20+ 2poz )po/z2
From (2.84),
ki, P
=—2 (2.86)
Puo 1+ klpo/22

Substituting (2.86) into (2.85) for p,, ,:

2kikypo, + 20k + k) pg +(kiks Py, +2)po, +k\ (P, = Peo)Ps, ~Peo, =0 (287)
Since p,, is mostly in the range of 107°~10"" bar, so the first two items in Eq. (2.87) can
be ignored, which leads to the form:
(kiks Py, +2)(P3)* + ki (P, = Do, )P, = Peo, =0 (2.88)
It’s convenient to introduce the parameter, x, defined as:

0
_ Pco,

0
Pu,

(2.89)

. 2 .
Under the condition of p,O,2 >> PR the oxygen partial pressure can be calculated by:
172
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_ _ 2
ph =2t [d )? 2 (2.90)
2 2k, a2 ki,

k, is the equilibrium formation constant of gaseous H,O, which can be directly taken from
[31], while k, is the difference of the equilibrium formation constants of CO, and CO. Table

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

plotted in figure 2.26.
Table 2.7
log P, (bar)
T (K) log k; log k; 02
x,=100 x=10 x3=1 x~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
-10 —m—CO_:H =100

12t —e—CO;H,=10
G4k -\. A—CO,H=1
e I .\ v— CO_:H =0.01

7

= L v " ~m
'E = ) o \
aS =22 - v . . \
2 uf Sy NN
26 e e
= "'H-YH
28 F e
30 F o
L v
_32 1 1 " 1 " 1 L 1 " 1 " 1 " L " 1 1 1 n 1
0.80 0.85 0.90 0.95 1.00 1.05 1.10 1.15 1.20 1.25 1.30
1000/T (K™)

Figure 2.26. log P, v.s.1000/7 of mixture of H, and COs».
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i1) CO,/CO mixture

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

2 2
Pco X
Po, = Pl S IR [ (2.91)
0 [pco'k2] (kzj

x is the ratio between p., and p.,. Table 2.8 and figure 2.27 list some results from

CO,/CO mixture.
Table 2.8
log P, (bar)
T (K) log O
XI:1000 XZ:IO x3:1 X4:0.01
800 13.909 218 258 278 318
900 11.856 -17.7 217 237 2717
1000 10.214 -14.4 -18.4 204 244
1100 8.874 -11.7 -15.7 -17.7 217
1200 7.758 9.5 -13.5 -15.5 -19.5
8~ —u— COE:CO=1000
i e CO_:CO=100
A CO,CO=1

12k .
ETEe™ —v—C0.:C0=0.01

E : e
~. 20F Y
=] ~ A
agﬂ b "m__ e \.
S g Rt

24 L .

~_ =
28 - v .
32¢ PR ST NI RO T TR A (G BT .T L
0.80 0.85 090 095 1.00 1.05 1.10 1.15 1.20 1.25 1.30
1000/T (K™)

Figure 2.27. log P, v.s.1000/T of mixture of CO2 and CO.
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2.3.5. EMF measurement

1) 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, Cu,0, Ag,S [32,33]. An oxide cell can be
generally written as the following:

A, AO\electrolyte|B, BO (2.92)

where 4, B and 40O, BO are metals and metal oxides, respectively. Assuming the ionic
transference number of the electrolyte is 1, the EMF of such cell is:
AG
zF

E=

(2.93)

z and F have the normal meanings, while A G=A,.G,, —A.G,, stands for the Gibbs reaction

energy of the following reaction:
A+BO — AO+B (2.94)

If one of the Gibbs formation energies of the two oxides A,G,, and A.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:

A,G, =—RTInK , = —RTlnlLy —RTInp’ (2.95)
Po,
A;Gyo =—RTInK,, = —RTln% —RTInp", (2.96)
P o,
where K0, Kpo are the equilibrium constants of the formation reactions:
A+%02 — A0 (2.97)
B+ % 0, - BO (2.98)

Thus Eq. (2.93) can be rewritten as:

RT . Do,
= In

E= ,
2zF  p,,

(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.

—u— CuO
0r ®— Cu20
shom~—, —A—NiO

[ M.H_.EE-RH. —— COO
AOF A Te Ty ——Fe203
\ F 3 b RH
-15 :Qo\v\ e " —4FeO
= ‘\gs\ e a
S 20t “xpxxﬂv -
—_— 1\ \ H"‘m.
O—C \2 \
% 25 AN \
= 3\\
30k \:\
T \
240 k |
- 5 i 1 1 | I 1 1 1 L 1 1 1 L | I 1 " 1 L 1 1 1 L 1
07 08 09 1.0 1.1 12 13 14 15 1.6 1.7 1.8 1.9

1000/T (K™)

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

11) 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).
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Chapter 3

Material aspects

3.1. General introduction

General requirements for electrolytes in fuel cells include:
1) High ionic conductivity with negligible electronic conductivity;
i1) 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 CeO,, LaGaOs3; 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 SrCeO; [18], SrZrO; [19], BaCeO; [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 CO,. 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:

1) Predominant electron hole conduction in oxidizing atmosphere;

i1) Predominant electron conduction in reducing atmosphere;

iii) Predominant ionic conduction at intermediate oxygen partial pressure range;

1v) 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.

--;;‘) C cation
i | 0 anion

Figure 3.1. A schematic view of the fluorite type structure.

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 1.38A when the coordination number is four, the
optimum cation size should be close to 1A. 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].
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Figure. 3.2. Arrhenius plots of the ionic conductivity of ceria based oxides doped with
rare-earth oxides according to Yahiro et al. [27].

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

F,,, . 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 Ce*" (0.97A) and Ce®" (1.143A),
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:

Pr, O, —%%52Pr, +4Pr),+110; + V3 (3.1)

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

Pr.,+h* < Pr}, (3.2)
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3.3. Perovskite-type oxide electrolytes I

The name perovskite is generally used for metal oxides with the formula ABOs, 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 BOg polyhedron stacking are shown in figure 3.4.

(a) (b)

Figure 3.4. (a) Perovskite type structure, (b) Stacking of the BO¢ polyhedron.

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:

r,+r,
\/E(FB+FO)

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 Lag ¢Sty ;GagsMgp20,85 (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.

= (3.3)
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The same authors also extended their study to the family (LagoLng 1)sSt02GagsMgo20s.5
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:

|57, )+ (Mg, J+ =2y |+ p (3.4)

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

[sv, |+ (Mg, |= 2l ] (3.9)
From Egs. (2.39~40) and (3.5),
: 3V
pe ([Srw ]2‘;<[2/[gGa ]j K, 'Pg; (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 Egs. (2.40)
and (3.5),

)
2 1
n= ( , kR - . p(}zA (3.7)
|SrLa |+ |MgGa l

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 LaMO; (M=Mn, Fe, Co, or Ni) exhibit very high p
type electronic or mixed conductivity at elevated temperatures [36-40]. For example,
LagoSro;MnOs.5 (LSM) and Lag¢Srg4Co0;5 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", H,O, H;O', NH,', 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:

H,0+0},+V. <> 20H, (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, Eqgs. (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;>
SrCeOs> SrZrOs> CaZrO; [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 BaCe 7Y ¢.2Pro.0403.5 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(Ce.9.yPryGd.1)O2.95 solid solutions increase the p-type conductivity [48]. Fukui et al. also
observed the increase on electron hole conductivity in Ba(Pr¢Gdo4)Os.5 [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, La,0O3; was annealed in air at 950°C for 24hs to remove the
water and carbonate contents; SrCOs; 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 ZrO, or Al,O; container for 16~24hs. After drying, the ball-milled mixtures
were calcined in Al,O3 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 10um, or 6um~lpm 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.

Ce0; (99.9%, Chempur)

Cr,0; (99%, Alfa)

La,05 (99.99%, Alfa)

Sm,03 (99.9%, Chempur)

CoO (Alfa)

SrCO; (99.9%, Aldrich)

PrO4; (99.9%, Chempur)

TiO; (99.99%, Aldrich)

Ga,05 (99.99%, Alfa)

Fe,0; (99.9%, Alfa)

Sn0, (99.9%, Merck)

MgCO; (Alfa)

CuO (99.9%, Alfa)

Bi,05 (99.999%, Strem)

Mn,0; (99%, Aldrich)

Sb,05 (99.999%, Ventron

Y505 (99.99%, Aldrich)

BaCO; (99.8%, Alfa)
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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 (NH,CH,COOH ) 1s 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 N,,CO,, and H,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 Ce(NO,), work out to be 15+,

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

expressed as follows [3]:

Ce(NO,), -6H,0 +15/9NH,CH,COOH +1/40, —>

4.1
CeO, +7/3N,(g)+10/3CO,(g)+61/6H,0(g) 1)

In the same way, the reactions for Sm(NO;), -6H,0 and Pr(NO,),-6H,0 can be written

as the following:

Sm(NO,), -6H,0+15/9NH ,CH,COOH —>

42
1/25m,0, +7/3N,(g)+10/3C0,(g)+61/6H,0(g) (42)

Pr(NO,), -6H,0 +15/9NH ,CH,COOH —>

43
1/2Pr, O, +7/3N,(g)+10/3C0,(g) +61/6H,0(g) (43

In Eq. (4.3), we have assumed that Pr is fully in 3+ state. Practically, both Pr’" and Pr*" 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

I

Dissolved in a minimum
amount of water

|

Heated at ~80°C to become viscous

v

Heated to 220°C

v

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 K, radiation at room temperature with the operation conditions U=40kV
and [=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 4192 A impedance analyzer (SHz~13MHz). Even though, the two-point setup is
made with two wires for the current and two for potential measurement. When low frequency
(10*Hz ~ 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 Al,O;
spacers. Pt wires, working as the electrical leads were fixed between the sample pellet and Al,O3
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.

Spring Alumina tube Thermocouple

Gas 1n =

Screw h |
Y

BNC

Sample holder

quartz tube  Gas out  double wall quartz tube

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
44.

s

S e iR

g Furnace for Fael cell i o

[MMass flow u.ontmﬂe

. -—r-ﬁ

Temperature controller

- |

.

A

Furnace for CMVEEI] 5€11507T

Figure 4.4. “Brouwer spectrometer”

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 ZrO, 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, O, or 1000ppm O, and H,, CO,. 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.
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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 Al,O3 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/Al,O; 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.

sample Pt current collector
| Pt leads
._\_\\‘:.' T o
ceramic and \
glass glue l J .
T S 1O, tube
4
gas pi;ﬁe l— gas inlet
@ (b)

Figure 4.5. (a) Schematic and (b) picture of the experimental setup for EMF measurement.
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hook sample gold ring - spring
i » //
inlet gas mlet
gas
\ ’_:'
A 1
gas outlet f gas outlet
plastic plug - \
gold lead

Figure 4.6. Schematic diagram of the new experimental setup for EMF measurement.
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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 CepgxSmg,PryO,5 (x=0.03~0.1) and
CepsSmg ,.xPryO,.5 (x=0~0.15) were prepared in the way described in chapter 4. The XRD
patterns of the samples Ce gxSmg ,PryO,.5 (x=0.03~0.1) are shown in figure 5.1.

200
200
100

10 20 30 40 50 50 70 30 g0 mwo 110 120

eeL Ce Sm Pr O
400 eﬂ,W mn,z Inns 24
300
56 —— JCPDS No. 04-593
100 M JL l
I e e o OO VR 6 N WY NN VU WS 5
0 10 20 20 40 50 60 70 &0 an 100 110 120
500
400 E Cetl.?4SITIEI.2 Pru‘usozfa
0 ."'S-—L
0

00
400
200
200
100

R,

10 20 30 40 50 60 T0 &0 40 100 110 120

26

Ce Sm Pr O
1] 0z 04

20

Figure5.1. XRD patterns of Ceg g.xSmg2PriO,.5 (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 CeO..
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Table 5.1. Ionic radii (CN=8). (R.D. Shannon, Acta Cryst. A32, 751-767 (1976))

Ions (CN=8) Ce*” Ce’” Sm’* Gd** La** pr’* Pr*

Radius (A) 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 26 =28.5 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

5.46
5.45 - ]

5.44 -

5.40 -

lattice constant (angstrom)

5.39 |-

5.38 | L]

53? 1 1 L L L L 1 L ]
0.02 003 0.04 005 008 007 0.08 009 010 0.11

xinCe  Sm _Pr0O

24

Figure 5.2. Lattice constant of Ceg.xSmg,PrxO,.5 (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
Pr’*/Pr*" than Ce*".

Figure 5.2 shows that the unit cell parameter slightly increases with increasing Pr content due
to the larger size of Pr’" compared to Ce*'. 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 (Ce;xPryO,.5) without
second phase. In order to still maintain the highest ionic conductivity of CeysSmg,0;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 Ce,,Sm,,  Pr O, ; (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
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content. Although Pr’" is larger than Sm®" according to Table 5.1, it should be noted that both
Pr’" and Pr*" exist in the sample after preparation at atmospheric pressure [6]. As a result, the
effective radius of Pr*"/Pr*" [7] is smaller than that of Sm*".
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Figure5.4. XRD patterns of CepgSmgrx PriOss (x=0~0.15). All samples show the single
fluorite type structure.
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70

Figure.5.3. Lattice constant of CepgSmy,«PriOs5 (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

lattice constant (angstrom)

Pr**/Pr*" than Sm>".
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5.1.2 Ceria doped with Sm and other metal ions
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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 6=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))

F e3+(o.05) F e3+(0.1 ) Co** Bi’" V5+(CN =6) Cr 3+(CN =6) Cu2+(CN =6) Sb™ en =6)
Vion (A) 0.78 0.78 0.90 1.17 0.54 0.615 0.73 0.76
a (A) 5.418 5.407 5.408 5.459 5.447 5.409 5.414 5.422
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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.

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 Al,O3 ball-milling containers.

From Table 5.2, we can see that:

a decreases with increasing Fe content because Fe is smaller than both Ce and Sm;

a increases with increasing radius of the dopant, ie. Fe''<Co®'<Bi'",
Cr''<Cu’'<Sb™’;

V doped sample has a large lattice constant despite of the smallest size of V™7,
because it has the highest Sm content.
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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:

O =0 +0,+0, (5.1

total

where o,, o, and o, are ionic, n-type and p-type conductivities, respectively. If the total

conductivity value obtained from the intermediate oxygen partial pressure (~10~ 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 Cep.3-xSmg 2PrO,.5 (x=0.03~0.1)

300000 ~ Cen_ssmg 201_9 20000 b Ceo,38m0,201,9
250000 | air 250°C 17500 | air 350°C
. __[8.9%107°F
5 1.78*10"F § T _ '
§ oo . £ ol | 1.64"0°F -
i 44*%10°°F . W oo | R
el e oL A
50000 ‘;_ - 500 | | -.nnu...‘f
e~ o
e e e o :

Figure 5.6. Nyquist plots of CeysSmg,0;9 measured at 250°C and 350°C 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 CeysSmy,0;9 measured at 250°C and 350°C in air. The
frequency range is SHz~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 280°C in air are shown in figure 5.7.
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Figure 5.7. Nyquist plots of CeggxSmg2PrxO,.5 (x=0.03, 0.06, 0.1) measured at 280°C 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:

1) Better contact between electrolyte and Pt paste;

1) Increased catalytic effect due to the presence of Pr [15];

1i1) 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 Ceg 3.xSmg,PrO;.5 are shown in figure 5.8.
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Figure 5.8. Arrhenius plot of the total (top) and bulk (bottom) conductivities of
Cep.3xSmy ,PryO,.5 (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 0.74¢eV 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 580°C 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. O,, air, and the mixture of Ar
and 1000ppm O; in Ar were used to provide intermediate and high oxygen partial pressures,
while the reducing atmosphere for Pr containing samples was simply provided by H,. The plot of

logo vs. logp, isshown in figure 5.9.
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Figure 5.9. Plot of logo vs. logPo, for CeggxSmg,PriO,5 (x=0~0.1) at 5760C, 675°C and
772°C.

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 Ce s.xSmg,PriO,5 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 logp, =-5 is assumed to be ionic, then the increase of the conductivity in

oxygen for Cey7Smy,Pry 10,5 has a slope of 1/6. Calculated p-type conductivities of the samples
are plotted in figure 5.10. The line for Ce(sGdy.17Pr.030,5 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 Ceg g.xSmgPriO;.5 is due to:

1) Although [VO"] increase with increasing Pr content, oxygen deficiency o exceeds

an optimum value (6 =0.1 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:

1) High oxygen partial pressure and large number of oxygen vacancies facilitate the
generation of electron holes;
i1) Increased number of electron holes contribute to the conduction via the polaron
mechanism.
—®—Cey,Sm,Pry .0,
> -_ s ce', ?Jsmll -_'Prlﬁl |_|r'JO!<'~
3+ i3 Ce'wsmngprnnﬁo,’;
2 [ - i —— Ce,, Gd, .Pr, .0, **
B R e
= Rl T T
=] F
-4

095 100 105 110 115 120 125 1.30 1.35
1000/T (1/K)

Figure 5.10. Calculated p-type conductivities of Cegs.xSmg,PriOs.5 (x=0.03, 0.06, 0.1). The
asterisks (**) refer to literature [22] for Ce3Gdo.17P10.0302-5.

Although the p-type conductivity under oxidizing condition can be increased by replacing Ce
with Pr in Cey s.,.Sm ,Pr.O>.s, 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 Ceo_ssmg,z.xPTxOZ-é (X=0~0.15)

Figure 5.11 shows the Nyquist plots of CesSmg.xPrxO,.s measured at 250°C in air. To better
understand the conducting behavior of the samples CeysSmg ;Pry 10,5 and CeogSmyg osPro.1502-5,
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 CeysSmg ¢sPro1502.5. The bulk
resistance and DC value also have the tendency to decrease when the Pr content is increased.
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Figure 5.11. Nyquist plots of CesSmg,.xPrxOs.5 (x=0.03~0.15) measured at 250°C in air.
Low frequency impedance measurement was performed for samples CeogSmy ;Pry 0.5 and
Ceo.sSmy 9sPr¢ 1502-5. With increasing Pr content, the second semicircle becomes smaller.
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Arrhenius plots of the total and bulk conductivities of CeysSmg,.<PriOs.5 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.
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Figure 5.12. Arrhenius plot of total (top) and bulk (bottom) conductivities of
Ceo.sSmg»xPri0,5 (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 CepgxSmg,PryO,.5 are
lower than for SDC, figure 5.12 shows a different behavior for CepgSmg,«PriO,5. With
increasing content of Pr, both total and bulk conductivities increase, especially at low
temperatures. At temperatures higher than about 630°C, 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 CepsSmg,0;9 and CesSmy osPr;sO2-5 are labelled in the
plot. Because of the highest concentration of Pr, CepsSmy ¢sPr;sO,5 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 CeygSmy ¢sPr;s0,.5 measured in air and mixtures of CO,
and H, at 700°C (figure 5.13).

wl Ce, . Sm . .Pr, .O B Ce,gSMyocPro 50,

0.05 015~ 2-5 0
700 °C, air 700 'C, CO/H,=1/10

-Z" (ohm”cm)
T
-Z" (ohm*em)

Z' (ohm'cm) Z' {ohm em)

Figure 5.13. Nyquist plots of CesSmyosPr;sO,.5 measured in air and reducing atmosphere
(CO,»:H,=1:10) at 700°C.

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 ( p, =107"" bar for

CO;,:H,=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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Aplotof logo vs. logp, at700 °C is shown in figure 5.14. Only the sample with highest

p-type conductivity, i.e.

CeggSmg osPr150,.5, 1s shown here.
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Figure 5.14. Brouwer diagram of the total conductivity for CeogSmyg sP1o.1502-5 at 570 oC

and 700 °C.
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Figure 5.15. Calculated electronic conductivity for CeggSmyg sPri5s02.5 at 700 °C. Some

Electronic conductivity calculated from figure 5.14 is plotted in figure 5.15, and compared
with some literature values [22,27,28]. CesSmy,osPr;sO2-5 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 Cey.5.,Sm¢.z..Me.01.9 (Me=Bli, 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 Hp, air and Ar/O,. Because of the high porosity of Fe doped
samples (Figure 5.16), no further measurement was conducted on them.
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I - o
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Figure 5.16. SEM of (a) CepsSmyg i5Fep 05019 and (b) and CepsSmgFep ;019 show high
porosity in the samples.
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Figure 5.17. Arrhenius plot of the total conductivity for Cegg.,Smg,.xMeO; 9 in Ho.
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The reduction of Ce occurred for all the compositions in H,, 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 H is
shown in figure 5.17, which indicates that little effect was made on the n-type conduction. The
lowest conductivity of Cey7Smg25V0s019 at most temperatures is due to the relatively small
amount of Ce.

Figure 5.18 shows the Arrhenius plots of Cegg.,Smg>.xMe,O 9 in air.
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Figure 5.18. Arrhenius plot of the total (top) and bulk (bottom) conductivities of
Ceo,s_ysmo,z_xMexol,g 1n 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
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indicate a large impedance from the grain boundary. The impedance and Arrhenius plots

measured in Ar/O; (p,, = 107 bar) 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/O,. Thus, the electrical conduction is still

dominated by oxide ion at high p, . 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, CeosSmy 0sPr150,.5 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 Al,O; tube by glues. H, was supplied to the inner side
of the sample though a gas pipe inside the Al,O3 tube. Because of the large thermal expansion
and reduction of Ce*" and Pr*’, the pellet was not mechanically stable, i.e. many cracks can be
seen after flushing of H, 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 a =18x107°/K . From the XRD pattern, the lattice constant of

the sample after reduction is 5.437A, which is larger than the value before reduction, 5.405A. 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.

400 Temperatur - Lingenfinderung

pm

300
200
100
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Figure 5.19. Elongation vs. temperature for CeysSmyg osPrisO,.5 in Ar. The calculated thermal

expansion coefficientis a =18x107°/K .
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6.1. Phase characterization

6.1.1 BaCeo_76Y0_2Pr0_o4O3_5

It’s known that doped BaCeOs 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 BaCeOs; has been investigated for working as
electrolyte or electrode materials. Among these materials, BaCeg 7Y 02P10.0403-5 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 BaCey 7Y 2P0 04035 were
prepared by solid state reaction. The last sintering process was performed in air at 1600°C for 6
hours. XRD patterns of BaCe(sY203.5 and BaCe 76Y 0.2P10.0403.5 are shown in figure 6.1.
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Figure 6.1. XRD patterns of BaCey3Y 20,9 and BaCe76Y02P10.0403.5. Both samples show
single perovskite type structure.
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Table 6.1. Tonic radii (CN=6). (R.D. Shannon, Acta Cryst. A32, 751-767 (1976))

Tons (CN=6) | Ce** Ce* Y pr’’ pr* Ti*" Ti**

Radius (A) 1.01 0.87 0.900 0.99 0.85 0.605 0.67

No impurity peaks can be found in figure 6.1. The lattice constants calculated from the
strongest peak are 4.3 80A and 4.383A for BaCeosY 0,029 and BaCeg76Y02Pr0.0403-, respectively.
The slight increase is due to the replacement of Ce*" by a larger Pr’*/Pr*" (see Table 6.1).

6.1.2 Baceo.76Yo_2PI‘0.o403_5 (TlOz)

Conductivity measurement of BaCe76Y 2Pro0403.5 shows that there is an increase at low POz‘

Similar effect was also found in SrCe;4YxO;5, where the increase of the conductivity was
attributed to the H/D isotope effect [5]. Figure 6.2 shows the color change of
BaCey.76Y2P10,0403.5 before and after heating in H, at 7000C, which is an indication of the type
of conduction, as the color of the electronic conductor is normally dark.

(a) (b)
Figure 6.2. Color of BaCey 76Y.2P10.0403.5 (a) before and (b) after heating in H, at 700°C

TiO, was used in ZrO, to introduce the n-type conduction under reducing conditions. In order
to improve the electronic conductivity, powders of BaCe 7Y 02Pr0.0403.5 and TiO, were mixed in
a molar ratio of 10:1, and then sintered at 1600°C for 6 hours. The obtained XRD pattern is
shown in figure 6.3.
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Figure 6.3. XRD pattern of mixture of BaCey 76Y 02P10.0403.5 and TiO,. TiO, dissolved into
BaCe 76 Y 02Pro 04055 after sintered at 1600°C for 6 hours.

6.1.3 Bace().gYo.zOz_g + Ceo_gSmo.201_9

BaCe3Y 20,9 was mixed with CepsSmg,0;9 with a molar ratio of 1:1 for the same reason as

mentioned in the last section, for CegsSmg,09 1s known for the reduction at low POz' XRD

patterns of the mixture before and after sintering at 1600°C are shown in figure 6.4. Two phases
coexist in the mixture. There is no reaction product between BaCe3Y 2029 and CepsSmg 0 9.
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Figure 6.4. XRD patterns of BaCe3Y 2029 + CepsSmg 20, 9 before (top) and after (bottom)
sintering at 1600°C. There are still two phases after sintering.

- 88 -



Chapter 6 Results and discussion II 6.2. Electrical Conductivity 89

6.2. Electrical Conductivity

6.2.1 BaCe76Y02Pr0.04035

Bulk conductivity Arrhenius plots of BaCeg76Y02Pr0403.5 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 P, ,. Similarly, the conductivity in
dry Ar/O; (P, =107) is due only to oxide ions, since the concentration of holes is also small at

low intermediate F, . 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].
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Figure 6.5. Arrhenius plots of the bulk conductivity for BaCe 7Y 02Pr0,0403.5 measured in
dry atmospheres.

The o vs. F, curveat 650 OC is plotted in figure 6.6, which indicates clearly the influence

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

which agrees well with the result of Hirabayashi [8].
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Figure 6.6. Brouwer diagram of the total conductivity for BaCe76Y2Pr0 04035 at 650°C.

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 £, is not due

to the n-type electronic conduction. To increase the electronic conductivity, TiO, and
Cep.sSmy 0, 9 were added to BaCe.76Y2Pr0.0403.5 and BaCe3Y 20,9, respectively.

6.2.2 BaCGO.76Y0.2PI‘0_0403_5 (TlOz)

Conductivities of BaCeq76Y02Prgo0403.5 measured in all PO2 ranges are largely degraded by

adding TiO,. Three examples are given in figure 6.7 to compare the impedance plots of
BaCe.76Y02P10,0403.5 with and without TiO, in air, dry and humidified H, at around 650°C.
Humidified H, was obtained by bubbling the gas through water at room temperature.
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Figure 6.7. Comparisons of impedance plots of BaCe76Y2Pr0.0403.5 with and without TiO,
in air, dry and humidified H, at around 650°C.
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Figure 6.8. Arrhenius plots for the bulk conductivity of BaCey 7Y ¢2Pr 04035+ TiO; in air,
dry and humidified H,
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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 TiO,. Figure
6.3 shows that Ti has been dissolved in BaCeq 76 Y 0.2Pr0.0403.5. When trivalent cation, such as Pr’t
or Y, is replaced by tetravalent cation Ti'", oxygen vacancies will be filled up to maintain the
charge neutrality. Thus, the conductivity is lowered by doping TiO,.

6.2.3 BaCe3Y (20,9 + CesSmy,0 9

Figure 6.4 shows that there is no reaction product between BaCeysY020,9 (BCY) and
CepsSmy 0 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 F, 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.
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Figure 6.9. Arrhenius plots of the bulk conductivity in air and total conductivity in H». for
BaCeosY 02029t CeosSmg 201 .

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 380°C. The third semicircle is assigned to the
interfacial process.
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Figure 6.10. Nyquist plot of BaCey3Y 2029 + CepsSmg,0; 9 in air at 380°C.

6.3. EMF measurement

6.3.1 BaCe76Y02Pr0.04035

The EMF was measured using the experimental setup shown in figure 4.6. The working
temperature is limited to about 600°C 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
BaCey 76 Y02Pr0.0403-5 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 H,+3%H,0. At
450°C and 400°C, 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.
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Figure 6.11. EMF of BaCe 7Y 2Pr0.0403.5 without Pt paste, using air and H,+3%H,0. Two
gold rings between the tube and the sample were employed here as sealing material and
electrical leads.

6.3.2 BaCGO.76Y0.2PI‘0_0403_5 + TlOz

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 H, flux. With higher flux, the voltage became smaller. Compared to figure 6.11, the
OCV is about 100mV lower than that of BaCey 76Yy2Prp0403.5, which can be explained by the
reduction of Ti.
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Figure 6.12. EMF of BaCe(.76Y 02P10.0403.5 (TiO5) at 450°C. The sawtoothed curve was due
to the change in H; flux.
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7.1. Phase characterization

7.1.1 La(),g Sr0_2G30_6F60,4_xTiXO3_5 (x=O~O.2)

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

Fe;, +1/20,+V; < Fe., +O, +h" (7.1)
In the following section, we will discuss the influence of Ti doping on the electrical property of

Fe doped La(Sr)GaOs;. 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)) Lag gSro,Gag gFeo4xTixO3.5. (x=0~0.2)
Ionic P
1 Composition t
ons radius (A)
La’* (CN=12) 1.36 Lag sSr92Gag cFe 4035 0.9540
2+ _
Sr (CN_lz) 1.44 Lao‘gSI‘OQGa0‘6F60.37Ti0‘03O3_5 0.9545
Ga®" (CN=6) 0.62
Lag 3Srp2Gag sFeo35Tip 05035 | 0.9549
Mg2+ (CN=6) 072 a0.8510.20a0.6I'C0.35 L10.05U3-5
Fe’* (CN=6) 0.645 Lao sSr02Gag cFeo34Tio.0s0s-5 | 0.9551
4+ _
Ti" (CN=6) 0.605 Lag gSro2Gag cFep32Tip0803.5 | 0.9555
Sn*" (CN=6) 0.69
L FeosTi ; .
M (CN=6) 0.645 a0.85102Gag 6Fe0 3Tl 1035 | 0.9559
0” (CN=6) 0.140 Lao sSro2GageFeo2Tio 2035 | 0.9577
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7.1. Phase characterization

97

Ti*" has similar size to Fe’", 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 1500°C for 6 hours.
The XRD patterns in figure 7.1 show pure perovskite phase.

w0 J\ Lan .Ssru .Z?Gaﬂ 8 Feu 4 03.5

U» o, A A Jl A A Dena A e

- [ Lau.a SI’D .zGaﬂ .sFeu.srTlu .0303.5

i la e J A i A A A e A v

w La Sr Ga Fe Ti O

- 08 02 06 035 005 36

. T .}L e A_.JL - }L —t < A o~

e lLa Sr Ga Fe Ti O

i 08 02 0.6 034 006 36

F hssiiane JL A JI\ i j\. A A - A -

. Lau 8 Sro.QGaD.BFeu.slen .0803-6

u» T Jt R T, h A A i e -~

=T La Sr Ga Fe Ti O

wl 0g 02 0F 03 01 3b

5 M— k; _Jh A A )IL ¥ A . Fu -

Ny La Sr Ga Fe Ti O

| 08 02 06 02 02 36

< b qonh A I\ ill A L A A - A P

o 1] o o i} £ b 1 &0 o @ (=] 1" (=]
26

Figure 7.1. XRD patterns of Lag sSt9,Gag sFepaxTixOs3-5 (x=0~0.2). All samples show single

perovskite type structure.
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7.1.2 La0_56Sr0,44Ga0,64Mg0,16Meo,202,g (Me=T1 and Sl’l)

Oxide ion conductivity of LaGaOs 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
Lao‘568ro‘44GaO,64Mg0‘16Ti0‘202~g and Lao‘568r0,44Ga0~64Mg0‘168no‘202~g. The tolerance factors are
0.958 and 0.950, respectively. XRD patterns are shown in figure 7.2. No impurity peaks can be
found.
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Figure 7.2. XRD patterns of Lag 56510 44Gag 64Mgo 16110202 5 (top) and

Lay 56S19.44Gag 64Mgo. 16510202 5 (bottom). No impurity peaks were found.
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7.1.3 Lao.gsr().1Gal_x_yngMnXO3_5 (X, y:O~02)

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 LagoSro1Gai.x.yMgMn,O35 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 26 ~ 32.5°, which is the

indication of rhombohedral structure, was not found. Impurities of LaSrGaO4 and LaSrGa;0;
can be seen in most of the samples, as also previously reported [9,10]. The structure parameters
of Lag 9Sro.1Gaj.x.yMg,MnO3_5 compositions are listed in Table 7.3.

Table 7.3. The structural parameters of Lag 9Sro 1Gag 3x-yMgyMn,O3.5 compositions

Compositions t X y ady | b& | c@ |Phases
Lag¢Srg1GagsMgp 20,55 0.9456 0 0.2 5.489 5.501 7.745 O+I+II
LagoSrg 1 Gag gMgo.1sMng 95055 0.9472 0.15 5.490 5.550 7.747 O+I+II
Lag ¢St 1Gag 7sMgg ,Mng 05035 0.9449 e 0.2 5.494 5.543 7.754 O+I+II
Lag ¢Sty 1Gag sMgo 1Mng 1055 0.9488 0.1 5.499 5.517 7.785 O+I11
Lag ¢Sty 1Gag75sMgg.1sMng ;O35 0.9465 0.1 0.15 5.490 5.532 7.778 (0]
Lag oSty 1Gag Mgy ,Mng 1055 0.9442 0.2 5.501 5.527 7.797 O+I
LagoSrg1Gag sMgoosMng 15055 0.9505 0.05 5.486 5.504 7.752 o
LagoSrg1Gag7sMgp 1 Mng 15055 0.9481 0.1 5.490 5.529 7.766 (0]
Lag ¢St 1Gag 72sMgo 12sMnyg, 15035 0.9470 | 0.15 | 0.125 5.499 5.581 7.766 O+11
LagoSrg1GagsMgo1sMng 15055 0.9458 0.15 5.489 5.495 7.772 (0]
Lag Sto,1Gag sMgo-Mng 15055 0.9435 0.2 5.490 5.510 7.775 0
LagSto, 1 GaosMng0s.5 0.9521 0 5.520 5.660 7.796 O+I+I1
Lag ¢Sty 1Gag;Mgo 1Mng,0;.5 0.9474 0.1 5.512 5.569 7.774 O+l
Lay, oSr.1Gag ssMgg 15Mny 2055 0.9451 " 0.15 5.501 5.552 7.775 O+
Lag ¢Sry Gay sMgy ,Mn ,0;. 0.9428 0.2 5.496 5.564 7.761 O+l

* <0 orthorhombic. “I”: LaSrGaO,. “II”’: LaSrGa;0-
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7.2. Electrical property

7.2.1 La().g Sro.zGaoﬁFe()A_xTixO:;_a (X=O~0.2)

Figure 7.3 and figure 7.4 shows the impedance plots of Lag gSro2Gag cFeosxTixOs5 (x=0 ~ 0.2) at
around 300°C in air (left) and hydrogen (right), respectively.

La,,50,,63,,Fe,,0,, 12000 | LanaSIa:Gaane-—-JOzr
300°C 300 °C
1000
:
5 3501077 .
i ATAS"E 29%10°F
ofk ! | !
= 200
10 15 .
Z'{ohm*cm)
i 12000 -
L8y 4Sry 288 Fey3Thh 2 O Lag o Srp,Ga,5Fey 4, Tl .0,
o
290 °C 10000 L 290 °C
a5l
2 |
|
a0 | 8000
z 2 z
T 15t E sooo L ; E)
£ | § "0F gssjotF 4.2%10°F
10t i |
P [ ] 4008
5
.
ol r 2000 R L
i - " -
5 ) 5 10 15 20 25 30 35 o 2000 4000 6000 8OO0 10000 12000
Z'johm®em) 2 tonmtem)
. 12000 i
®¥r La _Sr Ga Fe _Ti O [ La,,SrGa,Fe ,Ti .0,
i 087027 %06 03 003 H6 i 100°C
5 290°C 10000 |
20
. BOOO
E
E 15 & t
T £ Juu.:.q” g 5 9% 10°F
5 10 'y | 8.3%10 &
F 4000 \ /
I3 I|
I Il )
[ 2000 - Rh LR
5 . . . - : | ﬂ\
5 I 5 10 15 20 5 a0 0 2000 4000 €000 $000 10000 12000
Z' {ohmTcm) I*{ohm"cm)
25 A 18000
La, S ,Ga,.Fe, . ThoOs, e i La, Sr,,Ga, Fe, ,Ti 0.,
20 300 ‘C """U"'E 300 °C
14000 |
b
= 15 = 12000+
5 ] i
E E 10000 ¢
5 10 8 b 9
= g ol 2.6*10°F
i f &nn_ni--‘l“nF
5 6000 | |
Ui 1
5 T 5 ) 25 ] 2000 8000 12000 16000
I'(ohm®cm}) I {ohm™cm)

- 100 -



Chapter 7 Results and discussion I1T

7.2. Electrical property

101

Lao ss " :G a sFeu nT'n UGOJ-
300 °C
15 |
5 1wl
E
s
NS5
1]
H
5L
-5 0 5 10 15
Z'{ohm*cm)
20 ¢ .
La,  Sr, . Ga, Fe, .Ti O,
290 °C
15 |
E ol
E
S
o5
v '
H
H
-5
-5 0 5 10 15

Z' {ohm®cm)

o LaDBerZGaDBFeD iTiDIOJ-a
700 | 290 °C
600 b

500 b

-I* {ohmtcm)

0 200 400 BOO
Z' {ohm®™cm )

g00000 ;
LaU Ssru ?GaUﬁFeU ?TIO ?03-(-
o
500000 | 266 C

400000

4.64*10°"F 21*10°F

[ohm®cm)

300000 10, !
2.7*10°"°F /

200000 | / /’f
" =u
100000 | " .

7

— .
0 A : )
0 200000 400000 600000
Z'{ohmTcm)

Figure 7.3. Impedance plots at around

300°C in air.

According to Eq. (7.1), the electron hole
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oxidizing atmosphere is due to the formation of Fe*". At low oxygen partial pressure, Fe*" is
formed according to the following equation:

2FeS, + O < 2Fe, +1/20, + V. (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 Ti*"
is substituted into the lattice, oxygen vacancies will be filled to maintain the electroneutrality
condition as shown in Eq. (7.3).

TiO, + Vo, + 2V — Tit, + 203 (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 Lag gSry,Gag¢Fep40;5.5 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 LaggSrg2GagsFepsxTixO35 on the Ti content at 300°C. 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 Lag gSrg2Gag ¢Feo2Tip 2035 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.
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Figure 7.5. Total o vs. Ti content in air at Figure 7.6. Total o vs. Ti content in H, at
0 . 0 :
300°C for Lao,gSI‘o,zGao,6Feo,4_xT1xO3_5. 300°C for Lao,gSI‘o,zGao,éF60,4_lexO3_5.
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Figure 7.7 and 7.8 show the Arrhenius plots of the total conductivity for
Lag gSrg2GagpeFepsxTixO0s.5 (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
LaygSro,GagsFep 4055 at elevated temperatures due to the formation of Ti*" and liberation of
oxygen vacancies.

2Ti;, + O, < 2Ti;, +1/20, + V'’ (7.4)
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Figure 7.7. Arrhenius plot of the total conductivity of Lag gSrg2Gag ¢Feo4xTixO3.5 (x=0~0.2)
in air.
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Figure 7.8. Arrhenius plot of the total conductivity of Lag gSry2GagsFeo4xTixO3.5 (x=0~0.2)
in Hz.
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In ﬁgure 7.8 La(lgSI’().2G30~6Feo.37Ti0.0303_5 and Lao‘gSI'().QGao‘6F60‘38Ti0~0203_5 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 Lag gSry2Gag¢Fep2Tip2035.5, but both the ionic and electronic conductivities of this composition
are too low at working temperatures.
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Figure 7.9. The total conductivity of Lag sSro.GagcFeo37Ti0.0303-5 vs. PO2 .
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Figure 7.10. The total conductivity of Lag gSro2GagcFeo 3811002035 vs. P, .
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7.2.2 La0_56Sr0,44Ga0,64Mg0,16Meo,202,g (Me=T1 and Sl’l)

In order to increase the n-type conductivity in LaGaO; based materials, Ti was tried to doped
into LaggSro,GageFep40s.5, 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
Lag §Sro2Gag cFep 4035, 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 Lag 56510.44Gag 64Mg0.16T19 201 3
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Figure 7.11. Nyquist plots of Lag s6Sr9.44Gag 64Mgo.16Tip 2025 in (a) air and (b) Po,=10bar at
400°C.
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Figure 7.12. Arrhenius plots of bulk and total conductivities for
Lag.56510.44Ga.64Mg0.16T10.202.5 1n air.
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Figure 7.11 shows the impedance plots of Lag ¢St 44Gage4sMgo.16Ti0203.5 measured in air and
reducing atmosphere (Po,=10%’bar) at 400°C. 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 Lag¢Sro1GagsMgo.0,¢s in air is also plotted in figure 7.12
for comparison. The conductivity of Lag 565t 44Gag4Mgo.16Ti0203-5 is much lower than LSGM
below 700°C, 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 Lags6S1944GageaMgo 161102035 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 Lag s¢S19.44Gag64Mgo.16T10203.5 were measured under different
atmospheres.
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Figure 7.13. Arrhenius plots of the bulk and total conductivities for
La0,56Sr0,44GaO,64Mg0,16Ti0,202,g in I'edllCil’lg condition.
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Figure 7.14. Nyquist plots of Lag s5¢Sr9.44Gag 64Mgo.16Ti9 202 in high oxygen partial
pressures at 700°C.
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Figure 7.14 shows the Nyquist plots of Lag s6S19.44Gag.caMgo.16Ti0203-5 in high oxygen partial
pressures at 700°C. 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 F, , 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 F, , as shown in figure

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

decreasing F, 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 F, 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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Figure 7.15. Nyquist plots of Lag s¢Sr944Gag 64Mgo.16T10202.5 in low oxygen partial
pressures at 700°C.
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Figure 7.16. DC conductivity of Lao_56sro_44Gao_64Mgo,16Tio_202_8 VS. PO2 at 7000C.

7.2.2.2 Lag 56510.44Gag 6aMg0. 16500202 3

Lag 56S19.44Gag 64Mgo.16Sn0 2035 was analyzed in the same way as described in the previous
section. Figure 7.17 shows the impedance plots of Lag s6Sr944Gag64Mgo.16Sn0203.5 measured in
air and low oxygen partial pressure at 400°C. The total conductivities measured in these two
gases are close to each other. Conductivity of Lag 56Str944Gag 6aMgo 165102035 is also close to that
of Lay 56519.44Gag 6aMgo.16T19203-5. 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.
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Figure 7.17. Nyquist plots of LagseSr944GageaMgo 165102035 in (a) air and (b)
Po,=10"*°bar at 400°C.
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Figure 7.18. Arrhenius plots of the bulk and total conductivities for
Lay 56510.44Ga0.64Mgo.165n0.203.5 in air.
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Figure 7.19. Arrhenius plots of the bulk and total conductivities for
Lag 56S10.44Gag 64aMgo 165102035 in reducing condition (Po2=10'25 bar).
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Figure 7.20. Nyquist plots of Lags6Sr944GagesMgo16Sn02035 in high oxygen partial
pressures at 700°C.
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Figure 7.20 and 7.21 show the Nyquist plots in high and low oxygen partial pressures at
700°C, respectively. DC conductivity was plotted in figure 7.22 against the oxygen partial
pressure. All the conducting properties of Lag s6S19.44Gag 64Mgo.16Sn9203.5 are similar to those of
the Ti containing sample.
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Figure 7.21. Nyquist plots of Lag s¢Sr9.44Gag 64Mgo.16Sn9203.5 in low oxygen partial pressures
at 700°C.
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Figure 7.22. DC COl’ldUCtiVity of Lao‘568r0.44Ga0‘64Mg0.16Sn0‘203_5 VS. PO2 at 7000C
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7.2.3 La().gsr().1Gal_x_yngMnX03_5 (X, yZONOZ)

7.2.3.1 La().9SI'()‘1Ga().g_yngMl'l()‘203_5 (y:0~02)

7.2.3.1a. AC impedance

20 mol% Mn was first doped into Lag oSty 1GagsMgr0, s in the following three compositions:
Lag oSro.1GagsMgo2Mng 035, LagoSro.1GagsMgoi1Mng 2035, and LagoSrg1GagsMng,03.5. The
impedance spectra of Lag 9Sro.1Gags.yMgyMng 035 at around 300°C in air (left) and forming gas
(90%N,+10%H,) (right) are shown below in Figure 7.23.
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Figure 7.23. Impedance spectra of Lag oSrg1Gag syMgyMn,03.5 (y=0~0.2) at around 300°C
in (a) air and (b) forming gas (90%N,+10%H,)

Two semicircles that correspond to bulk and grain boundary conduction, can be easily
resolved from the spectra for LagoSro;GagsMgp20255 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 500°C. 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.
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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 LagoSro.1GaggyMgyMng203.5 (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, Lag ¢Sro.1Gags-yMgyMn(,03_; become more and more electronic conductive
in both atmospheres.
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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.

LagoSro.1Gag sMgo2Mng 035 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
Lag 9Srp1GagsMgoaMn 035 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.
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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 (R;<R,<Rj3) will have the following
meanings according to Huggins’ calculation [13]:

R R
R, S (7.4)
R, +R,
R,(R,+R,)
RS B (7.5)
R, +R, +Rgb
R, =R, (7.6)

where R., R, and Ry, are the resistances to electronic, bulk and grain boundary conductions,
respectively. When R, is small, which means a relative large electronic conductivity, R;, R, and
Rj are all approaching to R.. From Eqgs. (7.4~7.6), R., R, and R, can be calculated as:

R, =R, (7.7)
R.R
R, =—1 (7.8)
R3 _Rl
R3R2 _ R3R1

= 7.9
« Ra_Rz R3_R1 ( )

In the spectrum of Lag oSty GagsMgo2Mng,0s.5 in forming gas at 3040C, R, 140002 -cm ,
R, = R, = 150002 - cm, thus using Eq. (7.8):

R,R
R, =———~210000Q-cm

3 Rl
which agrees well with R, = 250000Q2-cm 1in air at 300°C. The higher bulk conductivity in

forming gas is due to the reduction of Mn. This also suggests that ionic conduction is
predominant for Lag ¢Sty 1GagsMgo2Mn 035 in air.

Lag ¢Sty 1Gag7sMgp.1Mng,03.5 shows incomplete arc with lower resistance than LSGM in both
air and forming gas at 300°C. At temperatures higher than 4000C, Lag oSro.1Gag7Mgo.1Mng 2055
exhibits metallic behavior in all atmospheres.

Lag 9Srp.1Gap sMny 2035 shows only dots in all impedance spectra at 300°C. 1t’s a p-type
conductor in air. Figure 7.27 and 7.28 show the Arrhenius plot for the total conductivity of
Lag 9Sro.1Gag 8.yMgyMng,03.5 (y=0~0.2) in air and forming gas, respectively.
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7.2.3 Laolgsr().lGal_x_yngMnXO3_§ (X, y=0~02)
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Figure 7.27 Arrhenius
(y=0~0.2) in air.

plot of the total conductivity of Lag¢Sro.1Gags.yMgyMng 2035
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Figure 7.28. Arrhenius plot of the total conductivity of Lag ¢Sro 1Gag3.,Mg,Mng,03.5
(y=0~0.2) in 90%N,+10%H,.

As shown in ﬁgure 7.27 and 728, Lao,gsr().1G30.7Mg0,1Mn0.203_5 and LaoigsroilGao,gMno,QO}g
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 LagoSr1GagsMgo2Mng,0;.5 due to the n-type
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conduction, as what we have discussed before. In order to further prove the existence of n-type
electronic conductivity in LagoSro1GagsMgo2Mny,035 and to identify the conduction of
LagoSrg.1Gag7Mgo.1Mng,03.5 and LagoSrgGagsMng,0s3.5 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
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Figure 7.29. The total conductivity of Lag 9Sro.1Gags-yMgyMng 035 (y=0~0.2) vs. P, at
600°C.

Figure 7.29 shows the Brouwer diagram of total conductivity of LagoSro1Gagg.,MgyMn;-03.5
(y=0~0.2) at 600°C. At high oxygen partial pressures, all three compositions keep nearly constant
conductivities. Although Lag ¢St ;GagsMgo1Mng,0;5 has a small scattering at low Po,, the
conductivity is close to the values at high Po,. LagoSro1GagsMn,0s.5 starts to decrease the

conductivity below P, ~10"°bar . Only LagoSry;GagsMgooMng,0;35 has a higher

conductivity at low Po,.

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"°bar and 10%°bar at 600°C, respectively, which is suitable to check the conduction
mechanism for the present samples.
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7.2.3 Laolgsr().lGal_x_yngMnXO3_5 (X, y=0~02) 117

For the pure ionic conductor LSGM, the result agrees well with the theoretical calculation

between 600°C and 800°C, as shown in figure 7.30.
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= calculation
A— YSZ
~ —w— LSGM
0.275 - soo’c 030 F
> _ I
> s g
w 0.250 o 025 e
= = 1 : == v
w w r'e -
v
0.225 | 0.20
0.200 . . . A ) 0.15 . . . .
20000 25000 30000 35000 40000 45000 800 900 1000 1100
tis) TiK)
() (b)

Figure 7.30. Plots of (a) EMF vs. time and (b) EMF vs. temperature for the cell
Fe+FeO / LSGM / Ni+NiO.

Kiukkola-Wagner measurements of the other three samples didn’t show any voltage at 600°C,

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:

1. LaoSry.1Gag sMgp2Mng,0s.5 is an predominantly ionic conductor at high oxygen
partial pressure, and a n-type electronic conductor at low oxygen partial pressure;

1. Lag oSty 1Gag7Mgo 1 Mng 035 and LagoSrgGagsMng,0s35 are p-type electronic
conductors in all the range of oxygen partial pressures under discussion;

1il. 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 LagoSrg;GagsMgo202.55, LagoSro1GagsMng,035 and
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Lag 9Sro.1GagsMgo2Mng 035 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.

Lay.oSr¢.1Gag.sMgp.201.85
(ionic)
Mg, Mn Ga, Mn
LaoSro.1GapsMn,03.; < > Lag oSr).1Ga9sMgo2Mny 2035
(p-type) Ga, Mg (n-type under low Pg, )

Figure 7.31. Compositional triangle of Mn doped LSGM. Lag¢Sry1GagsMgp20,55 is an
ionic conductor over a wide range of oxygen partial pressure. Lag oSt GagsMng,0s.5 1s a
predominantly p-type conductor. LagoSr1GagsMgo2Mng 2055 is a predominantly n-type
conductor under low oxygen partial pressure, and an ionic conductor at high oxygen partial
pressure.

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.
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Lao.9sr0.1Gfg).8Mg0.203-a

Lao.9sr0.lGaO.SMgO.ISMhO.OSO}S L30.9SI‘|;':1.‘G30.75Mg0.2Mno.0503-5

Laossro.l(id'o‘sMgolano.lOys ' L20.9Sl‘0.1G20.7N1.go.2Mn0.103-5

LagoSr, 041G§}ii".7.§Mg0.15Mn0.103-a

Lao.osl‘o,lG%)‘f;zMgo.osMﬂo.lsos-a L30.9sr0.1G36f7¥g0.1sMno,lsos-a

®
LagoSr 0.1G2{pf%5Mg0.2Mﬂ0.1503-5

L30.9Sl‘o.1Qﬁ6.7;Mgo.1Mﬂo.1503-a

L30.9Sl’0.1GQQJMQOJMHO.ZOM ‘_.~"L30.9sr0.1G30.6Mg0.2Mn0.203_:6

. . e »
Lag ¢Sry.1GaysMny ;035 Lag oSry.1Gay.6sMgo.1sMny203.5

Figure 7.32. Compositional triangle of Lag ¢Sro1Ga;.x.yMg,Mn,O3_5 (X, y=0~0.2)
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7.2.3.2 Lao,gsro.1G31_X_yngMnXO3_5 (X, yZO ~ 02)

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

7.2.3.2a. La().gsr().1Gao.95_yngMl’lo‘()503_5 (y=015, 02)

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
La(),9SI‘0.1Gao.gMg0,15Mn0_0503_5 and La()_gsl'()_1Gao.75Mg0,2M1’10_0503_5 in air at 3050C The Arrhenius
plots for the total conductivities are shown in figure 7.34.
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Figure 7.33. Nyquist plots of (a) LagoSro1GagsMgo1sMngsOss and (b)
Lao,9SI‘0,1G&0_75Mg0_2Mn0_0503_5 in air at 3050C
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Figure 7.34. Arrhenius plots of the total conductivity of Lag ¢Sty 1GagsMgo.15sMng 95035
and La(),9SI'0.1Gao_75Mg0,2M1’10_0503_5 1n air.
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Table 7.4 Activation energies of bulk and total conductivities in air.

Compositions EA puik (€V) E total (€V)
LSGM 0.86 0.85
Laoigsro.1Ga(),gMgo.15Mn0.o5O3_§ 091 088
Lao‘gsro‘1Ga0,75Mg0‘2Mn0~05O3_5 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, Lao_gsro_lGao_gMgo_15Mn0,0503_5 and Lao,()SI'(),1Gao_75Mgo_2Mno_05O3_5 in air. Although
Lag 9Srp.1Gag7sMgo2Mng 05035 has the highest activation energy, its conductivity is higher than
Lag 9Srp.1GagsMgp.1sMng 05035 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 LagoSrg;GagsMgo.15sMngosOs.s and
Lag 9Srp.1Gag7sMgo2Mng 05035, then the number of oxygen vacancies only varies with the
content of the lower valent cation Mg*".

-4 [ I‘au s}srn 1(mo 3Mgu 1SMno 05(')5-6 ] 14
-1.6 4-1.6
r P § 4
850 C
ABF o pea o PUE L B
E 20} 120
5] —
-‘(5 L = ez I —— .
T:' S B L] B i . 4-2.2
L L 600 C
S 24} 124
-2.6 4-26
2.8+ 4-2.8
30f 130
-25 -20 -15 -10 -5 0
log P (bar)

Figure 7.35. Brouwer diagram of the total conductivity for Lag oSt 1GagsMgo 1sMng503.5 at
600°C and 850°C.
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7.2.3 Laolgsr().lGal_x_yngMnXO3_§ (X, y=0~02)

Figure 7.35 and 7.36 show the Brouwer diagrams of the total conductivity at 600°C and
850°C for Lag 9Srp.1GagsMgp.1sMng0sO3.5 and LagoSro1Gag75sMgo2Mng 5035, respectively. In
both cases, the total conductivities are about the same in the experimental range of the oxygen
partial pressures.

Adp La Sr, Ga, _Ff\lgﬂ_:l\[nn 059044 114
ABF Ak . aa a 118
N PR | p. T ]
18} 850°C 118
E 20} =—""—n—s -s—=a 420
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26} 126
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Figure 7.36. Brouwer diagram of the total conductivity for Lag ¢St ;Gag75sMgo2Mng 0sO03-5

at 600°C and 850°C.

7.2.3.2b. La()_gsl‘o_1Ga0,9_yngMn0,103_5 (y=01, 015, 02)
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Figure 7.37 shows the impedance plots of 10-mol% Mn doped samples in air at 300°C. Two
semicircles can be seen at this temperature. All samples showed similar impedance plots as in the
case of LSGM at higher temperatures.
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Figure 7.37. Nyquist plots of (a) LagoSro;GagsMgoiMng 055 and (b)
Lao,9SI‘0,1G&0_75Mg0_15Mn0,103_5 and (C) La(),9SI‘0,1Gao_7Mg0.2Mno_103_5 in air at 3000C

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.
Lag 9Srp1Gag7sMgo2Mng 1035 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.
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Figure 7.38. Arrhenius plots of the total conductivity of Lag ¢Sro 1Gago.,Mg,Mng ;035
(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 E A puik (€V) E A tota1 (€V)
LSGM 0.86 0.85
La(),gsr().1Gao.8Mg0.1Mn0.103_5 0.81 0.85
Lao‘9sro‘1Ga().75Mg0‘15Mno‘1O3_5 0.90 0.91
Lao_98r0_1Gao_7Mgo_2Mn0,1O3_5 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 548°C are shown in figure 7.39 for comparison.

800 300 -
Lao.asro_:Gao_sMgo 302.35 La,Sr,,Ga Mg O, .
: - : ; : 2~ 2
air 548°C - 90%N_+10%H _ 548°C
600 .
- [] 200
E - E -
£ 400 - E 150}
8 ] §
M - Nl
200 .- .
-- 50 -
" YA . ; : i 5 cun oy wl 5 g
0 200 400 600 800 0 50 100 150 200 250 300

Z' (ohm*em ) Z' (ohm®em)

() (b)
Figure 7.39. Nyquist plot of LSGM in (a) air and (b) forming gas at 548°C

In figure 7.39(a), a straight line with the slope of 45° 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 Mn’". Thangadurai et al [14] reported reduction of Mn in
Lag oSro.1GagsMng 035 occurring at around 250°C and 500°C. The impedance measurement
confirmed that the reduction of Mn started below 300°C, for the tails at low frequency shown in
figure 7.37 vanished completely in forming gas. Figure 7.40 shows the impedance plots of
Lag 9Srp1Gag7sMgo1sMng 1035 in air and forming gas from 300°C to 700°C. The other two
samples are not shown here because they have exactly same tendency as

Lag.oSt0.1Gag.7sMgo.1sMng 103.5.
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7.2.3 La(,.gSrO‘lGal_X_yngMnXOM (X, y:0~02)
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Figure 7.40. Nyquist plots of Lag ¢Sro.1Gag75sMgo.1sMng 1035 in (a) air and (b) forming gas.

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 500°C there is no tails at low
frequency. As Mn started to be reduced at 250°C, diminishing of the tail could be attributed to
the increasing of the electronic conductivity. Starting from 500°C, 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)

iii)

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 500°C. 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;

When Mn®" is reduced to Mn2+, Lag Sr.1Gag 7sMgo.15sMng 103.5 should have a higher
conductivity than that measured in air because of higher concentration of divalent
cation after reduction;

The electronic conduction occurs via the hopping mechanism between Mn’" and

Mn*". With the reduction process of Mn’", the electronic conductivity will increase
first and then decrease.
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Table 7.6 Activation energies of bulk and total conductivities in forming gas.

Compositions E A puik (€V) E A tota1 (€V)
LSGM 0.88 0.91
La(),gSI'O.1Gao.8Mg0.1Mn0.103_5 0.70 0.85
Lao‘9sro‘1Ga().75Mg0‘15Mno‘1O3_5 0.90 0.99
Lao_98r0_1Gao_7Mgo_2Mn0,1O3_5 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 500°C, Mn containing samples
have slightly higher conductivity than LSGM due to the fully reduction of Mn®",
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Figure 7.41. Arrhenius plots of the total conductivity of Lag ¢Sro 1Gago.,Mg,Mng ;035
(y=0.1, 0.15, 0.2) in forming gas.

The total conductivities of LagoSry1Gago.yMgyMng ;035 (y=0.1, 0.15, 0.2) at 600°C 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 La().gsl'o.1Gao,gMg0,1M1’10,103_5 < Lao_gsro_1Ga0,75Mg0_15Mn0_103_5 <
Lag.9Sr0.1Gay7Mgo2Mng.103.5.
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Figure 7.42. Brouwer diagram of the total conductivity of Lag¢Sry Gap.o,Mg,Mng 03.s
(»=0.1, 0.15, 0.2) at 600°C.

7.2.3.2c¢. La().gsr().1Gao.85_yngMIlo‘1503_5 (y:005, 01, 015, 02)

The impedance plots of LaggsSro.1Gag.o-yMgyMng 15035 (y=0.05, 0.1, 0.15, 0.2) at 400°C in air
are shown in figure 7.43. Lag ¢Sty 1GagsMgo.osMng 15035 and Lag oSt 1Gag75sMgo.1Mng 15055 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
Lao,98r0~1Ga0~7Mgo,15Mn0,1503_5 and La()~9SI'().1Ga()~65Mgo.2MIlo‘15O3_5 are still predominantly ionic
conductors in air.
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Figure 7.43. Nyquist plots of Lag oSro ; Gag g5.,Mg,Mng 503.5 at 400°C in air.

LagoSro.1Gag sMgo 0sMny 1503.5 exhibits electronic conduction at all measured temperatures
(200°C~800°C). 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.
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Figure 7.44. Arrhenius plots of the ionic and electronic conductivities

of

Lag oSt 1GagsMgoosMng ;sO3.5 in air. The ionic and electronic conductivities were
calculated here using the model given by Huggins.
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Table 7.7 Tonic and electronic resistivities of Lag ¢St 1Gag sMgo0sMng 15035 in air.

Ry (Qcm) R, (Qcm) R3 (Qcm) Ry (Qcm) | Rp+tRgy (Qcm) | R, (Qcm)
200°C 42400 42400
300°C 7500 7500
400°C 450 1800 2100 573 12600 2100
500°C 320 700 900 496 3150 815
600°C 280 382 1049 382
700°C 147 204 526 204
800°C 82 103 402 103

Lag 9Srp1Gag7sMgo1Mng 15035 shows electronic behavior in the impedance plots below
500°C. The bulk resistivities calculated using Eq.(7.8) are listed in Table 7.8. The bulk values of
La(),9SI'0.1Ga0.7Mg0,15Mn0_1503_5 and Lao_gsro_1Ga0_65Mg0,2Mn0,1503_5 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 Lag oSty 1Gag7sMgo.1Mng 15035 in air.

6 air —=— LSGM_bulk
—_——
4 - Langsrn 1Gan ?SMgmmnn 1:’,09-3—bU|k )
i ez —v—La Sr Ga Mg Mn O, electronic
2F .
B e S
g. ok - A -:M_.\_.‘
5 o,
® o2tk .
3 b -
— -4 At
E L v = .
£ gk ~ -
s ""-\."‘H
-8 i S
-10 | v
-12 [ 1 1 1 1 Il L ]
0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2
1000/T (K")

Figure 7.45. Bulk and electronic conductivities of Lag ¢St 1Gag7sMgo1Mng 15055 in air. The
bulk conductivity was calculated using Eq. (7.8).
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Table 7.8 Bulk resistivities R, (ohm-cm) of Lag ¢Sty 1Gag7sMgo.1Mng 15035 in air below 500°C.

La 9Sro,1Gag.7sMgo1Mng 15035

Lag ¢Sro.1Gag;Mgo.1sMng 1503.5

Lag ¢Srq.1Gag 6sMgooMng,1503.5

R R, R,
300°C 35000 700000 36842 30000 35500
400°C 3300 70000 3463 3000 3350
500°C 500 6500 542 530 700

131

La0‘98r0~1Ga0~7Mgo‘15Mn0,1503_5 and La().gsro.1Ga()~65Mg0‘2MIlo‘1503_5 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
Lag 9Sro.1Gag7Mgo.1sMny 1503.5 are much larger than those of Lag ¢Sy 1GagcsMgo2Mng 1505.s.
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Figure 7.46. Arrhenius plots of the total conductivity of Lay oSty 1Gay ss,Mg.Mng 1503.5
(»=0.05, 0.1, 0.15, 0.2) in air.

The Arrhenius plots for the total conductivity of Lag 9Srg1Gag g5.,MgyMny ;503.5 (y=0.05, 0.1,
0.15, 0.2) in air are shown in figure 7.46. LagoSro1GagsMgoosMng 5035 has the highest
conductivity below 400°C because of the high electronic conduction. It should be mentioned here
that the ‘total’ conductivities of Lag oSty 1Gag7sMgo1Mng 15055 plotted in figure 7.46, especially
at the temperatures below 500°C, are not the real total conductivities, but the electronic
conductivities at these temperatures. That’s why the conductivity is much lower than other
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compositions. The activation energy changes from 0.71e¢V to 0.89¢V at around 400°C, which
means a more ionic contribution to the total conduction at elevated temperatures. The total
conductivity of Lag9Sr.1Gag7Mgp.1sMng 15035 and Lag oSrg1GagesMgo2Mnyg 15035 are lower than
LSGM. The one with higher amount of Mg has higher ionic conductivity.
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Figure 7.47. Arrhenius plot of the conductivity of LagoSrg1GagsMgoosMng 15035
during heating and cooling in forming gas.
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Figure 7.48. Arrhenius plot of the n-type electronic conductivity of
Lag 9Sro.1Gag g5.yMgyMny 1503.5 during heating process of Lag9Sro.1Gag gs.yMg,Mng 15035 in
forming gas.
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Figure 7.47 shows the Arrhenius plot of LagoSry1GagsMgosMng 15035 in forming gas. As
reduction of Mn starts when hearted in reducing atmospheres, the n-type electronic conductivity
of Lag oSty 1Gag sMgo 0sMny 1503.5 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 0.79¢V. Such kind of behavior was also found for other samples below 500°C. Figure
7.48 shows the n-type electronic conductivity of LagoSry1Gag gs-yMgyMny 1503.5 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
Lag oSro.1Gag ss-yMg,Mng 15035 (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.
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Figure 7.49. Arrhenius plots of the total conductivity of Lag¢Sro.1Gagss.,MgyMng 1503.5
(y=0.05, 0.1, 0.2) in forming gas.

The total conductivities of LagoSro1Gagss,MgyMng 15035 (y=0.05, 0.1, 0.15, 0.2) as a
function of the oxygen partial pressure at 600°C 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.
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Figure 7.50. Brouwer diagrams of the total conductivity of La.oSry 1Gay.ss.,Mg,Mn 1503.5
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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
Lag ¢Sro.1GayxMg,Mn, O35 (x, y=0~0.2) decreases with increasing amount of Mn. For example,
at 500°C in air (2.92x107S/cm for LSGM),

(2.86x10°S/cm)> o, . (1.78x10°S/cm)> o, .~ (3.17x107S/cm)

O—Mgo. 15Mnq 05

(2.94x10°S/cm)> o, . (1.89x10°S/cm)> o, . ~ (1.54x107S/cm)

(o)
Mg Mny o

Oy, (242x107S/em)> o\ (1.14x10°S/em)> o, . (2.67%107*S/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 Lag ¢Sty 1Gag75sMgo1Mng 15035,
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.

2Mn, + Oy > 2Mng, + Y, 0, + V" (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 500°C. 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 Mn*" and Mn’" so that
mobile electrons can jump from one Mn to a neighboring one, but with different valence. If more
Mn’" 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 Lag ¢Srg1GagsMng,03.5 and Lag oSt 1Gag7Mgo1Mng 035,
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
Lag oSro.1Gag sMng 035, are at the same level (7.9x10°S/cm ~ 9.5x107S/cm at 600°C) 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 LagoSrg;GagsMng0s35 and  LagoSry1GagsMgo.1Mny,035, 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, LagoSry1GagsMgposMng 15035 and
Lag 9Srp.1Gag75sMgp1Mny 15035 exhibit electronic behavior in air. The electronic conductivity
obtained from impedance measurement decreases with increasing Mg content. For example, at
500°C,

(1 : 1 1 % 10_3 S/Cm) > O-La[,ySr(,.,GamSMgmMn(,.,SOM; (1 54X 10_4S/Cm).

(o2
Lay ¢Sty GapgMggsMng 15035

In 20mol% Mn doped samples, all compositions show electronic conductivities. At 500°C, the
p-type conductivities are in the following order:
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Cayin,, (1.82x107S/cm)> oy, (4.87x107S/em) >0y, 1, (5.26x107S/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:

2MgO—4% 52 Mg,. +205+V3" (7.11)

Under oxidizing conditions, Mn can be oxidized:
2Mu, + V) 0, + V5 ——2Mn, +0; (7.12)

with the equilibrium constant:
2
M .
K = [2 i) — (7.13)
[Mnca] '[VO ] Fo,
The electroneutrality condition is:

[sv., J+ Mg, | = p+ 2l |+ v, (7.14)

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

const.~ p + [MnGa] (7.15)
When [V(;'] is increased in Eq. (7.13) due to the increased concentration of Mg, [Mnéa]

and [MnGa] 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 (Ceg gxSmg,PryO,.5), while in the other group the amount of Ce was kept constant
(Ce.8Smg 2.xPrO7.5).

Among the CejsxSmg,PriO,5 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 Pr’" and Pr*". Thus, the p-type conductivity
increases with increasing number of Pr. For example, the p-type electronic conductivity at 600°C
in air increases from Ceg77Smg2Prg.03025 (5.15%107*S/cm) to Ceg 7Smg »Pro 1045 (3.80%107S/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 600°C in H, is 1.99x102S/cm for Ceg77Smg2Pro03045 and 1.58x107°S/cm for
Ceo.7Smg2Pro 1025

Among the CeysSmyg,<PriO,.5 samples, the total conductivity increases with the Pr content
due to the increased p-type conductivity. The highest electron hole conductivity at 700°C in air
was found to be 5.62x107S/cm for Ceo.sSmy sPr.15025. Although the n-type electronic
conductivity of CeogSmy sPro.1502-5 is lower than SDC, they are of the same order of magnitude.
Based on the Brouwer diagrams of the total conductivity, CeysSmy ¢sPrg150,.5 was supposed to
be a possible composition for SEA concept among all of the Pr doped samples. The thermal
expansion coefficient of CesSmy sPro 15025 was measured to be 18x10%/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 BaCeOs 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,
TiO, was tried to mix with BaCey76Y02Pro 04035 in a molar ratio of 1:10. After sintering at
16000C, TiO; is completely dissolved in BaCe76Y02Pr0.0403.5. Thus both the ionic and electron
hole conductivity of BaCe76Y2Pr0.0403.5 are lowered by an order of magnitude by mixing with
TiO,, because the number of oxygen vacancies is largely reduced by the replacement of a lower
valent cation, i.e. Y°© or Pr’’, by a higher valent cation Ti*". A composite electrolyte,
BaCey Y 020,91tCesSmg,0;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 1600°C. The conductivity of the two
phase mixture is lower than each of the individual material especially at temperatures lower than
600°C, 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, Lag ¢Sty 1GagsMgo.1sMng 0sO3-5 (2.86><10'3 S/cm) has
higher ionic conductivity than Lag ¢Sty ;GagsMgo2Mng203.5 (2.67><10'4S/cm) at 500°C 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, LagoSro1GagsMny,035 and LagoSrgGagsMgooMng,0s3.5 at the three corners,
respectively. Lag oSty 1GagsMn,05.5 is a predominant p-type electronic conductor over the entire
range of the interested oxygen partial pressures (P02=10'25~1bar); Lag 9Sro.1GagsMgo,Mng 035 is
a predominant ionic conductor at high oxygen partial pressures, and shows n-type electronic
conductivity under reducing conditions (~7.08x107S/cm at 600°C). 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 H; than to the reduction of O,. 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 500°C,

O ayiny, (1.82x107S/cm) > o, o (4.87x107S/em) > oy, .. (5.26%107S/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 Ce*"/Ce®" and Pr’*/Pr*" 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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