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Abstract

Abstract

Solid oxide fuel cells provide a clean and efficient means to produce electricity. The
main problem associated with the commercialisation of this kind of fuel cell, is the
high operating temperatures required (1000°C), which necessitates the use of
expensive materials and materials processing. The high temperatures are needed so
that the zirconia electrolyte achieves an adequate conductivity for efficient fuel cell
operation. An electrolyte with a higher conductivity is doped ceria. Using this
material the operating temperature could be reduced to between 500-700°C, which
would greatly lower the total cost of the fuel cell system.

A literature survey of the present day fuel cell technology is provided, including a
discussion of the operating principles of the solid oxide fuel cell and designs of the fuel
cell stack. The properties required of an electrolyte in a fuel cell are discussed and the
current electrolyte materials under research are reviewed. Attention is then focused on
the properties of doped ceria electrolytes, with particular emphasis on the electrical

conductivity.

The aim of the experimental section is to optimise both the bulk and grain boundary
conductivities in air for doped ceria and to minimise the electronic conductivity in
reducing atmospheres. A number of experimental techniques have been employed to
analyse these materials including, a.c. impedance spectroscopy, d.c. conductivity,
transmission electron microscopy, secondary ion mass spectrometry and low energy

ion scattering.

Attempts to improve the bulk conductivity were not successful but the grain boundary
conductivity was improved, using a number of different doping techniques. The
highest total conductivity was achieved for Cep9sSmg03Y00302-x. The electronic
conductivity is shown to be reduced for calcium doped ceria-gadolinia samples at
500°C. Attempts to trap electrons at dopant ion sites, or lower their mobility by using
electron blocking layers at the grain boundaries, have been explored. The conductivity

mechanisms present for each doping scenario are fully discussed.
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Chapter 1. Introduction

Chapter 1. Introduction

Ionic conduction was first studied in liquids, where the process known as electrolysis
was discovered. Electrolysis involves the conversion of electrical energy into chemical
energy in order to form, or breakdown compounds, by oxidation or reduction
processes. Electrolysis became important in the isolation of elements and formation of
compounds which were difficult to produce using conventional chemistry and started
the first serious research into electrolytes. The principles of electrolysis are still
important today, especially in the area of corrosion: Oil rig superstructures are
cathodically protected using a sacrificial metal that is placed in contact with the
structure and corrodes in preference to the rig metal. The sea water acts as the

electrolyte to complete the circuit for the conduction of metal ions.

For many decades, the study of liquid electrolytes dominated because of the higher
mobilities of ions in liquids compared to those in solids. The invention of the first
batteries intensified research into these liquid electrolytes. In these batteries, chemical
energy stored in a liquid electrolyte could be converted into useful electrical energy via
a chemical reaction. The development of the battery as a mobile power source still
continues today, with the majority of the electrolytes remaining in liquid form. A
myriad of different electrolytes have now been studied but technology has demanded
that only electrolytes with the highest conductivities receive attention for the storage of
electricity.

The traditional lead acid batteries, used in automobiles, are now being replaced by the
higher energy density battery systems, in which the conducting ions are Li and Na,
such as in the Na-S and Li-FeS battery systems. Battery production is now a mature
technology, with an ever increasing number of battery systems available, both in the

primary and secondary (rechargeable) battery systems.

The study of solid ion conducting electrolytes is, in contrast to the liquid electrolytes,
more recent, with early reports of ionic conductivity discovered by Nernst in 1899, for
the solid Y>Oj stabilised ZrO,. This material was reported to conduct oxygen ions and

at present is still the most widely used oxygen ion conducting solid.
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There are an increasing number of applications where solid electrolytes are being used
and many more potential applications. Both cation and anion conducting solid
electrolytes are being developed. pB-alumina (Na;0.11A1,0;) and ‘nasicon’
(Na3Zr;Si;POy;y), the basis of the Na-S batteries, are examples in which the sodium ion
is the conducting species. The lithium ion is also found to have a high mobility in, for
example, the compound Li3;N. The silver ion perhaps demonstrates the highest of the
ionic conductivities in the solid electrolyte RbAgsls. Among the anion conductors is
the electrolyte Lag 9sSrg 0sF2.9s, which is used in sensors to monitor the concentration of
fluorine ions in drinking water. There are also many glass electrolytes and this subject

is reviewed in more detail in chapter 8.

Some of the most studied solid electrolytes are the oxygen ion conductors (e.g. yttria
stabilised zirconia and gadolinia doped ceria), due to their applicability in a number of
potentially high return markets, such as power generation. Comprehensive reviews of
oxygen ion conductors can be found in the literature [1, 2, 3, 4] and are considered in

more depth in chapter 5.

1.1. Outline of the Thesis

The thesis begins with an introduction to the fuel cell, a highly efficient device for
production of electricity, followed by an in-depth look at the most promising of the
fuel cells, the solid oxide fuel cell. The emphasis then focuses on the different
electrolytes used and, more importantly, the use of doped cerias and the properties of
this material. Short chapters on thin films and glass electrolytes are also included to
complement the research performed in this thesis. The experimental section
encompasses a discussion of the powder preparation techniques and the wide range of
experimental equipment that was necessary, in order to elucidate the conduction

mechanisms in these electrolytes.
The results and discussion section are then split into four chapters and deal with the

preparation of the samples, and the effects of doping and double doping to improve the

ionic conductivity, both in the bulk of the material, as well as at the grain boundaries.
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The final chapter concentrates on the electronic properties of doped ceria. Methods for
improving the performance of ceria electrolytes in reducing atmospheres are explored,
including suitable dopants and the use of glass additions. Finally, there are some

general conclusions and pathways for new areas of research.
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Chapter 2. The Fuel Cell

2.1. Introduction

It has been estimated [1] that the world energy demand at present is in the range of
340-370x10"®J per year. This energy use is equivalent to 10'°tons of coal per year, or
5.5%10'%barrels of oil. Per Capita, the world average power usage is about 2000kWh
per year, while in Europe it is three times this figure. With the world population set to
double in the next 50 years and the expected dramatic growth rate of heavy industry in
the developing countries, the energy burdens on our world can only increase. Today,
civilisation is such that without electricity the world would cease to function. At
present, the conventional fossil fuels (coal, oil and natural gas) have met the world’s
needs and will do, undoubtedly, for the next 50 years. More recently, the advent of

nuclear power has commanded a large share of the market.

It was not until the end of this century that the predictions concerning the future
reserves of the world’s fossil fuels were released. Calculations showed that fossil
fuels, at current and predicted usages, would start to be depleted towards the end of the
next century.

The oil crisis in 1973 and more recently the Gulf War, have highlighted to the world
the importance that is placed on fossil fuels and the needs for diversification. The
nuclear industry and its concepts of unlimited energy were irreversibly affected by the
Chernobyl disaster from which the world is still recovering. The search for renewable
energy sources thus turned to nature but it was quickly acknowledged that substantial

energy from solar power and other smaller renewable sources was unrealistic.

Probably the most significant change, is the increased global awareness of our
environment and the damage that is being inflicted upon it. The emission levels of
NOx, SOy, particulates, CO, and many other gases from industry and combustion

engines in automobiles, have been shown to pollute our atmosphere. The effects have
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been global; from acid rain to the controversial “Green House™ effect, causing a
gradual warming of the earth. Most inhabitants of large cities experience the effects of
pollution with poor air quality and in the extreme, smog. Nuclear power does not
produce pollutants to the air but brings a greater unknown threat to the environment,
that of the disposal of highly radioactive waste.

With this unprecedented pressure on the world to find new, cleaner and more efficient
power sources, it is surprising that one that has existed for over a hundred years has not

received more attention. This power source is the Fuel Cell.

2.2. History

The fuel cell is an electrochemical device which directly and continuously converts the
chemical energy of a fuel and an oxidant into electrical energy. Its operation is
analogous to that of a battery, whereby an electrochemical reaction provides a supply
of low voltage d.c. electricity. Unlike a battery, however, where the chemical reaction
proceeds until the stored substances are fully converted or need recharging, the fuel
cell delivers continuous operation, provided the feed of fuel and oxidant are
maintained. Fuel cells also differ strongly from batteries both in terms of design and

engineering.

The first working fuel cell was demonstrated in 1839 by Sir William Grove [2]. It was
based on a dilute sulphuric acid electrolyte with platinum electrodes. The cell fell
short of the power output of the more conventional galvanic cells and the research was
soon stopped. At the time, coal was an important fuel source and as a consequence,
attempts were made to operate fuel cells with coal as fuel. Ludwig Mond and Charles
Langer repeated Grove’s work but replaced oxygen with air and hydrogen with gas
obtained from coal. The cell worked and they coined the term fiel cell but research did
not continue, because of the high cost for the large amounts of platinum used and
severe polarisation. Further research into electrochemical conversion devices was very
limited for the rest of the nineteenth century and it was not until the turn of the century
that alternative electrolytes were really considered [3]. In 1900, Nernst constructed a
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fuel cell based on the solid oxide electrolyte, yttria stabilised zirconia, while J.H.Reid
first describes a fuel cell based on an aqueous KOH electrolyte in 1902. The first real
attempt to produce a fuel cell, based on a molten carbonate electrolyte, is credited to
E.Baur in 1921. It operated at 1000°C but due to a poor understanding of electrode
kinetics and the corrosion problems at high temperatures, he too terminated his work in

the field.

By 1940, one hundred years after the invention of the fuel cell, the technology was still
very much in its infancy and most work was still laboratory based. During this period
the introduction of the internal combustion engine was seen, whose theoretical
foundation was much better understood than the fuel cell and the relative ease of its
fabrication led to its complete dominance. The first real development of fuel cells was
led by Francis T. Bacon, who, in 1939, built a pressurised fuel cell, based on KOH,
which was later to be scaled up and used in the Apollo space missions [4].

It was the space applications that were to launch the fuel cell as a credible power
source and inject the necessary resources for further research opportunities. The
Gemini missions saw the introduction of an ion exchange membrane fuel cell, which
was also used in the Apollo missions to put the first man on the moon. Fuel cells have
since become commonplace in the space shuttle programme but their introduction for
terrestrial use has not been so successful. Unfortunately, the high cost of the pure
hydrogen and oxygen gases needed, prevented the development of the fuel cell for
terrestrial applications and research diminished. After the 1970’s oil crisis, the funding
into fuel cells began to increase rapidly and a number of different fuel cell programmes
are still in existence today. The fuel cell is now developed on a large scale with
kilowatt to megawatt units already commercially available as demonstration units.
With the heightened environmental awareness and drive for a new power source, it is

anticipated that in the next decade, the fuel cell will become fully commercial.
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2.3. Principles of Operation

All fuel cells consist of the same basic components, an anode, electrolyte and cathode,
which form a single cell (Fig.2.1.). The cells are electronically interconnected by a
separator or bipolar plate to form a fuel cell stack. A fuel such as hydrogen or a
hydrocarbon is oxidised at the anode, which releases electrons to the external circuit.
An oxidant such as oxygen is fed to the cathode, where it is reduced by accepting the
electrons from the external circuit. Ions are then conducted through the electrolyte to
complete the circuit, producing water and, depending on the fuel, CO, at the
appropriate electrode. The flow of electrons through the external circuit produces d.c
electricity.

O

Y o,

AN\

Hag)
H20() H,0

Fig.2.1. The basic components of a fuel cell. (Detailed electrochemistry will be

discussed later).

The theoretical efficiencies of a fuel cell are around 95%, there are, however, a number
of irreversible losses in a fuel cell which limit the efficiency. These losses will be
discussed further in the next chapter. The fuel cell offers many advantages over
conventional power sources, of which the most significant may be delocalised power
generation, which would enable the replacement of the very inefficient national grid
system. This modularity gives the fuel cell a large market to exploit, from individual

housing, to large scale industrial systems and cities.
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The obvious benefits of higher efficiencies for fossil fuel conversion will extend, in the
short term, the life expectancy of the fossil fuels. In the long term, non-fossil fuels
such as methanol are expected to be used. The much lower emission levels of fuel
cells compared to combustion engines, will drastically reduce the levels of NOx, SOx
and CO in the atmosphere, and improve environmental conditions. The potential for
fuel cell powered automobiles will further improve the environment. Other benefits
include low levels of noise pollution and small site requirements, allowing small
power stations to be built in the centre of cities. This will result in a reduction in the
length of transmission lines and reduce the number of step-up transformers required,
achieving a large energy saving. In addition, the high efficiency of power output at

part load will allow greater flexibility over conventional systems.

A brief summary of the current fuel cells under development is given below,

describing the materials used, the benefits and drawbacks and the development stage of
each type.

2.4. Alkaline Fuel Cell (AFC)

Developed in the 1960°s as a power source for the Apollo space missions, as discussed
in section 2.2, alkaline fuel cells consist of a concentrated potassium hydroxide (KOH)
solution as the electrolyte. The electrodes are porous nickel or carbon in PTFE and act
as current collectors, supporting a finely divided nickel or platinum catalyst [5].
Hydroxide ions (OH") act as the conducting species through the electrolyte, formed by
the reaction of oxygen and water at the cathode. The OH™ ions react with hydrogen at

the anode, releasing electrons to the external circuit.

The AFC is attractive because of its simplicity, high current density and low operating
temperature (60-150°C) but is unlikely to find widespread use due to its necessity to
have pure oxygen and hydrogen feed gases. The high purity required results from the
reactivity of trace amounts of CO, with the electrolyte, producing insoluble potassium
carbonate. Removal of CO; from the gas feeds is both impractical and expensive and

thus terrestrial applications will be limited.
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The phosphoric acid fuel cell is the most technologically advanced of all the fuel cells
and the closest to full commercialisation. Units of 50, 100, 200kW are now being
evaluated commercially and mass production facilities are already in place with over
130 units delivered [4]. Larger scale prototype power stations in the range 0.5-11MW
are also being evaluated and considerable efforts are apparent in both Japan and the
USA. For a more in-depth look into PAFC development, the reader is referred to

reference [6].

The PAFC uses a phosphoric acid (H3;POs) electrolyte, which has the advantage over
the AFC that it does not react with CO,, thus allowing atmospheric air to be used as
the oxidant and fuel gases produced from the steam reforming of fossil fuels. The
phosphoric acid is contained within a matrix of silicon carbide powder bonded to
PTFE, while the electrodes consist of a dispersed platinum catalyst on a porous carbon
based support. The temperature of operation is required to be 2200°C, to prevent CO
degrading the performance of the platinum based electrocatalysts. Oxidation of the
reformed hydrocarbon fuel produces H' ions which are conducted through the

electrolyte and converted into water on the cathode side on reaction with the air.

Alongside improving the corrosion resistance of cell materials, research into cheaper
and greater activity electrocatalysts continues, in an attempt to reduce the
commercially prohibitively high cost of the PAFC system, currently around $3000/kW,
to between $1800-2000/kW by the year 2000. In addition, external reforming of the
hydrocarbon fuels is required, which lowers the total efficiency to around 40% and the
unproven reliability of PAFC systems remains a barrier to large scale

commercialisation.

2.6. Solid Polymer Membrane Fuel Cell (SPFC)

The polymer membrane fuel cell (SPFC) was first demonstrated around the same time
as the alkaline fuel cell was developed for the space missions. The SPFC was
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originally designed as the power source for submarine propulsion, but it has now been
re-designed and aimed at the automotive market. The leading developers in this fuel
cell system are Ballard Power Systems Inc., who in 1995 developed a compact, light
weight 25kW stack, capable of powering an automobile [6]. Although the polymer
membrane fuel cell is not expected to enter the large scale power market, Ballard have
developed a 30kW on-site power plant and are developing a 250kW natural gas fired
power plant.

The electrolyte in this case is a specially engineered sulfonated fluorocarbon polymer,
such as that produced by Du Pont (Nafion) and the Dow Chemical Company. The
polymer on a molecular level, has a tubular structure in which the incorporated
functional acid groups (SO3") are on the inner surface of the tubes and are capable of
exchanging cations or anions. For fuel cell use the polymer is saturated with water
(about 20% by weight) to expand the structure. Hydrogen ions can then be conducted
through the membrane which accumulate water molecules and thus water, too, is
conducted through the membrane. The electrodes consist of finely divided platinum

dispersed onto a porous support and the fuel cell operates at around 80°C.

The high tolerance of the SPFC to vibration, compared to other fuel cells, allows the
SPFC to be designed into automobile applications. Corrosion problems are minimised
in the SPFC, with low operating temperatures and water as the only liquid present in
the system. The SPFC, however, suffers from the high cost of the polymer membrane
and the relatively high platinum loadings used to ensure high current densities. The
problems of water management are still to be fully resolved, where on the anode side
there can be a dehydration effect reducing the ionic conductivity, and at the cathode the
water flux must be removed efficiently to prevent flooding of the cathode. In addition,
the cells are poisoned by relatively low concentrations of CO, although they are able to
recover when gas free from CO is passed. Despite the draw backs there are a number
of groups around the world working with polymer membrane powered automobiles,
e.g. Daimler-Benz and Ballard have just signed an agreement to invest over $450
million to develop efficient and clean engines for automobiles using Ballard fuel cells.
Ballard SPFC’s have also featured in 6 commercial buses delivered to Chicago and
Vancouver during 1997 and General Motors are also developing a Ballard SPFC
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powered vehicle. Similarly, the Toyota Motor Corporation have demonstrated a sports
utility vehicle, “RAV4”, using an in-house designed SPFC [7, 8].

A small mention must be made here of the direct methanol fuel cell (DMFC).
Methanol is the ideal fuel for fuel cell systems, especially for electric vehicles.
Methanol is a relatively cheap liquid and can be produced on a large scale from fossil
fuels, making it more suitable as a fuel for transportation purposes. Although studies
on acid electrolyte based fuel cells have been performed, it is the work on the polymer
membrane fuel cells that have recently received much attention. The proton
conducting membrane Nafion is normally used, with large amounts of noble metal as

catalysts in each electrode. At the anode the methanol oxidation can be written as:

CH30H + H,0 - CO;, + 6H + 6e” 2.1

Unfortunately, the Nafion membrane is permeable to methanol which ultimately
lowers the efficiency of the fuel cell and the expensive catalysts can be poisoned by
methanol and other products resulting from the oxidation. Coupled with the relatively
low power densities that are obtained using methanol because of high polarisation

losses at the anode, development of the DMFC has remained limited.

2.7. Molten Carbonate Fuel Cell MCFC)

The molten carbonate fuel cell is one of the two high temperature fuel cells currently
under development. It has been intensively studied for the past two decades but has
not developed as fast as the PAFC because of some fundamental materials problems.
Nonetheless, in 1993 the Energy Research Corporation in the USA tested a 120kW
stack successfully and a demonstration 1.8MW power plant has been operated since
1996, using natural gas. The MC Power Corporation, also in the US, is in the process
of demonstrating a 250kW stack at Miramar. Similar scaled projects are also on-going
in Japan and Europe but it is thought commercialisation will be delayed until the

materials problems listed below, can be solved.

25



C r2. Fuel Cell

The MCFC incorporates a molten salt electrolyte consisting of K,COj3-Li,CO3, which
is immobilised in a porous lithium aluminate ceramic matrix. The electrolyte conducts
CcO §' ions, operating at temperatures of 650°C. This high temperature allows internal
reforming of hydrocarbon fuels, which reduce the cost of expensive peripheral
equipment and serves to increase the efficiency of the fuel cell. The high temperature
also accelerates chemical and physical processes and allows the cheaper nickel
electrocatalysts to be used in preference to the noble metals. The MCFC is thus
insensitive to CO, and CO, which poison the noble metal catalysts, a common feature
of the low temperature fuel cells.

The cathode is based on a porous NiO, over which are passed O, and CO,, which
combine with electrons from the external circuit to form the carbonate ions. At the
anode, the carbonate ions react with the internally reformed fossil fuel to produce
water and CO,. To ensure that the electrolyte composition remains constant, the CO,
produced at the anode must be recycled back to the cathode, requiring a CO, separation
device. This adds to the complexity and expense of the system. The anode is based on
porous nickel, with small additions of chromium oxide and alumina to control the

sintering and dimensional stability.

Working at lower temperatures compared to the solid oxide fuel cell (see section 2.8),
the MCFC has lower efficiency losses (AG/AH) and can thus achieve higher open
circuit voltages. The valuable waste heat can be used for co-generation purposes, or
for reforming fuel such as methane. The major disadvantages of the MCFC are the
reactions of the cathode and bipolar plate material with the molten electrolyte. The
cathode is slowly dissolved in the electrolyte, eventually leading to short circuiting,
while the bipolar plate must be manufactured from expensive, corrosion resistant
stainless steels. The MCFC is also sensitive to sulphur impurities in the fuel and
oxidant gas streams and these must be removed prior to use. Coupled with the
problem of recycling the CO,, the MCFC arguably offers the greatest challenge of all

the fuel cells to the materials engineer, to achieve full commercialisation.
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2.8. Solid Oxide Fuel Cell (SOFC)

The development of the SOFC is a little behind that of the MCFC but shows great
promise for power generation in utility and industrial applications. The SOFC
demonstrates many advantages over the existing fuel cells and has consequently
received attention from many research groups around the world. Westinghouse
Electric Corp. are now the leading company for the commercialisation of the SOFC,
with their tubular design (discussed in section 3.5.1.). Currently, 100kW
demonstration units are being evaluated both at Westinghouse and in the Netherlands,
for on-site power generation using natural gas. Scale-up to megawatt power systems is
the next goal, with commercialisation targeted for early next century. SOFC
development is also prevalent in Europe, Japan and Australia [9], with the planar
design producing durable 10kW prototype stacks and plans to scale up to 100kW and

megawatt power systems over the next decade.

The SOFC is an all ceramic electrolyte that operates at temperatures of 800-1000°C.
The use of solid electrolytes eliminates corrosion and electrolyte management
problems. Similar to the MCFC, the high operating temperatures allow cheaper
electrocatalyst materials, with the possibility of co-generation and internal reforming of
hydrocarbon fuels. The electrolyte is normally very stable under cell operation with no
compositional changes across the electrolyte. The SOFC is tolerant to many fuel gases
and impurities, removing any complicating separation systems and there are no

problems of flooding or catalyst wetting, which are present in the SPFC.

The main disadvantages of the SOFC at present are the high cost of the ceramic
materials, which are required at the high operating temperatures and the problems of
sealing and balance of plant equipment, such as pumps and gas piping. A more
detailed discussion of the materials used and engineering aspects of the SOFC are
included in the next chapter. The discussions in this thesis will be concerned with this

class of fuel cell.

27



Chapter 2. The Fuel Cell

References

. Fuel Cell Systems. Eds. L.J.M.J.Blomen and M.Mugerwa. Plenum Press, New
York, 1993.

. W.R.Grove. Philos.Mag. 14, (1839), 127.

. Fuel Cell Handbook. Eds. A.J.Appleby and F.R.Foulkes. Van Nostrand
Reinhold, New York, 1989.

. T.F.Fuller. Interface. 6, 3, (1997), 26.

5. J.A.Lane. Ph.D. Thesis. University of London, 1995.

. Fuel Cells and Their Applications. Eds. K.Kordesch and G.Simader. VCH,
Weinheim and New York, 1996.
. Fuel Cells UK Newsletter. Ed. W.Capstick. 4, (1997), 1.

. C.E.Borroni-Bird. J.Power Sources. 61, (1996), 33.

. S.P.S.Badwal and K.Foger. ISSI Letters. 8, 1, (1997), 6.

28



Chapter 3. Solid Oxide Fuel Cells

Chapter 3. Solid Oxide Fuel Cells

3.1. Introduction

The SOFC was introduced in chapter 2 as arguably, the most promising fuel cell for
the commercial power generation markets. Like all fuel cells, the SOFC is able to
produce electricity much more efficiently than conventional heat engines, which
directly burn the fuel and are thus limited by the Carnot cycle [1, 2]. By chemically
converting the fuel, a fuel cell can theoretically achieve very high efficiencies but in
practice the efficiency of an SOFC does not exceed 50-55% because of a number of

losses [3]. These losses will be considered in more depth in section 3.3.

At present, all SOFC prototype stacks are based on a stabilised zirconia electrolyte,
usually stabilised by additions of yttria (YSZ) [2]. To achieve acceptable ionic
conductivity, the operating temperature of the cell is determined by the choice of
electrolyte and currently ranges between 800-1000°C, depending upon the thickness of
the electrolyte [4, 5]. The high operating temperature of the SOFC creates
considerable material selection problems and alternative electrolytes are under
consideration, in an attempt to reduce the operating temperature to between 500°C and
700°C [6, 7]. These include gadolinia doped ceria (CGO) and doped lanthanum gallate
(Lao gSro2GagoMgo.103). At lower temperatures it will be possible to use cheaper
materials for the peripheral components of a SOFC system, such as the bipolar plate
and ducting etc. and therefore greatly reduce the cost of the whole system [4, 8, 9].

The rest of this chapter will consider the various aspects of materials and design of the
SOFC. It is important to remember that there are many other applications to which this
technology can be used and some of the more important ones are discussed in the next
chapter. It is believed, however, that the potential income from power generation is so
large, that other applications of this technology will remain niche markets. The results

presented in this thesis are aimed at improving the electrolyte in a SOFC.
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3.2. Principles of Operation

The electrolyte in a SOFC conducts oxygen ions, created at the cathode by the reaction
of oxygen in the oxidant gas and electrons from the external circuit. The oxygen ions
migrate through the electrolyte to the anode, where they combine with hydrogen ions
that have been oxidised from the fuel gas to produce water vapour. Electrons are
released from the anode to the external circuit generating the direct current. Each cell
is then electrically connected to another by an electronically conducting interconnect or
bipolar plate, forming a stack to enable a useful power output. A schematic
representation of an SOFC stack is illustrated in Fig.3.1.

Repeat
Unit

\ End Plate

Fig.3.1. Schematic representation of an SOFC stack.

Pure hydrogen and oxygen achieve the highest efficiencies and cell voltages in a SOFC

[2, 3], with the reaction at each electrode as follows:
Cathode 140, + 2¢” = OF (3.1)

Anode H, > 2H +2¢” (3.2)
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Combining equations 3.1 and 3.2 the overall reaction for the fuel cell is obtained,

which is simply the combination of hydrogen and oxygen to form water (equ.3.3).
Overall H; + %20, - H,0 (3.3)

The driving force for the fuel cell is the oxygen partial pressure difference between the
fuel and oxidant gas streams. At the cathode the oxygen partial pressure is around
0.2atm, while at the anode it is around 10'%atm [10, 11]. The reversible open circuit
voltage (Er) thus obtainable for the conversion of one mole of oxygen molecules is

then given by the Nernst equation shown in equ.3.4.

0
- l,{(p_Z)Cﬂ&:l G.4)
4F (po 2 ) Anode

This equation gives an open circuit voltage of about 1V, but when a current is
delivered the cell voltage decreases with increasing current, due to a number of internal

losses which are discussed in the next section.

3.3. Efficiency and Polarisation Losses

The maximum efficiency of a combustion engine is determined by the ratio of the

input to output heat as predicted by the Carnot theorem:

TI - T2
TI

Efficiency = £3)

Where T; is the input heat temperature and T, the sink temperature. Clearly, for the
highest efficiencies a high input temperature is needed and a low sink temperature. In
practice, these temperatures are around 833K and 291K respectively, giving a
maximum theoretical efficiency of 65%. In reality, the actual efficiency is around 46%

because heat is lost to the surroundings. Even the most modern combined gas and
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steam turbine (combined cycle) power stations, that operate at higher temperatures and

recover some of the wasted heat, only have rated efficiencies around 55% [2].

To allow a comparison between the efficiency of a heat engine and a fuel cell, the
relationship between the change in enthalpy, AH (i.e. the heat of combustion of the
fuel) and the energy produced by the device, can be used:

Energy Output
AH

Efficiency = (3.6)

For the ideal electrochemical cell all the free energy change, AG is available as
electrical energy and thus the maximum energy conversion efficiency for a fuel cell at

a specified temperature is given by equ.3.7.

AG
Efficiency = AH (3.7

By substituting for the common relationship
AH = AG + TAS (3.8)

where TAS is the reversible heat loss to the surroundings, it becomes clear that the
maximum theoretical efficiency is a function of the system entropy loss when the
reaction proceeds. These efficiencies are around 95% but vary slightly for different
fuels and oxidants. The efficiency of a fuel cell thus decreases as the temperature of
operation is increased, which is in contrast to that of a heat engine as demonstrated in
Fig.3.2. It should be noted that the perfect heat engine operating at the maximum
temperature limit allowed for the combustion of the fuel, would have the same
efficiency as that of a perfect isothermal fuel cell using the same fuel and operating at
the same sink temperature. The high input temperature needed severely limits the
efficiency of the heat engine and in practice a much lower temperature has to be used
as a result of material requirements. The fuel cell does not suffer from these

limitations.
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Fig.3.2. Effect of temperature on the efficiencies of heat engines and fuel cells [12].

As mentioned previously, the open circuit voltage of a fuel cell decreases as increasing
current is drawn, because of a number of irreversible losses which reduce the working
efficiency of a fuel cell. These losses are usually termed polarisation losses and result
in heat losses within the cell. Fig.3.3 illustrates the effects of each polarisation, which
are divided into ohmic (IR) and non-ohmic (1) polarisation losses and thus the cell

voltage becomes

Ecetl = Erev — I(Rele + Ra + Rc) = (Mactivation + TNconcentration) (3.9)

where Rq.e, Rq and R; are the electrical resistances of the electrolyte, anode and cathode
respectively and E,., is the open circuit voltage for the cell.
Theoreticol Cell Voltoge

Open Circuit Voltage

/

Concentrotion Polorisction

Ohmic Loss Region

\Acﬁvoﬂon Polarisgtion I

Cell Voltage

Current Density

Fig.3.3. Typical voltage-current density characteristics for a SOFC.
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The theoretical open circuit voltage (reversible voltage) is not attained even at zero
current density in practice, due to a number of competing reaction losses. The
exchange current density at the cathode is generally slow, allowing competing anodic

reactions to lower the cell voltage by 0.1-0.2V.

The activation polarisation (1,) is significant at low current densities and is a result of
energy losses associated with the activation barriers that must be overcome at the
electrodes, for the electrochemical reactions to proceed. Under open circuit conditions,
all reactions are at equilibrium but when a current is drawn one reaction rate must
dominate to provide the current flow. This requires a driving potential which is lost
from the open circuit voltage. Increasing the electrode area or catalytic activity of the

electrodes can reduce the activation polarisation.

The ohmic polarisation losses follow Ohm’s Law and represent the energy losses due
to the resistance of the electrolyte and electrodes to the flow of ions and electrons.
Increasing the current increases the energy loss, which is dissipated as heat. By

choosing materials with high conductivities the ohmic polarisations can be limited.

Concentration polarisations (1) become significant at high current densities when the
mass transport of reactants to, or products away from the active sites of the electrodes
is slower than the rate required to sustain the electric current. In the extreme, it is
possible for the cell to reach a limiting value where no more current can be drawn. In
practice, a sufficient supply of fuel and oxidant gases are needed and a potential is
required to drive the reactants to the reactive sites, which again lowers the cell voltage.
Increasing the reactant surface area by using porous electrodes with a fine particle size
can reduce the concentration polarisation. In operational high temperature SOFC’s, the
polarisation curve is approximately linear and the effects of concentration polarisation

can usually be neglected.

Increasing the temperature of operation of a fuel cell lowers the theoretical open circuit
voltage but in practice a fuel cell delivers a current which is then affected by the
polarisation losses discussed above. As the temperature increases, ions become more

mobile and diffusion rates increase and thus the losses due to electrical resistance and
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polarisation tend to decrease. The result is a decrease in open circuit voltage but also a
decrease in internal resistances as the temperature increases. Hence the maximum

power output of a fuel cell tends to increase with increasing temperature.

3.4. Cell Components

The SOFC comprises of four components, the electrolyte, two electrodes (the anode
and cathode) and the interconnect or bipolar plate. These form a single unit which is
repeated until a stack with the required power output is achieved. All components
must be thermally, mechanically and chemically compatible with each other at the high

operating temperature and each must perform a different function, as described below.

3.4.1. The Anode

The choice of material for the anode in all practical SOFC’s has been restricted to a
Ni-YSZ cermet. This material provides adequate properties and a polarisation
resistance somewhat less than that of the cathode. For this reason, the transport

mechanisms in operation at the anode are much less well understood.

The primary requirements of the anode, are to remain stable in the reducing
atmosphere of around 10"°atm that is present on the fuel side and to act as a catalyst
for the oxidation and adsorption of the hydrogen molecules, which can then combine
with the oxygen ions. The anode must also be an electronic conductor to facilitate the

collection and transport of electrons to the external circuit.

Metals have high electronic conductivities and are generally stable in reducing
conditions. Metals, therefore, appear to be candidate anode materials, but due to
poorly matching thermal expansion coefficients to the zirconia electrolyte, it has been
necessary to combine a metal with zirconia to improve the matching of the anode and
electrolyte. Zirconia is one of the few oxide ceramics that is stable in a reducing
environment. The metal must also act as a catalyst for the electrochemical reaction,

which narrows the choice of metal, and so far nickel has been the best option, fulfilling
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all of the above criteria at a lower cost to the alternative metals, Pt, Pd, Ru and Co.
Nickel can readily adsorb hydrogen, which is then able to migrate across the surface of
the nickel particles towards the electrolyte.

The concentration of nickel in the cermet has to be high enough to allow a complete
electrical path through the anode but low enough to avoid problems with mechanical
stresses from the thermal mismatch with the electrolyte, which can lead to cracking. In
practice a 1:1 ratio of metal to ceramic is used. The anode is made porous to allow the
hydrogen gas to reach the electrolyte and the nickel is dispersed as fine particles to
increase the catalytic surface area. A benefit of the ceramic present is that it prevents
the coarsening of the nickel particles at high temperatures and thus maintains the
catalytic area. In practice nickel oxide is usually added to YSZ and under the reducing

fuel conditions the nickel is reduced to the metal.

A potential problem with the Ni-YSZ anodes is the deposition of carbon during the
internal steam reforming of hydrocarbon fuels. It is thought that the use of conducting

oxide anodes instead of Ni can reduce the amount of carbon deposition [13].

Alternative anodes are now being researched for use in the lower temperature SOFC
systems. Watanabe [5] used samaria doped ceria loaded with a very small quantity of
noble metal and achieved a large decrease in polarisation resistance. A Ni-Ce(M)O;
cermet is being studied for use with ceria electrolytes to allow a good thermal
matching [7]. Pure ceria anodes have also been considered for electrochemical
production of certain chemicals [14]. Other anodes based on perovskite structured
oxides which are both protonic and electronic conductors are also under consideration,
e.g. SrCeO;, BaCeOs, CaZrO;, SrZrO; [15] and LaYO; [16]. Doping on either the A
or B sites can lead to increased ionic conductivity, while doping with variable valence
cations (Fe) introduces electronic conductivity. These ceramics suffer from large
differences in the thermal expansion coefficient compared to the electrolyte and can
lead to cracking. The stability of these ceramics is not certain in reducing atmospheres

and thus the use of these alternative anodes may be limited.
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3.4.2. The Electrolyte

From a scientific viewpoint, the electrolyte is the key component of all fuel cells. The
electrolyte separates the oxygen and the hydrogen from the feed gases and facilitates
the migration of one of these species to a chemical reaction at the surface and
production of an electric current. From an electrochemical viewpoint, the conduction
mechanisms of the current carrying species within the electrolyte are much better
understood compared to the interfacial reactions. Consequently, the interfacial

reactions within a fuel cell remain the rate limiting steps.

The key requirements for the electrolyte include a high ionic electrical conductivity
and a good stability to the reducing environments experienced within a fuel cell.
Electronic conductivity in the electrolyte causes short circuiting and a lowering of the
fuel cell efficiency. The electrolyte must have a high density to prevent permeation of
gases through the electrolyte via pores, which can again lower operating efficiencies,
and should demonstrate chemical stability with the anode and cathode during
fabrication and operation. All components within a fuel cell must also have closely
matched thermal expansion coefficients to prevent cracking and delamination during

heating cycles.

Section 3.3 showed that by lowering the operating temperature of a fuel cell, the
maximum obtainable OCV increases. This becomes an important factor in the SOFC
which currently runs at around 1000°C. The standard electrolyte used in most
developed SOFC systems is based on a yttria stabilised zirconia (YSZ). To maintain
the same resistance value in YSZ at lower operating temperatures, the thickness of the
YSZ layer must be reduced. Steele [4] demonstrates that film thicknesses of 10-15um
are sufficient to operate a SOFC at around 700°C. Film thicknesses of this order are
no longer self supporting and can lead to problems during fabrication of the electrolyte
on the electrode (discussed in chapter 7). Thinner films are susceptible to gas

permeation, which causes a substantial reduction in cell efficiencies.

Current YSZ thin films are operated at temperatures between 800-850°C [17, 18].

Lower temperatures are not possible because of the slower electrode kinetics involved
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as the temperature decreases. It is desirable to operate SOFC’s at lower temperatures,
so that less expensive electrode and interconnect materials can be chosen. Lower
temperatures also allow a wider selection of materials and fabrication routes.
Combined with the lower cost of balance-of-plant materials (sealants, gas piping etc.),

the overall cost and reliability of a SOFC system are considerably improved.

A second method that can be used to reduce the operating temperature of a SOFC is to
chose a higher conductivity electrolyte material. Several materials exhibit higher
conductivities compared to YSZ, including 3-Bi;O3, Ce(Gd)O, and La(Sr)Ga(Mg)Os.
A number of proton conducting electrolytes have also been studied, e.g. BaCe(Gd)O3,
but are unlikely to be used in a SOFC due to their mixed conducting nature [15, 19].

Ceria based electrolytes should be operable at temperatures of 500-700°C [11, 20],
which would allow the use of relatively cheap ferritic stainless steel for the bipolar
plate and thus significantly reduced costs. However, the reducibility of ceria on the
fuel side of an SOFC leads to the introduction of electronic carriers, which lower the
OCYV and thus the efficiency of the SOFC [21]. An additional problem associated with
temperatures below 700°C is the significant contribution of grain boundary resistances
within the electrolyte and a large part of this thesis is aimed at reducing grain boundary
resistances [22]. A more in-depth discussion of the various electrolyte materials can be
found in chapters 5 & 6. A further problem at these lower temperatures is reducing the
polarisation losses at the electrodes, especially the cathode, but it is hoped that novel
electrodes will be found as research is intensified into lower operating temperature

SOFC systems.

3.4.3. The Cathode

The polarisation losses at the cathode side of the SOFC are higher than those on the
anode side, due to the greater energy barrier for the reduction of oxygen [23]. The
most significant improvements in the SOFC can thus be made by improving the
cathode kinetics and consequently, a great deal of research has concentrated on the
cathode.
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The cathode requires a number of functions similar to those of the anode, i.e. similar
thermal expansion coefficient to the electrolyte, high electronic conductivity, chemical
stability and, of course, moderate cost. The cathode must also be stable in oxidising
atmospheres at the high temperatures experienced within the SOFC and show catalytic
behaviour for the reduction of oxygen, thus only noble metals such as Pt, Pd, Ag and
electronically conducting oxides are suitable. The noble metals are too expensive for
use as cathode materials and in the case of silver, its lack of stability at high
temperatures is a problem. The electronically conducting oxides have therefore been
the only available choice of material, with the perovskite family being the most widely
studied. The cathode is made with 30-40% porosity to allow sufficient catalytically

active surface area for the reduction of oxygen.

The cathode material used in most SOFC’s is a strontium doped lanthanum manganate,
La(Sr)MnO; [1]. In oxidising atmospheres, an oxygen excess is apparent in the
LaMnO; lattice, which decreases as the temperature increases. The result is the
formation of cation vacancies in the lattice. The formation of cation vacancies requires
the creation of positive holes to maintain the charge neutrality within the lattice and
hence p-type conductivity is exhibited in the oxide. Strontium doping [24] on the A-
site enhances the electronic conductivity by creation of more positive holes to

compensate for the Sr** ions in the lattice, according to equation 3.10.

StMnO, — =%, §r. . +MnJy, +305 +h*  (3.10)

The electronic conductivity increases with strontium content but is usually restricted to

between 15-30mol% because of an increase in thermal expansion coefficient.

The fabrication temperature of the cathode must be below 1200°C, because of the
formation of insulating phases from the reaction of the electrolyte and cathode at high
temperatures, forming SrZrO; [25] and La,Zr,07 [26]. These phases can form due to
the high mobility of the Mn ion but can be reduced by preparing lanthanum deficient
LaMnO:;.
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There is still no ideal cathode material for use with YSZ [27], however, the
substitution of La with Ca in LaMnO; has been shown to reduce the thermal expansion
coefficient and leads to a closer matching with the YSZ electrolyte. Substitution of Co
for Mn on the B-site increases the electronic conductivity but the cobalt is much less
stable in oxidising atmospheres and will readily react with the YSZ. At lower
operating temperatures, a much greater range of cathode compositions appear stable,
especially when using a ceria electrolyte, because phases such as La;Ce;O; are not

thermodynamically stable.

Cathodes based on LSM reduce oxygen at locations where the oxygen, electrolyte and
cathode are in intimate contact. These positions of intimate contact have been termed
as three phase boundaries. It is thought that the ideal cathode material needs both high
electronic and ionic conductivity, as it appears easier to inject oxygen ions into the
electrolyte compared to the standard cathodes that rely only on three phase boundary
contacts. LaCoO; is such a cathode material because the Co content increases the
catalytic activity of the perovskite compared to the manganese doped material [28].
Lanthanum cobaltate has a large thermal expansion coefficient and is unlikely to be
used with YSZ electrolytes but it may be used with ceria electrolytes, where its lower
chemical stability is less important due to the lower operating temperatures. It has
been shown that LaCoO;, doped with Sr and Fe (LSCF) to improve the electronic and
ionic conductivities (Lag ¢Sro 4Feo 8C00203), is stable in contact with ceria and exhibits
a very low electrode resistivity (0.2Qcm?) at temperatures of 700°C [23]. This
material is not suitable for temperatures below 700°C and alternative materials are
required. Krumpelt [29] has proposed an Ag-yttria doped Bi;O; cermet, which is
reported to have a resistance lower than the CGO electrolyte at 600°C. Research into
other cathode materials remains limited due to the high demands imposed on the
cathode and much work is now concentrated on the fabrication processes of the

existing cathode materials.
3.4.4. The Interconnect or Bipolar Plate

The interconnect or bipolar plate has the most stringent requirements of all the fuel cell

components, with its main functions being that of current collector and gas separator.
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The interconnect is usually the thickest component in a stack and often provides the
mechanical support for each cell. Small grooves in the interconnect are used in some
stack designs to provide pathways for the feed gases to flow along, exposing the
interconnect to both oxidising (0.2atm) and reducing (10™°atm) atmospheres at the
high operating temperatures of the SOFC. A good electronic conductivity is required
for current collection and a negligible ionic conductivity is necessary to prevent short
circuiting and a reduction in cell efficiency. The interconnect must be sintered to a
high density to prevent gas transport through pores to either side of the cell, which will
again lower cell efficiencies. Chemical stability with the anode and cathode is needed,
as well as closely matching thermal expansion coefficients to prevent cell cracking. In
addition, moderate material and processing costs are desirable. A high thermal
conductivity is also needed to aid heat flow from the cathode to the anode, where an
endothermic reaction occurs, in order to produce an even temperature distribution in
the stack. These are some of the greatest demands placed on any material and it is not

surprising that there are only a few candidate materials for the interconnect.

The material choice depends on the temperature of operation and for most SOFC
systems this is around 1000°C. At this high temperature there is no ideal material but
the most commonly used interconnect is based on the perovskite, LaCrO;. Lanthanum
chromate is sufficiently stable over the entire range of oxygen partial pressures (0.2 —
10"%atm), and is chemically compatible with the electrode materials [30, 31]. Recent
reports concerning oxygen diffusivity, have suggested that the permeation of oxygen
through this material is not as low as at first thought [32]. Oxygen leakage currents as
high as 0.3A have been calculated under SOFC operating conditions which can lead to
serious problems. Kawada [33] studying Lag;Cag3CrO;, demonstrated the existence
of fast oxygen diffusion pathways along grain boundaries, which would significantly
contribute to the increased oxygen fluxes observed. Additionally, LaCrO; has a small
thermal expansion coefficient and undergoes a phase transformation between 240-
280°C, which leads to further thermal expansion mismatch [34]. Some of these

problems can be solved by the correct choice of dopant, as will be discussed below.

The electronic conductivity in LaCrQO; arises from holes in the 3d band of the

chromium ions, producing a p-type conductor. For sufficient conductivity to operate in
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a SOFC, doping on either the A or B-sites is necessary. In oxidising atmospheres,
charge compensating holes are created when doping with divalent ions (Sr, Ca, Mg).
However, in highly reducing atmospheres charge compensation occurs by the creation
of oxygen vacancies [35]. This leads to a concentration gradient across the material in

a SOFC, however, the total conductivity is still thought to be sufficient for SOFC use.

Mg doping gives the most stable doped material but Mg does not alter the phase
transition temperature or the thermal expansion coefficient and as a consequence Ca
and Sr doping have been studied recently [36]. Strontium doping lowers the phase
transformation temperature, stabilising the rhombohedral phase down to room
temperature, and also achieves a higher electronic conductivity compared to Mg
doping. Also, as the Sr concentration increases, the thermal expansion coefficient
increases and exact matching to the electrolyte can be achieved [30]. Calcium doping

attains similar results to that of Sr but the phase transition temperature is increased.

The main problem with LaCrO; is its poor sinterability. High density is obtained only
at temperatures around 1700°C in reducing atmospheres and is attributed to the high
volatility of chromium when sintering in air [37]. As the sintering proceeds via an
evaporation-condensation method, there is little material diffusion from the bulk of the
grains and the highly volatile chromium produces thin films of Cr,O; on the grain
surfaces. The resulting material thus densifies very slowly. A number of techniques
have been used to lower the sintering temperature of doped LaCrOs, and are reviewed
by Minh [1]. Both Sr but more significantly Ca doping in chromium deficient LaCrO;,
can allow a certain degree of liquid phase sintering [38, 39], forming a Ca-Cr-O liquid,
but it is thought that Ca doped material can degrade in reducing atmospheres and
displays poor high temperature mechanical properties. Other methods include: use of
highly reactive powders with very high surface areas [40], dopants which introduce
vacancies, allowing bulk material transport and liquid phase sintering aids, e.g. MgF,
[41], although the stability of the liquid phase under SOFC operating conditions is

questionable.

Alternative ceramic materials are very limited and only YCrO; [42] has been studied

recently, as it shows greater stability to reduction in the fuel cell environment
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compared to LaCrO;. If the temperature of operation is lowered to between 700-
850°C, a number of metal alloys can be used, all of which have high Cr contents for
corrosion resistance, including Haynes 230 and Inconnel 600. Metals have the
advantage of easy fabrication, high thermal conductivity and relatively low cost. At
even lower temperatures (500-700°C), the use of ferritic stainless steels is possible,
reducing the cost further. The main problems with these alloys are the large thermal
expansion mismatch to the cell materials, uncertainty over the corrosion resistance and
the formation of oxide scales, which introduce a high contact resistance between the
electrodes. It is thought that a protective LSM coating can be used to significantly

decrease the contact resistances [43].

3.4.5. Interlayers

The advantage of applying very thin layers between the electrolyte and electrodes to
reduce the polarisation resistances has been a recent discovery. The use of 1-2um
layers of YSZ have been employed on CGO electrolytes to prevent reduction of ceria
on the anode side of an SOFC [8, 11, 44, 45]. It has since been found that very thin
layers (0.2um) of Ce(Y or Sm)O; on both the anode and cathode side of a YSZ
electrolyte dramatically improves the conductivity across the cell [9, 46, 47, 48].
Although extra layers require additional processing steps, the advantages that can be
gained may out-weigh these additional costs and may become insignificant as cheaper,
mass production techniques are adopted. As thinner cell components are possible, it
looks likely that these interlayers will play an important role in the success of the lower
temperature SOFC’s.

3.4.6. Balance-of-Plant Materials

When designing a fuel cell system, the majority of the total cost is made up of the
materials which encase the fuel cell stacks and provide the gases to the cells. The
exact compositions of sealants and piping etc. are normally proprietary information
and thus it is not possible to give a definitive account of the materials used. This

section aims at providing a brief account of the balance-of-plant materials needed in a
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complete SOFC system and where possible, the class of materials being studied for

each component.

At 1000°C the gas piping, manifolds, heat exchangers, pumps and casing material
require expensive superalloys or ceramic components. Ceramics are usually difficult
to form into complex shapes and thus piping etc. can become expensive. Sealants can
also be a major problem in some designs. Glass, ceramic and glass-ceramic seals are
all being considered, such as the Ca0-Al;03-B;03-SiO; system [4]. There are doubts
about the reactivity of these materials with the cell components and their long term
stability under operating conditions. At lower temperatures these problems are
expected to be lessened. The manifolds in some designs are made from a ceramic
Al 03-MgO spinel structure [49], while the casing would be lined with an insulator
such as Saffil.

At temperatures below 850°C the relatively cheap stainless steels can be used for
piping, heat exchanger, pumps etc. Metals are far easier to shape and piping is widely

available, providing significant improvements in the overall cost of an SOFC system.

3.5. SOFC Stack Designs

There are three main designs of SOFC stacks, which have various advantages and
disadvantages over the others but at present it is not clear which of the designs will
eventually be successful on the commercial markets. A brief summary of each design

is given below.

3.5.1. Tubular

The tubular SOFC is by far the most technologically advanced of the various designs,
helped by large investment from the US government and significant materials
processing advances made by Westinghouse Electric Corporation. The Westinghouse
tubular SOFC is constructed from a number of tubes between 0.5-1.5m in length,
which consist of the cell components (Fig.3.4). The tubes are sealed at one end, which
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eliminates the need for sealants and a ceramic heat exchanger reduces the exhaust gas
temperature to about 850°C, allowing the use of stainless steel for periphéral
equipment. An extrusion sintered porous air electrode (LSM), with an internal
diameter between 12-20mm and a wall thickness around 2.5mm, acts as the support for
the other components. The only expensive and slow step in the process is the
electrochemical vapour deposition (EVD) of a 40um thick, dense layer of YSZ along
the tube, with a 9mm strip masked off along the length of the tube. A strip of
magnesium doped lanthanum chromate is then plasma sprayed into the masked area to
form a 40um thick impermeable layer to act as the interconnect. The final step is a
slurry deposition and sinter of a porous Ni-YSZ cermet for the anode. Careful masking

is used to prevent contact of the anode and interconnect material, to avoid short

Fuel
V

circuiting in the cell.

% 2 Interconnection

. : s Support tube
e ' " Air electrode
Sacdll] Electrolyte

Fuel electrode

Fig.3.4. The Westinghouse tubular SOFC [3].

Each tube is then connected in series and parallel to other tubes to form a bundle.
Nickel felt is used to make the connections, providing a soft compliant contact
between tubes, minimising the stresses on the tubes. The connections also allow stack
operation even when an individual cell fails. Air is fed inside each tube via injector
tubes to the closed end so that it flows back to the open end, while the fuel gas is
passed on the outside from the closed end to the open end. The depleted fuel and
oxidant gases are combusted at the exhaust and the heat is used to heat the incoming

gases.
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Fig.3.5. The Westinghouse tubular SOFC stack [1].

The main drawbacks of this design are the costly and time consuming electrolyte
deposition step, large ohmic resistive losses due to the long current path lengths along
the tubes and the lower power density of this design compared to the other designs.
This design is closest to commercialisation and solutions to these problems are already
being considered [50]. A 100kW power system is now being tested and has a size of
8mx3mx2.5m. Future plans are to combine the SOFC with a gas turbine to improve
the efficiency, with a total power output of around 3MW. The SOFC is to be operated
in a pressurised container to increase the power density and will have dimensions of

15mx11mx10m.

3.5.2. Planar or Flat Plate

The planar fuel cell components can be produced by tapecasting and other cheap, well
established techniques, making it the simplest of the SOFC constructions and the most
similar to all other fuel cell types. The power density is higher than that of the tubular
design, because the in-plane conduction produces lower internal resistances, as it is
independent of the cell area. The fabrication of the plates can be accomplished using
simple mass production techniques. The electrolyte is normally 150-250um thick,
such that it is self supporting, and is prepared by tape casting or calendering [7, 51, 52,
53]. The dimensions of this plate can vary between Scmx5cm to 25cmx25cm but the

larger plates tend to suffer from warping, as the electrodes are sintered on top [54].
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The YSZ electrolyte can either be sintered and then the electrodes applied and co-
sintered, or the electrodes can by laid onto the green density electrolyte and co-sintered
in one step [55]. The most common techniques for applying the electrodes (both LSM
and Ni-YSZ) include screen printing [56], tape casting [57], slurry coating [58, 59] and
plasma spraying [60, 61]. The electrodes are normally made thin to reduce the

resistances in the cell.

The interconnect is fabricated separately by hot pressing [41] or tape casting [41, 62]
and the stack is built up by placing components on top of one another. This
preparation procedure allows each individual component to be inspected before
incorporation into the stack. The interconnect is usual grooved on both sides to form
gas channels for the fuel and oxidant gases, most commonly in a cross flow

configuration. A typical planar SOFC design is shown in Fig.3.6.

Bipolar Plate

Fig.3.6. The planar SOFC configuration.

The main problem with the planar SOFC is the need for high temperature seals at the
edges of the plates, as discussed in section 3.4.6. It is hoped that the operating
temperature of the planar cell can be reduced by using thinner electrolyte layers and the
better conducting doped ceria electrolytes, such that lower thermal stresses and better
corrosion resistances are achieved. The planar design is also less stable to thermal and
mechanical stresses compared to the tubular design, which will probably exclude the

planar SOFC in automotive applications.

Currently, there are projects with powers ranging from around 1kW-20kW in operation
with planar SOFC stacks. Siemens intend to build a S0kW stack and ultimately a
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100kW demonstration plant over the next few years [18]. Small kW demonstration
stacks are also being evaluated in Japan [63].

3.5.3. Monolithic Design

The monolithic SOFC (MSOFC) produces higher power densities than the other
configurations and has been developed by Argonne National Laboratory. The stack
consists of alternating layers of flat anode/interconnect/cathode plates and corrugated
anode/electrolyte/cathode plates, which reduce the size of each cell. This design is
unlikely to reach commercialisation due to problems producing the plates, associated

with insufficient matching of thermal expansion during sintering [64].
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Chapter 4. Associated Electrolyte Applications

4.1. Introduction

Although the SOFC is the target application for many research groups, there are a
number of alternatives for this technology. These alternative applications are generally
more simple in construction and operate under less harsh conditions and it is, therefore,
expected that these devices will reach commercialisation before the SOFC. This
chapter briefly summarises these alternative applications and the present status of each
one’s development. Progress in one or all of these devices could lead to improvements

in the SOFC because these technologies are all very closely related.

4.2. Air Separation Membranes

The separation of oxygen from air is still an expensive and energy intensive process.
Large scale production of oxygen is achieved via a cryogenic process, whereby oxygen
is distilled from the rest of the air. There is at present no way of separating oxygen on
a small scale without some residual gases remaining, as is the case for the pressure
swing absorption method. When a SOFC is operated in the reverse manner, i.e. when
a voltage is applied across the cells, oxygen is driven through the electrolyte to produce
100% pure oxygen.

There are two approaches, shown in Fig.4.1, that are under development for the
separation of oxygen from air. The first uses a mixed conducting membrane such as
the perovskite LSCF [1], whereby an oxygen partial pressure gradient across the
membrane drives the oxygen through to the low Po, side. A simultaneous flow of
electrons accompanies the oxygen flow but in the reverse direction, to supply the air
side with the electrons for the reduction of the oxygen. The pure oxygen is then
continuously removed in order to preserve the low Po,. This method is hindered by the

mechanical stability of the thin film electrolyte under large pressure differentials [2].
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A new approach is to produce dual phase materials, with an ionically conducting phase
(e.g. YSZ) and an electronically conducting phase (e.g. Ag) intimately mixed [3].
Each phase is stable at the high temperatures and in the pressure gradient present.

The second method involves a purely ionically conducting electrolyte, such as doped
zirconia or doped ceria. A d.c. current is driven through the membrane by an applied
potential, transporting the oxygen from the air side to the other side of the electrolyte
[2, 3]. The applied potential must be high enough to allow a sufficient flux of oxygen
ions through the electrolyte but remain low enough to prevent the partial reduction of
the electrolyte, which will reduce the efficiency. Mixed conducting electrodes such as
LSCF are applied to both sides of the electrolyte to facilitate the supply of the current.
The input gases are generally heated by the output gases and therefore a low operating
temperature is desirable. Doped ceria is the most suitable material for these
applications because it has a better matched thermal expansion coefficient to LSCF

compared to that of zirconia.

A B

P 02' P02" Air

2.
o o

Fig4.l. Ceramic oxygen separation membranes. a). Pressure driven system

(Po:>Pp,"). b). Electrically driven system.

The electrically driven oxygen separation devices have the advantages of higher
oxygen fluxes and smaller size compared to the pressure driven devices. The more
complicated device structure, however, leads to some familiar problems such as
materials compatibility, both chemically and thermally, at the high operating
temperatures. The need for sealants in some designs further complicates the situation.

It is thought that air separators are likely to reach the market before SOFC’s and it is
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hoped that this will stimulate the commercialisation of the low temperature SOFC

systems. Industry, military and medical uses already exist for the production of pure
oxygen and thus the future of the ceramic oxygen separation membrane already seems

assured.

4.3. Oxygen Sensors/Probes

Oxygen sensors based on calcia stabilised zirconia (CSZ) are already used in a number
of applications to measure and control the oxygen content in gases [4]. Platinum gauze
electrodes are pressed onto the surface of the CSZ before sintering, with platinum
wires used to connected the device to a high impedance voltmeter. These sensors are
then used with 3-way catalysts to monitor the exhaust gas emissions from an
automobile to control the fuel-to-air ratio in the so called lean burn engines [5]. At the
correct ratio the engine has a higher efficiency and lower emissions compared to a

conventional engine.

The platinum helps to catalyse the dissociation and recombination of oxygen at the
electrodes. Air is passed over one side of the device as the reference gas, while the
exhaust gas is passed over the opposite side. In this way a potential is developed

across the electrolyte, according to equ.4.1.

_RT [P
E=o 1.{1)2) (4.1)

where P, = 0.209atm, P, is the unknown oxygen partial pressure, other symbols having

their normal meaning.

By using a feedback loop and altering the fuel and air ratio, it is thus possible to keep
the e.m.f. constant. The sensor is heated by the exhaust heat of the engine to achieve a
conductivity that can be measured on a high impedance analyser. The input impedance
of the analyser needs to be 100 times that of the cell for 1% precision [4]. Therefore,

sensors with higher conductivities will permit greater precision in determining the lean
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burn condition of the engine. Stable ceria electrolytes may then lead to improved

engine efficiency compared to zirconia electrolytes.

Oxygen probes based on the same principle as the sensors are also used to monitor the
oxygen content in solutions of molten metals, e.g. steels. The main requirement here
is a good thermal shock resistance when the probe is immersed into the molten metal,

qualities which both zirconia and ceria demonstrate.

4.4. Oxygen Pumps

Oxygen pumps are essentially the same as the electrically driven oxygen separation
membranes, except that a potential is applied to the electrolyte to control the Po, within
a closed atmosphere. Oxygen is pumped through the electrolyte to an air atmosphere.
The use of oxygen pumps allows accurate control of the Po, over the entire Po, range, a
feat which is not possible by mixing gases such as H, or CO. Some care has to be
taken not to apply too high a potential, in order to prevent reduction of the electrolyte
material which can lead to incorrect Po, measurements. Oxygen pumps find
application in many laboratory based experiments where accurate control of oxygen

partial pressure is required.

4.5. Water Electrolysers

The electrolysis of water (in the gaseous state) to produce pure oxygen and hydrogen is
just another of the modified uses of the ceramic electrolyte, again operating in the
reverse sense to that of the SOFC. A direct current is used to split the steam into pure
oxygen (which diffuses through the electrolyte), and hydrogen/steam. If a ceramic
proton conducting electrolyte were used (e.g. SrCeQ3), it would be possible to obtain
pure hydrogen [6, 7].
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4.6. Electrochemical Production of Industrial Gases

An increasingly important industrial use of SOFC like systems is in the production of
useful chemicals through oxidation or partial oxidation of hydrocarbons [8]. By
applying a potential across a typical SOFC cell, it is possible to convert methane into
ethene or ethane via oxidative coupling. The potential controls the flow of the oxygen
ions through the membrane to give a highly efficient conversion rate [9]. This
technique can also be applied to a number of other situations, such as the oxidation of
CO and the reduction of NOx in automobile exhausts. It is also possible to produce the
industrially useful syngas (CO + H;). In all these applications electricity is also
produced, which makes the production of industrially useful chemicals using ceramic

membranes even more attractive.

It is also possible to use ceramic proton conducting membranes to produce these gases
[10]. In this situation, non-oxidative coupling is used to reduce the number of
hydrogen ions within the hydrocarbon, which are then transported through the
membrane. The degree of electronic conductivity in these materials, however, may
lower the efficiency of conversion, suggesting that the oxygen ion conducting

membranes are more promising.
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Chapter 5. Electrolytes - Diffusion, Conductivity
and Defect Chemistry

5.1. Introduction

The criteria for a good SOFC electrolyte, including physical and microstructural
properties, are listed below:

e High ionic conductivity

e Jonic transference number close to one (ti,=1), i.e. negligible electronic
conductivity

e Stability in a range of oxygen partial pressures

e A large ionic domain, i.e. P(-)<10"’atm at the operating temperature

e Chemical stability to electrode and bipolar plate or sealant material

e Suitably matched thermal expansion coefficients to other cell components

e Low protonic conductivity

e Good strength, so that thin supporting films are possible

e Thermal shock resistance during temperature cycling

e Low sintering temperature and ease of fabrication

e Reasonable cost

Materials of interest for SOFC electrolyte applications are based on fluorite (MO,) or
perovskite (ABOj3) related structures. Oxygen ion conduction proceeds through
oxygen vacancies, which can be introduced into the structure by aliovalent doping, e.g.
YSZ, CGO, LSGM. Alternatively, the structure may incorporate intrinsic oxygen ion
conductivity, e.g. 8-Biy03, A;B,07 (pyrochlore) and A;B,0s (brownmillerite). Each
of these structures are briefly reviewed, taking YSZ as the standard electrolyte material
for comparison. It should be remembered, that the presence of anion vacancies in a

structure can also introduce protonic conductivity, according to the reaction,
H,0+Vg —» 0 +2H; (5.1)
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The solubility of water in oxides and the subsequent generation of interstitial protons
will also be briefly reviewed, concentrating on the perovskite and fluorite structures.
The most important criteria for the electrolytes discussed in this chapter, are the
mobility of the conducting oxygen ions and the contribution they make to the total
conductivity. Therefore, it is necessary to develop an understanding of the defect
chemistry present, and how the presence of defects effect the diffusion and
conductivity of the oxygen ions, before a comparison can be made of the different

electrolyte materials.

5.2. Defect Types

In an ideal crystal structure, ionic conduction is not possible. It is the presence of
defects within a crystal that allows ions to move and constitute a current. The
discussion below is concerned with only one type of defect, the point defect, because it
is this type of defect that has a large influence on the mobility of ions in a crystal.
There are a number of extended defects which can also be present and may contribute
to the electrical and physical properties of a material, but their influence on
electroceramics is not well documented. Line defects (one dimensional), such as
dislocations, are present in all crystalline materials but they tend to play a more
significant role in metals. Planar defects (two dimensional) include crystal surfaces
and grain boundaries and can dramatically alter the total conductivity of a material.
Planar defects will be discussed in more detail in the next chapter. Volume defects
(three dimensional) consist of second phases and pores and are generally deleterious to

electrical properties.

Point defects consist of the following types: Vacancies, interstitials, misplaced atoms,
impurity/solute atoms and electronic defects. Vacancies describe a site, where an atom
is missing from a normally occupied site. Interstitials are sites, where an atom is found
on a normally unoccupied site. Misplaced atoms represent sites, where one type of
atom is found at the site of another type. Impurity or solute atoms can occupy either
interstitial sites or host atom sites, where they are described as substitutional.

Electronic defects arise when sites possess a different charge from that present in the
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ideal crystal and can result from the defects mentioned above, as well as from the

creation of free electrons and electron-holes.

In a pure compound (MO), defects can be introduced into a lattice by two simple
intrinsic disorder reactions, which maintain the stoichiometry of the crystal. The first

is Schottky disorder, which is normally favoured in perovskite compounds [1],
"0"> Vy + Vo (5.2)

The second type is Frenkel disorder, which involves the formation of interstitial
species. In the fluorite oxide structure, the formation of a cation interstitial requires
considerably more energy than that of an anion interstitial and thus anti-Frenkel

disorder is usually considered [2],
03 ©0; +V5 (5.3)

Both of these reactions are temperature dependant but generally they only produce
significantly high levels of defects at temperatures near to the melting point.
Consequently, dopants are added to increase the defect concentrations at
technologically important temperatures. In the fluorite oxides, density, x-ray
diffraction and a number of other techniques have indicated that oxygen vacancies are
favoured over oxygen interstitials at temperatures <1500°C [3] and thus aliovalent
doping can give rise to two defect reactions. For dopants with an effective 2+ or 3+

charge, the reaction can be written as,

MO—=22 , My, + VS +0X (5.4)
OR
M,0, —=%2 oM, + Vg +30% (5.5)

For dopants with 5+ or higher charge, the defect reaction introduces electronic defects

into the lattice,
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M,0,—=22 3 2M¢, +2¢ +40% +40y4) (5.6)

For electrolyte applications, the reactions in equations 5.4 and 5.5 are required.
Defects can also be introduced into the crystal by deviation from stoichiometry at high
temperatures, or different oxygen partial pressures. To understand the properties of
these materials in different environments, a model must be used to describe the
formation and change in concentration of these defect species. Usually, point defects
can be treated as chemical species in solution in the crystal, as suggested by Wagner
and Schottky [4]. The point defects are then assumed to obey the Law of Mass Action.
Any normally occupied lattice position is assumed to have unit activity and the point
defect activities are taken as their concentrations (mole fractions). Furthermore, the
fugacity of oxygen gas is equal to its partial pressure. It is also assumed that charged
defects are fully ionised, a fact that has been confirmed by Tuller [5] for oxygen
vacancies in ceria. In describing defect reactions in ionic solids, the defect equations
must balance with respect to mass and charge and, in addition, the ratio of the cation
and anion sites must be maintained. These concepts are considered in more detail later

in this chapter.

5.3. Diffusion and Conductivity

In the study of oxygen ion conducting electrolytes, an understanding of both electrical
conductivity and diffusion is necessary, in order to elucidate upon the charge transport
properties. Electrical conductivity and diffusion are closely related and can normally
be determined by the type of defects present within a crystal and their concentration.
When considering the transport of mass or charge, it is necessary to have an
understanding of the processes which occur on the atomic scale. For this purpose, it is
easier to start with the diffusion process. It is important, at this point, to introduce a
term known as the diffusion coefficient, D. The diffusion coefficient is a materials
parameter, which characterises the rate of the diffusion process for a particular atomic
species in a particular phase. The diffusion derivation described below follows that

given by Kingery [6].
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When two miscible components are brought together, the two components will start to
diffuse into each other, until a uniform solid solution is achieved. The speed with
which the atoms diffuse is related to the mobility of the atoms, which in turn is
determined by the crystal structure, composition and defect structure of the two
components. It is standard to use a random walk diffusion process to describe the
motion of these atoms, whereby an atom is able to jump to any neighbouring site with
equal probability. For this to be true a dilute solution situation must exist, i.e. the
diffusing atoms do not come into contact with similar diffusing atoms. Now consider
a solution of atoms, a, with a concentration n,, diffusing into a solution, b, with a
concentration ny,. The a atoms will have a characteristic jump frequency, /7, with
which they can exchange with adjacent atoms. In one dimension, the frequency of the
a atoms jumping in one direction is 1/2n,I", and the frequency of the reverse exchange

is 1/2npI". The net flux of @ atoms, J, is then the difference in jump frequency:
J=1/2(ng — np)I" (5.7

If the atomic planes are separated by a distance, A, then the concentration of the plane

with a atoms, C;=n,/A and that of the plane with b atoms, Cy=ny/A. The concentration

gradient is thus given by,

_E_(Ca _Cb) = (na —nb)

dx A A G5
Equation 5.7 can then be rewritten as:
1., ) dc
= — — 5.9

This equation is in the form of Fick’s first law of diffusion,

dC

J==D— (5.10)
dx

and thus the diffusion coefficient, D, is given by,
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D =%AT (5.11)

In a three dimensional solid, the geometric factor, y="2, changes and becomes
dependent on the co-ordination of neighbouring atoms. Generally, the geometric factor
can be written as y = 1/N, where N is the number of neighbouring sites for the atom to
jump into. For a simple cubic structure where atoms can jump in three orthogonal

directions, the diffusion coefficient becomes

D = 1/6A'T (5.12)
The diffusion coefficient can vary enormously between different materials and this is
directly related to the variation in jump frequency. The jump frequency depends on
factors like the energy for migration, temperature and the defect concentration

(availability of jump sites).

Diffusion in most ceramics shows an Arrhenius type behaviour, over at least a limited

temperature range, and can therefore be expressed as,

_Ea
D=D, exP(R_T) (5.13)

where Dy is a constant and E, is the diffusion activation energy. This suggests that
diffusion is a thermally activated process, and the jump frequency can now be

expressed as:

e e e ) o
=Vo €Xp T |=VoeX K S T T (5.14)

where vq is the vibrational or attempt frequency, AGy, is the free energy of migration,

AHy, is the enthalpy of migration and AS,, is the entropy associated with the migration

process. The diffusion coefficient thus becomes:
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AS —AH
= A2 = v)\2 m m
D=yAT =yA"v, exp( " )exp( T J .1R)

So far only dilute solutions have been considered but for the electrolytes studied in this
chapter, the solid solutions have defect concentrations considerably above the dilute
solution limit, where defect interactions affect the diffusion of atoms. The diffusion
coefficient is often proportional to the defect concentration, where the defect
concentration itself can show a dependence on temperature. Consequently, the
diffusion activation energy may contain other energy terms such as the defect
formation energy and the defect association energy, as well as the migration enthalpy.
The defect diffusion mechanism in these electrolytes is via oxygen vacancies through
which the oxygen ions can migrate. In dilute solutions the vacancy diffusion
coefficient is independent of the vacancy concentration because there is no interaction
of these defects. The diffusion coefficient of the lattice oxygen, however, is strongly
dependant on the defect concentration. In the case of an oxygen vacancy mechanism,
the oxygen self diffusion coefficient, D*, is related to the vacancy diffusion coefficient,

Dy, according to equation 5.16:
D*[0%]=Dy[V5] (5.16)

The oxygen self-diffusion coefficient is therefore dependent on the defect
concentration, atmosphere and temperature. Measurement of this value is normally
difficult and so the tracer diffusion coefficient, Dy, is measured, using an oxygen
isotope method. The tracer diffusion coefficient is not exactly the same as the self-
diffusion coefficient, because it is thought that atom jumps are not random but that
each successive jump is correlated. The tracer diffusion coefficient is then less than

the self-diffusion coefficient, by a correlation factor, fp:
Dr = fpD* (5.17)
For vacancy diffusion in a dilute simple cubic lattice, fp has been calculated to be 0.65

[7]. In more concentrated solutions, defect associates are formed and fp becomes

smaller.

65



Chapter 5. Electrolytes - Diffusion. Conductivity and Defect Chemistry

By combining equations 5.15-5.17 the measured oxygen tracer diffusion coefficient

can be expressed as:

-AH
Dy =1[ Vo] v exp( kT'“) (5.18)
where y is now defined as,
Y= 6ex K (5.19)

and z is the co-ordination number of the atom.

Both zirconia and ceria electrolytes show high solubilities for some alkaline earth
oxides (CaO, SrO), Y,03; and most rare earth oxides. Acceptor doping with these
oxides results in substitutional incorporation of the dopant ions on the cation
sublattice, with the formation of oxygen vacancies as charge compensating defects.
For the electrolyte material, Gd;O3; doped CeO,, the defect reaction can be expressed
in Kréger-Vink notation [8] as:

Gd, 05—t 32Gdp, + VS +30% (5.20)

In dilute solutions, the oxygen vacancies are free and do not interact with each other.
As the solution becomes more concentrated, the probability of an oxygen vacancy
encountering another oxygen vacancy or a dopant ion increases. When a vacancy and
dopant ion meet, Coulombic and elastic forces attract the two defects together to form

an associate, i.e.
(GdeV5)* or (Gde, VoG )™ (5.21)

Statistically, it is expected that the charged associate will form at low concentrations
because the dopant ions are randomly distributed. It has been demonstrated, that the

binding energy of the associate can significantly alter the ionic conductivity at lower
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temperatures because it reduces the concentration of free vacancies [9]. It is therefore
necessary to be able to calculate the concentration of free oxygen vacancies as a
function of temperature. The method for this calculation has been shown by Kilner
and Waters [9] and will be outlined below for the example in equation 5.20.

The free vacancy concentration is controlled by the dissociation reaction:

(Gd Vo) © Gdg, + Ve (5.22)

The mass action equation can then be written as:

[Gde][ve] 1 p(—AHA) E
K=W=We XT S W (5.23)

where AH, is the associate binding enthalpy, E represents the exponential term and W
is the number of possible defect orientations. To make calculations easier, the terms in
square brackets now represent site fractions. The corresponding electroneutrality
condition is given by:

2[Ve]dm+[(Gde. Ve)'] =[Gde.] (5.24)

The term m expresses the ratio of metal sites to oxygen sites to maintain site balance.

The total dopant concentration, Cy, is then,
Cy =[Gdg.] +[(Gde. Ve’ (5.25)

Combining equations 5.23-5.25 to eliminate the defect and associate concentrations,

gives the equation:

[Ve] + [v;;](%“ + %) . [i‘&f) =0 (5.26)
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The solution to this quadratic is,

“l__1(Cu E) 1 (C_M E)z 4C\E
[V°]"2(m w +2\/ m W T mw =R

Electrical conductivity in ionic materials is a result of the motion of ionic species and
is therefore proportional to the diffusivity. The ionic conductivity, o; of a species, i, is
given by:

Ci = NiqiMi (5.28)

where n; is the carrier density, and q; and p; are the respective charge and mobility of

the carrier. For an oxygen ion the carrier density can be written as,
o, =[Ve]{1-[ve]IN (5.29)

where N is the number of anion sites per unit volume. The mobility may be expanded

atomistically to give,

s
B=1T A'vy ex T (5.30)

The expression for conductivity now becomes,

c=[V5’]{l—[V{)’]}N%k2v0 exp(_?;_lm) (5.31)

The ionic conductivity can be converted into an oxygen diffusion coefficient using the
Nernst-Einstein equation but normally a conductivity correlation factor, f, must be
included. The correlation factor is needed because the availability of mobile defects is
different in an electric field and thus the ionic conductivity diffusion coefficient, D,

can be expressed as, D;=D*fc. The Nernst-Einstein equation thus becomes,
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B kTo
qufc

D (5.32)

For low defect concentrations, f. is approximately unity. The ionic conductivity
diffusion coefficient can be formed in terms of atomistic parameters, by substituting

equation 5.31 into 5.32, as follows:

D, =vc[Ve]{1-[Ve]}*3v, ex;(_ﬁm) (5.33)

Similar to diffusion, experimentally measured conductivity also shows an Arrhenius

behaviour and an analogous equation to 5.13 can be written for ionic conductivity,

_ p(i) -
G; =G eXp o (5.34)

where o is the pre-exponential term. Assuming the value of 1—[V(',' ] is close to one, it

can be seen that the two diffusion coefficients in equations 5.18 and 5.33, only differ
by the correlation factors fp and fr. The ratio of the two diffusion coefficients is
known as the Haven Ratio (Hp) and is simply the ratio between the two correlation
factors, i.e.

Dy

D

H, (5.35)

[

[+

In highly doped systems, point defects and simple defect associates will combine
together to form more complex clusters and will eventually lead to defect ordering, an

aspect which must be considered before applying these equations.
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5.4. Fluorite Related Structures

There are a number of oxides that crystallise in the cubic fluorite structure. Among the
lanthanide oxides are CeO,, PrO; and TbO; and from the actinide oxides there are
ThO;, UO; and PuO,. Although urania and plutonia have received much attention
from the nuclear industry, the most promising electrolyte materials studied have been
ceria and thoria. Thoria electrolytes are discussed below but demonstrate considerably

lower conductivity values compared to both zirconia and ceria electrolytes.

5.4.1. CeO; Electrolytes

The ideal ceria lattice is shown in Fig.5.1. The unit cell formula A4Os, shows the
tetravalent cations forming a face-centred cubic (FCC) sublattice, with each cation in
eight-fold co-ordination with oxygen. The oxygen ions occupy all the tetrahedral sites

and therefore have a co-ordination number of four.

. Cerium @ Dopant @ Oxygen
Fig.5.1. A). Ideal unit cell of doped ceria. B). Fluorite structure showing anion co-

ordination.
When measured in air, ceria doped with Gd or Sm shows superior ionic conductivity

compared to YSZ and is one of the few materials which could replace YSZ. Ceria
electrolytes would operate around 500-700°C and allow significant materials
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advantages in SOFC applications. A detailed review of ceria electrolytes can be found

in the next chapter. A brief summary is given below.

It is well known that ceria electrolytes can be reduced at high temperatures and low
oxygen partial pressures and this fact will be considered in more detail in the next
chapter. It is thought that at low temperatures (500°C), the electronic conductivity
would not lower the efficiency of a SOFC significantly [10, 11]. The effect protons
have on the electrical conductivity has only recently received attention. Opinion
remains mixed concerning the concentration of protons involved. Initial work at
Imperial College indicated that the concentration of protons was very low [12].
Further published research [13] suggests that protons can alter the behaviour of doped
ceria in reducing conditions. Additional publications by Norby, e.g. [14], infer a
significant concentration of protons. Clearly, more research is necessary to clarify the

role of protons in ceria and a defect model is required.

To reveal the nature of doped ceria electrolytes in different oxygen partial pressures, a
detailed understanding of the defect behaviour is prerequisite, to predict the
contributions of each defect species to the total conductivity in SOFC applications.
This understanding allows an estimate of the efficiency with which the SOFC will

operate. A useful technique to represent the defect behaviour is on a Brouwer diagram.

5.4.1.1. Brouwer Diagrams

For electrolyte materials that are to be used in changing oxygen partial pressures, it is
important to know how the defect concentrations vary. A number of defect reactions
have been described above for the Gd-doped CeO; system,; it is now time to understand

the net effect of these reactions when they all occur simultaneously. There are five
defects of interest in the Gd-doped CeO, system, Gd 'Ce, Vo 0;, ¢ and h®, for which

the relevant defect forming reactions are:

Intrinsic Anti-Frenkel Defects,
03 &0, +V3 (5.36)
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Intrinsic Electronic Defects,
null & e'+h* (5.37)
Oxidation/Reduction,
03 €30, + Vo +2¢' (5.38)
The oxidation reaction is essentially the reverse of the reduction reaction; however,

when all the oxygen vacancies have been replaced with oxygen atoms, oxygen

interstitials will then be incorporated according to the reaction,

30, € 0; +2h° (5.39)
The Gd concentration in these experiments is essentially “frozen in” because it does
not vary with oxygen partial pressure. Therefore, only the reactions which are in

equilibrium with oxygen need to be considered.

The respective equilibrium constants are then:

K, =[0{][ve] (5.40)
Kz =np (5.41)
K3, = [V |n?Pg? (5.42)
0;|p?
K3y = | p'!f (5.43)
0

The full electroneutrality equation can be expressed as:

2[0;] +n+[Gdc | =2[VS] +p (5.44)
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It is now possible to solve these equations, so that the concentrations of each defect at
any temperature and Pp, may be calculated, provided the equilibrium constants are
known. The solution of these equations has been simplified by an assumption
introduced by Brouwer [15], stating that under any equilibrium condition there is only
one particular charged defect which dominates on each side of the neutrality equation.
This assumption holds when a single defect of each sign has a much higher
concentration than other defects of the same sign. The electroneutrality equation can

then be reduced to a series of Brouwer Approximations, which for this system are:

1. n=2[Vg]

2. n=p

3. [6de]=2[v5]
4. [Gdg]=p

s. [of]=[ve]

6. 2[0;]=p

Each of these regimes represents a different range of oxygen activity and can be shown
on a Brouwer diagram. The Brouwer diagram is a plot of log [concentration] against
logPo, and shows the variations in defect concentration at a constant temperature.
Regime 5 is unlikely to be seen unless the temperature is close to the melting point and
at this temperature it is assumed, that only one of regimes 2 or 5 will dominate,
depending on the Frenkel energy and the band gap. In ceria, the Frenkel defects will
dominate and therefore regime 2 is not considered. Four Brouwer approximations

remain and are shown in Fig.5.2.

The most important regime for electrolyte materials is regime II, where the oxygen
vacancy concentration is dependent only on the dopant concentration. The
conductivity is directly proportional to the defect concentration, therefore, the
conductivity generally follows the defect with the highest concentration. At lower
temperatures, the electronic conductivity is sufficiently small in regime II, that the

ionic conductivity dominates. This region demonstrates the ionic or electrolytic
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far to the lowest oxygen partial pressure as possible.

Regime Il 111 \%
n=2[V,"] [Gde1-2[Vo™]  p=[Gdce] p=2[0/"]

Electrolytic
Domain

-
-
-
-
-

-’..
-’.
L -

Log[Defect] Log(o)

Oxidising

Fig.5.2. Brouwer diagram for Gd-doped ceria also showing the variation in

conductivity.

The gradients of the lines in this regime can be calculated using the defect equations

and Brouwer approximations as follows,
Brouwer Approximation: [Gde]=2[Ve] (5.45)

Equation 5.42 (K, =[Vg'|nPY?) rearranges to become,

2

-1/2

a=KP2 Vg™ B (5.46)

Therefore oxno P{,;’ * (5.47)

The electron concentration will show a -1/4 dependence with oxygen partial pressure.
Equation 5.41 (K,=np) shows that the hole concentration will display the reverse

dependence, i.e.
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px Py (5.48)

Similar calculations can be made to show the dependencies of each defect in the other

regimes.
5.4.1.2. Deviations from Brouwer Assumptions

The assumption made that the activity of a defect can be represented by its
concentration is only reasonable at low defect concentrations. At higher
concentrations, defect interactions become significant and it is then necessary to
introduce a concentration dependent activity coefficient [16]. Also, the assignment of
unit activity to normally occupied lattice positions will be in error, when large
deviations from stoichiometry exist. In addition, the high dopant concentrations used
in most electrolytes, requires consideration of defect associates that will form in the
defect equations [17]. The transition between one neutrality condition to another is
assumed to be a sharp transition. In reality, the change over from one dominant defect
species to another may occur over a wide oxygen partial pressure, which invalidates

the simple Brouwer approximation.
5.4.2. Zr(M)O; Electrolytes

Zirconia and hafnia only form the cubic structure necessary for fast oxygen conduction
at very high temperatures and at lower temperatures transform into other structures,
e.g. zirconia transforms first into a tetragonal phase and finally a monoclinic phase, as
the temperature is reduced. The cubic phase can be stabilised to lower temperatures,
by doping to relatively high concentrations, i.e. cubic zirconia is stabilised with
around 8mol% YO, s additions [18]. The high concentration of dopants involved,
implies that the dilute solution theory is no longer applicable and substantial defect
association is already present. Defect modelling becomes very difficult in these
systems and no theoretical analysis fully explains the experimentally observed

behaviour in these materials.
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Zirconia is the most studied of the solid oxygen ion conducting electrolytes and there
are numerous publications concerning its electrical and structural properties, for which
many review articles have been written [19, 20]. Many divalent and trivalent dopants
have been used to stabilise zirconia, but CaO and more commonly Y,0;3 (YSZ) have
been chosen in most applications, due to their relative abundance and low cost. The
highest ionic conductivities have been reported for Sc;03 doped ZrO; [21] but the high
cost of the scandia has inhibited researchers. The need to lower the temperature of
operation of SOFC’s may not exclude this material entirely, when the cost of the whole

system is taken into consideration.

Many of the properties of doped ceria and zirconia electrolytes follow the same trends.
There is considerable evidence of both dopant and impurity segregation to the grain
boundaries to allow the formation of low conductivity thin films [22, 23]. Most
zirconia solid solutions show a significant grain boundary resistance at low
temperatures, which is mainly attributed to the segregation of impurities such as Si, Ca
and Al to the boundary region [24, 25]. The nature of these films is still not fully
understood but most results indicate the presence of a silicate phase. The continuity of
this phase tends to depend on the purity of the starting materials and hence both
continuously and partially covered grain boundaries have been observed [26, 27]. The
equilibrium thickness of these grain boundary films has been shown to be between 1-
2nm [28], although greater thicknesses have also been reported [22]. Higher
concentrations of impurities segregate to large isolated pockets or migrate to the
external surface. Space charge regions have also been reported to increase the grain
boundary resistance [22]. The activation energy of the grain boundary is generally
higher than that found for the bulk material, implying a different composition at the
grain boundaries. A change in E, is found in the bulk Arrhenius data, suggesting
association of defects is present at the lower temperatures. There has also been a
number of papers on ceria-zirconia solid solutions, for both ionic and mixed
conducting applications [24]. The higher the ceria concentration, the higher the ionic

and electronic conductivities.

YSZ fulfils all the basic requirements of an SOFC electrolyte listed at the beginning of

this chapter, showing long term stability in both reducing and oxidising atmospheres,
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although there are concerns over the extent of reactivity of this material with other cell
components. Many Po, dependent measurements have been performed on YSZ to
determine the electronic conductivity and have found this to be negligible. The
contribution of the protonic conductivity in YSZ has been studied somewhat less,
although recent results of Manning [29] suggest that the protonic conductivity may
also be negligible, however there are some discrepancies in these results that cannot be

accounted for.
5.4.3. Bi,O; Based Electrolytes

The cubic 3-Bi,O; phase is produced by an order-disorder transition at 729°C and
exhibits the highest value of oxygen ion conductivity (approximately 1Scm™ at 750°C)
reported so far for a solid electrolyte [30]. 8-Bi;O; has a fluorite related structure,
where the cations occupy a FCC sublattice, with a complex oxygen ion sublattice in
which one quarter of the anion sites are vacant. A number of dopants have been added
to stabilise a low temperature form of the 5-Bi;O3 phase; the most successful dopants
have been Y,0; and Er;O; [31, 32]. However, technological applications of Bi,O;3-
based electrolytes are limited because of the reduction of Bi’" at relatively high oxygen

partial pressures [33].
5.4.4. ThO; Electrolytes

Thoria based electrolytes display the greatest stability of all the fluorites in reducing
conditions, exhibiting electrolytic domains to at least 10*%atm at 1000°C [34]. Like
ceria electrolytes, undoped thoria already has a cubic fluorite structure and the addition
of aliovalent dopants serves to increase the oxygen vacancy concentration. Both
alkaline earth and rare earth dopants have been studied in thoria but the majority of
research has dealt with the ThO,-Y,0; solid solution, which possesses the highest
electrical conductivity [18].

Thoria electrolytes are seldom studied today because their ionic conductivities are one

to two orders of magnitude lower than that of YSZ [18]. The activation energies for
oxygen conduction are significantly higher as well, with the value for Th(Ca)O,.x in
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the range 1.16-1.42eV for 1-8mol%CaO [35]. Thoria electrolytes also display
electron-hole conduction at oxygen partial pressures greater than 10atm, which is a
result of the incorporation of excess oxygen into existing vacancies according to the

reaction [36]:
10,(g)+ V5 03 +2h° (5.49)

Thoria is no longer considered for electrolyte applications but its extremely stable
nature still justifies studies into the defect chemistry of fluorite structures in reducing

conditions.
5.4.5. Pyrochlore

The pyrochlore structure (A2B,07), where A is a larger trivalent rare earth or yttrium
ion and B is a quadrivalent zirconium or titanium ion, is closely related to that of the
fluorite, with one eighth of the anion sites vacant. However, compared to defect
fluorites with the same stoichiometry, in the perfect pyrochlore structure, both the
cation sublattice and the oxygen sublattice are ordered. The oxygen ion conductivity in
the perfect pyrochlore structure is thus low and the oxygen vacancies must become
disordered for fast oxygen ion conduction [37]. Disordering is normally achieved by
heating to temperatures above the order-disorder transition. A commonly studied
pyrochlore is GdZr;07 [38], which disorders at around 1550°C to a defective fluorite

system.

The degree of anion disorder remains difficult to predict, where the anions generally
follow the ordering of the cation sublattice. Cation disorder can be enhanced by
doping with cations of similar size to those in the lattice, which makes the mixing of
ions more favourable, e.g. Gdy(ZrxTi;.x)207 [39]. The largest increase in conductivity
is achieved by aliovalent substitution [40], for example in (Gdg¢Cag.1).Ti,07, which
has a conductivity of 5x102Scm™ at 1000°C [41]. Unfortunately, disordering of the
cation sublattice increases the activation energy because it reduces the number of large
tetrahedral sites which act as pathways for oxygen ions. Thus the ideal oxygen ion

conducting pyrochlore needs an ordered cation sublattice, with a disordered anion
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sublattice. These two competing factors hinder the development of useful pyrochlore
electrolytes and at present there is no pyrochlore system which exhibits an oxygen ion
conductivity with a superior performance to that of zirconia electrolytes. Some
pyrochlores (Gdx(ZrxTi;.x)207) exhibit a degree of electronic conductivity in reducing

conditions and are now being considered for mixed ionic/electronic conduction [42].

5.5. Perovskite Related Structures

The ideal perovskite structure (ABOjs) consists of a small ionic radius cation, B,
surrounded by an octahedral arrangement of oxygen ions. The larger A cation
occupies the corners of the unit cell, to form an FCC arrangement with the oxygen ions
(Fig.5.3). The structure can be composed from a combination of divalent and
tetravalent cations, two trivalent cations of different size or a monovalent and
pentavalent cation. The perovskite structure is less open than the fluorite structure,
with 6-co-ordinated oxygen ions, but it is very stable under variable temperature and
redox conditions and retains its structure over a wide range of aliovalent cation
substitutions [43]. There are a selection of perovskite structures which exhibit
reasonable oxygen ion conductivities but most display mixed ionic/electronic or

ionic/protonic conduction [44]. These three classes of perovskite are briefly discussed

below.
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Fig.5.3. The ideal perovskite structure.
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5.5.1. Ionic Conductors (LSGM)

Until recently, perovskites had mainly been considered for electrode materials and
mixed conducting films because of their stability under many operating conditions.
The few purely ionic conductors, such as Ba or Ca-doped LaAlOj;, had reasonably high
oxygen ion conductivities, e.g. 5x107 at 800°C [44], but did not exhibit conductivities
significantly greater than those of YSZ.

In 1994, two different research groups published work on a new perovskite electrolyte
material with a significantly higher oxygen ion conductivity compared to YSZ [45, 46].
This material was based on the perovskite LaGaOs, with Sr doping on the A site and
Mg doping on the B site. The highest conductivity below 700°C was found for the
composition Lag gSrg2Gag9gMgo.10; and this compound is now commonly referred to as
LSGM. This material exhibits a wide electrolytic domain, stability in fuel
environments and is not sensitive to moisture and remains a promising material for use
in SOFC electrolyte applications. The largest concerns with this material are the long
term stability under operating conditions, which will only be known in time, and the
high cost of gallium. There are many research groups developing LSGM and early
indications suggest that this material could replace YSZ for intermediate temperature
(700-800°C) operation devices [47].

5.5.2. Proton Conductors

Pure proton conductors would offer some distinct advantages over YSZ, for the
electrolyte material in SOFC applications. Superior conductivity at lower temperatures
offers higher theoretical efficiencies and lower cost of peripheral equipment. Pure
proton conduction also implies that the fuel does not need to be recycled because the
water is not produced on the fuel side. In practice, oxygen ion conduction
accompanies proton migration, resulting in water production. Most proton conducting
oxides also display considerable electronic conductivity, which would lead to
unacceptable losses in operating efficiency. Mixed electronic/protonic conducting

perovskites are now being considered as alternative anode materials [48].
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The most commonly studied proton conducting materials are based on SrCeOs,
BaCeO;, SrZrO; and BaZrO; [49]. Doping on the B-site using Gd, Yb, Y or Sc
increase the electronic conductivity and controls the material stoichiometry [50], for
example in BaCe 9Gdy,103.x and SrCe95Ybo 0s03.x [51, 52].

5.5.3. Mixed Ionic and Electronic Conductors (MIEC)

There are a large number of mixed ionic/electronic conducting perovskites. The
electronic conductivity is introduced by choosing a transition metal for the B-site, or
doping the B-site with a transition metal, e.g. LaCoO;. The A-site is often doped with
aliovalent cations to increase the number of oxygen vacancies, e.g. La;.xSrxCoO;.
The mixed conducting properties of these materials have been considered for
electrodes in electrochemical devices and for the electrolyte in oxygen separation
membranes (see chapter 4), where the perovskite La;.xSrxCo,.yFeyOs; appears very
promising [53, 54]. Pure electronic conduction is also observed in perovskite materials
such as La;.xSrxMnO; (LSM) but a discussion of these materials is not relevant to this

thesis.

5.5.4. Brownmillerite Electrolytes

The brownmillerite structure (A;B,0Os) is essentially that of the cubic perovskite
(ABO3), with one sixth of the oxygen atoms removed, and therefore contains a large
number of intrinsic oxygen vacancies. The smaller B-site atoms should show no
preference between octahedral and tetrahedral sites. The large number of oxygen
vacancies allow for the possibility of enhanced oxygen ion conduction, making this
class of materials promising for fast oxygen ion conductors. Unfortunately, below
800°C the oxygen vacancies become ordered along the [101] direction, effectively
trapping the vacancies and preventing rapid ionic conduction. Above this transition
temperature, the vacancies become disordered and fast ion transport takes place [55].
Fisher [56], working on Ba;In,0s, has shown that successful doping on the B-site can
lower this transition temperature. It was found that Sc and Ga doping produced the
best results, although the Ga-doped samples sintered poorly, with the optimum

composition at BayIn; §Scg>0s. Further reduction in the transition temperature was
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thought to occur by substitution of the A-site cation for a smaller cation, e.g. Sr [57].
This increases the unit cell volume and allows easier oxygen ion movement, which

leads to disordering of the lattice.

By moving one row up in the periodic table, the brownmillerite structured Sr.Ga;Os
should be formed. Fisher [58] was unsuccessful in the preparation of this material and
suggested that this was due to the small size of the Ga®* ion, which preferred to be
located at tetrahedrally co-ordinated sites. Preparation of Ca;Ga;Os has also been
unsuccessful [59]. By doping the gallium site ions with larger isovalent cations, it was
thought possible to stabilise the gallium ions and produce a good oxygen ion conductor
[60]. Further discussion on this subject can be found in chapter 8. Despite the large
number of brownmillerite compounds that exist, at present, none can improve upon the

properties of YSZ as an electrolyte material.
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Chapter 6. Ceria and Doped Ceria Electrolytes

6.1. Introduction

In addition to a high ionic conductivity, a key requirement for the electrolytes
discussed in chapters 3 and 4 is a high density. A high density is necessary to prevent
cross mixing of any gases in a device as a result of open porosity. Generally, high
sintering temperatures are required to achieve satisfactory densities, however, high
sintering temperatures are undesirable during the co-firing of a complete cell
(electrode-electrolyte-electrode) in a single step. Lower temperatures are needed to
optimise the nature of the porous electrodes and to reduce the inter-diffusion of cation

species.

The beginning of this chapter is concerned with the fabrication techniques employed to
produce high density ceria at lower temperatures. The electrical and mechanical
properties of the final ceramics are directly related to the manner in which they are
manufactured and therefore, the remainder of this chapter consists of a discussion of

the numerous studies concerning the electrical behaviour of ceria electrolytes.

6.2. Preparation of Pure Ceria

Pure ceria is a refractory oxide with a melting point of 2600°C. A characteristic of
these refractory materials is the high sintering temperatures needed to achieve full
densification (1700-1800°C) and much research has been aimed at lowering the
sintering temperatures in such materials, e.g. Al;03, ZrO,, MgO.

The sintering of a compacted powder is normally the final stage in the processing of a
ceramic. The production of the powder, its nature and conversion to the final phase(s),
determine the temperature at which a fully dense ceramic can be obtained. The

standard method for preparing ceria is by ammonia precipitation of cerium salts, e.g.
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cerium nitrate [1]. The cerium compound is then washed with water several times to
reduce the ammonia content and heated until dry. Variations using mixtures of
ammonium hydroxide and ammonium carbonate [1] and urea decomposition [2] have

also been used, giving homogeneous precipitation and often sub-micrometer powders.

Once a powdered material has been prepared, it must undergo a calcination step to
convert the powder to the final oxide. The nature of the calcined powder is important
in determining the ease with which a compact can be sintered. Critical powder
characteristics include: particle size, particle size distribution, surface area, particle
shape and powder density. Generally, a small particle size and high surface area give
good sinterability. It has been suggested, that the optimum calcination temperature is
when decomposition of the precipitate is just complete [3]. This temperature usually
gives the highest powder surface area, with a small particle size. Calcination
temperatures for ceria above 800°C are thought to produce poor quality powders.
However, a suitably high temperature is necessary to ensure complete conversion to
the oxide. Table 6.1 shows some of the reported calcination temperatures for pure
ceria and the resulting sintering temperatures needed for high densities.

Powder Synthesis Route Calcination Sintering Density Ref
Temp/Time Temp/Time
Coprecipitation 600°C/2hrs 1500°C/3hrs >85% [1]
Flash Combustion 500°C/5min 1450°C/1hr >95% [2]
Sol-Gel 600°C/2hrs Not reported Not reported [4]
Coprecipitation using None 1250°C/6min >95% [5]
Hexamethylenetetramine

Table 6.1. Synthesis temperatures and densities of some pure ceria powders.

Once calcined, a powder is commonly pressed into a green body compact. This can be
achieved either uniaxially or isostatically, or a combination of both. Increasing the
pressure exerted on the powder increases the green density but large uniaxial pressures
can lead to a layering effect within the compact, resulting in anisotropic properties
during sintering. Isostatic pressing greatly reduces any layering effects. There is some
evidence [5] to show that the isostatic pressure need not be very large in order to

produce high sintering densities and emphasis is placed on the need for soft,
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unagglomerated powders for good sinterability. Agglomeration is ubiquitous in

normal powders and most research has demonstrated a higher density in samples which

have been compacted at high pressures [6].

The pressed compact is finally sintered into a dense body, where the density will
depend on both the sintering temperature and the length of time at this temperature.
The density usually increases markedly as the temperature is increased and, to a lesser
extent, as the sintering time increases. The atmosphere during sintering can also

change the densification rate.

Some very interesting results have been observed by Baumard et al [7], who added
small quantities of either Nb,Os or TiO; to ceria as sintering aids. It was found that
0.1W1t% additions of TiO, achieved densities >99% after sintering at 1200°C/1hr but
no evidence of liquid phase sintering was observed. While Nb;Os introduces
electronic conductors into the lattice and is thus not suitable in electrolyte applications,
additions of TiO, to ceria requires no charge compensating defects. Titania
demonstrates a higher resistance to reduction compared to ceria but it is uncertain what

effect the fuel cell atmosphere would have on this dopant.

6.3. Preparation of Doped Ceria

For ceria to exhibit the conductivities required for SOFC applications, it is necessary to
introduce aliovalent cations into the ceria lattice. Preparation of doped ceria is more
difficult than that of pure ceria because of the introduction of additional cations. The
majority of this thesis is concerned with gadolinia-doped ceria. Gadolinia is a
refractory material, often prepared by the precipitation of gadolinium nitrate solution in
ammonium oxalate [8], followed by calcination at 900°C and sintering at 1600°C/4hrs,

to achieve densities >95%.
Due to the increasing importance of Gd-doped ceria for electrolyte applications, many

researchers have been investigating methods to produce highly sinterable powders.

The most widely used industrial technique is coprecipitation of the cations from a
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suitable solution [9]. Commonly, cerium and dopant nitrate solutions are mixed with

ammonium oxalate solutions [3], or oxalic acid [10, 11, 12]. The lowest sintering
temperature achieved is currently 1200°C, after sol-gel evaporation of 20mol% Gd,
Sm, La or Yb doped ceria at 100°C, and gave a crystalline, homogeneous, solid
solution with a particle size of 5nm [13, 14]. The very small particles were thought to
be responsible for the low temperatures needed for full densification. More
commonly, sintering temperatures between 1400-1600°C are used, for times ranging
from 1 hour to several days [15].

Polymeric production of doped ceria is also frequently adopted, using the standard
nitrate precursors which are dissolved in water. These methods and other novel

processing routes are described in chapter 9 [16].

The preparation technique and following heat treatments for doped ceria, can lead to
extremely large variations in the microstructural and electrical properties of the final
material. Amongst many other factors, the purity of precursors, degree of homogeneity
resulting from the processing technique and particle size must be considered when
comparing data from other researchers. The result of these complexities is that
researchers often show conflicting data with differing explanations. There is still
confusion as to whether the grain boundary conductivities are best explained by a
‘blocking’ model or a constriction model (these terms are explained fully in section
6.8.1.). The reported concentration of silicon at the grain boundaries also varies
widely. High concentrations of silicon produce a glassy silica layer at the grain
boundaries, which is thought to be responsible for the high resistance observed.
However, ceria with low silicon concentrations also displays a relatively high
resistance at the grain boundaries. In addition, producing ceria for electrical
applications leads to some competing microstructural requirements. In a typical CGO
electrolyte, the grain boundaries show a higher resistance compared to the bulk
material at temperatures <500°C, thus a reduction in the number of grain boundaries
during sintering, will reduce this resistance [17]. Larger grains generally imply
mechanically weaker materials, while small grain sizes achieve the greatest strength
but increase the number of grain boundaries. A compromise is necessary concerning

the number of grain boundaries needed for optimum properties.
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The calcination temperature of doped ceria will largely determine the nature of the

powder and its sinterability. Table 6.2 shows a summary of various processing
temperatures for differently prepared powders and the resulting densities obtained. It
can be seen, that the mechanically mixed oxides generally require higher temperatures
to achieve good densities. Van Herle [10] has suggested that the calcination
temperature is not important because it only determines the primary particle size. It is
suggested, that the particle agglomeration size determines the sinterability of the

powder, where submicron size agglomerates achieve the highest densities.

Powder Synthesis Route Calcination Sintering Density Ref
Temp/Time Temp/Time
Coprecipitation 350°C/1hr 1000°C/1%zhr 83% [3]
Coprecipitation 800°C/1hr 1400°C/4hrs 98% [12]
Coprecipitation 700-800°C/ 1200°C/4hrs 96% [10, 11]
1hr
Coprecipitation using 620°C 1520°C/24hrs >98% [18]
trichloroacetic acid
Mechanically Mixed oxide 1000°C/1hr 1300°C/10hrs ~90% [6]
Coprecipitation 1000°C/1hr 1300°C/10hrs ~90% [6]
Mechanically Mixed oxide 1500°C/3hrs 1500°C/6hrs ~98% [19]
Sol-Gel 1000°C/2-3hrs 1400-1450°C >95% [20]
/6min

Coprecipitation 700°C/2hrs 1550°C/3hrs >95% 211
Mechanically Mixed Oxide 1000°C/12hrs 1500°C/4days 88-95% [27]
Coprecipitation 1000°C/12hrs 1500°C/4days 88-95% [27]
Mechanically Mixed Oxide 1400°C/16hrs 1550°C/1hr 70% [22]
Mechanically Mixed Oxide 1300°C/15hrs 1450°C/15hrs 94% [22]
Mechanically Mixed Oxide 1300°C/10hrs 1650°C/15hrs >95% [23]
Mechanically Mixed Oxide - 1550°C/6hrs >95% [24]
Mechanically Mixed Oxide 1350°C/10hrs 1650°C/15hrs >95% [25]
Mechanically Mixed Oxide 1300°C/8hrs 1800°C/2-3hrs >96% [26]

Table 6.2. Synthesis temperatures and densities of some doped ceria powders.

Experimentally, it is sometimes found that longer sintering times decrease the grain
boundary conductivity [27, 28]. At first, this may seem contradictory because longer

sintering times will allow more grain growth and consequently a lower number of grain
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boundaries perpendicular to current flow. However, the thickness of the grain
boundaries may increase with time and the degree of segregation will also increase. It
is evident that the segregation of impurities plays an important role in terms of the

grain boundary conductivity, which suggests shorter sintering times are preferable.

In samples where the density is below 95% of the theoretical density, open porosity is
still present in the sintered compacts. For these materials a linear correction can be
made to the electrical conductivity, o, to compensate for the porosity [29], as shown in
equation 6.1. In samples where the densities are greater than 95%, only closed

porosity is present and the linear correction for porosity is not appropriate.

G = Omeasured ?Amwj (6.1)
measure

where pis the density.

It is clear, that there are many variables in the production of dense ceramic materials
and a large matrix of experiments would be needed to find the optimum conditions.
The aim of this thesis was to use the simplest but most effective technique to produce

dense ceria materials.
6.3.1. Impurity Effects

In the laboratory preparation of ceramic powders it is almost impossible to eliminate
all impurities. Certain impurities can be present in relatively large concentrations and
seemingly have very little effect on any observable property, while other impurities,
present at a few ppm, can drastically affect the electrical properties. The important
point is to determine which impurities cause the most problems in terms of sintering

and ionic conduction etc. and to reduce these impurity levels.
The most common impurities detected in both powder and sintered doped ceria are Si,

Ca, Na, Mg, K, Al, Fe and, in most cases, a number of other rare earth cations. These

impurities all readily form oxides in the presence of oxygen and it is speculated that it

90



Chapter 6. Ceria and Doped Ceria Electrolytes

is the oxides that are present in all cerias. Only SiO, has received serious attention
because of the high resistance exhibited in the amorphous phase. Silicon has a very
small ionic radius (0.4A), creating a very large elastic strain in the ceria lattice which
produces a strong driving force for Si to segregate to the grain boundary. The effects

of the other impurities and their interactions are still largely unknown.

The concentrations of these common impurities vary between materials because the
starting precursors are supplied by different manufacturers, who generally supply
materials with a choice of purities. Impurities can also be introduced during each
processing stage, i.e. during sintering and milling, but these impurities can normally
be minimised using standard precautions. Table 6.3 shows the wide variation in

impurity levels detected by different researchers.

Material Detection Si Ca Na Mg K Fe Al | Ref
Technique ppm | ppm | ppm | ppm | ppm | ppm | ppm
CGO Emission 400 - 200 25 10 10 - [3]
spectroscopy
CYO Flame emission <5 20 120 4 8 20 - [18]
AAS
CGO - 660 | 2400 | 880 - 400 - 200 | [12]
CGO Emission 400- - - 100 - - - [6]
spectroscopy 1000
Ce-YSZ - 753 - 1050 - - - 586 | [30]
Ce(Ln)O Spectroscopic 1000 | 200 - - - - 500 | 31
analysis

Table 6.3. Typical variation in measured impurity levels in ceria solid solutions.

The presence of these impurities in the bulk of the material is unlikely to greatly affect
the properties of the electrolyte because of the high level of acceptor doping. There is,
however, growing evidence of widespread segregation of many impurities to both the
surface and grain boundary regions and further evidence of dopant segregation [21].

This topic is explored in more depth in section 6.4.
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6.4. Dopant and Impurity Segregation

The majority of studies in which the surfaces and grain boundaries of doped ceria have
been analysed, found significant concentrations of impurities present, compared to that
in the bulk of the sample. However, in very pure samples (a few ppm) a grain
boundary resistance was still observed. This has been attributed to the presence a
space-charge region, in which the concentration of oxygen vacancies is depleted at the
interface. In less pure samples, the grain boundary resistance is further increased by
the segregation of impurities. The concentration of the dopant at the grain boundaries
is usually different from the bulk composition and the role that the dopant plays at the
grain boundary is still unclear.

XPS studies [30] have detected an enrichment of Si, Na, Al and dopant (Y) on the
surface of powders as the annealing temperature increased, while the Ce signal
decreased. This result suggests that Ce does not form part of the segregated phase but
is covered by a layer of the other elements. It is speculated that a continuous Y-Na
silicate chain was formed, which is capable of incorporating other impurities. Further
XPS studies by Harrison [32] have shown that all rare earth dopants in ceria segregate
to the surface. The degree of segregation increased as the temperature increased,

covering in excess of 2 monolayers at 1450°C.

The results of the surface analysis of sintered CGO pellets using low energy ion
scattering [33] found calcium to be most prominent at the surface, with smaller signals
for Si and Na. The calcium rich layer extended about one monolayer in thickness.
There also appeared to be some Gd enrichment in the near surface region, which
extended between 5-10 monolayers before the bulk composition was reached. The
segregation of impurities and dopants to the grain boundaries is expected to behave
similarly to that at the surface. Thus, a higher Gd concentration would result in a
lower conductivity because both gadolinia and highly doped ceria (>30mol%) are

poorer ionic conductors.

Analysis of the grain boundary region in ceramics has been performed by Christie [17]
using HRTEM on relatively pure CGO. Si and Ca were detected as the predominant
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impurities at the grain boundaries, but, lattice images revealed direct grain-to-grain
contact with no visible second phase material for all grain boundaries studied. This is
the first direct information which suggests that impurity free grain boundaries still
retain a high resistance and that the segregation of impurities serves only to increase

this resistance.

Steele [34] has analysed the a.c. conductivity of a number of dilute ceria solutions and
has found a trend between the dopant ion radius and resistance of the grain boundary.
For dopants larger than cerium, i.e. Ca’*, the grain boundary resistance is lower than
the bulk resistance and it is suggested that calcium segregation to the grain boundaries
produces an increase in the conductivity. For similar sized dopants, i.e. Gd**, the grain
boundary resistance is larger than the bulk resistance but little dopant segregation is
expected and the high resistance is related to a space-charge region. For smaller
dopants, i.e. Y>*, the grain boundary resistance is again found to be higher than that of
the bulk but is now associated with a depletion of the dopant from the boundary region,
which not only lowers the oxygen vacancy concentration but also lowers the

conductivity.

Duran [12] using microprobe analysis, found the concentration of Gd in both 8% and
16% GdO, 5 doped ceria to increase at the grain boundaries. Reiss [6] suggests that a
Gd concentration gradient, increasing at the grain boundaries, will exist in all
heterogeneously mixed samples and that this gradient is reduced below detection limits
in homogeneous samples. More recent reports have shown segregation of dopants in
supposedly homogeneous, wet chemically prepared ceria, which suggests that
segregation occurs in all samples. The degree of segregation becomes more prominent
at high temperatures and thus lowering the preparation/sintering temperature should
reduce the segregation of dopants and impurities to the grain boundaries and improve

the ionic conduction across them [13].

Gerhardt et al. [31, 35] have analysed a Ce-6%Gd sample using a.c. impedance and
demonstrate considerably higher grain boundary conductivities in silicon free samples
(<10ppm), while the bulk conductivities remain similar. TEM studies of the higher Si

concentration samples showed a thin (<1nm) amorphous Si phase around all grains
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and, in addition, thick (50nm) amorphous Si layers which surrounded agglomerates of
grains. The thicker grain boundary layers are probably the result of high Si contents
(1000ppm), which would form after all the grains have been covered by the initial thin
Si layer. As well as an amorphous phase, Si is thought to form one of two stable
crystalline phases with the dopant ions at the grain boundaries, e.g. Y>Si,0; and
Y,SiOs. Increasing the dopant concentration increases the proportion of Si that forms
the crystalline phases and therefore less Si is available to form the high resistance
amorphous phase. Thus, as the dopant concentration increases, the grain boundary
conductivity should increase, too. This is a common observation in most doped ceria

samples [35, 36].

6.5. Dilute Solution Theory

When studying the defect behaviour of doped fluorites, it is necessary to distinguish
between high and low defect concentrations. In the low defect concentration region,
all defects are assumed to be free to move within the lattice and not interact with other
defects. In the high defect concentration region, defect interaction will occur, resulting
in clustering and, in the extreme, formation of a second phase. Using these
descriptions, it has been established that most doped ceria electrolytes fall into the
latter category.

It is practically impossible to achieve the ideal low defect concentration region but
theoretical and experimental evidence suggest that the low concentration region can be
extended to include a limited degree of defect interaction. The electrical properties in
these low defect concentration materials can be explained by the dilute solution theory.
There is some disagreement in the literature, as to what is considered a dilute solution,
which further varies for different dopants in ceria. A common assumption is that a
dilute solution contains only simple associates (dimers) and charged dopants/defects,
randomly distributed and with limited interaction. Associates normally form at low
temperatures and so a calculation of the activation energy for conduction needs to
consider the migration enthalpy and an association enthalpy term. In most ceria

solutions (except very pure), the impurity levels are such that dopant concentrations
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>0.1mol% are required to dominate over the electrical effects of impurities [29]. The
maximum dilute solution concentration is often put at 1mol% dopant, which leaves a

very restricted experimental dopant concentration range for study.

A common trend observed in doped cerias is an approximately linear increase in the
ionic conductivity as the dopant concentration increases until a maximum, after which
the conductivity decreases. The increase in conductivity is a result of the increased
oxygen vacancy concentration as the dopant concentration increases. The maximum is
a result of the higher degree of defect interaction, which reduces the number of free
oxygen vacancies and leads to a decrease in the conductivity as more complex defect
associates form. It therefore seems logical to define a dilute solution as one where the
dopant concentration is less than that required to produce a maximum in the isothermal
conductivity. Above the maximum, the solution is considered concentrated. For
dopants where their solubilities are lower than the level expected to produce the
maximum conductivity, e.g. Sc in CeO,, an additional criterion must be applied. This
states that a dilute solution must also be one, in which the dopant is present in a

concentration less than its solubility limit.

Although the dilute solution theory can be used to explain the maximum obtained in
conductivity for the bulk material, in polycrystalline samples, at low temperatures, the
grain boundaries also contribute to the resistance of the electrolyte. In order to
determine the best conducting electrolyte both the bulk and grain boundary
conductivities need to be optimised and consequently the concentration which gives
the highest bulk conductivity may not give the best total conductivity.

6.5.1. Defect Association

The ideal ceria electrolyte is one in which all the oxygen vacancies are free to conduct
oxygen ions. In reality, all doped cerias show some degree of defect association, which
reduces the number of free oxygen vacancies and ultimately lowers the ionic
conductivity. The type of associate formed and the energy which binds the defects
together, is determined by the type of dopant. There are two contributions involved in

the formation of an associate. Firstly, there is a Coulombic interaction between the
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oppositely charged oxygen vacancy and dopant ion and secondly, there is a reduction
of the elastic strain in the lattice. Therefore, both the charge and size of the dopant ion
are important factors in the formation of associates. In dilute solutions at low
temperatures, oxygen vacancies are thought to form simple associates. Larger clusters
of dopant-vacancies are statistically unlikely due to the random distribution of the
dopant ions. Thus, it follows that for divalent dopants, e.g. Ca, neutral associates are

formed, while for trivalent dopants, e.g. Gd, charged associates form, i.e.
{Cac,Vg} and {Gde Vg

Kilner [37] has derived the activation energies, E,, for ionic conductivity for di- and

trivalent dopants in ceria at low temperatures and found that for divalent dopants,
E.=AH,, + AH,/2 (6.2)
while for trivalent dopants,
E.=AHp + AH, (6.3)

where AHy, is the migration enthalpy and AH, is the association enthalpy. The
migration enthalpy in the fluorite structured oxides is very similar (CeO,,
AHn=0.61eV, ZrO,, AH,=0.68¢V), suggesting that the vacancy migration in the
fluorite oxides is more dependent on the structure than the dopant type and size. If this
is true, then the differences observed experimentally are dependent on the association
enthalpies. As the temperature is increased, the defect pairs dissociate, leaving free
oxygen vacancies. This change to free vacancies can be seen on an Arrhenius graph of
conductivity by a decrease in the activation energy (reduced gradient). In this
temperature regime E, = AHy,. For high values of AH,, full dissociation will not occur
until much higher temperatures and these materials will display lower conductivities.
At very high temperatures, intrinsic anti-Frenkel defects are expected in ceria, but in
practice this is not observed below the melting point. The formation of intrinsic
defects is usually associated with a high activation energy. An idealised Arrhenius
graph for the bulk conductivity in doped ceria is shown in Fig.6.1. Within each region
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the activation energy remains constant but there are curved sectionson the Arrhenius

graph at the transition between each region. The association enthalpies of the divalent
dopants are generally higher than those of the trivalent dopants (Ca: E, = 0.64eV, Gd:
E. = 0.12-0.3eV), owing to higher electrostatic interactions.

log oT

T
Fig.6.1. Idealised bulk conductivity graph for doped ceria showing regions I
(intrinsic), II (extrinsic, dissociated) and III (extrinsic, associated), from Nowick [38].

A number of experimental and theoretical studies on ceria electrolytes with an
isovalent series of dopants, show that the activation energy is minimised, when the size
of the dopant and cerium ions are similar [39]. Assuming that the migration enthalpy
remains constant for all dopants, it appears that dopant ions with a similar radius to the
lattice cerium ions form associates with the lowest binding enthalpy. By comparing
the ionic radii of a range of dopants in ceria, it is found that the best matched divalent
dopant is calcium, while the best matched trivalent dopant is gadolinium.
Experimentally, it is found that calcium has the highest conductivity among the
divalent dopants and gadolinium has the highest conductivity of the trivalent dopants.
Butler [39] was able to calculate the binding energies of an oxygen vacancy with more
than one surrounding Gd ion and found that the association enthalpy increased only
slightly and in fact became negative when four Gd ions were present, which suggests

that this sort of cluster is unlikely.

It has also been found that there is a much greater size dependence for dopant ions

smaller than cerium, than for larger dopant cations (see Fig.6.2). A larger reduction in
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the lattice strain is created by forming an associate in the case of small dopant cations

resulting in a larger elastic energy contribution and consequently, the binding energy
for the pair is large. These results suggest that the electrostatic interactions make only
a small contribution to the activation energy and it is the lattice relaxation effects
which dominate the association enthalpy. At higher temperatures where all defects are
free it is expected that the activation enthalpy of all equally doped cerias is similar
and is only dependent on the migration enthalpy. The temperature at which defects
are considered free, is normally above the temperatures at which the material is likely

to be operated.
ik A
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Fig.6.2. Graph showing the experimental and calculated effects of dopant ion size on
the association enthalpy in the ceria lattice for trivalent dopants. Ionic radii are

obtained from lattice parameters [40].

The simplistic assumption that similarly sized host and dopant ions produce the best
conductivities has been extended by Kim [41]. Kim shows that minimising the
difference between the host and dopant cations is not sufficient to explain a number of
the conductivity results for different dopants and suggests that the valence of the
dopant must also be included. Calculations show that the elastic strain in the host
lattice is minimised, when the dopant cations have an ionic radius slightly larger than
that of the host, denoted by ., the critical ionic radius. The value of 7. for divalent and
trivalent dopants was calculated to be 0.1106nm and 0.1038nm respectively. Again Ca
and Gd doping produced the closest radii, with the results for other dopants now
following the trend for higher electrical conductivity as the dopant radius approaches

r.. In addition, these calculations were also used to determine the solubility limits of
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different dopants, suggesting that the solubility of a cation increases, the closer its

radius is to the host. The dopant size is also important in concentrated solutions but

the formation of more complex associates makes theoretical models difficult.

Experimental data in this regime will be discussed later.

Kilner [42] has shown that better quality information on the relative radii of the host
and dopant cations may be obtained from a lattice parameter map. Fig.6.3 shows a plot
of the cubic lattice parameters for a number of host fluorite lattices and the pseudo-
cubic lattice parameter for a number of rare earth oxides. It is clear, that ceria has a
much larger selection of closely matched dopants compared to zirconia or thoria and
this explains why ceria exhibits the highest conductivity in the fluorite structured
oxides. Bevan and Summerville [43] have studied the variation in the fluorite lattice
parameter, as a function of dopant concentration for trivalent dopants. Fig.6.4 shows
how little the lattice parameter changes as gadolinia is added, indicating that the strain
energy in the lattice is minimised. It should be mentioned here, that the oxygen
vacancies will also affect the lattice parameter because they tend to expand the lattice
and so care must be taken when interpreting lattice parameter data.
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Fig.6.3. Lattice parameter map showing host lattices and rare earth oxide dopants [44].
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Fig.6.4. Effect of dopant concentration on the ceria lattice parameter [45].

6.6. Cation Mobility/Grain Boundary Mobility in Doped Ceria

The mobility of the oxygen ions in the fluorites is much higher than the mobility of
cations and hence, it is the cations that determine the rate of material transfer during
processes such as sintering. Dopant cations can also change the rate of grain growth.
Surprisingly, there are only a few studies concerning the mobility of cations in ceria
and these are generally limited to dilute or near dilute solutions (<1%) [46, 47]. In
these studies, diffusion of the cations is thought to occur via an interstitial mechanism,
which is enhanced by the introduction of oxygen vacancies, that provide pathways with

lower energy barriers for diffusion.

In contrast to smaller dopants, such as scandium and magnesium, larger dopants, such
as yttrim,were found to be better at suppressing grain boundary mobility. It was also
found, that increasing the dopant concentration (for larger ions) in ceria reduced the

grain size, again demonstrating suppression of the grain boundary mobility [19]. This
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suppression of mobility can be explained by the creation of a space-charge region and

the solute drag effect, explained below.

When considering trivalent dopants in ceria, half of the dopant ions are not associated
with oxygen vacancies and have an effective negative charge. For the surface of each
grain to be electrically neutral, a counterbalancing positive charge must exist.
Coulombic attraction then causes segregation of the negatively charged dopant to the
positively charged surface, to form a space-charge region. Implicit in this model is the

presence of an enrichment layer of solute and impurity ions at grain boundaries.

In dilute solutions of ceria (1%), the grain boundary mobility was found to be lower
than that of undoped ceria. Therefore, enhancement of mobility due to an increase in
oxygen vacancies concentration does not fully explain the observed grain boundary
mobility. The solute drag must also be considered, in which the dopant concentration
gradient between the bulk and grain boundaries offers a strong drag to the boundary
mobility, thus retarding grain growth. Therefore it follows, that higher dopant
concentrations result in smaller grain sizes. The formation of defect clusters may
further increase the drag effect.

Undersized dopants such as Nb*, Ti**, Sc** and Mg?*, have an anomalous effect on
grain boundary mobilities. These undersized dopants enhance grain boundary
diffusion at concentrations >1%. Sc’* causes a large increase in grain boundary
mobility but its size reduced the ionic conductivity, due to association of defects. Ti**
on the other hand, should have no attractive charge in the fluorite lattice and thus show
no electrostatic attraction to oxygen vacancies. This may explain the results of
Baumard [7], discussed in section 6.2, where high sample densities were achieved at

low temperatures with additions of TiO,.

The cation diffusion coefficients in ceria are about six orders of magnitude lower than
those associated with anion diffusion coefficients at 1000°C [48]. The cation transport
number in Ce0,-2%Y>0; has been reported to be less than 0.004 at 1000-1100°C [48].
A recent study by Sirman et al. [49] has measured the diffusion of Fe and Co into CGO

using secondary ion mass spectrometry (SIMS). The results showed a high activation
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energy for cations diffusion (~6eV) and the formation of no reaction products between
ceria and Fe and Co. A measured diffusion coefficient of around 10"°cm’s™ confirms
the low values discussed previously. The difficulty of accurately measuring such low
mobilities explains the lack of published data but more results are essential, if the

sintering behaviour of these materials is to be improved.

6.7. Ionic Transference Number

Electrolytes for use in SOFC applications, will experience reduced oxygen partial
pressures, which lead to a certain degree of mixed ionic and electronic conduction. In
order to specify the proportion of the total conductivity that results from each species,
it is convenient to define a parameter known as the transference or transport number,
t. In the case of electrolytes, it is the ionic conductivity that dominates and therefore

the ionic transference number, #;, can be defined as,

ti=oi /(i + o¢) (6.4)

where o; is the ionic conductivity and o, the electronic conductivity. In most
electrolyte applications, the ionic transference number should be close to unity. This is
the case for most rare earth doped cerias in air below 1000°C [23, 26]. When
measuring the total conductivity of a sample, the ionic conductivity can be obtained by

multiplying the total conductivity by this ionic transference number.

There are now two standard uses of the ionic transport number to permit comparisons
between different electrolytes: either the oxygen partial pressure above which ¢; is very
high, i.e. 0.99, or the oxygen partial pressure for which t;=0.5, is quoted. The latter can
usually be calculated to a higher accuracy and is the most common value quoted. The
electrolytic domain has already been introduced in the previous chapter, as the region
on a logo versus logPo, graph, where ionic conductivity is dominant. The value of

ti=0.5 can be marked on this type of graph and is commonly referred to as the P(-)
point.
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6.8. Conduction Mechanisms

It was shown in Chapter 5, that ceria and doped ceria show both ionic and electronic
conduction and, in some circumstances, mixed conduction, depending on the
conditions within which the material is placed. At lower temperatures and high
oxygen partial pressures, the conductivity is predominantly ionic and is independent of
Po.. At high temperatures and low oxygen partial pressures, the conductivity is
predominantly electronic and the magnitude of the conductivity is similar to that of
pure ceria. The ionic conductivity can normally be expressed by the Arrhenius

equation:

_S% p(i) o
ci-Tex RT (6.5)

By plotting a graph of logoiT verses 1/T, the activation energy for the conduction
process, E;, can be calculated from the slope of the line. The pre-exponential term is
calculated from the intercept on the y-axis. Using impedance spectroscopy, it is
possible to separate the bulk and grain boundary impedances and allow for Arrhenius
graphs of the bulk, grain boundary and total conductivities. Values for the activation
energies can then be compared. Unfortunately, most published data concentrates on
either the bulk or the total conductivities and a complete picture of the material cannot
be obtained. Four-point d.c. conductivity measurements are useful for a comparison of
the total conductivities between a.c. and d.c. techniques but provide no information on
the bulk or grain boundary conductivities. Early studies on ceria have used fixed
frequency a.c. techniques. Care must be taken when analysing this type of data
because it is difficult to distinguish between bulk and grain boundary data when the
temperature is increased. Therefore, any results obtained by this method are of limited

value.
6.8.1. Grain Boundary Conductivity

As mentioned already in doped ceria ceramics, ‘clean’ grain boundaries still exhibit

higher resistances compared to that of the bulk material. The higher resistance is a
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result of the atomic lattice mismatch between adjacent grains and the resulting
electrical disturbance induced in this region. Space-charge regions, analogous to the
Schottky barriers in semiconducting materials, serve to retard the movement of oxygen
ions across the grain boundary regions and thus to increase their resistance. When
segregation and impurity effects are considered at grain boundaries, the situation
becomes very complex and a comprehensive understanding of the conduction

mechanisms in most ceramic systems is not available.
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Fig.6.5. Schematic representation of the two grain boundary models.

To explain the grain boundary effects in zirconia and ceria electrolytes, two models
have been proposed (Fig.6.5). The constriction model, first considered by Bauerle [50]
for YSZ, found that the activation energies of the bulk and grain boundaries were
similar and so concluded that their conductivities must also be similar. The model
consisted of a non-continuous impurity phase at the grain boundaries, with constricted
regions of direct grain to grain contact, displaying a conductivity of similar magnitude
to the bulk. A number of studies on ceria electrolytes have shown that the bulk and
grain boundary activation energies are different [27, 51]. The alternative blocking or
brick layer model has been used for ceria because the higher grain boundary E,
suggests the presence of a different material at the grain boundary, in the form of a

continuous layer around the grains.

In a study of calcia doped ceria [52], the brick layer model was used to compare

calculated and experimental values for the bulk conductivity. Single crystal and
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polycrystalline materials were measured and the bulk resistance calculated according to

equation 6.6 (where p is the resistivity),

i _ Number of Grains x Grain Size
il Surface area of sample X Paingie eyt (6.6)

The model assumes that the grain boundary thickness, lg, is much less than the grain
thickness, L;. When the grain boundary calculations using a bicrystal were compared
to the polycrystalline sample, a sharp disagreement was obtained. The polycrystalline
grain boundary resistance was an order of magnitude lower. These results suggested
that a continuous grain boundary phase was not possible and a constriction type
approach was used to explain the grain boundary effects. In this case, it was thought
that the grain boundaries were composed of areas of intimate contact with a low
resistance, and air gaps, which were blocking to ion flow. The air gaps were calculated
to be ~230A thick and provided the dominant contribution to the grain boundary

capacitance.

When trying to calculate the true resistance of the grain boundaries, it is often difficult
to assign a grain boundary thickness for the purpose of calculations. Early reports used
C=goerA/l (where &g is the relative permittivity of the bulk) to show that a simple ratio
between measured bulk and grain boundary capacitances (equation 6.7), could

indicated how much smaller the grain boundaries were compared to the grain size.

Cy
c=1/1000 6.7)
gb

Tanaka [21] used this relationship and the simple blocking model to calculate the grain
boundary thickness to be 50nm.

6.9. Alkaline Earth Dopants

There are now a large number of dopants that have been added to ceria. Some of the

earliest dopants used to increase the ionic conductivity of ceria were the alkaline earth
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oxides. MgO, CaO, SrO and BaO all enhance the conductivity of ceria but it is
generally found that CaO doping achieves the highest conductivity. When a dopant is
added to ceria above its solubility limit, a second phase will precipitate from the solid
solution. In the case of the alkaline earth oxides, the second phases that precipitate are,
MgO, CaO, SrCeO; and BaCeO; [53]. Lattice parameter measurements show that the
solubility limit of CaO in CeO; is around 23mol% and is the highest of the alkaline
earth oxides because of the close matching between the Ca’* and Ce*" ionic radii. For
SrO, the solubility limit is about 8mol%, while those of MgO and BaO are very low.
The alkaline earth solubilities are generally lower than the rare earth elements and only
CaO doping has seriously been considered in electrolyte applications. Originally, CaO

doping was preferred to Y,Oj3 or rare earth oxides, based on its lower cost.

Studies show, that small additions (0-5mol%) of both CaO and SrO to ceria produce a
marked increase in the total conductivity [S3]. At 10mol%, both dopants show similar
total conductivities, whereas magnesia and baria show conductivities two orders of
magnitude lower. Above the solubility limit of SrO, a second phase precipitates and
the conductivity decreases. CaO doping produces a maximum total conductivity at
about 11mol% CaO [54] but the conductivity decreases only gradually up to
concentrations of 50mol% CaO [55]. This is a rather surprising result because the
solubility limit of CaO in ceria is around 23mol% and thus a large amount of second
phase material would be present at a doping level of 50mol%. It would appear, that the
second phase thus disperses uniformly within the doped ceria solid solution and causes

very little hindrance to the flow of oxygen ions.

Aria [55] and El Adham [54] found that increasing the CaO content increased the ionic
domain of ceria in reducing environments, such that at 50mol% the ionic domain
extended beyond 10”®atm at 800°C. For calcia doped ceria in the ionic domain, the
electronic transference number, t.<0.1 up to 1000°C and was found to decrease linearly
with temperature [27]. The ionic transference numbers for both CaO and SrO doped
CeO; were close to unity between 600-900°C. For CaO doping between 2-50mol%, ;
remained between 0.98-1, over a similar temperature range [56, 57]. The ionic
transference numbers for MgO and BaO doped ceria were between 0.5-0.8 over this

temperature range [53], which can be explained by their lower ionic conductivities.
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The ability of ceria to accept very large dopant concentrations of calcia without
significant decrease in the maximum ionic conductivity and the suppression of
electronic conductivity in reducing atmospheres at these high dopant levels, warrants
further research into this material. The high calcia concentrations could also

significantly reduce the cost of the electrolyte.
6.9.1. Scandia and Yttria Doped Ceria

Both scandia and yttria have received attention as dopants in ceria. Scandia shows
some anomalous effects on the electrical conductivity, due to its small size and these
will briefly be discussed below. Yttria doped ceria displays a conductivity only
slightly lower than the best rare earth dopants but achieves a significant cost reduction.
For SOFC applications where ceria may be coated by a thin layer of YSZ, yttria doping

will also reduce the problem of cation inter-diffusion within a cell.

Most of the research on yttria doped ceria shows the same trends as those of the rare
earths, which are described in the next section. However, there are some experiments
which add to the knowledge of doped ceria. There are few studies that investigate the
nature of a complex defect cluster. Two techniques that have been used with limited
success are EXAFS [58] and neutron diffuse scattering [59]. The latter technique has
been used in the study of yttria doped ceria. In 10-30mol%YO, s doped CeO,, it was
found that experimental and defect model calculations were in good agreement for a
cluster consisting of two oxygen vacancies along a (111) diagonal, associated with 3-4

nearest neighbour yttrium ions [60].

EXAFS studies performed on Sc and Gd doped ceria [58] were able to probe the local
environment of individual ions and showed that Gd was randomly distributed in a
20mol% solid solution, with no ordering. In Sc doped ceria, extensive ordering had
occurred, which is a result of the lower solubility limit of scandia in ceria and the very
small ion size of Sc**, causing clustering of these ions which reduces the lattice strain.
In a mixed Sc-Gd doped ceria, the Sc** ion had scavenged all of the oxygen vacancies
introduced by the Gd** ion, leaving Gd largely unassociated. These results strongly
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suggest that for diffusion and ionic conductivity, it is the local structure and short

range order that is most important.

A study by Wang [27, 51] using Y doping, proposes the large grain boundary
resistances measured at low temperatures and low dopant concentrations to be a result
of dopant scavenging from the grain boundaries by impurities. The composition of the
grain boundaries would then be close to that of pure ceria, which has a much lower
ionic conductivity compared to doped ceria. In addition, the grain boundary E, was
calculated as >2eV, which is close to the single crystal ceria value of 2.4eV. It was
also found that the grain boundaries are more susceptible to reduction than the lattice,
which would be the case for near pure ceria at the boundaries. The increased reduction
at the grain boundaries in this case, suggests that the impurities are not involved in the

high resistances of these boundaries because of their highly stoichiometric nature.

The introduction of charged defects and defect associates into doped ceria, constitutes
the formation of electric and elastic dipoles in these materials. Using dielectric or
anelastic relaxation techniques, it is possible to measure the resonant frequency of each
dipole as a function of temperature. Each different dipole displays a peak at a certain
temperature and it is therefore possible to assign the nature of the dipole for each peak.
Experiments and theoretical calculations have been performed on a number of dopants
in the dilute solution regime (<Imol%) and have shown very close agreement.
Generally, at a frequency of 8kHz, a relaxation peak can be observed for all trivalent
dopants between 165-450K. It has been shown, that this relaxation peak is a result of
dopant-vacancy associates. The relaxation activation energy for the reorientation
jump, i.e. for a jump in which an oxygen vacancy remains bound to the dopant ion, is
found to be 0.41eV for Sc®*. This value is considerably less than that for Y** or Gd**
of 0.65-0.67eV [61, 62] and Ca’* of 0.82eV [63].

Much of the relaxation research has concentrated on the properties of scandia doped
ceria.  Electrical measurements have shown this material to have a very low
conductivity compared to other trivalently doped cerias. This low conductivity has
been attributed to the high dopant-vacancy association enthalpy of this material. In

this, Sc** acts as a scavenger for oxygen vacancies, in an attempt to reduce the high
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lattice strain energy caused by the introduction of this dopant. Relaxation
measurements have shown that scandia has a unique low temperature peak (125K),
which results from an isolated, off centre Sc** ion (or, more correctly, a displacement
of the adjacent oxygen ions). The relaxation enthalpy, Hg, for this process was
calculated to be ~0.2eV. All other dopants must therefore occupy the correct lattice

positions in the cubic structure and do not give rise to a relaxation peak of this type.

Higher temperature relaxation peaks are also found for Sc** and are attributed to larger
defect clusters. It therefore appears likely, that scandium-oxygen vacancy associates
remain bound to temperatures >1000°C and that they also form more complex clusters,
which remain to high temperatures. Other trivalent dopants do not show higher
temperature relaxation peaks at concentrations <Imol% and the assumption that the
dopant ions are essentially frozen in below 1000°C, in a random distribution, is valid.

This does not seem to be the case for scandia.

For concentrations >1mol%, defect clusters will be present for all dopants and the
relaxation enthalpy is larger than for simple associates [64]. Therefore, it may be
energetically more favourable for an oxygen vacancy to jump to a new dopant ion, than
for it to re-orientate around the existing dopant ion. Also, some defect clusters will
have zero electric dipole moment and so will not contribute to dielectric relaxation (or

impedance spectroscopy) measurements.

Some double doping experiments have been performed using Sc** and Y** as the
dopants. It is found that the Sc** ions scavenge all of the oxygen vacancies introduced
by the Y>* ions. It is not possible to determine the effects of lattice strain reductions
with these dopants because both have an ionic radius lower than the critical radius for

the ceria lattice.

6.10. Rare Earth Dopants

Over the past two decades, ceria doped with rare earth oxides has been shown to

produce higher conductivities compared to the alkaline earth oxides. While there are
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some reports of ceria doped with La;03 [65, 66], Pr,03, Nd,03, Eu,03, Tb,03, Dy,03,

Ho,03, Er,03, Tm;03, Yb,03 and LuyO3 [67, 68, 69, 70], most of the research has

concentrated on Gd;O; and Sm;0s. These two dopants achieve the highest
conductivities in ceria and while there is still some controversy as to which dopant is

the best, the differences between them are marginal.

There are many trends that are observed in the electrical conductivity of these materials
but there are no reports that fully analyse these trends. The following section provides
a discussion of these trends that, unless stated, apply to both divalent and trivalent

dopants.

AC impedance studies allow both the resistance and capacitance of the bulk and grain
boundaries to be determined. When an Arrhenius plot of the bulk conductivity is
drawn, a change in the slope of the graph occurs at a certain temperature [71]. The
change in gradient is generally considered to be the transition from associated to
unassociated behaviour of the dopant and oxygen vacancies [71]. The grain boundary
conductivity is always observed to be linear with temperature and no change in slope
has been reported [52]. At low temperatures, the grain boundary conductivity is
normally lower than the bulk conductivity but has a higher activation energy. Thus, at
a certain temperature there will be a cross-over in their conductivities. Above this
temperature, the grain boundary conductivity becomes less blocking to current flow
compared to the bulk. The result of this change-over is that the total conductivity
displays a change in slope at a certain transition temperature, exhibiting a lower
activation energy at higher temperatures [53]. The measured transition temperature
varies by several hundred degrees between results presented by different researchers,

which has a number of explanations.

Overs [3] and Riess [6] suggest this variation is a result of non-uniform distribution of
the dopant in each grain. This is unlikely because the variation in bulk conductivities
shows very little difference between researchers [18]. The most likely cause of
variation can be attributed to the grain boundaries. The wide variation in measured
grain boundary conductivities and activation energies for nominally the same

compositions can easily account for large differences in the transition temperature.
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Further, it is normally shown that the grain boundaries have lower activation energies
at higher dopant concentration, which shifts the transition temperature to higher values
[54].

For di- and trivalent dopants, the bulk conductivity commonly displays a maximum
between 6-11mol% dopant concentration, although the peak becomes broader at higher
temperatures. For divalent dopants, the bulk activation energy remains approximately
constant with increasing dopant concentration. The maximum in conductivity results
from an increased number of oxygen vacancies, which at a certain concentration start
to form more complex defect clusters and thus lower conductivity. For trivalent
dopants, the bulk activation energy displays a minimum at approximately the same
concentration as that which produces the maximum conductivity. However, the
maximum conductivity and minimum activation energy are not always associated with
similar dopant concentrations because the pre-exponential is also a function of
temperature. The maximum conductivity, therefore, depends on temperature as well as
dopant concentration. The minimum in E, is thought to be the result of interactions
between the partially compensated associates and the free dopant ions. As the dopant
concentration increases, higher energy vacancy traps are introduced, increasing the

activation energy.

Faber [67] suggests, that the relaxation of neighbouring ions around a defect screens
the coulombic field of the defect charge and thus prevents any long range electrostatic
interactions between defects. Instead, each defect has a critical radius, R., over which
it will interact with other defects. This radius has been found to extend to 3rd or 4th
nearest neighbour sites. When an oxygen vacancy enters this sphere of influence, the
activation energy for conduction decreases. As more concentrated solutions are
formed, more low energy pathways are created. A competing reaction in more
concentrated solutions is the deep trapping of oxygen vacancies with more than one
dopant ion. In sufficiently concentrated solutions all the oxygen vacancies are deeply
trapped and E, increases. These two reactions result in a minimum in E,. The value of
R determines the value of AH, and appears to be high for similar sized dopants to

cerium, e.g. Gd, where AH, is minimised.
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The grain boundary conductivity generally increases with increasing dopant
concentration. There are some reports that show a maximum in the conductivity at
high dopant concentrations (>25mol%) [36], while others papers report a vanishing
grain boundary component [72]. The activation energy for the grain boundary is found
to display a minimum for both divalent and trivalent dopants [27, 52], although the
minimum is generally very broad and occurs at high dopant concentrations (16-

26mol%) [54].

Therefore, the total conductivity displays a maximum at a concentration slightly lower
than that of the grain boundary conductivity (~20mol% [36]), with a broad minimum

in the activation energy.

Christie [17] has performed a detailed analysis of conductivity as a function of grain
size. While the bulk E, remained constant with increasing grain size, the grain
boundary E, increased. The capacitances measured for the bulk, grain boundary and
total responses should remain constant over the temperature range of the experiment
[27, 35]. The bulk capacitance was found to be constant for different grain sizes,
although the grain boundary capacitance increased linearly with grain size [17]. The
measured capacitance is only an apparent capacitance for all the grain boundaries and a
correction factor must be used to calculate the true capacitance of a single grain

boundary. The number of grain boundaries can be calculated from equation 6.8.

L
Number of Grain Boundaries = s 1 (6.8)
g

where L is the thickness of the sample and d, is the average grain size. The measured
capacitance can then be used to calculate the grain boundary thickness, d,, using
equation 6.9 which has been derived by Bonanos [73].

e (6.9)
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where C; and Cg, are the capacitance of the bulk and grain boundary. Using this
equation, the grain boundary thickness was calculated to be 3nm and remained
constant for all grain sizes. Equation 6.9 is only strictly correct if the bulk and grain
boundary relative permittivities are equal, which is unlikely when a second phase is
present at the grain boundaries and care must be taken when using these figures. A
similar process can then be used to calculate the true grain boundary conductivity,

using equation 6.10.

e e . (6.10)

It was found that the true grain boundary conductivity remained constant as the grain
size increased, indicating that the decrease in the total grain boundary conductivity is
primarily due to an increased number of grain boundaries. It is speculated that a
chemical processing route leads to thinner grain boundaries and thus increased

capacitance, C, according to equation 6.11.
C=¢gperA/l (6.11)

Experimentally, it was found that both resistance and capacitance were increased for
the chemically prepared material, compared to a solid state preparation [18]. Thinner
grain boundaries indicate a lower resistance (R=pl/A). To account for this increased
resistance, it is speculated that either the dopant segregates to the grain boundary in the
mixed oxide samples, giving a higher dopant concentration, or the dopant is removed
in the chemically prepared material, reducing the concentration. A reduction in the
dopant concentration relative to Ce suggests less current carrying oxygen vacancies,

resulting in an increased resistance.

6.11. Multiple Doping in Ceria

Co-doping and double doping in ceria has been mentioned previously, where Sc and Y

and Sc and Gd were added to ceria to evaluate the effects of lattice strain on the
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association energies. Scandia is perhaps a poor dopant to add to ceria, not only
because of its very small size but also due to its low solubility limit. This work has
therefore concentrated on less extreme dopants, in order to reduce the lattice strain to
near zero and maximise the bulk conductivity. The dopants chosen were Sm-Y and
La-Yb. Preliminary results are reported in a paper by Ralph [74] and discussed in
depth in chapter 13.

A recent study by Mori [75] prepared a Ce-25mol%Sm sample and compared this to a
sample doped with 23.4mol1%Sm-1.5mol%Cs-0.1mol%Li. Doping with alkali metals
is usually avoided because of low solubilities in ceria and their high volatility. It was
suggested, that the alkali metals form a solid solution with ceria but at such low
concentrations, XRD would not be able to detect the presence of any second phases.
Mori claims the alkali metal doped samples have higher total conductivities.
Unfortunately, the microstructures of the samples are not discussed and the higher
conductivity could easily be the result of larger grains in the alkali doped material. It
would be interesting to see if a purely alkali metal doped ceria has a high ionic

conductivity.

6.11.1. Other Dopants

A number of other dopants have been used for purposes other than ionic conductivity.
TiO, doping has been used as a sintering aid and experiments with a mixed ceria-
zirconia electrolyte have also been reported, as discussed previously. A number of
dopants have been used to promote electronic conductivity in ceria, for use as an anode
material, such as Nb,O;, SnO; and Pr;O3 [76]. Other dopants used in ceria include
Rh,0; [77], In,0;5 and Cd,05 [78].

6.12. Electronic Conductivity

Probably the single most important disadvantage that all ceria electrolytes have when
applied to SOFC applications, is the relatively easy reducibility of the cerium ion. The

reduction of ceria introduces electronic carriers into the electrolyte, which not only
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reduce the electrical efficiency of the fuel cell but lead to increased mechanical stresses
across the electrolyte, which can cause cracking. Compared to the number of studies
that have aimed at optimising the ionic conductivity in ceria, the number of papers that
target the reduction in electronic conductivity are very low. The reason for this is that

there is no easy route to stabilise the 4+ valence state of ceria.

To date, there have been two approaches used to reduce the electronic conductivity but
there is still no satisfactory answer. The first idea was originally developed by Tuller
[79], who suggested that it might be possible to trap the electrons created as ceria is
reduced, which would lower their mobility and make their contribution to the total
conductivity smaller. To create these electron traps, a dopant is needed that reduces at
slightly higher potentials to the cerium ion. The effective positive charge on the
dopant attracts electrons, which reduces the dopant, trapping electrons and thus
lowering their mobility. The success of this technique depends on how deep the
electron traps are and a number of dopants have been considered, i.e. Pr, Sm, Fe, Mn.
Of these, Pr** has received the greatest attention. The original work of Maricle [80]
showed a large reduction in the electronic conductivity in CGO when 1mol%Pr was
added, which extended the electrolytic domain to lower oxygen partial pressures. It
was claimed that the P(-) value had been lowered by several orders of magnitude.
Unfortunately, repeated attempts by other researchers were not able to recreate such
improvements and although it seems that Pr doping does lower the electronic

conductivity, it is not sufficient for an SOFC.

The introduction and reduction of Pr** can be described by the reaction in 6.12.
Cec. +Prg, © Prg+ Cef, (6.12)

For a significant reduction of Pr, the equilibrium constant for this reaction must be
large. Navarro [81] states, that the reaction constant is only slightly larger than that for
the reduction of ceria and thus only a small improvement in the electrolytic domain can
be expected. Navarro also shows that Pr doping increased the ionic conductivity of
CGO and suggests that most of the improvements seen in the P(—) value can be

attributed to increases in the ionic conductivity. Consequently, the choice of Pr as a
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dopant appears to be incorrect. More recently, Pr doped ceria has been considered as

an electrode material, due to its increased electronic conductivity [82].

The second idea for reducing the electronic conductivity, involves the introduction of
an ionically conducting but electronically blocking grain boundary layer. The grain
boundary would not stop the reduction of ceria but would reduce the mobility of the
electrons created. This approach is discussed further in chapters 8 and 14. There are,
at present, no published reports of this technique by other researchers.

Mogensen [83] states that oxygen vacancies introduced through doping suppress the
number of oxygen vacancies from the reduction of ceria. In other words, the reaction
in equation 6.13 is driven further to the left as the dopant concentration increases,
resulting in a lower electronic conductivity. The result that increasing dopant
concentrations can increase the resistance to reduction for ceria, has been observed by

most researchers.
03 © Vg +3 0y +2¢' (6.13)

Levy [84] suggests that the oxygen vacancies interact with electrons, which tend to
lower their mobility. However, the improvement is limited to, at best, an order of

magnitude in P(-).
6.12.1. Grain Boundary Po, Dependencies

There are very few studies that have analysed the effects of reduced oxygen partial
pressure on the grain boundary conductivity. For this, it is necessary to use low
temperatures to limit the degree of electronic conduction and to resolve the grain
boundary component. At low temperatures, it is often difficult to reach equilibrium
gas pressures within reasonable time-scales and the more common approach is to

measure the total conductivity at higher temperatures.

The conductivity of the bulk material is generally assumed to follow a -1/4

dependency, with respect to the oxygen partial pressure. Wang [27] reports a stronger
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oxygen partial pressure dependence for the grain boundaries, which shows a -1/3

relationship.
6.12.2. P-Type Conductivity in Doped Ceria

The p-type conductivity in CGO is normally considered negligible in fuel cell
applications and a study by Costa [85] shows this to be true, with a measured p-type
conductivity of 1.1-1.6x10°Scm™ at 850°C. The activation energy for p-type
conduction was calculated as 3.5-3.7eV and is about twice as high as that for YSZ.
Below 900°C, the p-type conductivity in CGO is lower than that of YSZ.

6.13. Mechanical Stability

The mechanical properties of doped ceria have received very little attention. This
sections aims at providing some basic mechanical data, which will be considered in the
analysis in Appendix A, where a more in-depth discussion of the mechanical properties
are dealt with. Duran et al [12] have observed transgranular fracture in CGO (8 and
16mol% GdO, s5), which was considered an unusual mode of fracture in ceramics with
a grain size as small as 1-2um and, therefore, a high grain boundary density. Values of
the fracture toughness, K;c and Young’s Modulus, E for >98% dense samples and 3-
4um grain size are as follows (the K¢ values are higher than those reported for YSZ):

Material Ki/MPam 2 E/Nm"
Ce-4%Gd 32 175
Ce-8%Gd 22 166

Table 6.4. Fracture toughness and Young’s modulus for CGO [12].

Another mechanical property which is pertinent to the study of SOFC’s, is the thermal
stability of the ceria electrolytes with the other components of the cell. It is generally
found that the thermal expansion coefficients of ceria in air, are larger than those of
YSZ and provide a better matching to existing electrode materials. Table 6.5 shows

some typical values. Unfortunately, in reducing conditions the reduction of ceria
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causes a large change in the expansion coefficient, which can lead to cracking.

Mogensen [83] suggests this effect can be minimised by doping to high concentrations
(40-50mol%). This subject is dealt with further in Appendix A.

Material Thermal Expansion Coefficient/10°K™

CeO, 12.3
Ce-20%Gd 12.5
Ce-40%Gd 12.1
Ce-50%Er 114
Ce-10%Ca 12.8
Ce-20%Ca 13.6
Zr-15%Y 10.8

Table 6.5. Thermal expansion coefficients between 50-1000°C, from [86].
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7.1. Introduction

The components within each positive electrode-electrolyte-negative electrode (PEN)
structure of a fuel cell stack, are generally in the form of thick films (<1mm thickness).
For the planar design, the films must be flat and have a uniform thickness. One
component usually acts as the substrate and also conveys the mechanical support for
each cell. Both the electrodes and the electrolyte have been used as the substrate onto
which the other components can then be laid. There have been many techniques
developed to produce both the substrate films and the films which are placed on top of
the substrate. One of the main driving forces in the production of these films has been
the reduction in their thickness. The reasons for this are both economic and technical.
Thinner films use less material per PEN structure and so helps to lower the cost of the
whole stack. Producing thinner films also helps to lower the ohmic resistances of each
component, especially that of the electrolyte, and enables the fuel cell to operate at

lower temperatures.

Two of the largest problems faced in the production of thin films, are the differences in
thermal expansion of each material, which can lead to cracking of the plates during
manufacture and interdiffusion between the materials. The electrolyte has the highest
sintering temperature and is commonly prepared first to reduce thermal stress build up.
The electrodes are added afterwards and sintered at a lower temperature, to achieve the
required porosity and reduce interdiffusion. In this scenario, the electrolyte must act as
the mechanical support, which necessitates thicknesses between 200-400um. At these
thicknesses the electrolyte material has a relatively high resistance and it is desirable to
reduce its thickness for lower temperature operation. Below 200um the electrolyte is

no longer self supporting and one of the electrodes must act as the support.

The sintering temperature of the electrodes is around 200°C below that of the

electrolyte, in order to obtain the correct porosity in the material. Using one of the
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electrodes as the support, requires the sintering temperature of the electrolyte to be
lowered but to still maintain a dense impermeable structure. In practice, this has not
been possible and so the electrodes have been sintered at higher temperatures. This
increases the degree of interdiffusion and results in the formation of second phases at

the interfaces, which have markedly increased the polarisation losses.

The benefit of using an electrode as the support, is that sintering of a whole cell can be
carried out in one step, saving both time and money. However, the performance
benefits of the two step process, with the self supporting electrolyte, have maintained

research for both processing routes.

Another factor that must be considered in making these thin films, is the
microstructure of the supporting substrate. The electrolyte has a dense surface and the
growth of porous electrodes is relatively easy. The porous electrodes present more of a

challenge when applying a dense electrolyte on their surface.

The production and testing of fuel cell plates is largely restricted to industrial
companies, due to the quantities of material needed. For the low temperature SOFC
structures, there is still active laboratory based development. At lower temperatures,
the use of metal alloys becomes available and so it is necessary to evaluate the
production of ceramic films on to metals. Metal alloys would provide excellent

mechanical support and allow thin ceramic films to be used.

Thin and thick films play an important role in SOFC devices and the preparation of
both the supporting substrate film and the non-supporting films, are challenges which
face the commercialisation of SOFC’s today. The discovery that very thin buffer
layers can substantially decrease the electrode polarisation losses (see section 3.4.5.),

further strengthens the need to develop appropriate thin film techniques.
This chapter will review some of the research on the production of ceria and zirconia

thin and thick films. A report on a thin film technique used in this study to deposit

doped ceria onto ferritic stainless steel, will also be discussed.
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7.2. ZrO, and CeO, Films

One of the simplest and least expensive techniques to prepare both YSZ and doped
ceria films, is screen printing [1]. Basically, the electrolyte powder, dispersed in an
organic binder, is forced through a screen onto a substrate of the desired shape. The
printed pattern is then dried, before the organic binder is burnt out and the powder
sintered to a coherent film [~30um]. Thicker films can be made by successive

printings and firings and both porous and dense films are possible [1].

Another relatively simple and cost effective technique that has received increasing
attention, is that of tape casting, followed by tape calendering [2]. The electrolyte
(YSZ or CGO) is mixed with a binder and plasticiser and then rolled into a tape. A
supporting anode tape is produced in a similar way and the two tapes are rolled
together, resulting in an electrolyte thickness between 1-10um. The tape is then
sintered, before the cathode layer is slurry coated onto the electrolyte and sintered.
Uniform layer thicknesses are achievable with a fully dense electrolyte. No cracking or
delamination of the layers has been observed and there is no detectable interdiffusion
between the layers. The electrical characteristics of the cells have been shown to
achieve high current densities and no performance degradation up to 1100°C.

Electrochemical vapour deposition (EVD) is used extensively in tubular SOFC
technology to deposit the thick electrolyte layer. Generally, EVD is both an expensive
and time consuming process but it allows reproducible, fully dense and highly
crystalline films to be grown. EVD is used somewhat less in the construction of planar
SOFC’s because the thickness of the electrolyte film is prohibitively large. However,
in ceria based fuel cells, a thin layer of YSZ on the anode side of the electrolyte
increases the stability of ceria in the reducing atmospheres. Initial work on EVD films
to evaluate the kinetics of depositing ceria electrodes onto dense yttria doped ceria has
also been demonstrated [3]. The deposited layers were found to be dense and
polycrystalline with a grain size around 8um. Deposition of a 2um layer took only a
few minutes, which makes this technique more economically viable. It is unlikely that
EVD will be used to grow the doped ceria electrolyte layer, which is much thicker,

because of the time intensive process involved. EVD of YSZ layers with thicknesses
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around 10um, normally require >2hrs and analysis has shown penetration of up to 4um
into the pores of porous substrates [4].

A recent report [5] has suggested, that a YSZ/CGO composite electrolyte has no
intrinsic advantage over a simple thin YSZ electrolyte. In this report, a bismuth oxide
film was used as the electrolyte, with doped ceria as the anode. The ceria layer was
self supporting with a thin (5-60um) erbia doped bismuth oxide layer coated onto the
cathode side. Bismuth oxide is not usually considered for SOFC applications, due to
its instability even at relatively high oxygen partial pressures, as discussed in chapter 5.
This report claims that the Po, gradient across the thick, dense ceria layer was
sufficiently large, that at the interface of the anode and electrolyte, the Po, was high
enough to prevent the reduction of the bismuth ion. Although significantly higher
open circuit potentials were obtained, compared to a doped ceria electrolyte, the power

densities achieved were very low in comparison to YSZ electrolytes.

Spin coating of a buffer layer between a YSZ electrolyte and a LSCF electrode have
been reported to reduce polarisation losses at the interface [6]. Samaria doped ceria
thin films, approximately 0.1um thick, were spin coated onto LSCF, producing dense,
homogeneous, crack free films from a polymeric precursor. The thickness of the film
can be controlled by the solution viscosity, rotating disk spinning speed and time.
High density films were produced at sintering temperatures as low as 600°C/1minute,
which resulted in typical grain sizes of 0.1um. It has been suggested, that the catalytic
properties of the LSCF acted as nucleation sites, allowing the doped ceria nuclei to
form at these relatively low temperatures. In addition, it was found that ceria and
LSCF were unreactive up to 1200°C.

7.3. CeO; Thin Films and Deposition Techniques

Ceria has yet to be commercially accepted as an electrolyte material in a SOFC but it
has been used in a number of other applications, in the form of thin films. Gas sensors
incorporating ceria films, have been used in car exhausts (lamda probes), to monitor

the Po, of exhaust gases and allow the efficient burning of fuel to reduce emission
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levels. Sputtering techniques (i.e. reactive r.f. sputtering) have been used to deposit
thin films of ceria onto an alumina substrate [7, 8], resulting in film thicknesses
between 0.5-1.5um. Thicker films of ceria and yttria doped ceria (5-50um) have been
grown using spin coating and screen printing techniques [8]. Good adhesion and high
densities were obtained after sintering at 1400°C/2hours. The polycrystalline films had
very similar electrical properties to that of the bulk material, showing good matching in

the oxygen vacancy and electron activation energies for migration.

7.4. Pulsed Laser Deposition

Pulsed laser deposition (PLD) has found widespread use in the growth of high
temperature superconducting oxide thin films [9]. The ability of PLD to grow oxide
films without deviation in composition from the target material, has established this
technique in the accurate growth of thin films. PLD is also compatible with relatively
high Po, values, enabling the control of oxygen non-stoichiometry in as-grown films.

There are a significant number of research papers concerning laser deposition of ceria
onto silicon [10]. Highly textured ceria (111) films are usually grown with thicknesses
between tens of nanometers to hundreds of nanometers. Generally, no reaction phases
are detected between the ceria and silicon up to 850°C. Yashimoto [11], using a
related technique called laser molecular beam epitaxy (laser MBE), was able to grow
both polycrystalline and single crystal ceria films on Si(111) substrates. The films
were grown at 20°C, with a thickness of 270nm. Full crystallinity was exhibited in the

films and very sharp interfaces were observed between ceria and silicon.

Previous work carried out at Imperial College and UCL has studied the various
parameters required to grow crystalline CGO films onto Si(100) substrates, using PLD
[12]. The original aim of this work was to grow dense submicron films for low
temperature operation SOFC’s. However, many of the submicron films displayed
pinhole defects in their microstructure, which would allow permeation of gases. It is
possible, that slight changes in the set-up of the deposition parameters could remove
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these defects, but it was decided to concentrate on CGO film thicknesses ~l1pum, to

eliminate the pinhole problem.

The PLD experiments were performed under an initial vacuum pressure of 10°mbar.
Two different lasers were used during these experiments: A LPX-300i KrF excimer
laser and a Quantel frequency quadrupled Nd:YAG laser. The parameters of each laser
are shown in table 7.1. Laser fluences between 0.5-10J/cm’ were obtained by focusing
the laser spot to the area described in the table. The laser fluences were measured

using Gentec and Molectron energy meters.

Laser A(nm) | Pulse duration Energy per | Pulse repetition | Spot dimensions
(FWHMY (ns) Pulse (J) rate (Hz) (mm)
Excimer 248 25 1.2 10 3x1
Nd:YAG 266 35 0.09 10 1 (diameter)

Table 7.1. Laser parameters.

Previously used target materials (Ce9Gdg 10,-x) were prepared in-house, by a similar
route to those used in this study. In this study, amorphous citrate prepared pellets were
used as the target materials, with the following compositions: Ceg9Gdg 102,
Ceo3Gdo20,-x, and Cep7Gdp302.x. The CGO thin films were then ablated onto a
ferritic stainless steel (24%Cr, 0.1%Cu, 0.45%Mn, 0.62%Ni) substrate, which was
heated to 650°C in a previously optimised Po, = 1x10%orr. The steel had been
polished down to a 1um finish using a diamond paste. Ferritic stainless steel is a
candidate material for the bipolar plate in low temperature SOFC’s and this study
aimed to assess the deposition of oxides onto the steel, using PLD. The ferritic
stainless steel could also be used as the anode in a SOFC; consequently, the deposition
of CGO was evaluated. The future aim was then to study the deposition of CGO onto
porous steel, to produce an anode-electrolyte structure. Once deposited, the films were
analysed by XRD, SEM and AFM. Finally, platinum electrodes were applied for a.c.
impedance analysis.

A SIMS study of the previously deposited films, indicated that the Gd concentration
was higher than that of the target material, suggesting that the ablation of CGO does
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not proceed with perfect stoichiometric transfer. It was also observed, that certain
impurity levels (e.g. K, Ca, C and Cl) were lower in the CGO film compared to the
target composition. Additional data [13] has shown, that the longer pulse duration of
the excimer laser caused heating to a lower depth in the substrate, compared to the
Nd:YAG laser. Repeated heating produced phase changes in the surface of the
substrate, with a resulting difference in film stoichiometry. By changing some of the
deposition parameters, on both lasers, the stoichiometry of the CGO films in this study
were found to be close to that of the target materials.
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8.1. Introduction

A number of texts are available, which discuss in detail the production and
conductivity properties of glasses and the reader is referred to these for an in-depth
analysis [1, 2, 3, 4]. The aims of this chapter are to briefly summarise the subjects of
liquid phase sintering and conductivity in glasses and then to explore possible glass
additions in CGO. It is interesting to note, that much of the research in the field of
conducting glasses was reported 20-30 years ago and since then there appears to be
only a few reports on this topic. Recently, there have been some reviews on the
subject [5, 6, 7] but these basically echo the research of the previous literature. The
conduction mechanisms in glasses are still poorly understood [8, 9] and so there seems

a need for further research into ionically conducting glasses.

A glass is an amorphous material and is formed by the sufficiently rapid cooling of a
melt. The glass is thus in a metastable state and will recrystallise if exposed to high
enough temperatures. Often a number of glass phases separate in the liquid state into

individual phases, each of which may crystallise or remain glassy upon cooling.

There are a number of ways of making a glass, the most common used is that of
cooling a melt. Other techniques used include:- Condensation of a vapour phase onto
a cold substrate (CVD), disordering of a crystalline solid by irradiation and ion
bombardment and deposition from a solution (the sol-gel process). In this study, only
cooling from a melt has been employed, due to its simplicity and ready availability of

equipment.
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8.2. Liquid Phase Sintering

The addition of low melting point phases to ceramics to lower the manufacturing
temperature is not a new idea and has been used in the production of many common
ceramics, e.g. TiO; in BaTiOs;. Compared to ceramics, glasses generally have lower
melting temperatures and are therefore candidate materials for use as liquid phase
sintering aids. As well as the ability of glassy liquid phases to lower the production
temperatures, some glasses can also act as ion conductors. Unlike polycrystalline
ceramic conductors, glasses are isotropic and are not complicated by the presence of
grain boundaries. These glasses are then suitable for use as, or in, solid electrolytes.
The variety of conduction mechanisms by which glasses are thought to carry current

are described in the following sections.

Liquid phase sintering or reactive liquid sintering is commonly used to produce
ceramics, both structural and technical. The low temperature dependence of most
electrical ceramics allow liquid phases to reduce the processing temperature in
components, such as ceramic varistors, capacitors and thermistors. There are also
reports [10] of liquid phase sintering aids used in LaCrO3, the bipolar plate of a SOFC.
The essential requirements for a good liquid phase additive are an appreciable
solubility for the matrix material, low viscosity for rapid diffusion kinetics and a
contact angle that allows the liquid to wet and penetrate between the constituent
particles. In zirconia and ceria ceramics, minor silica impurities result in a small
amount of liquid phase during sintering, giving slight local variations in densification.
Some care has to be taken when choosing the liquid phase in ceramic applications,
where high temperatures are to be encountered, because of the ability of the glass to re-
melt if the temperature exceeds its original melting point. This situation is most
important for refractory oxides but in most electrical applications of ceramics this is
not really a problem. In these ceramics, devitrification of the glass is more
problematic. When a liquid phase is used, the final product will always contain some

porosity but this is normally limited to only a few percent.
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8.3. Conductivity in Glasses

The conductivity in glasses has been studied for over a century but the understanding
of the mechanisms by which current can flow is poorly understood, compared to that in
conducting ceramics. The types of conductivity that are found in glasses can basically
be divided into two groups:- Ionically conducting glasses, which are dominated by the
alkali ions and electronically conducting glasses, which are a much more recent

discovery.

Most glasses contain three basic components, network-formers, e.g. SiO, and B;0s,
network-modifiers, e.g. NaO and K;0, and intermediates, e.g. Al;0;. Pure silica
glass (fused silica) has a very low conductivity due to a continuous random network
structure and complete connectivity of the very strong O-Si-O bonds. A typical two
dimensional structure of pure B,Oj3 is shown in Fig.8.1.

Fig.8.1. Two-dimensional representation of a boron oxide glass.

The addition of network modifiers breaks some of the Si-O bonds and introduces ions
into the system, that are orders of magnitude more mobile than the network-former
ions. Therefore, the possibility of ionic and electronic glasses are made possible by

adding the correct dopants into the structure.
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8.3.1. Ionically Conducting Glasses

Ionically conducting glasses have been extensively studied, with the majority of
research centred on the alkali glasses. There is, however, limited work on other alkali-
free glasses which are also ionic conductors and a review of the current status will be
given below. Most glasses are based on the SiO, system modified by sodium ions,
which break the very strong Si-O bonds, creating non-bridging oxygen ions in the
structure (Fig.8.2.).

Fig.8.2. Two dimensional representation of a sodium silicate glass.

The sodium ions are then electrostatically attached to the oxygen ions whilst remaining
able to hop through the structure, to constitute the ionic current. All alkali ions show
this behaviour, resulting in similar conductivities. Although lithium ions achieve the
highest conductivity, due to their small ionic radius, sodium has been used most
extensively. The size of the holes in which the alkali ions are situated are determined
during the formation of the network and are thus completely dependent on the cation
size. In these glasses, the transference number of the alkali ions is found to be unity.
In the alkali “free” glasses, the transference number of the conducting ions is less
certain because of controversy over the ions present and the mechanisms for
conduction. It is thought that in fused silica, impurity levels of only parts per million

of sodium are required for the sodium ion to dominate the conductivity, while around
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5% additions of transition metal oxides exhibit a degree of electronic conductivity

[11].

More recently, the addition of silver ions into silicate glasses have shown greater ionic
conductivities compared to the alkali ions and intensive research into a number of
related glasses has been undertaken in the area of solid electrolytes. Following studies
on many silicate and other glass systems, the effects of different ion substitutions have
now been determined. Substitution of alkali ions increase the conductivity greatly (as
already discussed), while alumina slightly increases the conductivity. Additions of
ZnO, PbO, MgO, Fe;0; (single valence state only), BaO, CaO and B,0; all decrease
the conductivity.

As a result of stronger Coulombic interactions with the negative charges in the
network, the mobility of divalent and higher valent ions in silica is normally relatively
low compared to the alkali ions and consequently research into these systems is sparse.
The alkali-free glasses, e.g. BaO-SiO; and CaO-SiO,, are ionic conductors, where the
ionic migration is thought to be due to the Ba’* and Ca’* ions respectively [12, 13].
Another series of alkali free glasses are known as the Cabal glasses, based on the
system Ca0-B,0;-Al,0;. The network in these structures is formed by B,O; and
AlLO3. The addition of CaO then has two effects on the structure of the glass as the
concentration increases, which is described by Owen [3], as a simple screening model.
With low CaO concentrations, the additional oxygen from the CaO is taken up by
increasing the boron atoms co-ordination from 3- to 4-fold. This change in co-
ordination number continues up until the limit, at which each four co-ordinated boron
atom is surrounded by four, three co-ordinated boron atoms. The structural changes in
the glass up to this limit are known as the accumulation region. Above this limit a
destructive region is found, whereby the addition of oxygen from the CaO is taken up
by the breaking of B-O-B bonds, with the formation of non-bridging oxygen atoms. In
the accumulation region, the resistivity was found to be invariant with the CaO
concentration; it decreased rapidly in the destruction region as the CaO concentration
increased [14]. Based on the oxygen dependency of these glasses, the conductivity
mechanism is suggested to be due to the field-induced drift of oxygen ions. A network
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forming oxygen moves into a network modifying oxygen site (interstitial site),

accompanied by an equal but opposite migration.

It has been shown [15], that these glasses segregate on a submicroscopic scale into
borate and aluminate phases. This is a common factor in many glass systems, with
similar conduction mechanisms in both phases. In the glasses prepared by Owen,
excess boron oxide was needed to compensate for the highly volatile nature of this
compound, and were then melted at 1300-1350°C.

Oxygen ion migration has also been reported in sodium borate glasses [9]. During
electrolysis at Pb anodes, a layer of PbO was observed, indicating the preference of v o
ion migration over that of Pb®* ions into the glass. The conduction mechanisms

proposed for the oxygen ions were similar to those described for the Cabal glasses.
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Fig.8.3. A comparison of d.c. resistivity in some alkaline earth boroaluminate glasses
at 450°C [3].

Reports of the electrical properties in the related glass systems SrO-B;03-Al;03 and
Ba0-B,0;3-Al,0; by Hirayama [16] show good agreement to those of Owen, as
demonstrated in Fig.8.3. The vertical dotted line marks the boundary between the
accumulation region on the left and the destruction region on the right. The
resistivities decrease as the alkaline earth oxide concentration increases. Fig.8.4.
shows a comparison of the activation energies for these glasses, which are again in

good agreement. Hence, the conductivity in the alkaline earth boroaluminate glasses
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appears to be independent of the alkaline earth metal used, but critical on the

concentration.

The Cabal glasses are noted for their high electrical resistivities, some of which are
higher than the purest grade fused silica. The conductivity of oxygen ions is thus
relatively low but consistent with current theories, considering the large size and
charge of the oxygen ions. Additions of lead and barium are known to increase the
resistivity in some glasses but allow reasonably low working temperatures and

viscosities and prevent problems of devitrification [1].

AHd " kecal/ mole

32

Mole % MO

Fig.8.4. Activation energies for d.c. conductivity in some alkaline earth boroaluminate

glasses [3].
8.3.2. Electronically Conducting Glasses

Some glasses have been discovered which exhibit semi-conducting properties but still
possess high resistivities (e.g. 10'>Qcm at 20°C). These glasses were developed by
the semiconductor industry for the ease with which they can be made into intricate
shapes and can be divided into two classes: oxide glasses and non-oxide glasses

(normally referred to as chalcogenide glasses).
The semi-conducting oxides are based on compounds, which are also semi-conductors

in their crystalline form, such as V,0s, and FeO. These oxides are generally difficult

to prepare in a glassy form and are usually added to a network former. The systems
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V,0;-P;05 and FeO-P,0s are the most commonly encountered, where P,Os is an
insulator. Conduction is thought to occur by electron or polaron hopping between ions
of dissimilar valence, e.g. from Fe?* to Fe>*. Thus, the V,0; system is considered to
be an n-type semiconductor, while the FeO system is considered to be p-type semi-
conducting. Electronically conducting oxide glasses prepared with TiO,, CoO and

MnO in borate and silicate matrices have also been studied [17, 18, 19].

Electronic conduction in non-oxide glasses is most often encountered in the
chalcogenide glasses, based primarily on sulphur, selenium and tellurium. Additional
modifiers and intermediates include As, Sb, Bi, Tl, P and the halogens, e.g. As;Se;,
Sb,S; and As;Te;. As well as being semi-conducting, these glasses also show
photoconducting behaviour, which has found uses in the Xerox printing process.
Unlike the oxide glasses which are ionic, the chalcogenide glasses are generally
covalent and thus the mechanisms by which electrons migrate are different.
Conduction does not involve a hopping mechanism. It is thought more likely that a
band model is operative, where a high density of localised states extend from the
conduction and valence bands into the band gap of the material. Conduction is then
thermally activated and occurs when the carriers acquire sufficient energies to cross the
band gap energy. Some chalcogenide glasses can also be very sensitive to impurity
levels, a similarity shared with their crystalline counterparts, which may introduce
active donor or acceptor states within the band gap. Generally, the chalcogenide
glasses are insensitive to impurities and therefore allow less rigorous preparation
procedures compared to the standard semi-conductors [1]. In relation to the
chalcogenide glasses the oxide glasses are, on the whole, relatively less sensitive to the

presence of impurities.

Clearly, for the studies in this research, it is important to avoid choosing glass
compositions which contain any of these electronically conducting glasses. The aim is
to find a glass, which has a relatively low melting point, is purely ionic and which

therefore blocks electrons.
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8.4. Strontium Gallate Glasses

Most glasses discussed so far have been based on the network formers, SiO,, B;0s,
and P,0s, but these are not the only easily formable glasses available and other oxides,
such as GeO, and Ga;0s, can also form glasses. To introduce non-bridging oxygen
ions into the network, a modifier must be added. The alkali ions are not convenient for
an oxygen ion conducting glass but there are a number of other metal oxides, which
also act as modifiers. These include, CaO, SrO and BaO. It is worth noting, that
Ga;0; is usually considered a modifier and so the precise nature of any particular
additive depends on the nature of the specific situation in which it is being
incorporated. The most closely related glasses to the alkaline earth gallates that have
been studied are those of the Cabal glasses, which are essentially alkaline earth borates.
It is thus reasonable to assume, that the conduction mechanism in the gallates is similar

to the borates (both group III elements), viz. oxygen ion migration.

It is important to remember, that the structure of strontium gallate glasses is not known
and so other conduction mechanisms may exist. It is feasible, although energetically
very unfavourable, that oxygen molecules are able to diffuse through the network.
This could explain the high resistivities exhibited by these glasses. Alternatively,
oxygen ions may migrate via oxygen vacancies within the network, which are created
at the non-bridging oxygen bonds. Conduction from the Sr** ion is thought to be very
low, due to the large ionic radius and electrostatic attraction to the non-bridging

oxygen ions.

Reports on other strontium gallate systems also indicate oxygen ion conductivity. An
investigation by Yamaguchi [20], concerning the modified spinel structured
polycrystalline Sr-hexa-gallate (possesing a P-alumina structure, SrZnGa;(0;7),
showed excess oxygen ions were created as the structure was converted to B-alumina
by the substitution of the spinel forming agent with Zn>*. Oxygen ion migration is thus
considered the major ionic species responsible for ionic conductivity. Experiments
were also performed after the material had been soaked in a molten Na solution.
Sodium ion conductivity then dominated, which indicates the need for low levels of

sodium impurities in strontium gallate systems.
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The use of a sintering aid in ceria solutions was sparked by previous studies on the
related material, stabilised zirconia. Chiou [21] and Goodenough [22] used reactive
liquid or glass additions in an attempt to lower the sintering temperatures. Chiou
experimented with a number of glass compositions, sintering temperatures and times
and found the glass based on Ca0O-BaO-B;0;-Si0,-Al,0; achieved the greatest
improvement in densification over that of a standard CSZ. Sintering at 1350°C gave a
density greater than that of CSZ sintered at 1500°C (~95%). Sintering for short times
(1-2hrs) was sufficient to reach the high density; longer periods of time gave no
improvements in the density. The optimum concentrations of glass additive were in
the range 3-5mol% and it was found that in some cases, lower concentration of glass
actually produced samples with a poorer density than that of pure CSZ. The glass
additives were shown not to effect the bulk or grain boundary conductivities.

Goodenough, who has studied the electrolyte system lanthanum gallate doped with Sr
and Mg (LSGM), discovered that the SrO-Ga;O; system exhibited a low melting point
eutectic (1270°C) at the composition SroGa;Os [23]. It was decided to use this
compound as an additive to the conventional electrolyte YSZ, in an attempt to lower
the sintering temperature, using a liquid phase. The strontium gallate was prepared at
1210°C but was found to disproportionate on cooling into a predominately Sr3GasOq
phase. A.C. impedance results showed this ceramic to have a low conductivity
(2x10°Sem™ at 800°C) but emphasis was placed on lowering the sintering
temperature. The ceramic was then ground and added to the YSZ prior to sintering at
1350°C for two days. For a 3mol% Sr,Ga,Os sample, a density around 96% of the
theoretical was achieved, which again was greater than that of a pure YSZ sintered at
1450°C. The bulk conductivities of these materials were slightly lower than that of
YSZ, a common feature when a less effective dopant is added, whereas the grain
boundary conductivites were considerably enhanced. The highest total conductivity
was achieved with a 3mol% addition of the Sr,Ga;0s. However, the grain size in the
doped material was approximately 10um compared to only 1-2um for the pure YSZ.
The effect of the grain size would result in considerably fewer grain boundaries in the
doped sample, thus reducing the number of grain boundaries that must be crossed by
any oxygen ions. The effect of this would be to lower the total resistance of the grain
boundaries. Further analysis of the data shows that the reduction in the number of
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grain boundaries only partly accounts for the increased conductivity and thus the
dopant itself must also enhance conduction at the boundaries. It was suggested, that
the disproportionated Sr,Ga;Os may be stabilised as predominantly a single, oxygen
deficient phase at the grain boundary. An increase in the oxygen mobility at the grain

boundary, would then account for the increased conductivity observed.

From the literature available there appears to be a number of potential glasses with
sufficiently low melting points, that could be used as a sintering aid in CGO. The
ability of these glasses to be good oxygen ion conductors at the grain boundaries,
would appear unlikely. Oxygen ion conducting glasses show very large resistivities
and are most likely to demonstrate either little improvement or a worse conductivity at
the grain boundaries compared to an undoped CGO. The slight worsening in
conduction would, however, be negligible if the glass was able to block the flow of
electrons in CGO, under reducing conditions. The reduction of ceria is still one of the
main problems facing CGO if it is to be used in SOFC technology. A grain boundary
phase which can greatly reduce the mobility of the electrons is very desirable and

glasses are just one class of materials being considered.

It is relatively easier to produce a glass with the composition Sr;Ga;Os, but the
structure and conduction mechanisms remain unknown. An alternative approach
would be to cool the melt sufficiently slowly such that conversion to the ceramic form
of Sr;Ga,0s resulted. The ceramic Sr;Ga,0s would have the brownmillerite structure
(discussed in chapter 5), containing oxygen vacancies and thus may exhibit a higher

conductivity when compared to the glass form.

On cooling Sr,Ga;Os below the eutectic, the equilibrium phase will disproportionate
into Sr3Ga4O9 and Sr3GayOg. Fisher [24], suggested that the inability to synthesis
Sr,Ga;0s was the result of the small size of the Ga®* ion, which preferred tetrahedral
co-ordination. It was suggested that the brownmillerite structure can be stabilised,
using dopants to force the Ga®* ion into octahedral co-ordination within the structure.
The conductivity of oxygen in the disproportionated mixed phase, was shown to be
very low [22] and methods to stabilise the brownmillerite structure have been

investigated in this thesis.
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Based on preliminary results from this thesis, Kiratzis [25] first discussed the merit of

reducing the electron mobility in ceria electrolytes, by introducing an electron blocking
phase at the boundaries. It was thus decided to try and repeat the experiments of
Goodenough in the ceria system, for both lowering the sintering temperature and
improving the grain boundary conductivity. Although it has been reported that
strontium can react with gadolinium to form its own brownmillerite phase, Sr.Gd,Os
[26], Fisher [24], has shown this not to be the case. No phase diagram exists for the
SrO-Gd,0; system, but the compounds that have been reported, were only formed at
temperatures above 1600°C. It is unlikely that the strontium and gadolinium will react
at lower temperatures. It is thought that the gallates will be stable in reducing
environments, because of investigations into the lanthanum gallate system [15, 27].
Thus the possibility exists, that strontium gallate may also act as an electron blocking
layer as ceria is reduced. Consequently, both ceramic and glass forms of nominally the
same material were prepared and analysed in this study, with the primary goal of
reducing the electronic conductivity in CGO.
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Chapter 9. Powder Preparation

9.1. Introduction

Chapter 6 demonstrated the importance of the preparation method for ceramic
powders, in order to obtain the desired properties. There are now many techniques
available for producing powders, with resulting variations in homogeneity, particle size
and degree of agglomeration. The most commonly used methods to prepare oxide
powders are briefly described below. The first three methods have been used to
prepare powders for study in this thesis, however, the majority of powders have been

made by the amorphous citrate route.

9.2. Solid State Technique

The mixing of oxide or carbonate powders is the oldest and simplest technique
available for producing a mixed metal oxide powder and many researchers in the past
have used this method to produce doped ceria ceramics [1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11,
12, 13, 14]. Generally, the oxide powders are milled together for a long period of time
(24hrs), to reduce the particle size of the two constituent powders, before calcination at
high temperatures (1000-1200°C). The calcined powder is normally crushed and
milled again before a further calcination step and this process is repeated until a single
phase material remains. The small particle sizes and high temperatures are necessary
to promote cation movement, such that a single phase powder results. Although this
technique is simple, relatively inexpensive and capable of large scale production of

ceramic powders, there are some significant disadvantages.
Problems with the agglomeration of particles, inhomogeneous cation distributions and

the formation of second phases, lead to variations in grain growth during sintering and

thus to poorly sinterable powders. The long milling times required for good
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homogeneity can often lead to high levels of impurities. This can result in large
variations in material properties between different batches of powder. For the
production of electrical ceramics, this technique is becoming obsolete and the

following chemical processes are more commonly encountered.

Powders produced by the mixed oxide in this thesis include: A CGO powder mixed
with a deliberate doping of SiO; (see chapter 12) and CGO powder with additions of
strontium gallate and strontium boron gallate powders, both in glass and ceramic form
(see chapter 14). Solid state processing was used for these powders because alternative
techniques were either not possible or impractical for these samples. In the case of the
silica doped material, attempts to use the amorphous citrate route resulted in sintered
materials which melted and bonded to the alumina crucible and were extremely
inhomogeneous. It is thought that this is a result of silica and sodium (present in the
sodium silicate, “water glass” precursor) vaporisation from the solid solution and the
subsequent formation of a low melting point phase. The same results were not
observed when silica powder was used in the mixed oxide route. For the strontium
gallate experiments, a solid solution of CGO and strontium gallate was not desired.
The aim in this experiment was to form a grain boundary phase of strontium gallate,
for which the mixed oxide route was the most appropriate. A more advanced

technique was also used for these latter powders which is described in section 9.6.2.

9.3. Co-Precipitation Technique

The co-precipitation of cations from solution can produce powders with excellent
sinterability, however, when there are more than two cation species involved, some
difficulties can be experienced. Typically, metal nitrate precursors are dissolved in
distilled water to ensure molecular mixing of the cations. A basic solution (ammonia,
ammonium hydroxide, etc.) is then used to precipitate metal hydroxides, which form as
a result of the rapid change in pH. There are three permutations allowing combination

of the nitrate and basic solutions:

1 The base is added to the salt solution
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2 The salt solution is added to the base

3 The salt solution and base are added continuously

It is suggested that the best results are obtained by the continuous mixing of both
solutions [15].

Once the metal hydroxides precipitate from solution, links are formed between each
hydroxide and chains begin to grow. Cross-linking then enables a three dimensional
network to form, resulting in a gel which incorporates both the cations and nitrate ions
from the precursors. By washing the gel 3 or 4 times in water, followed by
centrifuging to separate the precipitate from the nitrate ions, isolation of the precipitate
can be achieved. It is then necessary to wash the precipitate in an alcohol, e.g.
ethanol, to prevent hard agglomerates from forming. The alcohol is thought to prevent
water molecules from bonding to adjacent particles, thus reducing the degree of
agglomeration [16, 17, 18]. The gel is then dried, before calcination to the final oxide

powder.

Co-precipitation produces powders which are soft and have a fine particle size but they
sometimes show chemical inhomogeneity, due to the segregation of cations. Ideally,
all the cations should precipitate from solution at the same pH. Precipitation of cations
at different pH values, leads to an inhomogeneous mixture of the metal cations.
Further, some metal hydroxides are soluble in water and thus will not precipitate,

resulting in a different oxide powder composition to the one desired.

A number of researchers have used the co-precipitation route to produce singularly
doped ceria with highly sinterable powders [19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29].
In this study, only one powder was produced at Imperial College by a co-precipitation
route, a calcium co-doped CGO powder, Ceg3Gdo.19Cag01Ox. Details of the process

are explained below.

1 Nitrates of Ce(>99%), Gd(99.9%) and Ca(99.997%) were weighed in the
requisite proportions and then dissolved in de-ionised water.

2 The nitrate solution was then dropped into a solution of ammonia (pH>13).
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3 The resulting gel was then washed 4 times in ammonia/water solutions with
decreasing ammonia concentrations. After each washing, a centrifuge was used
to separate the precipitate and the liquid was decanted off.

4 A final washing in methanol was then performed.

5 The gel was dried under a UV lamp in air, ground and then milled in methanol
for 2 hours.

6 Calcination of the dried powder was then performed at 900°C for 2 hours.

The resulting powder was single phase but contained hard agglomerates and the
sintered compact showed a large degree of inhomogeneity. Atomic absorption
spectroscopy showed very low levels of Ca and inspection of the literature revealed
that Ca(OH), was soluble in water and hence it would not precipitate, as expected,
from solution. To allow a credible comparison between the properties of the Ca doped
and undoped materials, it was decided not to use this processing method. This method
was also very time consuming and not suitable for the production of large numbers of

compositions in the laboratory.

9.4. Amorphous Citrate Technique

All powders prepared at Imperial College, excluding those mentioned above, were
processed using the amorphous citrate route, which was developed by Pechini [30].
The process involves the chelation of the precursor metal cations with a
hydroxycarboxylic acid (e.g. citric acid), which forms a polymer precursor, with the
cations homogeneously dispersed. Often a polyhydroxyl alcohol (e.g. ethylene glycol)
is then added to increase the degree of foaming during the formation of the polymeric
resin, providing a better mixing of the cations. The polymer solution is then dried to
form a viscous solution, which on further heating leads to polyesterification, the
removal of residual water and the formation of an expanded polymer resin. Heating at
higher temperatures causes a breakdown in the polymer resin, before calcination
converts the powder to the final oxide.
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The homogeneity of the metal cations in solution is maintained during the heating
stages by fixing the cations to the polymeric resin. The resin has a high viscosity,
which prevents cation segregation and the formation of hard agglomerates and results
in a homogeneous distribution of cations. The large quantity of organic material
present, generally requires higher calcination temperatures compared to the co-

precipitation technique, to effectively remove the residual carbon.

The particular method employed in this study was similar to that of Anderton [31] and
Baythoun [32] and has been adopted by some other researchers [33, 34]. The starting
precursors were all metal nitrates purchased from the Aldrich Chemical Co. as follows:

a). Ce(NO3)3.6H;0 (99.99%)
b). GA(NO3)3.6H20 (99.9%)
c). Ca(NO;3)3.2.61H;0 (99.997%)

The correct proportions of each nitrate were then dissolved in de-ionised water. A
magnetic stirrer and slightly elevated temperatures were used to obtain a clear solution,
before citric acid (99.54%, also from Aldrich), which had been dissolved in de-ionised
water, was then added to the nitrate solution. The ratio of the citric acid to metal

cation content was one to one, such that there was an excess of citric acid.

The citric acid-nitrate solution was then stirred and heated to 100°C to remove excess
water, leaving a viscous solution, that transformed to the polymer resin on further
heating. Increasing the temperature to 400°C broke the polymer chains and caused the

resin to char. Calcination to the final oxide was then performed at 900°C for 2 hours.

The addition of the citric acid to the nitrate solution allowed an organometallic
complex to form. Each citric acid molecule has four potential sites for cation
substitution (see Fig.9.1), but not every site will be used in the reaction and therefore
an excess of citric acid is needed. As the resin is heated, the complex decomposes
exothermally, breaking the carbon bonds. The resulting powder contains the cations
homogeneously distributed, which enables the formation of oxide powders with a

uniform composition on the molecular scale.
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Fig.9.1. Molecular structure of a citric acid molecule showing the four potential
hydroxide substitution sites.

9.5. Combustion Synthesis Technique

The production of an oxide powder with a high surface area in a single heating step, is
very advantageous. Combustion synthesis using glycine can achieve such a reaction.
Metal nitrates are added to glycine and dissolved in distilled water and the excess
water is evaporated off, until a viscous liquid results. Further heating causes
thickening of the liquid, followed by swelling, until an expanded foam is formed. At
this stage, the foam ignites and a self sustaining combustion reaction produces the
oxide powder. The glycine forms a complex with the metal ions, ensuring a
homogeneous distribution of cations and serves as the fuel for combustion. The major
problem with this technique is that the combustion of the precursors is very vigorous,
even when small quantities of powder are prepared and it would therefore not be

feasible to make sufficient powder in a reasonable time.

9.6. Powders Prepared at Rhone-Poulenc (RP)

All RP powders that have been used in this study have been prepared via a co-
precipitation route, which is described below. One exception to this is the CGO

powder with strontium gallate additions which is described separately. It is not
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possible to divulge the precise preparation route of these powders for commercial

reasons, however, it is possible to give a brief outline.

9.6.1. Co-Precipitation Route

Nitrates of the various metal cations were dissolved in distilled water and then added
to a solution of ammonium hydroxide and ammonium hydrogen carbonate. The
solution was then heated at 80°C until a polymer resin resulted, after which the product

was calcined at 800° for 2 hours, to produce the final single phase oxide.

9.6.2. Powder Atomisation

In order to obtain an homogeneous coating of strontium gallate around all the particles
of a standard Ce-10%Gd powder, it was necessary to employ a powder atomisation
technique. The correct mixture of cations were used to create an atomised stream,
through which the CGO powder was passed, producing an homogeneous layer around
each CGO particle. The strontium gallate consisted of two phases which were

converted to the correct single phase on heating to the melting point.

9.7. ECN Powder

One ceria powder composition was supplied from ECN in the Netherlands. The
powder was prepared using a co-precipitation route, however, the details of the
preparation are not available. The powder was analysed to demonstrate the differences
in properties, for powders from different sources. The following composition was
studied: CesGdg 18Pr0.0202-x.

9.8. Sintering

All powders were uniaxially pressed in a steel die to form a compact shape, using a

pressure of 1/2 ton. The green compacts were then placed into air-tight rubber jackets
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and isostatically pressed to 300MPa. The pellets were then sintered in air at 1550°C
for 5 hours, to obtain the maximum density [35]. The samples were sintered in
alumina trays, which had been covered with powder of the same composition as the

pellets, to prevent diffusion of impurities from the alumina during sintering.
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Chapter 10. Characterisation Techniques

10.1. Introduction

This chapter describes the techniques and equipment used in the characterisation of all
the samples studied in this thesis. The beginning of the chapter briefly discusses the
initial powder and sintered ceramic studies performed, emphasising any special
procedures required. More in-depth discussions are then included on the main analysis
techniques, including electrical testing, TEM, SIMS and LEIS. The end of this chapter
then describes the characterisation techniques used for thin film analysis. Results and

discussion of data obtained from these techniques is included in the following chapters.

10.2. Thermogravimetry of Precursor Material

The nitrate precursors and citric acid used in the preparation of powder at Imperial
College have been discussed in the previous chapter. Most of these precursors absorb
a certain degree of water, if left in air and so it was important to ascertain the correct
water of crystallisation stoichiometry in these materials, so that accurate additions of
each could be made in producing the desired CGO powders. The calcium nitrate water
content had previously been determined using an evaporation technique (the nitrate
concentration was assumed to be close to that expressed by the manufacturers). The

water content was found to be 2.61moles.

For the cerium and gadolinium nitrates, the water of crystallisation content was
determined by thermogravimetry (TG) and differential thermal analysis (DTA). The
nitrate concentration was also determined using this technique. A Stanton Redcroft
Simultaneous Thermal Analyser STA-780 Series was used, capable of weighing down
to 0.0lmg. Measurements were made in air, in the temperature range 25-600°C, using

platinum crucibles and an alumina reference for calibration. The changes in weight
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loss as the sample temperature was raised, were then quantified to calculate the

percentage of reactant.

10.3. Composition Analysis

10.3.1. Inductively Coupled Plasma

The concentration of 58 elements has been determined in selected ceria powder
compositions using this technique. The inductively coupled plasma (ICP) was
combined with atomic emission spectroscopy (AES) to quantify the Gd concentrations.
Using an internal standard, an uncertainty of 5% was achieved. A similar method was
used to calculate the concentrations of Si, Ca, Al and Mg; however, in these cases, an
external standard was used, giving an uncertainty of 10%. The remaining elements
were analysed semi-quantitatively using ICP and mass spectrometry (MS), giving an
uncertainty of 20%.

The powders were prepared for ICP, by first adding the powders and HCl into a PTFE

beaker and then rapidly heating in a microwave to dissolve the powder.

10.3.2. Atomic Absorption Spectroscopy

Atomic absorption spectroscopy (AAS) was used to determine the concentrations of
Ca and Si in a number of the powder compositions. A Perkin Elmer 2380 Atomic
Absorption Spectrophotometer with a double beam was employed. Calcium and
silicon cathode lamps were used for the metal determination, following the aspiration

of the metallic salt solutions into a nitrous oxide/acetylene flame.

Initial attempts to dissolve the oxide powders using nitric acid and hydrochloric acid
proved unsuccessful. A more satisfactory result was obtained when sulphuric acid was
used and the solution heated. The powders did not completely dissolve, however, the
majority of Ca is expected to be in solution because of its high solubility. In order to

determine the silicon concentrations, the powders were dissolved in heated
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hydrofluoric acid. The powders were still not fully dissolved and so the total Si
concentration could not be calculated. The solutions did, however, allow the
concentration of “free” silicon (i.e. in SiO;) to be calculated. It is thought that the
undetectable silicon will form part of a complex silicate structure, which is less likely
to contribute to grain boundary impurity effects. The problems experienced with the
dissolution of these powders could be solved by the use of a digestion vessel, which, at
elevated temperatures, increases the pressure within a small volume containing the
powder and acid and significantly increasing the solubility limit of the acid. It is
recommended that further AAS be carried out using this technique.

10.4. Particle Size Analysis

The calcined powder particle size distribution was determined by a laser light
scattering technique, using a Malvern Instruments Mastersizer MS1005 fitted with a
lens capable of measuring particle sizes in the range 0.1-80um. The powders were
ultrasonically dispersed in distilled water prior to characterisation, with a few drops of
a dispersant added to reduce the degree of agglomeration. This technique is based on
the fact that laser light will be scattered by particles in suspension. The angle of
scattering is related to the particle size and the intensity of the scattered light at any
given angle is related to the proportion of particles of that size in the suspension. All
powders were characterised using this technique, to help explain any differences

observed during sintering.
10.4.1. Specific Surface Area Measurements

Specific surface area measurements of a selection of powders were made using the
nitrogen gas adsorption or BET technique. A Quantachrome NOVA 2000 Analyser
was used, which had a surface area range between 0.01-2000m2/g. The technique
utilises low temperature adsorption, or the uptake of nitrogen gas on a powder surface
at the temperature of liquid nitrogen. The surface area is determined by the volume of

gas required to form a monolayer on the powder surface.
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10.4.2. Scanning Electron Microscopy

The morphology of a selection of ceria powders was examined using a JEOL JSM-
220A scanning electron microscope in the secondary electron mode. Powder samples
were mounted onto aluminium stubs using a thin film of epoxy resin and coated in

gold, to avoid charging of the sample by the electron beam.

10.5. Dilatometry

10.5.1. Sintering Dilatometry

To study the sintering behaviour of a number of Imperial College and Rhone-Poulenc
powders, dilatometry was performed to assess the shrinkage behaviour of the powders
during sintering. A SETARAM CRPHT vertical dilatometer was used to record the
shrinkage data in air, over the temperature range 20-1550°C and at a heating rate of
10°C/min. Cylindrical samples were isostatically pressed to 300MPa and the ends
polished flat. The length of the samples were kept between 5-8mm. Platinum foil was
placed between the sample and the alumina holder to prevent any contamination or
reactions. The dilatometer software compensated for the expansion of the sample

holder for each measurement.

10.5.2. Thermal Expansion Coefficients

The thermal expansion behaviour of several sintered ceria samples of different
composition were measured, using a Netzcsh 402E horizontal dilatometer in air.
Measurements were made on polished bars between 15-30mm in length, that had been
prepared as described in chapter 9. Data was recorded between 20-1200°C at a heating
rate of 10°C/min. The dilatometer had been calibrated with an alumina sample, to

compensate for the expansion of the alumina sample holder.
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10.6. X-Ray Diffraction

Both powder and sintered ceramic samples were examined by x-ray diffraction (XRD).
A Philips PW1710 diffractometer using CuK, radiation of wavelength 1.54178A was
utilised to identify the phase purity, crystal structure and lattice parameters of each
composition. Silicon (111) served as an external calibration standard and the ceramic
samples were rotated during analysis, to increase the number of orientations of the
crystal grains available to the incident x-rays. Samples were analysed over the angular
range 10° to 130° 20 at a scan rate of 2.4° 26/min and the diffraction patterns were
collected with the aid of Philips PC-APD software. The diffraction patterns were then
compared to the documented pattern for ceria in the JCPDS index. The true lattice
parameter was determined by a linear regression of lattice parameter verses cos’0 for

peak values above 70°20, to obtain the lattice parameter at cos’6=0.
10.6.1. High Temperature X-Ray Diffraction

The development of a second phase in the gadolinia doped ceria samples, described by
Bevan [1], was studied using high temperature XRD. Two samples were analysed, a
low dopant concentration (Ce97Gdg302-x) and a high dopant concentration
(Cep.7Gdp302.x). A Philips X’Pert diffractometer equipped with an Anton Paar HTK-
16 high temperature camera was used to record the diffraction patterns. Measurements
were recorded at 100°C intervals between 300-1000°C, with an equilibration time of
one hour. Slow scans (3 hours) were performed at 500°C and 1000°C for the high
dopant concentration sample to analyse fine details.

10.7. Density Measurements

The bulk density of the sintered ceramic pellets was calculated using the Archimedes’
method described below:

1. The pellet is heated in an oven to remove any water.

2. The dried pellet is then weighed in air (Mj;).
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3. The pellet is placed into a beaker of distilled water in a vacuum desiccator for one
hour.

4. The pellet is weighed suspended from a thin wire in a beaker of distilled water
(Mwater)-

5. The wire suspended in the water is then weighed (Myire).

6. The surface water is removed from the pellet and the pellet is re-weighed (Myeyair).

The bulk density of the sintered ceramic is then calculated according to equation 10.1,

Mo X Dinterti (10.1)
wet/air — (Mwater - Mwire)

Pbulk = M
where pwaerr is the density of water at the temperature of the measurement. The
measured density is normally expressed as a percentage of the theoretical density
(Ptheoretical)s Which is calculated from equation 10.2.

MWx2Z),
Ptheoretical = N, XV (10.2)

unit cell

where MW is the molecular weight and Z is the number of these atoms in the unit cell,
for all n atoms, N, is the Avagadro number and Vit cent is the volume of the unit cell

calculated from the lattice parameter for the ceria solid solution.

10.8. Grain Size Determination using Optical Microscopy

The mean grain sizes of the sintered ceramic pellets were determined using the grain
intercept method [2]. Samples were first polished in steps down to a 1um diamond
finish before thermal etching between 1435-1450°C for 20 minutes. Grain size
measurements were then determined from optical photographs, which were taken with
a Zeiss-Jenalab optical microscope with a CCD video camera module. Images were
recorded using UTHSCSA Image Tools IT version 1.25 software.
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10.9. A.C. Impedance Spectroscopy

10.9.1. Introduction

A.C. impedance spectroscopy has been used as the primary technique for measurement
of the electrical properties of all doped ceria ceramics. The theory of this technique
will be discussed in greater detail in chapter 12. This section will explain the sample

preparation and experimental set-up.
10.9.2. Sample Preparation

The sintered pellets were first ground using 1200 grit SiC paper to obtain flat, smooth
faces on either side of each pellet. Platinum paste was then applied to each face and
baked at 950°C for 1/2hour, to ensure a good contact with the pellets. Electrical
measurements were made via platinum wires attached to fine platinum meshes, which
provided the current contacts to each electrode on the pellets. The pellets and contacts
were held in position with springs, which applied a compressive force. The sample
holder is shown schematically in Fig.10.1. Impedance spectra were obtained using a
Solartron 1260 frequency response analyser over the frequency range 0.1-107Hz.
Measurements were made in the temperature range 150-500°C in air. The amplitude

of the applied excitation voltage was maintained at 50mV to ensure a linear response.

Water cooled
Vent brass housing
Quartz envelope l IFI__ —
N\ | ‘ ,
Gas C | T Contact
in m }— wires

—s ——
/

7 \\ : |
Thermocouple  Oxygen probe

Fig.10.1. Schematic of the a.c. impedance sample holder (from Lane [3]).
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Each spectra shows two high frequency semi-circles which represent the response of

the grain interior and grain boundary of these materials. Suitable fitting of these semi-
circles permits the resistance of these components to be measured and plotted on an
Arrhenius graph of logoT versus 1/T. The gradient of each line can then be used to

calculate the activation energy for ionic conduction.

10.10. Four-Point D.C. Resistivity

Using a 4-point d.c. resistivity technique, the electrical conductivity of dense ceramic
bar samples was measured for several ceria compositions, as a function of both
temperature and oxygen partial pressure. Each bar was ground to produce flat, parallel
faces with the approximate dimensions 4mm x 4mm x 30mm. The dimensions of each
bar were accurately measured using a digital micrometer. Four platinum wires were
then attached along the length of the bar (Fig.10.2): The two outermost wires were
wrapped around the bar for the current supply. Platinum paste was also applied to the
bar around the wires to ensure a good electrical contact. The two central wires were
located accurately on the bars by making small notches to rest the wires onto, and then
wrapping the wires around as before. The precise distance between the central two

wires was measured using a digital micrometer.

I
<—V —>

/Pt Paste

M o
Pt Wires

Fig.10.2. Schematic of the bar samples used for electrical resistivity measurements.
The bar was then placed onto an alumina tube, with the correct length to allow the

sample to be placed into the hot zone of a furnace. Four platinum wires ran through

the tube, connected at one end to the sample and at the other end to a digital voltmeter
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and a Solartron 1186 Electrochemical Interface for the supply of a constant current. A

thermocouple and zirconia probe were situated close to the sample and all three were
enclosed in a quartz glass envelope, which was placed inside the furnace. The oxygen
partial pressure inside the quartz envelop was controlled by mixing different ratios of
CO/CO; and H,/CO; at known flowrates with digital mass flow meters. The apparatus
can be seen in Fig.10.3. The current was kept between 1-3mA, so that the voltage did

not exceed 1V. Above 1V, ceria can be reduced, which increases the electronic

conductivity.
Water cooled
brass housing
Quartz en?lope
Gas in
Contact
wires
\

Fig.10.3. Schematic of the 4-point d.c. electrical conductivity holder (from Lane [3]).

At a given temperature and oxygen partial pressure the conductivity (o) can be
calculated from equation 10.3.

o=— (10.3)

where 4 is the cross sectional area of the bar, / is the length between the two potential
wires and R is the measured resistance, which can be calculated from Ohm’s law
(V=IR). The oxygen partial pressure can be calculated from the emf generated at the

oxygen probe, using the Nernst equation.
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10.11. Electrical Measurements at Rhone-Poulenc

Impedance spectroscopy and four point d.c. resistivity measurements were performed,
using the same sample preparation methods as previously discussed. Identical
equipment was used for the a.c. impedance measurements, while a Keithley High
Performance Multimeter Model 2001 was used as the constant current in the d.c.
resistivity measurements. Oxygen partial pressures were calculated by accurately
controlling the gas flow rates and data available in the literature [4]. D.C. resistivity
data was also recorded in air over the temperature range 300-900°C for a selection of

compositions. All data collection was automated using in-house designed programs.

10.12. Transmission Electron Microscopy

Grain boundaries, as mentioned in chapter 6, act as regions of discontinuity and sinks
for dopant and impurity segregation. It is then critical, to look into grain boundaries
and analyse the structure and chemical composition present, to elucidate on the
electrical behaviour observed. The thickness of grain boundaries in ceria ceramics is
estimated at 2-3nm [5]. This small size makes it very difficult to observe the grain
boundaries unless high resolution (HR) TEM is employed and for this reason, there are
very few reports on direct observation of grain boundaries.

The preparation of ceramic samples for transmission electron microscopy (TEM),
presents many more difficulties compared to the preparation of metal samples, due to
the extremely thin sections required. The brittle nature of ceramics often leads to
fracture, as the ceramics become thinner. Ion beam thinning is usually employed to
reduce the thickness of a sample to electron transparency but the bombardment of the
incident ions can often leave the sample with extrinsic deformation features. The
identification of true grains can be performed by tilting the sample in three dimensions
and observing the contrasting effects in the transmission image. Once the grain
boundary region is recognised, the correct orientation of the grain boundary and
adjacent grains parallel to the electron beam must be achieved, before a high resolution
lattice image can be obtained. It is at this stage, where a certain degree of serendipity
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is required because few grain boundaries allow correct alignment with the electron

beam.

10.12.1. TEM Preparation

A number of routes were used to prepare samples for TEM analysis but all samples

had to have a diameter of 3mm or less, in order to place them into the sample holder.

10.12.1.1. Preparation Route 1

A sintered pellet was first ground to between 150-200um (below this thickness, the
samples become difficult to handle) and then cut with a diamond impregnated wire
saw into rectangular shaped pieces 2mmx1.5mm. These pieces were then placed into a
steel grid (non-magnetic) with a 3mm diameter and rectangular hole in the centre for

the ceramic sample (Fig.10.4).

Steel Sample
Holder

Hole Epoxy Resin

Ion Beam
Thinned Sample

Fig.10.4. Schematic representation of a mounted TEM sample.

A quick setting epoxy resin (Araldite) was used to fix the ceramic into the hole of the
metal grid. The glue was left to set overnight, before the glue and sample were ground
further to between 80-100um. The centre of each sample was then reduced further by
a technique known as ‘dimpling’, which must be performed on both sides of a
specimen for optimum results. A dimpling grinding wheel rotates perpendicular to the
sample surface while the sample also rotates, such that the centre is ground at the
quickest rate. In theory, dimpling is finished when a small hole appears at the centre of
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the sample, however, in practice, fracture normally occurs at this stage and thus a 10-
20um thickness should remain at the centre. Ion beam thinning is then a standard, less
aggressive technique to thin the centre of the sample to a thickness of 0-200nm. Two
ion beams (one directed on the top surface and one on the lower) of 5keV and 0.5nA
are used on a rotating sample in a vacuum of 2x10™torr. The incident angle of the ion
beam onto the sample starts at 12° and is then reduced to 8°. Finally, the sample has a
thin carbon film deposited onto the analysis surface to prevent charging problems.

10.12.1.2. Preparation Route 2

An ultrasonic circular drill was used to cut 3mm diameter specimens from a sintered
pellet. The specimens were mounted onto a metal stub, which allows the samples to
be ground to between 40-80um. Following this, dimpling could be performed until a
small hole was visible at the centre, without fracture. Ion beam thinning was then
used, as described above, to produce a sufficiently thin section at the centre of the
sample, followed by carbon coating.

10.12.1.3. Preparation Route 3 (Rhone-Poulenc facilities)

A sintered pellet was crushed into small particles and then mixed with a carbon
impregnated resin and set for 24 hours. An ultramicrotomic cutting device was then
used to obtain thin sections 50nm in thickness. The cut sections were ready for

examination, needing no ion beam thinning or carbon coating.

Preparation routes 2 and 3 were most successful in terms of good images and data,
although the density of material in route 3 is rather low and thus reduces the

probability of finding correctly aligned grain boundaries.

In order to obtain a complete set of data on each sample analysed, it was necessary to
use three different transmission electron microscopes. The Ce-6%Gd R-P sample was
analysed on a JEOL FX2000 MK1 TEM, with electron diffraction and a Link Systems
chemical analysis unit, operating at 200kV and a minimum spot size around 5nm in
diameter. The Ce-26%Gd and Ce-19%Gd-1%Ca samples were analysed at R-P using
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a Philips CM30 TEM, equipped with a PGT XEDS spectrometer for chemical analysis.
XEDS analysis was performed in STEM mode using a 7nm probe, operating at 300kV.
The Ce-3%Sm-3%Y and Ce-3%La-3%Yb samples were analysed using both the
FX2000 MK1 mentioned above and the FX2000 MK2 operating at 200kV, which
provides easier imaging and electron diffraction collection. All attempts to find
correctly aligned grains and grain boundaries were unsuccessful but some orientations
still allowed high resolution images of the grain boundaries and these micrographs are

shown in the results.

10.13. Measurement of Oxygen Diffusion Coefficients

It was shown in chapter 5 that the oxygen self-(tracer) diffusion coefficient, D*, could
be directly related to the oxygen ion conductivity, o;, provided the concentration of
oxygen sites in the ideal crystal lattice is known. To enable the oxygen self-diffusion
coefficient to be calculated, ceria samples have been annealed in a labelled isotope
exchange process and then the concentration profile of the labelled isotope measured,
using a secondary ion mass spectrometer (SIMS). A brief description of the oxygen
isotope exchange and SIMS analysis is given below. Detailed explanations of these
techniques and their limitations can be found in the literature [6, 7].

10.13.1. Sample Preparation and Oxygen Isotope Exchange

Pellets with densities >95% were prepared using the route described in chapter 9. The
thickness of each pellet was approximately 3mm. A standard surface finish was
obtained on one face of each of the pellets, by grinding and then polishing the pellets
with successively finer grades of diamond paste, down to 0.25um. The samples were

then ultrasonically cleaned in acetone.

For the oxygen isotope exchange experiments, the stable oxygen isotope 80 was
chosen because it is the most suitable oxygen tracer for SIMS analysis. The exchange
experiments were performed in an UHV rig, where the samples were placed in a silica
tube, such that a tubular furnace could be rolled on and off to allow fast heating and
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cooling rates. Once the main chamber had been evacuated, research grade oxygen of
natural isotopic abundance was introduced. The pre-heated furnace was then rolled on
to the tube and the samples pre-annealed, for approximately an order of magnitude
longer than the tracer exchange anneal. This ensured that the material was in
equilibrium at the chosen temperature and oxygen partial pressure. The samples were
then quenched and the chamber evacuated, before the labelled '®0 was introduced and
the samples were annealed at the same temperature as before. After the desired time,

the furnace was rolled off and the samples quenched.

The anneal temperature is monitored by a thermocouple situated close to the sample
and logged onto a computer as a function of time. The annealing time and temperature
are then calculated from the temperature-time profile, using an expression derived by
Killoran [8], which takes into account the time periods required to heat up and cool
down the sample. The concentration of the '*0 in the "0 enriched gas atmosphere is
measured with a mass spectrometer attached to the exchange apparatus. This is

necessary to obtain accurate values for the surface exchange coefficient, .
10.13.2. Secondary Ion Mass Spectrometry

The diffusion profile within the annealed ceramics was measured, using secondary ion
mass spectrometry (SIMS) which can differentiate between the '°0 and '*0 oxygen
isotopes and record their concentrations as a function of length or time. An Atomika
6500 Ion Microprobe was used for the SIMS analysis, the details of which are shown
in Fig.10.5. There are essentially three sections: the primary ion beam, the main
chamber and the secondary ion detection system. A primary ion beam of Xe" with an
energy of 15keV was used for all samples. The primary ion beam is accelerated
towards the sample and collides with the surface, losing energy to atoms on the surface
and near surface. Some of the surface atoms are subsequently sputtered from the
sample in random directions. These secondary ions are then accelerated towards a
mass analyser and through a quadrapole mass filter to a channeltron detector, which

records the count rate of ions with assigned mass/charge ratios.
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Fig.10.5. Schematic diagram illustrating the key features of the Atomika 6500 SIMS
(from Patel [9]).
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The main chamber pressure is maintained below 10 mbar throughout the analysis, to
avoid scattering of the primary and secondary ion beams. The ceria samples studied in
these experiments are all insulators and their surfaces will accumulate charge from the
bombardment of the primary ion beam. It was therefore necessary, to use an electron
gun to provide a high intensity, low energy beam of electrons onto the sample surface
during analysis, for charge compensation. Using the electron gun restricted the area of
analysis on each sample to less than 1000um?, outside which sufficient charge
compensation was not possible and the profiles became very noisy.

Doped ceria ceramics have reasonably high diffusion coefficients and, therefore, long

diffusion profiles. A linescanning technique was thus used in the SIMS to measure the
concentrations of 0 and 'O through the depth of the sample. This method involves
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cutting the exchanged sample perpendicular to the original polished exchanged surface
and then polishing this newly revealed surface again to 0.25um (Fig.10.6).

EXCHANGE ANNEAL SIMS LINESCAN PROFILE

LINESCAN

RASTER CLEAN

POLISHED

(POLISHED: ¥ MICRON)

Fig.10.6. Schematic diagram of the SIMS line-scanning technique (from Chater et al.
[7D-

The primary ion beam is then scanned along the surface, starting from the exchanged
surface and finishing when the '®0 concentration drops to the natural '*0 background
level (0.2%). The surface concentration of '*0 for each sample was measured, using a
depth profiling technique, described by Chater et al. [7]. Samples with a relatively low
surface concentration, were placed back-to-back with an unannealed sample for
linescanning. This was to ensure, that the profile finished at the background
concentration in the annealed sample. For the higher surface concentration samples,
two annealed pieces were linescanned back-to-back. This enabled more linescans to
be recorded per analysis and allowed the start of each diffusion profile to be more

easily determined.
The isotopic fraction, C(x), at any point in the linescan is then simply given by:

Number Density of *O atoms
Number Density of ( 8 O+'6O) atoms

C(x) = (10.4)
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The normalised '®0 isotopic fraction, C'(x), was then fitted to the solution of Fick’s
second law of diffusion, using equation 10.5, obtained by Crank [10]. The solution
assumes a semi-infinite medium, a constant isotope concentration during the anneal
and a surface exchange reaction that is proportional to the difference in isotope
concentration between the gas and the solid. The derivation of this equation can be

found in reference [3].

C(x)-C
C'(x)=—ﬂ——bg=erfc(2\/—]§Tt)—exp(hx+th*t)erfc(Z\/% +hJD*t)

(10.5)

where Cyg is the B0 background concentration, C, is the concentration of 80 in the
gas phase, erfc is the complimentary error function, x is distance from the surface, D*
is the oxygen self-diffusion coefficient, 7 is the time for the '*0 anneal and h=k/D*.

A depth profile that corresponds to the solution of the diffusion equation indicates, that
solid state bulk diffusion is being measured. Deviation from the predicted behaviour
indicates the presence of other diffusion paths. The parameters D* and k can be
obtained by a non-linear least squares fit of the experimental data to equation 10.5.
The error in D* is always found to be greater than that of k and an accuracy in D* of
10% requires a minimum diffusion length of 50um when using the smallest ion beam
(5um diameter) [6].

10.14. Low Energy Ion Scattering

10.14.1. Introduction

Low energy ion scattering (LEIS) is a surface analysis technique, which selectively
probes the outermost atomic layer of a solid to yield information about the elemental
surface composition. An inert gas ion beam is scattered from the surface of a material,
as a result of a binary elastic scattering collision with surface atoms. The use of inert

gases ensures that the scattered ions mainly result from collisions with the outermost
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atoms and are in an ionised state. With a knowledge of the incident beam energy, mass
of the ion and surface atom and the scattering angle, the energy loss of the incident ion
can be calculated. The scattering energy is proportional to the mass of the target atoms
and thus the distribution of scattered ion energies reflects the composition of the

sample surface.
10.14.2. Sample Preparation

Four sintered samples were prepared for LEIS measurements. Due to the nature of the
technique, the surfaces of ‘as sintered’ materials can be analysed, thus removing the
need for polishing. However, a polished and annealed sample was also analysed as a
standard, to ensure that surface roughness caused no differences. The samples and
sample holder were cleaned in ethanol for 1 hour in an ultrasonic bath. The samples
were then transferred to the vacuum chamber and annealed between 340-380°C for 30
minutes in an oxygen atmosphere, before the final transfer into the main chamber.

An elemental study of the surface monolayers of several CGO pellets were analysed
using the ERISS (Energy Resolved Ion Scattering Spectroscopy) LEIS apparatus in
Eindhoven. Experiments are performed in a UHV chamber with an electron gun aimed
at the sample surface for charge compensation. The scattered ions are first energy
resolved with a double cylindrical toroidal analyser, before detection using a series of
channel plates to record the count rate of ions. The data was then analysed with a
program written in-house. It was necessary to use three different mass beams so that
all the target elements could be resolved. Each beam shows the highest resolution for
target elements with a similar atomic weight to that of the beam. A 3keV *He" beam
was initially used to detect the presence of residual carbon on the surface. A 3keV
*He" beam was then used to analyse low to medium atomic weight elements. A 2’Ne”
beam was finally utilised to separate the signals for the cerium and gadolinium ions.
All beam currents were initially 1nA and were increased to sputter at a faster rate. The

apparatus was capable of annealing samples up to temperatures of 500°C.

In-situ x-ray photoelectron spectroscopy (XPS) was also performed, to analyse the
elements present at a greater depth than that obtainable with LEIS. This provided
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information about the elements present in the bulk of each sample. XPS is based on
the emission of photoelectrons from atoms when irradiated with X-rays. The energy of
the emitted photoelectron then carries unique information concerning the nature of the
stimulated atom. A VG Scientific type 427 Twin Anode was used to generate Mg K,
X-rays and the emitted electrons were detected with the same set-up used for LEIS.

All LEIS and XPS measurements were made by Mr Marc Ponjée at Eindhoven.

10.15. Thin Film Analysis

The deposition of CGO thin films onto ferritic stainless steel substrates has been
discussed in chapter 7. XRD was first performed on the films to confirm the identity
of the phases present and to study signs of texturing after deposition. Analysis was
performed by Dr. D. Waller.

The thickness of each film was then determined using a surface profilometry
technique, for which a Taylor-Hobson Talystep was used. The Talystep is a
mechanical instrument that uses a finely sprung stylus, which is dragged across the
surface of the specimen, producing a scaled print out, from which the thickness can be
calculated.

Both SEM (using a JEOL JSM-220A scanning electron microscope) and atomic force
microscopy (AFM) were used to investigate the morphology of the thin films.
Porosity, pin holes, cracks and grain boundaries were the main defects which were
analysed for.

The AFM consists of a fine probe which scans across the surface of the sample,
revealing the surface morphology by measuring the force acting on the scanning tip.
The tip is not in contact with the surface and so the force is determined by the
interactions between the tip and the surface. The surface can thus be measured to a
vertical resolution of 1nm, and a lateral resolution of Snm. A Quesant QScope 250™

AFM was used in air for these experiments.
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The thin films were finally prepared for electrical testing by painting a thin layer of
conductive silver paste onto the films. The silver electrodes were dried under a UV
lamp instead of being baked on (as in the standard preparation), to prevent the silver
paste from diffusing through any pinholes in the thin films. Impedance spectroscopy
was then performed on each film between room temperature and 150°C, using the set-

up described previously.
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Chapter 11. Sample Preparation

11.1. Introduction

Chapters 5 and 6 show the wide variations in electrical properties for doped ceria,
when identical compositions are processed using different processing methods. For
this reason, it is essential to have a full understanding of the properties for each
composition, before it is possible to compare similar compositions. The results
discussed in this chapter and chapter 13 aim at providing a complete picture of all the
compositions that will be tested in the proceeding chapters. It is thought, that any
differences which are not accounted for by these results can then be attributed to true

differences, which result from changes in composition.

11.2. Thermogravimetry

The precursor nitrates that are used in the preparation of the various CGO
compositions are hygroscopic. It was therefore necessary to determine the water of
crystallisation in each material, to ensure that the correct stoichiometric ratio of cerium
and gadolinium was added. Thermogravimetry was used to measure the water content
as described in chapter 10. The graphs obtained for the cerium nitrate and gadolinium

nitrate precursors are shown in Fig.11.1.

1oo! T 100 5
| |
| |
- Mol o
04\ v/\ 5 |
5 |
-50 - - 60 g'“
= ‘g | Teme 3|
100 1
E L - 40 E-wg
'1”". ! |
1 ———=—1 lLog 15 -
-200 4 ; ?g‘[! '
| Gd —l |
-250 - 0 20
0 200 400 600 0
Templ°C

Fig.11.1. Typical thermogravimetric graphs for Gd and Ce nitrate.
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The largest weight loss in Fig.11.1 occurred at the highest temperature and is due to

the evaporation of the nitrate. Endothermic peaks at lower temperatures result from
the loss of water. Using the thermogravimetric data, it is possible to determine the
total weight percent of water lost and compare that to the expected weight percent of
water. Table 11.1 shows this comparison and demonstrates that both values are in
good agreement within the experimental error. The calculated values were thus
considered to be sufficient and used when adding the different precursors. The
calcium nitrate water content had previously been determined using an evaporation
technique (the nitrate concentration was assumed to be close to that expressed by the

manufacturers). The water content was found to be 2.61moles.

Precursor Expected Weight % Calculated Weight %
Cerium Nitrate 249 25.3+1.0
Gadolinium Nitrate 239 25.2+1.5

Table 11.1. Theoretical and measured weights of water in the nitrate precursors.

11.3. Composition Analysis

11.3.1. Inductively Coupled Plasma (ICP)

The concentration of 58 elements has been determined in selected ceria powder
compositions using the inductively coupled plasma technique discussed in chapter 10.
A gadolinium doped and calcium codoped ceria powder were chosen to establish the
concentrations of the impurities present. The impurities in samples with the same
dopants are expected to be similar, due to identical processing routes. Table 11.2 lists
the levels of the main impurities discussed in chapter 6. The remainder of the 58

elements studied were below the detection limit of this technique (<0.5ppm).

This experiment illustrates, that within experimental error, the Gd concentration is the
same as the nominal composition for both of the samples studied. The Ca
concentration in the codoped material is less than that expected but is still significantly
higher compared to the undoped sample. In both samples, the level of Si was below
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the detection limit of 30ppm, which implies very low levels of this element. The

3mol% Gd sample shows significantly higher levels of Na, Mg, Ba and Al, while the
codoped material has a high level of Ti. The expected high levels of other rare earths
are also present, most notably that of La in the calcium codoped sample.

Element Ceo.7Gdo :0x/ppm Ceo.3Gdo.19Cag 0,Ox/ppm
Gd (2.92at%) (17.83at%)
Ca 359 (0.26at%)
Si <30 <30
Na 253 3.6
Mg 48 <]

Al 147 <15
Ti 14 210
Ba 34 0.7
La 200 1476
Pr 37 35
Nd 42 10
Sm 3.8 0.6
Eu 24 14
Ho 1.7 9.4
Er 3.1 16

Table 11.2. Concentration of elements in doped ceria samples measured by ICP.

11.3.2. Atomic Absorption Spectroscopy (AAS)

AAS was only used to determine the calcium and silicon levels, using the equipment
described in chapter 10. The results for both CGO and Ca codoped CGO are shown in
Table 11.3. The free silicon level in all samples was below the detection limit of the
instrument (25ppm), which is in agreement with the results from ICP and confirms a

very low level of Si in all samples.

The Ca level in the codoped material is again lower than expected but in agreement
with the ICP results. The Ca level in the 3mol% Gd is slightly lower than the value
recorded using ICP, although it is of similar magnitude. The Ca concentrations in both

of the codoped materials is shown to be similar and permits a direct comparison of
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electrical measurements between these materials. The Ca concentrations in the 10 and
20mol% Gd samples is higher because a less pure cerium nitrate precursor was used
(>99%). There appears to be a trend towards lower Ca concentration as the Gd
concentration increases. The lower purity 10 and 20mol% Gd samples also seem to
follow this trend. It is not known why there should be this trend but the effects it may

have on the electrical conductivity are considered in chapter 12.

Material Concentration of Ca/ppm
Ce0, (99.99%) <25
Ceo.97Gdo0:0x 230
Ceo.94Gdo.060x 240
Ce9Gdo 10x 700
Ceo37Gdo 130x 220
Ceo34Gdo 160x 170
CeosGdo20x 400
Ceo.77Gdo230x 30
Ceo.24Gdo260x 60
Ce.7Gdo30x <25
Ceo.9Gdo.09Ca0.010x 2600
Ceo.3Gdo.19Cag,010x 2500

Table 11.3. Concentration of Ca in doped ceria samples calculated from AAS.

11.4. Particle Size Analysis, Surface Area and Morphology

Chapter 6 demonstrated that the size, morphology and degree of agglomeration of the
calcined powders are all important characteristics when high density ceramics are
required. The particle size measurement technique has been discussed in chapter 10.
The particle sizes of all the CGO powders studied are recorded in Table 11.4. It can be
seen that there is a large variation in particle size, with the codoped materials

exhibiting the smallest particles.

The surface area for a 23mol% Gd powder has been measured using the technique

described in chapter 10. The specific surface area was calculated as 7.5m’g’
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+0.05m’g". This value is low compared to the values obtained from industrially

produced powders (see chapter 13) and suggests a higher degree of agglomeration.

Composition Mean Particle Size (Dsy)/um
(Error £0.5um)
Ce0, (99.99%) 5.99
Ceg.97Gdo 0:0x 3.75
Ceo.94Gdo 060x 6.41
Ceo.9Gdo, 1 Ox 3.13
Ce37Gdo.130x 522
Ceo.34Gdo 160x 12.22
CegGdo20x 427
Ceg.77Gdo.2:0x 4.72
Ceo.74Gdo 260x 5.56
Ceo7Gdo 30x 7.35
Ceg.9Gdg 09Cag 010x 0.7
Ceo.sGdo.19Ca0,010x 3.98

Table 11.4. Mean particle sizes for CGO powders.
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Fig.11.2. Typical SEM morphology of a calcined CGO powder (Ce 94Gdp 0602-x).
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Fig.11.2 shows a typical SEM micrograph of a powdered CGO sample, which clearly
displays a large degree of agglomeration between particles. All CGO samples showed
similar degrees of agglomeration and consequently the effect of this on sintering
should be similar for all samples. There was also no appreciable difference in the
degree of agglomeration for the codoped powders. The smaller particle sizes recorded
for the codoped powders are probably the result of softer agglomerates, which are

disrupted more in the ultrasonic bath before measurement.

11.5. Dilatometry

11.5.1. Sintering Characteristics

Dilatometry was used to study the sinterability of a number of CGO powders. The
percent of shrinkage is measured as a function of temperature, using the equipment
described in chapter 10. In general, an s-shaped curve is obtained, with a plateau
region at high temperatures. The beginning of this plateau region provides an
indication of the sintering temperature needed to reach a density >95%, i.e. closed
porosity. The percent shrinkage allows a qualitative comparison between the green
densities achievable for each powder, with the greatest amounts of shrinkage assigned
to the lowest green density samples. It should be noted, that a low green density does
not necessarily imply that a high sintering temperature is needed to obtain a high final
density because it is the rate of material transfer at any particular temperature which
determines the final density. Fig.11.3 shows shrinkage curves for a number of CGO
compositions, including the Ca codoped materials.

Table 11.5 lists the densities of all the sintered samples, which have been calculated as
described in chapter 10. The Ceq9Gdy 09Cag,0102-x sample achieved the highest density
of all the samples prepared. This can be explained by the shrinkage curve, which
reaches the plateau region at the lowest temperature. The plateau starts at 1400°C,
after which there is no further increase in shrinkage, which suggests that both open and
closed porosity are virtually eliminated at this temperature. The sintering curve for

Ceo.8Gdo.19Ca0,010x is markedly different, showing that the sintering plateau is only
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just being reached at 1550°C. It is expected that this sample has a larger percentage of

closed porosity, which would explain the lower measured density.

The densities of the 6% and 26%Gd doped samples are both 295%. The shrinkage
curves for these samples show that the plateau region appears to start around 1550°C.
This suggests that sintering temperatures >21550°C must be used for these samples to
achieve high densities. The 16%Gd sample produced the lowest density of all the
samples (90%). The shrinkage curve for this sample displays an unusual expansion
behaviour above approximately 1450°C. It is thought that this behaviour may be due
to errors in the experimental set-up and a repeat measurement is required to clarify the
shrinkage behaviour of this sample.
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Fig.11.3. Dilatometric shrinkage curves for CGO and Ca doped CGO.

Table 11.5 shows that the density of all the samples studied was >90%, with the
majority of samples >95%. All samples were considered to be sufficiently dense to
allow conductivity measurements to be performed, with a minimal error from porosity.
The grain sizes of all the sintered pellets are also recorded in Table 11.5. Most
samples have a grain size between 3-5um, which corroborates the fact that these
samples were at a similar stage of densification. The grain size of the
Ceo9Gdo.09Ca00102-x sample is slightly larger, which reflects the fact that full
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densification was achieved at a lower temperature for this sample and suggests faster

material transport in this sample.

Composition | Bulk Density/gem™ | Density/% of theoretical | Grain Size/um
(£0.30gem™) (#3%) (#0.5um)

Ce0, (99.99%) 6.83 96 7.92
Ceo97Gdo.0:0x 6.62 92 5.00
Ceo94Gdo.0sOx 6.99 97 4.08
CeqsGdo 10x 6.89 95 3.24
Ceo.57Gdo.130x 7.18 99 4.56
Ceo34Gdo.160x 6.51 90 3.53
CesGdg20x 7.11 98 423
Ceo.77Gdo20x 6.89 95 423
Ce74Gdo.260x 6.90 95 3.89
Ceo 7Gdo30x 7.17 98 471
Ceo9Gdo0sCa0010x 722 100 6.75
Ceo.8Gdy 19Ca0.010x 6.82 94 4.04

Table 11.5. Density and average grain size of CGO and Ca-doped CGO pellets.

Fig.11.4 shows typical micrographs for two CGO samples. The sizes of the grains are
fairly uniform, with very little porosity visible within grains. The grain boundaries
show a distribution of micropores. These results are consistent with well sintered

pellets and densities >95%.

CaPoped CGO

Z 30 rﬁiu;'ons : A |
Flg.l4. Tical | cphs for polished and thermally etched samples of
Ce0.77Gdo230x and Ce9Gdy 09Cag;Ox. Dark spots indicate closed porosity.
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Fig.11.4 also shows the Ceg9Gdgg9Cag0102-x sample, which has visibly larger grains
and virtually no porosity, as predicted from the density and dilatometry measurements.
When analysing the grain boundary conductivity data for this sample, a grain boundary
correction must be made, according to section 6.10, before comparison with other

compositions.
11.5.2. Thermal Expansion Coefficients

Fig.11.5 shows a graph of the thermal expansion coefficients plotted against the dopant
concentration. The two points at 6mol% are those for the doubly doped ceria material
supplied by Rhéne-Poulenc (Ceo9sSmgo3Y0030x and CegoslagesYboosOx). The
values are calculated between the standard temperature range 50-800°C, using the
equipment described in chapter 10. The graph shows that all compositions have a
thermal expansion coefficient between 12.2-12.6x10°K™!, which is in close agreement
to the values already reported in the literature (12.5x10°K™! [1]). These results
indicate that the thermal expansion coefficient of ceria is not strongly dependent on the
doping concentration or dopant type.
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Fig.11.5. Thermal expansion coefficients in a number of doped ceria samples.
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11.6. XRD

Fig.11.6 shows an XRD trace obtained for a typical CGO sample. A single cubic
fluorite ceria phase was observed for all compositions at room temperature, with a shift
in the peak angles, from that of pure ceria, to lower 20 values. The shift in peak values
is caused by the dissolution of the dopant into the lattice and increases as the dopant
concentration increases. The d-values are found to increase as the dopant

concentration increases, which implies that the lattice parameter (ao) also increases.
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Fig.11.6. Typical XRD trace for doped ceria.
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Fig.11.7. Variation of lattice parameter with dopant concentration.
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Fig.11.7 shows how the lattice parameter varies with concentration. There is a linear

increase in ap with concentration up to 20mol%, which is in agreement with the results
of Bevan [2] but the graph appears to approach a broad plateau at 30mol%, which is
lower than that observed by Bevan. The deviation from linearity is due to the
formation of the Gd;O; rare earth C-type phase. Bevan, having annealed samples at
high temperatures for several days, claims to detect this second phase at concentrations
as low as 20mol% Gd. In all the samples analysed here, no second phase was
observed, implying that these solutions had not reached an equilibrium condition. The
presence of the plateau in the lattice parameter is suggested to be the result of two
competing factors. Firstly, a geometrical strain term related to the differences in ionic
radii between cerium and gadolinium, which increases the lattice parameter and

secondly, an attractive defect interaction term, which strongly contracts the unit cell.

11.6.1. High Temperature XRD

High temperature XRD showed no second phase peaks for Cegg97Gdg 030985 or
Ce7Gdy30; 85 at any temperature up to 1000°C, during fast scanning. The peak
angles were again shifted to lower 20 values, compared to pure ceria, with a linear
increase in the lattice parameters with temperature. However, a number of shoulder
peaks were revealed at higher angles, during a slow scan for the Ceg7Gdy30; ss
sample, measured at 1000°C (see Fig.11.8). This is consistent with the formation of a
C-type second phase. Unfortunately, it is not possible to determine if this second
phase is the same as a C-type Gd,0; phase because the structure of this phase is very
similar to the parent fluorite ceria phase, resulting in very similar diffraction patterns.
On quenching this sample from 1000°C to room temperature, the shoulder peaks
disappeared, indicating that the second phase only forms at higher temperatures. No

similar shoulder peaks were obtained on a slow scan at 500°C.

It can be concluded from these results that the difficulty in detecting a C-type second
phase is due to the slow mobility of the cations in the lattice. In order to achieve an
equilibrium condition it is necessary to anneal at high temperatures for a long time.
The sintering times used in this study are relatively short and therefore allow only short
range ordering of the cations. When this is combined with the virtually identical
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diffraction spectra of the C-type phase, the presence of this second phase would be
below the detection limits of XRD at room temperature (which is about 5%).
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Fig.11.8. XRD spectra for Ceq7Gdg 30 35 at 1000°C, displaying shoulder peaks from a
second phase.

References

1. M.Mogensen, T.Lindegaard U.R.Hansen and G.Mogensen. J.Electrochem.Soc.
141, 8, (1994), 2122.

2. D.JM.Bevan and E.Sommerville. Handbook on the Physics and Chemistry of
Rare Earths. Volume 3. Eds. K.A.Gschneider and L.Eyring. Elsevier Science.
1979, 401.

185



Chapter 12. Effects of Gd Doping in Ceria and the Production of CGO Thin Films

Chapter 12. Effects of Gd Doping in Ceria and
the Production of CGO Thin Films

12.1. Introduction

The results and discussion in the following chapters contain many impedance plots,
comparing the electrical properties of a number of doped ceria samples. The beginning
of this chapter aims at providing a more in-depth review of the impedance
spectroscopy technique, to aid in a better understanding of the results. The data
presented in this chapter are solely devoted to that of gadolinia doped ceria, with a
detailed study of the grain boundaries. For a more detailed description of impedance
spectroscopy, the reader is referred to a number of texts [1, 2, 3]. The end of this
chapter concentrates on the electrical properties of CGO thin films and their
microstructure.

12.2. AC Impedance Spectroscopy

The preparation of the sample and analysis equipment were described in chapter 10.
This section now aims to provide a description of the response of an electrolyte to an

alternating field.

When a small sinusoidal voltage, V(t) is applied across a sample, a resulting sinusoidal
current, I(t) will flow, which leads the voltage by some phase angle, ¢. The phase
difference results from either the dielectric response time of the material or to
polarisation effects at the grain boundaries. The impedance of the sample, Z can then

be calculated according to equation 12.1.

=i

8= I(t)

(12.1)
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Unlike resistance, impedance is frequency dependent and is expressed in complex

number form as:

Z=|Zle™* (12.2)
or in Cartesian co-ordinates,

Z = |Z|cos¢ — j|Z|sin (12.3)

where |Z| = Vy/Iy, Vy and Iy being the amplitude of the voltage and current. The real
(") and imaginary (Z") impedances can then be expressed according to equations 12.4
and 12.5, respectively.

Z' = |Z|cosd (12.4)

Z" = |Z|sin (12.5)
Equation 12.3 can now be written more simply as equation 12.6,

Z=7-jZ" (12.6)
Most electrolytes are polycrystalline, consisting of grains and grain boundaries.
Generally, the relaxation of charged species in the bulk and grain boundary will occur
at different rates and thus it is possible to separate their impedances as a function of

frequency. The impedance of each process will consist of a resistive and capacitive

component, which allows the impedance of the bulk relaxation to be expressed as,

L 1..
S =7 +ioC (12.7)

where R is the resistance and C the capacitance. Equation 12.7 can be shown to be the

equation of a circle (see Appendix B), with a radius of R/2 and a centre at (R/2, 0).
If o, R, and C are all greater than zero, a semi-circle will be obtained on the x axis,
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when plotted as a function of frequency. Both the bulk and grain boundary will
produce semi-circular responses. The grain boundary response will be displaced from
the bulk response depending on the relaxation rate of the charged species. It is normal

to compare the relaxation rates of different processes in terms of rate constants or

relaxation times, T, which are defined as, T = RC.

The resistance of the grain boundary region can be a result of a second phase or a
constriction resistance (explained in section 6.8.1), which results in the development of
a space-charge region as the oxygen ions concentrate at the boundary. The capacitance
of the grain boundary region is therefore associated with the polarisation at the

interface.

The relaxation time associated with the grain boundary is normally higher than that
related to the bulk. If the grain boundary relaxation time is significantly larger than
that of the bulk, the two processes will be well separated on an impedance plot. In
ceria there are two or three orders of magnitude difference in relaxation times and so

normally, two, well resolved semi-circles are obtained.
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BOUNDARY  POLARISATION

Fig.12.1. Ideal impedance spectra for a polycrystalline electrolyte, showing the

equivalent R-C circuit for each process.

As mentioned, equation 12.7 produces a semi-circle when plotted on an impedance

plot as a function of frequency. This equation can be mathematically derived (see
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appendix B) from the impedance of a resistor and capacitor connected in parallel. It is
therefore common to model electrolyte materials using electrically equivalent lumped
R-C circuits. Fig.12.1 shows the equivalent circuit for an ideal electrolyte and
resulting impedance spectrum. The electrode process has been simplified as another
parallel RC circuit but is usually more complicated. A discussion of the electrode
processes is outside the scope of this thesis. An electrolyte material, however, rarely
displays ideal resistor and capacitor behaviour and the equivalent circuits serve more

as a guide than an absolute.

12.2.1. Empirical Observations of Impedance Data

The experimentally measured impedances of a sample normally show some degree of
depression below the real axis, which corresponds to a narrow distribution of R-C
elements, or relaxation times, for that particular process [4]. This is normally the result
of inhomogeneities within a material. Thus, representing each process by a single
relaxation time is not strictly correct but represents an average value. However, this is
normally sufficient to allow approximate calculations to be made. The depression
angle, a, has been found to be independent of temperature for ceria [5] but increases as
the homogeneity of the material decreases. Thus, mixed oxide prepared materials
generally show larger depression angles because of a poorer distribution of the dopant.
The depression angle is therefore related to the width of the relaxation time distribution

and provides an indication of the degree of heterogeneity in a sample.

The resistance of the bulk material is normally taken as the intercept on the x-axis
between the two highest frequency semi-circles. In practice, neither semi-circle
intercepts the x-axis due to some overlap in the semi-circles and fitting a semi-circle to
the data can lead to errors in the resistance. Faber [6] states that a better determination
of the bulk (or grain boundary) resistance can be obtained by taking the abscissa of the

minimum observed between the two semi-circles.
At high frequencies it is often observed that the imaginary impedance in doped ceria

becomes positive. It is thought that the positive Z" is a result of the inductance created
in the parallel wires of the sample holder, and becomes significant above a frequency
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of IMHz. The inductance, estimated to be 0.9mH, prevents good resolution of a bulk
semi-circle [5] and the high frequency intercept of the grain boundary semi-circle must
be used instead.

12.3. Electrical Properties

The electrical conductivity of the following compositions have been studied with a.c
impedance spectroscopy in air, using the equipment described in chapter 10: pure
ceria, 3, 6, 10, 13, 16, 20, 23, 26 and 30%Gd doped ceria. The bulk and grain
boundary contributions have been separated using the technique discussed in section
12.2. An estimate of the accuracy of the apparatus was performed by first measuring
the impedance of a high tolerance resistor and capacitor connected in parallel and
secondly, by measuring the impedance of a sample repeatedly, at the same temperature,
after a number of heating cycles. The results from the first measurement returned
values that were the same as the quoted values for the resistor and capacitor (within the
tolerance stated). The measurements on the real sample showed that the bulk
conductivity varied by only 1%, whereas the grain boundary results showed a variation
of 30%, which is due to the higher uncertainty in fitting to the less resolved grain
boundary semi-circle. The resistance of the platinum wires was also tested using an

empty cell and was found to be <3Q below 600°C.

The results presented in this section show the conductivities for the bulk, grain
boundary and total data. It should be emphasised that this work provides the first
comprehensive set of conductivity measurements for CGO as a function of Gd

concentration and a number of important points arise from these data.

12.3.1. A.C. Impedance Spectroscopy - Bulk Data

Fig.12.2 shows the impedance spectra for several CGO samples. Both the bulk and
grain boundary responses show well resolved semi-circles. The bulk semi-circle
response can be seen to increase with Gd concentration, whereas the grain boundary

response decreases.
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Fig.12.2. Impedance spectra for several CGO samples, measured in air at 250°C.

The results for the bulk, grain boundary and total resistances of all compositions have
been converted into conductivity values and plotted on Arrhenius graphs, according to
equation 5.35. Fig.12.3 shows the Arrhenius graph for the bulk conductivity. It is
clear that the pure ceria sample displays the lowest conductivity over the entire
temperature range, which reflects the low concentration of intrinsic oxygen vacancies
present in ceria. In all cases, doping with Gd increases the conductivity by the

introduction of charge compensating oxygen vacancies.

The bulk conductivity appears to reach a maximum value between 6-10mol% Gd,
which is in agreement with most researchers for trivalent dopants. Careful analysis of
each composition shows a curvature in each experimental curve at a temperature of
approximately 350°C. The curvature appears to be largest for low dopant
concentrations and similar results have been found for Y-doped ceria [6, 7]. This
curvature can be explained by the change from associated behaviour, to unassociated
behaviour at higher temperatures, as discussed in section 6.5.1. Chapter 6 showed that
Gd-doped ceria has the lowest association enthalpy of all the trivalent dopants, which
indicates that the defect associates are readily dissociated. It is likely, therefore, that in
these experiments, the materials do not display completely associated behaviour at low
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temperatures. However, Fig.12.3 shows that logoT increases approximately linearly

with 1/T, which strongly suggests that fully associated behaviour is being measured.
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Fig.12.3. Arrhenius graph of the bulk conductivity for a series of CGO samples with
increasing Gd concentrations. Ce-26%Gd displays lines obtained by regression
analysis, used to calculate the low and high temperature gradients.

Equations to describe the low and high temperature behaviour have been derived by
several researchers for dilute concentration solutions. Wang [7] and Hohnke [8]
demonstrate the linear dependence of ionic conductivity on dopant concentration at

high temperatures, according to equation 12.8.

.,
oT~2x 10°xexp( kT"') (12.8)

where x is the dopant mole fraction and Hy, is the migration enthalpy. However, in the
low temperature regime, both authors show that the conductivity and activation

enthalpy should be independent of dopant concentration (equation 12.9).
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H, + H,)
—B 4 (12.9)

oT~5x10° exp(— KT
where H, is the association enthalpy. Hohnke claims that equation 12.9 closely
matches the experimental data for dopant concentrations below 7mol% Gd but at
higher dopant concentrations it is necessary to include terms for short and long range
defect interactions. The experimental data of Hohnke showed that the activation
enthalpy remained constant for low dopant concentrations. However, the conductivity
increased with dopant concentration, which differs from the dopant independent
behaviour expected from equation 12.9. With this increase in conductivity it is
difficult to understand how agreement with the theoretical model is obtained. Wang
has shown that the experimental data do not agree with this low temperature model.
Even dilute Ce(Y)O,.x solutions (<Imol% Y), displayed a large increase in
conductivity as the dopant concentration increased and was attributed to the decrease
measured in the activation enthalpy. Similar results have also been found by Faber [6]
for a number of trivalent dopants in ceria. The results presented in Fig.12.3 agree with
these reported experimental results, showing the conductivity to increase with dopant

concentration until a maximum is reached.

Fig.12.3 also shows a remarkable convergence point in the bulk conductivity at a
temperature of approximately 550°C, for all doped ceria concentrations. At this focus
point the conductivity is independent of the dopant concentration. A similar
convergence in bulk conductivity has also been observed by Hohnke [8] for doped
zirconia, hafnia and ceria systems. For CGO, the convergence temperature was
reported to be much higher (~1300°C), while that for Zr(In)O,.x was around 580°C. It
is possible that the convergence observed by Hohnke for CGO is due to an increase in
the electronic conductivity. At these high temperatures, the reduction of ceria will be
significant, thus introducing electronic conductivity into the material, which would
then dominate over the ionic conductivity and mask any differences. The discrepancy
between the focus temperature reported by Hohnke and these results, suggests that

Hohnke may have been using inhomogeneous samples. Clustering of large numbers of

193



Chapter 12. Effects of Gd Doping in Ceria and the Production of CGO Thin Films

defects into discrete areas, would result in an increase in the transition temperature for

unassociated behaviour.

The low and high temperature slopes on the bulk conductivity plot (Fig.12.3) can be
fitted using regression analysis (shown on Fig.12.3 for Ce-26%Gd), to provide a value
for the activation enthalpy for ionic conduction in both regions. The data points used
in each region were in close agreement with the fitted straight line, giving an estimated
accuracy in the calculated activation energies of +0.05eV. Fig.12.4 displays the values
of the activation enthalpies as a function of dopant concentration. The low temperature
activation enthalpies also contain a term for the association enthalpy (discussed earlier)
and therefore display higher enthalpy values.
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Fig.12.4. Comparison of the bulk activation energies for ionic conduction as a
function of dopant concentration, in the high and low temperature ranges.

The values for the activation enthalpy below 350°C increase almost linearly with
dopant concentration above 6mol% Gd. Below this concentration the activation
energy levels off, which agrees with the experimental data of Hohnke [8]. The data of
Wang [7] and Faber [6] show shallow minima in the dilute solution region for a
number of trivalent dopants. There are too few data points in the dilute solution region

(<6mol%) in the present work to determine if a shallow minimum occurs.
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The values recorded above 350°C appear to remain constant until 6mol% Gd, before
increasing fairly linearly with Gd concentration. It is expected that the higher
temperature activation enthalpies are due to the migration of the oxygen ions only and
should therefore remain constant, as discussed in chapter 5 and experimentally found
by Hohnke. The results presented in Fig.12.4 indicate that in dilute solutions (<6mol%
Gd), we are measuring the migration enthalpy for oxygen ions. Above this
concentration complex defect interactions are still present, which increases the
activation enthalpy and thus the simple associate defect model becomes untenable at

high dopant concentrations.

The change in gradient observed in the bulk conductivity plot may therefore represent
the dissociation temperature of simple associates (dimers), while more complicated
defect clusters are still present. In the dilute solutions there are unlikely to be any
complex associates and thus the high temperature gradient is a measure of the
migration enthalpy. At higher dopant concentrations there is a greater probability of
complex associates forming. The size of the complex associate, i.e. number of defects
present, will increase linearly with dopant concentration, therefore, a linear rise in
activation enthalpy may be expected. This is in fact found to be the case in the present
data. If we assume that the high temperature activation enthalpy for low dopant
concentrations is equal to the migration enthalpy, then by subtracting this value from
the low temperature activation enthalpies, it is possible to calculate the association
enthalpies as a function of dopant concentration. Table 12.1 shows the calculated

association enthalpies for each composition.

The very high association enthalpies (i.e. 0.56eV for Ce-30%Gd) in the most
concentrated solutions are unlikely, and indicate, that the migration enthalpy for ceria
increases with dopant concentration. The increase in the migration enthalpy may be
the result of a precipitated second phase (C-type Gd;03), which has a higher migration
enthalpy. Therefore, the low temperature activation energy may contain contributions
from the intrinsic migration enthalpy, the association enthalpy and a second phase
migration enthalpy. The last two enthalpies are thought to be dopant concentration
dependent and will be most significant in the higher dopant concentration solutions.
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Composition | Association Enthalpy/eV
3% Gd 0.09
6% Gd 0.10
10% Gd 0.16
13% Gd 0.22
16% Gd 0.24
20% Gd 0.38
23% Gd 0.41
26% Gd 0.48
30% Gd 0.56

Table 12.1. Calculated association enthalpies for CGO.

If attention is now given to the pre-exponential term, according to equations 12.8 and
12.9, at high temperatures the pre-exponential should increase linearly with dopant
concentration, whereas at low temperatures it should remain constant. Hohnke [8] and
Faber [6] suggest an exponential dependence on dopant concentration at low
temperatures, while Wang reports an exponential increase up to 30mol% Y before the
pre-exponential levels off. Fig.12.5 shows how the pre-exponential varies with dopant
concentration for this study, both in the high and low temperature regions.
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Fig.12.5. Comparison of the high and low temperature bulk pre-exponential terms as a
function of dopant concentration for CGO.
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Although there is some scattering in the data, the high temperature bulk result shows
an exponential increase in the oy term and not the linear increase predicted by theory.
The low temperature bulk data shows two different exponential dependencies, with a
change-over around 20mol% Gd. The exponential dependency for o, is in good
agreement with the previously mentioned researchers, however, the appearance of two
slopes is not expected. A change in slope is most likely to be the result of a change in
the jump frequency, vy, or the jump distance, A, but it is not possible to determine the
exact nature with this data.

Previous data by Hohnke [9, 10] who investigated Zr(In)O,.x has shown that there is a
relationship between the activation energy and the pre-exponential. A graph of Logoy
verses E, produced a fairly linear relationship. Fig.12.6 shows the same graph for the
data obtained in this research, both in the high and low temperature regions. The high
temperature data clearly shows a linear relationship. The low temperature data does
not show the same linear dependence because of the change in slope in logoy described

previously.
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Fig.12.6. Relationship between the pre-exponential and activation enthalpy for the
bulk component of CGO, both below and above 350°C.
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This type of behaviour follows a rule known as the Meyer-Neldel rule and has been
seen before in other classes of materials [11, 12]. For a series of samples that obey this
rule it can be shown that there is a convergence in the conductivity at a common

temperature, according to equation 12.10 [11].

Log(c,) = C (12.10)

_E__,
2303RT,

where E is the activation enthalpy, R the gas constant, Ty the convergence temperature
and C a constant. Using the data in Fig.12.6, the convergence temperature is
calculated as 552°C. This temperature is in good agreement with convergence
observed in Fig.12.3.

It is suggested by Nowick [11] that the convergence temperature marks the boundary
between associated and unassociated behaviour on the conductivity plot. However, the
convergence temperature for the results presented here appears to be above the
temperature seen for the transition to unassociated behaviour. There are very few
electrolytes studied that follow the Meyer-Neldel rule but it appears that CGO may be
one. With the low numbers of electrolytes that follow this rule, is difficult to find

trends that determine the conditions needed for a convergence temperature.

To conclude the discussion on the bulk data, an explanation for the conductivity
maximum is needed. For dopant concentrations below the maximum observed in the
logoT verses 1/T plot, increasing dopant concentration causes a reduction in the
association enthalpies due to favourable interactions between defects (see section
6.10). As the dopant concentration increases further, larger defect clusters form which
trap oxygen vacancies, increasing the association enthalpy and thus reducing the
conductivity. From the results in this study it is also evident that the pre-exponential
term is a function of dopant concentration and is related to the activation enthalpy via
the Meyer-Neldel rule. The conductivity is most affected by the pre-exponential term

in the low temperature associated region.
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12.3.2. A.C. Impedance Spectroscopy - Grain Boundary Data

The conductivity measured at the grain boundaries is more difficult to explain
compared to the bulk data because the exact composition and microstructure of the
boundary are seldom known. Indeed, the composition of the grain boundary is
unlikely to remain constant but vary continuously over the entire sample, which adds to
the complexity of interpretation. Fortunately, the bulk and grain boundary electrical
responses are easily resolved using impedance spectroscopy, so that the grain boundary
resistance can be accurately measured. The Arrhenius graph for the apparent grain
boundary conductivity is displayed in Fig.12.7. The most striking difference between
this graph and that for the bulk conductivity (Fig.12.3), is the absence of any
convergence temperature. Fig.12.8 shows that the activation enthalpies for conduction
are very similar for all compositions, except for that of pure ceria, which displays a
slightly higher value. A shallow minimum between 10-15mol% Gd is observed in the
activation enthalpy.
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Fig.12.7. Arrhenius graph of the grain boundary conductivity for a series of CGO

samples with increasing Gd concentrations.
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The activation enthalpies for the grain boundary conductivity are considerably higher

than either of the bulk activation enthalpies, for low dopant concentrations (<10mol%

Gd). With increasing dopant concentration, the difference between the bulk and grain

boundary activation enthalpies decreases, until 30mol% Gd, where the values are very

similar.
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Fig.12.8. Grain boundary activation enthalpies for ionic conduction as a function of

dopant concentration.

Considering the two models proposed in chapter 6 to interpret the grain boundary data,
i.e. blocking and constriction models, the present data displays characteristics of both
models. At low dopant concentrations, the grain boundary activation enthalpy is
higher than that of the bulk value, which indicates the blocking model should be used.
The blocking model considers a continuous phase surrounding all grains, having a
different composition to that of the bulk. At 30mol% Gd, the bulk and grain boundary
activation enthalpies are the same, indicating that the constriction model is more
appropriate. The constriction model considers a secondary phase at the grain boundary
which is discontinuous and permits the conduction of oxygen ions via discrete areas of
direct grain-to-grain contact. The closely matching values obtained for the grain
boundary activation enthalpy for all compositions, suggests the presence of similar

second phase compositions at the boundaries.
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Returning to the Arrhenius plot in Fig.12.7, it is observed that the grain boundary
conductivity increases with dopant concentration but reaches a maximum at 26mol%
Gd, after which the conductivity decreases. In this case it appears that the increase in
conductivity is not related to the activation enthalpies (which are similar) but must be
dependent on the pre-exponential. Fig.12.9 shows the variation of the grain boundary

pre-exponential with dopant concentration and demonstrates an exponential increase

for o, similar to that found for the bulk.
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Fig.12.9. Grain boundary pre-exponential term as a function of dopant concentration
for CGO.

For a true comparison of the grain boundary conductivities, it is necessary to re-
calculate the conductivities considering the small variations in the grain size between
samples shown in chapter 11 and the grain boundary thickness. The discussion in
section 6.10 showed how both the variation in grain size and grain boundary thickness
could be used to calculate the true grain boundary conductivity. Using equation 6.9 it
was possible to determine the grain boundary thickness for each sample. This value
varied between 2nm and 5nm, which shows good agreement to the recent results of
Christie [13], except for the 6%Gd sample which had a value of 10nm. Equation 6.10
was then used to calculate the true grain boundary conductivity using the correct grain

boundary thicknesses.
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Fig.12.10 shows the Arrhenius plot comparing the apparent and the true grain
boundary conductivities. Apart from some small deviations due to the slightly
different grain sizes and grain boundary thicknesses, the shape of the true grain
boundary conductivity follows that of the apparent conductivity. As expected the
magnitude of the true grain boundary conductivity is much lower but a maximum is
still present at 26mol% Gd. The results of Christie [13] showed a marked difference
between the apparent and true grain boundary conductivities with increasing grain size.
It was found that the true grain boundary conductivity remained approximately
constant as the grain size increased. Fig.12.10 shows that increasing Gd
concentrations do have an effect on the true grain boundary conductivity. The true
grain boundary conductivities are much lower than the bulk conductivities, which

suggests that a high resistance second phase is present at the grain boundaries.
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Fig.12.10. Comparison of the measured and corrected grain boundary conductivities
for CGO at 300°C.

Some care must be exercised when using equation 6.9 to calculate the grain boundary
thickness because this equation assumes that the bulk and grain boundary relative

permittivities are equal:

€
B 1 (12.11)
€ bulk
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Clearly, if a second phase is present at the grain boundaries ggp #€puk. The value of the
bulk relative permittivity for ceria is around 22. The value of any grain boundary
phase which incorporates say SiO,, is likely to be below 10. The grain boundary
thicknesses calculated in this study therefore represent the maximum value possible.
Smaller thicknesses would result in even lower grain boundary conductivities but the
shape of the curve in Fig.12.10 is unlikely to be changed.

It is difficult to determine from the impedance data alone, the reasons why the grain
boundary conductivity reaches a maximum. At this stage it is only possible to
speculate on the factors that need consideration, i.e. segregation of impurities and
dopant, grain boundary thicknesses, amorphous or crystalline second phases. Section
12.5 reports on the findings of the TEM work performed at the grain boundary. It is
appropriate, therefore, to discuss the possible explanations for the grain boundary
conductivity in light of this knowledge and so a full discussion of this point is included

in section 12.5.

12.3.3. A.C. Impedance Spectroscopy - Total Data

The discussion so far has focused on the individual contributions to the total
conductivity. Technologically, it is the total conductivity of an electrolyte that is of
most importance in applications. By adding the bulk and grain boundary resistance
components, the total resistance is obtained. This can be converted into conductivity
and displayed on an Arrhenius plot in the usual manner. Fig.12.11 shows the
Arrhenius conductivity plot for the CGO samples analysed in this thesis. The graph
appears to be very similar to the grain boundary conductivity graph shown in Fig.12.7.

For all samples with a dopant concentration below 20mol% Gd, the grain boundary
conductivity is at least an order of magnitude below that of the bulk conductivity and
will be the dominating contribution to the total conductivity. Above 20mol% Gd the
grain boundary conductivity is equal to or greater than that of the bulk and thus the
bulk conductivity starts to dominate. This results in a change in the total conductivity
graph compared to the grain boundary conductivity graph.
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Fig.12.11. Arrhenius graph of the total conductivity for a series of CGO samples with

increasing Gd concentrations.

Fig.12.12 displays an isothermal conductivity plot at 500° for the bulk, grain boundary
and total conductivities, as a function of Gd concentration. This temperature is chosen
because it represents the temperature that it is hoped to operate an SOFC stack using
CGO electrolytes. It shows more clearly the relationships between the bulk, grain
boundary and total conductivities discussed above. The bulk conductivity produces a
curve with a shallow maximum between 6-10mol% Gd. It is interesting to note that at
this temperature there is very little difference in bulk conductivity over the entire

concentration range.

The grain boundary conductivity produces a more acute maximum at 26mol% Gd.
The total conductivity follows the grain boundary conductivity until the bulk
contribution becomes significant. This produces a broader maximum in the total
conductivity graph between 20-26mol% Gd. A similar maximum has been reported
previously by Yahiro [14] for a series of ceria-samaria solid solutions. The decrease in

conductivity above the maximum was found to be less dramatic than that below the
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maximum. Also, the total conductivity maximum became broader as the temperature
increased, a result which is true of the Gd doped samples in this thesis.
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Fig.12.12. Isothermal conductivity of CGO at 500°C as a function of Gd
concentration, showing data for the bulk, grain boundary and total contributions.

From the results in Fig.12.12, it would appear that the CGO composition with the
highest conductivity is Ce-26%Gd. It is suggested that the 10% and 20% Gd
compositions presently considered for SOFC applications are not the optimum

compositions for maximum conductivity.

12.3.4. Silica Additions

Chapter 6 discussed the impact of impurities in ceria, especially at the grain
boundaries. The high grain boundary resistances measured were reported to be due to
the presence of an amorphous silica phase, which had developed from the segregation
of Si to the grain boundaries. A number of researchers have reported higher grain
boundary conductivities in high purity materials but there is no direct evidence that this
is a result of lower Si levels at the grain boundary. Impedance spectroscopy does not
allow chemical determination of species but by deliberately doping a CGO sample
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with silica, it is possible to detect if the dopant has any effect on the bulk or grain
boundary conductivities.

As a reference, it was decided to measure the impedances of a pure ceria and pure
gadolinia sample and compare these to a standard Ce-10%Gd sample. The Arrhenius
graph for these three samples is shown in Fig.12.13. Clearly, both the bulk and grain
boundary conductivities for pure ceria are lower than the total conductivity for CGO
(10%Gd). The bulk conductivity for gadolinia is at least two orders of magnitude
below that of pure ceria. The grain boundary conductivity was too high to be measured
over the temperature range of the experiment. The formation of gadolinia rich phases
at the grain boundary is therefore undesirable and segregation of Gd to the grain
boundaries should be prevented.
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Fig.12.13. Comparison between the conductivities of pure ceria and pure gadolinia
against a standard Ce-10%Gd sample.

To assess the effects of silica in CGO, a 5mol% addition of SiO, was added to a Ce-
10% Gd powder and mechanically mixed. A pellet was then prepared via the normal
route for impedance analysis. The Arrhenius plot of conductivity for this sample,
compared to a normal CGO sample, is shown in Fig.12.14.
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The bulk conductivities are virtually the same at low temperatures and only deviate
slightly at the highest temperatures. This result suggests that a large proportion of the
silica may have segregated to the grain boundaries. Further evidence for this is the
decrease in the grain boundary conductivity by over an order of magnitude for the
silica doped CGO. Assuming the purity of the CGO in both samples is the same, this
result strongly suggests that silica plays an important role at the grain boundaries. It
should be remembered that the silica addition will also contain some impurities and
these too may have contributed to the grain boundary conductivity. These results
suggest that low silica impurity levels are desirable to achieve the highest

conductivities.

Temperature/°C
2 500 350 250 150
g @ Bulk (normal)
° @ G.B. (normal)
04 ® & o ® Bulk (5% silica)
e o m  G.B. (5% silica)
<1 - &
'.-E a %
O -2 - - ®
@ = 8
|; -3 - . o ‘
k- - *
Mg -4 - B .
- =]
-5 4 - (+]
" o
-7 T T 1
12 16 20 24 28
10000/T (K™)

Fig.12.14. Comparison of the bulk and grain boundary conductivities for a normal Ce-

10%Gd sample and a silica doped CGO sample.

12.4. Low Energy Ion Scattering (LEIS)

LEIS and XPS measurements have been performed on four samples prepared at IC:-
Ce-6%Gd, Ce-26%Gd and two Ce-9%Gd-1%Ca pellets. The first three samples were
analysed as-sintered, while the fourth sample had been polished down to a 1/4 micron
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finish using diamond paste and then annealed at 1430°C for 1/2 hour. A brief
description of the LEIS and XPS techniques and equipment used, is given in chapter
10.

Care must be taken when analysing LEIS spectra because the peak heights of each
element do not indicate the concentration of a particular element. The variation in
sensitivity of different elements, using different beams, further complicates the
analysis. To compare concentrations, the area under each peak must be used, after
subtracting the value for the background (which is a gently curving arc in these
experiments). When the composition on the surface changes, the peak areas change,
but it is not possible to quantify the number of atoms involved, without a comparison

with known standard samples.

In each LEIS spectrum a large background peak can be seen. Incoming ions that are
not scattered from the surface, are normally neutralised below the surface layer (for
inert gases). However, some neutral species can be reionised and escape the surface as
secondary ionised ions. It is these ions which are responsible for the background peak.
It is generally found that as surface impurity layers become thinner, more secondary
ionised ions can escape the surface and the background height increases. The
background height reaches a maximum when only one monolayer of surface impurities
remain. For CGO, the appearance of Ce on the surface lowers the background signal
because cerium does not readily produce secondary ionisation with inert gas beams.
This behaviour was observed for the samples used in this study. Some spectra also
display a large peak to the far left of the spectrum. This peak is called a sputter peak
and is due to the presence of sputtered ions which do not give a LEIS spectrum, i.e.
hydrogen ions when using the helium beams and all low mass elements for the neon
beam.

The surfaces of all samples were first analysed using a *He" beam scanning over an
area 3mmx3mm, to detect for hydrocarbon and silica deposits, which are normally
present within the first monolayer. Fig.12.15 displays LEIS spectra for as-sintered Ce-
6%Gd and Ce-9%Gd-1%Ca for this initial area scan. The Ca-doped material shows no
carbon or silicon deposits on the surface, while the Ce-6%Gd sample displays a small
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carbon peak. After several measurements the carbon signal disappeared, which

indicates that carbon is a surface deposit. Distinct peaks are displayed for Na, Al, Ca,

K and O, which are all common surface contaminants in oxide materials. The position
expected for the Ce+Gd peak is marked on the spectrum, although no peak is actually
visible. This result is consistent with a surface layer containing the elements

mentioned above covering the bulk Ce and Gd.
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Fig.12.15. LEIS spectra for as-sintered Ce-6%Gd and Ce-9%Gd-1%Ca showing the
initial area scans (3x3mm) using *He" beam (3keV, I=1nA).

Fig.12.16 shows the LEIS spectrum for Ce-6%Gd using the *He" beam at different ion
doses. The low ion doses (10'*-10"*ions/cm’) are obtained from large area scans,
while the high ion doses (10'7-10"*ions/cm?) use a spot measurement (0.1mm?). The
same elements are observed as before and remain in each spectrum as the ion dose
increases. Normally, the impurity signals diminish after the first monolayer has been
sputtered off the surface and the signals from the bulk elements dominate. In the
present case this is not true because the impurity signals are still present when several
tens of monolayers have been sputtered. Also, it is common to observe impurity peaks
diminishing at different rates because of the differences in depth distribution for each
element. This is not observed in any of the spectra presented here.
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Fig.12.16. LEIS spectrum for as-sintered Ce-6%Gd using a *He" beam, showing the
development of the Ce+Gd peak and the presence of a thick surface region (several
tens of monolayers thick). Ion beam doses as indicated (3keV, [=2-3nA).

The appearance of impurity signals at high ion doses suggests that the segregated
surface layer is considerably thicker than one monolayer. In addition, the ratio of the
peak heights remains approximately constant between measurements, which implies
that these elements have formed a single composition on the surface. The presence of
such a thick segregated layer containing a large number of elements is unusual because
of the time needed for segregation of these atoms. After the first monolayer has been
formed the segregation of further atoms through this layer is less favourable. After
several monolayers have formed it seems unlikely that further segregation would

occur.

One answer to the problem of having such thick surface layers is that the surface is not
a crystalline phase but a glassy structure. Glasses are generally more difficult to
sputter than crystalline materials and thus require a higher ion dose to achieve the same
sputter depth. Several tens of monolayers sputtered in a polycrystal could in fact be
only a few monolayers in a glass, for the same dose. It is clear, however, that a thick

surface phase is present, which cannot be accounted for by surface contamination.
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This surface phase will have formed during sintering when very high temperatures are
experienced and atom mobilities become significant.

To determine the ease of formation of the surface layer, the Ce-6%Gd sample was
sputtered overnight using the Ne beam, over an area of 9x9mm, to remove the surface
layer. The total ion dose was calculated as 3.4e10'%ions/cm’. Spectra using “He” were
then measured on the cleaned surface. The sample was then heated to 500°C for 2
hours in an oxygen atmosphere. Further spectra were then obtained using a ‘He*
beam. Fig.12.17 shows the initial LEIS area scans for the as sintered, sputter cleaned
and annealed surfaces of the Ce-6%Gd sample.
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Fig.12.17. LEIS spectra for the as-sintered, sputtered and annealed surface of a Ce-
6%Gd pellet. Segregation peaks disappear after sputtering but re-appear after the short
anneal (3keV, [=2-4nA).

Fig.12.17 shows that the peaks from the surface layer have virtually disappeared in the
sputtered sample, which indicates that the bulk composition has been reached. The
annealed spectrum reveals the return of the same peaks previously seen in the as-
sintered sample and suggests that a small degree of segregation has occurred, even at
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500°C. The implication is that segregation of impurities is inevitable in doped ceria

electrolytes used in SOFC’s and thus every care must be taken to avoid contamination.

It was not possible to resolve the Ce and Gd signals into two separate peaks using the
He beams because He is not sensitive to high atomic mass elements. A result of this
poor sensitivity is that it is not possible to detect the presence of the dopant Gd in the
surface region. It is possible that Gd has also segregated to the surface to some degree

but LEIS measurements are not able to positively confirm this.

The large Ce+Gd peaks observed in the He measurements were better resolved when a
Ne beam was used. Fig.12.18 shows the LEIS spectrum for Ce-26%Gd using a Ne*
beam, which clearly shows a Gd shoulder on the Ce peak. The major disadvantage in
using the Ne beam is that the sensitivity for the low atomic mass elements is lost. All
of the segregated impurities seen with the He beams have a low mass and so this detail
disappears when using a Ne beam. In addition, a spot measurement is used in
Fig.12.18, which has a high dose and will have sputtered through the surface impurity

layer.
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Fig.12.18. LEIS spectrum obtained from a spot measurement using a Ne* beam,
showing a Gd shoulder on a Ce peak, for a Ce-26%Gd sample (4.75keV, I=3nA).
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Fig.12.19 shows the LEIS spectra for the Ca doped sample taken using a “He" beam.
The spectra reveal that the same elements are present in the surface layer as were found
for the Ce-6%Gd sample. When using the *“He" beam the impurity element peaks
remained in the spectra to very high ion doses. The development of the Ce+Gd peak
also required a higher ion dose. These results indicate the presence of a thicker surface
layer on the Ca-doped CGO sample.

Impurities and dopants in ceria are both known to segregate to higher energy surfaces
[15] and this study provides evidence for the segregation of a large number of atoms to
the surface of ceria. Grain boundaries are also high energy surfaces and segregation to
these surfaces is also expected. Using the information from the LEIS data it is
reasonable to assume that a grain boundary layer would form with a similar

composition to that found on the surface of the pellet.
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Fig.12.19. LEIS spectra showing the development of the Ce+Gd peak for a Ca-doped
CGO pellet and a thick surface layer, using “He" spot measurements (3keV, I=1-8nA).

The electrical measurements presented earlier in this chapter and those discussed in

chapter 14, show the grain boundary conductivity for the Ca codoped material to be
considerably higher than the Ce-6%Gd sample. An explanation of these results using
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the LEIS data, is the presence of a thicker grain boundary phase for the Ca codoped
material, which can incorporate more impurity atoms. The grain boundary phase
would reduce the amount of glassy silica present, which has a very high resistance.
The Ce-6%Gd is therefore speculated to have more glassy silica present. In addition,
the thick boundary phase may also contain Ce and Gd which may increase its
conductivity further over a glassy silica phase. The data are, however, contradictory to
the impedance data, where a higher capacitance is calculated for the Ca-codoped
material, which implies a lower grain boundary thickness, according to the familiar
expression, C=ggerA/l.

It is not possible to determine the structure of the surface layer using LEIS but these
results imply a complex oxide structure, which can accommodate a large number of
different elements. The high doses needed to sputter through the surface layer suggests
that this layer may have a glassy structure.
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Fig.12.20. LEIS spectra to show the comparison between as-sintered and polished and
annealed Ca-doped CGO, using a “He" area scan (3keV, I=1-3nA).

Dose=3x10"%ions/cm’ for both compositions.
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The final LEIS spectrum (Fig.12.20) shows the effects of polishing and annealing
samples prior to analysis. It is clear that the polished sample has less well defined
impurity peaks but all the peaks are the same as those of the as-sintered sample. It is
clear that the background signal is higher for the polished pellet. From the earlier
discussions, this indicates that the segregated surface layer is thinner. The polished
pellet was exposed to a lower temperature for a shorter time compared to the as-
sintered pellet. From this it is be expected that the polished sample would have a
thinner segregated surface layer.

12.4.1. XPS

XPS was performed on all samples using the equipment described in chapter 10.
Fig.12.21 shows the XPS spectrum for the as-sintered Ce-6%Gd pellet. The same
impurities detected using LEIS were observed in the XPS spectrum, i.e. Na, K, Al, and
Ca but traces of other impurities were also found e.g. Cl, Si. The Ce-6%Gd sample
sputtered overnight with a Ne beam, showed a similar spectrum but showed less
development of the impurity peaks, especially Si and Cl.
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Fig.12.21. XPS spectrum for as-sintered Ce-6%Gd using a Mg K, beam. Inset shows
peaks at higher binding energies.
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XPS performed on the remaining samples showed similar spectra to Fig.12.21,
confirming the composition of the surface layer determined using LEIS. These results

demonstrate that the surface of all IC prepared materials contain similar impurities.

The ICP measurements shown in chapter 11, show that Gd-doped ceria has a
significant concentration of sodium. This is in agreement with the LEIS and XPS data
which show a strong Na peak. Using ICP, the Ca codoped CGO is shown to contain a
considerably lower concentration of Na. A sodium peak is still present in the LEIS
spectra which suggests that Na has a strong tendency to segregate to the surfaces.

12.5. TEM

Two Gd-doped ceria samples were analysed using TEM: Ce74Gdo2602x and
CepsGdp.19Ca0,0102.x. The samples were prepared and characterised at Rhone-Poulenc
as described in chapter 10. The results of microanalysis for both samples, showed that
silicon was not detectable at the grain boundaries. The smallest size of the microprobe
attainable (7nm), resulted in a large signal from both of the adjacent grains, during
each grain boundary measurement. If the grain boundary regions were very thin
(<1nm), the composition of the grain boundary may be masked by the data from the

grains.

To obtain an image of the grain boundary structure of this thickness, it is necessary to
find an orientation that permits lattice imaging of the two adjacent grains and a grain
boundary parallel to the electron beam. It was not possible to find such an orientation
in these samples because the preparation reduced the number of grain boundaries that
could be observed. It was possible, however, to achieve high resolution images of the
grain boundaries aligned parallel to the electron beam, which allow an approximate
determination of the width of the grain boundaries and the presence of any second
phase material. Fig.12.22 shows a high resolution image of the Ce-19%Gd-1%Ca
sample. The thickness of the grain boundary is clearly very small (<Inm) and there is
no visible evidence of a second phase. Careful examination of the grain boundary

reveals light and dark fringes but these are due to the disorientation between the two
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grains. The thickness of the grain boundaries remained constant for all areas analysed,

including triple grain points. where no second phase was detected.

Fig.12.22. Bright field HRTEM image of a Ceg3Gdg.19Cag 0102.x sample with grain
boundary aligned parallel to electron beam.

The electron diffraction patterns for all the grains studied showed fully crystalline
phases. There were no amorphous phases detected at the grain boundaries. These
results suggest that, in both samples, the grain boundary thickness is much smaller than
previously expected and the thickness of any distinct segregated phase must be <Inm.
It is possible that segregation of impurities and dopants is not significant in these

materials but this appears to be in contradiction to the LEIS results, which showed
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strong segregation of most impurities to the surface. The driving force for segregation
to the grain boundaries is less than that to the surface and it is expected that a grain
boundary layer would be thinner than a surface layer. The impurity concentration in
these materials is relatively low and it is possible that there is only a monolayer
coverage of impurity phase around the grain boundaries, or even incomplete coverage.
The grain boundary phase would then be less than 1nm in thickness.

In these experiments the grain size was approximately 4um and the pellet dimensions
were, Imm thickness and 10mm diameter. Assuming the grains to be spherical and the
grain boundary to be linear and of thickness 1nm, the total number of grains and hence
the volume of grain boundary can be calculated. The total number of grains in a
typical sample is 2.34x10%grains, which gives a grain boundary volume of silica for
complete coverage of 5.89x10"'m’. The density of silica (quartz) is 2.65gcm™, thus
the mass of silica required is 1.56x10™*g. The mass of the pellet was 0.5g and thus the
weight percent of silica in the pellet is 0.03Wt% SiO,. This corresponds to a value of
approximately 850ppm of silica. Although this is only a rough calculation it appears
that silica does not cover all grains in these materials (Si concentration <25ppm) and

thus the constriction type of model looks more appropriate.

The LEIS results also revealed the same elements present in the surface layers for all 3
compositions studied, which suggest similar compositions and structures for each
layer. It is expected that the grain boundary layers would form the same compositions
at the grain boundaries. The differences observed in the electrical properties at the
grain boundaries must therefore result from the degree of coverage of the grain
boundaries with the impurity phase.

The Ca-codoped material had a grain size approximately twice that of the other
samples studied and consequently, a smaller grain boundary area to cover. LEIS
results showed this material formed the thickest surface layer. This material also
displays the highest grain boundary conductivity (see chapter 14), which indicates that
it is the presence of the grain boundary layer that increases the conductivity. If this is
true, the higher Gd doped concentrations should have a higher coverage of impurity
phase at the grain boundary. Fig.12.23 shows a schematic representation of a possible
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grain boundary structure that may be present in these materials. The only method that

would allow determination of this fact is high resolution lattice imaging.
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Fig.12.23. Schematic representation of the grain boundary in doped ceria.

12.6. Conclusions

The results from the LEIS and TEM analysis have shown that silica is not the most
abundant impurity at the surface or grain boundary of CGO. It is clear from both the
impedance and LEIS data that an impurity layer is present at the grain boundaries. The
question remains as to the nature of the this grain boundary phase. It is at this point
that some contradiction in the data from different techniques occurs. LEIS
measurements predict a thick impurity layer at the grain boundary (several
monolayers). Calculations from impedance spectroscopy suggest a thickness of 2-
5nm, while the TEM results imply a grain boundary layer <Inm in thickness. With no
amorphous structure visible in electron diffraction patterns it is speculated that the
grain boundary impurity layer is predominantly crystalline. LEIS measurements
suggest that the composition of this impurity layer is likely to be a complex Na-Ca-
oxide, which may form a glassy structure. The differences observed in the grain
boundary conductivities are thought to result from differences in grain boundary layer
thickness and continuity and the degree of segregation of impurities and Gd. It should
be remembered, however, that LEIS and a.c. impedance measurements average over a

large number of grains. For TEM analysis only one or two grain boundaries are
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selected, which statistically reduces the significance of these results. Further attempts

to analyse the grain boundary region are reported in chapter 13.

12.7. Thin Films

The majority of this thesis is concerned with the electrical properties of samples which
are considerably thicker than that required for device operation. As discussed in
chapter 7, both thin and thick films of CGO are being used in SOFC stacks and
research on a number of deposition techniques is being performed. This section
concentrates on the production of CGO films using the pulsed laser deposition
technique discussed in chapter 7. Each of the thin film compositions were deposited
by laser ablation for 90 minutes. The resulting thicknesses of each film are given in
Table 12.2. Fig.12.24 show a typical XRD spectrum for each thin film. The film is
polycrystalline but has a high degree of texturing in a [111] direction.

Composition Film Thickness/pum
Ceo9Gdo ,0x (1) 0.236
Ce9Gd, 0x (2) 0.736

Cey3Gd20x 1.550

Ceo7Gdo30x 1.335

Table 12.2. Film thicknesses.
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Fig.12.24. Typical XRD trace for thin film CGO on a ferritic stainless steel substrate.
Measurement courtesy of Dr.D.Waller.
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SEM analysis on the first 10%Gd sample revealed several pinholes in the film and

these were thought to be responsible for the short circuit conditions observed under
electrical testing (this sample had silver electrodes that were baked on at 700°C).
AFM (Fig.12.25) and SEM analysis of the remaining films showed a very dense
structure with no visible pinholes.

A.C. impedance measurements were performed below 200°C to allow the bulk
responses to be seen. No clear grain boundary component was visible for any of the
samples and a large overlap with the electrode response was observed. This overlap
complicated the interpretation of the bulk resistance but normally an adequate fit could
be obtained.
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Fig.12.25. AFM image of the surface of a CGO thin film, showing a very flat
topography and no pinholes.

Fig.12.26 shows the impedance data for each film composition at 130°C. A fully
resolved bulk semi-circle is not obtained for the 10%Gd sample, which displays the
lowest resistance. The inset shows a similar poorly resolved bulk semi-circle for the
20%Gd sample at a higher resistance. The bulk response for the 30%Gd sample is
only observed at higher resistances.

221



Chapter 12. Effects of Gd Doping in Ceria and the Production of CGO Thin Films

30000
A o =
25000 B | 0 CeyGdy,0,
A (5] m Ce,,Gdy,0,4
u A ce0.7Gd0.3°1 85
=
5e+5
4e+5 - ‘
_ 3e+5 ¢
fs.l ~
2e+5 -
1e+5 :‘.'.

Oe+0 1e+5 2e+5 3e+5 4e+5 Se+5
ZI
I I I I

0 5000 10000 15000 20000 25000 30000
Z' (Ohms)

Fig.12.26. Impedance Data of all laser ablated CGO thin films at 130°C. Inset shows
the poorly resolved bulk component for the 20%Gd sample.
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Fig.12.27. Arrhenius conductivity plots for the laser ablated thin films compared to
the conductivity data from pellets of the same composition.
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The bulk data were then used to construct a conductivity plot for each film. The thin
film data is compared with the data from pellets in Fig.12.27, which shows a good
agreement between the two. The curvature observed in the thin films at low
temperatures is thought to be the result of errors in the measured sample temperature.
At low temperatures a long equilibration time is needed and the results indicate that
equilibrium conditions had not been achieved for the lowest temperature

measurements.

The data presented in this section provide evidence that thin films of CGO can be
grown satisfactorily using PLD. Polycrystalline CGO with electrical properties similar
to those measured on much thicker samples can be produced, with no porosity. The
differences observed in the impedance data between the thin films and pellets, is most
probably due to the texturing present in the thin films. It is thought that all grains will
be elongated parallel to the direction of current flow in the thin film, which suggests
that no, or very few grain boundaries are present perpendicular to the electrodes. This
would account for the absence of any grain boundary response in the impedance
spectra. The grain size of the thin films studied here will be less than 1um because of
the growth technique employed. The sharp diffraction peaks observed in the XRD
spectrum indicates a grain size of at least 200nm.

At present PLD is not a suitable technique for the mass production of thin films
because the deposition rate is very slow compared to the simpler and less expensive
techniques discussed in chapter 7. The problem of depositing CGO onto porous
substrates has not been undertaken in this study but again the unfavourable deposition
rate is likely to prohibit use of PLD.
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Chapter 13. Double Doping in Ceria

13.1. Introduction

The concepts for using two dopants in ceria have been explained in Chapter 6. In
brief, it is thought that using dopants with different ionic radii may maximise the bulk
electrical conductivity in doped ceria, by reducing the strain in the lattice to near zero.
This chapter presents and discusses the results of the electrical measurements and
compares them to the oxygen self-diffusion coefficients obtained using SIMS analysis.
TEM is then used to explore the properties of the grain boundaries. The beginning of

this chapter discusses the essential powder and sintered ceramic characteristics.

13.2. Powder Characterisation

The powders used in the double doping experiments have been supplied by Rhone-
Poulenc. Generally, the level of impurities in all these powders is much lower than
those reported in chapter 11, with the concentration of Si<50ppm and that of
Ca<200ppm. The one exception is Ce-2%Sm-4%Y which has a concentration of
Si<200ppm. The concentrations of the other rare earth elements were also lower for

these compositions.

The particle sizes and surface areas of all the powders are shown in Table 13.1. It can
be seen that the particle sizes are all very similar and generally smaller than the particle
sizes reported in chapter 11. The specific surface areas of these powders are also much

higher than the powders prepared at Imperial College.

The typical morphology for these powders is shown in Fig.13.1. These powders show
considerably less agglomeration compared to the Imperial College prepared powders.
The small particle sizes and high surface areas should give improved sintering

properties and this is demonstrated in Fig.13.2. In comparison to the shrinkage curves
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in chapter 11, the plateaux are reached at lower temperatures, which indicates only

small amounts of closed porosity remain.

Composition Particle Size (Dso)/um | Specific Surface Area/m’g”
(Error +0.5um) (0.5 m’g™)

Ceg.94Smo 02 Y0.040x 3.12 28
Ceo.94Smg 03 Y0.030x 241 30
Cep.94Smg 04 Y 0.020x 247 28
Ceg.94L.a9 02 YDy 040x 2.83 34
Ceo.94L.20,03 Yo 030x 2.83 39
Ceg9sLag 04 Ybo,20x 3.70 39

Ceo94Gdo 060x 2.68 24
Ce.9Smy05Y0.0s0x 1.66 27
Ceg.94Gdo.19Fe9,010x 1.67 30

Table 13.1. Particle sizes and surface areas of double doped ceria powders.
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Fig.13.1. SEM micrograph showing the morphology of a double doped ceria powder.

The Gd and Sm doped ceria materials appear to sinter the best, with the plateau

starting around 1100°C. The higher doped Sm material is slightly worse, with a

plateau starting at 1200°C and the La doped material produces the poorest powder,
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where the plateau starts at 1300°C. In all cases it would appear that these materials are
capable of sintering to high densities at temperatures much lower than 1550°C, which
makes these powders more attractive for SOFC applications.

18 L 1 L L L 1 | ]
e Ce-5%Sm-5%Y

164 v Ce-3%Sm-3%Y
s Ce-3%La-3%Yb

14 o Ce6%Gd

12 -
10 -

Shrinkage/%

0 200 400 600 800 1000 1200 1400 1600
Temperature/°C

Fig.13.2. Dilatometric shrinkage curves for CGO and double doped ceria materials
supplied by Rhone-Poulenc.

Composition Bulk Density/gem™ | Density/% Theoretical | Grain Size/um
(£0.30gem™) (£3%) (£0.5um)

Ceg.94Smy 02 Y0 040x 7.19 100 1.99
Cep94Smy 03 Y0 030x 6.98 98 2.02
Ceg94Smg 04 Y0 020x 7.01 98 2.08
Cegoslag g2 Ybg 04Ox 7.09 98 231
Ceggslag o3 Yby 030x 7.09 98 2.12
Ce 942,04 Yby 020x 7.15 9 2.09

Ce 94Gdy 060x 7.08 99 235
Cep9Smy 05 Y0.0s0x 7.09 98 -
Ceg94Gdy 19Fe0010x 7.17 100 =

Table 13.2. Density and average grain size of CGO and double doped ceria pellets.
The densities of the sintered pellets are recorded in Table 13.2, which shows that all

compositions reach a very high density. Table 13.2 also shows the average grain sizes
of all the compositions. The grain sizes are all within a very small range (~2um) and
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the peaks were shifted towards lower values compared to the pure ceria sample. The
true lattice parameters were calculated from the data and are shown in Fig.13.4. Each

composition is plotted as a function of the larger radii dopant to aid clarity. It appears
that the overall lattice strain has been reduced compared to the CGO sample, for the
Ceo.94Smg 04 Y0.020x sample. This confirms that the global lattice strain can be reduced
closer to pure ceria using the double doping strategy and the effect this has on the

electrical properties will be discussed in the following sections.

13.3. Electrical Properties

Similar to the impedance data reported in chapter 12, the impedance data for the
double doped ceria samples are measured for the bulk, grain boundary and total
conductivities. The impedance data for the two different doping systems are displayed
on separate graphs for clarity, both of which show data for the reference Ce-6%Gd
sample. A higher concentration double doped Sm-Y sample is also analysed to
determine whether similar trends occur in the electrical properties.

This section also explores the performance of the double doped material at higher
temperatures and under the reducing conditions that are encountered in SOFC stacks.
A value for the P(-) point is calculated.

13.3.1. A.C. Impedance Spectroscopy - Bulk Data

The bulk and grain boundary impedances are measured using the a.c. impedance
technique described in chapter 10. Fig.13.5 shows the Arrhenius plot of the bulk
conductivity for the double doped samples. The bulk conductivity of the reference
CGO sample remains higher than that of all the double doped compositions below
500°C, including the Ceg94Smg04Y0,020x sample, which displayed a lower global
lattice strain. This result implies that it is the local lattice strain effects around each
dopant ion that determine the bulk conductivity. The conductivity of the La-Yb doped
ceria is lower than that of the Sm-Y doped ceria. The introduction of Sm and Y into
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ceria causes less local strain in the lattice compared to La and Yb, which is further

proof that the local lattice strain effects dominate over the global lattice strain in ceria.

Fig.13.5 shows that the bulk conductivity increases as the larger dopant concentration
increases. Balazs [1] shows that the association enthalpy of singly doped ceria is
higher for the smaller dopants (Y, Yb), compared to the larger dopants (Sm, La) used
in this study. This result indicates that the smaller dopant preferentially associates with
the oxygen vacancies created in the lattice. Using defect chemistry, a double doped
ceria sample can be represented by Ce(x,y)O,, where x is the larger dopant
concentration and y the concentration of the smaller dopant. The neutrality condition

in this material can then be expressed as,
2vg]=x+y (13.1)
The formation of simple defect associates can be represented by,
Vo +Mc, @ {M Vo) (13.2)
where M is either dopant. If y is the smaller dopant then,
y={McVg}) (13.3)

For values of y>Xx, all the oxygen vacancies are associated with the smaller dopant. For
values of x>y, some of the oxygen vacancies are also associated with the larger dopant
and this should result in a higher conductivity. In the present study, concentrations
above 3mol% of the larger dopant, leave insufficient concentration of the smaller
dopant to associate with all of the oxygen vacancies created. Therefore, some of the
oxygen vacancies will form associates with the larger dopant ion. It is expected,
therefore that the association enthalpy of the double doped materials decreases as the
larger dopant ion concentration increases. Sm-doped ceria also displays a higher
conductivity compared to La-doped ceria [1]. This information explains why Ce-
4%Sm-2%Y displays the highest conductivity of the double doped ceria samples.
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Fig.13.5.  Arrhenius plots of the bulk conductivity, obtained by impedance

spectroscopy, for Ce(Sm,Y)O, and Ce(La,Yb)O,, both showing a reference CGO (see
legends).

It was shown in chapter 6 that both Sm and Gd doping in ceria produce similar bulk
conductivities and it is therefore, not surprising that the highest Sm-doped sample has a
conductivity similar to that of the reference CGO.

The curvature observed in chapter 12 for the bulk conductivity in CGO at around
350°C, is also found in all double doped compositions. The gradient above 350°C is
again lower and it is thought that this also represents the transition from associated to
unassociated behaviour of the defects. The values of the low and high temperature
activation enthalpies are recorded in Table 13.3. The results presented in chapter 12
showed that for dopant concentrations below 6mol%, the high temperature activation
enthalpy represented the migration enthalpy of oxygen ions in ceria. By simply
subtracting the high temperature activation enthalpy from the low temperature value, a

measure of the association enthalpy is obtained (also shown in Table 13.3).

The low association enthalpies calculated in Table 13.3 suggest that only simple
associates are present. The association enthalpy for the Sm-Y doped ceria decreases as
the Sm concentration increases as predicted earlier. The same trend is not observed for

the La-Yb doped ceria, which suggests that the high temperature activation enthalpy
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does not represent entirely unassociated defect behaviour. Inspection of the low
temperature activation enthalpies shows a clear trend towards lower enthalpies as the

larger dopant concentration increases.

Composition Bulk E, Bulk E, Association Enthalpy | G.B. E/eV
(<350°C)eV | (>350°C)eV V)
Ce0.94Sm0,02Y 0.040x 0.85 0.68 0.17 0.95
Cep.94Smy 03Y0,030x 0.82 0.72 0.10 0.92
Cep.94Smg 04 Y 0.020x 0.77 0.68 0.09 0.94
Ceo.94L0,02Ybp 040x 0.85 0.77 0.08 1.03
Ce 9412003 Ybp 030x 0.83 0.75 0.08 0.98
Cey.94L.20,04 Yb 020x 0.79 0.71 0.08 1.04
Ce.94Gdg 060x 0.70 0.53 0.17 1.23
Cep.9Smg 05Y0.0s0x 0.81 0.68 0.13 1.01

Table 13.3. Calculated values for the low and high temperature bulk activation
enthalpies, the association enthalpy and the grain boundary activation enthalpy.

From the data in this analysis it would appear that gadolinia doping in ceria produces
the lowest local lattice strain in ceria and it seems unlikely that any improvement can
be made to the bulk conductivity, by using more than one dopant ion type. However,
the high temperature bulk activation enthalpy for CGO shown in Table 13.3 is
considerably lower than that for Ce-4%Sm-2%Y and inspection of Fig.13.5 indicates
that above 500°C, the double doped ceria will have a higher bulk conductivity. The
possibility exists that these double doped materials may potentially be better than CGO
for application above 500°C.

13.3.2. A.C. Impedance Spectroscopy - G.B. Data

The preparation of all the Rhone-Poulenc samples was identical, with very similar
impurity levels (except for Ce-2%Sm-4%Y). Table 13.2 also shows that the densities
and grain sizes of the sintered pellets were all very similar. It can be assumed,
therefore, that there are equal numbers of grain boundaries encountered during
impedance analysis for all samples. The grain boundary correction made in chapter 12
is thus not necessary here to observe the trends in the grain boundary conductivities.
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Fig.13.6 shows the Arrhenius grain boundary conductivity graphs for the double doped

samples.
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Fig.13.6. Arrhenius plots of the grain boundary conductivity, obtained by impedance
spectroscopy for Ce(Sm,Y)O; and Ce(La,Yb)O,, both showing a reference CGO (see
legends).

The grain boundary conductivities show an unexpected result, with the CGO
conductivity up to an order of magnitude lower than of some double doped samples.
In chapter 12 it was shown that the bulk conductivity for CGO was highest at around
6mol%Gd but the grain boundary conductivity was significantly lower than the bulk.
Ideally, it would be better to use this lower dopant concentration if the grain boundary
conductivity could be improved because the highest total conductivity would be
achieved. In the Sm-Y doped ceria samples it appears that an improvement in the
grain boundary conductivity has been made, with only a slight reduction in the bulk
conductivity.

Table 13.3 shows the calculated activation enthalpies for the grain boundary
conductivities. The activation enthalpies for the grain boundary are higher than those
for the bulk, similar to the CGO values reported in chapter 12. This suggests that there
is a grain boundary impurity layer which displays a higher resistance compared to the
bulk material. The grain boundary thicknesses calculated using equation 6.9, for these
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materials ranged between 1-11nm, which is similar to the CGO samples studied in
chapter 12.

The maximum grain boundary conductivity, for both Sm-Y and La-Yb doped ceria,
occurs when the two dopant concentrations are equal. This result is difficult to
interpret using the impedance data alone. If the larger dopant ion is responsible for the
increase in the bulk conductivity, then according to the results in chapter 12 for CGO,
the grain boundary conductivity should increase with total dopant concentration, over
this dopant range. The presence of the second smaller dopant clearly changes the
predicted behaviour. An explanation for the improved grain boundary conductivity
over that of CGO and the possible causes of the observed maximum are further

explored later in this chapter, when an in-depth TEM analysis is performed.

13.3.3. A.C. Impedance Spectroscopy - Total Data

The previous section showed that a significant improvement had been made in the
grain boundary conductivity for the Sm-Y doped samples compared to that of CGO. In
fact, above 300°C the grain boundary conductivities are higher than the bulk
conductivities. The total conductivity reflects this fact by showing a much stronger
dependence on the bulk conductivity over the entire temperature range and especially
above 300°C. Fig.13.7 shows an Arrhenius plot of the total conductivity for the
doubled doped materials. Again, the Sm-Y doped ceria samples show a higher total
conductivity compared to the CGO sample. The increase is not as large as that
observed for the grain boundary conductivties because of the lower bulk conductivity
contribution. The best total conductivity is obtained for the Ce-3%Sm-3%Y sample,

which still displays a significant improvement over that of the CGO reference sample.

It must be emphasised again that it is the total conductivity which will ultimately
determine the usefulness of an electrolyte for SOFC applications. Considering this
fact, it is anticipated that double doping in ceria may play an important role in the
development of ceria electrolytes, particularly for the improvements that can be

obtained in the grain boundary conductivity.
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Fig.13.7. Arrhenius plots of the total conductivity, obtained by impedance
spectroscopy, for Ce(Sm,Y)O, and Ce(La,Yb)O,, both showing a reference CGO (see
legends).

Chapter 12 suggested that high Gd concentration (26mol% Gd) CGO electrolytes were
needed to obtain a sufficient improvement in the grain boundary conductivity, but the
bulk conductivity in these samples is lower than the maximum found between 6-
10mol%Gd. In the Sm-Y samples the optimum bulk concentration is used and this is
combined with a grain boundary conductivity that is similar to the high concentration
CGO samples. Clearly, double doping in ceria warrants further attention for electrolyte
applications.

In an attempt to explain the improvements in the grain boundary conductivity for the
Ce-3%Sm-3%Y sample, a second sample was prepared with a higher total dopant
concentration. A 10% doped ceria sample was made with equal concentrations of Sm
and Y (5%). Impedance analysis was performed on this sample and compared to the
results obtained for the lower concentration double doped ceria. Fig.13.8 shows the
comparison between these two material, for the bulk and grain boundary

conductivities.
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Fig.13.8. Graph of the bulk and grain boundary conductivity, showing a comparison
between Ce-3%Sm-3%Y and Ce-5%Sm-5%Y.

A similar improvement in the grain boundary conductivity was expected for the higher
doped sample. The total conductivity would then be similar for the two samples.
Fig.13.8 shows that the bulk conductivities are similar (as expected), but the grain
boundary conductivity for the higher doped material is about an order of magnitude
lower. It appears that the grain boundary improvement is not related to the presence of
equal concentrations of dopants. Attempts to improve the grain boundary conductivity
by altering the ratios of the dopant ions in the higher doped material have not been
performed. This information would be necessary before any conclusions could be
made for the higher doped sample.

13.3.4. Comparison Between IC and Rhone-Poulenc Prepared Powders
Having produced Ce-6%Gd powders both at IC and Rhone-Poulenc, it is possible to

compare the electrical properties of two differently prepared powders. Fig.13.9 shows
the Arrhenius plot of the bulk and grain boundary conductivities for both powders.
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Fig.13.9. Comparison of the electrical properties between IC and Rhéne-Poulenc
prepared powders for Ce-6%Gd.

The bulk conductivities show excellent agreement, which has been previously
observed for other CGO compositions [2]. The grain boundary conductivity is
substantially lower for the IC prepared powders and demonstrates the wide variations
that can be obtained between industrially and laboratory prepared powders. The
increased grain boundary conductivity is not related to the grain size because the
Rhéne-Poulenc powder actually has a smaller grain size, implying more grain
boundaries in these samples. The differences must therefore result from differences in
the impurity concentrations. The Rhone-Poulenc powders have a higher purity.
Higher purity samples have previously been shown to increase the grain boundary
conductivity (see chapter 6). The difference in the grain boundary conductivity
gradients (activation enthalpies) also suggests the presence of different concentrations

of impurities at the grain boundary.

13.3.5. D.C. Conductivity in Air

The electrical measurements performed so far have used impedance spectroscopy. Due

to the dimensions of the samples this has limited the maximum temperature, for which
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useful information can be obtained, to around 500°C. To increase the temperature

range of this technique, thicker samples with smaller electrode areas are required. A.C.
impedance was therefore conducted on a bar shaped sample. The total conductivity of
a Ce-3%Sm-3%Y sample could then be measured up to 700°C.
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Fig.13.10. Graph to show the good agreement between ac measurements and dc
measurement over the temperature range 150°-900°C, on a Ce-3%Sm-3%Y sample.
The straight line pronounces the curvature in data at higher temperatures.

The total conductivity is composed of both the bulk and grain boundary contributions.
D.C. conductivity measurements provide a direct value of the total conductivity,
without having to separate the electrode contributions. Therefore, a good match
between the total conductivity obtained between the d.c. and a.c. techniques, confirms
a correct fitting of the bulk and grain boundary components in the a.c. technique. D.C.
conductivity measurements have been performed on a Ce-3%Sm-3%Y sample in air
between 400-900°C, using the equipment described in chapter 10. Fig.13.10 shows the
results of the total conductivity obtained from impedance measurements on a pellet and

a bar and the d.c. measurements on a bar.
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Fig.13.10 show excellent agreement between all three measurements of the total
conductivity, which confirms the accurate fitting of the bulk and grain boundary
components for the impedance data. A change in gradient around 500°C can be seen
on this graph. The gradient at higher temperatures becomes lower and reflects the
change from grain boundary dominated conductivity at lower temperatures, to bulk
dominated conductivity at higher temperatures. Table 13.3 showed that the bulk
activation enthalpy was lower than the grain boundary value and, therefore, a smaller
gradient is expected at higher temperatures for the total conductivity. Further
discussion concerning the relationship between a.c. and d.c. conductivity is reported in

chapter 14.
13.3.6. D.C. Conductivity in Reducing Conditions

The discussions in chapter 12 and this chapter have so far only been concerned with
the electrical properties of doped ceria in air. The aim has been to optimise the total
conductivity. In a fuel cell atmosphere, the electrolyte must also display resistance to
reduction, to prevent the introduction of electronic conductivity, which lowers the
efficiency. Probably, the most significant problem for ceria electrolytes is their
relatively easy reducibility compared to zirconia electrolytes. Thus a study of any
potential ceria electrolyte is not complete without measuring its performance in

reducing atmospheres.

Currently, 700°C is the temperature at which ceria electrolytes are being tested for
SOFC applications. At this temperature the most reliable results are obtained using
d.c. conductivity to measure the total conductivity. Fig.13.11 shows the electrical
behaviour of Ce-3%Sm-3%Y and Ce-3%La-3%YDb in reducing conditions, obtained
using the equipment described in chapter 10. These results are compared to two
standard CGO samples, which are discussed further in chapter 14.

Compared to CGO, the electrolytic domain (discussed in chapter 5) does not seem to
have been increased to lower Po, values for the double doped materials. In addition, an
unusual plateau is developed between 10'%-10"%atm for both of the double doped
materials. This result implies that there is an additional component to the electrical
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conductivity, which is introduced at a Po, above that expected for the reduction of the
cerium ion (P(-)~10"%atm). It is possible that measurements were taken before the gas

mixtures had reached an equilibrium Pgo, value, but this is thought to be unlikely
because equilibration times of ~24 hours were used. Also, similar results were

obtained for both increasing and decreasing Po, conditions.
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Fig.13.11. Conductivity graph comparing the double doped material from Rhéne-
Poulenc with the material from IC, in reducing H»/CO, atmospheres at 700°C. The
line is used as a guide to show the typical behaviour for doped ceria.

One option for this additional component is that one of the dopant ions can also be
reduced. This is thought unlikely because all of the dopant ions are extremely stable
and only Sm and Yb are known to exist in two valence states (+2 and +3). It is also
possible that there is some degree of protonic conductivity introduced, which would
increase the conductivity. The exact explanation for this plateau is still not known but
needs to be considered further before these double doped materials are used in SOFC

applications.

Using the data in Fig.13.11, a graph of (ionic conductivity, Gimic/total conductivity,
Giotal) Verses log(Po;) can be constructed, in order to determine the P(-) value discussed

in chapter 6. Fig.13.12 shows this graph for Ce-3%Sm-3%Y.

240



Chapter 13. Double Doping in Ceria

1.0 Qe
e 08 -
(3]
@ .
£ 06 - Cecrn
= b )
'E Y
3] | ]
7} 04 - °
8 P(-) Point
(o) Ceg 64SMy 05 0,0302.x
0.2 - o
Ny
00 ...... Sy s — . I— {
0 -5 -10 -15 -20 -25
Log (pO,/atm)

Fig.13.12. Graph showing the P(-) value for a double rare earth doped ceria.

The P(-) value is indicated on the graph at a value of Po~=8x10"%atm. Although this
value is in agreement for that normally calculated for CGO, it is likely that this is
larger than the true value due to the plateau observed in Fig.13.11. These results
indicate that double doping in ceria does not significantly alter the electrolytic domain,
which will restrict the use of these electrolyte materials to low temperature applications

(500°C), or applications where higher Po, values (>10"9atm) are encountered.

13.4. SIMS Data

13.4.1. Isotope Exchange

The procedures for the oxygen isotope exchange experiment have been described in
chapter 10. A temperature-time profile, measured from the in-situ thermocouple, for a
Ce-6%Gd sample, is shown in Fig.13.13. The corrected temperature and time for
anneal using the Killoran technique [3] is also shown in Fig.13.13. The corrected
temperatures and times of all the exchange experiments are included in Table 13.4.
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Fig.13.13. Experimental and fitted (dotted line) temperature-time profiles for the
B0/ isotopic exchange of Ceg.94Gdp 0602-x.

The concentration of '*0 in the '*0 enriched gas (Cg) was measured before the anneal
at 80.0%, using a mass spectrometer. The background concentration of 80 in the
sample prior to the anneal (Cpg) was assumed to be 0.2%. This data is required to
obtain a fit to the diffusion profiles discussed in the next section.

Composition Temperature/°C (£1°C) Time of anneal/s (+5s)
Ce0.94Gdo.0602-x 784 966
Ceo.945mo,03Y0,0302-x 172 942
Ceo94L.a0,03 Ybo,0302.x 772 942

Table 13.4. Temperatures and corresponding times for 0/'%0 anneals for several
Rhone-Poulenc materials.

13.4.2. Diffusion Profile Measurements

The SIMS linescanning technique was used to measure the concentration of '°0 and
180 isotopes in the exchanged samples, as described in chapter 10. The raw data were

converted to a normalised '*0 isotope ratio, C’(x), using equations 10.4 and 10.5 and
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plotted against the linescan length to show the '®0 diffusion profile in each sample.
The tracer diffusion coefficient and surface exchange coefficient are obtained by fitting
the data to the solution of the diffusion equation (10.5), by a non linear least squares
fit, using the assumptions described in chapter 10. The experimental and least squares
fitted profiles for Cepgslaoo03Ybo0302.x are displayed in Fig.13.14. The linescan
length has been adjusted because it was assumed that the start of the profile is at the

point of maximum value for C’(x), on the exchanged surface.
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Fig.13.14. Experimental diffusion profile for Ceggslago3Ybo0302-x and the least
squares fit of this data to equation 10.5.

It can be seen that the shape of the fitted data is similar to the experimental profile,
which indicates bulk diffusion is being measured. The concentration of '*0 at the
surfaces of all the samples studied is low and only slightly above the natural isotopic
background. Consequently, all three samples displayed some degree of scattering in
their diffusion profiles, as a result of poor counting statistics.

A measure of the quality of the data obtained by SIMS linescans is how closely the

measured and fitted profiles agree. The tail of the experimental diffusion profile in

Fig.13.14 does not reach zero, i.e. background '*O concentration, but remains at a
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constant value just above zero. This may indicate the presence of faster diffusion
paths, such as grain boundaries, or pores, which extends the 180 profile further into the
sample than expected for bulk diffusion. The microstructural results shown in section
13.2 indicate high density samples, with only a small degree of closed porosity. The
small deviation from the background concentration (0.2%) for this sample, indicates
that the true background concentration in this material may be slightly higher. A
diffusion depth profile was therefore performed on an unannealed sample to measure
the true background '*0 concentration. It was found, as expected, that the background
180 concentration was slightly higher at 0.22%. This confirms that the tail obtained in
Fig.13.14 is only a SIMS artifact and that the background 80 concentration had been
reached. From this data, it can be assumed that only bulk diffusion is being measured
in this sample. All samples displayed this tail behaviour but showed good fits to the
beginning of each profile. The diffusion coefficients obtained from the regression
analysis may therefore be an overestimate of the true bulk value. The values obtained
from the SIMS measurements, for the tracer diffusion coefficient and surface exchange

coefficient in each sample, are given in Table 13.5.

Material Temp/°C | Dy/em’s” | k/ems™ | D*em’s™ | D/em’™ |Hx | £

Cep.94Gdp 0602.x 784 1.55e-7 3.57e-8 | 2.38e-7 7.52¢-8 2.06 | 0.32
Cep04Smg03Y00302.x | 772 3.2le-7 2.83e-8 | 4.94e-7 1.61e-7 2.00 |0.33
Ceooslago3Yboo3O2x | 772 5.84¢e-8 5.83e-8 | 8.98e-8 1.07e-7 0.55 | 1.19

Table 13.5. Tracer diffusion coefficients, Dr, surface exchange coefficients, k, self-
diffusion coefficients, D*, conductivity diffusion coefficients, D, Haven ratios, Hg

and conductivity correlation factors, f;, for several RP materials.

Table 13.5 also shows the calculated values for the oxygen self-diffusion coefficient
and the conductivity diffusion coefficient (converted from bulk impedance
conductivity measurements at the respective temperatures), using the equations
described in chapter 5. The results obtained for D* and k are displayed in Fig.13.15
and compared to the results of Manning et al. [4] who analysed a Ce-10%Gd sample.

The first observation that can be made about this data, is that the oxygen self-diffusion
coefficients decrease in the order: Ce(Sm-Y)0,>Ce(Gd)0O,>Ce(La-Yb)O,. This order
is similar to that found for the bulk electrical conductivity (at the same temperature),
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where the Sm-Y doped samples displayed the highest conductivities. When the Ce-
10%Gd data are analysed a change in this trend is seen. The bulk conductivity of Ce-
10%Gd is similar to of Ce-6%Gd but the diffusion data shows a higher diffusion
coefficient for the Ce-6%Gd material.
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Fig.13.15. Arrhenius plot of the self-diffusion coefficient, D*, and the surface
exchange coefficient, k, for several RP materials, compared to a Ce-10%Gd sample
measured by Manning et al. [4] (black circles and white squares). The straight lines
show trends in the data.

The conductivity diffusion coefficients (D,) for the three samples, show conflicting
data compared to the tracer diffusion coefficients. It has been shown in previous
publications [5], that the diffusion coefficients converted from electrical conductivity
measurements are normally higher than those obtained by direct diffusion
measurements. This difference is expected because of the relative magnitudes of the
correlation factors, f; and f.. Above 700°C it is assumed that complete dissociation of
defects has occurred, where f;=0.65 and therefore the Haven ratio becomes less than
unity. The difference between Dy and D, could be due to electronic conductivity but is

more likely to be the result of dipoles which will reorient in an ac field, contributing an
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electrical conductivity but not to the bulk diffusion process. This reorientation of
dipoles has been discussed previously by Weller and Schubert [6]. It is possible that
some defect clusters remain at high temperatures, forming the dipoles that increase the
conductivity.

It is interesting to mention here that Fig.13.10 shows an excellent agreement between
the d.c and a.c. total conductivity. D.C. conductivity measurements preclude the
dipole contribution and thus any substantial dipole component in the a.c. data would
result in a poor matching between the two types of data. With such a close matching
between a.c and d.c. conductivity data, the dipolar contribution must be small.

The data for Ce(La-Yb)O, display the expected higher conductivity diffusion
coefficient, with a Haven ratio of 0.55. However, data for Ce(Sm-Y)O, and Ce(Gd)O;
show the reverse trend, with a lower D, and a Haven ratio ~2. The differences
calculated for D, and Hy are sensitive to variations in temperature. However, a change
in temperature of +5°C does not significantly alter these results and larger errors in
temperature are unlikely. It is more difficult to understand why this should be the case
but it is possible that species other than 0% may be involved. If a certain fraction of
oxygen ions are being transported as O or neutral oxygens, then a lower conductivity
would be measured. The discussions in chapter 6 indicated that most of the oxygen
vacancies present in ceria, at low temperatures, carry a +2 charge and thus the oxygen
ions must diffuse through the lattice as doubly ionised species. At higher temperatures
(>500°) it was less clear and the possibility of singly ionised oxygen vacancies was not
discounted.

Fig.13.15 also displays the surface exchange coefficients for each sample. Within
experimental error, the three Rhone-Poulenc materials have the same k values. These
values are at least an order of magnitude greater than the value measured by Manning
et al. for Ce-10%Gd and can be explained by the different impurity concentrations
present in these powders. LEIS and TEM results from chapter 12 showed that all
common impurities segregated to grain boundaries and surfaces of sintered ceramic
samples. Therefore, slight differences in impurity elements and concentrations

between samples, will lead to different surface layer thicknesses and compositions.
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The surface exchange coefficient is very sensitive to the surface composition and large
differences in k should be expected when powders from different sources are

measured.

The surface exchange coefficient is an important parameter for many catalytic and
surface dependant applications. For SOFC electrolytes it is desirable to produce thin
films to ensure a high conductivity. However, there is a characteristic electrolyte
thickness which determines when the bulk transport controlled reaction, changes to a

surface kinetic rate limiting reaction. This electrolyte thickness, 1. can be determined

by,

1 (13.4)

D *
'y
For many fluorite based electrolytes, l=100um [7]. This implies that fabricating
electrolytes less than 100um thick will not be advantageous unless & can be increased.

Methods to increase k include depositing surface active species and increasing the

effective surface area using a graded porous structure.

13.5. TEM

Three samples were prepared and analysed using TEM at IC: Ceg94Gdg0602-x,
Cep.04Smy 03 Y0.0302-x and Ceg g4L.ag 03 Ybp 0302-x (made from Rhone-Poulenc powders).
High resolution images of suitable areas for all three samples were obtained, before a
series of microprobe analyses and electron diffraction patterns were performed in a
linescanning technique, across a number of grain boundaries. Measurements were
made within adjacent grains and at the grain boundaries to compare differences in
chemical composition and crystal structure.

Fig.13.16 shows a TEM image of a Ce-6%Gd grain structure, over which a linescan

analysis was performed. The diffraction patterns for points 1-3 are given in Fig.13.17
and clearly illustrate a ring structure at the grain boundary, which is not present in
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either of the adjacent crystalline grains. All grain boundaries displayed these

diffraction rings, which indicates the presence of an amorphous phase.

Fig.13.16. Bright field TEM image of a linescanned Ce-6%Gd sample, with the
analysed grain boundary indicated by the numbered straight line.

The grain boundary diffraction pattern is a composite image of the patterns from the
two grains and any grain boundary phase. By subtracting the diffraction spots of the
two grains from the grain boundary pattern, it is possible to determine if an additional
phase is present at the boundary. This analysis was performed for a number of grain
boundaries and revealed that, in all cases, extra spots were present indicating that a
grain boundary phase is likely. The sparsity of the remaining diffraction spots
prevented a structural determination of this phase but the data indicates that there may

be both a crystalline and an amorphous phase present at the grain boundaries.
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Grain 1 Grain 2

Grain Boundary

Fig.13.17. Electron diffraction patterns corresponding to the numbered regions in

Fig.13.16, showing amorphous rings at the grain boundary.
Microprobe analysis on this material confirmed the presence of silica at the grain

boundaries, at concentrations as high as 6at%. The Ce and Gd concentrations were

both found to be variable at the grain boundaries, with values +4at% of the nominal
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composition. No silicon was detectable in the grains, where the dopant concentration

was approximately 6at%.

The double doped materials displayed a different behaviour to the Gd doped ceria.
Fig.13.18 shows a high resolution image of a Ce-3%La-3%Yb sample and indicates
the position of the linescanned grain boundary. The diffraction patterns displayed in
Fig.13.19 show fully crystalline grains and grain boundaries. There are no amorphous
rings visible, which is clearly different to the Gd-doped sample analysed above. Using
the procedure described previously to detect the presence of a grain boundary phase, a
number of diffraction spots remained after subtraction of the two grain diffraction
patterns. Again, insufficient diffraction spots were left to determine the crystal
structure of the boundary phase. However, the low intensity and low number of
diffraction spots is consistent with a small concentration of impurity phase at the grain

boundary and suggests that the grain boundary phase must exist as a thin layer.

Fig.13.18. Bright field TEM image of a linescanned Ce-3%La-3%Yb sample, with the
analysed grain boundary indicated by the numbered straight line.
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Grain 1

BASSHE 264 8KV .

Grain Boundary
Fig.13.19. Electron diffraction patterns corresponding to the numbered regions in

Fig.13.18. There are no amorphous rings visible at the grain boundary.

The HTREM image in chapter 12 demonstrated an impurity grain boundary layer
<1nm in thickness and no preferential segregation to triple grain points. The results in

this chapter agree with these findings because Fig.13.18 shows a very thin grain
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boundary and no visible segregation to triple grain points. The results for the Sm-Y
doped ceria sample show similar data to that found above for the La-Yb doped ceria.

The microprobe analysis for the double doped materials was not as straight forward as
that for the Gd-doped sample. Silicon was detected at all the grain boundaries
analysed, with variable concentrations of up to 3at%, but no silicon was detected
within the grains. Due to the similar peak energies of the dopants in each material, it
was difficult to separate the dopant signals. The only conclusion concerning the
dopant concentration at the grain boundaries that can be made is that the total dopant
concentration was usually higher than the nominal composition by approximately
2at%. It should be remembered that the beam diameter was Snm for all the microprobe
analyses and thus the atomic concentrations measured are averaged over the whole
beam area. If the grain boundary thickness is assumed to be <Inm, there will be a
considerable contribution from the grains. Therefore, the true grain boundary dopant

and impurity concentrations may be much higher.

13.6. Conclusions

The results presented in this chapter show that double doping in ceria, can produce
materials which have higher conductivities compared to the standard CGO electrolytes
currently used. Although it has been shown that a reduction in the global lattice strain
does not improve the bulk conductivity, a significant improvement in the grain
boundary conductivity can be obtained using Sm-Y doped ceria. Chapter 12 showed
that the grain boundary conductivity dominated the total conductivity in lightly doped
CGO samples, therefore, improvements in the grain boundary conductivity are more

significant than only small improvements in the bulk conductivity.

The TEM results have also shown that CGO samples may contain both an amorphous
and crystalline structure at the grain boundaries. The double doped ceria samples
appear only to have a crystalline phase present. Silicon was also detected at the grain
boundaries of all samples, suggesting that both the amorphous and crystalline phases
are likely to contain Si. The CGO samples containing amorphous silica at the grain
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boundaries are expected to display poorer conductivities, which is confirmed by the
conductivity data. This suggests that the Sm-Y doped ceria is able to incorporate
impurities (especially silica) into a crystalline structure which exhibits a higher

conductivity compared to amorphous silica.
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Chapter 14. Ca-Codoping and the Reduction of Electronic Conductivity using Glass Additions

Chapter 14. Ca-Codoping and the Reduction of

Electronic Conductivity using Glass

Additions

14.1. Introduction

This chapter begins with a discussion of the effects of small additions of Ca to CGO,
in an attempt to incorporate impurities at the grain boundaries, such as silica, into a
higher conductivity phase. The compositions with the best total conductivities from
chapter 12, 13 and 14 are then compared. The remainder of this chapter then
concentrates on the reduction of the electronic conductivity in CGO. Firstly, dopants
with variable valence are used to create electron traps and a comparison between a
number of dopants is tried. Finally, strontium gallate additions to CGO are explored as
a possible electron blocking layer at the grain boundary.

14.2. Ca-Codoping in CGO

Impedance spectroscopy is used to analyse the electrical behaviour of CGO samples
with small additions of calcia. Calcia was chosen because it would only cause a small
reduction in the bulk conductivity (see section 6.9). It was thought that the calcium
would segregate to the grain boundary, forming a Ca rich region. Gadolinium and
calcium could then form a grain boundary oxide phase, which may be able to
incorporate the majority of the impurity ions into its structure. The conductivity of a
Gd-Ca-O phase is likely to have a higher oxygen ion conductivity compared to silica or

other impurity oxides.
Two Ca doped CGO compositions were prepared, following the method described in

chapter 9, and compared to the standard CGO powders. The compositions analysed
were: Ceg9Gdy.102.x, Ceg9Gdy 09Ca0.0102-x, Ceo8Gdo202-x and CepsGdo.19Cag.0102-x.
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Fig.14.1 shows an impedance spectrum for these compositions measured at 250°C.
The impedance spectrum shows that although the bulk resistance of the Ca doped
samples has increased a little, the grain boundary resistance has decreased
considerably. The bulk and grain boundary resistances in the Ca doped CGO samples

are also similar in magnitude over the temperature range used in these measurements.
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Fig.14.1. Impedance spectrum comparing the Ca doped CGO samples to the standard
CGO compositions at 250°C.

From the impedance spectra, the Arrhenius plots for the bulk and grain boundary
conductivities can be constructed. Fig.14.2 shows these Arrhenius plots, which
compare the conductivities of the Ca doped and undoped CGO materials. While the
bulk conductivity has been slightly decreased for the Ca doped samples, there is a
significant increase in the grain boundary conductivity for these samples. The largest
improvement is obtained for the Ce-9%Gd-1%Ca sample, where an increase of over
two orders of magnitude is measured compared to the Ce-10%Gd sample. It must be
remembered, that the grain size of this particular sample was shown in chapter 11, to
be almost twice the size of the other CGO samples. However, after performing
calculations similar to that used in chapter 12, to obtain the true grain boundary
conductivity, it is found that the grain boundary conductivity is still around two orders
of magnitude higher than that of the standard Ce-10%Gd sample.
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Fig.14.2. Arrhenius plots of conductivity comparing Ca doped and undoped CGO.
(A) is the bulk conductivity and (B) is the grain boundary conductivity.

Combining the bulk and grain boundary conductivities to obtain the total conductivity
(Fig.14.3), it is clear that the Ce-9%Gd-1%Ca sample has the highest conductivity,
closely followed by the Ce-19%Gd-1%Ca sample. The improvement in the Ce-
19%Gd-1%Ca sample over the Ce-20%Gd sample is not so great because the grain
boundary conductivity also increases with Gd concentration (as shown in chapter 12).

The LEIS data shown in chapter 12, suggests that there is considerable segregation of
Ca to high energy surfaces and so the earlier assumption of the formation of a calcium
rich phase appears probable. The LEIS data also revealed segregation of Na and K.
The TEM data in chapter 13 showed that dopant segregation to grain boundaries
occurred and thus the formation of a relatively high conducting Gd-Ca-O phase is
possible and may additionally contain some Na or K. The low concentrations of Si
detected at the grain boundaries using both LEIS and TEM analysis, suggests that
silica is only partly responsible for the high grain boundary resistances observed in the
standard CGO samples.
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Fig.14.3. Arrhenius plot for the total conductivity of Ca doped and undoped CGO.

The addition of a small quantity of calcia to improve the grain boundary conductivity
in CGO, may be of importance industrially because it would allow the use of cheaper,
lower purity starting precursors. The Ca additions also permit the use of the low Gd
concentration materials, which display the higher bulk conductivities. Chapter 13
showed that it was difficult to improve upon the bulk conductivities of CGO and thus
increasing the grain boundary conductivity becomes more important.

Similar to chapter 13, the total conductivity of these samples was measured by d.c.
conductivity in air, to ensure that the bulk and grain boundary components were fitted
correctly. The d.c. conductivity also permits the conductivity of these materials to be
observed at higher temperatures. Fig.14.4 shows the d.c. and a.c. conductivity of Ca
doped and undoped CGO. The curvature observed in both slopes around 400°C is
produced by the crossover from grain boundary dominated behaviour at the lower
temperatures, to bulk dominated behaviour at the higher temperatures. This is further
confirmed by the gradient of the high temperature data approaching that measured for
the bulk. It is clear that there is excellent agreement between the a.c. and d.c. data,
which indicates that the impedance data has been fitted correctly.
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Fig.14.4. Comparison of the total conductivity data obtained in air from a.c. and d.c.
techniques, for Ca doped and undoped CGO.

Chapters 12, 13 and 14 have shown that by selecting the correct dopant type and
concentration it is possible to optimise the total conductivity in ceria. It is interesting
to now compare the total conductivities of the best materials from each chapter, to help
decide which doping scheme is the best. Fig.14.5 shows the Arrhenius plot for the
total conductivity of the best conducting materials.

The highest conductivity is obtained by the Ce-3%Sm-3%Y sample, which is only
slightly higher than the Ca doped CGO sample (Ce-9%Gd-1%Ca). The high Gd doped
CGO sample has a significantly lower total conductivity. In all three samples, the
grain boundary conductivity becomes greater than the bulk conductivity above 350°C.
Therefore, at higher temperatures the bulk conductivity dominates. The bulk
conductivity was shown in chapter 12, to reach a maximum between 6-10mol% dopant
and thus the higher total conductivity measured for the two lower dopant concentration
samples in Fig.14.5 (6 and 10mol%), confirms the dominance of the bulk conductivity.
From these results it is suggested that in electrolyte applications, it is desirable to try
and improve the grain boundary conductivities for the highest bulk conducting
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compositions because these materials ultimately produce the highest total

conductivities, especially at low temperatures.
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Fig.14.5. Comparison of the total conductivities for the best conductors in each
material group studied.

14.3. Electron Trapping Using Variable Valent Dopants

Attention in this section is now focused on the behaviour of ceria electrolytes in
reducing conditions and the introduction of electronic carriers.  Firstly, the
conductivity of a standard CGO composition is measured and compared to that of a Ca
doped CGO sample. These measurements are then used as a reference level with
which to gauge the improvements of new materials. Secondly, the effects of adding
multiple valent dopants is explored as a technique for locally trapping electrons at
dopant sites. Section 6.13 explains the theory behind this technique in more detail.
Initially, the electronic conductivity is measured in air, before analysing the

conductivity in reducing conditions.
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Fig.14.6. Electrical Behaviour of Ca doped and undoped CGO in reducing conditions
at three different temperatures.

Fig.14.6 shows the variation in d.c. conductivity as a function of Po, for Ca doped and
undoped CGO, at three temperatures: 700, 750 and 800°C. The electrolytic domain
decreases as the temperature is increased because the formation of electrons is
thermally activated. It is interesting to note that the Ca doped samples have a slightly
smaller electrolytic domain at all temperatures, compared to the standard CGO sample.
The gradient of each graph in reducing atmospheres (>10"°atm), where the electronic
conductivity dominates, was found to be between -1/3 and -1/4. This is in agreement
with the predicted gradient of -1/4 calculated in the theory section of chapter 5.

Assuming the ionic conductivity remains constant in Fig.14.6, the value of the
conductivity measured at high Po, can be used as the ionic conductivity. By
subtracting this value from the total conductivity, a value for the electronic
conductivity can be calculated. Performing this calculation at a fixed Po, value for
each temperature, it is possible to construct an Arrhenius plot for the electronic
conductivity. Fig.14.7 shows the Arrhenius plot for both compositions studied in
Fig.14.6. The gradient of each curve represents the activation enthalpy for the
reduction of ceria, i.e. the activation enthalpy for electronic conduction.
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Fig.14.7 displays the calculated activation enthalpies and shows that the Ca doped

CGO material displays a higher activation enthalpy. It can be seen that below 700°C,
the Ca doped material will exhibit a greater resistance to reduction compared to the
standard CGO. This is a significant result because the Ca doped material has already
been shown to display higher ionic conductivities at 500°C and thus an increased
electrolytic domain at this temperature would make this material very attractive for
SOFC applications. For comparison, the value of activation enthalpy for the electronic
conductivity obtained by Maricle [1], for Ce-17%Gd-3%Pr was 2.18eV.
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Fig.14.7. Arrhenius graph of the electronic conductivity for both Ce-20%Gd and a Ca
doped CGO.

Several multi-valent elements have been considered as dopants, which may act as
electron trapping sites in CGO including, Mn, Pr and Fe. It was found that Mn doped
samples could not be sintered to a sufficient density for electrical analysis [2] and thus
only Pr and Fe doped CGO (supplied by ECN and Rhone-Poulenc respectively) were
studied further. Fig.14.8 shows an Arrhenius plot of the bulk and grain boundary
conductivities for an Fe and Pr doped CGO, compared to a Ca doped CGO. At 500°C
there is very little difference between the conductivities of the three materials. This
result suggests that the small addition of a second dopant, has again increased the grain
boundary conductivity compared to a standard CGO composition and further supports
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the idea, introduced earlier in this chapter, that the second dopant forms a relatively
good ionically conducting phase at the grain boundary.
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Fig.14.8. Arrhenius graph showing the bulk and grain boundary conductivities for a
number of codoped CGO samples.

The results of Rudkin [3] at Imperial College have previously shown that the Pr doped
CGO has had no significant effect on the width of the electrolytic domain to the
standard CGO. Fig.14.9 shows the variation of conductivity with Po, at 700°C, for the
Fe doped CGO compared to the reference samples measured earlier. Again, it is clear
that there is no marked improvement in the width of the electrolytic domain.

The P(-) value for these three materials has been calculated using the method described
in chapter 13 and are compared in Fig.14.10. It can be seen that the codoped samples
produce no improvement in the P(-) value (10"%atm for Ce-9%Gd-1%Fe and
5x10"%tm for Ce-19%Gd-1%Ca) over that of the standard CGO (10*’atm). These
results suggest that it is not possible to reduce the electronic conductivity for CGO in
reducing conditions, by creating local sites to trap the electrons. However, these
dopants have produced some interesting improvements in the grain boundary
conductivities in air, which need to be explored further.
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Fig.14.10. Graph showing the P(-) values calculated at 700°C, for the samples

analysed in Fig.14.9.
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14.4. Effect of Strontium Gallate Additions

Chapter 8 discussed the possible benefits of adding strontium gallate, either in its
glassy or crystalline form to CGO. This section explores the areas in which it is
thought that the strontium gallate additions may be beneficial, i.e. reduction of the
sintering temperature, increased grain boundary ionic conductivity and decreased

electronic conductivity in reducing atmospheres.

14.4.1. Preparation

The strontium gallate glasses were prepared, by first, adding the appropriate quantities
of the precursors, Sr(NO;); and Ga;0s to form Sr;Ga;Os. The mixture was initially
heated to 500°C, to permit the nitrate to decompose. The temperature was then
increased to 1350°C to obtain a melt. The melt was then quenched by pouring onto a

hot plate, to avoid explosive shattering.

The ceramic form of strontium gallate was prepared using a similar route, except the
mixture was only heated to 1210°C for Shrs and then furnace cooled. The XRD
pattern for the ceramic strontium gallate powder showed that the required composition
(Sr;Ga;05) had disproportionated into a predominantly Sr;Ga;Oy phase, as found by
Feng [4].

14.4.2. Conductivity Measurements

Impedance analyses was then performed on both forms of strontium gallate (SGO) to
obtain values for their conductivity. A piece of the strontium gallate glass was shaped
into a square section and platinum electrodes applied and dried under a UV lamp. The
strontium gallate crystalline powder was pressed into a pellet and sintered at 1210°C
for 12hrs. It was found that pellets sintered at 1230°C and above, melted, which
suggests that the eutectic temperature measured by Kobzareva [5] may be too high.
Platinum electrodes were then applied and baked on at 950°C for 'zhour. Fig.14.11

shows the Arrhenius conductivity graph for both the ceramic and glass strontium
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gallates, compared to a standard Ce-10%Gd (the boron doped strontium gallate sample

is explained below).
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Fig.14.11. Arrhenius graph of the conductivity of glassy and crystalline strontium
gallate. The total conductivity of Ce-10%Gd is also shown for comparison.

The conductivity of both the glass and ceramic strontium gallate (SGO) were much
lower than the total conductivity of a Rhéne-Poulenc Ce-10%Gd. This was expected
because glasses are known to be poor oxygen ion conductors (see chapter 8) and the
ceramic strontium gallate had disproportionated from the desired brownmillerite phase.
To stabilise the brownmillerite phase, which is thought to have a reasonable oxygen
ion conductivity, it is necessary to force the gallium ion into octahedral sites in the
lattice. It was suggested that this could be achieved by the correct doping [6] and
initially boron was selected. The boron ion is smaller than the gallium ion and will
therefore prefer the tetrahedral sites and force the gallium ion into the octahedral sites.
In addition, B,Os is a common fluxing agent in glasses and may lower the melting

point of the glass.

Boron oxide was thus added to SGO to prepare three different glass compositions:
Sr,Ga; $Bo20s, Sr2Ga;sBosOs and SrGaBosOs2s. Only the first two compositions

265



Chapter 14. Ca-Codoping and the Reduction of Electronic Conductivity using Glass Additions
formed glasses and so these were investigated further. Fig.14.11 shows the

conductivity of a boron doped SGO glass. Again the conductivity of this glass is low
compared to the reference CGO. The conductivity of the ceramic form will be
discussed later. Attempts to make an SGO glass with other dopants has been
performed by Bailly [7], using Sc and Zr-Mg and Wistance [8], using B-Y and B-Zr.
In all cases it was not possible to produce a glass.

To determine the stability of these glasses, it was necessary to measure the glass
transition temperature, Tg. This analysis was performed by Mr.E.Bailly, using DTA
(explained in chapter 10), on SGO and boron doped SGO. The glass transition
temperature for all glasses was found around 860°C. It was also found that the melting
points were lower than that reported by Kobzareva [5], ranging from 1180°C for the
boron doped SGO, to 1240°C for SGO. This agrees with the observation made earlier,
that ceramic samples melted above 1230°C. The longer term stability of these glasses
was tested by placing a piece of each glass into a furnace at a temperature of 700°C.
After 161hrs at this temperature all samples showed areas of devitrification, which
suggests the operation temperature for these glasses must be kept below 700°C.

The low conductivities of the glass and ceramic SGO samples does not exclude these
materials as additives to CGO because the advantages of reducing the electronic
conductivity with these additions and lowering the sintering temperature, would be
acceptable, even if there was a slight decrease in the ionic conductivity. To assess the
behaviour of the three SGO additions when added to CGO, a standard Ce-10%Gd
powder from Rhéne-Poulenc was mixed with 3mol% additions of the ceramic and
glass SGO. The glass SGO was first ground to a fine powder before addition. The
powders were mixed in a shear mixer for several hours, before uniaxial pressing to
form pellets. No isostatic pressing was performed. Three sintering conditions were

employed, as shown in Table 14.1.

For all three sintering conditions the density of the pellets was <95% of the theoretical
density. The ceramic SGO addition to CGO achieved the highest density for the
samples slow cooled from 1200°C (93%), while the SGO glass addition achieved the
highest density for the other two sintering conditions (90% for the slow cool from
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1300°C and 89% for the quenched samples). It was therefore decided to electrically

test two SGO doped CGO samples: a ceramic SGO addition which had been slow
cooled and a SGO glass addition which had been quenched. Platinum electrodes were
applied to the samples and baked on at 500°C for ‘zhour. Fig.14.12 shows the
Arrhenius conductivity plot for the total conductivities of each sample compared to an
undoped CGO.

Composition Type of Cooling Type of Cooling Type of Cooling
after sintering at after sintering at after sintering at
1200°C for 6hrs 1300°C for 6hrs 1300°C for 6hrs

CGO + SGO Furnace Cooled Furnace Cooled Quench in air

(ceramic)
CGO + SGO (glass) Furnace Cooled Furnace Cooled Quench in air
CGO + Sr,Ga, gB(,0s Furnace Cooled Furnace Cooled Quench in air
(glass)
CGO + Sr,Ga,; 5B 5s0s Furnace Cooled Furnace Cooled Quench in air
(glass)

Table 14.1. Sintering and cooling characteristics for the production of SGO doped
CGO pellets.

Fig.14.12 shows that above 350°C, the total conductivity of the ceramic and glass
additions to CGO, results in a decrease in the conductivity compared to the standard
CGO. The bulk conductivity of all samples is very similar and the decrease in total
conductivity is entirely related to a decrease in the grain boundary conductivities. It is
thought that the mechanical preparation of these samples may be responsible for the
low densities and low conductivities measured. If the powders were inhomogeneous,
this would result in liquid phase sintering in discrete areas of the sample, while leaving
other areas with a low density. The lower density areas could then contribute to the
higher resistances measured. It is also possible that the strontium gallate phase itself is
responsible for the increased resistance, having seen earlier that this has a high
Below 350°C, the furnace cooled CGO with ceramic SGO powder
additions, displayed a higher total conductivity. Again, this result could be explained
by considering the grain boundary conductivity.

resistance.
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To prepare more homogeneous samples, SGO was prepared by a wet chemical route

and the resulting powder atomised onto the CGO powder. This technique is described
in chapter 9. Two pellets were then sintered, one furnace cooled from 1300°C/6hrs
and the second quenched from 1300°C/6hrs. Both pellets displayed densities >90%.
The total electrical conductivity of these pellets are shown in Fig.14.12.
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Fig.14.12. Arrhenius graph of the total conductivity of SGO doped CGO pellets, made
by mechanical mixing and powder atomisation (RP samples), compared to an undoped
CGO.

From Fig.14.12 it appears that for both the mechanically mixed and atomised powders,
the quenched samples display the lowest conductivities. It is also clear, that despite
having a higher homogeneity and a higher density, the powder atomised samples have
a lower conductivity compared to the mechanically mixed pellets. An explanation for
this fact is that the low conductivity SGO completely covers the grain boundary in the
atomised powders but only partially covers the boundaries in the mechanically mixed
pellets. The grain boundary conductivity in the latter pellets would therefore be closer
to that of an undoped CGO.
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The most important criterion of these additions to CGO, is their ability to reduce the
conductivity of electrons, by creating electron blocking layers at the grain boundary.
Therefore, the d.c. conductivity of these materials in reducing conditions must be
assessed. Two bar samples were prepared, as described in chapter 10, for d.c. analysis:
a glass SGO addition to CGO and the powder atomised SGO onto CGO. Both samples
were sintered at 1300°C/6hrs before quenching to room temperature. Fig.14.13 shows
the d.c. conductivity graph measured at 700°C for these two samples compared to a

reference sample measured earlier in this chapter.
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Fig.14.13. D.C. conductivity in reducing Ho/CO, conditions for CGO with SGO
additions, measured at 700°C. IC powder is mechanically mixed and RP powder has
been atomised onto CGO.

Fig.14.13 shows that there is no significant increase in the width of the electrolytic
domain and in fact, the P(-) has moved to higher Po,. Surprisingly, the atomised
powder sample now displays a higher ionic conductivity compared to the mechanically
mixed sample. The higher ionic conductivity has slightly increased the electrolytic
domain but it is still less than that for the standard CGO samples measured earlier.
The gradient of the two curves at the lower Pg;, values is approximately -1/5, which is
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close to the expected -1/4. These results indicate that the presence of strontium gallate,

if at the grain boundaries, does not block the migration of electrons under reducing

conditions.

14.5. Conclusions

The Ca doped CGO samples show improved ionic conductivity and reduced electronic
conductivity at 500°C and remain promising materials for the electrolyte in SOFC
stacks. These results also suggest that variable valence doping does not increase the
width of the electrolytic domain, as suggested previously. Finally, the addition of
strontium gallate has not shown the same effect as that found in zirconia but further

experiments are required to understand the behaviour of this addition in CGO.
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Conclusions

The performance of doped ceria electrolytes for operation in solid oxide fuel cells has
been discussed. The high temperatures required for present SOFC devices necessitates
the use of expensive materials to construct a complete system. The review of the
literature revealed that ceria based electrolytes show the most promise for low
temperature operation (500°C), which would lead to a substantial reduction in the cost
of an SOFC system. This thesis has concentrated on both optimising the ionic
conductivity of doped ceria, and reducing the electronic conductivity in low Po,

atmospheres.

A number of techniques have been used to study both the bulk material and grain
boundaries including, a.c. impedance spectroscopy, d.c. conductivity, transmission

electron microscopy, secondary ion mass spectrometry and low energy ion scattering.

Gadolinia is the most common used dopant in ceria because it produces the highest
ionic conductivity. It has been found in this work, that the highest total conductivity is
achieved at a doping level of 26mol% Gd, which is higher than the Gd concentrations
normally used. The total conductivity is dominated by the grain boundary contribution
at temperatures <500°C, especially for Gd concentrations below 20mol%. However,
the grain boundary conductivity increased for higher Gd concentrations, reaching a
maximum at 26mol% Gd. TEM and LEIS measurements have indicated the presence
of a crystalline phase at the grain boundaries consisting of a complex Gd-Ca-Na-K
oxide structure. The grain boundary conductivity is thought to be determined by the
thickness of this oxide phase. It is interesting that the high Gd concentration ceria
samples produce the highest total conductivity, because data discussed in chapter 6
showed that the electrolytic domain is widened at higher dopant concentrations.
Further discussions in appendix A, also show that high Gd concentrations produce the
most mechanically stable electrolytes. It therefore appears beneficial to construct
SOFC electrolytes with Gd concentrations >20mol%Gd, despite the slight reduction in
the bulk conductivity.
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Chapter 13 explored the possibility of optimising the bulk conductivity by reducing the
global lattice strain to zero. The reduction in strain was achieved by using rare earth
doping pairs, with a smaller and a larger ion compared to that of Gd. The Sm-Y
system was most successful in reducing the lattice strain but no improvement in the
bulk conductivity was measured. From these results it was concluded that reducing the
local lattice strains, through defect trapping energies, a higher good bulk conductivity
is achieved. Gadolinium achieves the lowest local lattice strains and thus it does not
appear possible to improve on this, however, Ce-3%Sm-3%Y shows promise for use at

temperatures above 500°C.

The grain boundary conductivity was again found to be important in these materials.
For Ce-3%Sm-3%Y, the grain boundary conductivity was an order of magnitude
higher than a CGO sample with a similar Gd concentration. Impedance and TEM
results suggested the formation of a relatively good oxygen ion conducting phase
containing the dopant, Ca and Si ions. This sample displayed the highest total
conductivity of all the samples studied in this thesis. Unfortunately, this material
displayed poorer characteristics in reducing conditions, which will limit the
temperature of operation of such electrolyte materials to ~500°C.

The final chapter in this thesis concentrated on the electronic conductivity in doped
ceria. It was discovered that small additions of Ca to CGO dramatically improved the
grain boundary conductivity, especially for the low Gd concentration sample. The
electronic conductivity in this material below 700°C, was also shown to be lower
compared to CGO. Ca-codoped CGO therefore looks a promising material for future
electrolyte applications at low temperatures (<700°C). The addition of variable valent
dopants to act as electron trapping sites, in reducing conditions, did not appear to be
successful. The addition of strontium gallate to decrease the sintering temperature (by
forming a liquid phase) and to lower the electronic conductivity (by creating a grain
boundary electron blocking layer), was also not successful. However, these were the
first experiments of their kind performed on CGO, and there is a large scope with

which to continue research into electron blocking layers.
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Suggestions for Future Work

This work provides many avenues for further research into ceria electrolytes but there
are four particular areas where further experiments could prove fruitful. The first of
these areas is the testing of the heavily doped CGO materials (>20mol% Gd) in
reducing conditions, to assess the affect on the P(-) value. If these experiments prove
successful, then longer term experiments operating under working SOFC conditions
would release information about the mechanical stability, which is expected to be
better in these heavily doped samples.

The ionic conductivity in the Sm-Y doped ceria system needs further consideration, to
understand the properties at the grain boundary which lead to the significantly higher
conductivity compared to CGO. Electrolytes based on Ce-Sm-Y oxide are more likely
to be considered in air separation membranes, where less reducing conditions will be

experienced.

It is necessary to conduct experiments on Ca doped CGO in reducing conditions at
lower temperatures (500°C). If there is a significant improvement in the P(-) value,
then this material has the potential to replace YSZ electrolytes and overcome one
problem in the production of low temperature SOFC systems. Experiments with other
codopants may further improve on the electrical properties.

Finally, the addition of electron blocking phases in CGO may be the ultimate answer to
lowering the electronic conductivity in reducing conditions. It appears that strontium
gallate has not initially been successful but further experiments with different dopants
are necessary. The search for alternative low melting point ceramics, which exhibit

reasonable oxygen ion conductivities, is currently underway at Imperial College.
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Appendix A

A.1. Mechanical and Dielectric Breakdown Relationship

The mechanical properties of ceria electrolytes have received very little attention,
considering the large stresses that can be imposed on this ceramic under the operating
conditions of an SOFC. Besides having an adequate strength and toughness to
withstand the stresses of construction in building a fuel cell stack, there are a number
of operational stresses which need to be considered.

Firstly, the thermal mismatch between the different materials in the stack induces
stresses during thermal cycling of the SOFC. Chapter 6 showed that ceria electrolytes
have a higher thermal expansion coefficient than zirconia electrolytes, which enables a
closer matching to electrode materials. The lower operating temperatures of a ceria
electrolyte based SOFC will also lower the thermal stresses experienced during
thermal cycling, compared to a zirconia based electrolyte. Therefore, ceria electrolytes
would perform better than zirconia under the thermal constraints of the SOFC.

Secondly, at the anode side of the electrolyte, a reducing atmosphere (10"%atm) causes
partial reduction of the cerium ion (Ce*'-Ce™), introducing oxygen vacancies and

localised electrons into the lattice for charge compensation (equation A.1).
20} & V' +2e +0,, (A1)

The partial reduction increases both the lattice parameter and hence the overall
dimensions of the electrolyte [1, 2]. At the cathode the oxygen partial pressure is
around 0.2atm and therefore, the ceria electrolyte is situated in an oxygen pressure
gradient. This gradient results in an increased strain across the thickness of the
electrolyte, which can lead to fracture. This is perhaps the greatest mechanical
problem associated with ceria electrolytes and until satisfactorily resolved, will prevent

the use of ceria in SOFC designs.
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Atkinson [3] has used calculations to show that the region of non-stoichiometry
through a CGO electrolyte, is confined closer to the anode side, as more current is
drawn from the cell. Another interesting finding is that the tensile stress is shown to
decrease, as Gd concentration increases from 5-25%. Therefore, higher Gd
concentrations would be preferable under SOFC conditions. The explanation for this
may be related to the fact that higher Gd doping shifts the P(-) to lower values of Po,
(see chapter 6). At these higher dopant concentrations ceria appears to have a greater
resistance to reduction, resulting in the creation of fewer oxygen vacancies and thus a
lower electrolyte stress. Combined with the electrical measurements in chapter 12,
which showed a higher ionic conductivity for high dopant levels, it would appear that a
high dopant concentration is needed for the optimum ceria electrolyte. The
calculations also indicate that the maximum ‘safe’ operating temperature for CGO in a
Po;=10"atm is about 750°C.

The remainder of this appendix concentrates on the physical stresses applied to the
electrolyte during their production and incorporation into the stack. For the scale-up in
production required for commercialisation, the mechanical properties become even
more important. There have been very few studies concerning the mechanical
behaviour of doped ceria electrolytes. This is partly a result of the large quantity of
material needed and partly due to the difficulty in performing meaningful tests on

ceramics.

Shemilt [4], using an indentation fracture technique, calculated the fracture toughness,
K., of samaria doped ceria to be insensitive when the doping level was between 10-
20mol% SmO;s. The fracture surfaces, examined by SEM, revealed predominantly
transgranular fracture, which is typical of cubic systems [5]. Table A.1 shows a
comparison of literature values for some mechanical properties in YSZ and doped ceria
electrolytes.

It is clear, that ceria electrolyte fracture toughnesses are at the lower end, compared to
those of YSZ. It also appears, that the dopant composition has relatively little effect on
K.. Table A.1 shows that the measured strength is much lower than the calculated
strength, which uses the measured fracture toughness values. This implies, that large
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extrinsic defects, introduced during preparation of these materials, are responsible for
failure. The difficulties in performing reliable mechanical experiments, has

necessitated the search for a more appropriate testing technique.

Composition Fracture Toughness, K. Fracture Strength, ¢
(MPam'?) (MPa)
Ceo.908Smo,1020x 2.410.3 [4] 720 (calculated) [4]
Ce5Gdy20x 2.1-2.5 [6] 140 (measured) [6]
YSZ 1.54.2 [7] 150-200 [8]

Table A.1. Comparison of mechanical properties between YSZ and ceria electrolytes.

Ceramic materials are inherently brittle and will fail catastrophically, when subjected
to sufficiently large tensile forces. In most cases, the flaws which lead to failure are
surface defects, which propagate under the applied stress. In each ceramic specimen
there will be a distribution of flaw sizes, flaw orientations and locations, with respect
to the applied stress. It is this flaw distribution that determines the strength of a
ceramic and it is therefore necessary, to use a statistical distribution function to
describe the strength variation. The most widely used function is that of Weibull [9],
who defines the survival probability, P, of a specimen of volume, V by:

]

where o is the fracture stress, V, is the unit volume and o, and m are constants. The
constant, m, is known as the Weibull modulus and characterises the width of the
fracture stress distribution, i.e. The larger the value of m, the smaller the variation in

the measured fracture stress. For most engineering ceramics, m is in the range of 5-10.

When analysing mechanical breakdown strengths, Weibull statistics use the “weakest
link hypothesis”, i.e. the largest flaw causes failure. To obtain statistically significant
values, many test pieces are required. Mechanical test samples are relatively large in
size and must be accurately shaped. This generally produces large quantities of

expensive waste material.
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Dielectric breakdown has also been shown to follow the weakest link theory and
dielectric strengths are usually estimated by means of Weibull statistics. The
microstructure is expected to play a similar role in both mechanical and dielectric
strength distributions and so an analogy between the two is likely. It would then be
possible to evaluate the reliability of mechanical strength data, using dielectric strength
tests. Dielectric strength measurements require only small areas for electrodes, need
many fewer specimens and can be performed in an automated process, however,
measuring high voltage breakdown across an insulating surface is not a simple process.
Normally, a large scatter in the breakdown voltages occurs, at a particular spacing, due
to variable factors, such as the surface roughness (both the electrodes and the
insulator), statistical breakdown distribution, power supply characteristics, atmospheric
conditions and the actual technique employed for testing. Generally, the breakdown
voltage is assumed to follow a Gaussian distribution [10].

Yamashita [11] has adapted the Weibull equation for dielectric analysis, according to

oot V(u] -
=1-exp - E, (A3)

where, V is the volume subject to dielectric stress, Ej the dielectric strength, E, is the

equation A.3.

threshold field and generally set to zero and E, is a scaling parameter. For a series of
test specimens with a maximum dielectric strength, Ej, the survival probability is

normally calculated using equation A.4, for the following set of breakdown values:

E<Ex<Es<......... | S— <E,

P =— (A4)

Rearranging equation A.3 and taking logarithms gives equation A.5
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A graph of Inin(1/(1-P)) verses InEy, allows m to be calculated from the gradient.

Yamashita [11] was the first to propose this concept, using BaTiO; ceramics, and
found similar Weibull moduli for both mechanical and electrical types of failure.
Further experiments on BaTiOj; thick films [12] and MgO [13], both at room and
elevated temperature, have shown high correlations between the dielectric and
mechanical strength distributions.

The similarity in mechanical and dielectric distributions, strongly suggests that
breakdown initiates and propagates along the same flaws. Surface flaws, grain
boundaries, pores, dislocations and voids are all common stress concentrating defects
in ceramics. Beauchamp [14] studied MgO and found dielectric breakdown to occur at

the grain boundaries and often at triple points.

Silver electrodes applied to the surfaces, for the production of dielectric samples, will
penetrated to the bottom of the sample roughness. The electric field in the vicinity of
these electrode tips, is inversely proportional to the radius of curvature at the tip, which
is determined by the surface flaw shape. Consequently, the sharpest surface flaws
would lead to dielectric breakdown. This is analogous to mechanical breakdown.
Kishimoto [15] showed that surface roughness played a critical role in the distribution
of both dielectric and mechanical strength in TiO, ceramics. Smoother surfaces
demonstrated higher average dielectric strength and higher Weibull moduli.
Mechanical and dielectric strength distributions, with similar roughness, showed close

agreement on Weibull plots.

Beauchamp [14] showed the dielectric strength to decrease, as both the porosity and
grain size increased. This suggests, that breakdown is most likely to initiate and
propagate in the vicinity of the largest grains in a sample. In MgO, breakdown was

shown to propagate along the grain boundaries, after initiation at an unknown source.
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It is often observed that as the sample thickness increases, the breakdown voltage
decreases. This can be explained, by the increased probability of creating a breakdown

pathway in a thicker sample.

Nakamura [16], in a recent study of gypsum, suggested that large pores present in both
mechanical and dielectric breakdown samples, were responsible for the initiation of
failure. In these experiments, SEM analysis showed the inner surfaces of the
breakdown path to have melted, due to the Joule heat generated during failure.
Atmospheric discharge was observed as the sudden breakdown occurred, suggesting
breakdown originated at a gas filled pore.

There are three common dielectric breakdown mechanisms: Intrinsic, thermal and
avalanche [13]. Intrinsic breakdown is electronic in nature, is very fast and occurs at
low temperatures. The breakdown strength is independent of the sample and electrode
geometries and the mode of the applied electric field. Thermal breakdown occurs,
whenever the Joule heat generated in the sample cannot be extracted fast enough by
conduction and convection. As a consequence the sample temperature rises until
permanent damage occurs. Thermal breakdown often displays a circular melted track
between the two electrodes. Avalanche breakdown occurs by the rapid breakdown
through a region of gradually accumulated electrons.

Experimentally, a time lag is always observed between voltage application and
breakdown. The time, t;, which elapses between the application of a potential
difference >V, (the breakdown voltage) and the appearance of a suitably placed
electron, is called the statistical time lag. Once an electron has appeared, an avalanche
ionisation process causes breakdown in time, tz, known as the formative lag time. The

total time (or spark) lag, t, is thus given by,
t= ts + tf (A6)
The statistical time lag depends on ionisation between the electrodes, at the time the

voltage reaches the breakdown value. In most cases, the formative time is short

(nanoseconds), in comparison to the statistical time lag and can be neglected.
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A.2. Experimental

Standard CGO powder (10% GdO;s) supplied by Rhone-Poulenc, was pressed
uniaxially in a 25mm diameter die, before isostatic pressing at 300MPa. The samples
were sintered at 1550°C for 2 hours, ensuring all samples had densities >95% of the
theoretical. Both faces of each pellet were then ground with 1200 grit SiC paper to
produce a uniform roughness. Silver electrodes (8mm diameter) were then screen
printed onto both sides of each pellet. The electrodes were located in the centres of
each pellet and were small enough to prevent any edge-field concentration effects, such
as corona discharge [14]. All samples were immersed in silicone oil, to prevent
surface discharge, before testing. A d.c. voltage was then applied to each sample and
increased at the rate of ~300Vs™, using a SEFELEC PRF high voltage supply. The
breakdown field at which the current abruptly increased (after t;), was regarded as the
dielectric strength and was measured automatically. All measurements were

performed at room temperature.

A.3. Results and Discussion

Figure A.1 shows the graph of dielectric breakdown voltage, verses the thickness of the
test sample. It is clear, that the breakdown voltage does not increase linearly with the
sample thickness. The thicker samples breakdown more easily compared to the thinner
samples, which is in agreement with the statistical approach, that there is a greater
probability of a larger critical flaw existing in thicker samples. Inspection of the
surfaces of each sample immediately after breakdown, revealed a small charred
marking on both electrodes, indicating that the breakdown had occurred through the
sample and not across the surface. The charring also indicates a thermal breakdown
process, as discussed previously. At present, it has not been possible to determine the
propagation route of the current through the sample, because the re-oxidation of the

electrodes conceals the location of the surface charring.
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Fig.A.1. Dielectric breakdown characteristics of Cep9Gdy;02.x as a function of
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The breakdown fields measured in this study are considerably higher than those
reported for TiO, and BaTiO; but much less than those of MgO. Using the data in
Fig.A.1 and applying equation A.5, a Weibull plot was created for CGO and can be
seen in Fig.A.2. The graph shows some scatter at the lower breakdown fields but a
fitted straight line gives a value of m = 9.01. This value is inside the range that is

typical for most engineering ceramics.

2 - —_— = _—
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o

LnLn{1/(1-P)}
[ )

-3 -
Fitted Line

48 49 5.0 5.1 D2
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Fig.A.2. Weibull plot of dielectric strength for Ceg 9Gdg 102-x.
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It will now be interesting to see, what value researchers acquire for the Weibull
modulus of CGO, when analysing its mechanical strength. If the value of m is similar
and the shape of the Weibull plots are the same, then this technique may be used to
assess the mechanical reliability of ceria electrolytes and reduce the amount of waste

test material.
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Appendix B

The following calculations show the derivation of the impedance of a parallel RC

circuit and why this is represented by a semi-circle in the complex plane.

R N
" Increasing Frequency
—\VV\— Z’’/Ohms s
R/2
|
|l N
C R2,0)  7/0hms
Fig.B.1. A parallel RC circuit. Fig.B.2. Corresponding impedance semi-circle.

The current through the resistor is given by I=V/R. The current through the capacitor
is given by the differential of charge, Q with respect to time, t (Q=CV), therefore,
[=C(8V/ot). The total current is therefore given by,

A\
=2 *+C3 (B.1)

where C is the capacitance and t, time. The capacitance is related to the relative

permittivity of the material by,

€,€r A
C=-CR_

; (B.2)

where g is the permittivity of free space, € is the relative permittivity of the dielectric,
A is the cross sectional area of the material and / is the thickness of the material. If a
sinusoidal voltage is applied according to equation B.3,

V = Vgexp{jot} (B.3)
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where V) is the amplitude of the voltage, then the resulting current is given by,

\
I=2+joCV (B.4)

which can be rearranged to give,

1 .
I= V(E " j(DC) (B.5)

The impedance of a sample was shown in chapter12 to be given by Z=V/I, therefore,

using equation B.5, the impedance can be expressed as,
\Y

=71 ) (B.6)
V(R - _](DC)

Rearranging this equation gives the commonly quoted expression for the impedance of
a parallel RC circuit,

1
Z + joC (B.7)

This equation is now shown to be the equation of a circle as follows: Rearranging for

Z gives,

1

Z=JR+jeC (RB)
Multiplying top and bottom by 1/R — joC
7 IR - joC B9)
" 1R? +0?C2 '
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Complex number theory states that |Z| = Z' - jZ", therefore,

7 'R
/R? +o’C?
And,
oC
Zl ' -
1/R? + 0*C?
Rearranging (B.10) gives:
1 1
oC =z R

Substituting (B.12) and (B.13) into (B.11) gives,
Z..[L+_1_ L]_ (_1_ 1
R2 RZ' RZ = RZ' RZ
Squaring both sides,
[z_] _L_1
RZ'l ~RZ' R?
Eliminating and simplifying gives,

(Zl)z —-RZ' + (Zu)z =0
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Adding R%/4 to both sides gives,

(Z)*-RZ' +R¥4 + (2" =R¥4 (B.17)
Finally, this rearranges to give,
(Z' - R2)* +(Z")* = (R12)? (B.18)

This is the equation of a circle of radius R/2 and whose centre is located at (R/2,0). If

®,R,C>1 this will result in a semi-circle above the x-axis.

“The Answer to the Great Question Of.......... Life, the Universe and
Everything......... Is......... Forty-Two.”

Douglas Adams (1952-)
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