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Summary

One of the most important issues facing humanity is the impending threat of cli-
mate change. In order to combat the rising levels of atmospheric pollutants, many new
technologies are being developed to alleviate the strain on the ecosystem. Ceria (CeO,)
is an important material for a variety of applications, from catalysts that remove harm-
ful chemical from the atmosphere, to fuel cells, a highly efficient and environmentally
friendly form of energy production. Due to its importance for these technologies, a
detailed description of the chemistry CeO, would prove highly beneficial for explaining
current experimental observations and highlighting new avenues for future research.
The main aim of this work is to utilise computational chemistry techniques to gain a
detailed understanding on how defects influence and define the chemistry of CeO,, and
to ascertain methods for improving the function of CeO, based materials.

This thesis begins with an investigation of intrinsic defects in CeO, in order to
determine which are most important for defining the properties of CeO,. It is demon-
strated that the most stable defect under oxygen poor conditions will be the oxygen
vacancy, while under oxygen rich conditions the most stable defect is an oxygen in-
terstitial, which forms a peroxide ion. Temperature and pressure dependence analyses
then assess the relative abundance of intrinsic defects under a range of real-world con-
ditions. It was determined that under the conditions that CeQO, catalysts and fuel cell
electrolytes typically operate at, the oxygen vacancy is the most abundant defect, and
also the most important for describing the chemistry of CeO,.

Next, static structure calculations are employed to investigate a range of triva-
lent dopants in CeO, to determine which are most effective for fuel cell applications.
Firstly, the local structure around the dopant ions is assessed to determine the most
stable structure. Secondly, the relative attraction between the dopants and oxygen
vacancies is calculated. Finally, the effect of the dopants on the reducibility of CeO,
is investigated. It was found that the defect structure is principally dependent on the
ionic radius of the dopant cations, and that dopant-vacancy attraction was lowest for
dopants with ionic radii in the range of 0.99-1.13 A. The reduction energy of CeO, was
found to be dependent on the structure around the dopants, itself a function of the
ionic radius of the dopants, but the reduction energy did not vary significantly between
dopants of similar ionic radii. From these results it is possible to suggest which triva-
lent dopants would be most suitable to enhance ionic conductivity without increasing

electronic conductivity in SOFC electrolytes.



To model the dynamical process of oxygen diffusion, ab intio molecular dynamics
calculations are applied to a series of doped CeQ, structures. It was found that the
movement of anions in these systems is predominantly through a hopping mechanism
where anions move along a single direction to fill vacancy sites. However, alternate, high
energy conduction mechanisms were also observed at elevated temperatures. It was also
found that the defect structure is highly important for improving ionic conductivity
and to avoid the vacancies becoming trapped by the dopant cations. The combination
of static and dynamical calculations was also shown to be an effective method for
assessing new materials for solid oxide fuel cell electrolytes.

An alternate application of CeO, as a metal-oxide-semiconductor field-effect tran-
sistor is also investigated. Due to its high dielectric constant, large band gap, and
very small lattice mismatch with Si, CeO, has been proposed as a promising candidate
high-# dielectric material. The performance of CeO, as a dielectric material, however,
is severely limited due its propensity for facile reduction (oxygen vacancy formation),
which causes a high interface state density, and subsequent decreased drain currents.
Therefore, a series of trivalent dopants were tested to see which could decrease the
concentration of such defects in CeO, samples. It was demonstrated that La(IlI) and
Y (III) are the most soluble trivalent dopants in CeO,, and can reduce the number of
the electrons in the system both ionically (formation of dopant—vacancy-dopant clus-
ters) or to a lesser extent electronically (hole formation). La(Ill) doping also increases
the lattice constant of CeO,, improving the lattice match with Si.

Finally, defects on the pure and doped low index surfaces of CeO, are studied.
The results reveal the variable nature of the oxygen states on pure surfaces, including
the never before modelled intrinsic peroxide surface defects. It is shown that, under
O-rich conditions, peroxide defects on the (100) and (110) surfaces are more stable
than oxygen vacancies. For the (100), (110) and (111) surfaces of La-doped CeO,, a
series of different charge compensation schemes were tested to determine which was
the most stable. For the (100) and (110) surface under O-rich conditions, the charge
was compensated by a peroxide ion and not an oxygen vacancy as has been previously
reported. The effect of La(Ill) dopants on the reducibility of CeO, was probed by
introducing extra oxygen vacancies to the surfaces. The results of the calculations
show that La(III) dopants will lead to an increase in the reduction energy for surface
oxygen ions. However, an alternate redox mechanism where the surface is reduced
by the breakdown of the charge compensating peroxide leaving a surface vacancy is
proposed. This mechanism provides a low energy pathway that could explain the

enhanced catalytic properties that have been observed for La—doped CeO,.
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Chapter 1

Introduction

1.1 Climate Change and the Environment

The past decades of environmental research have all pointed to one conclusion: the
climate is undergoing severe and drastic changes.? Evidence suggests that the last half
of the 20th century was warmer than any other 50 year period within the past 500
years, and the average temperature in the Northern Hemisphere during this period
was probably higher than any other time in the past 1,300 years.® The average surface
temperature has increased by 0.7°C,* while the world’s oceans have experienced a mean
warming of 0.06°C.> Although it is expected for some fluctuations to appear in global
temperatures over long time periods,® natural factors can no longer account for these
rapid changes. The conclusion that must be drawn from this is that global warming is

a man-made phenomenon.”

1.1.1 Greenhouse Gases and CO,

Life on Earth relies on the presence of greenhouse gases in the atmosphere: energy
from the sun strikes the planet’s surface and radiates back into space; greenhouse
gases help retain sufficient heat to maintain an average temperature of around 15°C.
These gases, which include water vapour, methane, carbon dioxide, carbon monox-

ide, nitrogen dioxide, nitric oxide, and ozone, have affected Earth’s climate, and in
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turn organic life, which adapted over millions of years to live comfortably under am-
bient conditions. Despite the importance of these gases for maintaining a habitable
climate, within the past 150 years human industry has increased the concentration of
atmospheric greenhouse gases. Perhaps the most significant greenhouse gas for climate
change is CO,. Although other pollutants are potentially more damaging to the en-
vironment, for example, methane, CHy, is roughly twenty times more damaging than
similar concentrations of CO,, the higher abundance of the latter makes it a primary
concern for climate change. Historically, concentrations of CO, have fluctuated be-
tween ~ 170 and 300 ppm for the last 2.1 million years, and in the last thousand years,
up to the onset of the industrial revolution, levels were between ~ 276 and 284 ppm.
During the middle of the 19th century, however, the use of fossil fuels at an industrial
scale became ubiquitous, forcing the level of atmospheric CO, to drastically increase
and, in 2009, the concentration increased to roughly 385 ppm, which corresponds to

about 818 billion metric tons of CO, in the atmosphere.®

The higher CO, concentrations, with the subsequent climate change, has had both
a drastic, and detrimental impact on the environment, with both natural and managed
ecosystems under threat. The changes in temperature and precipitation, along with
associated loss of habitat, impinge heavily on animal populations all over the world.
For example, it was observed that although milder winters reduced mortality rates
among sheep and feral goats in Norway, this led to increased competition for food
which resulted in a precipitous decline in population the following spring.® Agricul-
tural production is under threat as well due to increasing scarcity of water, insects,
which thrive under the higher temperatures, and the spread of plant diseases.!'® The
loss of a stable system of food production would have disastrous consequences for the
global population, from famine to economic collapse, particularly for developing nations
whose economy is highly dependent on agriculture. The loss of arable land also forces
populations to migrate, which has been linked with the spread of infectious diseases.!!
Furthermore, higher ambient temperatures promote the reproduction of bacteria, and

increasing rates of infection.!?
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The section of the lower stratosphere referred to as the Ozone layer plays a vital
function in preserving life on Earth. The comparatively high concentrations of O3
found in this layer help prevent biologically harmful UV radiation from reaching the
surface of the planet. The depletion of the Ozone layer due to chloro-fluoro—carbons
(CFCs) is a well documented process. Levels of CFCs have actually been declining
in recent years'® but unfortunately the integrity of the O-zone layers remains under
threat. Due to radiative cooling, higher levels of greenhouse gases actually cool the
stratosphere, which promotes certain O-zone depleting processes,'* thus hindering the
recovery of the O-zone layer despite lower concentrations of CFCs. The world’s seas,
oceans and coastal regions are also threatened; the melting of the ice caps is causing
a rises in sea levels, making many areas uninhabitable and high concentrations of CO,

are actually acidifying oceans which is disastrous for marine ecology. !

1.2 Reduction of Green House Gases

All of the examples in the previous section point to one conclusion; that the levels of
greenhouse gases must be drastically reduced as soon as possible to prevent catastrophic
and irreversible damage to the climate. Due to its significant contribution to climate
change, the reduction of CO, is a primary concern for the protection of the environment.
In this section, the various methods reducing the levels of atmospheric pollutants shall

be discussed.

1.2.1 CO, Sequestration

One method for dealing with excess COs is to capture and store it, which is referred to
as carbon sequestration. There are a wide variety of methods for carbon sequestration,
including biological, chemical or physical processes. Examples of biological process in-
clude: reforestation, where atmospheric CO, is converted to biomass;'® mixing ocean
layers to trigger algal blooms;!” and encouraging the growth of phytoplankton through

iron fertilisation.'® However, there are certain drawbacks for these techniques. Trees
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and algae act as carbon stores when they are alive, but when they die, or are consumed,
they may become carbon exporters. Therefore, they are used as temporary storage or
as a way of better controlling the release of CO,. For iron fertilisation, the excessive
growth of phytoplankton could seriously affect marine ecosystems and therefore its use
should be carefully considered. Chemical CO;, sequestration generally refers to the
process of converting CO, into a stable, solid carbonate. Various “chemical scrubbers”
are prevalent in industrial processes to reduce the amount of CO, emissions. %2 Phys-
ical CO, sequestration often refers to the processes that occur to CO, that has been
captured through chemical or biological processes. For example, CO, that has been
converted to biomass is sometimes then buried underground, mimicking the process

which originally created fossils fuels.

1.2.2 Catalysis

An alternative method for dealing with greenhouse gases is to employ catalytic pro-
cesses to convert the pollutants into environmentally benign species. For example,
volatile organic compounds (VOCs) are a common byproduct of many industrial pro-
cesses. Two methods to reduce emissions of VOCs are by eliminating solvents from
the industrial process or thermal incineration. The former, however, is not always fea-
sible and the latter requires high operating temperatures and often produces noxious
byproducts such as NO, (z=1,2). By employing catalysts, VOC combustion can be
achieved under milder conditions while simultaneously avoiding the production of NO,.
21 Althought the combustion of VOCs does result in the production of CO,, the re-
lease of VOCs into the atmosphere would be far more devastating. Silylium-carborane
catalysts have been employed to de-fluorinate perfluoralkyls at ambient temperature,
removing a highly destructive CFC from the industrial waste streams.?? Other harmful
by—-products, such as NO and N,O, can be converted into stable and environmentally
benign Ny with V,05 catalysts.?3 It also possible to catalytically recycle emissions, by
converting CO, back into fuels such as methane and methanol.?*?> On a smaller scale,

three-way-catalysts (TWCs) are an ubiquitous, and mandatory, feature of modern
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automobiles.?® These TWCs, also known as catalytic converters, reduce the levels of
automotive emission by simultaneously converting CO and NO, to CO, and N.
Although catalysts are undeniably valuable assets in the fight against climate
change, several problems persist. For example, most catalyst can only efficiently func-
tion at lower temperatures and when there is only a medium level of throughput,
which would rule them out from certain industrial processes. Furthermore, while the
products from these catalytic reactions are less harmful than the reactants, they are
not necessarily entirely benign, e.g. although a catalytic converter will reduce levels
of toxic CO, one of the products will be CO, which remains, as discussed previously,

detrimental to the environment.

1.3 Energy Production in the Green Age

Further to the extensive damage that the use of fossil fuels has inflicted on the environ-
ment, there is also the fact that petroleum is a finite resource. Some reports have even
claimed that peak oil (the point at which global oil production begins to decline) could
occur as soon as 2015.27 As the double threat of peak oil and climate change loom
closer, it is vital to develop new methods of renewable and environmentally friendly
energy production. Although a great deal of progress still needs to be made, the utili-
sation of renewable sources of energy has increased drastically in recent times, and, as
of 2010, energy production from renewable resources stood at roughly 16 % of global

energy production, and comprised almost a fifth of electricity production.?®

1.3.1 Wind Energy

Wind farms produce renewable energy from wind turbines that are erected, either at
onshore or offshore locations, to harness wind energy, converting it to electricity. Wind
farms have been adopted all over the world, and in Ireland 192 wind farms produce
2232.31 MW of energy, approximately 15.5% of Ireland’s electricity demand as of 2012.

2% The major advantages of wind power is that once the turbines are constructed
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they require no fuel and emit no pollution. The cost of manufacture, transport and
contruction of a wind farm is recouped in a mere few months, whereupon the turbines
will continue to function for years with little maintainence required. However, there
are disadvantages to wind power. The most obvious is, of course, its dependence on the
wind: variable weather conditions mean that energy production can stall when there’s
no wind and suddenly surge when it picks up again. Therefore, careful consideration
must be taken so that alternate energy sources are available when wind levels are low
and that the grid is capable of handling sudden surges in energy production whenever
the wind rises. Most of the other problems with wind farms tend to be personal or
anecdotal in nature, e.g. people have objected to wind farms on aesthetic grounds or
turbines have been linked with the deaths of bats and birds. Wind turbelence caused
by turbine blades have also been said to affect local air temperatures, which could have

an impact on nearby crop production.?®’

1.3.2 Hydroelectric Energy

The world’s oceans and rivers are also abundant sources of renewable energy, with
hydroelectricity being the most widely used form of renewable energy.?! The basic
principles of hydropower have existed for hundreds of years, whereby the potential
energy of water (from tides, the flow of a river or from a stored reservoir) is converted
into electric energy. Water was perhpas the first power source, with water wheels being
powered by the flow of rivers. Modern hydroelectic dams are extraordinary feats of
engineering, where vast reservoirs power massive arrays of turbines, producing thousand
of mega—watts of energy. For example, the Three Gorges Dam in China, possibly the
largest power station ever built, commands a reservoir with a capacity of 39.3 km?® and
contains 37 massive turbines for a total electrical generating capacity of 22.5 GW, and
currently obtains an annual output of 80 TWh. A major advantage of hydroelectricity
is that it produces no emissions, apart from those associated with construction of the
dam, but there are further benefits to these types of power plants. Hydroelectric dams

have highly flexible output levels and are able to quickly alter energy production based
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on current demand. The low running costs, coupled with long operating lifetime, also
ensure the energy produced from hydroelectricity is incredibly cheap. Despite these
positives, there are certain disadvantages associated with hydroelectricity. The major
problems arise from the construction of the large reservoirs necessary for the operation
of the hydroelectric dam, which submerges extensive tracts of land upriver. This
causes the destruction of vast areas of habitatable land, disrupting local ecosystems
and forcing the relocations of thousands, if not millions, of people. Furthermore, if the
dam itself were to fail then significant amounts of damage would be caused to the areas

downriver.

1.3.3 Solar Energy

Perhaps the most abundant source of renewable energy is the one which life on Earth
has depended on since it emerged; the Sun. There are two main processes for harnessing
the Sun’s energy for the purpose of energy production, concentrated solar power (CSP)
and photovoltaics.

CSP is an indirect method of energy production: vast arrays of mirrors focus the
suns energy to a point where it drives a heat engine, such as steam turbine. Although
a relatively new type of power plant in the field of renewable energy, with only 1.9 GW
of potential output installed world wide, as of March 2012,%? interest is growing and
many new CSP plants are scheduled to open soon.

For photovoltaic devices, the Sun’s energy is converted directly into electricity
through the photovoltaic effect. This method of energy production is far more preva-
lent than CSP, with solar panels fast becoming ubiquitous in everyday life. One of the
positive aspects of photovoltaics is that they can be applied to a wide range of appli-
cations, from tiny panels on a calculator to power plants with vast arrays of panels,
producing megawatts of energy. Furthermore, the cost of solar panels has been steadily
decreasing over the years and has reached the point were they are now affordable to
private households for personal energy production. The major advantage of solar power

is that its source, the Sun, provides vast amounts of energy, up to 1000 W/m? at the
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equator, and is expected to continue doing so for billions of years to come.

Once the CSP station or photovoltaic unit has been constructed, it will produce
no more emmissions and require very little maintenence over their life cycle. However,
the problem with this technology is that different areas of the Earth receive different
amounts of solar energy, and, of course, none at night, which limits the area where
efficient of solar power plants could be constructed. Additionally, the amount of solar
radiation falling on a certain area will vary according with time of day, year and also
upon the weather. Consequently, solar power output is more variable than other forms
of renewable energy. Furthermore, although the price is falling, the cost of manufacture
still remains high. In addition, some newer solar panels are made from rare and toxic
materials, such as cadmium telluride, further raising the cost, and creating issues with
the disposal of solar panels at the end of their life time. A final point is that although
greats strides have been taken in this area, photovoltaics remain incredibly inefficient
at converting solar energy, with the average efficiency for commercially available cells
only being in the range of 14-19 %.

While the various methods of energy production mentioned here are extremely
important and widely employed, there is one major consideration that has yet to be
discussed. Once these environmentally friendly plants start producing energy, what
then? Unless the energy is used immediately, it runs the possibility of going to waste.
Furthermore, for smaller scale and mobile applications, a personal power plant is not
a feasible option. Therefore, methods must be employed to convert the electricity
generated into other forms, such as kinetic or chemical energy, allowing the energy

generated to be utilised wherever and whenever it is needed.

1.4 Energy Storage

One method of energy storage has been previously mentioned; the reservoirs for hydro-
electric dams are in fact huge stores of potential energy. Some dams are also designed

so that excess energy produced can power pumps that returns water from the bottom
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of the dam to the reservoir, thus converting electricity back to potential energy. An al-
ternate form of mechanical energy storage is compressed air. Excess off-peak energy is
used to compress and store air, which is then released at peak times to power turbines.
Additionally, the compressed air is readily transportable in high pressure gas cylinders,
increasing the range of applications available. For example, compressed air engines are
becoming feasible,** and major automobile companies are actively researching hybrid

fuel/compressed air cars.

Another form of mechanical storage are flywheels, which use electrical or kinetic
energy to spin the flywheel, thus saving it as rotational energy. There are several
drawbacks to flywheels, mainly that they will lose energy through friction, either on
the bearings or from wind resistance, meaning they are not efficient for long—term
storage. Additionally, storing larger amounts of energy necessitates making the flywheel
larger and/or increasing the speed it spins at. However, a larger flywheel would be
bulky, limiting its application, e.g. a flywheel in a car would negate any fuel savings
through its increased weight, and there are limits to how fast the flywheel can be spun
before it breaks apart. Recent developments in materials, such as carbon fibre, mean
that flywheels may soon become light and strong enough for smaller scale operations.
Indeed, the car company Volvo have recently tested flywheels for their next generation
of automobiles, where kinetic energy is transferred to the flywheel during braking, and

have demonstrated a large increase in fuel efficiency.?!

A more direct method of storing electrical energy is the use of capacitors, which
store electric energy in an electrostatic field. Capacitors are used in energy production
to help reduce fluctuations in the output, but are not suitable for large scale storage and
instead they are more appropriate for smaller applications. For example, capacitors, in
conjunction with a solar panel, can provide twenty four hour power to public amenities,
such as street lights, parking meters and compactors in dustbins.

One of the most commonly encountered forms of energy storage is the battery, which

stores electrical energy as chemical energy. While undoubtedly useful, and ubiquitous in

everyday life, there are many problems with batteries. Batteries are often constructed
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from highly toxic chemicals, such as lead and cadmium, which means that serious
consideration must be taken for their disposal. Even rechargeable batteries have a
limited life span and must eventually be disposed of. Batteries are also expensive,
and their large weight and volume limits their applications. Furthermore, the charging
rate of batteries limits their applications. The battery in the Tesla Model S, one of
the first commercially available electric cars, requires, at minimum, twenty minutes to
charge sufficiently.?> Compared to a car powered by a traditional internal combustion
engine, which can be refilled in minutes, this a large investment of time for the average

consumer.

1.4.1 Chemical Storage as Fuels

Chemical fuels are the most ubiquitous form of energy storage. Fossil fuels, such as
coal, natural gas and petroleum are all formed from organic matter that has been
subjected to millennia of pressure and heat underground. They can almost be thought
of as solar energy from thousands of years ago, stored in chemical bonds by ancient
flora and fauna. As previously stated. fossil fuels are a finite resource and alternative
forms of energy are desperately needed. One possible solution are biofuels, which are
crops specifically grown for the purpose of converting them to fuel, such as ethanol or
biodiesel. The advantage of biofuels over traditional fossil fuels are that they can be
grown from renewable and sustainable sources, produce fewer harmful emission than
fossil fuels and, due to the carbon required to produce the biomass in first place, can
be considered a carbon neutral process. 3

The advantages of chemical fuels are that they easily converted into mechanical en-
ergy, are easily transportable and have a high energy density per volume. Most power
plants still burn fossil fuels, producing steam to power turbines and thus represent
the majority of worldwide production of electricity.?” Furthermore, the comparative
stability of chemical fuels means that, despite the advances previously mentioned in
battery production, they are currently the only practical energy source for the ma-

jority of forms of transportation. Biofuels, despite having some advantages, also have
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significant drawbacks as a source of energy, which can be detrimental to both human
populations and the environment. For example, the allocation of farmland for biofuels
reduces the amount available for food production. A report from the World Bank sug-
gested that the dramatic increase in food prices since 2002 could be a direct result of
the increase in biofuel production.®® Additionally, in order to remain sustainable and
carbon neutral, extreme care must be taken in order to maintain the quality of the soils
where biofuel crops are grown.?¢ For the overall goal of reducing the levels of atmo-
spheric CO,, it could possibly more effective to just convert the farmland set aside for
the production of biofuels into woodland.?? As an alternative to these hydrocarbon-
based fuels, another chemical storage medium exists that avoids many of the problems

associated with the former two: hydrogen.

1.4.2 Production and Storage of Hydrogen Fuel

As a form of chemical storage, hydrogen possesses many desirable properties: it pro-
duces no emission, beyond water; although not as energy dense per volume as tra-
ditional hydrocarbon fuels, hydrogen does have the largest energy density per mass;
and it is present on Earth, mainly as H,O, in such abundance that it is, effectively,
infinitely sustainable. Switching from a traditional hydrocarbon fuel economy could
potentially solve many of the problems facing the world and its climate, providing a
clean and plentiful source of energy. Unfortunately, there are many obstacles to the
formation of the hydrogen fuel economy.

Firstly, molecular hydrogen is not present in significant quantities on Earth, how-
ever, many natural reservoirs exist, such as water, where hydrogen is bonded to oxygen.
The consequence of this is that energy is required to separate the hydrogen, meaning
that it is not a primary fuel source, as with fossil fuels, but rather an energy transfer
medium. Several methods of hydrogen production exist, including electrolysis of water,
steam reformation from hydrocarbons and as a by-product from chemical processes.
Therefore, to be a truly green method of energy production, the energy needed to form

hydrogen fuel must come from a renewable energy source, such as solar or hydroelectric
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power, the burning of carbon neutral biofuels, or by the direct photo-splitting of H,O.

The second major obstacle for hydrogen fuel is storage. For practical applications,
hydrogen must be stored either under high pressure, or even liquefied, in order to
provide sufficient energy density per unit volume. However, the mass of a high pressure
cylinder serves to reduce the efficiency of a vehicle, and furthermore, due to the small
size of hydrogen, it tends to diffuse through the containing material, compromising its
structural integrity. This raises additional problems, either from asphyxiation or, due
to the high flammability of hydrogen, from the risk of explosion. Alternatively, it is
possible to store hydrogen as a hydride, which is subsequently decomposed at the point
of use.?? There are two major considerations that must be taken into account when
considering hydrides as a method of storing hydrogen. Firstly, the hydrides must be
stored under quite harsh conditions, limiting the ease of transportation. Secondly, at
the point of use, the hydride must decompose to release the hydrogen fuel, and the
rate of this decomposition is a major limiting step in the utility of this storage method.
Another approach is to store hydrogen in solid. porous materials.*' This process has
the advantage that the adsorbed hydrogen molecules do not undergo dissociation or
recombination and hence will not suffer from the kinetic limitations of the hydride
storage systems. The final hurdle for the hydrogen economy is that the infrastructure
is currently not in place for the distribution and exploitation of hydrogen as an energy
source. To do so would require a major investment of time and money and a concerted
effort from governments world wide to move away from traditional hydrocarbon fuels.
Despite all of these drawbacks, the use of hydrogen as fuel is highly desirable and

remains an active area of research.

1.5 Fuel Cells

Fuel cells are devices that directly convert chemical energy to electrical energy and heat.
There are several distinct advantages of fuel cells as a method of energy production.

The lack of a mechanical stage in the production of electricity means that fuels cells are
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highly efficient and have minimal noise output. Furthermore, traditional combustion
engines have trouble utilising H, fuels, whereas fuel cells are readily capable of doing
so. There are several different examples of fuel cells, each with their own properties
and applications, such as the proton exchange membrane fuel cells, which operate at
low temperatures and are generally considered for transport applications, or molten
carbonate fuel cells,* which operate at higher temperatures and are better suited for

stationary power generators.

1.5.1 Solid Oxide Fuel Cells

Another type of fuel cell that operates at higher temperatures, ~1200 K, is the solid
oxide fuel cell (SOFC).** 4° In addition to the advantages common to fuel cells, they are
among the most effective, displaying efficiencies of up to 85 %,** and they are extremely
versatile in terms of the fuel they can use, ranging from hydrogen to traditional carbon—
based fuels. This means SOFCs are a viable method of energy production, for both in

the long and the short term.

1.5.2 Operation of an SOFC

Figure 1.1 displays a schematic of an SOFC. Typically, several of these cells would be
linked together, supported and separated by an interconnect material. The SOFC is
constructed so that the air and fuel sides are separated by an impermeable electrolyte
material and the casing of the fuel cell itself. Air is injected at one side where it is
allowed to flow by the cathode, and molecular oxygen adsorbs to the surface where it is
reduced to O~ ions. The cathode should exhibit both electronic and ionic conductivity:
the former to provide and distribute electrons for the reduction reaction and the latter
to aid in transporting the anions to the electrolyte. The ions are then absorbed by,
and subsequently diffuse through, the electrolyte. An ideal electrolyte material should
display high ionic conductivity and little to no electronic conductivity, as the latter can

short circuit the operation of an SOFC. Additionally, the electrolyte material should be
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stable across a range of chemical environments, as the two sides of an SOFC represent
reducing and oxidising environments, and a thermal expansion coefficient that matches
well with the cathode and anode materials.*® At the anode, the anions oxidise the fuel,
which for the example in Figure 1.1 would be H, to H,O. The anode material should
be porous, similar to the cathode, to allow better penetration by the fuel, aiding in
its reduction. Most anodes for SOFCs are cermets, i.e. ceramic and metal composites
such as Ni metal and YSZ.%" As with the cathode, the anode should be both an
ionic conductor, to transport charged species from the electrolyte, and an electronic
conductor to disperse the electric current caused by the oxidation of the fuel. The

equations for the reduction and oxidation reactions are shown below:
H, + O™ — Hy0 + 27, (1.1)

1
§Og+2€_ - 0%, (1.2)

For the oxidation reaction, Equation 1.1, the right hand side shows that the oxidation
of Hy has left behind two excess electrons. This oxidation of Hy drives the electrical
current, which flows through an external circuit, providing electrical energy. before
reaching the anode, where they aid in the reduction of O, (Equation 1.2). This is
why the electrolyte should not be an electronic conductor; electrons should only flow
from the cathode to the anode through the external circuit and conduction through

the electrolyte would short circuit the operation of the fuel cell.

1.5.3 Current Materials used in SOFCs

Currently, the industry standard components of a fuel cell are: La;_,Sr,MnO3 (LSM)
for the cathode; yttria-stabilised zirconia (YSZ) for the electrolyte; and a cermet ma-
terial, such as Ni/YSZ, for the anode. LaMnOj has a perovskite structure and is
is an intrinsic p-type conductor, and by replacing a La(Ill) site with a Sr(II), some
of the Mn(III) ions will become Mn(IV) to conserve charge, making LSM a mixed
ionic/electronic conductor.® The major advantages of LSM is that it has very high

electronic conductivity, with conductivities as high as 485 S/cm at 1273 K.* The poros-
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Figure 1.1: A schematic diagram of a SOFC. The red spheres represent oxygen atoms.

The fuel, in this case hydrogen, is represented by the green spheres.

ity of the LSM cathode is also of importance, as increased porosity will decrease the
electronic conductivity,®® however, the cathode should be porous in order to increase
the surface area available for the reduction of O,, and help O ions reach the electrolyte.
LSM also displays good electrochemical activity for the reduction of O,, with activa-
tion energies for the electrocatalytic reaction of ~180KJ/mol.?! Furthermore, LSM is
compatible with standard YSZ electrolytes,® as well as potential new materials such

as Gd-doped CeQ,, and retains its structural integrity over long periods of time. %

The cubic phase of zirconia is only stable at high temperatures, but it can be sta-
bilised at lower temperatures through the introduction of Y(III). Typically, 810 mol%
of Y(III) is present in YSZ electrolytes, as this is this is the minimum required to sta-
bilise the cubic structure and higher levels of doping reduce ionic conductivity, either
through interactions between dopants and oxygen vacancies or through vacancy order-
ing.%* YSZ is stable across a wide range of temperatures and chemical potentials, which
are ideal properties for an SOFC electroylte, and displays sufficient ionic conductivity

(~1x1072S/cm) at ~1200 K.5556
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As previously mentioned, SOFC anodes are usually cermets, as this combination
produces a material with high ionic and electronic conductivity, which is also catalyti-
cally active for fuel oxidation/combustion. Furthermore, cermets are often made with
the ceramic material employed in the electrolyte in order to enhance the chemical sta-
bility and match the thermal expansion coefficients between the electrolyte and the
anode. As such, Ni/YSZ cermets are perhaps the most commonly employed anode as
it displays the necessary ionic and electronic conductivity with high catalytic activity

for the oxidation of fuel.

1.5.4 Problems with Current SOFC Materials

Although these materials are the current standard components for SOFCs, there are
still significant problems associated with their use. The electronic conductivity of LSM
is highly dependent on the oxygen partial pressure: for high oxygen partial pressures.
the conductivity remains constant, but this drops precipitously for oxygen partial pres-
sures below 107" bar,®” although this environment is not typical for SOFC cathodes.
More importantly, LSM is chemically active with YSZ, and forms insulating layers of
LagZro07 and SrZrOg, limiting ionic conductivity from the cathode to the electrolyte.
5 There are also distinct disadvantages to the Ni/YSZ cermet anode, as it is prone to

59 2

Ni agglomeration over time,? is not redox stable® and, for hydrocarbon fuels. suffers
from carbon deposition.*”

In addition to these drawbacks, there is the fact that an SOFC constructed from
these materials will only operate at elevated temperatures, roughly 1200 K. There is a
major impetus to reduce the operating temperature of SOFCs, as this would reduce the
problem of lattice expansions, and hence mismatches, between the electrolytes and the
electrodes. It would also allow fuel cells stacks to be constructed with a greater density
of cells, and for cheaper materials to be used for the interconnects. Furthermore, low-
ering the temperature that the SOFC needs to be heated to before it begins operation

means that start—up and shut—down times would be significantly reduced, along with

greater overall durability and stability for all components. Unfortunately, in the tem-
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perature range of 500 K-1000 K, the socalled intermediate-temperature range, ¢ LSM
cathodes suffer from considerable polarization resistance, as much as 2000 ohm cm?,

while YSZ electrolytes display insufficient ionic conductivity. %!

1.5.5 Development of Intermediate Temperature SOFC

Currently, there is a large amount of research into developing improved materials for
SOFCs to allow them to operate in the intermediate temperature range. One method
for improving the mixed conductivity of LSM cathodes is to combine it with an ionic
conductor, e.g. LSM-YSZ.?® Alternatively, new perovskite materials have been re-
searched, such as Lag 70Sr.30C003_5 (LSC), which displays high ionic conductivities
across a wide range of temperatures.%? Unfortunately, LSC, similar to LSM, is chem-
ically active with traditional ZrO, based electrolytes, and will form insulating lay-
ers at the boundaries at the cathode/electrolyte interface. Other materials that have
been considered include (BiyO3);_,(EryO3),~Ag composites,* Ln;_,Sr,Co;_,Fe,O3_s,
(where Ln=Pr, Nd, Gd),% and Smg5Sro5Co03_5/C030,4.%° All these cathodes dis-
played good performance, even at the lower end of the intermediate temperature range.
For anodes made from cermet materials, Sn/Ni and Cu/Ni alloys have been found
to have increased resistance to carbon deposition when employing hydrocarbon fuels
compared to Ni-based materials.®%” Ag based cermets have been found to perform
particularly well, showing high performance with almost no carbon deposition, how-
ever, such anodes would be too expensive for commercial purposes.% Recently, novel
anode materials with perovskite crystal structures have been proposed, with examples
such as Lag 70Sr0.30Cr1—;Niz O35 and Cu-Gdg2Ceps0s-Lag2Sr7TiO3 ™ being promis-
ing candidates for the next generation of anode materials.

Perhaps the biggest limiting factor for SOFCs in the intermediate temperature
range is finding electrolyte materials with sufficiently high ionic conductivity, typically
greater than 1x1073S/cm.*® Due to their desirable mechanical properties, ZrO, based

electrolytes are still being considered, and improving their conductivities at lower tem-

peratures remains an active area of research. One method for increasing conductivity
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is to form composite electrolytes of YSZ with alternative electrolyte materials, such
as Gd-doped CeO, (GDC).™ It was found that combing YSZ with GDC produced an
electrolyte that displayed almost 3x1072S/cm at 873 K, which represented an improve-
ment of 200% and 50% over single component YSZ and GDC electrolytes respectively.
This enhancement of O diffusion was linked to fast transport along the interfaces of
the two materials. An alternative method for ZrO, based electrolytes is to find new
dopants that will stabilise the cubic phase. Sc-doped ZrO, (SSZ) has received interest
recently, and results indicate that it could surpass tradiontal YSZ electrolytes. ™ An-
other potential electrolyte material is Bi;O3, which displays the highest known ionic
conductivity, ~ 2.30S/cm at 1073 K.™ Unfortunately, this is only observed for the d-
phase of Bi,O3, which has a fluorite structure, but is only stable in the range of 1003 K
to 1077 K, severely limiting its use. The introduction of dopants can stabilise 0-Biy O3
at lower temperatures, but at the cost of reduced conductivity. BiggyErg200,5" and
Big.75Y0.2501.5 " displayed conductivities of 0.23S/cm and 0.11 S/cm at 923 K, sufficient
for SOFC applications, however, they were also prone to phase separation, forming low
conductivity phases over time. Recenlty, 0-Bi,O3 has been grown on YSZ substrates,
to increase the thermal stability,”® however, it was found that if the temperature went
over 623 K the structure underwent a transition from 0 to =, drastically reducing the
ionic conductivity, and making this material unsuitable for the intermediate temper-
ature range. As such, Bi;O3 remains a far from optimal choice for the electrolyte
material. Perovskite oxides have also shown considerable promise as electrolytes, dis-
playing high conductivities, such as 2.92x1072S/cm for Lag.goSro.20Gag.g0Mgo.1002.85
(LSGM) at 873K.” However, under reducing conditions, extra phases will appear
in LSGM,™ reducing ionic conductivity while introducing electronic conductivity.™
Furthermore, LSGM is known to react with Ni-based anodes, forming highly resistive
layers of LaSrGasO7 and NiO,* limiting the use of LGSM in convential SOFCs. Oxides
with the apatite crystal structure have also been explored for new electrolyte materials.
Studies have found that these materials display conductivities comparable to perovskite

based materials, e.g. 3.50x1072S/cm for Lasg;Y2(GeOy)s025 at 1073 K,®' however,
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synthesising high quality apatite materials is currently extremely difficult, requiring
high temperatures (> 1873 K),%° necessitating new synthesis methods in order make
them viable candidates for SOFC electrolytes. There remains one major electrolyte

material that has yet to be fully discussed: CeQO,, otherwise known as ceria.

1.6 Ceria

1.6.1 CeO; as a Catalyst

In the field of environmentally friendly technologies, CeO, has emerged as an impor-
tant material for a variety of applications. As previously mentioned in Section 1.2.2,
catalysts are often employed for the reduction of harmful pollutants, and CeQO, is ef-

8285

fective in this role and as a support for other catalysts®® % due to its high thermal

91,92

stability, self-decoking properties (which prevent poisoning of the catalyst), and

high oxygen storage capacity (OSC). OSC refers to the ability of CeO; to release O,
under reducing conditions and absorb O, under oxidising conditions® %, which is a

result of the comparative ease of O vacancy formation in CeQ,.%97 In Kroger—Vink

notation, the reduction of CeQO, is given by:
X X (1) /. 1
OO =t 2Cece — VO + 2C€Ce + §Og(g) (13)

where O is an O?~ ion and Cef,, is a Ce'" ion at their respective lattice sites, and the
superscript, x, denotes that these ions are charge neutral with respect to their position.
On the right hand side of Equation 1.3, V$® represents an oxygen vacancy and Ceg, is
a Ce®" ion. The vacancy is an area of zero charge at a lattice site where there should
be a formal charge of 2-, giving the vacancy an effectively doubly positive charge,
represented by the superscript of ee. Similarly, the Ce3t ions have an effective charge
of 1— relative to the lattice site, which the 7 superscript represents. The formation
of a neutral oxygen vacancy thus leaves behind two excess electrons which localise on
neighbouring Ce ions, reducing them from 4+ to 3+. This reduction provides oxygen

for oxidation reactions, while forming vacancy sites that can aid in reduction reactions.
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One of the most common uses for CeO, is in the catalytic converter in automobiles,
where it mainly acts as a support for the Pt, Pd and Rh catalysts, either taking in
or releasing oxygen depending on the environment it is in. Furthermore, CeQO, can
also contribute to ‘three-way catalysis’, i.e. the simultaneous conversion of CO and

NO,/NO to CO, and NO/N,.8%84

The redox catalysis of CeO, has been extensively investigated. A Fourier-transform
infrared spectroscopy study discovered frequencies that corresponded with the adsorbed
CO forming carbonate species,” which are easily desorbed as CO, above room tem-
perature. Since CeQ, is a heterogeneous catalyst, a proper understanding of its surface
chemistry is vital for explaining how it affects catalytic processes. Results of transi-
tion electron microscopy found that nanorods will expose the (110) and (100) surfaces,
nanocubes the (100) surface and nano-octahedra the (111) surface.?” Raman spectra
of these materials found that nanorods and nanocubes were more easily reduced than
the nano-octahedra, indicating that the (100) and (110) surface are more reactive than
the (111). Another study which explored the varying surface reactivities of CeO,, com-
pared CO oxidation on nanorods versus nanoparticles, which predominantly express
the (111) surface.® It was found that nanocubes were far more effective for CO oxi-
dation, which would be expected from the lower reduction energies measured for the
(100) and (110) surfaces. The reduction of NO, proceeds in a similar fashion to the
oxidation of CO, in that adsorbed NO, forms a nitrate species, and additional energy

I and ultravi-

is required in order to produce NO or N,.'% Atomic force microscopy '’
olet photoelectron spectroscopy %> both observed that it is necessary for the surface
of CeO, to be partially reduced, as this creates vacancy sites where NO, can adsorb,
forming the nitrate species. This adsorption is also associated with the re-oxidation of

the CeO, surface, as evidenced by the disappearance of peaks associated with Ce(I1I)

ions in the UPS spectrum after NO adsorption. !9

Theoretical studies have also explored CO adsorption on the surface of CeOs,.
GGA+ U studies found that adsorbed CO would form a carbonate species, partially

reducing the surface, 1% in agreement with experimental observations. Density of
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state calculations also demonstrated that the interaction of the adsorbed CO would
reduce Ce(IV) ions to Ce(III),'% similar to that which is observed for the formation
of an O vacancy (Equation 1.3). This further demonstrates the formation of the car-
bonate species is an intermediate step in the oxidation of CO to CO,, forming an O

1.193 also

vacancy on the surface of CeO,. Together with CO adsorption, Scanlon et a
investigated NO, adsorption on CeO,. In agreement with the experimental results,
it was found that NO, will only adsorb to a surface that has been reduced. In con-
trast with experimental results, however, there was no formation of a nitrate species.
A GGA study investigated NO adsorption on the (100) and (110) surfaces and also

105

observed that NO will not adsorb on stoichiometric/unreduced CeQO,.'" It was also

observed that NO adsorbed more strongly to the (111) surface than the (110). Previous

106,107 and therefore the

studies have shown that the (111) surface is the most stable,
reduced (111) surface would have a significant driving force to return to its stoichio-
metric configuration, hence NO is strongly adsorbed, which serves to re-oxidise the
surface. 102

CeQ, catalysts have also been shown to be useful for the oxidation of hydrocar-

bons, such as methane, ethane, propane and n-butane, %1% hydrogen combustion, ''°

! and for water-gas—shift reactions.®® In these examples, CeQ, acts

steam reforming!'!
as an oxygen reservoir, providing a steady stream of oxygen to aid in the reactions.
Interestingly, Zhao and Gorte!"? found that the rate of oxidation of n-butane had a
dependence on the partial oxygen pressure at low temperatures, which disappeared
at higher temperatures. It was reasoned that at elevated temperatures, the rate of

diffusion of oxygen in CeQO, was sufficient that bulk oxygen become available for the

reaction.

A large range of aliovalent dopants have been considered for improving the catalytic
properties of CeO,. Pd(II) and Pt(II) dopants have been shown to enhance the OSC
of CeOy,"? which theoretical evidence suggests is due to the formation of under—
coordinated O ions upon doping. ''® Trivalent dopants, such as La(III) and Pr(III), have

been shown to be particularly effective for soot oxidation,®® and La— and Nd-doped
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CeO, catalysts have also displayed enhanced conversion of CO to CO, compared to
pure CeO,.1" Tt is generally considered that the introduction of a trivalent dopant
to CeO, will result in the formation of an O vacancy, called a charge compensating

115,116

vacancy (CCV), in order to conserve charge. In Kroger-Vink notation, the doping

of CeO, with trivalent cations is given by:
2Ceg, + Of + M203 — 2Mg, + V3* + 2CeO, (1.4)

where M, is a trivalent dopant at a Ce(IV) lattice site, hence it has an effective
formal charge of 1-. Although ionic compensation of the charge is considered more
favourable than electronic compensation in the bulk, on the surfaces the latter may be
more favourable, similar to the charge compensation scheme seen in Li-doped MgO,
7 where the charge associated with the Li(I) dopant is compensated electronically

through the formation of an O-hole:
1
2Ceg, + 205 + My03 + 502 — 2Mg, + 209 + 2CeO,. (1.5)

The results from a PBE+U study by Yeriskin and Nolan agreed with this theory,
finding electronic compensation to be more stable than forming a CCV on the La-
doped (110) and (111) surfaces, "9 with a later study reporting similar results for
AI(III), Sc(III), Y(III) and In(III) on the (110) surface.'® Furthermore, these studies
discovered another defect structure that also appears more stable than the CCV, which
is:

208 + Ceg, + MaO3 — 0g + Vg + Cep, + 2Mg, + 2CeOs. (1.6)
where the charge associated with the dopants is compensated through the formation
of an O vacancy, an O hole and a Ce(IlI) ion. However, these studies applied a + U
correction of 7eV to the O 2p states, which may be excessively high, and hence these

defect states may be influenced by the U value.

1.6.2 CeO, as an SOFC Electrolyte

CeQ,, is also a promising candidate for electrolyte materials with high conductivities in

the intermediate temperature range (~ 773-1073 K).”% CeQO, is one of the most widely



Chapter 1. Introduction 23

studied potential materials for SOFC electrolytes due to its high thermal stability and
ionic conductivity. '?! 123 Unfortunatlye pure CeO, displays a rather low ionic conduc-
tivity (~ 3.13x1073Sem™!), and is dependent on the presence of intrinsic O vacancy
defects.'?* Furthermore, these intrinsic O vacancies have been linked with creating elec-
tronic conductivity in CeO,, which short-circuits the operation of the fuel cell.'?> The
most common method for increasing the ionic conductivity of CeO, is the introduction
of trivalent dopants. As seen in Equation 1.4, the introduction of two trivalent cations
creates a CCV, which can act as a pathway for ionic diffusion. X-ray diffraction results
from several experimental studies have confirmed that such dopants are readily taken
into bulk, with CeO, able to maintain is fluorite structure up to quite high levels of

doping. 126107

Typically, Rare-earth cations are chosen as the dopants in CeQ,, as their ionic radii
match closely with that of Ce(1V), 0.97 A, causing minimum distortion of the CeO,
lattice, which experimental®® and theoretical ''%139 studies have indicated is an impor-
tant factor in achieving high ionic conductivities. Using a two-point DC method,
127 jonic conductivities in CeggoMg202 5 (M = Y(III), Gd(III), Sm(III), Nd(III),
La(III)) at 1073 K were measured at 3.96x1072S/cm for Y(III), 5.11x1072S/cm for
Gd(III), 6.54x 1072 S /em for Sm(III), 3.91x 1072 S/cm for Nd(I1I) and 4.49x1072 S/cm
for La(III). These high conductivities are also maintained at 873 K, with the lowest be-
ing found as 0.59x 1072 S /cm for Nd(III) and the highest for Sm(I1I), at 1.59x 1072 S /cm.
Electrochemical impedance spectroscopy also measured high conductivities in 20% Sm-—
doped CeQy, ranging from 1.60x1072S/cm to 3.20x107?S/cm depending on how the
samples were synthesised.!?® A study on Sm-doped CeQO, found that it had higher
conductivity than Gd(III), Dy(III) and Er(III) at the same level of doping (10 mol%),
while at 30 mol%, the conductivity of Dy-doped CeO, was higher than 10mol% Y-
doped CeQ,, which was attributed to an increase of the grain boundary conductivity.
For Er-doped CeQO,, increasing the doping level of Er(III) reduced the ionic conduc-
tivity, which x-ray diffraction and scanning electron microscopy determined was due

to the formation of Er,O3 phases.!?? Ceqg9Gdg2001.90 was found to have a conduc-
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tivity of 1.00x107%S/cm and 2.40x107%S/cm at 973K and 1073 K respectively us-
ing AC impedance measurements, which is more than sufficient for an intermediate-
temperature SOFC electrolyte.'®® A study by Zha et al.'®® investigated the effect of
dopant concentration on the ionic conductivity. In agreement with previous work,
they found that the ionic conductivity of Sm—doped CeO, was greater than Gd-Doped
CeO,, and in both cases the maximum conductivity was found for 15 mol% doping. Re-
cently, an electrolyte made from a nanopowder of Ceyg5Dy 01500925 was found to have
a very high conductivity of 7.42x10 2S/cm at 823 K, making it a highly promising

new material for SOFC applications. 37

Theoretical methods have been employed to probe the movement of oxygen ions in
CeOs,, such as kinetic Monte Carlo, which uses energetic data of a system to create
an event table, which is used to influence the subsequent, semi-random testing of the
ensemble. ? The advantage of this technique is that Monte Carlo calculations are not
computationally demanding, which allows the use of highly accurate computational
techniques to describe the electronic structure. Gopal and van de Walle studied the
thermodynamics of intrinsic O vacancies in CeO, with GGA+U and Monte Carlo
calculations. They determined that the concentration of O vacancies increases with the
temperature and that the O vacancies tended to form clusters along the (110) and (111)
directions. Dholabhai et al.'*! employed kinetic Monte Carlo techniques with DFT+ U
calculations to measure the O vacancy diffusion (cations were kept stationary), in Pr-
doped CeO,. They obtained conductivity data which was in reasonable agreement with
experimental studies and they found that the conductivity is limited at higher dopant

concentrations due to the formation of dopant-vacancy-dopant clusters.

An alternative method employed to model the movement of ions in CeQO, is molec-
ular dynamics. To avoid the cost of ab initio calculations, potential models are often
constructed that try to reproduce the correct behaviour of the ions within the system,
allowing the calculations to model larger systems and longer time periods, usually in
the order of nanoseconds.'*?> MD studies of pure CeQ, observed little ionic diffusion,

which was dependent on the concentration of O vacancies. ¥4 It was also noted that
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diffusion only occurred through movement of an O ion to a neighbouring vacancy along
the (100) direction:'*? interstitial anions could occur (such as a Frenkel defect) but the
recombination time was far less the the rate of diffusion, meaning that they are unlikely
to significantly contribute to ionic conductivity. 4 Force-field MD studies have also in-
vestigated doped CeQO, systems. Similar to the studies of pure CeQO,, diffusion in doped
systems occurs through a hopping mechanism along the (100) direction, except, instead
of intrinsic O vacancies, the presence of the dopants leads to the formation of CCVs
which promote ionic conductivity.!'>145 It was also observed that at higher dopant
concentrations, the CCVs tend to cluster mostly along the (111) and (110) directions
due to large short term repulsions between CCVs. %6 In agreement with experimental
work, all these studies demonstrate an important factor for doped CeO, electrolyte
materials: ionic conductivity in CeO, doped with trivalent cations will increase with
increasing dopant concentration, and hence higher CCV concentrations, until an upper
limit is reached. At this stage, the dopants and CCVs will form clusters, ‘trapping’

them and limiting further ionic diffusion.129:13%:136,147

From all these studies, it is apparent that CeQ, is highly suitable for SOFC appli-
cations in the intermediate-temperature range. In addition to the high conductivity,

h126:127 and tends not to react with the other

doped CeO, has high mechanical strengt
components of an SOFC under typical operating temperatures. #1149 Although it is
generally found that Gd(III) and Sm(III) are the best dopants for improving con-
ductivity in CeQO,, there is some disagreement between the stated values, and new
materials, such as Dy—doped CeO,,®" have displayed conductivities higher than some
Gd-/Sm-doped systems. These discrepancies may be a result of different synthesis
and analytical methods, and therefore it would be beneficial for a study to determine
the effect of trivalent dopants on the conductivity of CeQO,, as this could definitively
determine the effect and individual dopant has on CeO,. An oft overlooked fact is how
a dopant affect the reducibility of CeO,. A suitable dopant should not increase the

concentration of intrinsic O vacancies in CeQO,, as these have been linked with causing

unwanted electronic conductivity in CeO,. Preferentially, the dopant should even sup-
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press the formation of intrinsic vacancies, ensuring the electrolyte is further resistant

to reduction.

1.7 Thesis Outline

In these times of increasing concern for the environment, CeO, has emerged as an
important material for a wide array of applications in the field of green technology.
However, there still remains a significant impetus to refine and enhance these tech-
nologies in order to satisfy future demand. By exploring intrinsic and extrinsic defects
in CeQ,, a greater insight of its properties will be gained, which will provide invaluable
information for how to enhance CeOy—based catalysts and fuel cell materials.

Details of the computational methods employed are discussed Chapter 2 to provide
an overview of the quantum mechanical theories upon which they based, and discuss
their advantages and limitations. Chapter 3 will discuss the Vienna ab initio simulation
package, VASP, 150 152 through which all calculations were performed. This chapter will
also discuss the various techniques that were employed to analyse the calculated data
and the insight they provide on the atomic and electronic structure of the materials
studied.

In Chapter 4, a range of intrinsic defects in CeO, are studied in order to gain a full
insight of its defect chemistry. The relative stability of each defect across a variety of
chemical environments and temperatures is also investigated in order to describe how
CeO, behaves under real world conditions.

A series of trivalent dopants in CeO, are investigated with static calculations in
Chapter 5. The relative attraction of the dopants for the CCV, as well as their affect
on the reducibility of CeO,, are calculated in order to screen potential candidates for
SOFC applications. Carrying on from this work, Chapter 6 employs ab initzo molecular
dynamics to investigate doped CeQOs,, and assess the efficacy of the techniques employed
in the previous chapter for assessing trivalent dopants.

Chapter 7 further explores the electronic structure of pure and doped CeO,. The
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nature of defects within the band gap are investigated and how they affect the efficiency
of CeOy based field effect transistors. The chemistry of the CeO, surfaces are discussed
in Chapter 8, with an in depth analysis of the nature and structure of surface defects is
carried out, along with a discussion of how they influence catalytic reaction on CeQOs.

Finally, Chapter 9 summarises the results presented in this thesis. The significance
of these results, the potential pathways they open for future research will also be

discussed.



Chapter 2

Computational Theory

2.1 Quantum Chemistry Methods

2.1.1 Schrodinger Equation

The quantum structure of a physical system can be determined through the Schrodinger

equation.!'®® In its time-independent form it is written as:
HY = EV (2.1)

where W is the wavefunction, £ is the energy of the system and H is the Hamiltonian,

which takes the form:

F=- v v (2.2)

2m,;

where 7 is an index over all particles in the system, h= 2’—; the Laplacian V? =

(g?- < f;—? + %) is the kinetic energy operator and V (r) is the potential energy oper-
ator of the system as a function of its coordinates.
If we multiply both sides of Equation 2.2 by the complex conjugate of the wave-
function and integrate over all space the equation becomes:
/xp*qu or = /\IJ*E\I/ or. (2.3)
As FE is a scalar value, it can be removed from the integral and thus Equation 2.3
becomes:

[ U HWsT

' W_ (2.4)

28
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This is known as the expectation value, i.e. it is the average value of a system’s energy.
An exact solution to the Schrodinger equation would therefore yield the ground state
energy and wavefunction of a system. The wavefunction produced by the Schrodinger
equation does not have any physical meaning, but its square gives the probability of
finding an electron in space, i.e. it provides the electron density. Exact solution to
the Schrodinger equation can be found for systems that contain only one electron (e.g.
H, He™, Li**) but because there’s no way to analytically calculate electron-electron
interactions, it is impossible to achieve an exact solution for more complicated systems.
Therefore, a quantum chemical analysis of a complex system must employ a series of

approximations to solve the Schrédinger equation.

2.1.2 The Born-Oppenheimer Approximation

A full solution to the Schrodinger equation would treat the system as a whole, i.e. it
would account for both the nuclei and the electrons present. To simplify the calcula-

tions, the Hamiltonian is expressed as a series of kinetic and potential energy terms:
H = Tnuc v Vnu(‘—nuc =+ ‘/nu,c—elec == Telcc + ‘/elec—elecv (25)

where Tnuc and Te,ec are the kinetic energy operators of the nuclei and electrons re-
spectively and Vmw_ T \A/mmﬂ,_leC ‘A/elec—elec are the potential energy operators of nuclei-
nuclei, nuclei-electron and electron—electron interactions. A further approximation
that can be made to Equation 2.5 is to treat the nuclei as being stationary in space
relative to the electrons due to the nuclei moving significantly slower, thus removing
the Tmm term from Equation 2.5. This fixing of the nuclei in space is, in essence, the
Born-Oppenheimer approximation. ' This still leaves the Vjue_nue term, but since the
nuclei are now fixed it is therefore a constant field and need only be calculated once

per each atomic configuration with the equation:

. 27 4 Z
‘/'nu(t—nu(‘ = Z ﬂﬁ (26)

T
A<B AR

where e is the charge of an electron, Z, and Zp are the nuclear charges of atoms A

and B, and r 4 is the distance between the two nuclei. This simplifies Equation 2.5 to
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an electronic Hamiltonian, H,, with three terms:

He = Vnuc—elec o Telec =k ‘A/ele(:—elecv (27)
where:
. M N Z
Vnuc—elec == Z Z _A (28)
A 1 4
R LB}
Telec = Z évf’ (29)
and
. 2 g
‘/ele(tAelec =— - (210)
. lij
1>)

Where M and N are the total number of nuclei and electrons respectively, and i and
j are any two electrons under consideration. The first two terms are comparatively
easy to calculate. The final term, however, remains too complex to calculate and
must undergo further approximations. Almost all quantum chemical calculations of
the ground state include the Born-Oppenheimer approximation. The approximation
only fails when dealing with quantum effect on light particles, e.g. quantum tunneling

of hyrdogen atoms.

2.1.3 The Variational Principle

The variational principle states that for a trial wavefunction, ¥;, the calculated trial
expectation value, F; (2.4), will always be higher than the ground state energy, Ey,
calculated from the ground state wavefunction, W,. Expressed as an equation, the

variational principle is:
(U, | H| U =E, > Ey = (¥ | H| Tp). (2.11)

In essence, this means is that any energy calculated from a trial wavefunction will be
higher in energy than the true ground state. Therefore, if a new trial wavefunction
provides a lower energy then it is considered more accurate than the previous one.
Hence the quality of a calculation can be improved by varying the wavefunction until
the lowest energy solution is obtained. However, there is no way to determine whether

a trial wavefunction is close to the true wavefunction.
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2.1.4 Hartree—Fock Approximation

As previously mentioned, it is only possible to solve the Schrodinger equation for single
electron systems. In an attempt to solve multi-electron problems, Hartree developed
a simplification in 1928 involving a one electron Hamiltonian which assumed that the

electron—electron interactions were independent of the other factors:

M N
, 1 1 - .
(i) = —§V? + _S_ " and H; = g h(7). (2.12)
A i

Solutions to this equation can be found and this results in a series of spin orbitals

which satisty the equation
h(i)xy(Ti) = €nxy(Ti) (2.13)

with the interpretation that electron ¢ occupies a spin orbit x; with energy ¢;. The full
wavefunction (known as the Hartree product) is obtained from the product of the spin
orbitals:

Wiz - . 2n) = X2 )5 (22) xul®s) -« XylZn)- (2.14)

and the resulting energy is:
(U |H| V) =€ +¢;+¢€...ep=E (2.15)

Although Hartree was able to calculate the ground state and excited state of many
atomic systems, there were still some major problems with this method. The first
was the lack of electron—electron interactions. These interactions were reintroduced by
considering the probability density of the electrons, i.e. the square of the wavefunctions.
Each electron is considered to move through a potential field created by the nuclei and
all the other electrons in the systems, thus averaging the electron—electron interactions.
This is referred to as the mean—field approach. However, the field created by the
electrons is determined by the wavefunctions which have yet to be calculated. To carry
out the calculation, first an initial guess of the wavefunctions are made. It is then
possible to solve the equations and produce a new set of wavefunctions and hence a

new potential. The calculations can then be repeated with the new set of orbitals
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replacing the original guess. This cycle is repeated until the answers produced are
self-consistent, i.e. the outputs produced from one cycles match those of the previous
cycle, within a given level of accuracy. This technique is the so-called Hartree self-
consistent—field method.

The second major problem with the Hartree approach was that the wavefunctions
in this approximation are unphysical. The Hartree—product is symmetric with respect
to electron exchange, i.e. swapping the position of two electrons in Equation 2.14 yields
the exact same wavefunction, therefore it does not obey the Pauli exclusion principle.

Taking helium as an example, there are two possible Hartree wavefunctions, given
by:

U = x;(71)x;(z2) and ¥ = x;(x2)x;(71) (2.16)
where x; could be the 1s o (spin-up) orbital and x; the 1s 3 (spin-down) orbital for
the ground state. It is obvious that the two Hartree wavefunctions are formed merely
by swapping the electrons. However, they both possess the same sign and hence they
do not obey the Pauli exclusion principle. By combining the two Hartree products it

is possible to generate a wavefunction that satisfies the condition:

1
W= %[Xi(-fl)Xj(h) — Xi(72)x;(71)] (2.17)
where \—}2— is a normalization constant. The wavefunction in 2.17 now obeys the Pauli
exclusion principle, as swapping the electrons results in changing the sign of the wave-

function:

%[Xﬁ(@)){j(%) = Xi(®1)x;(T2)] = —%[Xi(l”l)xj‘(lz) = Xi(z2)x;(71)] = =¥ (2.18)

When these equations were first developed there was not a proper understanding of
the indistinguishability of electrons, the cause of the antisymmetric wavefunction, and
there formed the notion of the ‘exchange’ of electrons. As a result, the energy term
associated with this phenomenon is referred to as the exchange energy. The effect of
this on the total energy calculations will be discussed later.

For helium, determining the wavefunction through inspection is simple enough but

this method is not practical for larger systems. For a system containing N electrons
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and 7 spin orbitals, the wavefunction can be defined as the determinant of a matrix

of the orbitals. This is usually known as a Slater determinant, named for J. C. Slater.

For large matrices, writing out the full matrix and subsequent determinant would be

too cumbersome so instead only the leading diagonal is written with the normalisation
1

constant (equal to W) assumed. Thus an N dimensional Slater determinant takes

the form:

U = |xi(z1)x;(22) - - - Xn(zN)| (2.19)

An advantage of expressing wavefunctions as a Slater determinant is that it obeys
the Pauli exclusion principle; doubly occupying an orbital causes the determinant to
disappear:

1 | xi(z1) xi(z1) 1

¥=— = —=[xi(z1)xi(x2) — xi(@2)xi(21)] = 0 (2.20)
V2 Xi(T2) Xi(T2) ¥2

The final form of the energy is given by the equation:

H; +

1 1

E=2

1

> (245 — Kyy) (2.21)

N
= 1 g=1

N N
where PA]“ is the sum of the one electron Hamiltonians from Equation 2.12. The last

two terms in Equation 2.21 are the electron—electron interactions and are known as the

Coulomb term and the exchange integral. They take the form:

' I
i =//Xi(h)x;(fz)r'Xi(xl)X;(-Ta)dTl dry (2.22)
12
and
> * 1 %
Kij ://Xi(l'l)Xj(1'2)r—Xj(l71)Xz’ (r2) dry dr (2.23)
12

While J;; represents the classical repulsion between electrons, K;; has no classical ana-
logue and is a quantum mechanical effect that results from the antisymmetric wave-
function. Kj;; is a negative term, hence it lowers the total energy of the system, and is

the most computationally expensive part of a Hatree-Fock calculation.



34 Chapter 2. Computational Theory

2.1.5 Roothaan—Hall Equations

For complex systems, we can define the molecular orbitals in terms of atomic orbitals.
These basis functions, known as the linear combination of atomic orbitals. take the

form:

U, =) Cig, (2.24)
n

where ¢, are the basis functions and Cj, are the coefficients of atomic orbital p in
molecular orbital 7. The form of the basis functions need not be directly modeled on
atomic orbitals. For example, gaussian functions can be used to construct atomic—
orbital like basis functions. Working independently, Roothaan and Hall developed a
set of matrix equations known as the Roothaan—Hall equations. These are an alternate

way to represent the HF equations and take the form:!®°
FC = SCe (2.25)

where F' is a modified Fock matrix, constructed from single—electron operators, S is
the overlap matrix of basis functions, C' is the matrix of the coefficients, C,, and € is

the diagonal matrix of orbital energies, ¢,.

2.1.6 Limitations of the Hartree—Fock Approach

The HF approach is still regularly employed for quantum chemical calculations. It
is known to provide highly accurate results, within a few percent of experiment, for
molecular properties such as interatomic distances and bond angles. However, the HF
approach suffers from serious limitations that severly hinder its usefulness. Perhaps
the biggest limitation of the HF approach is the electron correlation problem. This
difference in energy was defined by Lowdin as the correlation energy.'®® The problem
arises because the Hamiltonian is solved with an approximate wavefunction which treats
the electrons in an averaged fashion and thus the instantaneous position of electrons
with respect to each other is largely ignored. In reality, electrons, being charged species,

try to avoid each other and therefore at any instant there is less chance of finding
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electrons close to each other than the electron density would suggest and consequently
electron localisation is overestimated in HF'.

The first type of correlation is dynamical correlation and deals with the actual
motion and interactions of two electrons, i.e. the probability of finding one electron at
a certain position is dependent on the position of the other electrons. The second type
is non-dynamical correlation which occurs when there are degenerate states around the
highest occupied molecular orbital. In HF, one state will be occupied instead of treating
all the states equally. Dynamical correlation is typically around 0.1% of the total
energy. The result of this is that HF can model structural properties with a reasonable
level of fidelity but often completely fails in the calculations of reaction energetics;
a reaction involves the breaking of bonds and the redistribution of electrons, both
of which are processes that are highly affected by electron correlation. Furthermore,
certain properties are dependent on correlation, e.g. van der Waals interactions depend
strongly upon the dynamical movement of electrons, and cannot be calculated by a
mean—field approach.

Another problem with HF is its scaling cost, which scales according to N3, where
N is the number of particles in the system. This factor coupled with the electron
correlation problem makes the HF approach wholly unsuitable for large scale simula-
tions, such as crystals. Methods for improving the description of correlation, such as
configuration interaction, coupled cluster and Mgller—Plesset perturbation theory have
been developed but such methods are even more computationally expensive, making
their application to solid state calculations unfeasible. An alternative theory that can
be applied to calculations on the solid state, and also deal with the electron correlation

problem, is density functional theory (DFT).

2.1.7 Density Functional Theory

Density functional theory (DFT) states that the energy of a system can be derived
from its electron density. The original theory is based on the Thomas-Fermi model,

but it was in 1964 that the validity of DFT was proven by Hohenberg and Kohn
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(HK). The HK theorems state that (i) the ground state energy of a many electron
system is determined by the electron density and (ii) the exact total energy of a many
electron system is given by the exact ground state electron density. Furthermore,
they demonstrated that all ground state properties could be derived from this density.
One advantage of DFT is immediately apparent: whereas previous approaches had
to deal with 3N-dimensional systems (N being the number of electrons), DFT only
needs to optimise the electron density function, p(r), which is always 3-dimensional,
significantly simplifying the calculation. Similarly to how the Hamiltonian was dealt
with in Equation 2.5, before performing a DFT calculation the energy term is split into

its constituent parts:

E[p(r)] = T[p(r)] + Eetec—etec[p(r)] + Enuc—ciec[0(T)] (2.26)

where T'[p(r)] is the kinetic energy, Fejec—erec|p(r)] are the electron-electron interac-
tions and E,,.—eec|[p(r)] are the electron—nuclear interactions. An alternative form of
Equation 2.26, in which the terms that only depend on the electron density, p(r), are

grouped together, is written as:
Elp(r)] = Flp(r)] + /p(r)Vm.,('r) dr (2.27)

where the second term is the interaction between the electron density and the potential
field created by the nuclei, V. (r). The first term, which contains the kinetic energy
and the electron—electron interactions, is known as the Hohenberg and Kohn universal
functional. If the the form of F[p(r)] was known exactly, then finding the exact ground
state energy would be a simple case of minimising the energy with respect to p(r).
Unfortunately, the exact nature of F[p(r)] is not known.

A computational scheme based on the HK formalism was later developed by Kohn
and Sham. " They achieved this by reintroducing the wavefunction to the calculations.
One of the first problems encountered during previous attempts was the difficulty of
calculating the kinetic energy. The solution offered by Kohn and Sham (KS) was to

consider a fictitious, non—interacting system generated from a wavefunction that would
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have the same ground state energy as the fully interacting system.

/)KS Z |¢KS’| pe:mct( ) (228)

The kinetic energy is then split into the energy associated with the non-interacting
system (7s) and a correction term (7,) to account for electron-electron interactions.

Part of the kinetic energy can now be calculated in same way as HF;
1 2
Tlp(r)] = Ts + T[p(r)] where T, = - Z(X, V2| xa). (2.29)

The electron—electron interactions are also split into two two—electron term; the first
is a classical Hartree energy between two electron densities; the second term, En¢, deals

with the non-classical electron interactions, i.e. the exchange and correlation energies;

Eelec—elec // ’T — f'l| d d +EN([ ( )J (230)

The Hohenberg-Kohn functional, from 2.27, now has the form:
Flp(r)] = Tlp(r)] + J[p(r)] + Exclp(r)] (2.31)

in which the term J[p(r)] is the classical Coulomb interactions while Fxc[p(r)] is the
non-classical elements (exchange and correlation) of the electron—electron interactions

and is defined as:

Exclp(r)] = (T[p(r)] = Tulp(r)]) + (Betec—etec[p(r)] = J[p(r)]) = Tclp(r)] + Enclp(r)]
(2.32)

In DFT, exchange and correlation are in-built, as opposed to HF wavefunction
methods where the two effects are separate. It is now possible to derive the single
particle KS equations and, from this set of single particle orbitals, produce a Slater
determinant which has a density equal to the density of the system being studied. The

total energy, in terms of the wavefunctions, is now:

Elp(r)] = Tslp(r)] + J[p(r)] + Exclp(r)] + Ene[p(r)] (2.33)

where:

(xi |[V?| xi) (2.34)

1[M)=
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and:
N
TN =533 [ [ bl =l drodrs (2.35)

=
and:

N Mg ,

) = -3 i > 2l (2.36)

The next step is to determine a set of orbitals, x;(r), that provide the minimum
energy for equation 2.33, i.e. the variational principle, under the constraint that all
the orbitals are orthonormal. This produces a set of single particle equations simi-
lar to those found in the HF approach. In the equations, a potential acts upon the

wavefunction to produce the eigenvalues and eigenvectors:

(—lw | [ Aty 4 V(o) - 3 ) X = e (237)
2 T12 ’ ~ T14 '
which gives:

(—%V2 * ‘/eff(r)) Xi = €Xi (2.38)

-

where Vx¢ is the exchange correlation potential, and V,;; is the effective potential
experienced in the system. This defines the Kohn—Sham one electron operator for the
total energy. Similar to the HF approach, V.s is dependent on the orbitals, which are
what is being calculated, and hence an iterative approach starting from an initial guess
is required (self—consistent field theory). DFT could be an exact method for calculating
the energy of system, however, the form of the Exc[p(r)] functionals are not known
and have only been calculated for a free electron gas and thus must otherwise be ap-
proximated. DFT therefore contains approximate exchange and correlation energies,
as opposed to the HF approach which contains the exact exchange energy but com-
pletely ignores correlation. Despite this limitation, DF'T has become a popular choice
for calculations of the solid state, and many methods have been devised for improving

Exc|p(r)], some of which will be discussed in the following section.

2.1.8 Exchange—Correlation Functionals

The Kohn-Sham approach is capable of calculating much of the electronic energy

of a system exactly, with the remaining terms collected together in the Exc[p(r)]
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functional. The accuracy of DFT calculations is therefore highly dependent on the
Exc|p(r)] functional. Fortunately, comparatively simple approximations of Ex¢[p(r)]
can be employed which provide reasonable results.

The majority of Exc[p(r)] functionals are based on a uniform electron gas model,
in which a hypothetical system containing an infinite number of electrons that are free
to move in an electrically neutral environment. A large body of energy versus density
data on these systems has been amassed from quantum-Monte-Carlo calculations and
thus accurate exchange and correlation energies are readily available within this model.

Exclp(r)] can be written as

Exclo(r)] = [ pr)exclp(r))dr (2.39)

where €xc[p(r)] is the exchange—correlation energy per electron. Therefore, by inte-
grating exc|[p(r)] over all points in the system the total exchange—correlation energy
can be calculated.

One method for applying the exchange-correlation contributions from the electron
gas model to a real system is the local density approximation (LDA). The LDA ap-
proach is based upon the assumption that at any position r in a system, the exchange-
correlation energy is equal the exchange-correlation energy of a homogeneous electron

198,159 developed equations that relate the ex-

gas of the same density. Bloch and Dirac
change portion of the energy, €y, to the density and hence this value is easily calculated.
However, because no such equation exists for the correlation portion, €, these ener-
gies were taken from the quantum-Monte-Carlo calculations.!®® Subsequently, Vosko,
Wilk and Nusair were able to develop an interpolation formula with this data from
which LDA correlation energies could then be calculated.!®! The major assumption of
the LDA approach is that the exchange-correlation energy is only dependent upon the
density at point r. Hence, LDA-DFT has been found to be effective for calculations
on systems with uniform electron densities but conversely it is less accurate for sys-

tems where the electron density changes rapidly, such as localised defects in solid state

materials. 19213 Furthermore, the LDA approach suffers from other drawbacks, most
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noticeably the fact that it overbinds the electrons causing an underestimation of the
bond lengths whilst overestimating ionisation and atomisation energies.

A number of attempts to improve on LDA were based on the idea that the exchange-
correlation energies could be improved if they were not solely derived from the local
density, but also on the gradient of the density at that point. Perhaps the most
successful of these corrections is the generalised gradient approximation (GGA) which
adds a term involving the gradient of the density, d(p(r)), often as a correction to
LDA energies. The GGA approach has been found to provide more accurate results
than LDA, especially in systems with inhomogeneous electron densities. There can

be considered to be two main types of GGA functionals. The first type, such as the

Lee-Yang-Parr'® correlation and Becke’s'® exchange functionals, are derived from
experimental data. Therefore, such functionals could be considered semi-empirical
in nature, although it is perhaps better to think of them as parameterised as the
experiment data is only used to fit parameters which are independent of the of atoms
being studied. However, the parameters in these functionals are derived from data
on molecules containing only atoms from the first three row of the periodic table and
as such may not be suitable for calculations on heavier elements. The other type of
functionals do not depend on empirical data and are instead based on the physics of
the exchange and correlation functionals. Examples of such functionals include the

those of Perdew and Wang!®® and Perdew-Burke-Ernserhof (PBE).67

2.1.9 The DFT+H+ U Approach

The effectiveness of DFT for computational solid state calculations has made it one of
the most popular methods for theoretical physicists and chemists. However, despite
the simplicity and accuracy of LDA and GGA calculations, both suffer from some
serious limitations, mostly due to the approximate nature of the Exc[p(r)] functional.
When calculating the electron—electron interactions, an electron interacts with a field
made up of all the electrons, therefore there exists an interaction between the electron

and itself. In the Hartree-Fock approach, the exchange integral (Equation 2.23) is
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calculated exactly, hence removing this interaction. However, in DFT the exchange is
only approximated which means that for a single electron the Coulomb and exchange
terms may not necessarily cancel each other, resulting in the spurious interaction of an
electron with itself. This error is termed the self-interaction error (SIE). For molecules,
this is not necessarily a problem as they tend to have a fairly delocalised electronic
structure, but for solid systems containing highly localised electrons the SIE can have a
severe impact on the accuracy of the calculations. One method for improving accuracy
is the DFT+ U approach, which counteracts the SIE while only marginally impinging
on the computational cost.

DFT+ U was originally developed to model highly correlated systems, i.e. systems
where strong Coulombic forces lead to localised electronic states, which are strongly
affected by the SIE. The use of the word correlated in this context should not be
confused with the correlation energy as defined by Lowdin!®® which is the difference in
energy between the HF energy and the true ground state energy.

In order to illustrate how the DFT+ U approach works, it is instructive to see
how the SIE affects the energy in standard DFT. Figure 2.1 demonstrates the change
in energy of a single atom as an electron is added from (or removed to) an external
reservoir. Although the energy change between integer charges should be a linear value,
DFT predicts a value which is continuous and lower in energy than the exact value.
This discrepancy results in non—-integer occupation of an orbital being artificially lower
in energy, hence the tendency of DFT to inaccurately model the structure of systems
known to have localised electronic states. 163168169
To account for the SIE, the DFT+ U approach introduces an empirical Hubbard

70

model correction to the DFT energy. In practice, the Dudarev!™ version is often used,

which has the form:
Eprriv = Eppr + 2 Z Al7(1 = \'9) (2.40)
2 Il.o

where A7 is the occupation of an orbital with a specific angular momentum (o) on a

specific atom (/) and U is the parameter that controls the size of the correction. This
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Figure 2.1: The change in energy as a function of the number of electrons, N, in a

system for a DFT and an ‘exact’ calculation.

parameter, the so—called + U correction, acts as an energetic penalty to the partial
occupation of orbitals: when the occupation of an orbital is zero or one, the final term
on the right hand side of Equation 2.40 disappears, but when the orbitals are partially
occupied the term is non-zero, raising the energy of the system and thus encouraging
integer occupation of the orbitals.

This is illustrated schematically in Figure 2.2. In this hypothetical system there are
three p—orbitals. In the first case, one electron is shared between the orbitals. With
the + U correction applied there is an energy penalty of %(3 X (% X 5)) = %U for this
configuration. In the second example, one electron fully occupies one orbital and there
is no penalty for the configuration, thus DFT+ U favours the localised system.

The main advantage of DFT+ U is that it counteracts the SIE error without raising
the computational cost, in comparison to standard LDA/GGA calculations, thus mak-
ing it a very popular method. Unfortunately, it does have some drawbacks, perhaps
most notably with the + U parameter itself. The value of U should be ‘large enough’
that it corrects the SIE, yet ‘small enough’ that it doesn’t over-penalise delocalisation,

but it is hard to determine what constitutes a suitable value. One method is to fit
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Figure 2.2: A diagram that demonstrates how the + U approach counteracts the SIE
using three p orbitals as an example. In the top example, a single electron partially
occupies three p orbitals, adding a penalty of % U to the energy. In the bottom example,

one electron fully occupies a p orbital and no energetic penalty is applied.

U to the experimental band gap, but in most cases this not an appropriate method
for determining U. Firstly there is a band gap error inherent to DFT calculations that
results in calculated band gaps being significantly lower than experimental values.!"!
This error is not entirely dependent on the SIE, so varying the value of U should not
be expected to fix it in the first place; secondly, fitting to the band gap often leads to
excessively high values of U which can lead to localised defect states that bear little to
no relationship to experimental results.%*!'"> A more appropriate method for selecting
a U value is to fit to the specific features observed through experiment. For example,
electron defects usually give rise to defect states in the band gap which can be detected
through UPS/XPS. A value of U can then be selected which recreates the defect state’s
relative position in the band gap, thus reproducing the correct description of the de-
fect state. For certain defect states, such as oxygen holes in CeOs, there is a dearth of
spectroscopic data in the literature. In such instances the U value can be determined
through the use of an ab initio procedure, such as constrained DFT.'™ In this thesis,
a Koopmans-like approach, based on the procedure originally developed by Lany and
Zunger,'™ was employed to determine the U value for such states. This attempts

to restore the linear behaviour of energy with occupation and will be discussed in a
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subsequent chapter.

2.2 Solid State Simulations

2.2.1 Periodic Boundary Conditions

For a macroscopic crystal system, a direct solution to the Schrodinger equation would
be impossible to determine due to the sheer number electrons involved. Fortunately,
it is possible to take advantage of the regular structure of crystal systems to make
the problem solvable. Crystal structures are made up of regular repeating units, so
it is possible to solve the Schrodinger equation for one of these finite units. This
simulation cell is defined by its lattice vectors (a, b and ¢), lattice angles («v, 3 and
v) and positions of the atoms. When performing a calculation, this simulation cell
is expanded periodically in all three dimensions, as demonstrated in Figure 2.3. The
edges of the cell are therefore under periodic boundary conditions i.e. if a atom was to
‘move off’ of one side of the cell, it would ‘reappear’ at the opposite side. This approach

uses space group information to help reduce the number of calculations needed.
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Figure 2.3: A 3x3x3 expansion of the a simulation cell (red cube) representing the

periodic boundary conditions for a quantum-—chemical calculation.
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2.2.2 Basis Sets and Pseudopotentials

The accuracy of a quantum chemical calculation is highly dependent on the mathemat-
ical representation of the wavefunction. These representations, known as basis sets,
are often constructed from a linear combination of functions to match the expected
behaviour of the wavefunctions. For calculations on solid-state, periodic structures,

175 A basis set constructed from

a plane wave basis set is particularly advantageous.
plane waves, of the form e*** (where z is the position vector, k is the wave vector and
i is the imaginary number), is independent of the position and number of atoms in
the cell and is only dependent on the magnitude of the simulation cell itself. Thus,
it is not biased towards any particular system and does not suffer from the basis set
superposition error that affects localised basis sets, such as Gaussian functions.

In a plane wave basis set, the wavefunction is expressed as a linear combination
of plane waves with differing reciprocal lattice vectors. In theory, this Fourier series
could fully describe a given system but only with an infinite basis set. Instead, a cutoff
energy is introduced that places an upper threshold on the frequency (kinetic energy)
of the plane waves, thus making the basis set finite. The plane wave cutoff energy must
be optimised for a given system to provide adequate convergence. Therefore optimising
the plane wave basis set is far easier than for localised basis sets, as only this single
factor needs to be optimised.

For practical purposes, only the valence electrons are represented by the plane wave
basis set. The wavefunction of electrons near the nuclei would experience rapid oscil-
lations and therefore modelling them would require an excessively high cutoff energy.
One solution to this problem is to employ what is known as a pseudopotential. The
pseudopotential replaces the strong potential near an ionic nucleus with a weaker pseu-
dopotential. The pseudopotential is derived from all-electron calculations and param-
eterised so that the resulting pseudo-wavefunction it forms will match the all-electron
wavefunction beyond a certain radius (Figure 2.4). As the pseudo-wavefunction is
smoother than the all electron wavefunction below the cutoff radius, r., a smaller

plane wave cutoff energy is required.
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Figure 2.4: A representative comparison between the pseudopotential, V ,scudo. and its
resulting pseudowavefunction, ¥,..q0, (solid red lines) and the all -electron potential.
V ali—etectron, and wavefunctions, W _cectron (dashed blue lines). The cut—off radius r,
(black dashed line) is the radius beyond with the pseudo— and all-electron wavefunc-

tions will match each other.

A variation of this, known as the Projector Augmented-Wave (PAW) method, was
developed by Blochl!'™. PAW is an all-electron approach, in which the core states
are represented with localised basis sets while the valence states are represented by
plane waves. The effect of the core states is then projected onto the valence electrons.
The major advantage of this method is that it is possible to achieve the accuracy of
an all-electron calculation while retaining the numerical efficiency of pseudopotentials.
In addition, PAW is able to provide the correct nodal behavior of valence electron

wavefunctions.

2.2.3 Brillouin Zone and k—Points

To simplify the calculation of the electronic structure, Bloch’s theorem is applied to the
wavefunction. Bloch’s theorem states that the wavefunction of a particle in a periodic
system (e.g. an electron moving through the periodic potential of the ions in a crystal

lattice) may be written as the product of a plane wave and a periodic function, wu(r),
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which possesses the same periodicity as the potential:
U(r) = e*u(r). (2.41)

The value k in Figure 2.41 is the wave vector that links the phase relationship of the
wavefunction between repeated unit cells. The first Brillouin—zone is the region along
“Lk-space” where the eigenvalues of the Hamiltonian can be labeled uniquely within a
27” range along the k-lattice (Figure 2.5). The significance of this with respect to the

Bloch’s theorem is that the solutions of the wavefunction can be characterised solely

from their behaviour within the Brillouin—zone.

E(k)

E,

Fermi

%—n/a /a

Brillouin Zone

Figure 2.5: A representation of a band structure within the first Brillouin-zone. The
area highlighted in green represents filled states and the blue line represents the Fermi

level (Erermi)-

During a DFT calculation the electron density is calculated at every iterative step.
Ideally, this would be achieved by integrating the squared magnitudes of the Kohn-
Sham eigenfuctions over the Brillouin—zone. Such a process would be computationally
expensive so instead the integral is approximated by taking the sum over a series of

selected k—points. Due to the fact the wavefunction varies smoothly over reciprocal
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space, it is only necessary to sample a selection of representative points in order to
get an accurate approximation of the total energy.!” For non-metals, whose valence
band maximums (VBMs) tend to be fully occupied, only a small number of k—points
are required (k—point density ~ 0.04 A”l). The occupation of the VBM in metals,
however, will vary more and therefore a larger number of k-points are needed (=
0.01 A=1). To ensure sufficient convergence, the k—point sampling is increased until the
change in energy between calculations is sufficiently small. In this thesis the method

k.'™ which is able to

used to generate the k—point meshes is that of Monkhorst and Pac
utilise regular k—point meshes (where the k—points are evenly spaced from the origin)

and special k-point meshes (where the regular mesh is offset from the origin).

2.2.4 Electronic Optimisation

Three main components are required to begin a DFT calculation; the lattice vectors,
atomic coordinates and the total number of electrons. Figure 2.6 is a schematic that
represents how the optimistion of the electronic and geometric structures are carried
out. The first step is to produce a trial charge density and wavefunction. The values
for these are either taken from a previous calculation or are randomly generated if
there are no previously calculated values. The Hamiltonian is then constructed as
a sum of the kinetic energy (7'[p(r)]), potential energy (J[p(r)]) and the exchange-
correlation energy (Exc[p(r)]). The next step is the most time consuming part of the
process: diagonalisation of the Kohn-Sham equations to obtain the eigenvalues. The
diagonalisation of N x N matrix scales with a factor of N* and the use of a plane wave
basis set further increases the problem. As such, this portion of the calculation can
take up to 90% of the total time. In this thesis, all calculations were solved using a the
iterative blocked Davidson algorithm which only solves for a subset of eignvalues.!™
From the solutions of Kohn-Sham equations a new charge density and wavefunction
are generated. The energy of the new configuration is calculated, and if the value is

within a specified threshold from the starting energy the wavefunction is considered

converged, the new forces are calculated and the ionic positions are updated. If the
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Figure 2.6: A workflow diagram demonstrating a typical DFT self-consistent calcula-

tion.

energy difference is not within a specified threshold, the new wavefunction and density
are used as the new input and the self-consistent procedure repeats until convergence

1s achieved.

2.2.5 Force Model and Geometry Optimisation

A force is classically defined as the first derivative of energy with respect to position.
For an ion in a system, the force can be calculated by moving it in all directions
and working out the derivative numerically. For a system with N atoms this would
require a total of 6N calculations and is therefore an inefficient method. To simplify
the situation, the calculations in this thesis employ the Hellmann-Feynman theorem
which states that the force on an atom in a system is merely the classical electrostatic
force felt by the nucleus. The advantages of this approach is that the force on all the

ions can be calculated with only one call to the energy sub-routine and the forces can
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be calculated directly from the wavefunctions which have been previously calculated.

A disadvantage of this approach is that the derivative of the basis set with respect
to the volume of the cell is ignored which introduces an extra force to the pressure
calculation, termed the Pulay stress.'®! For a plane wave basis set, Pulay stress is
not always a concern as the plane waves are not atom specific. However, Pulay stress
becomes an important factor for calculations were the volume of the system changes.
For example, if the size of a lattice were to increase, the reciprocal lattice would shrink
and thus alter the plane wave cut off. For these calculations extra care must be taken
to ensure the Pulay stress is accounted for.

Once the forces have been calculated they are used to perform relaxations. The min-
imisation techniques used in this thesis were the Quasi-Newton approach and molecular
dynamics (MD) as implemented in the VASP code. In theory, the ground state ionic
configuration is reached when the net force on each ion is zero, but in practice these

relaxations are carried out until previously determined convergence criteria are met.

2.2.6 Energy Minimisations: From Steepest Descent to Quasi—

Newton

The minimisation of the energy is an iterative procedure, and at each step the energy
is reduced until a minimum is achieved. One of the most basic forms of energy op-
timisation is the method of steepest (or gradient) descent, which generally takes the

form:

Bopl = Tx = Al (2.42)

where z is the position of the atoms at steps n+1 and n. A, a numerical value, is the
step size between each configuration and can be varied at each step to optimise the
efficiency of a calculation. g, is the gradient at the position x,, and hence the method
follows the path of the negative gradient towards the minimum. While this process
is robust and simple, a major disadvantage is that the path of descent is orthogonal

to the gradient contour at a given point. As a consequence, when the minimum lies
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within a narrow valley it will take many small steps to find the minimum. It is worth
pointing out that each step only depends upon the gradient at that point, i.e. it is
independent of the previous steps in the calculation. By including information about
the gradient from previous steps, the optimisation can be improved, requiring fewer
steps to reach the minimum.

The Newton—Raphson method is referred to as a second-order derivative method as
it relies on the second derivative of the function. Taking the Taylor expansion around

a function, f(z), to the second derivative gives:
1
f(z + Az) = f(x) + f'(z)Az + 5f"mﬂ. (2.43)

The maxima/minima of the function can be found by taking the first derivative of

Equation 2.43 with respect to Ax:
f'(z) + f"(x)Az = 0. (2.44)

Since Ar = z,,.1 — x,, Equation 2.44 can be rewritten to give the Newton-Raphson
equation:

Tpy1 = Tp — JJ:”((;)) (2.45)

To relate Equation 2.45 to the system studied in this report, it is rewritten as:

Tnt1 = Tp — B! 9n (246)

n

where x,, and x,, are the positions of an atom, B, 'is the inverse Hessian matrix, i.e.
a square matrix of the partial second derivative, and g, is the gradient.

Although the Newton-Raphson method is an improvement over the gradient de-
scent approach, it remains impractical due to the computational cost associated with
calculating the inverse of the Hessian matrix. Instead, the Quasi-Newton approach
may be used. In this method, Equation 2.46 is still used but instead of calculating
the inverse Hessian matrix at every step, it begins with an identity matrix and subse-
quently builds up an approximation of the inverse Hessian through information from

the previous steps. Several ways exist to calculate the approximate matrix, for example
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the Davidon—Fletcher-Powell formula which is shown below:

L ., Az-Az (B;!'-Ag)-(B;'-Ag)
B Iy B 1 o n n
s nt AxAg Ag-B;1-Ag

(2.47)
A full discussion of and derivation of Equation 2.47 and similar methods for approx-
imating the inverse Hessian can be viewed in Polak (1971).'®% The important point
about such approximations is that they are dependent on the changes in the forces,
displacement of the ions and the previous inverse Hessian matrix. Therefore, as the cal-

culations proceeds each iteration improves the estimated inverse Hessian matrix until

it more closely matches the exact one, assuming the original approximation holds.

2.2.7 Molecular Dynamics

Molecular Dynamics employs Newton’s second law of motion to describe the movement
of atoms in a system. Atoms and molecules are assigned velocities and hence it is
possible to model the evolution of the system over time. Newton’s second law of
motion states that the force acting upon an object is proportional to its acceleration,
i.,e. F o a. Therefore, for an atom, ¢, with a mass a m;, experiencing a force F' will

undergo an acceleration given by:
F=m;-a; (2.48)

Consider an atom with a velocity of v;t: if there are no external forces acting on it
then its position after a change in time, At, will merely be v;tAt. However, when an
constant external force acts on the atom the velocity and positions after the time step

will become:
v;(t + At) = v,(t) + a;(t) At (2.49)
ri(t + At) = ri(t) + vi(t) At + %aiAﬁ (2.50)
Unfortunately, Equations 2.49 and 2.50 only work when the force remains constant
and as such are not directly applicable to real systems. The force on an atom is

dependent on the instantaneous position of all the other atoms in the systems and hence

does not remain constant. This would necessitate the time step being infinitesimally
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small and practical considerations requires the time step to be of finite size. Therefore,
once the forces are calculated, algorithms are used to integrate Newton’s laws of motion
over the finite time step and thus determine the positions and velocities of the atoms.

Omne of the most basic integrations algorithms is the Verlet algorithm.'®® In this
approach, information regarding the positions and accelerations at the current and
previous time steps, ¢t and t — At respectively, to determine the news positions and
accelerations at the subsequent time step, ¢ + At. This is achieved by taking the third

order Taylor expansion at position ¢t + At and t — At:

ri(t+ At) = 7;(t) + v;(t) At + %al(t)Atz + ébi(t)At?’ + YAt (2.51)
ri(t+ At) = ri(t) — vi(t) AL + %ai(t)At'z - %bi(t)AtB FOA (252)

where b; is the third derivative of r; with respect to t and ¢ is an accuracy parameter.
By summing Equations 2.51 and 2.52 together, the positions at time t + At can be
calculated:

ri(t + At) = 2ri(t) — ri(t — At) + a;(t) At + 9ALL, (2.53)

The Verlet algorithm does not explicitly calculate the velocities, however, they can be
derived from knowledge of the trajectories. This is done by subtracting Equation 2.52

from Equation 2.51.

ri(t + At) — ri(t + At) = 2v;(t) At + AL (2.54)

10 t) —r;(t — At
ol e TR )QA:’( A1) L gas (2.55)

The algorithms are very simple and easy to implement but are not without their draw-
backs. Looking at the truncation errors in Equation 2.53 and Equation 2.55, for for-
mer’s is of the order of At* whereas the latter is of the oder At?. Therefore, while the
position algorithm is accurate and stable, the velocity algorithm is far less accurate.
An alternative to this algorithm is the Verlet leapfrog algorithm. For this algorithm

the velocities are calculated at half-integer time steps:

vt 4+ AL} — r(t)
At

v, (t + %At) = (2.56)
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1 () = ryft — Ad)
v (t — §Az‘) = e : (2.57)

Rearranging Equation 2.56 provides an expression for calculating the new positions,

based on the old positions and the half-integer time step.
1

Furthermore, starting from Equation 2.53, by subtracitng r;(¢) from both sides, divid-
ing across by At and the substituting in Equation 2.56 and Equation 2.57, it possible

to achieve an expression for determining the velocity at the half-integer time steps:
1 1 3
vi(t + §At) = v;(t — §At) + a(t)At + 9AL°. (2.59)

This is where the algorithm gets its name from; because the velocities are calculated at
the half-integer time steps, they are said to ‘leap—frog’ over the positions. The main
advantages of this over the previous Verlet algorithm is that it now has a numerical
precision of At?, as opposed to At?, and it reduces problems associated with calculating
positions over long time steps. However, because the position and the velocity are not
calculated at the same time, it is not possible to calculate the potential and kinetic
energy contributions to the total energy at the same time. This problem is overcome

by employing the following equation:

1 1 1

An additional problem inherent to all these algorithms is the simple fact that the
algorithms require knowledge from the previous step and hence are not self starting.
Therefore, for the initial step velocities need to be assigned to the atoms. The velocities
are randomly assigned to the atom under the constraint that the system starts at the

required temperature and the simulation cell has no translational momentum.

2.2.8 Molecular-Dynamics Ensembles

The conditions under which a system evolves during a MD run are defined by a statis-

tical ensemble. The first such ensemble that will be discuss is the microcanonical, or
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NVE, ensemble which holds the number or particles, volume and energy constant. In

this ensemble, the constant value, derived from the Hamiltonian, H, takes the form:
HNVE = U a1 A’E (261)

where U and K.E. are the potential and kinetic energies respectively. In this work,
the microcanonical ensemble is used to equilibrate the systems being studied. During
this run, the system is allowed to reach an equilibrium from the initial positions and
velocities. From there, data is collected over a sufficiently long time period to observe
desired properties.

This work makes use of one of the alternate ensembles, the canonical, or NVT,
ensemble which also keeps the number of particles and the volume constant. Instead
of keeping the energy constant, the temperature is fixed by coupling the system to a
temperature bath. Several temperature baths exist, but this work exclusively uses the
Nosé—Hoover thermostat.'® The temperature of a system at a time ¢, T'(¢), can be
calculated by:

N
Z mv3(t)

T(t) = —lkr (2.62)

where f is the number of degrees of freedom, which is 3/N-3 for periodic systems.

Therefore, by adjusting the forces of the system the temperature can be modified to

match an external temperature, 7.,;. This change in velocity is given by:

= a(t) = x(t)v(t) (2.63)

where x is a friction coefficient whose value is controlled by:

) _ Ik pigy ) (2.64)

dt 0

where () is the effective mass of the temperature bath. The value of () determines the
strength of the coupling between the two systems: a large value of @) leads to small

coupling while smaller values increase the coupling. The definition of @ is given by :

@ = fkgT, i (2.65)
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where 77 is a specified time constant, termed the relaxation constant. For the NVT
ensemble, the conserved quantity, the Helmholtz free energy (derived from the Hamil-

tonian), is defined as:
1 g @ I
Hyyr=U+ K.E. + §Q)((f) - = X(s)ds (2.66)
T Jo

where s the effective coordinate of the thermostat, and ensures that the total energy
between the heat bath and the system remains conserved.

When an MD calculation moves from the “equilibration run” (NVE ensemble) to
the “production run” (NVT ensemble), the configurational energy and temperature
will begin to oscillate, but the average values will remain constant to those of the NVE
ensemble. Thus it is possible to sample a wider range of energy states, resulting in
more thermodynamically reasonable values. In this thesis, results were extracted from

instantaneous times steps, without employing any time step averaging.



Chapter 3

Computational Methodology

3.1 Vienna ab initio Simulation Package (VASP)

All calculations presented in this thesis were carried out with the Vienna ab wnitio
Simulation Package (VASP).1%0 152 VASP is a quantum mechanical code commonly
used for a wide variety of electronic structure calculations. One major advantage of
the VASP code it that is can implement a wide variety of quantum mechanical modeling
techniques such HF, DFT, DFT+ U, Hybrid-DFT and quantum-MD. Furthermore, it
contains its own set of optimized PAW pseudopotentials for each element. From there a
series of electronic and structural minimisations, i.e. optimisations, are carried out until
the systems is deemed to be properly minimised. Subsequently additional properties

of the material under study can be calculated, e.g. band structure, density of states,

charge density, etc.

3.2 Structural Optimization and Convergence

For self-consistent calculations on solid state materials, the three major factors that
determine the precision of the results are; (i) resolution of the basis set, (ii) the k-
point sampling density and (iii) sufficient optimisation of the geometry. A flow chart
representing the full process of structural optimisation can be seen in Figure 3.1. For
each system studied, the convergence was tested against the k—point density and the

=

B
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plane wave cutoff to ensure suitable values were used. For the plane wave cut—off, to
model rapid changes in electron density a high plane wave cut—oft is needed. Since the
major focus of this study is CeO,, a high cut—off is needed to model oxygen due it being
a lighter atom and hence the valence electrons are close to the core of the atom. To
determine the value for the cutoff energy, a series of calculations were performed, where
the only variation was the value of the cutoff, until the energy difference between results
was deemed sufficiently small (less than 0.01 eV change per formulae unit between cut-
offs). For calculations on bulk structures, a plane wave cutoff of 500 eV was used. For
the more complex calculations of surfaces, the plane wave cutoft was reduced to 400 eV
as it was found to still provide adequate convergence while keeping computational costs
to a minimum.

For each system studied in this report, the initial structures were based on experi-
mental results. A series of optimisations were carried out at range of different volumes,
while the atom positions, lattice vectors and lattice angles were allow to relax under
the constraint of constant volume. The optimisations were carried out until the data
bracketed a minimum and the equilibrium volume was then calculated by fitting the

185

energy vs. volume data to the Murnaghan equation of state.'®” Once the equilibrium

volume was determined, the system underwent a final optimisation at that volume.

3.3 Electronic Structure Calculations

3.3.1 Band Structures

The band structure of a solid material describes the states of electrons in solid materials
and how the energy of these states varies across phases of k-space. To calculate the
band structure from DFT calculations, the Kohn—Sham eigenvalues are extracted from
the calculation and are plotted as a function of k. From the band structure numerous
electronic properties of the material can be determined, including the band-gap, optical
absorbance, position of defect states, etc.

To perform a band structure calculation in VASP, the charge density and wave-
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Figure 3.1: A flow chart demonstrating the structural optimisation and convergence

procedure.

functions are calculated self-consistently with a homogeneous k—point mesh. A non
self-consistent calculation is performed while the charge density is kept constant and
the eigenvalues at k—points along the lines of high symmetry in the reciprocal cell are
obtained. The eigenvalues are then plotted against these k—points to produce the band
structure.

Theoretically, to be entirely accurate a band structure should be calculated along
all possible k—points. However, doing so would require an infinite number of vectors
and hence is not feasible. Instead, the band structure is calculated along certain lines
of the Brillouin—zone which are unique to the crystal class and the change of the band

energies over these lines is plotted. The Brillouin—zone of a material is specific to its
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space group. For example, the fluorite structure has a Fm3m space group (# 225) and
its high symmetry points in the Brillouin-zone are shown in Figure 3.2. The energy
can then be plotted over a path that visits the points of high symmetry (e.g. the band
structure in Chapter 4 follows the path I' 5 X—-W— I' -L—W). The coordinates for

the high symmetry points were taken from Bradley and Cracknell. !

&

Figure 3.2: The Brillouin Zone for the Fm3m space group (from Bradley and Cracknell

. T=(000)X=(0,50,W=(330,L=(3 3 7)

1
27 2

B |—

3.3.2 Electronic Density of States

Another method to analyse the electronic structure of a material is the electronic
density of states (EDOS). The EDOS can be considered an integrated form of the band
structure, i.e. it displays the density of the eigenvalues as a function of energy. While
the EDOS does provide information about the total electronic structure of the system
it is not ion specific and hence it is not possible to determine to which ion each state
is associated with. To elucidate matters, it is possible to calculate a partial electronic

density of states (PEDOS) where the EDOS is decomposed in terms of the ions and
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the [ and m quantum numbers. To achieve this the wave functions are projected onto
the atoms using spherical harmonics. The radius around a certain ion to which the
wavefunction will be associated with is determined by the user, and in this thesis they

are set as the PAW radii.

3.4 Defect Calculations

Many properties of a material are the result of defects and impurities present in the
system. For a crystalline material, such defects are likely to be low in concentration and
randomly distributed throughout the system. Therefore in most instances modeling a
defect in a single unit cell will not produce accurate results: due to the small number
of atoms in the cell, the introduction of a single defect would reflect a large defect
concentration and furthermore the small size could mean that, due to periodic boundary
conditions, the defect will interact with its own image. To be able to model low defect
concentrations, the unit cell is expanded into a supercell of sufficient size which then
is treated under periodic boundary conditions. In practice it is not always possible
to have a supercell of sufficient size due to the complexity of the calculation and the
computational resources available. This section will detail the techniques employed to

calculate defects in supercells.

3.4.1 Formation Energy of a Neutral Defect

The formation energy of a neutral defect is calculated from
AH¢(D) = (E° — EM) + Z (B + ;) (3.1)

where E™ is the total energy of the host supercell and E(:? is the energy of the
neutral (charge state of 0) defect cell. E; are the elemental energies, i.e. the energies
of the constituent elements in their standard states (e.g. Ce(s) and Oy(g)) and n is
the number of atoms of an element added to (positive) or taken from (negative) an

external reservoir. ; are the chemical potentials of the elements and are to used to
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Element E;

O,(g)  -9.88/-2.66

Ce(s) -4.05
Al(s) -3.74
Ga(s) -2.91
Sc(s) -6.33
Sh(s) 4.12
In(s) -2.56
Tl(s) 2.25
Y(s) 6.67
La(s) -4.93

Table 3.1: The calculated elemental energies, E;, for a range of species investigated
in this thesis. Two values are given for O,(g) due to the two values of U that were
applied to the O 2p states. The first is for U=0.0eV and the second is for U=5.5€V.

All values are given in eV.

approximate the formation of defects under different growth conditions. The values of
the the elemental energies employed within this thesis are shown in Table 3.1. The

calculation of the chemical potentials will be discussed further on in this section.

3.4.2 Chemical Potential Limits

The chemical potentials will vary with the environment, e.g. the experimental growth
conditions of the oxide. In principle these values should be treated as a variable but,
in practice, limits are placed on the chemical potentials to reduce the number of cal-
culations needed. By varying the chemical potentials of different species, it is possible
to model different equilibrium growth conditions within the global constraint of the
calculated enthalpy of formation of the host. The formation enthalpies were calculated

from the calculated energies of the bulk cells and their constituent elements. Within
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this study of CeQ,, using PBE+ U calculations on CeQO,, with U values of 5.0eV and

0eV place on the Ce 4f and O 2p states respectively, this yields:
tee + 210 = AH(CeO;) = —10.5€V. (3.2)

The upper bound of yq, i.e. Ce-poor/O-rich conditions, is determined by the formation
of 02 (g)
o = 0eV, = pce = —10.5eV. (8.3)

The lower bound of pg, i.e. Ce-rich/O-poor conditions, is determined by the formation
of Ce203:
21tce + 3o < AH{(CGQOg) = —18.97eV. (34)

By solving Equations 3.2 and 3.4 simultaneously the chemical potentials for Ce-rich/O-

poor conditions are obtained:

pio = —2.03eV, pce = —6.44¢€V. (3.5)

3.4.3 Temperature and Pressure Dependence of Defect For-

mation

All static DFT calculations are carried out at a temperature of 0 K. Therefore, the
calculated defect formation enthalpy would differ from the formation enthalpy of a ma-
terial under real-world conditions, e.g. typically a CeO, electrolyte in an SOFC would
experience temperatures of ~500-1000 K and partial oxygen pressures ranging from
P=10"""atm (anode end) to P=0.2atm. To relate the calculated values to working
conditions, temperature and pressure dependence analyses are performed.

For CeQ,, the effect of temperature and pressure on the defect formation energies
are estimated by considering the enthalpic and entropic contributions to the oxygen
chemical potential po in the O, gas phase. The direct effects of temperature and
pressure on fice, AH(CeO,) and AH;(Cey03) are neglected as these are either small
(PAV terms) or are expected to cancel as the vibrational frequencies of the reference

materials will be relatively insensitive to temperature (T'AS,;,). However, pc. will be
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affected by the condition pce + 2p0 = AH¢(CeO,). As the only concern is the change

in po, it is necessary to only take into account the effect of the partial oxygen pressure.

The change to po can be expressed as: 186
1 T P
A/io(T, P) = — Cp(T == To) -T 50 + Cphl,— + k’BThl— (36)
2 Th )

In the above equation the constant-pressure specific heat capacity per diatomic molecule
is taken as Cp=%k]3, derived from the ideal gas law, and the experimental value for the
O, standard entropy is Sy = 205Jmol ' K™'. The reference temperature (7p) and
pressure (F,) are set to 298 K and 1 atm respectively (standard temperature and pres-
sure). Once the temperature and pressure dependence of the formation energies is
calculated it is then possible to estimate the defect concentrations as a function of

temperature, assuming Arrhenius-type behavior.

3.4.4 Formation Enthalpy of Charged Defects

Impurities and point defects can lead to the formation of new defect levels in the band
gap of a material. The presence of the defect levels can be identified experimentally
and the nature and type of defect present identified. However, there is no definite way
of identifying experimentally if a defect level is caused by a particular defect. Therefore
computational techniques are becoming increasingly popular in identifying these defect
levels. However, it is generally not possible to compare the single particle levels (SPLs),
i.e. the raw eigenvalues (Kohn-Sham states) of the defect state in the band structure,
that are calculated because experimental data is usually based on transitions from one
charge state to another. To calculate the formation energy of a defect with a charge
state of q the following equation is used:

AH{(D,q) = (E® = E®) + 3 " ni(E; + ;) + ¢(Epermi + €tpn) + Batignld] ~ (3.7)

where EP9 is the total energy of the defective cell. Fyem; ranges from the VBM to
the conduction band maximum (CBM). e, is the eigenvalue of the VBM of the host

bulk. Eajign [¢] is the correction terms which accounts for (i) the alignment between the
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VBM of the host bulk with the defective supercell and (ii) the finite-size-cell effects
that occur in calculations of charged defects. E,jgn[q] is calculated using the ‘sxde-
fectalign’ program, which is based on the correction scheme developed by Freysoldt et
al. 187 This scheme cancels the interaction betweens images of the charged defects and
aligns the electrostatic potential to the bulk material. These are calculated from the
local potentials of the defect and a reference cell, the pure bulk, and the only extra
parameter required for this scheme is the dielectric constant. DFT is known to have
problems calculating dielectric constants, and therefore it is taken from experimentally

determined values (e.g. for CeO, £=24.5).188

3.4.5 Thermodynamic Transition Levels

To compare computational results with experiment, the thermodynamic ionization
(transition) levels €p(q/q’). These are defined as the Fermi level at which two charge
states, ¢ and ¢, will have the same formation energy. To calculate them, the following
equation is used:

AH'(D,q) — AH!(D,q)

enla/d) = L= . (38)

These transition levels can be compared to experimentally derived trap levels.

3.4.6 Transition Level Diagrams

A transition level diagram displays a plot of the formation energy of a defect as a
function of the Fermi level. Such graphs are commonly found in computational studies
on semiconductors and although they are an effective way of displaying the properties
of defects, understanding the information presented can be difficult.

An example of a transition level diagram is displayed in Figure 3.3. The figure
displays two plots showing the formation energy versus Fre.m; at constant chemical po-
tentials, cation-rich/anion-poor, (3.3(a)), and cation-poor/anion-rich, (3.3(b)). De-
fects usually have many different charge states (dashed lines) but for the sake of clarity

only the lowest energy charge state (solid lines) at each value of Ege; is plotted. It is
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possible that a certain charge state will not be stable across the Fermi level and hence
will not be observed experimentally. These defects are known as negative U defects,
189 where U in this instance is defined as the difference between ionisation energy and
electron affinity. Therefore, a defect is considered a negative U defect if it can trap
a second electron (or hole) more strongly than the first. An example of such a defect
can be see in Figure 3.3: the +1 charge state for the anion vacancy remains unstable

at all values of Frermi.

When an n-type defect is formed, extra electrons are introduced to the VBM.
These electrons aren’t stable, so the Egem; is pushed higher in the band gap until
the electron localises on a defect (the positive slopes seen in Figure 3.3). Conversely,
p-type introduce holes to, or near, the VB, which serves to lower Egey,; (the negtaive
slopes in Figure 3.3). When the formation energies of the defects are equal, they are in
equilibrium with each other. These points, the thermodynamic ionisation (transition)
levels, as calculated from Equation 3.8, are represented on the graph by the solid dots.
The positions of the transition levels relative the VBM or CBM are good indicators of
the conductivity of the system. Defects with ionisation levels ~ 30 meV from the band
edges are called shallow defects and are important for conductivity. If the transition
levels of an n-type defect are close to the CBM, then the system is a good n-type
conductor as electrons associated with these defects, known as shallow donors, can
be thermally excited into the conduction band (CB). For p-type defects, unoccupied
transition levels close to the VBM are indicative of good p-type conductivity, allowing

the facile promotion of holes states to the VB from these shallow acceptor levels.

The material that Figure 3.3 describes would be a n-type conductor under cation—
rich /anion—poor conditions. At all ranges within the band gap, the n-type defect has
the lowest formation energy and will therefore be the dominant defect. The fact that
the (+2/0) transition level is very far from the CBM indicates that the conductivity in
this material will be dependent on the polaronic hopping of the electron. As the system
moves to cation—poor/anion-rich conditions, the p-type defect begins to dominate at

lower Fermi levels. However, p-type conduction would not be possible in this system
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Figure 3.3: A model transition level diagram for a representative material under (a)
cation-rich/anion-poor conditions and (b) cation—poor/anion-rich. n-type defects are
described by the colour red lines whereas the p—types are denoted by green. The solid
circles represent the transition levels (ep(q/q’)). The dashed line shows the Fermi

pinning energy.

due to the crossover of the acceptor and donor states, depicted in 3.3(b). At his
point, the effects of the n— and p-type defects, which serve to raise and lower Eperm;

respectively, cancel each other out and Ege,; is pinned at that energy.

3.5 Mean Square Displacement Plots and the Nernst—
Einstein Equation

The mean square displacement (MSD) is a statistical method that describes the average
structural difference between two systems. In molecular dynamics, it can be used to
calculate the average movement of an ion over a certain time frame. The MSD is

calculated with the equation:

MSD(t) = (3_[ri(t) = r(O)]") (3.9)
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However, the calculations performed in this thesis all employed periodic boundary
conditions. Therefore, if an atom where to diffuse across one side of the cells, its
periodic image is mapped to the opposite side of the cell. As such, it is impossible to
track the diffusion of atoms across periodic cells from only their position. However, it
is possible to obtain the MSD by mapping the position to the velocity of the atoms.
An example of an MSD plot for a notional binary oxide is shown in Figure 3.4. The
plot shows that the line representing the cation remains constant throughout with only
minimal movement. This suggests that the cations are experiencing thermal vibrations
but remain at their lattice sites. The line representing the O anions, however, increases
over the time period, reaching ~8 A2. This indicates that the O ions are diffusing freely
through the solid material. The MSD plots presented in this thesis were all calculated

from a single time origin

Time (ps)

Figure 3.4: An example of an MSD for a theoretical oxide material, AO. The red lines

show the MSD of the cations while the green lines indicate the MSD of the O anions.

Perhaps one of the most important pieces of information that can be derived from
the MSD plot is the diffusion coefficient, D, which is the displacement of a species per

unit time. The diffusion coefficient is easily calculated as it is simply sixth of the slope
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of the MSD plot. Once the value of D is known, it become possible to estimate the
ionic conductivity through the Nernst-Einstein relation:

EpD

T 1
ONE G (3 O)

where ¢ is the charge of the mobile species, p is the density of charge carriers in the
system and 7' is the temperature of the system. Once these values are known, it is

possible to compare them to experiment values.

3.6 Radial Distribution Function

The radial distribution function is a statistical method that can be used to determine
how the concentration of atoms changes as a function of the radius around a reference
atom. For MD simulations, it is used to describe the average structure of the simulation
cell across the entire run, providing information such as the average nearest-neighbour

distance between ions. The RDF is calculated with the following equation:

1 ni; (1)

it e AnriAr  p;

(3.11)

where n,;; is the number of atoms of type j that are between a distance of r to r+A
from the reference atom, ¢, and p; is the number concentration of atoms of type j.
Equation 3.11 is actually the partial radial distribution function, which calculates the
RDF between two specified species. An example of an RDF for a notional oxide, AO, is
shown in Figure 3.5, where the RDF is plotted between oxygen anions and the cations
A. Two peaks are present in the plot, one from just under 2.00 A to 3.50 A, and the
second from 3.50 A to just under 5.50 A. The peaks represent the nearest neighbour
and next-nearest neighbour distance between A and O respectively. Since the atoms
are moving during a MD run, there’s no set bond length, due to the constant vibration,
or even diffusion, of the anions, hence the peaks encompassing a wide range of values.
The first peak shows that the A-O bond length will vary by ~1.68, but the majority
of ions will possess a bond length of about 2.27 A. The fact that the RDF goes almost

to 0.00 at 3.50 A indicates that the NN and NNN positions between the atoms is very
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well defined. This would suggest there are no O ions occupying interstitial sites, and
that diffusion in the system occurs through a discrete hopping mechanism between

neighbouring lattice sites.

RDF
O = N W B

0 1 2 3 4 5
Distance (A)

Figure 3.5: An example of an RDF for a theoretical oxide material, AO. The green line

shows the plot of the RDF between A and O.



Chapter 4

Analysis of Intrinsic Defects in

CeO9

4.1 Introduction

CeQO, is an important material for a wide range of different applications, including:
catalysis, both as an active catalysts and as a support material; the electrolyte material
in SOFCs; gas sensing; and high—+ dielectric applications. All of these properties are
a consequence of defects present in CeO, and hence exploring the chemistry of such
features is an active area of research. In the area of intrinsic defects, previous work has
concentrated on O vacancies in CeO,, with only a handful of studies having investigated
the properties of other intrinsic defects. Theoretical data on Ce vacancies by Fernandes
et al, using LDA/GGA+ U calculations, with the full-potential linear muffin-tin—orbial
method, predicted that these defects would be semi-metallic in nature,'® contrary to
similar defects in other metal oxides.!"191:192 The structure of Frenkel defects has
been investigated 14419 and their effect on ionic conductivity was investigated through
molecular dynamics calculations, which suggested that such defects are more likely
to recombine than contribute to conductivity.'** Yasunaga et al. 119 investigated
CeQ, surfaces under electron radiation determining that O and Ce interstitials were

present, but their exact structure and impact on the intrinsic properties of CeO, was

71
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not investigated. It has also been shown that CeO, will display intrinsic ferromagnetism
when synthesised as a thin film.!% 198 However, the cause of this phenomenon has yet
to be determined.

In this chapter PBE calculations with on-site Coulomb correction (PBE+U) are
employed to explore the properties of intrinsic defects within CeO,. Using a Koopmans—
like approach, a suitable U value for the O 2p states was determined, enabling the
accurate modelling of p—type defects. For the first time, information on the formation
energies and also the geometry and electronic structure of each defect is also provided.
Defect concentrations are then assessed as a function of temperature and O partial

pressure.

4.2 Computational Methods

As discussed in Chapter 2, standard LDA and GGA functionals are incapable of cor-
rectly modeling systems with localised electronic defects due to the inherent SIE.
163,168,169 Therefore the PBE+U method!™ was employed to approximately correct
the SIE associated with PBE calculations.7%199:200 Previous theoretical work found
that the expected structure of reduced CeOy could be reproduced by introducing a
+U correction with U{Ce 4f}=5.0eV.!% The U value from different calculations
are not always directly comparable, as each functional will have a different SIE and
each programs’ implementation of the U correction will differ in how they determine
orbital occupations. However, subsequent studies demonstrate that values of U{Ce
4f}=5.5eV?01 4.5eV107 and 5.0eV97106:202:204 cap gccurately model the ground state
properties of pure and reduced CeO,. Accurate descriptions of CeO, and reduced CeOs,
have also been obtained with hybrid-DFT techniques.?%5:2%6 These methods reduce the
SIE error by introducing a small amount of the exact non-local Fock exchange to the
approximate DFT exchange-correlation functionals. However, it was deemed that the
PBE+ U method with U{Ce 4f}=5.0eV was more suitable as this method will reduce

the SIE without the high computational overhead associated with hybrid-DFT in a
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plane wave basis set.

Previous studies on metal oxides have shown that when employing LDA(GGA) to
model O—derived p-type defect states, such as localised holes, it is necessary to account
for the SIE associated with the O 2p states which can be accomplished using the + U
approach., 162168,174.19L192 Previous studies used a U{O 2p} value of 7eV, 18119 byt
this value was derived for MgO.!%® Because it was expected that some of the defects
studied may lead to the formation of localised holes on oxygen anions, it was necessary
to determine a suitable value of U{O 2p} for CeO,.

To determine the U value for the O 2p states an ab wnitio fitting procedure used
by Morgan and Watson was employed, ! similar to the Koopmans-like procedure de-
veloped by Lany and Zunger.'™ This method is based on the requirement that for a
self-interaction free system the energy change when an electron is added or removed
should be linear (cf. Section 2.1.9).2°7 For this condition to be met, the addition of an

electron to a hole state (with N electrons) must satisfy
E(N +1)— E(N) =e¢;(N) (4.1)

where E/(N) is the energy of the system with a self-trapped hole (the +1 charge state),
E(N + 1) is the energy of the neutral system with the same structure as the E(N)
system and e;(/V) is the eigenvalue of the hole state relative to the VBM. Included
in the calculation of the charged cell are two corrections; a core-level alignment and
an image charge correction which were calculated with the “sxdefectalign” program as
described in Section 3.4.4. When E(N + 1) — E(N) and ¢;(N) are plotted against U
(Figure 4.1), it is observed that at U{O 2p}=5.5€eV the requirement of Equation 4.1
is satisfied, indicating that the SIE of the system has been overcome. This suggests
that the value of U{O 2p}=7eV that was used previously by Yeriskin and Nolan 18119
would not satisfy Equation 4.1 and hence would over-stabilize /localise O holes in CeOs.

The defect formation energies, AH (D), are calculated according to Equation 3.1
in Chapter 3. In Section 3.4.2, it was demonstrated how to calculate the chemical

potential limits when U{Ce 4f}=5.0eV and U{O 2p}=0eV, hereafter denoted as
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Figure 4.1: The variation of the electron addition energy , E(N + 1) — E(N) (red line,
red circles), and the hole state eigenvalue (relative to the VBM), e; (blue line, blue

squares) of the 41 charge state of CeO,, as a function of U{O,,}. For all calculations

U{Ceqs}=5.0€V.

Uceo={5.0, 0.0} eV. To reiterate, the results were o = 0eV, pc. = —10.5eV at the
O-rich/Ce-poor limit and po = —2.03eV, pce = —6.44eV at the O-poor/Ce-rich
limit.

For calculations where Uc. 0={5.0, 5.5} eV, the formation energies are: AH;(CeQ,) =
—9.67eV, AH;(CeyO3) = —17.7eV, which sets the chemical potentials at the Ce-
poor/O-rich limit as: uo = 0eV, pce = —9.67€V, and at the Ce-rich/O-poor limit to
po = —1.64eV, puc. = —6.39eV.

The effect of temperature and pressure on the formation energies were calculated

according to the method described in Section 3.4.3.

4.3 Bulk Properties

The lattice constant of CeOq for Ucgeo={5.0, 0.0} eV (Uce0={5.0, 5.5} eV) was cal-
culated to be 5.494 A (5.477 A), which is within 1.5% (1.2%) of the experimental lattice
constant of 5.41 A.2°® The Ce-O bond length, 2.377 A (2.372A), also agrees with the

experimental bond length, being within 1.5% (1.2%) of the recorded value of 2.343A.



Chapter 4. Analysis of Intrinsic Defects in CeO, 75

209 The band structure and PEDOS were calculated for Uceo={5.0, 0.0} eV and
Uceo=15.0, 5.5} ¢V and minimal differences were observed between them (Figure 4.2).
The calculated band gap was found to be 2.45eV (2.51eV). These values are signifi-
cantly lower than experimentally determined band gap, which have been reported to
be 2.76 V.20 3.31eV,2" and 3.60eV.?'? This is not unexpected as GGA is well known
to underestimate band gaps despite accurately describing the ground state properties.
171 By integrating the PEDOS, it was found that 11.8% (12.4%) of the electrons in
the valence band are associated with Ce states, showing that there is no significant

redistribution of the electrons upon the introduction of U{Os,}.

4.4 Defect Structure

All defect calculations in CeO, were carried out in simulation cells with the same lattice
parameters as the pure bulk cell. Furthermore, each defect was calculated using both
Uceo0={5.0, 0.0} eV and Uceo0={5.0, 5.5} eV. For each of the defects investigated
several possible structures and spin states were calculated to determine the lowest

energy structure.

4.4.1 Oxygen Vacancy

During the formation of an oxygen vacancy, two excess electrons are localised onto
nearby Ce ions, reducing them from Ce(IV) to Ce(III).106:107:201.203 [ Kriger—Vink
notation this is

1
OF + 2Ce¢, — V§* + 2Ceg, + QOg(g), (4.2)

where O represents a neutral O ion on an O lattice site, Cef, is a neutral Ce atom
(i.e. Ce(IV)) on a Ce lattice site, V' is a doubly positively charged vacancy at an
oxygen lattice site and Ce(, is singly negatively charged cerium (i.e. Ce(III)) at a
cerium lattice site. The excess electrons occupy previously empty 4f states on the
Ce ions. This is supported by experimental studies, which have found distinctive

4f peaks deep in the band gap of reduced CeQ,.?213211 For the calculations of an
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Figure 4.2: The band structure and PEDOS of pure CeO, for (a) Uceo={5.0, 0.0} eV
and (b) Uce0=1{5.0, 5.5} eV. The VBM is set to 0eV. The blue lines represent Ce 5d
states, the green lines Ce 4f states and the red lines O 2p states. All other states are

shown in grey.

oxygen vacancy in CeQ,, the structures obtained for the two different cases when
Uce0={5.0, 0.0} eV and Uceo={5.0, 5.5} eV were found to be very similar, Figures
4.3(a) and (b) respectively. There was almost no difference in energy between the
ferromagnetic and anti-ferromagnetic configurations (<0.1meV) and therefore only

the ferromagnetic configuration of the excess electrons is displayed. The vacancy is
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an area of effective positive charge, and hence, the eight neighbouring oxygen ions
move off their lattice site towards the vacancy, while the neighbouring Ce ions move
away from the vacancy. For calculations where Uceo={5.0, 0.0} eV (Uceo0={5.0,
5.5} eV) the neighbouring oxygen which is only coordinated to Ce(IV) ions moves by
0.22 A (0.30A), the oxygen ion bridging the two Ce(III) ions by 0.04 A (0.03A) and the
four oxygens which are coordinated to one Ce(III) ion by 0.19 A (0.12A), all towards
the vacancy. The two Ce(III) ions move 0.09 A (0.13A) whereas the Ce(IV) ions move
a distance of 0.16 A (0.18A). The variation in the relaxation of the oxygen ions can
be related to the Ce(III) ions having a lower charge than the Ce(IV) ions, leading to
longer Ce(I1I)-O bond.

Figures 4.3(c) and (d) shows the EDOS for an oxygen vacancy in CeO,, with a
ferromagnetic arrangement of electrons, when Uc.o={5.0, 0.0} eV and Uc.o={5.0,
5.5} eV respectively. It can be observed in these figures that there are only very minor
differences between the two cases. We can see that between the O 2p dominated valence
band and the Ce 4f dominated conduction band a new defect peak has appeared, made
up of occupied Ce 4f states, which indicates the presence of Ce(I1I) ions. The EDOS for
the anti—ferromagnetic configuration displays a similar Ce 4f defect peak, albeit with

one peak spin up and the other spin down. Both the position and nature of the defect

193 1106,202,215,216

peak are consistent with previous experimental” and theoretica work.

4.4.2 Cerium Interstitial

The addition of a Ce interstitial introduces four extra electrons to the system. There
are two different ways for the excess electrons to localise; either the electrons localise

on four of the Ce ions neighbouring the vacancy, reducing them from Ce(IV) to Ce(III)
4Ce¢, + Ce(s) — 4Ceg, + Cet***, (4.3)

or one electron remains on the interstitial ion while three of the neighbouring Ce ions
are reduced

3Ce, + Ce(s) — 3Cel, + Cer™. (4.4)
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Figure 4.3: The structure with spin-density plot when (a) Uce0={5.0, 0.0} eV and
(b) Uceo={5.0, 5.5} eV and the density of states of an O vacancy in CeO, with (c)
Uce0={5.0, 0.0} eV and (d) Uceo={5.0, 5.5} eV. Ce atoms are represented by white
spheres, O atoms are represented by red spheres and the position of the vacancy is
represented by the light green sphere. The isosurface is shown in blue and is set to
0.05 e/A3. For the EDOS, the Ce 4f and O 2p states are represented by the green and

red lines respectively. All other states are shown in grey.

Figures 4.4 (a) and (b) shows the structure, spin density and EDOS for the cerium in-
terstitial when Uce 0={5.0, 0.0} eV and Uce0={5.0, 5.5} eV respectively. Once again,
minimal differences exist between the structures. The lowest energy was found when
the excess electrons localise according to Equation 4.4 in an anti-ferromagnetic con-
figuration (Figures 4.4(b) and (c)). For Uceo={5.0, 0.0} eV (Uce0={5.0, 5.5} V),

the singlet configuration was lower in energy than the quintet and triplet states by
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240 meV (450 meV) and 90 meV (140 meV) respectively. The eight oxygen ions neigh-
bouring the interstitial ion remain on their lattice sites. The six Ce ions that neighbour
the interstitial relax away from it by 0.25 A for the Ce(ITI) ions and 0.32A for the
Ce(IV) ions for both values of U{Oy,}.

The EDOS for when Uceo={5.0, 0.0} eV and Uceo={5.0, 5.5} eV, Figures 4.4(e)
and (f) respectively, shows defect peaks made up of occupied Ce 4f states between the
valence and conduction bands, which are due to Ce(III) ions. A partial charge analysis
of the defect peaks show that the lowest energy peak in the spin up state is attributed
to the interstitial Ce(III) ion. The remaining peaks, which are all at a similar energy,
are due to the three Ce(III) ions neighbouring the interstitial, one in the spin up state

and two in the spin down state.

4.4.3 Cerium Vacancy

The formation of a neutral Ce vacancy removes four electrons from the lattice. This
creates holes in the valence band which are expected to localise on the O 2p states, as

these states dominate the VBM. In Kréger-Vink notation this would be
Cef, + 4035 — V& +40g + Ce(s). (4.5)

Figures 4.5 shows the structures of a Ce vacancy for (a)Uceo={5.0, 0.0} eV and
(b) Uceo={5.0, 5.5} eV. Both structures are shown with the overall spin in the quin-
tet state, as this spin configuration was found to be marginally lower in energy than
the triplet or singlet states (8.5meV and 11.4meV respectively). When Uceo={5.0,
0.0} eV the spin density is delocalised over the eight oxygen ions neighbouring the va-
cancy, however, when Uceo={5.0, 5.5} eV we obtain a different picture with localised
holes on four of the O ions neighbouring the vacancy. This is a result of the SIE: in
the former case the SIE associated with the O states delocalises the hole states over
the eight neighbouring O ions. When the + U correction is applied to the O 2p, the
localised electronic structure is achieved. For Ugeo={5.0, 0.0} eV the eight O ions

that neighbour the Ce vacancy move away from the vacancy by between 0.13 and
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Figure 4.4: The full simulation cell when (a) Uce0={5.0, 0.0} eV and (b) (Uce.0={5.0,
5.5} eV) and the local structure of a Ce interstitial with a partial charge-density plot
of the defect peaks for (c) Uceo={5.0, 0.0}eV and (d) Uceo={5.0, 5.5} eV and the
density of states of a Ce interstitial in CeOy when (e) Uceo={5.0, 0.0} eV and (f)
Uceo={5.0, 5.5} eV. The Ce interstitial is represented by the black sphere and the

blue isosurface represents the spin-up electrons and the green isosurface represents the

spin-down electrons. The isosurfaces are set to 0.05e/A®.
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0.14A. When U ce.0=1{5.0, 5.5} eV the O* ions relax away from the cerium vacancy
by 0.26 A whereas the O® ions relax towards the vacancy by 0.03 A leading to an in-
creased Ce(IV)-O¢ bond (2.44 A) since the O® ions are less negatively charged than

the O ions.

Figure 4.5: The local structure around a Ce vacancy in CeO, when (a) Uceo={5.0,
0.0} eV and (b) Uce0={5.0, 5.5} eV and the density of states for a cerium vacancy with
(¢) Uce,0={5.0, 0.0} eV and (d) Uce0={5.0, 5.5} V. The position of the Ce vacancy is
represented by the orange sphere. The isosurfaces are set to 0.05e/A%. In the EDOS,
the Ce 4f states are the green lines and the O 2p states are the red lines. All other

states are represented by the grey lines.

The EDOS for a Ce vacancy when Uceo={5.0, 0.0} eV, (Figure 4.5(c)) indicates
that the Ce vacancy is semi-metallic in nature, similar to the EDOS of Fernandes et
al.'*% However, the EDOS when Uc,0={5.0, 5.5} eV (Figure 4.5(d)) shows a defect
state within the band gap primarily composed of empty O 2p orbitals from the O

holes indicating that the metallic solution is a result of failing to account for the SIE.
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This is similar to previous studies on cation vacancies in other metal oxides with O 2p

dominated valence bands that have applied corrections for the SIE.162:168,174,191,192

4.4.4 Oxygen Interstitial

It might be expected that the introduction of an O interstitial would form localised

holes on the interstitial ion and the neighbouring oxygen ions:
X 1 L] /
ot §Og(g) = OO + Oi' (46)

However the interstitial ion could relax from its original position towards the lattice O

ion, forming a peroxide ion and hence no holes would be observed
X 1 X
o 1t 502(g) = (O2)o- (4.7)

Figure 4.6 (a) shows the structure of the O interstitial for Uc. 0={5.0, 0.0} eV and Fig-
ure 4.6 (b) displays the structure for Uceo={5.0, 5.5} eV. When Uce0={5.0, 0.0} eV
(Uce.o={5.0, 5.5} €V) the interstitial ion moves 0.84A,(0.80A) towards a lattice O ion,
which moves 0.10A (0.10A) towards the interstitial position. The resulting O-O bond
length of 1.45A, (1.48A) is characteristic of a peroxide species.?'” The formation of
a peroxide upon the introduction of an O interstitial has also been observed in other
close-packed metal oxides, such as Al,O3,%'® Sn0,,%'? TiO,, 1?20 and Zn0O.%?! Since
the O interstitial forms a peroxide ion, there are no unpaired electrons on any O ions.
Therefore, the presence of the U value on the O 2p states does not significantly affect
the structure from the case where Uce o={5.0, 0.0} eV.

Peaks corresponding to the peroxide (which are O 2p in nature) can be seen in the
EDOS (Figures 4.6(c) (Uge0={5.0, 0.0} eV) and (d) (Uce0={5.0, 5.5} eV)) between
-6 and 0eV. Integrating these peaks gives approximately 10 electrons, suggesting oc-
cupation of a o, two ™ and two 7* orbitals, as expected from the MO diagram of a
peroxide ion. Furthermore, the peak at ~4.4eV corresponds to the empty ¢ orbital

of the peroxide ion, which has been observed previously in SnO,.?!?
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Figure 4.6: The structure when (a) Uceo={5.0, 0.0} eV and (b) Uceo={5.0, 5.5} eV

and the density of states with Uce0={5.0, 0.0} eV and Uce0={5.0, 5.5} eV of a per-

oxide ion in CeO,. The peroxide ion is represented by the dark green spheres. In the

density of states the Ce 4f states are shown in green and the O 2p for lattice O ions in

red. The purple lines represent the O 2p states associated with the peroxide ion and

have been magnified by x5 to aid clarity.

4.4.5 Anion Frenkel and Schottky Defects

In Kroger—Vink notation, an anion Frenkel defect is denoted by

- V5* + O,

and a Schottky defect by

Ceg, + 208 — V(. + 2V + CeOs.
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The structures and EDOS for the anion Frenkel and the Schottky defects are shown
in Figure 4.7 and Figure 4.8 respectively. For both of these defects, the structure and
EDOS remained largely unchanged between the Uc.o={5.0, 0.0} eV and Uceo={5.0,
5.5} eV cases. For both defects, the position of the vacancies and interstitials were
varied to determine the lowest energy configuration. For the anion Frenkel defect
we found that there was a minimum distance the oxygen interstitial had to be from
its corresponding vacancy, below which they would spontaneously recombine. Figures
4.7(a) and (b) shows the first stable anion Frenkel defect, which occurs when the oxygen
interstitial is 7.17 A from the corresponding oxygen vacancy. In the EDOS, Figures
4.7(c) and (d), a new peak appears in the band-gap, made up of O, states with a
small contribution from Cey; states. The charge density associated with the defect
peak is shown in 4.7(a) and (b) and suggests the orbitals of the interstitial O~ ion and
neighbouring lattice O ions are perturbing each other, shifting their levels to a higher
energy in the density of states.

For the Schottky defect it was found that the cerium and oxygen vacancies will
form defect clusters, as shown in Figure 4.8(a) and (b), which is 2.47eV more stable
than for a dispersed arrangement of the vacancies. The presence of a Schottky defect

does not affect the EDOS with respect to the pure bulk.%

4.5 Defect Formation Energies

The chemical dependent defect formation energies are shown in Table 4.1. It should be
noted that these energies are for the formation of the defect clusters seen in the previous
section, and therefore contain energies of interaction between the various components of
the defect. For example, the formation energy of the O vacancy contains the attraction
energy between the effectively positive vacancy and the effectively negative Ce(I11) ions.
Under Ce-rich/O-poor conditions the formation energy of O vacancies is significantly
lower than any of the other defects. However, under Ce-poor/O-rich conditions the

peroxide ion has the lowest formation energy, with O vacancies having the second
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Figure 4.7: The (a) structure with partial charge-density of the defect peaks and (b)
density of states of an anion Frenkel defect in CeOy when Uceo={5.0, 5.5} ¢V. The O
vacancy is represented by the light green sphere and the O interstitial is represented
by the purple sphere. The isosurface is set to 0.05¢/ A3. The green lines in the EDOS

show the Ce 4f states while the red lines are the O 2p states.

lowest energy. In all cases the formation energy for Ce vacancies and Ce interstitials

are much higher than the other defects.

Comparison of the results for Uc.0={5.0, 0.0} eV and Uc.0={5.0, 5.5} eV shows
only small differences in the formation energies. The exception to this is for the Ce
vacancy where the formation energy is lower by 2.16eV at the Ce-rich/O-poor limit
and by 1.38eV at the Ce-poor/O-rich when Uceo={5.0, 5.5} eV. This is because Ce
vacancies lead to the formation of localised holes on neighbouring oxygen ions. Without

the correction to the O 2p states the SIE leads to a unrealistic delocalisation of the
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Figure 4.8: The (a) structure and (b) density of states of a Schottky defect in CeO,
when Uce0={5.0, 5.5} eV. The Ce vacancy is represented by the orange sphere and

the O vacancies are represented by the light green spheres. The Ce 4f states and the

O 2p states are represented by the green an red line respectively in the EDOS.

charge over the O ions but when the SIE is counteracted a localised electronic structure

is obtained.

Figure 4.9 shows the change in concentration of the defects with temperature for
Uce0=15.0, 5.5} eV using the methodology outlined in Section 3.4.3. The O partial
pressures are set at P=10"1"atm (Figure 4.9(a)) and P=0.2atm (Figure 4.9(b)) to
represent defects in CeO, under very low O partial pressure (e.g. SOFC anode) and
air (e.g. SOFC cathode with air as the source of O,).%% At both high and low O partial
pressures the most abundant defect will be oxygen vacancies. At higher temperatures

there are small concentrations of anion Frenkel and Schottky defects while the con-



Chapter 4. Analysis of Intrinsic Defects in CeO, 87

Uce’():{f).o, OO} eV Uce‘o:{5.0, 55}eV

Defect
O-poor O-rich O-poor O-rich
O vacancy 0.57 2.60 0.58 2.22
Ce interstitial 5.96 10.02 6.03 9.31
Ce vacancy 10.35 6.29 8.19 491
O interstitial (peroxide)  3.76 1.73 3.50 1.86
Anion Frenkel 3.89 3.89 3.96 3.96
Schottky 3.58 3.58 3.66 3.66

Table 4.1: The chemical potential dependent free energies for the formation of the
defect clusters, for Uceo0={5.0, 0.0}eV and Uceo={5.0, 5.5} eV. N.B. O-poor also

implies Ce-rich and vice versa. All energies are given in eV.

centration of Ce vacancies is negligible. At very high temperatures, and low O partial
pressures, there are small concentrations of Ce interstitials. Under high partial O pres-
sure the concentration of peroxide ions is significantly higher than at low pressure,
however at the typical operating temperature of a solid oxide fuel cell (=500-1000 K)

the concentration of O vacancies is far greater.

4.6 Discussion

The SIE is a major obstacle to the accurate modelling of defects in solids and its effect
on n-type defects in CeO, has been extensively modelled. However, the study of the
SIE with respect to p-type defects has not received as much attention. To address this
discrepancy, an ab initio fitting procedure was employed determine a U parameter for
the O 2p states in CeO,. Using the derived value of U{O 2p}=>5.5eV it was possible
to model localised electron holes on the O anions, yielding electronic structures similar
to studies of other wide-gap metal oxides with O 2p dominated valence bands in which

the SIE has been corrected. 88174190192 Tf 710 2p} is not included when modeling

Ce vacancies, the SIE leads to a unrealistic delocalised defect which is semi-metallic



88 Chapter 4. Analysis of Intrinsic Defects in CeQO,

le+25
== (Oxygen vacancy
(a) == Cerium interstitial
Cerium vacancy
le+20-|== Peroxide ion
== Frenkel defect
& == Schottky defect
Ele+15—
=
-
4=
e
+t le+10+
)
O
=
S)
@)
le+-05-
1 T T T T I T | R VI ' I T 1 T T I T T T T I T T T T I T T T T

300 450 600 750 900 1050 1200
Temperature (K)

le+25
( b) == ()xygen vacancy
== (Cerium interstitial
le+20 Cerium vacancy

== Peroxide ion
== Frenkel defect
== Schottky defect

Concentration (cm®)
st
@
_+_
—
[
|

T R o i R L SN e e
300 450 600 750 900 1050 1200
Temperature (K)

Figure 4.9: The temperature dependence of concentration of intrinsic defects in CeO,

at O partial pressures of (a) P = 107'%atm and (b) P = 0.2 atm.

in nature.'®® The U{O 2p} value is therefore essential for modeling defects that form

localised oxygen holes in CeO,.
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It was found from the temperature dependence analyses (Figure 4.9) that the defect
with the greatest concentration in CeO, was the O vacancy. In terms of catalysis, the
importance of the OSC of CeQ, is well understood, as at higher temperatures there will
be a high concentration of O released from CeQO,, allowing the catalysis of oxidation
reactions, while the O vacancies can act as sites for reduction reactions.? 7 For SOFC
applications, O vacancies will also act as pathway for ionic conduction by allowing
neighbouring O ions to hop from their lattice position and fill the vacancy site. As the
temperature and number of vacancies increase, ionic conductivity will also increase.
The formation of a neutral O vacancy leads to the reduction of two Ce(IV) ions to
Ce(III) which could lead to electronic conductivity. While this may be advantageous
for catalytic applications, it is detrimental to the operation of an SOFC as it will
short circuit the cell. It was also found that there was no energy difference between a
ferromagnetic and anti-ferromagnetic arrangement of the excess electrons. Therefore

oxygen vacancies are unlikely to be the cause of the observed ferromagnetism in CeQs.

The formation energy of Ce interstitials is prohibitively high and therefore their con-
centration in CeQ, is very low, only appearing at low concentrations at elevated temper-
atures and low O partial pressures. This is in contrast to materials such as TiO,, which
can exhibit concentrations of cation interstitials comparable to that of anion intersti-
tials at high temperatures or low partial O pressures. 2?22 Due to their high forma-
tion energy, 5.96/6.03 eV at the O—poor limit when Uce0={5.0, 0.0} eV /U ce.0={5.0,
5.5} eV, Ce interstitials are unlikely to have any impact on the catalytic properties
or the ionic conductivity of CeO,. Furthermore, the four Ce(Ill) ions created by the
formation of the interstitial defect will preferentially arrange their spins in a singlet

state and therefore these defects are also unlikely to contribute to ferromagnetism.

The concentration of Ce vacancies is predicted to be negligible in CeO, and are
therefore unlikely to contribute to catalysis or conductivity. Fernandes et al. suggested
that this defect could partly account for the intrinsic ferromagnetism in CeO, despite
the low concentration due to a large magnetic moment.'° The results presented in this

chapter show that a quintet arrangement for the oxygen holes around a Ce vacancy
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is indeed the most stable configuration, however, it is only lower in energy than the
singlet state by 11 meV, far lower than the previously reported stabilisation energy
of 221 meV.1%" The discrepancy between these results is most likely due to previous
work not taking into account the SIE for the O 2p states and hence having stronger

interactions between the spins of the electrons delocalised over the same O sites.

O interstitials in ceria result in the formation of peroxide ions with neighbouring
lattice O ions. At low O partial pressures the concentration of peroxide ions is low,
but at higher O partial pressures the concentration increases significantly. However,
since O interstitials are trapped as peroxide ions they are unlikely to contribute to the
OSC. Furthermore, these are unlikely to be mobile defects and will not contribute to

ionic conductivity.

At elevated temperatures there will be a small concentration of anion Frenkel de-
fects. The results for the anion Frenkel defect agree with previous work, which has
shown that they can be present within CeQ,,%23 but are liable to undergo pair re-
combination unless the O interstitials are sufficiently far from their corresponding O
vacancies. " The oxygen vacancies of an anion Frenkel defect could act as pathways
for ionic diffusion but since the concentration of such defects is very low in CeQO,, their
contribution will be insignificant. This is in contrast to other materials with the flourite
structure, such as CaF,, where Frenkel defects do contribute to ionic conductivity due

to lower formation energies.***

There will be a small concentration of Schottky defects at high temperatures. It
was found though that the lowest energy structure of the Schottky defect is when the
O vacancies and the Ce vacancy cluster together. This preference for forming clusters,
together with a low concentration, suggests that Schottky defects will not significantly

contribute towards the ionic conductivity of CeQOs,.
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4.7 Conclusions

PBE+ U was used to investigate the properties of intrinsic defects within CeO,. Us-
ing an ab initio fitting procedure, based on Koopmans’ theorem, a value of U{O
2p}=>5.5eV was found to be suitable for modelling localised O holes in CeO,. When
this U value was applied to the defect calculations, it was possible to model localised O
holes in CeQO,. Furthermore, it was shown that to accurately model electronic defects
in CeOa, it is necessary to include U on both the Ce 4f and O 2p states. This is an
important result for future research on defective CeO, where there is the possibility of
forming localised holes and/or localised electrons.

It was determined that O vacancies will have the lowest formation energies under
O-poor conditions while O interstitials (peroxide ions) will have the lowest formation
energy at the O-rich limit. To relate these results to real world operating conditions we
carried out a temperature dependence analysis under high and low O partial pressures.
The results presented in this work have shown that under these conditions O vacancies
will always be the most abundant defect in CeO,. Furthermore it was demonstrated
that at the dilute limit, none of the considered defects studied can account for the

apparent ferromagnetism observed in CeQs,.



Chapter 5

The Structure and Reducibility of

CeO-y Doped with Trivalent Cations

5.1 Introduction

As discussed in Chapter 1, doping CeO, with trivalent cations is a common method for
increasing the ionic conductivity of CeO,. In this chapter, a series of trivalent dopants
will be tested with CeO, to determine which system will be most effective for SOFC
applications. As the local structure around the dopant ions could strongly influence
the movement of ions in CeQO,, and hence the ionic conductivity, it is therefore vital to
obtain a detailed knowledge of the structure of doped CeO,. For example, the CCV
and dopant ions may preferentially form defect clusters, with a strong binding energy
between the vacancy and the dopants hindering ionic conductivity by ‘trapping’ the va-
cancies next to the dopants. Force—field based molecular dynamics studies have shown
that while diffusion of the O anions do take place in doped CeQ,, the O vacancies are
preferentially attracted to the dopant ions, e.g. Y(III),*° Gd(III)'*® and La(III).!?
However, these studies disagree over the degree of association between vacancies and
dopants. Cheng et al. stated that for Y-doped CeO,, O vacancies would preferentially

225

lie at a next-nearest neighbour position with respect to the Y(III) cations.“*” In con-

trast, Inaba et al. and Hayashi et al. determined that dopant-vacancy-dopant clusters

92
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would form for Gd-, La- and Y-doped CeQ,. 115145

The structure of doped CeO, has also been investigated using DFT calculations, for
example Andersson et al. used PW91-DFT to model CeO, doped with the trivalent
rare-earth ions. ' Their results indicated that dopants with a low association energy
for O vacancies would lead to the largest increases in ionic conductivity. For the rare-
earth dopants, they determined that the lowest association energies were for ions with
ionic radii of ~ 1.08 A, e.g. Sm(III) (1.08 A) and Pm(IIT) (1.09 A). A PBE+U study by

226 also investigated the relationship between ionic radii and ionic

Nakayama and Martin
conductivity for trivalent rare-earth dopants. They found that dopants with smaller
radii had a tendency to trap vacancies next to them, but larger dopants hindered the
movement of O ions. Hence, dopants with intermediate ionic radii, such as Y(III)
(1.02A), would be most suitable for fuel cell applications.'® However, one area that
Nakayama and Martin failed to cover is that the dopants may form dopant-vacancy-
dopant clusters: the association energies they calculated were only between a vacancy
and a single dopant. The effect of dopants on the CeO, lattice was also investigated
through DIPPIM-MD and PW91-DFT simulations by Marrocchelli et al, who reported
that there are two important factors for how trivalent cations affect lattice distortions;
139 firstly, the formation of the O vacancy and secondly, the difference between the
ionic radii of the host cation, Ce(IV), and the dopant cations. The former causes a
contraction in the lattice, due to electrostatic interactions, whereas the latter leads to
lattice expansion through steric effects. Marrocchelli et al. determined an ionic radius
of a trivalent dopant, 1.03 A, for which the electrostatic and steric effects would cancel

each other out which is consistent with the experimental work of Kim who calculated

this value as 1.038 A.13® This radius is referred to as the critical ionic radius, 7.

As mentioned in Chapter 1, the advantage of the CCVs in doped CeQs, is that they
introduce pathways for ionic diffusion without creating Ce(III) ions, which can act as
carriers for electronic conductivity. Since it is important to avoid electronic conduc-
tivity, the dopants chosen should not increase the reducibility of CeO,, meaning the

dopants should not make it easier to form intrinsic O vacancies. Experimental studies
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have investigated the reducibility of trivalently doped CeO,, but there are discrepancies
between the results. Zajac and Molenda, using thermogravimetric techniques, studied
the reducibility of CeO, doped with Y, Nd, Sm, Gd and Dy. They determined that
the concentration of O vacancies did not vary between different dopants, but only as

22T However, Yahiro et al. investigated

a function of the concentration of dopant ions.
the electronic conductivity of CeOy doped with Sm, Gd, Yb and La as a function of
partial O pressure. They too carried out a thermogravimetric analysis, but in contrast
to the work of Zajac and Molenda, they found that the concentration of O vacancies
present, and therefore the reducibility of doped CeQO,, varied between dopants at the
same level of concentration, with Sm—doped CeO, displaying the most resistance to
reduction. ??®

In this chapter, the lowest energy structures for a variety of trivalent dopants in
CeQO, are calculated, with a particular focus of the association between dopant ions
and oxygen vacancies. Finally, the effect of these dopants on the reducibility of CeO, is
explored to determine whether it is the dopant radius, or alternate factors, that affects

the formation of O vacancies. This information will prove useful for choosing the most

effective dopants for SOFC applications.

5.2 Computational Methods

All calculations were carried out with the same methods employed in Chapter 4. To
account for the SIE, Uce0={5.0, 5.5} ¢V was employed. Although no p-type defects
were calculated in this chapter, the U value for the O 2p states was used to maintain
consistency with other work in this thesis. Several of the dopants studied (Pr, Nd, Eu,
Gd, Dy, Ho, Er and Tm) also have unpaired 4f electrons. Therefore, U=5eV was also
applied to their 4f states: although this value may not be the most suitable choice for
all the dopants, it should provide sufficient electron localisation to model the correct
electronic structure, allowing for a comparison of the doped systems.

All defect calculations were carried out in a 2x2x2 expansion of the optimised 12
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atom unit cell (96 atoms) and employed a 2x2x2 k-point mesh. To create the doped
cells, two Ce ions were replaced with two trivalent dopant ions (Al, Ga, Sc, Sb, In, Lu,
T1, Tm, Er, Ho, Y, Dy, Tb, Gd, Eu, Nd, Pr, Bi or La), giving a dopant concentration
of 6.25 mol%, and a CCV was created to conserve the charge balance. The position of
the CCV was varied (Figure 5.1 to determine the lowest energy structure for the doped
cells. The doping energy, Ey,,, was calculated according to the method described in
Section 3.4.1. The association energy, F,s, between the dopants and the the CCV
is calculated by finding the difference between the structure where the CCV is far
away from the dopants and the lowest energy structure. To model reduced CeO,, an
additional O ion was removed from the system. The position of this vacancy was also
varied to determine how the presence of the dopants affects the reduction energy, E,.q,

throughout the cell.

5.3 Structure of Doped Ceria

The first step was to determine the most stable structure of doped CeOs. A range of
different locations were tested for the CCV to determine where it would preferentially
lie with respect to the dopants: firstly, with the CCV nearest-neighbour to the dopants
(Figure 5.1(a)); secondly, with the CCV next nearest-neighbour to the dopants (Figure
5.1(b)); thirdly, with the CCV nearest-neighbour to a single dopant (Figure 5.1(c));
and finally, with the CCV far away from the dopants (Figure 5.1(d)). For each CCV
position, Fy,, was calculated, Table 5.1, and the location with the lowest value of Ey,
was deemed the most stable structure. The analysis of the lowest energy structure
revealed that the defect structure could be grouped according to the ionic radius of
the dopant ions. The values displayed in Table 5.1 are listed in order of increasing
ionic radii, but for the specific radii, ¢f. Table 5.2. For Al- and Ga— doped CeQO,,
the CCV preferentially forms in the nearest neighbour position to one of the dopants,
and ~5.47 A from the other, as seen in Figure 5.2. When doped with Sc(III), Sh(III),
In(TIT), TI(IIT), Lu(I11), Tm(III), Ex(I1I), Ho(III), Y(III), Dy(III), Gd(III), Eu(III) or
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Bi(III), the doped cells adopt the structure seen in Figure 5.3, where the CCV is nearest
neighbour to both the dopant cations. For the remaining dopants, La(III), Pr(III) or
Nd(IIT), the CCV lies in the next-nearest neighbour position with respect to both the

dopants (Figure 5.4).
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Figure 5.1: Starting configurations for doped CeO, with a CCV placed (a) nearest-
neighbour to the dopants (NN-CCV), (b) next nearest-neighbour to the dopants
(NNN-CCV), (c) nearest-neighbour to one of the dopants (NN-1-CCV) and (d) far
away from the dopants (far-CCV). Ce, O and dopant ions are shown in white, red and

brown respectively. The position of the CCV is denoted by the yellow sphere.

AI(IIT) and Ga(III) have the smallest ionic radii of the dopants studied and hence
there is more space for distortion of the lattice, similar to small divalent dopants in
CeQ,. 113229 The AI(III) and Ga(III) ions that are nearest neighbour to the CCV move
0.91 and 0.80 A respectively from the original Ce(IV) lattice position, while the other
AI(IIT) and Ga(III) ions move 0.75 and 0.56 A respectively. It is of interest to note that

the local structures around the Al(III) and Ga(III) dopants have similar bond lengths
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Edop
dopant Eyss
NN-CCV NNN-CCV NN-1-CCV Far-CCV

Al 4.70 4.76 8.49 3.93
Ga 4.51 4.33 7.07 2.81
Sc 2.28 2.66 3.20 1.01
Sb 2.86 2.67 3.49 1.30
In 2.12 1.58 2.16 1.17
Lu 2.15 1.66 2.01 1.11
T1 3.35 2.94 3.51 0.69
Tm 1.06 0.76 0.99 0.55
Er 1.39 1.16 1.37 0.51
Ho 1.34 0.99 1.45 0.62
Y 0.91 1.29 1.61 0.85
Dy 0.63 0.43 0.60 0.48
Gd 0.98 0.89 1.06 0.37
Eu 0.76 1.12 0.90 0.25
Nd 0.65 0.76 0.27
Pr 0.52 0.64 0.29

Bi - 1.58 2.07 2.49 1.24
La 0.67 - 1.14 1.30 0.78

Table 5.1: The values of Ey,, for trivalent dopants in CeO, for different locations of

the CCV and the E,  between the dopant and the CCV. The most stable structure

(i.e. lowest Eg4,, energy) is highlight in blue. All energies are given in eV.

and bond angles to those observed in their native oxides. In Al,O3, two neighbouring
Al ions are linked by two bridging O ions, matching that which is observed in Al-doped
CeQO,. However, an asymmetric electrostatic field is created since only one of the dopant
ions neighbours the CCV, and hence the structure is somewhat distorted compared to

that seen in Al,O3. Comparing values obtained in this study (with experimental values
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for the native oxides), the average Al-O bond length is 1.84 A (1.97 A and 1.85A),
the Al-Al distance is 2.69 A (2.79A), the Al-O-Al bond angles are 93.82° and 93.39°
(93.63°) and the O—-Al-O bond angles are 85.87° and 86.93° (86.37°). It should be noted
that in Al,O3, the Al cations have an octahedral coordination but in doped CeQO, the
AI(IIT) ions have tetrahedral coordination. This is likely caused by the CeO, lattice
not being able to distort sufficiently to achieve full octahedral coordination for the
relatively shorter Al-O distance and hence the tetrahedral structure. In Ga,O3, Ga(IlI)
has two coordination environments, octahedral and tetrahedral. The defect structure
of Ga(Ill) dopants in CeO, has many similarities with the octahedrally coordinated
Ga(III) ions in GayO3, although with tetrahedral coordination. Once again comparing
the calculated structural values (with experiment)?*°, the average Ga-O bond length
is .97 A (2.00A), the Ga-Ga distance is 2.91 A (3.03A), the Ga-O Ga bond angles
are 95.72° and 94.50° (99.10°), and the O-Ga-O bond angles are 85.81° and 83.92°
(80.92°). The defect structure does not share many similarities with the tetrahedrally
coordinated Ga(Ill) ions in GayO3, which have Ga-O bond length of 1.88 A, a Ga-
Ga distance of 3.10 AA, Ga-O-Ga bond angles of 105.62° and 111.08° and O-Ga-
O bond angles of 111.08° and 122.00°. Similar to Al-doped CeQO,, the structure of
the dopants seen in Ga-doped CeQ, differs slightly from the native oxide due to the
asymmetric electrostatic field around the dopant cluster. Furthermore, Ga(III) also
adopts a tetrahedral coordination structure as the host lattice cannot distort sufficiently

to allow the dopant cations to achieve octahedral coordination.

As the ionic radii of the dopants increases they are more constrained to lattice
positions and hence the defect structure around the dopants bears less relation to the
structure of the cations in their native oxides. For Sc(III), Sb(III), In(III), TI(III),
Lu(IIT), Tm(III), Er(III), Ho(III), Y(III), Dy(III), Gd(III) and Eu(III) the CCV is
located nearest neighbour to the two dopants (Figure 5.3). These dopants encompass
a wide range of ionic radii that are either less, or not significantly larger, than 1.03 A,
the ionic radius given by Marrocchelli et al. at which a trivalent dopant in CeQOs

will cause neither expansion or contraction of the host lattice.!3 Due to the minimal
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Figure 5.2: Lowest energy structure for Al and Ga-doped CeO,. The dopant cations

are represented by the grey spheres.

distortion of the lattice, the M(III)-O bond lengths do not differ significantly from the
Ce-O bond length of 2.37 A.23! Furthermore, as the CCV can be considered an area
of effective positive charge and the trivalent dopants are less positively charged than
the host Ce(IV) cations, it is more favourable to have the CCV nearest neighbour to
the dopants than to four Ce(1V) ions (Figure 5.3). The M(III)-M(III) distances for
these dopant range from 4.05 A for TI(III) to 4.15 A for Y(III). This is similar to the
Ce(IIT)-Ce(III) distance in reduced CeO, (4.07 A) when the O vacancy neighbours the
Ce(III) ions, compared to the Ce(IV)-Ce(IV) distance of 3.89 A.

As the ionic radii increases beyond 1.03 A, there appears to be a threshold around
1.07A beyond which steric effects of the dopants on their surroundings overcomes the
electrostatic effects of the CCV. This is the case for Nd(III), Pr(III) and La(III), where
it becomes energetically favourable for the CCV to be in the next-nearest neighbour
position (Figure 5.4). The M(III)-O bond length increase to an average of 2.45A
(NA(ITII) and Pr(III)) and 2.46 A (La(IIl)), compared to the Ce-O bond length of
2.37 A. 23! The exception to this is the O anion that bridges the two dopants cations

and also neighbours the CCV. The O ion moves towards the CCV, which is an area
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Figure 5.3: Lowest energy structure for Sc, Sb, In, Tl, Lu, Tm, Er, Ho, Y, Dy, Gd, Eu

and Bi-doped CeQO,. The dopant cations are represented by the purple spheres.

of effective positive charge, increasing the M(III)-O bond length to 2.59 A (Nd(III)),
2.60A (Pr(IIl)) and 2.63A (La(III)). The M(III)-M(III) distances are 3.89 A (La),
3.86 A (Pr) and 3.85 A (Nd), which closely match the Ce(IV)-Ce(IV) distance of 3.87 A
seen in bulk CeO,.

An exception to the relationship between ionic radius and defect structure was found
for Bi-doped CeO,. The ionic radius of Bi(IIl) is similar to La(IlI), however, the CCV
was found to preferentially form in the nearest-neighbour position. Previous studies
have shown that the highly asymmetric structure of a-BiyO3 is a result of the lone-
pairs on the Bi(III) ions. 233233 The charge density around the CCV and the dopants is
displayed for Y- and Bi-doped CeO, in Figure 5.5 (a) and (b) respectively. The electron
density around the Y(III) ions is clearly symmetric whereas the Bi(IIl) ions possess
an asymmetric electron density that is oriented towards the CCV. This asymmetric
density is likely a result of the lone-pairs, further evidenced by the calculated PEDOS.

In the a-Bi,O3 PEDOS, Figure 5.6, there are two major interactions between the
cations and the anions in the regions between -10.5eV to -7.5eV and -5eV to the VBM.

The region between -10.5eV to -7.5eV is considered to be a bonding interaction be-
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Figure 5.4: Lowest energy structure for Nd, Pr and La-doped CeQO,. The dopant

cations are represented by the blue spheres.

tween the Bi 65 and O 2p states. The second region can be further split into two parts:
between -5eV to -1.5eV there is an interaction the Bi 6p and O 2p states and from
-1.5eV to the VBM there is also a contribution from the Bi 6s states. This interaction
of Bi 6s and O 2p is a filled anti-bonding interaction that is stabilised through coupling
to the filled Bi 6p states, thus creating the distinctive lone pairs observed in a-BiyOj3.
232 In the calculated PEDOS for Bi-doped CeQO,, Figure 5.7, similar interactions be-
tween the Bi 6s states and the O 2p states are observed at ~ -9eV and at the top
of the valence band. These peaks correspond with the previously identified bonding
and anti-bonding interactions between Bi 6s and O 2p states, along with some mix-
ing of Bi 6p states with the latter, confirming the presence of lone pairs in Bi-doped
CeO,. In BiyO3, as well as other materials containing Bi(IIT), Pb(II) and Sn(II), the
formation of lone—pairs has been shown to greatly reduce the energy in the system.
232233 Therefore, it is more stable to have the CCV nearest-neighbour to the Bi(III)
ions and form lone-pairs, despite the size of the Bi(III) ions. It should be noted that
the charge density observed for Y-doped CeO, matches that which is observed for the

other dopants studied. The only exception is Sb(III) which also displays lone pairs in
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CeOs, however the ionic radius of Sb(III) is in the range where it would be expected
that the CCV would be in the nearest neighbour position, regardless of the presence

of lone pairs.

(a)

Figure 5.5: The charge density around the (a) Y(III) and (b) Bi(III) cations and CCV

in doped CeO,. The charge density plot ranges from 0.0 (blue) to 0.4 (red)e/A2.

In Table 5.2 the calculated E,s; between the dopants and the CCV are displayed.
For SOFC applications, this energy should be as small as possible, as larger values
would trap the CCV at the dopant ions and thus hinder ionic conductivity. Al-and Ga-
doped CeQO; have the largest values of E,,,, 3.93eV and 2.81 eV respectively, indicating
that they would not be suitable for SOFC applications. Sb— and Bi-doped CeO, have
the next highest F,,s at 1.30eV and 1.24eV respectively. The comparatively higher
values found for these dopants are likely due to the extra stability associated with
the lone pairs on the cations which would be lost if the CCV was to move away
from the dopants, restoring a symmetric coordination environment. All the rare-earth

dopants and Y (III) have low values for E,,,, with Eu(III), Nd(IlI) and Pr(III) having
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Figure 5.6: The electronic density of states for a—BiyO3. The blue lines represent Bi
6s states, the orange lines Bi 6p states and the red lines O 2p states. All other states

are shown in grey. The top of the valence band has been is aligned to 0eV.

particularly low values, even lower than Gd(III), which is commonly quoted as one of
the best trivalent dopants for SOFCs. Therefore, O anions in these doped materials

should be comparatively free to move and hence should display good ionic conductivity.

5.4 The Effect of Dopants on the Reducibility of

Ce02

The operation a SOFC requires that the electrolyte is a purely ionic conductor; any
electronic conductivity can serve to short—circuit the cell. Since the formation of O
vacancies can cause electronic conductivity in CeQOs, the dopants should not increase

the concentration of such defects, i.e. it should not make the material more reducible.
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Figure 5.7: The electronic density of states for Bi-doped CeQ,. The blue lines represent
Bi 6s states, the orange lines Bi 6p states, the green lines Ce 4f states and the red
lines O 2p states. The height of the Bi states have been magnified x80 for clarity. The

top of the valence band has been is aligned to 0eV.

Therefore, an additional O vacancy was introduced to the doped systems to determine
their affect on the reducibility of CeO,. For most dopants, two different positions were
tested: one with the vacancy near to the dopants and another further away (Figure
5.8 (a) and (b)). For Al- and Ga-doped CeO, an extra position for the reduction was
also carried out, Figure 5.8(c). This O ion was chosen because it is under-coordinated,
compared to other Bulk O ions, due to the coordination of Al(III) and Ga(Ill), and
previous work on divalently doped CeO, has shown that it is easier to remove under—
coordinated oxygen ions from CeQ,. 1322 The values of E,.4 and their relation to pure
CeO, are displayed in Figure 5.9. The smaller dopants, Al(III) and Ga(III) (shown in

the inset), do not significantly affect the FE,.; for a nearby, fully coordinated O ion,
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but for under-coordinated O ions, the energy is far lower, in line with previous work
on divalently doped CeOy which showed that it is easier to remove under—coordinated
O ions from doped CeQ,.''3?2% Furthermore, the energy is also reduced for O ions
far away from the dopant ions. When the CCV is nearest neighbour to the dopant
ions (Sc, Sb, In, T1, Tm, Er, Ho, Y, Dy, Gd, and Bi), the E,., is largely unaffected.
As the ionic radii of these dopants are closer to that of Ce(IV), the CeO, lattice
is not greatly distorted by their presence and hence only minor changes to E,..q are
observed. An exception to this is Eu-doped CeO, which shows a drastic decrease in
E..q when the vacancy forms near the dopants. The reason for this becomes apparent
upon studying the electronic structure. It was found that excess electrons associated
with the formation of the neutral oxygen vacancy will preferentially localise on the
Eu(III) ions, reducing them to Eu(Il), instead of the Ce(IV) ions. This result is to
be expected as Eu(Il) ions are know to be relatively stable. For Nd(III), Pr(III) and
La(III) the energy to form an O vacancy near the dopants is significantly higher than
for pure CeO, but for an O vacancy away from the dopants the energy is significantly
lower. However, the doped CeQO, cells considered in this report only correspond to a
doping level of 6.25mol%. From the literature, the highest levels of ionic conductivity
in trivalently doped CeO, have been found for doping levels of between 15 mol% and
20 mol%. 129234 236 Therefore this lowered F,.4 at these distances away from the dopant

ions would become increasingly insignificant as the dopant concentration increases.

It would have been expected that as the reduction vacancy moved farther away
from the dopants, F,.q would be closer to the undoped bulk E,.; of 2.23eV. However,
from the results it is evident that that is not always the case. It is possible that the
energy difference is due to a long range lattice strain effect caused by the dopants,
but it could also be due to an image interaction between the simulation cells, which
would suggest that the 2x2x2 cells used in these calculations are too small. To test
the suitability of the 2x2x2 cell, a 3x3x3x simulation cell of La-doped CeO, was
created and three O vacancy positions were tested; the first two were the same distance

from the dopants to the O vacancies as in the 2x2x2 cell and the third was placed



106 Chapter 5. The Structure and Reducibility of CeO, Doped with Trivalent Cations

: AN N\ W

; '.@6’@0'\’\ e
ct ’

2 )
FHAA
8 SR
Y
& o )
N

U3 Q

Figure 5.8: The positions tested for an intrinsic vacancy in doped CeQO,. The positions
are (a) vacancy near dopants with a NN-CCV, (b) vacancy far from dopants with a
NN-CCV, (c) vacancy near dopants with a NNN-CCV, (d) vacancy far from dopants
with a NNN-CCV and (e) an alternate position (Al and Ga-doped CeO, only). The
position of the intrinsic vacancy is represented by the green sphere. The isosurfaces

are shown in blue and are set to 0.05 e/A3.

further away than the previous two. It was found that E,.; at the first two positions
were unchanged from the 2x2x2 cell while the third vacancy had the same F,.; as
bulk CeO,. Hence the difference in energy between the E,.; in doped and pure CeO,

was not due to an insufficiently large simulation cell.

5.5 Discussion

The results demonstrate that the structure of doped CeQO, is dependent on the ionic
radius of the dopants. When the dopants are much smaller than the host cations,
e.g. Al(III) and Ga(III), the dopant cations ions are comparatively free to move off the
lattice site leading to distortion in the CeO, lattice. Furthermore, the bond lengths and

angles in the defect clusters formed by these dopants have similarities with those of the
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Figure 5.9: The E,.4 values for doped CeO,. The blue and red lines represent vacancies
formed close to and far from the dopant cations respectively. As the radii of Al(III) and
Ga(IIl) are significantly smaller than the other dopants studied, the results for these
two dopants are shown in an inset on the graph, with additional results for removing
an under—coordinated O ion (light blue). The green line represents the E,.q for pure

CeO, and the black dashed line indicates the ionic radius of Ce(IV).

cations in their native oxides. As the ionic radius of the dopant cations increase, the
dopant cations are more constrained and less deformation of the lattice occurs. For ionic
radii up to 1.07 A, it was observed that the lowest energy structure is when the CCV
neighbours the dopants. This is likely because the CCV experiences less electrostatic
repulsion from the dopant cations than from the Ce(IV) ions. As the ionic radius
increases beyond 1.07 A the steric effects of the dopants will begin to dominate and
eventually the CCV is forced away from the dopants to the next nearest-neighbour
position. An exception was found in the case of Bi-doped CeQO,. Despite having a

larger ionic radius than La(Ill), the lowest energy structure was found for a CCV
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neighbouring the dopants. It was determined when the CCV is nearest neighbours to

the dopants, lone-pairs form on the Bi(III) and Sb(III) ions, stabilizing the structure.

The results on the E,..4 of doped CeO; would suggest that the ionic radius of the
dopant is not directly responsible for any observed changes, similar to the results of
Zajac and Molenda.??" Instead, the largest effect on the reducibility is how the dopants
change the structure of the lattice. The increased distortion created by the Al(III) and
Ga(III) dopant ions lead to under-coordinated O ions which are far easier to remove
from the lattice than fully coordinated ions. For Nd, Pr and La-doped CeOs, it becomes
harder to remove oxygens ions close to the dopants, most likely due to steric strain
between the dopants and Ce(III) ions. For the remaining dopants, which cause the
least distortion to the lattice, we find that E,.; is mostly unchanged from pure CeQO,

and appears to be largely insensitive to the ionic radii.

To help summarize the results, some of the cells in Table 5.2 have been shaded
according to the following criteria: Fg,, less than 1.50eV; £, less than 0.65eV; and
do not decrease E,.;. These criteria were selected to provide a good framework for
comparing the dopants and determining which are best suited for SOFC applications.
The E,.q value for the vacancy further away from the dopants has not been included as,
at the higher levels of doping generally seen in experimental studies, this value should
be of little importance. It is apparent that neither AI(IIT) or Ga(III) would be suitable
dopants for SOFC applications: they have high values of E,,, a high value of F
and they decrease the E,.; of CeO,, increasing the amount of intrinsic O vacancies,
and hence Ce(III), that can short circuit the operation of an SOFC. This is perhaps
not surprising, as Al- and Ga-doped CeO, has been linked to enhanced OSC.?37:238
From the remaining dopants Sc(I1II), Sb(III), In(III), Lu(III), TI(III), and Bi(III) are
poor choices for fuel cell applications. Sb(III) and Bi(III) have very high values of
E 5.2 a result of the stabilizing effect of lone—pairs on the dopant ions. In the case
of Sc(III), In(III), Lu(III) and TI(III) their moderate E,, coupled with high Eg,,
values of Sc(IIl) and TI(III), makes them less desirable compared to other dopants

studied. The experimentally measured activation energies for ionic conductivity in
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Sc— and Lu-doped CeO, were measured to be 1.24eV 24 and 0.88eV 2! respectively.
These are both higher than the values of E,,, that have been presented, however, this
is likely because E, is the energy difference between two different configurations,
and doesn’t calculate the energy barrier for ionic diffusion. Despite this, E,,, is still
a good measure for screening dopants in CeO,. The study by Omar et al.?*! found
that Lu-doped CeO, had the highest activation energy out of the Rare Earth dopants
studied (Lu(I1I), Er(I1I), Ex(I1I), Y(III), Dy(I1I), Gd(III), Nd(III)), which agrees with
the values of E,s. There is not much discussion of doped CeO, featuring In(III) and
TI(III) ions in the literature, as their smaller ionic radius would perhaps be better
suited for materials such as zirconia, where there would be less mismatch between
the dopants and the host cation (Zr(IV) = 0.84 A).24224 For Eu(III), the reduction
energy has been significantly lowered due to the reduction of Eu(III) to Eu(II). This
would suggest that Eu may act as a divalent dopant in CeO,. Eu(IIl) may still be
suitable for SOFC applications; Eu-doped CeO, has been experimentally observed to
be a good ionic conductor, 1*® which suggests the facile formation of the second vacancy
without the formation of Ce(III) is beneficial for ionic conductivity. Y(III) and La(III)
could be potential dopants for SOFC electrolytes; they exhibit low FE4,, and while
their F,, values are not as low as other dopants, neither are they excessively high.
Experimental studies have calculated the activation energy if Y—and La-doped CeOs to
be 0.78 V24! and 0.75 eV 136 respectively, which closely match the E,,, values of 0.85eV
and 0.78eV. Additionally, the presence of La(IIl) in CeO, is shown to increase E.q,
which would help to avoid short—circuiting the operation of an SOFC by preventing the
formation of intrinsic O vacancies. Of the remaining dopants investigated in this study,
Tm(IIT), Er(IlI), Ho(III) are reasonable candidates for SOFC applications. They all
have low FE4,, and exhibit very low E,s values with the CCV. Furthermore, none of
them significantly lower the E,.4 of CeO, and thus do not increase unwanted electronic
conductivity. Tm(III) and Ho(III) have not received much attention experimentally,
most likely because both of them are very rare, even among the Rare Earth elements.

Er(III) is far more abundant, and it has been observed to be a good ionic conductor
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at low temperatures, it is surpassed by other dopants, e.g. Dy(IIl) and Gd(III). The
difference between in F,, between Er(III) and these two dopants is 0.03 eV for Dy(I1I)
and 0.14eV for Gd(III), which matches well with the differences in experimentally
calculated activations energies, which are 0.04 eV and 0.11 eV respectively.?*! Out of all
the dopants studied, Dy (III), GA(III), Nd(III) and Pr(III) would be the most promising
candidates for SOFC applications. As seen in Table 5.2, they are the only dopants
that fall under the desired criteria in all cases. Their low Ejy,, ensures that they
are readily incorporated into CeO, whilst their low E,,, indicates that the CCV is
unlikely to be trapped by the dopant cations, aiding conductivity. These values tended
to be lower than the values of E, seen in experiment, however, as previously stated
FE,s only describes the relative attraction between dopants and the CCV, and does
not deal with the energy barriers associated with ionic diffusion, but it is still useful
for a qualitative assessment of the dopants. Gd(III) doped CeO, has been widely
studied, and its effectiveness for SOFC applications is well known. 30133147 A gtudy
by Balaguer et al.'3® measured the activation energy and conductivity for a series
of rare earth dopants and found the activation energy for Nd(III) was slightly lower
than for Gd(III), which corresponds with the calculated values of E,ss, although the
conductivity in Gd(III) doped CeO, was slightly higher. Dy(III) has been shown to

244 a5 well as in singly doped systems, where it

be an effective co—dopant for CeQO,,
displaying high conductivities at low temperatures,'” that are even comparable to
Gd(III).'2° The E,,s of Dy(III) is 0.10 eV higher than for Gd(III), which matches quite
well with the experimentally observed difference in activation energies (~0.07eV).?*!
Furthermore, Dy(III) and Gd(III) do not lower E,.; and Nd(III) and Pr(III) actually
raise it, helping to prevent any unwanted electronic conductivity in CeOs. These
results demonstrate that a combination of Ey,,, Euss and E,.q provide a good basis for
assessing the suitability of dopants for fuel cell applications. Although the E,,. values
did not necessarily match the activation energies in experimental studies, there was

good agreement between the relative values of E,; and the activation energies for the

dopants, and hence it is a suitable method for determining whether or not a particular
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doped system will display sufficient conductivity.

Dopant Ionic Radius®*®  FEg, Eues  Erea (Near)

Al 0.39 456 3.93 -0.77
Ga 0.47 4.26 2.81 -0.71
Sc 0.87 219 1.01 -0.09
Sb 0.86 2.19 1.03 -0.22
In 0.92 -0.01
Lu 0.98 -0.02
] 0.98 0.00
Tm 0.99 -0.02
Er 1.00 -0.02
Ho 1.01 -0.21
Y 1.02
1.03
1.05
Eu 1.07 -1.84
1,31
1.13
Bi 1.16 1.24 -0.04

Table 5.2: A summary of the ionic radii, Fyop, Fass and E,.q for the trivalent dopants
studied in this report. The ionic radii are given in A and energies are given in eV. The
values of E,.4 given are relative to the F,.4 of pure CeQO,, 2.23eV. The blue shading
indicates the properties which are best suited for SOFC applications according to the

previously decided criteria.
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5.6 Conclusions

PBE+ U calculations have been applied to a series of trivalent dopants in CeO,. They
demonstrate that the structure of doped CeQO, is highly dependent on the ionic radius
of the dopants: smaller dopants will adopts a structure similar to that of their native
oxide; intermediate sized dopants will occupy Ce lattice sites and form a charge com-
pensating vacancy (CCV) that neighbours them; larger dopants will also occupy Ce
lattice sites and the CCV will be positioned at a next-nearest neighbour site. The
effect of the dopants on the reducibility of CeO, was also tested. The results indicate
that the radius of the dopants only affects the reducibility of CeO, in as much as it de-
termines the defect structure: in doped CeOs, cells that share similar defect structures
also had similar values of E,.; regardless of the differences between ionic radii.

From the range of dopants considered in this study, Dy(III), Gd(III), Nd(III),
Pr(IIT) would be the most promising for SOFC applications. Firstly, they all exhibit
low doping energies, meaning that they will easily form solid solutions with CeQO,.
Secondly, the level of association between the dopant cations and the CCV are all ex-
ceptionally low. This ensures the CCV will not become trapped by the dopant cations,
promoting good ionic conductivity. Finally, these dopants either do not affect the re-
duction energy of CeO, (Dy(III) and Gd(III)) or raise it (Nd(III) and Pr(III)) which

serves to limit unwanted electronic conductivity in CeQO,.



Chapter 6

Ionic Conductivity in Doped CeO»

6.1 Introduction

Perhaps the most important property for an SOFC electrolyte is the ionic conductivity:
the operation of the fuel cell is dependent on the rapid diffusion of O anions through the
electrolyte, from the cathode to the anode. Although there is much information that
can be gained from static calculations, they can’t fully describe the dynamical motion
of ions through a crystal lattice over time. Furthermore, standard DFT calculations are
carried out at 0 K, whereas for CeOy-based electrolytes, the operational temperature
range for these materials is ~500-1000 K.%> Therefore, to gain additional insight into
how trivalent dopants affect the ionic conductivity of CeO,, complementary techniques

must be employed that can measure the dynamical motion of anions in CeQO,.

Following advances in computational processing power, ab initio MD has emerged
as a viable technique, offering an alternative to force—field MD.?%6 These calculations
employ ab initio calculations to obtain the electronic structure, providing highly ac-
curate potential fields for the MD simulations. The disadvantage of the approach,
compared to traditional force-field MD is that the electronic structure calculations can
still be costly, which limits the practical applications of ab initio MD. Therefore, it is
often used to test the suitability of force fields?*” or on very small systems over small

time periods, e.g. a 64 atom system with a production run of ~ 40 ps.?4®
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In this chapter, CeO, systems doped with a series of trivalent cations (In(III),
Y(III), Bi(IlI) and La(III)) are explored with ab initio MD calculations in order to
determine how the presence of dopants affects the ionic conductivity. Due to the
nature of ab intio MD, only short production runs are feasible, but the high accuracy

of the technique is sufficient to provide useful information on doped CeO, materials.

6.2 Computational Methods

All electronic structure calculations were carried out with the PBE+ U functional, as
described in previous chapters. No localised electronic states were present in any of
the calculations, however, Uc.0={5.0, 5.5} eV was employed to maintain consistency
with previous results. To reduce the computational cost, the plane wave cut—off was
reduced to 400 eV, and the convergence criteria for the SCF calculations was reduced
to a difference of 1x107°eV between steps. For the MD calculations, a time step of
5.0 fs was used.

All MD simulations were carried out in a 2x2x2 expansion (96 atoms) of the
unit cell of CeO,. Four dopant atoms, either In(III), Y(III), Bi(III) or La(IIl) were
introduced into the system, thus creating two CCVs, giving a dopant concentration of
12.50mol%. The dopants were chosen from the results of the previous chapter. Firstly,
only dopants with closed shell electronic structures were chosen, allowing the use of
non-spin polarised calculations, vastly reducing the computational cost. Furthermore,
using closed shell systems eliminates the problem of spin or charge hopping. Secondly,
all the dopants chosen had low doping energies (see Eg,, in Table 5.2), indicating that
these dopants are readily soluble in CeO,. Finally, these dopants encompass a range
of ionic radii and association energies, thus providing an overview of how these factors
affect ionic diffusion. Two different configurations were tested for each dopant: one
where the dopants form clusters (Figure 6.1 (a)) and one with the dopants dispersed
throughout the cell in order to try and maximise the distance between them (Figure

6.1 (b)). Each system underwent an equilibration run (NVE ensemble), where the
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temperature was scaled to the target temperatures, either 1073 K, 1573 K, 2073 K,
2323 K, 2573 K or 3073 K, for ~5ps. Once the system reached equilibrium, i.e. the
system did not fluctuate more than ~ 250 K from the target temperature, the systems
underwent the production run (NVT ensemble) for 25 ps. During the production runs,
the temperatures of the systems fluctuated, due to the small size of the simulation cells.
However, the average temperatures across the enetire runs remained very close to the
target temperatures. Upon completion of the simulation, the output files were analysed
to allow the calculation of the mean—square displacement (MSD), radial distribution
function (RDF), and the coordination number of the ions. Since the calculations are
carried out with a constant volume, the direct effect of thermal expansion of the lattices
can not be simulated. To overcome this shortcoming, the lattices were expanded based
on experimentally derived thermal expansion coefficients (TEC), and the volumes of
each cell are shown in Table 6.1. The TEC for La(III), 11.80x 1076 /K,?*® and Y(III),
11.02x107% /K,?° were both taken from literature values, however, no such data was
found for In— and Bi-doped CeO,. Instead, the same TEC as La(Ill) was employed
for Bi(III), due to the closeness of their ionic radii (1.16 Aand 1.17A). Although the
ionic radii of In(III) and Y(III) are not too close, it was found that there is little
difference in the lattice constants for In- and Y-doped CeO,, 5.406 A 2°° and 5.403 A
%1 respectively, and therefore the same TEC as Y (IIT) was used for In(III). The change
in lattice constant due to the presence of the dopants was not modeled. Tests on La—
and Y-doped CeO, found that the change in lattice constants at 6.25 mol% were quiet
small, less than 0.3%, whereas the changes due to thermal expansions were in the
order of ~2.5-3.5%. Assuming the changes in lattice constant as a function of dopant
concentration are linear, the changes at 12.50 mol% would still be far smaller those due
to thermal expansion, and hence, only the latter are accounted for. Chapter 7 contains
a more complete discussion of the change in lattice constant due to the presence of

dopant cations.
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Volume (A3)
Dopant 203K 2323K 2573K

In(II1)/Y(III) 1406.86 1418.26 1429.72
Bi(III)/La(Ill) 1413.55 1425.79 1438.11

Table 6.1: The volume of the simulation cells for doped CeQO,.

Figure 6.1: The starting structures for the ab initio MD simulations with a (a) clustered
and (b) dispersed arrangement of the dopant cations. The dopants (In(IIT), Y(III),
Bi(III) and La(IIl)) are represented by the brown spheres, the Ce(IV) ions by the
white spheres and the O ions by the red spheres. The yellow spheres indicate the

position of the CCVs.

6.3 Mean—square Displacement Plots and Diffusion

Coefficients.

The MSDs were calculated accoring to the methods described in Section 3.5. Figure
6.2 displays the MSD plot for Y-dispersed at (a) 1073 K and (b) 3073 K. Both of these
plots are representative of what occurs in all the systems studied at these temperatures.
For calculations at 1073 K, no ionic diffusion occurs even over extended periods of time;
the only motion that is observed are thermal vibrations of the ions on their lattice sites
(Figure 6.2(a)). Similarly, the MSD plot at 1573 K also displayed no ionic conduc-

tivity, and therefore these results were discarded. Conversely, simulations carried out
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at 3073 K, such as Figure 6.2(b), displayed very high levels of ionic conductivity over
comparatively short time periods. However, closer examination of the structure over
the time period revealed that ionic diffusion at these high temperatures was occurring
not only the (100) direction, but also along the (110) and (111) directions. Previous
studies have determined that ionic diffusion in CeO, under typical SOFC operating
conditions only occurs along the (100) direction,!!>14? indicating that the high con-
ductivities observed at 3073 K are due to an alternative, high temperature diffusion
mechanism, or even perhaps the preliminary stages of melting. Therefore, the results
for simulations at this temperature were discarded. The results presented in the rest of
this chapter come from the MD simulations at 2073 K, 2323 K and 2573 K: these tem-
peratures provide the necessary kinetic energy so that ionic diffusion can be measured
within the time frame of the simulation while maintaining, for much of their run time,

the expected movement of the ions along the (100) direction.
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Figure 6.2: The MSD plot of Y-dispersed at (a) 1073 K and (b) 3073 K. The brown,
yellow and red lines represent the movement of the dopant cations, the Ce(IV) cations

and the O anions respectively.

The MSD plots for the doped systems at 2073 K, 2323 K and 2573 K are shown in
Figure 6.3. The plots for the dopants and Ce(IV) ions are omitted, as only thermal
vibrations were observed for these species. For the clustered systems, Figure 6.3[1],

and dispersed systems, Figure 6.3[I1], the diffusion of the anions increases as a function
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of temperature. As previously mentioned, diffusion in CeO, takes place along (100)
direction, as O ions hop from their lattice site to fill a neighbouring vacancy. >4 An
increase in temperature should equate to a steady increase in conductivity as each ion
has more kinetic energy, increasing the chance of the ions diftusing. For the most part,
the MSD increase at a steady rate over the time period, indicating that a single diffusion
mechanism is present over this time. However, there are a few exceptions. The MSD of
La-clustered at 2073 K (Figure 6.3(d)[I]), is seen to level off at ~ 9 ps with only thermal
vibrations of the O anions observed thereafter. For the In-clustered systems (Figure
6.3(a)[l]) and Bi-clustered (Figure 6.3(c)[I]) at 2573 K, there are points where the
slope of the MSD sharply increases, indicating a drastic increase in ionic conductivity

at ~12.50 ps and ~10 ps for the In— and Bi—clustered systems respectively.

The diffusion coefficients, D, are calculated from the MSD plots (D= slope[MSD],
see Section 3.5) and are displayed in Table 6.2. At 2073 K, D is higher for the dis-
persed configurations than for the clustered ones, with the exception of In-doped CeQs,.
However, as the temperature rises, the clustered systems display higher values of D
compared to their dispersed counterparts. The results of Chapter 5 would suggest that
conductivity would always be greater in the dispersed-dopant systems, as this would
avoid the formation of the stable dopant-CCV-dopant clusters. A closer investigation

of the structure is necessary to explain why this is not the case.

In Figure 6.3(d)[I], it was observed that after ~ 9 ps, there was almost no diffusion
in the system. Figure 6.4 displays the structure of the system at 15 ps and, taking into
account for the periodicity of neighbouring cells, each CCV is is within ~ 4.50 A-4.75 A
of three La(III) dopants. Given the thermal vibration of the cations, this range of values
corresponds to a next-nearest neighbour site with respect to the dopants, which the
results of Chapter 5 showed was highly favourable for the CCVs in La-doped CeQO,.
This fact accounts for the lack of diffusion and low diffusion coefficients observed for
this system: the stability of the CCVs when they are NNN to La(III) hinders ionic

conductivity, and eventually stops it by trapping the CCVs.

A closer investigation of the structure of the In—clustered system at 2573 K can be
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Figure 6.3: The MSD plot of O anions for [I] clustered and [II] dispersed arrangements
of (a) In(III), (b) Y(III), (c) Bi(III) and (d) La(IIT) dopants in CeO,. The simulations
were carried out at 2073 K (red lines), 2323 K (blue lines) and 2573 K (green lines).

The black lines show the slopes of the MSD plots.
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Temperature
Dopant Configuration
2073K 2323K 2573K

Clustered 6.23 8.50 18.40

2 Dispersed 5.12 7.86 9.66
Clustered 3.87 11.40  12.20
v Dispersed 5.17 7.90 9.73
: Clustered 2.21 8.62 19.60
& Dispersed 5.73 11.50  15.90
Clustered 2.29 6.90 8.35

La

Dispersed 4.51 5.00 8.03

Table 6.2: The diffusion coefficients, D for doped CeO,. All values for the diffusion

coefficients are given in 107%cm?/s, and activation energies are given in eV.

Figure 6.4: The structure of the La—clustered system at 2073 K at 15 ps. The Ce(IV),
La(Ill) and O ions are represented by the white, blue and red spheres respectively.

The position of the CCVs are shown by the yellow spheres.

seen in Figure 6.5. In the area around the CCV, Figure 6.5 (b), a neighbouring O ion

has moved from its lattice site in the (100) direction towards the CCV, which is the
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expected mechanism for ionic diffusion. However, in addition to this, an additional
mechanism is present. In Figure 6.5 (¢), an O ion, which neighbours neither of the
CCVs, has moved from lattice site in the (111) towards an interstitial site, leaving
behind a vacancy, which can act as a pathway for further ionic diffusion. The presence
of this alternate, high temperature, diffusion mechanism is likely the cause of the high

MSD slope and diffusion coefficient observed for this system.

Similar to the In—clustered system, the slope of the MSD for Bi-clustered system
at 2573 K was also very high, and hence the high diffusion coefficient. Figure 6.6 (b)
demonstrated that O ions are moving in the (100) to fill CCVs, but once again an
alternative diffusion process in also present. For this diffusion mechanism, seen in
Figure 6.6 (c), an O ion has moved form its lattice site in the (110) direction towards
an interstitial site, leaving a vacancy which attracts another nearby O ion, and the

formation of this new conduction pathway thus increases the ionic conductivity.

There are two major explanations for the appearance of these extra conduction
mechanisms in In— and Bi-CeO, at high temperatures. The first is that the temperature
is sufficiently high that Frenkel defects are actually stable. The results of Chapter
4 suggested there could be small concentrations of Frenkel defects within CeO, at
higher temperatures, ~900-1200 K. Since these MD simulations are being carried out
at temperatures over twice those values, it is not unreasonable that Frenkel defects are
forming. The other possibility is that these systems are undergoing the early stages of
sub-lattice melting. The melting point of CeO, is 2673 K,?*? which is very close to the
target temperatures of the these systems. Furthermore, the smaller a simulation cell
is, the greater the degree the temperature will fluctuate, further increasing the chance
of melting. As such, the high diffusions observed in these systems appear only to be
a result of the temperature, and are unlikely to be present under operating conditions

typical to an SOFC electrolyte.

In regards to the diffusion coefficients being higher for the clustered systems at
2323 K and 2573 K than their dispersed counterparts, a possible explanation in the

former system, the range of possible CCV-dopant distance is larger. Once a CCV is
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Figure 6.5: The (a) full simulation cell of the In-clustered system at 2573 K with
close up views of the structure around (b) the CCV and (c¢) a vacancy caused by the
formation of a Frenkel defect. The picture was taken at 17.50 ps. The In(III) ions
are represented by the light purple spheres. The position of the CCVs are shown by
the yellow spheres, and the green sphere represents a vacancy formed as a result of a
Frenkel defect. The yellow and green boxes designate which section of the structure
the close up views are showing. The motion of specific O ions are represented by the

arrows.

free from the dopant—-CCV-dopant cluster it is able to move throughout the system
until it is captured at another cluster. In the dispersed systems, as a vacancy diffuses
through the lattice there is a greater chance of it encountering a dopant cation, due
to their dispersal, which overall slows the ionic diffusion compared to the clustered

systems. Therefore, at the high temperatures these simulations are carried out under,
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Figure 6.6: The (a) full simulation cell of the Bi-clustered system at 2573 K with
close up views of the structure around (b) the CCV and (c) a vacancy caused by the
formation of a Frenkel defect. The picture was taken at 22.75ps. The Bi(III) ions
are represented by the dark purple spheres. The position of the CCVs are shown by
the yellow spheres, and the green sphere represents a vacancy formed as a result of a
Frenkel defect. The yellow and green boxes designate which section of the structure
the close up views are showing. The motion of specific O ions are represented by the

arrows.

there is sufficient energy for the CCV to break free from the dopant clusters and high
values of D are observed. As previously mentioned, the In—clustered systems has a
higher value of D than the In-dispersed systems, even at 2073 K. A PBE study by
Nakayama and Martin proposed that for trivalent dopants in CeO,, those with small

lonic radii would have a greater attraction for the CCV, but it would be easier for
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O anions to diffuse by them. Since In(III) has the smallest radii out of the dopants
studied in this chapter (0.92 A), it is possible that at 2073 K there is already sufficient
energy for easy diffusion around the dopant clusters to occur, and hence the high values

of D observed in the In—clustered system at 2073 K.

6.4 Conductivity Plots and Activation Energies

The Nernst-Einstein equation (Section 3.5, Equation 3.10) can be employed to calculate
the ionic conductivity, o, from the diffusion coefficients. Figure 6.7 displays plots of
In(cT) versus temperature for each sytem. The advantage of plotting the results in
this manner is that the activation energy for ionic diffusion, F,, can be calculated
from the slopes of plots due to the relation ¢T = oge K%% where o is the pre-
exponential factor. The activation energies for each system are display in Table 6.3.
In every case, FE, is significantly lower for the dispersed systems than the clustered
ones. This demonstrates that the CCV is more strongly attracted to the dopants in
the latter system, most likely due to the high stability of the dopant-vacancy-dopant
cluster. The particularly high E, for Bi-doped CeQs is likely a result of the lone-pairs
associated with the dopants (see Section 5.3). An exception to this trend was observed
for In-doped CeO,. In Chapter 1.1, the association between the CCV and In(Ill) was
higher than for Y(III), however, they were found to have the same value of E, for the
dispersed configuration and in the clustered system, the E, of In(III) is lower than for
Y(III). To determine the cause of this apparent discrepancy, a closer analysis of the

structure of the systems will be carried out in the following sections.

6.5 RDFs and Structural Analysis

The RDF's were calculated over the entire runs (25 ps, 500 frames) in order to describe
the relative position of the cations with respect to the anions. Figure 6.8 shows the plot

of the RDF for Ce-O and La-O distance for the La—clustered system at (a) 2073 K, (b)
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Figure 6.7: The plot of In(cT) versus 1% for the (a) clustered and (b) dispersed

arrangement of dopants. The In-doped systems are represented by the red circles/lines,

the Y-doped systems by the yellow circles/lines, the Bi-doped systems by the purple

circles/lines and the La-doped systems by the blue circles/lines.

2323 K and (c) 2573 K, with minimal differences between the three temperature regimes

observed. Similar results were found for the other dopant systems, and therefore RDF's

are only given in Figure 6.9 for systems simulated at 2323 K, to serve as a representa-

tive example. Each RDF displays two peaks, one between ~1.80-3.50 A, which are the

nearest neighbour distances, and the second between ~3.50-5.50 A, which show the

next-nearest neighbour distances. The most likely M-O bond lengths are summarised
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Dopant Configuration £, (eV)

Clustered 1.33
In

Dispersed 0.80

Clustered 1.50
Y

Dispersed 0.80

Clustered 2.97
Bi

Dispersed 1.31

Clustered 1.06
La

Dispersed 0.71

Table 6.3: The calculated activation energies, E,, for ionic diffusion in doped CeOQs,.
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Figure 6.8: The RDF plot of Ce-O (black lines) and La-O (blue lines) for the La-

clustered system at (a) 2073 K, (b) 2323 K and (c) 2573 K.

in Table 6.4. At 2073K, the most likely Ce-O distance is 2.25 A which is less than
the value of the static lattice (2.37 A, see Chapter 4). For the M-O distances, very
few differences are observed between the RDFs for the clustered (Figure 6.9 [I]) and
the dispersed (Figure 6.9 [II]). Furthermore, due to the short time span of the sim-
ulations, the peaks in the RDFs, especially for the dopants, are not always smooth.
Therefore, the change in M-0O distances between configurations may only be a result
of the jaggedness of the peaks. In Figure 6.9 (a), it can be seen that the In-O dis-
tance is less than the Ce-O distance. For Y-doped (Figure 6.9 (b)) and Bi-doped

CeO, (Figure 6.9 (¢)), the RDFs of the M-O and Ce-O distances match very closely,
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M-O (A)
Dopant Configuration
2073K (A) 2323K 2573K

Clustered 2.18 2.18 2.18

= Dispersed 2.16 2.16 2.16
Clustered 2.22 2.22 2.22

v Dispersed 2.24 2.24 2.24
. Clustered 2.29 2.29 2.29
v Dispersed 2.30 2.30 2.30
Clustered 2.42 2.42 2.42

i Dispersed 2.40 2.40 2.40

Table 6.4: The M-O bond lengths (M=In(III), Y(III), Bi(Ill), La(IIl)) and dopant

cation coordination numbers for the doped CeO, systems.

with the former being slightly shorter and the latter slightly longer. Finally, the RDF
for La-doped CeO,, Figure 6.9 (c), show that the average La-O distance is greater
than the average Ce-O distance. All these results are consistent with previous work
concerning the critical ionic radius, r.: this is the radius a dopant ion must have to
cause neither expansion nor contraction of the host lattice, and for trivalent dopants
in CeO, this value is 1.038 A.'3® The radius of In(III), 0.92 A, is lower than the r,
which means the lattice will contract around the dopants and hence the shorter In-O
distances. The radius of Y(III), 1.02 A, is very close the the 7., which accounts for the
minimal differences observed between the Y-O and Ce—O distances observed in Figure
6.9 (b). When the radius of the dopant is higher than the 7., as for Bi(III) (1.16 A)
and La(IIT) (1.17 A), the lattice expands around the dopants, which leads to the longer

La-O distances observed in Figure 6.9 (c¢) and (d).
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Figure 6.9: The RDF plots for [I] clustered and [II] dispersed dopant configurations in

(a) In(I1I), (b) Y(III), (c) Bi(III) and (d) La(IIl) doped CeO, at 2323 K. The Ce-O

distances are represented by black lines and the M-O distances are represented by the

red (In(III)), yellow (Y(ILI)), purple (Bi(III)) and blue (La(III)) lines.
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6.6 Coordination Analysis

To determine the coordination numbers of the dopants, the number of nearest neigh-
bours for all the dopants in a single frame of the simulation was calculated and from
that the average dopant coordination number was derived. These values were added
up for all frames in order to give the average coordination number across the entire
production run. Firstly, it was necessary to define what would be considered a nearest
neighbour. From the RDF plots in Figure 6.9, it was found that the first peak. cor-
responding to the nearest neighbour distances, were within the range of ~1.80-3.5A.
Therefore, any anion within 3.5 A of a dopant ion was considered a nearest neighbour.
The NN bond lengths and coordination numbers are shown in Table 6.5. The range of
values that were expected for the dopants ions were: 7.00, when both CCVs are NN
to two dopants; 7.25, when one dopant is NN to two dopants, and the other is NN
to a single dopant; 7.50, for when either one CCV is NN two dopants while the other
is NN to no dopants, or when both CCVs neighbour a single dopant; 7.75, when a
single CCV is NN to one dopant; and finally, 8.00 when there are no CCVs NN to the
dopants. Similarly, the range of coordination numbers for the Ce(IV) ions is expected
to range from 7.86, when both CCVs neighbour two dopants, and 7.71, when the CCVs
only neighbour Ce(IV) ions. However, there are a few instances were the coordination
numbers exceed these value. Investigation of the structures revealed that at higher
temperatures, there is such distortion within the lattice that some of the next-nearest
neighbour anions had fallen within the defined radius, thus leading to the higher co-
ordination numbers observed. For example, Figure 6.10 shows that in addition to the
eight NN anions around the Y(III) ion, there is an O ion 3.28 A away that is counted

as also coordinated to the cation, giving it a coordination of nine.

For the In—doped systems, the coordination numbers suggest a high level of associa-
tion between the dopants and the CCVs. For the In—clustered systems, the coordination
number is 7.40 at 2073 K, which indicates that either both CCVs are NN to one In(III)

ion, or one CCV is NN to two In(III) ions, which would correspond to a coordination
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Figure 6.10: The local structure around an Y(III) ion (orange sphere) in the Y-

dispersed system at 2573 K. The images is taken at a time of 13.80 ps.

Coordination Number
Dopant Configuration 2073 K 2323K 2573 K
M(III) Ce(IV) M(II) Ce(IV) M(III) Ce(IV)

Clustered 7.40 7.88 7.33 7.76 7.28 7.72

" Dispersed 7.43 7.72 7.46 7.74 7.50 7.83
: Clustered 7.85 7.74 8.01 7.84 8.08 7.90

! Dispersed 7.85 7.72 7.92 7.90 8.27 8.16
_ Clustered T.51 7.79 7.53 7.73 7.54 773

@ Dispersed 7.64 .03 7.61 7.72 7.67 s

i, Clustered 7.94 7.81 7.91 7.85 7.90 7.88
a

Dispersed 7.96 7.80 7.92 7.85 8.23 8.11

Table 6.5: The coordination numbers of the cations in doped CeQs.

number of 7.50. The fact that it is slightly lower means that occasionally three In(III)
ions neighbour a CCV, corresponding to a coordination number of 7.25, which serves
to reduce the overall average coordination number. As the temperature increases, it
was found the the average coordination of In(III) ions in the system decreased, and
furthermore, so did the average coordination of the Ce(IV) ions. The fact that both co-
ordination numbers decrease is a result of the alternate diffusion mechanism discussed
in Section 6.3, where O ions were observed moving to interstitial sites. This movement
of O ions away from their lattice sites would reduce the coordination of the the cations

in some time frames, reducing the average coordination overall. Therefore, as the tem-
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perature increases, more of these interstitial O ions form, and hence the decrease in
coordination with the increase in temperature. For In-dispersed systems, the coordi-
nation number is ~7.50, across the range of temperatures, which indicates that either
each CCV is often NN to two In(III) ions or both are NN to a single In(III). Similar to
the clustered system, this shows that there is a high level of association between In(III)
and the CCVs. For the Y-doped systems, the coordination number of 7.85 at 2073 K
suggests that the Y(III) ions are mostly coordinated to 8 O anions, with the vacancies
only occasionally being nearest neighbours. At higher temperatures, the coordination
numbers for both Y-doped systems are ~8, and therefore there is little preference of the
CCV for either the Y(III) or Ce(IV) ions. The coordination numbers for both cations
at 2323 K and 2573 K were higher than expected, but this was due to NNN ions being
within the cut—off range due to movement of the ions. In Bi-doped CeO,, the coor-
dination numbers across all temperatures were ~7.50 and ~7.60 for the clustered and
dispersed systems respectively, indicating that the two vacancies often neighboured the
Bi(III) cations, likely caused by the favourable formation of lone pairs on the Bi(III)
ions when a vacancy neighbours them. Furthermore, the Ce(IV) coordination numbers
in these systems were consistent with the idea of the CCVs neighbouring the Bi(III)
ions. The coordination number is slightly lower for the clustered systems due to the
formation of Bi-CCV-Bi clusters being particularly favourable. Finally, the coordina-
tion numbers in La-doped CeO,; were ~8 for each system studied. However, it was
shown in Figure 6.4, Section 6.3, that the CCVs would preferentially lie, or be trapped,
at a position NNN to the dopants, and therefore the NNN coordination numbers were
calculated. Similarly for the coordination numbers, the number of NNN anions should
range from 23, for when both CCVs are NNN to two La(Ill) ions, and 24, for no
vacancies NNN to the dopants. For La-clustered, these values were 23.02, 23.17 and
24.37 at 2073 K, 2323 K, and 2573 K respectively, and in the La-dispersed system the
values were 23.34, 23.38 and 24.08, again for 2073 K, 2323 K, and 2573 K respectively.
For La—clustered at 2073 K, the value of 23.17 indicates the CCVs have indeed formed

clusters with the La(IIl) ions at a NNN position. There is somewhat less association
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at 2323 K, but the CCV is still often NNN to the La(III) ions, and at 2573 K there is
no longer any significant association between the La(III) ions and the CCVs. A similar
situation is observed for the La-dispersed system: there is some association between
the La(III) ions and the CCV, although less than for the clustered configuration, which

disappears at higher temperatures.

6.7 Discussion

To help summarise the results, Table 6.6 displays o in order of increasing ionic conduc-
tivity. At first glance, ionic conductivity appears to be in contrast to what would be
expected based on previous calculations of the activation energies. The expectations
were that clustered systems would be more likely to trap the CCVs, thus reducing con-
ductivity, and that lower activation energies values would lead to higher rates of ionic
diffusion. At 2073 K, there is indeed less conductivity in the clustered systems, with the
exception of In—clustered, but the ionic conductivity appears to increase as an inverse
function of £,. At 2323 K and 2573 K the clustered systems display higher conductiv-
ities than their dispersed counterparts, and once again, systems with lower activation
energies often display lower conductivity than systems where the activation energy is
higher. These apparent discrepancies are most likely caused by the high temperatures
under which the systems are modelled. In both In— and Bi-doped systems, the coordi-
nation numbers of the dopant cations would suggest that they are often trapped by the
dopants, and yet these systems display some of the highest levels of ionic diffusion. It
was discovered that, in these systems, alternate diffusion mechanism a present, caused
by the formation of Frenkel defects, which greatly increases the ionic conductivity. As
for the higher conductivities in the clustered systems compared to their dispersed coun-
terparts at 2323 K and 2573 K is mostly likely a result of the dopant configurations.
Despite the fact that the clustered systems have higher activation energies, this is eas-
ily overcome at elevated temperatures, and once the CCVs are free to diffuse through

the system there is less chance of one encountering another dopant than there is in
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the dispersed system. CeO, based electrolytes typically operate at ~500-1000 K, and
therefore most experimental results are taken from within this range. By extrapolating
the slopes from Figure 6.7 back to lower temperatures, a description of these systems

under typical operating conditions can be achieved.

2073 K 2323 K 2573 K

System o System o System o

Bi-Clustered 0.34 La-Dispersed 0.69 La-Dispersed 0.99
La—Clustered 0.57 La-Clustered 0.96 La-Clustered 1.04
Y -Clustered 0.61 In-Dispersed 1.10 In-Dispersed 1.21
La-Dispersed 0.70 Y-Dispersed 1.10 Y-Dispersed 1.22
In-Dispersed 0.81 In-Clustered 1.19 Y-Clustered 1.54
Y-Dispersed 0.82 Bi-Clustered 1.20 Bi-Dispersed 1.98
Bi-Dispersed 0.89 Y-Clustered 1.60 In-Clustered 2.31

In-Clustered 0.99 Bi-Dispersed 1.60 Bi-Clustered 2.43

Table 6.6: The ionic conductivities, o in doped CeO,. All values are given in S/cm.

Table 6.7 displays the projected o at 1073 K for each system, along with their
activation energies and association energies (FE,s,, calculated in Chapter 5). At this
temperature, the order of o matches better with was was originally expected: the dis-
persed systems display higher ionic conductivities, and the ionic conductivity increases
with decreasing values for the association energy. The position of the dopant cations
thus plays a vital role in determining the level of ionic conductivity in CeO,. When the
dopants are clustered together, they can form the highly stable dopant-CCV-dopant
cluster, preventing the diffusion of O ions. In Chapter 5, Bi(III) ions were shown to
have a very high level of association to CCVs, due to the fact that lone pairs form
on the Bi(III) ions when the CCV neighbours them. Therefore, the Bi-doped systems
are more likely to trap CCVs leading to very low conductivities, to the point that
the projected conductivity of Bi-dispersed is even lower than the La-clustered system.

The order of E, matches the values of F,,, calculated in Chapter 5, with the exception
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of In-doped CeO,. This is despite the fact that the coordination number of In(III) in
CeQs, is lower than for the other other doped systems, suggesting a high association be-
tween the dopants and the CCVs, as expected from the high value of E, ;. Nakayama
and Martin previously proposed that it would be easier for O anions to pass by dopants
with smaller ionic radii. Therefore, the low E, could be a result of small ionic radius
of In(III), since although the In(III) tend to trap CCVs, this is balanced by the fact
that O ions are comparatively freer to move by the dopant cations than in the other

doped systems.

System o (S/cm) E, (eV) FEus (eV)

Bi-Clustered 1.02x107°  2.97 1.24
Y-Clustered 5.01x107%  1.50 0.85
In-Clustered 0.01 1.33 1.17
Bi-Dispersed 0.01 1.5 1.24
La-Clustered 0.02 1.06 0.78
In-Dispersed 0.08 0.80 1.17
Y-Dispersed 0.08 0.80 0.85
La-Dispersed 0.09 0.71 0.78

Table 6.7: The projected ionic conductivities, o, with the activation energies, E,, of

doped CeO, at 1073 K.

Little research has been carried out for In-doped CeQ,, perhaps due to its scarcity,
and it has not been considered for SOFC applications. The results of this chapter
suggest that it may prove to be an effective dopant for increasing ionic conductiv-
ity, although it may be prone to forming In-CCV-In clusters at lower temperatures.
Similarly, there has not been much discussion on Bi(III) as a dopant for CeO, based
electrolytes. A study by Li et al. determined an E, of 1.25eV for CeO, doped with
14 mol% of Bi(III), similar to the value of 1.31eV calculated for the Bi-dispersed sys-
tem. They also measured the conductivity of Bi-doped CeO; to be ~9.41x107°S/cm

at 714K, and an extrapolation from the plot of the conductivity of Bi-dispersed in
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Figure 6.7 gives a value of 1.24x10~*S/cm, a difference of ~24 %. Considering the el-
evated temperature of the simulations, and the fact that E, is known to be dependent
on temperature, 7 this is still a reasonable agreement. For Y-doped CeO,, several
experimental studies, all with a dopant concentration of 10 mol%, have determined E,
to be 0.60eV,%3 0.65eV,%* and 0.97eV.?°® As can be seen, there is a large amount
of disagreement between the experimental results, but the fact that the E, calculated
for Y-dispersed falls into the middle of this range further indicates the suitability of
ab initto MD for screening potential dopants. The conductivities measure in these
studies were 0.07S/cm at 1000 K,%3 2.00x1073S/cm at 833K?* and 0.06S/cm at
773K,?%, with the calculated conductivities at these temperatures being 0.06 S/cm,
0.02S/cm and 0.01S/cm, respectively. Although the latter two experimental results
do not agree well with the calculated conductivities, it does show great agreement with
the results of van Herle et al,?*® being within 14% of each other. Similarly for La-
doped CeOs there is some agreement between experimental values of E,, e.g. 0.75eV
256 and 0.92eV?7, with the calculated value of 0.71eV. The conductivities measured
from these experiments were 0.04 S/cm at 1000 K and 0.02S/cm at 1073 K respectively,
with the calculated conductivities being 0.07 S/cm at 1000 K and 0.09S/cm at 1073 K.
The good agreement with the former experiment is perhaps due to similar doping levels
in the experiment and the calculations, 15mol% and 12.5 mol% respectively, whereas
the latter study used a doping concentration of 20 mol% of La(III). These results in-
dicate that although E, is dependent on temperature, high temperature ab initio MD
simulations can produce conductivites that are comparable with experiment. Although
some discrepancies exist, they are accurate enough to determine whether a dopant is

suitable for SOFC applications, and its performance relative to other dopants.

6.8 Conclusions

The results show that the structure of the dopants is highly important, as systems

where the dopants are dispersed had lower activation energies than those systems where
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the dopants formed clusters, e.g. E,=0.71eV for La-doped CeO, with a dispersed
arrangement of the dopants, and E,=1.06eV in the system where they were clustered
together. Therefore, more ordered arrangements of dopants will tend to trap CCVs,
hindering ionic conductivity at the typical operating temperatures of an SOFC. Bi-
doped CeO, was found to display very little conductivity at lower temperatures, due
to a high level of association between the dopants and the vacancies, and therefore
is not suitable for SOFC applications. In(III) showed surprisingly high conductivity,
being on par, or even higher, to equivalent Y-doped systems. However, In-doped
systems did display alternative conduction mechanism, which may be the cause of this
good conductivity, however, future experimental investigation of In-doped CeO, may
prove fruitful. Out of all the dopant studied, La(III) displayed the lowest E, of all the
systems, making it a suitable candidate for SOFC electrolyte materials. % 198
Overall, this chapter has demonstrated that ab initio MD is useful for exploring
the dynamic properties of materials. Despite the need for high temperatures and short
simulations times, the results compare reasonably well with experiment, making these
techniques a valuable method for exploring and comparing the properties of different

systems.



Chapter 7

Trivalent Dopants for Improved

High—~x Dielectric Behaviour in

CeO9

7.1 Introduction

CeO, has a vast array of potential uses, beyond catalysis and SOFC electrolytes, in-
cluding such diverse applications as sunscreen®® and anti-cancer therapies.?® One of
these alternate uses of CeQOs is in the field of high—« dielectrics.?6° 266 Currently, HfO,
is commonly used to replace SiO, in metal-oxide-semiconductor field-effect transistors
(MOSFETSs) %7 272 due to its moderate dielectric constant (14-18) and large band gap
(5.8eV).?™ However, there are some notable drawbacks to HfO,~based MOSFETs.
The main disadvantage is the large lattice mismatch between HfO, and the Si sub-
strates, which can be as much as 6.39%.%™ Although stabilizing the cubic phase of
HfO, by doping with yttrium can reduce this problem, the lattice mismatch still re-
mains high.?%%27 Furthermore, defects at the interface, such as Hf-Si bonds, can also
degrade the operation of the MOSFET.?%Y As a result, large leakage currents have been
observed in HfO, MOSFETs.%%Y In terms of a replacement for both SiO, and HfO,,

CeO, has been found to be a good candidate due to its high dielectric constant (23-52)

137
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214276 moderate band gap (2.76 eV-3.60 eV),?10 212 small equivalent oxide thickness,
i.e. how thick a SiOy wafer would need to be to perform the same task as the high-x
dielectric (EOT = 3.8 A)?™ and low mismatch with the Si substrate (Ad < 1%).26!

An important consideration when producing a MOSFET is the interface state den-
sity, Dj;. This is a measure of the concentration of electrically active defects at the
interface of the semiconductor and the oxide that can trap charge carriers. Therefore,
to be effective for MOSFET applications, the D; between CeO, and the Si substrate
should be as low as possible.?! As demonstrated in Chapter 4, the formation energy
of an O vacancy in CeO; is quite low, which can result in the presence of Ce(III) ions
at the CeO,/Si0, interface. The presence of such defects may cause higher values of
D¢, and indeed it has been found that CeO, MOSFETSs grown under O-poor condi-
tions have a greater leakage current than those grown under O-rich conditions.?5! It is
therefore clear that a mechanism for suppressing the interface state density in CeQ, is
necessary to maximize the potential of CeO, for high-x dielectric applications.

In this chapter, a series of intrinsic and extrinsic defects in CeO, are studied to
determine its suitability for MOSFET applications. The results demonstrate: (i) the
dominant intrinsic defect in CeQO,, V3®, cannot be intrinsically compensated under
Ce-rich/O-poor conditions, and can only be compensated at higher Fermi energies
(Erermi) by Ce vacancies (V) under Ce-poor/O-rich conditions, (ii) La(III) and Y (III)
doping can effectively compensate the electrons left behind upon V{3* formation through
the formation of [Mg,—V$*M¢,| complexes, and (iii) the addition of La(III) to CeO,
increases the lattice constant, reducing the lattice mismatch with Si. Optimal growth
conditions for La-doping to achieve maximally resistive CeO, with a low defect density

are proposed.

7.2 Computational Methods

The defect formation energies were calculated according to the method described in

Section 3.4.4. In addition to the chemical potentials for Ce and O, uy\ was also calcu-
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lated, where M=Al, Ga, Sc, In, T1, Y and La, using a method based on that of Varley et
al.®>™™ In this process, the boundary of the chemical potentials are set as the formation
enthalpy of MyO3: AHy,0, = 20 + 31t0. As the overall system under consideration
is CeQOg, the upper and lower limits of po are kept the same as those calculated in
Section 3.4.2 when calculating py;. The resulting metal chemical potentials are show

in Table 7.1

Ce-rich/O-poor Ce-poor/O-rich

Al -4.42 -6.88
HGa -1.67 -4.13
1Sc -5.85 -8.31
Hin -0.26 -2.72
T 0.00 -1.04
5% -5.84 -8.30
I -5.51 -7.97

Table 7.1: The chemical potentials for M(III) cations (M=Al, Ga, Sc, In, Tl, Y and

La). All energies are given in eV.

The thermodynamic transition/ionization levels of a defect, €p(q/q’), corresponding
to the Fermi-level energy at which the ¢ and ¢’ charge states of a defect are equal in

energy, were calculated according to the method discussed in Section 3.4.5.

7.3 Intrinsic defects

The formation of point defects in a lattice can be compensated by ionic or electronic
defects.?™ The structure and formation energy for the uncharged intrinsic defects was
discussed in Chapter 4. The energy of the excess electrons and holes are determined
by the electron chemical potential (Fermi level).

Figure 7.1 shows a plot of formation energy for all point defects under O-poor

and O-rich conditions. Under O-poor growth conditions, it is clear that the dominant
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defect will be the V$*, which will not be compensated over the entire range of the band
gap. V3° is a negative- U type defect, i.e. it exists only in the +2 and neutral charge
states, consistent with the behaviour of V§* in a range of other wide band gap oxides.
279285 The +2/0 ionization level is ~ 0.9eV below the conduction band minimum,

meaning that V{3* is a deep donor, which is mediated by the localized Ce(III) states

present in the band gap.2%¢
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Figure 7.1: Formation energies for intrinsic defects under O—poor conditions (left panel)
and O-rich (right panel) conditions. The coloured regions at the bottom indicate which

defect is energetically preferred.

In an O-rich growth environment, V{3* is the most stable defect up to 1.03eV below
the CBM, where after the interstitial peroxide, (O,)”, followed by the V{ in the
4— charge state, V{,, start to dominate. Although the electrons formed upon V3*
formation would be compensated at higher Eg..,; values, it is highly unlikely that
E¥ermi could ever be raised high enough, due to the polaronic nature of reduced Ce
seen in Chapter 4, which means that the Fermi level will be trapped near the Ce(III)

states in the band gap.
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7.4 'Trivalent dopants

As discussed in Chapter 5, trivalent dopants will form CCVs to counteract the charge
imbalance, which act as pathways for ionic diffusion and, in most cases, do not affect
the reducibility of CeO,. However, there is possibly an alternate charge compensation
scheme, where the dopants’ charge is compensated by the formation of an O hole.
Taking a range of trivalent dopants (Sc, Y, La, Al, Ga, In, T1), both ionic compensation

([Mz.~Voee—MF, ] formation) and electronic compensation ce—O03]) were tested.
Ce Ce Ce O

For a single dopant cation in CeQO,, the charge is compensated by an O hole. For all
the dopants studied, the most stable position for the hole was at an O ion next nearest—
neighbour to the dopant cation (Figure 7.2). The structure for this compensation
scheme has not changed significantly from the pure cell. The dopant cation remains at
the lattice site and the O ions have moved away by ~0.07 A. The greatest change in

structure occurs for the O hole, which has moved ~0.25A away from the dopant.

From the results of Chapter 5, it was observed that the lowest energy structure
depends on the ionic radius of the dopant ions. To reiterate: AI(III) and Ga(III) ions
adopt a structure where the CCV neighbours only one of the dopants (Figure 7.3(a));
for Se, Tl, Y and In-doped CeQO,, the CCV is found nearest-neighbour to both dopant
cations 7.3(b); and in La-doped CeO, the CCV is at the next nearest-neighbour site

with respect to the two dopants. Figure 7.3(c).

The formation energies for Mg, -V3*-Mg,] and [Mg,~Og)] defects are shown in
Figure 7.4 (solid lines). La(IlI) and Y(III) prove to be the most soluble dopants. Since
single Mg, dopants formed localised O holes (polarons) neighbouring the dopant, the
corresponding 0/-1 transition levels are deep in the band gap. This behaviour is to
be expected for a material with an O 2p-dominated VB!%%2%7 and has been observed
in other oxide materials.''192 The Laf, and Y§, charge states cross the V& charge
state near the middle of the band gap, indicating that La(III) and Y(III) doping can

compensate the electrons from V{3* formation, pinning Epemi in the band gap.

Although the formation energy of [M{,~Og] was lower than the formation energy
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Figure 7.2: The structure of trivallently doped CeO, with electronic charge compen-
sation. Ce ions are represented by the white spheres, O ions by the red spheres and
the dopant ions by the brown sphere. The isosurface is shown in light blue and set to

0.05¢/A3.

of the [M,—V3*-M¢,] in all cases, this comparison is slightly misleading, as there are
different numbers of M in each defect. To determine whether ionic (CCV) or electronic
(O hole) compensation of the dopants is preferable, the relative stability of [M¢,,~V3*-

M¢,] and [Mg,,~Og] have been calculated from the equation:
1
INHMey = 08] 25 ARy [Mes — Vo = Ma] + 55(02). (7.1)

The results of these calculations, shown in Table 7.2, are all negative which indicates
that upon the introduction of trivalent dopants in CeO,, the formation of the CCV is
spontaneous and hence ionic compensation is preferable to electronic compensation.

To determine how strongly bound the dopant cations and CCV are, the binding
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Figure 7.3: The converged structures of [M¢,—V3*~M¢,| defect clusters in CeO, with the
CCV (a) nearest neighbour to one dopant (grey spheres; Al, Ga), (b) nearest neighbour
to both dopants (purple spheres; Sc, T1, Y, In) and (c) next-nearest neighbour to both

dopants (dark blue sphere, La). The position of the CCV is represented by the yellow

sphere.
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Figure 7.4: Formation energies for for trivalent dopants in CeO, under O-poor con-
ditions (left panel) and O-rich (right panel) conditions. The full lines indicate the
Mg, +0g] defects, with the dashed lines indicating the M, ~V$*-Mg,] formation en-

ergies. The coloured regions at the bottom indicate which defect is energetically pre-

ferred.
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Dopant Al Ga In Tl Sc Y La

AE (O-poor) -4.86 -387 -2.87 -2.81 -2.77 -2.57 -2.46
AE (O-rich) -6.51 -551 -4.51 -446 -4.41 -421 -4.10

Table 7.2: The stability of [MceVo-Mce] defect clusters compared to [Mc.—~O8)]. All

values are given in eV.

energy of these complexes have been calculated, using:
Ey = AH{(VE) + 2AH;(M,) — AH; Mg, — V3" — M. (7.2)

If the value of E}, is positive, then the dopant will preferentially form the [M¢e—Vo-Mce|
clusters instead of isolated V5 and M. defects, with the results of this analysis shown
in Table 7.3. The binding energy is positive in all cases, hence the thermodynamic

driving force is for [Mce—Vo-Mc.] formation.

Dopant Al Ga In Tl S¢ Y La

E, 3.58 229 133 123 1.00 048 0.59

Table 7.3: The binding energies for [Mcy—V3*Mce| defect clusters. All values are

given in eV.

Under O-rich growth conditions, the energy to dope CeO, with La(III) or Y (III) is
lower than the formation energy of the Vj, indicating that both dopants will act as an
effective electron killer, therefore reducing the Dy, which is very beneficial for high-x
dielectric applications. Additionally, the incorporation of dopants into CeO, affects
the lattice constant. As discussed in Chapter 5, Marrocchelli et al. determined that a
trivalent dopant must have an ionic radius greater than 1.03 A to cause overall expan-
sion of the CeQ, lattice.'® To check this effect for Y- and La-doped CeO,, a series
of constant volume optimizations were performed on a 2x2x2 supercell, containing a
Mce—Vo—Mce| cluster (CezpM3zOg3). The resulting energy-volume data was fitted to
the Murnaghan equation of state to obtain the new equilibrium lattice volume for the

doped supercells (Figure 7.5). It was found that the lattice constant for La-doped
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CeQ, is increased by 0.29 %, whereas in Y-doped CeQ, the lattice constant actually

decreased by 0.08 %, in agreement with the results of Marrocchelli et al. '3

| i 1 i | 1 | 1 I

0.98 0.99 1.00 1.01 1.02
Lattice Constant (A)

Figure 7.5: The fit of energy/volume data (circles) to the Murnaghan equation of state
(solid lines) for La— and Y-doped CeO, (black and yellow respectively). The lattice
constant is given relative to the lattice constant of CeO,. The dashed lines indicated

the equilibrium lattice volume.

7.5 Discussion

From the results show in Figure 7.1, it is apparent that under O-poor growth condi-

tions, there will be a high concentration of V$* present, which could potentially trap

charge carriers if present at the interface between the semiconductor and the oxide,

thus increasing the D, which will be detrimental to high-x applications. At O-rich
oo

conditions, the formation energy for V* is increased which possibly accounts for the

lower Dj; seen in samples grown in an O-rich growth environment.?¢! This suggests that
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CeO; MOSFETSs should be grown under O-rich conditions, however, there will still be
a considerable amount of V{§* present in the system (cf. the results of the temperature
dependence analysis in Section 4.5). Therefore, to ensure optimum performance, the
D;; must be further decreased.

It was shown that Lag, and Y§, defects are capable of pinning the Fermi energy
in the band gap and hence could act as “killers” for the excess electrons associated
with V{3®, reducing D;,. However, the [Mg,-V3*M(,] defect cluster was determined
to be more stable than [Mc.~Og] defects, therefore La(IIl) and Y(III) dopants would
compensate excess electrons ionically as opposed to electronically. An additional ad-
vantage of doping with La(III) is that it causes expansion within the crystal lattice.
This serves to decrease the lattice mismatch between CeO, (5.41 A)?*® and Si (5.43 A)

289 which further reduces the value of Dj,.

7.6 Conclusions

In summary, a range of trivalent dopants in CeO, were studied as a means to lower the
inherent density of electrons in the system, caused by Vi formation. The calculations
predicted that La(Ill) and Y(III) are the best electron killer defects, being the most
soluble trivalent dopants in CeO,, compensating electrons ionically through [M, V3~
Mg, ] formation. The incorporation of La(III) increases the lattice constant of CeOs,
lowering the already small lattice mismatch between CeO, and Si. Growth of La-
doped CeOy under Ce-poor/O-rich conditions is expected to be optimal for production
of highly resistive CeO,. These results open up the possibility of La-doped CeO, as a

replacement for SiO, in high-x dielectric applications.



Chapter 8

Defect Chemistry on the
Catalytically Active Surfaces of

Pure and La—doped CeO»

8.1 Introduction

Due to the importance of CeO, for many catalytic processes, there is a significant
impetus to improve the operation of CeO, catalysts. Two common methods used to
enhance the performance are optimisation of the synthesis and the addition of aliovalent
dopants. The first method can enhance catalytic properties by altering the structure
of the material, exposing the more reactive surfaces. For example, CeO, nanorods are
more effective at oxidizing CO than CeO, nanocrystals, due to the nanorods preferential

106 expose the more

expression of the (100) and (110) surfaces,® whereas nanocrystals
stable (111) surface and are thus less effective. The presence of dopants can improve
CeO,-based catalysts in several ways, for example by creating under—coordinated O
anions, thus increasing the reducibility,'!'® or by increasing the number of catalytically

active sites on the surface area.2%

For the low index surfaces of CeO,, the O vacancy remains the most studied intrinsic

defect. This is probably because it is expected that these defects readily form on the

147
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surfaces, similar to the bulk, and due to its importance for describing the OSC of CeQs,.

106,202,216.291 Tt j5 generally agreed that the reduction mechanism in CeQ, is:
X X (1] / 1
o 2CeCe — VO sl QCGCG == EOz(g), (81)

where the excess electrons associated with the formation of the vacancy localise on
nearby Ce(IV) ions, reducing them to Ce(III). However, there is still little agreement
about the exact structure of the reduced low index surfaces. In bulk CeQO, it is thought

231 but scanning tunnelling mi-

that the reduced Ce(III) ions neighbour the vacancy,
croscopy studies have determined that this may not be the case for the surfaces, with
the Ce(III) ions possibly forming away from the vacancy.?%22% Theoretical studies are
in agreement with this observation, showing the lowest vacancy formation energy on
the (111) surface to be for a sub-surface O ion with the Ce(III) ions being next-nearest
neighbour to the vacancy.?°%2% The (110) surface has displayed multiple configurations
with comparable energies. Galea et al.?’? were the first to describe a “split—vacancy”,
where a neighbouring O ion moves to a position half way between its lattice site and
the vacancy and the two Ce(IlI) ions are nearest neighbours but one is in a sub-surface
position. A recent study by Kullgren et al. also observed the split-vacancy, however,
both Ce(III) ions were on the surface, one nearest neighbour to the vacancy and the
other in a next-nearest neighbour position.?’! In both the studies, it was found that
energy differences between many of the configurations for the reduced surfaces were
rather small, in the range of 0.05eV. Although these varying cerium states have been
explored on CeQ,, alternative oxygen states have yet to receive the same attention.
Several studies have investigated and confirmed the presence of peroxide species on
CeO, surfaces, but these have been solely related to adsorbed molecular oxygen. %29
In Chapter 4, peroxide ions were shown to be the most prevalent defect under O-rich
conditions in bulk CeQO,, therefore the possibility exists that these defects may form
intrinsically on the surfaces. The presence of such a competing defect could have a

significant impact on our understanding of the catalytic properties of CeOs.

The catalytic properties of CeO; can be enhanced through the addition of aliova-
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lent dopants, with La(III) showing particular promise (see Chapter 1).58%!* As demon-
strated in Equations 1.4-1.6, there are several potential schemes to account for the
charge difference resulting form the introduction of La(Ill), for example, by the for-
mation of O holes (electronic compensation) or O vacancies (ionic compensation). Ad-
ditionally, peroxide defects have been observed in several close-packed metal oxides,
191,218 221

which offers the possibility that a charge compensation scheme involving

peroxide ions is also possible:
1
206 + 2Ceg. + M305 + 502 — (0)! + 2V + 2MY, + 2Ce0s. (8.2)

To accurately describe how the dopants affect properties such as the reducibility and
the adsorption of molecules, it is vital that the description of the doped surface is
accurate. If a model is used that does not employ the lowest energy structure, then the
accuracy of subsequent calculations may not be sufficient. Furthermore, an accurate
model can provide new insights for experimental working, highlighting new features
and potential reaction pathways.

The importance of the reducibility of CeO,, and how it is affected by dopant cations,
was an important area of consideration in Chapter 5. The discussion there focused on
bulk CeO,, and as such was more concerned with the reducibility with respect to the
application of CeOy for SOFC electrolytes. In this chapter, the low index surfaces
are being discussed with reference to heterogeneous catalysis where the reducibility of
CeO, is still of great concern, as this factor influences the catalytic properties of CeO,.
Therefore, the effect of La(IlI) on the reducibility of CeO, must also be investigated.
Additionally, CeO, is often employed to catalyse automotive emission, such as CO and
NO,,?% and therefore a description of how the presence of La(III) affects reactions
typically associated with these catalysts would be useful for assessing the utility of
La-doped CeO, for catalysis.

In this chapter, PBE+4 U calculations are used to investigate the nature of oxygen
states on pure and La-doped low index surfaces of CeO,. The intrinsic and extrinsic

defects of the (100), (110) and (111) surfaces are extensively studied to determine
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their lowest energy structures. Additionally, a range of calculations are carried out on
each one to determine how the dopants alter the energy required to form O vacancies.
Furthermore, first principles energetics are employed to describe the how favourable
catalytic oxidation and reduction reactions are on La—doped low index surfaces of CeOs.
These results will provide valuable information for future experimental and theoretical

research on the surfaces of CeO, and elucidate the role La(III) plays in CeO; catalysts.

8.2 Computational Methods

All calculations were carried out with the same methods employed in previous chap-
ters. The three low index surfaces of CeO, were constructed from the unit cell with
the METADISE program.?” All calculation on the surfaces were performed using the
slab method: a slab containing a certain number of crystal layers is placed in a three-
dimensional simulation cell with a vacuum gap perpendicular to the surface. The
number of crystal layers needed must be large enough that the faces of the slab, which
represent two surfaces, do not interact with each other. Therefore, for each surface
the number of layers in the slab was varied until the energy difference between calcu-
lations was less than 0.01eV. Furthermore, the vacuum gap was also tested to ensure
it was sufficiently large that the slabs did not interact with their periodic images. The
following simulation cells were utilized: the (100) surface was modelled with a (2x2)
expansion; the (110) surface was modelled with a (2x3) expansion; and the (111) was
modelled with a (4x4) expansion. Modelling surfaces is computationally expensive,
therefore a plane—wave cut—off of 400 eV and a 1x1x1 Monkhorst-Pack k-point mesh
were employed to reduce the cost. This value is lower than that used in the bulk for
the (100) and (110) surfaces, but was found to provide suitable accuracy (< 0.005eV
energy difference per CeO, unit) compared to a denser k—point mesh while keeping the
computational cost to a minimum. All calculations were deemed converged when the

total force on each ion was < 0.01eV/A.
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The surface energies, v, were calculated according to the equation:

Esurf - Ebulk 2
v=|—16.021 8.3
Y ( A > 6.021J/m (8.3)

where FE,,; is the energy of the slab, Ej,; is the energy of the bulk, A is the surface
area of the slab and 16.021 is a factor to convert the answers into J/m?. All defect
calculations were calculated according to Equation 3.1 in Chapter 3. The chemical
potential employed are the same as those derived in previous chapters: at the Ce-
poor/O-rich limit these are po=0eV, pce=-9.67eV and pp,=-7.97eV and at the Ce-
rich/O-poor limit they become po=-1.64eV, pc.=-6.39eV and p1,=-5.51€eV.

In addition to the U value, the occupation matrix technique was used to aid in the
localisation of spin states.?® This method works by specifying the occupation within
the +U correction during the SCF cycle. This encourages the specified occupations
and allows the system to be relaxed with this electronic distribution. The structure
is optimised with the desired localisation, creating polaronic distortions around the
defect. The occupation matrix is the turned off and the calculation is allowed to relax
since total energies are incorrect with the occupation matrix active. The distortion
introduced by the polarising distortion created when the occupation matrix was active

encourage the localisation of the electron/hole at the desired site.

8.3 The Low Index Surfaces of CeO,

The surface energies as a function of slab thickness are displayed in Figure 8.1. The
(100) surface is a type III surface, i.e. it has a dipole moment perpendicular to the
surfaces, and therefore half the surface O ions are removed from each side of the slab
in order to remove the dipole. From these results, the following slab thicknesses were
chosen: 13.10 A for the (100) surface (120 atoms); 11.55A for the (110) surface (126
atoms); and 14.16 A atoms for the (111) surface (240 atoms). For the (111) surface, it
appears that a slab thickness of 9.24 A was sufficiently large to converge the system,
however, it was likely too small to model defects, as the surfaces of the slab would be

close enough for defects on them to interact, especially for defects at sub—surface sites.
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A slab 11.70 A thick could also have been employed, however, by choosing the larger
slab size there are atoms at the centre of the slab, which aids in maintaining symmetry

in the lattice.
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Figure 8.1: The variation of the surface energies a function of slab thickness. The
(100), (110) and the (111) surfaces are represented by the blue, red and green lines
respectively. The black circle indicate the slab size that was employed in subsequent

calculations.

The pure surfaces of the low index surfaces of CeQO, are shown in Figure 8.2, while
their surface energies are displayed in Table 8.1 along with references from previous
DFT studies. The surface energies in this report are slightly lower than the results
of Fabris et al,'°" Skorodumova et al.?** and Nolan et al.'% but the (100) and (110)
surface energies significantly lower than those reported by Marrocchelli and Yildiz.3%°
The cause of the discrepancies between the result presented here and with the liter-
ature is probably due to the different computational techniques employed: Fabris et
al. also used the PBE functional, whereas the other referenced works all employed the

PWOI1 functional. In addition, Fabris et al, Nolan et al. and Marocchelli and Yildiz

also included a 4+ U parameter on the Ce 4f states, 4.5eV, 5.0eV and 5.0eV respec-
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Surface Energy
Method (100) (110) (111)

PBE+U (this work) 1.34 099 0.59

PBE+ U 107 N/A 106 0.72
PW9] 29 141  1.05 0.68
PW91+ U 106 141 1.01  0.68
PW91+ U300 1.65 139 0.64

Table 8.1: A comparison of the surface energies for the low index surfaces of CeO,

obtained in this report with literature values. All values are given in J/m?,

tively, whereas the calculations presented in this work used the PBE functional with a
+ U parameter of 5.0eV and 5.5eV applied to the Ce 4f and O 2p states respectively.
Consequently, each calculation will produce slightly different lattice constants, which
would also cause changes in the calculated surface energies. Therefore the direct com-
parison of surface energies is not simple, however, the order of surface stability matches

the previous theoretical studies, as well as experimental work,*! i.e. (100) > (110) >

(111).
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Figure 8.2: Plan view of the pure CeO, surfaces that were employed in the calculations,
(a) (2x2) expansion of (100), (b) (2x3) expansion of (110) and (c) a (4x4) expansion
of (111). The Ce cations and O anions are represented by the white and red spheres

respectively.
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8.4 Intrinsic Defects on the Pure CeO, Surfaces

To test the reducibility of CeO,, O vacancies were created on the low index surfaces. In
order to determine the most stable structure, several different position for the Ce(III)
ions (i.e. the localisation of the excess electrons) were tested. Figure 8.3 shows the
pure surfaces with the Ce ions and the vacancy sites labelled. These labels will be used
to differentiate between the electron localisations. For example, a vacancy on the (100)
surface when the Ce(I1I) ions are both neighbouring the vacancy will be referred to as

the (100)[3,6] vacancy.
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Figure 8.3: The (a) (100), (b) (110) and (c) (111) surfaces of CeO,. The vacancies
positions that were tested are denoted by the letter V. The Ce ions have been labelled to
indicate where the excess electrons associated with vacancy creation localise. Subscript

‘s’ denotes a sub-surface site.

The reduction energy, E,.q4, for the different vacancy localisation on the (100) sur-
face are shown in Table 8.2. The most stable localisation was found for (100)[3,6],
where both Ce(III) ions are nearest neighbour to the vacancy, similar to bulk CeO,
(see Section 4.4.1). As the Ce(IIl) ions are positioned away from the vacancy, the
general trend is that the reduction energy increases, which is likely due to Coulom-
bic interactions. The vacancy is an area of effective positive charge, therefore it is
favourable to have the Ce(III) ions neighbouring it, as they occupy a Ce(IV) site and
therefore have an effective negative charge. The distance between the Ce(III) ions is
also an important factor in determining the reduction energy. Since the Ce(III) ions

are larger than Ce(IV) (1.14A compared to 0.97A), they will cause expansion in the
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Ered

Ce(IIT) Position Vacancy O-poor O-rich

NN,NN 3,6 089  0.75
NN,NNN 3,7 082 (.82
35 0.67  0.97

NN,NNNN 3.8 059  1.05
3,1 019 145

NNN,NNN 5,2 027 137
5,7 020 144

5.4 022 142

NNN,NNNN 1,5 0.56  1.08
1,7 045 119

NNNN,NNNN 1,8 0.04  1.59

Table 8.2: The reduction energy for a series of vacancy localisations on the (100)
surface. The letters denote the relative position of each Ce(III) ion to the vacancy, i.e.
nearest neighbour (NN), next-nearest neighbour (NNN) etc. All energies are given in

eV.

lattice around them and therefore, it is favourable, whenever possible, to arrange the
Ce(I1I) ions so that they are as far away from each other. For example, the Ce(III) ions
are the same distance to the vacancy in (100)[3,8] and (100)([3,1], however, the Ce(III)
ions are nearest neighbour in the latter configuration, which increases the reduction
energy of the latter by 0.40eV.

Table 8.3 displays the reduction energies for vacancies on the (110) surface. In
contrast to the (100) surface and bulk CeO,, the most stable vacancy, (110)[4,5], has
Ce(IIl) neighbouring the vacancy while the other is at a next-nearest position, in
agreement with previous studies.?! As with the (100) surface, the reason for this is
due to the fact that Coulombic attractions favour the Ce(III) ions being close to the

vacancy, but the lattice strain increases when the Ce(III) ions are nearer to each other.
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Therefore, the (110)[4,5] vacancy is perhaps the most stable configuration as it strikes
a balance between these two factors. Another important feature of the (110) surface is
the “split-vacancy”, an example of which can be seen in Figure 8.4(b). First observed
by Galea et al. this is where an O ion neighbouring the vacancy moves towards it,
taking up a bridging position which is significantly more stable than a normal vacancy.
202 The only vacancy where this split-vacancy did not occur was for (110)[4,6], an
NN-NN configuration of Ce(III), as it appears not to be stable between two Ce(III)
ions, but when one Ce(III) occupies an NN position in the sub-surface, (110)[6,3,], the
more stable split-vacancy can form. To test whether the extra stability was due to
the bridging O ion or the sub-surface Ce(III) site, the configuration (110)[3,,4s] was
tested. Despite the fact that a split vacancy is formed, the reduction is much higher
than for the other NN-NN vacancies, which suggest that sub-surface Ce(III) sites are

not stable for the vacancies on the (110) surface.

The reduction energies for the (111) surface is shown in Table 8.4. For this surface,
sub-surface vacancies were also tested. It was discovered that for similar configurations
of the Ce(III) ions, the sub-surface vacancy was slightly more stable than the surface
vacancy by ~0.03-0.05eV. The reason for this is that when a vacancy is at a surface
site, the three neighbouring O ions are in the sub-surface and are all four coordinated,
whereas at the sub-—surface vacancy site, three of the six neighbouring O ions are
three coordinate surface O ions. In the latter case, the under—coordinated O ions are
able to relax more freely, stabilising the sub-surface vacancy. It was found that the
most stable vacancy was at a sub-surface site with the Ce(III) ions both NNN to the
vacancy, in agreement with previous work.?? On the (110) surface, the most stable
vacancy, (110)[4,5], only had one Ce(IlI) at a NNN site, which is possibly a result of
the slab sized used for the calculations. For the (2x3) expansion of the (110) surface,
the only configuration where both Ce(III) ions are NNN to the vacancy, (110)[5,2], the
Ce(I1I) ions are NN to each other, which is highly unfavourable due to lattice strain.
Conversely, the (111) surface is modelled with a (4x4) expansion, and as such there

is sufficient space on the surface for both Ce(III) ions to occupy a site NNN to the
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Ered

Ce(III) Position Vacancy O-poor O-rich

NN,NN 6,35 -0.89 0.75
4.6 -0.82 0.82

35,4 -0.65 0.99

NN,NNN 4.5 -1.12 0.52
6.5 -1.09 0.55

NN,NNNN 6,2 -0.57 1.07
NNN,NNN 3,5 -1.03 0.61
NNN,NNNN 9,2 -1.03 0.61
NNNN,NNNN 1,2 -0.94 0.70

Table 8.3: The reduction energy for a series of vacancy localisations on the (110)
surface. The letters denote the relative position of each Ce(III) ion to the vacancy, i.e.
nearest neighbour (NN), next-nearest neighbour (NNN) etc. All energies are given in

eV.
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Ercd

Ce(III) Position Vacancy O-poor O-rich

Surface Vacancy

NN-NN 5-10 -0.19 1.48
NN-NNN 5-11 -0.34 1.30
NN-NNNN 5-15 -0.09 1.55
NNN-NNN g9-11 -0.56 1.08

Sub-surface Vacancy

NN-NN 10-11 -0.16 1.45
NN-NNN 11-5 -0.37 1.27
NN-NNNN 6-14 -0.14 1.50
NNN-NNN 5-15 -0.60 1.04

Table 8.4: The reduction energies for a series of vacancy localisations on the (111)
surface. The letters denote the relative position of each Ce(III) ion to the vacancy, i.e.
nearest neighbour (NN), next-nearest neighbour (NNN) etc. All energies are given in

eV.

vacancy.

It was demonstrated that a peroxide ion is stable within bulk CeO, (See Section
4.4.4) and therefore a defect with two Ce(Ill) ions and a peroxide ion replacing two
lattice O ions ([Cep,—(02)!+2V3*Ce,]) was tested to see if peroxide defects were
stable on the low index surfaces. A wide range of different configurations were tested for
the two defects by varying the position of the Ce(III) ions and the O vacancy/peroxide
ion to determine the most stable structure. It was found that the peroxide would only
form when the O ions forming the peroxide were nearest neighbours to the Ce(I1I) ions.
The formation energies for these intrinsic surface defects are summarised in Table 8.5.
Under O—poor conditions, the O vacancy is more stable than the peroxide ions on all
surfaces, with formation energies of -0.89¢eV (100), -1.12eV (110) and -0.60eV (111)

for the vacancies compared to 0.35eV (100), 0.30eV (110) and 1.14eV (111). However,
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(100) (110) (111)

O-poor O-rich O-poor O-rich O-poor O-rich

[Cel— Vi*—Cels] 08 075 -112 052  -0.60  1.04
Cel, —(05)"+2V3*—Cel,] 035 035 030 030  1.14 1.14
Ce 1 O Ce

Table 8.5: The chemical potential dependent defect formation energies for the low

index surfaces of CeO,. All energies are given in eV.

O-rich conditions stabilise the peroxide defect, and for the (100) and (110) surfaces it
is now more stable than the O vacancy by 0.40eV (100) and 0.22eV (110). On the
(111) surface, the O vacancy is still more stable, but now only by 0.10eV.

The lowest energy vacancy and peroxide defects for each surface are shown in Figure
8.4. For the vacancy defects (Figure 8.4 (a)-(c)), the position of the vacancy and its
distance from the Ce(III) ions are in agreement with previous studies of the (100),
106 (110)%! and (111)3% surfaces. For the peroxide defects, two neighbouring O ions
move from their lattice positions to an interstitial site and form a peroxide anion,
(O,)”, (Figure 8.4 (d)—(f)), while two neighbouring Ce(IV) ions are reduced to Ce(III).
On the (100) surface two O ions move 1.91 A from their lattice sites; on the (110)
surface two O ions move 0.74 A from their lattice positions; and on the (111) surface,
a sub-surface O ion and a surface O ion move 0.64 A and 0.90 A, respectively, from
their lattice sites. The resulting O-O bond lengths are 1.50 A (100), 1.53 A (110) and

1.53A (111), all of which are characteristic of a peroxide species.2!7

8.4.1 Vibrational Frequencies of Surface Peroxide Species

To calculate the vibrational frequencies of the peroxide ions, a set of calculations were
performed where the O ions of the peroxide underwent a series of displacements along
three directions while the rest the ions were kept stationary. The frequencies could
then be calculated from the second derivative of the energy of the ions. The calcu-
lated vibrational frequencies of the O-O stretch in the intrinsic peroxide ions were

864cm™!, 802cm ™! and 834 cm™! on the (100), (110) and the (111) surfaces respec-
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Figure 8.4: The low index surfaces of CeO, displaying the structures and spin density
plots of the O vacancy defect on the (a) (100), (b) (110) and (c) (111) surfaces and the
peroxide defect on the (d) (100), (e) (110) and (f) (111) surfaces. The Ce and O ions
are represented by the white and red spheres respectively. The position of the vacancy
is denoted by the letter V. The peroxide ion is represented by the dark green spheres.
The isosurfaces, shown in blue, show the spin electrons on the Ce(III) ions and are set

to 0.05¢/A%

tively. In previous spectroscopic studies of CeO, surfaces, peaks at ~877-831cm ! in

the Raman spectra were assigned to O-O stretching of peroxide species from adsorbed
O, molecules.?2% Wu et al.% observed these peroxide peaks in the Raman spectra
of nanorods, which express the (100) and (110) surfaces, and nanocubes, which only
expose the (100) surface. In contrast, extremely weak peaks at these frequencies were
seen for nano-octahedra, whose surfaces are exclusively (111) in nature. The results
presented in this chapter demonstrate that intrinsic peroxide defects readily form on the
(100) surface, and the vibrational frequencies match experimentally determined values.
Therefore, the peaks observed may be from intrinsic peroxide ions on the (100) and
not due to adsorbed species. Furthermore, the lack of peaks for the (111) surfaces is in

agreement with the energetic data presented in Table 8.5, which shows that the perox-
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ide ion is not stable on the (111) surface. The calculated peroxide vibration frequency
on the (110) surface does not match the experimental values. However, the experi-
mental peaks associated with (110) surfaces were higher in frequency than those of the
(100) surfaces, which Wu et al. claimed was a result of the defects forming clusters
on the (110) surface, whereas they remained isolated on the (100). Since only isolated
defects were calculated, this could account for the disparity between the experimental
and calculated frequencies. The possibility of the intrinsic surface peroxide species
being present in reduced CeO, at high oxygen partial pressures may be significant
for understanding CeO, catalysis, as previous studies have only considered reactions

through the O vacancy20%303:304 or through adsorbed peroxo/superoxo species. 29305306

8.5 Defect Structures of La—doped CeO,

8.5.1 One La(III) per Surface

The first defect structures considered were charge compensating oxygen holes ([Lag,+0g]).
The lowest energy structure for this defect on the three surfaces are shown in Figure
8.5 (a)[I-11I]. For each of the three low index surfaces the introduction of a single
dopant ion generates a hole state, i.e. an O°, which is most stable on a surface O ion
neighbouring the La-dopant. It was found that O holes formed away from the dopant
were not stable, and would tend to delocalise. This is likely because the La(III) ion
and the O hole have, within the CeQO, lattice, an effective negative and positive charge,

respectively, hence having the hole next to the dopant ion helps to stabilise it.

8.5.2 Two La(IIl) per Surface

For the [2Laf,,+208)] defect a series of calculations were carried out to determine the
optimum position of the dopants and the holes. The lowest energy defect structures for
each surface are shown in Figure 8.5 (b)[I-I1I]. As for a single La(III) dopant, the holes

will preferentially form on O ions neighbouring the dopants, as the opposite effective
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charges help to stabilise the defects. In all cases, the La(III) ions occupied next-nearest
positions on the surface relative to each other, with La-La distances of 5.47 A 548A

and 6.62 A on the (100), (110) and (111) surfaces respectively.

For the compensation mechanism [2Lag,+V{3*+0g+Ce,], the charge is balanced
by an O vacancy, an O hole and a Ce(III) ion. The lowest energy structures for this
compensation mechanism can be seen in Figure 8.5 (¢)[I-11I]. On the (100) surface, the
vacancy forms 4.63 A from one of the La(III) and 5.99 A from the other. The Ce(III)
ion neighbours the vacancy and is 3.70 A and 3.82 A from the La(III) ions. The O hole
moves 2.08 A from the lattice site to a bridging site, 2.12A from the vacancy. This
is probably a result of the effective positive charge of the vacancy, which attracts the
neighbouring O hole. Furthermore, there is less attraction between the O hole and the
Ce(IV) ions than for a O anion, allowing the hole to move from its lattice site. On the
(110) surface the vacancy forms next to one of the La(III) ions, reducing a neighbouring
Ce(IV) to Ce(III), with the O hole neighbouring the other La(III) ion. For the (111)
surface, the vacancy preferentially forms at a sub-surface O site with the dopant ions
next-nearest neighbour to it. The Ce(III) ion also resides at a next-nearest neighbour
site to the vacancy while the O hole is on a surface O ion, nearest neighbour to a
La(III) ion. The defect structures on the (110) surface is in agreement with previous
work, 18119 however, the (111) surface structure presented here was found to be more
stable than the originally proposed structure. The (100) surface was not investigated

in previous studies and therefore there is nothing to compare it to.

Upon the introduction of two La(Ill) ions, another compensation mechanism is
possible where two O ions will move from their lattice sites and form a peroxide ion, thus
compensating the charge ([2Lag,+(02)/4+2V{*]). The most favourable configurations
found are shown in Figure 8.5 (d)[I-III]. For all surfaces, two O ions move from their
lattice positions to form the peroxide ion at an interstitial site. On the (100) surface,
the surface O ion neighbouring each dopant ion moves 1.91 A to form the peroxide ion.
For the (110) surface, two surface O ions move 0.74 A towards each other and form the

peroxide. The peroxide ion on the (111) surface is formed between a sub-surface and
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a surface O ion, which move from their lattice sites by 0.90 A, and 0.64 A respectively.
The resulting O-O bond lengths are 1.50 A (100), 1.53 A (110) and 1.53 A (111), all
of which are characteristic of a peroxide species.?!”

Finally, several different configuration were tested for the [2Laf,,+V{$*] scheme, the
most commonly studied structure for trivalently doped CeQy.?26:304307308 The Jowest
energy structures are shown in Figure 8.5 (e)[I-11I]. On the (100) surface, a surface
O ion is removed with the two La(III) dopants 2.46 A from the vacancy. On the
(110) surface, the O ion neighbouring the vacancy moves from its lattice position to a
bridging position between a La(III) and a Ce(IV) ion, forming a split vacancy.?’*!
The two La(III) ions are 2.36 A and 5.80 A from the bridging O ion. For the (1i1)

surface, Figure 8.5 (e)[III], the vacancy lies at a sub-surface O lattice site and the two

La(III) ions are 4.58 A from the vacancy.

8.6 Doping Energies of Doped CeQO; surfaces

The La-doping energy for these charge compensation mechanisms are displayed in
Table 8.6. Under O-poor conditions, the O vacancy is the preferred compensation
mechanism on all surfaces, with doping energies of -1.10eV, -1.28 eV and -0.70eV for
the (100), (110) and (111) surfaces respectively. At the O-rich limit, however, the
preferred compensation mechanism on the (100) and (110) surfaces is now a peroxide
ion, with doping energies of -1.50eV for the (100) surface and -1.34eV on the (110)
surface. Vacancy compensation is still more stable for the (111) surface, with a doping
energy of -0.70eV compared to -0.64eV for the peroxide ion. The O vacancy and
O hole structure, [2Lag,+V3*+0g8+Ceg,], is the second most stable defect under O
poor conditions, but still far less stable compared to O vacancy by itself. Under
O-rich conditions it becomes the least stable of all the charge compensation schemes
studied. Charge compensation through O holes was found to be unstable under O-
poor conditions, but is significantly stabilised under O-rich conditions, and for the

(100) surface it is the second most stable compensation mechanism after peroxide
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Figure 8.5: The low index surfaces of La-doped CeO, with spin density plots displaying
charge compensation through the formation of (a) an O hole (one La(III)), (b) two O
holes (two La(III)), (c) a vacancy, an O hole and a Ce(III) ion, (d) a CCV and (e) a
peroxide ion on the [I] (100), [II] (110) and [III] (111) surfaces. Where applicable the
position of the O vacancy is denoted by the letter V. The La(III) ions and the peroxide
ions are represented by the dark blue and green spheres respectively. The isosurfaces,
showing the excess spin of the O holes and Ce(III) ions, are shown in light blue and

are set to 0.05e/A3.
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(O-poor) (O-rich)
(100) (110) (111) | (100) (110) (111)

[Lag,+08] x 2 040 058 1.38]-1.24 -1.04 -0.26
Plakt 2 08] 044 054 129|-1.19 -1.09 -0.34
[2Lal, + VS +08+Cef,] -0.60 -0.52  0.30 | -0.60 -0.52 0.30
[BLial, +(0p )} 4+2V2"] 0.14 030 1.00]|-1.50 -1.34 -0.64

[2Lal,+V3*] 110 -1.28 -0.70 | -1.10 -1.28 -0.70

Table 8.6: The chemical potential dependent doping energies for the different charge
compensation schemes on the low index surfaces of CeO,. The energies for the
[Lag,+08)] compensation scheme have all been multiplied by two, so that the number

of La(III) ions present is consistent throughout. All energies are given in eV.

compensation. It is worth noting that the doping energy for two isolated holes on the
(100) surface was lower than for two clustered holes, i.e. [Lag,+O0g] x 2 is more stable
than [2Lag,+ 2 O], suggesting that it is unfavourable for La(III) ions to cluster on

the (100) surface.

These results are in clear contrast with the work of Yeriskin and Nolan, who claimed
that the [2Lag,+V3*+08+Cel,.] is a stable defect.'®!1? The stability of these defects
was further tested by calculating the energy required to convert Ce, and Og to Ceg,
and OF, essentially switching to the vacancy compensation mechanism, but keeping the
same configuration of La(III) as those seen in Figure 8.5 (¢). The energy required was
calculated to be -0.43eV, -0.74eV and -1.00eV for the (100), (110) and (111) surfaces
respectively, i.e. the excess electron will spontaneously neutralize the O hole. This

emphasizes the fact that this compensation mechanism is not stable and will never

form.
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(100) (110) (111)

0y -1.43 -1.18 -1.53

(Op)F <167 =178 -2.%2

Table 8.7: The shift in core level energies for O holes and peroxide ions on the La-doped

low index surfaces of CeO,. All energies are given in eV.

8.6.1 Oxygen Core Levels on the Low Index Surfaces

An x-ray photoelecton spectroscopy (XPS) study by Fleming et al3% investigated La—
doped CeO, nanocrystals, which predominantly express the (111) surface but also have
significant contributions from the (110) and the (111) surfaces. They discovered a peak
in the O 1s spectra displaying a binding energy 1.5-1.8eV higher than the average O
1s contributions. In contrast to the results presented in this paper, they suggested it
may be due to a charge compensating mechanism featuring O holes. To compare to
the XPS data, the shift in O 1s core levels between O holes/peroxide and surface O
anions was calculated. The O 1s core level shifts for both hole states and peroxide ions
are shown in Table 8.7. It was found that these 1s core levels were lower in energy
than the average of the other surface O 1s core levels, which would correspond to the
higher binding energies observed experimentally. For O holes, the shift in core level
energies only matches that which was observed by Fleming et al. for holes on the (111)
surface, however, the energetic data suggests that such defects are not stable on the
(111) surface. For the peroxide ions on the surfaces, the shifts in core level energies on
the (100) and (110) surface are within the experimentally observed range, and hence
the peaks observed by Fleming et al. are likely to be due to a peroxide compensation
mechanism, and not O holes. Peaks corresponding to the calculated peroxide shift on
the (111) surface were not seen, but their absence is explainable. Under all conditions,

the O vacancy is the most stable charge compensation scheme on the (111) surface and

hence no peaks associated with peroxide defects on this surface are observed.
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8.7 Reduced La—doped surfaces

Having determined the lowest energy structures for the La-doped surfaces, a series
of additional vacancies were created on each one to determine how the dopants affect
the reduction energy, E,.q, of La-doped CeO,. For the (100) and (110) surfaces, the
peroxide ion is the most stable compensation scheme under Ce-poor/O-rich environ-
ments whereas under Ce-rich/O-poor conditions compensation is via the O vacancy.
Therefore, the effect of both compensation mechanisms on the reduction energy was
tested for the (100) and (110) surface. For the (111) surfaces, additional vacancies were
only introduced to the surface with the compensating vacancy as it is more stable than
the peroxide ion mechanism under all conditions. To aid in the comparison with the
pure surfaces, the relaxed structures of the lowest energy vacancy for the three surfaces

is shown below in Figure 8.6.

Figure 8.6: The low index surfaces of CeO, displaying the structures and spin density
plots of the O vacancy defect on the (a) (100), (b) (110) and (c) (111) surfaces. The
Ce and O ions are represented by the white and red spheres respectively. The position
of the vacancy is denoted by the letter V. The isosurfaces, shown in blue, show the

spin electrons on the Ce(III) ions and are set to 0.05e/A3
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8.7.1 Reduction of surfaces with a peroxide charge compen-

sation mechanism

The structures of peroxide compensated La-doped (100) surfaces that have been re-
duced, along with the reduction energies, E,.q4, relative to the pure surfaces, are shown
in Figure 8.7. For the most stable vacancy, Figure 8.7(a), the reduction energy was
0.41 eV higher than for the undoped surface (the relative reduction energy for the sur-
faces is the same regardless of whether the environment is O-poor or O-rich). For the
second configuration, Figure 8.7 (b), the reduction has increased by 0.89 eV over the
pure surface. The peroxide Ce(III) distances are 4.52 A (Figure 8.7 (a)) and 5.99 A
(Figure 8.7 (b)). These results indicate that, for the peroxide compensated La-doped
(100) surface, the reduction energy is lower for shorter peroxide-Ce(III) distances. Due
to the size of the surface used in this study, the La(III)-Ce(III) distances were largely
the same for all the vacancies (~4.65A) and hence the effect of this distance on the

formation energy can not be determined.
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Figure 8.7: The position and formation energy for O vacancies on the La-doped (100)
surface of CeQO, that has been charge compensated with a peroxide ion. The position
of the reduction vacancy is denoted by the letter R. The formation energies are given
relative the vacancy formation on the pure (100) surface, 0.75eV. The isosurfaces,
shown in light blue, represent the spin density of the excess electrons on the Ce(11I)

ions and are set to 0.05e/A3

Three different vacancy positions were tested for the peroxide-containing La-doped



Chapter 8. Defect Chemistry on the Catalytically Active Surfaces of Pure and
La-doped CeO, 169

(110) surface. Since vacancies on the pure (110) surface have several different config-
urations of the vacancy and the Ce(III) ions that are very close in energy (<0.05eV),
202,291 goveral configurations were tested to which was more stable on a surface contain-
ing La(III) ions. The structures and reduction energies relative to the pure surface are
shown in Figure 8.8 in order of increasing energy. The most stable vacancy position and
Ce(IIT) configuration is shown in Figure 8.8 (a), with alternate Ce(III) configurations
shown in Figures 8.8 (b) and (c). The average peroxide-Ce(III) distances are 4.81 A,
5.02A and 6.38 A for Figures 8.8 (a), (b) and (c) respectively. For the second vacancy
position, Figure 8.8 (d) and (e), the average peroxide-Ce(III) distances are 4.87 A and
6.36 A respectively. This matches the results of the (100) surface, where the most sta-
ble vacancies on the doped surfaces are found for structures with low peroxide-Ce(III)
distances. The third vacancy position, Figure 8.8 (f) and (g), appears to be in con-
trast with the previously observed trends as the reduction energy is significantly higher
than the other vacancies, in spite of them having average peroxide-Ce(IlI) distances
of 3.45A and 4.28 A, respectively. These distances are lower than for all the other
vacancies, which would suggest that these should have the lowest reduction energies,
but instead they have the highest. The reason for this is probably the lack of the
split-vacancy. When the vacancy is formed, the nearest neighbour O ion is part of the
peroxide ion, and hence can not occupy the bridging position between the Ce(III) and
La(IIl) ions. In Figures 8.8 (a) and (d), where there are O ions bridging a Ce(III) and
a La(III) ion, the distances between these neighbouring cations are 4.14A and 4.15A
respectively. In contrast, in Figures 8.8 (f) and 8.8 (g), where there is no bridging
O ion, the Ce(III)-La(III) distance is now 4.35A and 4.39 A respectively. Therefore,
without the presence of the bridging O ion the Ce(III) and La(III) ions repel each other

to a greater degree, increasing the lattice distortion and raising the reduction energy.

The reduction energies on the peroxide containing surfaces are summarised in Table
8.8. From the (100) and (110) surfaces, the general conclusion is that when a peroxide
ion is present the most stable defects are when the Ce(I1I) ions are close to the peroxide.

Both La(III) and Ce(III) ions are larger than Ce(IV) ions (1.17 A and 1.14 A compared
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Figure 8.8: The positions, with spin density plots and formation energy for O vacancies
on the La—doped (110) surface of CeO, charge compensated with a peroxide ion. The
position of the reduction vacancy is represented by the letter R. The formation energies
are given relative the vacancy formation on the pure (110) surface, 0.52eV. The spin
of the electrons on the Ce(III) ions are shown with the isosurfaces, coloured light blue,

and are set to 0.05e/A?

to 0.97 A) and hence when they occupy a Ce(IV) site, they will cause expansion of the
lattice through steric effects. On the other hand, the O vacancy is an area of effective
positive charge, which attracts neighbouring O ions leading to lattice contraction. Since

the peroxide ion replaces two O ions, it can also be considered as an area of effective
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Average distance (A) Ereq (eV)
Surface

(0Og)7-Vac(R) (O,)7-Ce(III) La(IIl)-Ce(III) O-poor O-rich

100 4.34 4.52 4.65 -0.48 1.16
5.81 9.99 4.65 0.00 1.64
110 4.57 4.81 4.20 -0.69 0.95
4.57 5.02 4.20 -0.58 1.06
4.57 6.38 4.46 -0.43 1.21
4.71 4.87 4.44 -0.56 1.08
4.71 6.36 4.66 -0.33 1.31
3.77 3.45 4.51 0.01 1.65
3.64 4.28 4.34 0.07 1.71

Table 8.8: The distance between important defect features and the chemical potential
dependent reduction for the La-—doped low index surfaces of CeO, that have been charge
compensated with a peroxide ion. All distances are given in A and all energies are

given in eV.

positive charge. Therefore, by reducing the distance between the species which cause
expansion and those that cause contraction, overall strain in the lattice is reduced.
This is why the reduction energy of the vacancy seen in Figure 8.8(c) is higher than
the vacancy seen in Figure 8.8(d). In the former, none of the Ce(III) ions neighbour the
peroxide and hence its high reduction energy. Furthermore, the peroxide ion occupies
an interstitial site, which means there is more space to accommodate the large Ce(III)
ions. Due to the size of the surfaces used in this study, the La(III)-Ce(III) distances did
not vary much, and hence their effect on the reduction energy could not be determine.
However, in all cases the energy to form a vacancy is increased with respect to the pure

surfaces.
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8.7.2 Reduction of surfaces with a vacancy charge compensa-

tion mechanism

Relaxed structures of the reduction vacancies, created on the (100) surface with the
vacancy charge compensation, along with their reduction energies relative to the pure
surface, are shown in Figure 8.9. From these results it is once again apparent that the
presence of the La(III) ions increases the reduction energy compared to pure CeO,. The
vacancy positions shown in Figures 8.9 (a), (b) and (¢) have CCV-vacancy distances
of 5.48 A (Figure 8.9 (a)), 3.87 A (Figure 8.9 (b)) and 7.75 A (Figure 8.9 (c)), while
the La(IIT)-Ce(III) distances were 3.87 A, 3.97 A and 3.54 A, again respectively. These
results indicate that it is easier to form a vacancy away from the CCV, however,
short La(III)-Ce(III) distance can raise the energy significantly. The vacancy shown in
Figure 8.9 (¢) has a larger CCV-vacancy distance than Figure 8.9 (a), but its shorter

La(ITI)-Ce(III) distance makes it the least stable reduction vacancy on this surface.
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Figure 8.9: The position and formation energy for O vacancies on the La-doped (100)
surface of CeO, where the charge is compensated through a vacancy. The letter V and
R show the position of the CCV and the reduction vacancy respectively. The formation
energies are given relative the vacancy formation on the pure (100) surface, 0.75eV.
The isosurfaces, representing plots of the spin density of the Ce(III) ions, are shown in

light blue and are set to 0.05¢/A3

For the (110) surface with the vacancy compensation mechanism, different local-

isations for the Ce(III) ions were tested for reduction vacancies formed on the (110)
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surface due to the small energy differences between some Ce(III) configurations on
the pure (110) surface.?°2?%! Figures 8.10 (a)—(d) displays the vacancies on the doped
(110) surface where the localisation of the electrons matches the reduction vacancies
on the pure surfaces, i.e. the electrons localise on nearest neighbour and next-nearest
neighbour Ce ions, while a neighbouring O ion moves to a bridging position between
a Ce(IV) and a Ce(III) ion (cf. Figure 8.4 (b)). For these four configurations, the
CCV-vacancy distances were greater in Figures 8.10 (a) and (b) (6.76 A) than in Fig-
ures 8.10 (c) and (d) (4.14A), which show that, similar to the (100) surface, larger
CCV-vacancy distance are favoured. While the CCV-vacancy distance is important
in determining the reduction energy, it is once again not the only factor. In Figure
8.10 (a), the average CCV-Ce(III) distance is 5.77 A, whereas for Figure 8.10 (b) this
distance is 4.97 A, 0.80 A shorter. This suggests it is easier to form a vacancy when the
average CCV-Ce(III) distance is larger, thus decreasing the interaction between the
positive charge of the ions and the effective positive charge of the vacancy. Similarly,
in Figures 8.10 (¢) and (d) the average CCV-Ce(III) distances are 5.77 A and 4.97 A,
respectively, making the former vacancy position slightly more stable. For the configu-
ration in Figures 8.10 (a)-(d), there was little variation in the average La(III)-Ce(III)
distance, and therefore the influence of this factor on the reduction energy can not be

determined.

Figure 8.10 (e)—(h) displays electron localisations that differ from from that which
is seen for a vacancy on the pure (110) surface. In all cases, the formation energy
is higher than for the surfaces displayed in Figure 8.10 (a)-(d), indicating that the
arrangement of the Ce(III) ions relative to the reduction vacancy is the most important
factor in determining the stability of the reduced (110) surface. For example, Figure
8.10 (d) has an average CCV-Ce(III) distance of 4.97 A and an average La(III)-Ce(III)
of 4.24 A whereas in Figure 8.10 (e) these values are 5.32A and 5.27A respectively.
From previous results, it might be expected for the vacancy position in Figure 8.10(e)
would be more stable than Figure 8.10 (d). Instead, the favourable electron localisation

displayed in Figure 8.10(d) means it has the lower reduction energy.
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Figure 8.10: The position with spin density plots and formation energy for O vacancies
on the (110) surface of CeOy with the O vacancy compensation scheme. V represents
the site of the CCV, and R the site of the reduction vacancy. The formation energies are
given relative the vacancy formation on the pure (110) surface, 0.52 eV. The isosurfaces,

representing the excess spin on the Ce(III) ions, are shown in light blue and are set to

0.05¢/A3

For the La—doped (111) surface, vacancies were calculated at three different sites,
and the position of the excess electrons were tested on all Ce(IV) ions next-nearest
neighbour to the vacancy. The relaxed structures, with their reduction energies relative

to the pure surface, are shown in order of increasing reduction energy in Figure 8.11.
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As with the other two low index surfaces, the reduction energy is higher than on the
pure surface. The first two vacancy positions have a CCV-vacancy distance of 6.71 A
(Figure 8.11(a)-(e)) whereas at the third vacancy site (Figure 8.11(f)—(h)) the distance
is only 3.87A. Another factor that affects E,.q is the average distance between the
La(III) and Ce(III) ions. For Figures 8.11 (a) and (b) the La(III)-Ce(III) distance is
6.71 A whereas Figures 8.11 (c), (d) and (e) have a La(IIT)-Ce(III) distance of 3.92A.
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Figure 8.11: The position and formation energy for O vacancies on the (111) surface
of CeO, with the vacancy charge compensation mechanism. The formation energies
are given relative the vacancy formation on the pure (111) surface, 1.04eV. The letter
V denotes the position of the CCV, and R the site of the reduction vacancy. Plots of
the spin density of the Ce(III) ions are represented by the light blue isosurfaces and

are set to 0.05e/A?

The reduction energies and structural features for the La-doped surfaces with the

vacancy compensation are shown in Table 8.9. The results indicate that it is easier
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to form a vacancy on the La-doped surface when the CCV-vacancy distance is larger.
This is because both the CCV and vacancy are areas of effective positive charge, which
attracts nearby O anions and serves to cause contraction in the lattice. Therefore, it is
more stable to keep these two features apart to minimise strain within the lattice. The
distance between the La(III) and Ce(III) ions also affects the reduction energy, with
larger La(III)-Ce(III) distances being favoured when reducing the doped surfaces, as
they are large positive ions, which cause expansion in the lattice around them. Similar
to keeping the CCV and vacancy apart, larger La(III)-Ce(III) distances ensure less
strain in the lattice. Overall, however, creating vacancies on the La-doped surfaces

remains unfavourable, with the energy increasing with respect to the pure surfaces.

8.8 Alternate reduction mechanism: peroxide—vacancy
switching

CeO, is often employed in the catalytic conversion of CO and NO,, where CO and
NO,/NO are simultaneously converted to CO, and NO/N,. In Kroger—Vink notation,

these reactions are:

0% + 2Cef, + CO — V3* + 2Cel,, + CO,, (8.4)

V3® + 2Ce, + NOy — OF + 2Ceg, + NO, (8.5)
1

VS® +2Ceg, + NO — OF +2Ceg, + ;N2 (8.6)

In Equation 8.4, the surface is reduced, releasing oxygen which oxidises CO. In Equa-
tions 8.5 and 8.6, the surface is re-oxidised, reducing NO, and NO. So far, the effect of
the dopant ions has only considered the charge compensation defect to be a spectator
in the subsequent reductions, but these defects could play an active role in a redox
mechanism. If the La-doped surfaces were able to switch between the peroxide and
vacancy compensation mechanisms, they could play an active part in catalysis. In this
proposed scheme, one of the oxygen atoms forming the peroxide is removed from the

surface, reducing the oxygen of the peroxide to a O ion, Of, leaving behind a vacancy,
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Average distance (A) Ereq (eV)

Surface
CCV-Vac(R) CCV-Ce(III) La(III)-Ce(III) O-poor O-rich

100 5.48 4.34 3.87 -0.64 1.00
3.87 4.67 3.97 -0.52 1.12
7.75 5.78 3.54 0.26 1.90
110 6.86 5.78 4.16 -0.68 0.96
6.66 4.97 4.54 -0.35 1.29
3.78 5.76 4.33 -0.15 1.49
3.78 4.97 4.34 -0.11 1.53
4.02 5.31 5.27 -0.09 1.55
4.02 6.80 4.58 -0.02 1.62
3.78 6.80 4.58 -0.02 1.62
3.78 5.40 5.25 0.07 1:71
111 6.71 6.18 6.71 -0.41 1.23
6.71 6.18 6.71 -0.40 1.24
6.71 9.21 3.92 -0.33 1.31
6.71 7.10 3.89 -0.32 1.32
6.71 5.15 91 -0.21 1.43
3.87 5.31 3.89 -0.16 1.48
3.87 4.29 3.88 -0.12 1.52
3.87 7.01 3.89 -0.11 1.53

Table 8.9: The distance between important defect features and the chemical potential
dependent reduction energy for the La-doped low index surfaces of CeO, with the
vacancy compensation mechanism. All distances are given in A and all energies are

given in eV.
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providing oxygen to oxidise a molecule. During the re-oxidation of the surface, an
adsorbed oxygen—containing molecule would occupy the vacancy site before reforming

the peroxide ion. If this process were followed, Equations 8.4-8.6 would become:

(02)] +2V3*® + 2Ceg, + CO — OF + V3* + 2Ce(, + COy, (8.7)

6+ VS +2Ce, + NOy — (0q)7 4 2V§* + 2Ce¢, + NO, (8.8)
1

&+ VS +2Ceq, + NO — (0q) +2V§® + 2Cef, + §N2. (8.9)

Essentially, this scheme would be switching between the peroxide and vacancy charge
compensation mechanisms, i.e. with the redox occurring by a change in the oxidation
state of the O ions forming the peroxide rather than changes in the general oxidation
state. However, as previously seen in Figures 8.5 (d) and (e), the optimal position of
La(III) ions differs between the charge compensations schemes on the (100) and (111)
surfaces. Therefore, the energy of this redox reaction can not be measured between
the most stable defect structures. However, configurations for the peroxide/vacancy
based on the most stable vacancy/peroxide structure may be sufficiently stable to make
the scheme viable. alternatives to the optimal structures: the position of the La(III)
match either the arrangement seen for the lowest energy vacancy structure (Figure 8.12
(a)) or the structure of the lowest energy peroxide defect (Figure 8.12 (b)). Since the
position for the La(III) ions is the same for both defects on the (110) surface, there is
no Figure 8.12 (b)[II]. The results in Figure 8.12 are only for O-rich limit.

The reduction energies for both the O-rich and O-poor limit are included in Table
8.10. In all cases, the reduction energy for the peroxide containing surfaces is far lower
than for both the pure surfaces and reductions on the La-doped surfaces with the va-
cancy charge compensation mechanism, which suggest that the presence of La(IIl) on
the CeO, surfaces can enhance the reducibility of the surfaces of CeO, by switching
between the peroxide and vacancy charge compensation mechanisms. For the (100)
and (111) surfaces reduction energy is lower for structure (a), where the La(III) con-
figuration is based on the structure of the most stable vacancy defect, than structure

(b), where the La(III) configuration is based on the most stable peroxide defect. This
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Ered
(O—poor) (O-rich)
1002110 - 111 100 110 111

Pure surface -0.89 -1.12 -0.60 | 0.75 0.52 1.04
La-Doped (vacancy) -0.64 -0.68 -041| 1.00 096 1.23
La-Doped (peroxide) — Structure (a) -1.70 -1.58 -1.86 | -0.06 0.06 -0.22

La-Doped (peroxide) — Structure (b) -1.14 -1.58 -1.48 | 0.50 0.06 0.16

Table 8.10: The chemical potential dependent values of the reduction energy of the pure
surfaces and the La-doped surfaces with the vacancy and peroxide charge compensation
scheme. Structure (a) refers to the configuration of La(III) ions that matches the
lowest vacancy compensation scheme, while structure (b) represents the the La(III)
configuration that matches the lowest energy peroxide compensation mechanism for

that surface. All values are given in eV.

is to be expected, as in structure (a), there is a driving force for the reduction, as the
vacancy defect is the most stable structure for that arrangement of dopant ions, and
vice-versa for structure (b). The (100) surface with structure (a) and the (110) surface
both have a particularly low reduction energy, and therefore La-doped CeO, materials
that expose this surface would be very effective for redox catalysis. The (111) surface
is known to be the most stable, and therefore the most commonly expressed, surface,
and far less effective than the other two for catalytic oxidation reactions.” However,
the energy to move from the peroxide to the vacancy compensation schemes is far
lower than the reduction energy of the pure (111) surface. This would suggest that
La-doping is an effective method for increasing the oxidation on the (111) surface.
To test whether La—doped CeO, would be effective for catalysing oxidation/reduction
reactions, first principle energetics were used to determine the energy required to oxi-
dise CO to CO, and reduce NO,/NO to NO/Ny over the pure and doped surfaces, the
La-doped surface with vacancy compensation, and the La-doped surfaces switching

between the peroxide and vacancy compensation mechanisms. The results are shown
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Figure 8.12: The structures and reduction peroxide/vacancy reduction scheme when
the La(III) are positioned according to the lowest energy structure of the (a) vacancy
compensation and (b) peroxide compensation for the [I] (100), [II] (110) and [III] (111)

surfaces. The letter V shows the position of the CCV

in Table 8.11, from which it can be qualitatively determined whether the dopants
can enhance oxidation or reduction reactions on CeQO,. For all cases, the addition of
dopants increased the energy to create extra vacancies on the surface, which make

the surfaces less effective at CO oxidation, but more effective at NO,/NO reduction.
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However, if the surfaces switch between peroxide and vacancy compensation, then the
energy to oxidise CO decreases, whereas the energy to reduce NOy /NO increases. This
is a result of the low reduction energy associated with switching between the peroxide
and vacancy compensation schemes: it is easy to remove an O ion from the surfaces
to aid in oxidisation, but this makes the subsequent re-oxidisation of the surface more

difficult.

In terms of CO oxidation between the doped surfaces, the (111) surface with struc-
ture (a) is the most effective at CO oxidation (AE = -3.05eV), and the worst for the
reduction of NOy/NO (AE = 0.97/-1.44eV). This an interesting result, as a previ-
ous studies on the pure surface found that (111) surface is the worst in terms of CO
oxidation.??3 The reason for this enhanced oxidation is probably because the vacancy
compensation mechanism is far more favourable on the (111) surface, and therefore
there is a high driving to reduce the peroxide ion. The (111) surface with structure
(b) is not as good for CO oxidation (AE = -2.67eV), but performs better at NOy/NO
reduction (AE = 0.59/-1.82€V) as this structure is based on the lowest energy perox-
ide and hence it is easier to oxidise the surface. However, the vacancy compensation
mechanism is always the most stable on the (111), and hence, a redox cycle based on
structure (b) is unlikely to occur. The (100) surface with structure (a) and the (110)
are both very good at CO oxidation (AE = -2.89eV and -2.77eV respectively), as
suggested by the low reduction energy of the surfaces and from previous experimental
results.” As with the (111) surface with structure (a), they are not as good as subse-
quently reducing NO, /Ny, but are better than the former surface. The (100) surface
with structure (b) perhaps displays the best balance of energies between the oxidation
and reduction energies. As such, enhanced redox properties could be obtained for La—
doped CeQ, if they expressed the (100) surface with a defect structure based on the
most stable peroxide ion compensation mechanism. However, the addition of La(III),

when it forms a peroxide ion, could enhance oxidation reactions on CeQOs.

Despite the increased reducibility observed through the La(Ill) doping of CeOs,

there is one notable drawback. The enhanced reactivity is only observed for the facile
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(100) (110) (111)

Reduction

(a)AE (b)AE AE (a)AE (b)AE
Pure Surface 0.75 0.52 1.04
La-Doped (Vacancy) 1.00 0.96 1.23
La-Doped (Peroxide) -0.06 0.50  0.06 -0.22 0.16
CO Oxidation
Pure Surface -2.08 -2.31 -1.79
La-Doped (Vacancy) -1.83 -1.87 -1.60
La-Doped (Peroxide) -2.89  -2.33 -2.77 -3.06  -2.67
NO, Reduction
Pure Surface 0.01 0.24 -0.29
La-Doped (Vacancy) -0.25 -0.21 -0.47
La-Doped (Peroxide)  0.81 026 069 097 0.59
NO Reduction
Pure Surface -2.41 -2.17 -2.70
La-Doped (Vacancy) -2.66 -2.62 -2.88
La-Doped (Peroxide) -1.60 -2.16 -1.71 -144  -1.82

Table 8.11: The energies for reduction and for the concurrent conversion of CO, NO,

and NO on the pure surfaces and the La-doped surfaces with the vacancy and per-

oxide compensation mechanisms. The reduction of the La-doped (vacancy) surfaces

are based on the lowest energy reduction vacancy. Two different structures are tested

for the La—doped (100) and (111) surface with the peroxide compensation mechanism,

where (a) the position of the La(III) ions match the lowest energy vacancy compensa-

tion structure and (b) the position of the La(III) ions match the lowest energy peroxide

compensation structure. Since the position of the La(III) ions is the same for both de-

fects, only one energy is given for the (110) surface. All energies are given in eV.
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switching between the peroxide and the vacancy charge compensation mechanisms.
Therefore, the effectiveness of La—doped CeO, catalysts will be highly dependent on
the level of doping: at low doping levels, the increase in the reducibility introduced
by the peroxide/vacancy compensation mechanisms will be countered by the increased
reduction energy of all other surface O anions. This is in agreement with a previous
experimental study that found La-doped CeOy more effective for methane oxidation
then pure CeQ,, especially at higher levels of doping.'® Another drawback of La-—
doping is that it makes it harder to reduce NO, and NO, which may affect the utility
of CeO,-based materials for three-way—catalysts. However, the results presented so far
are pure thermodynamic data, and do not take into account kinetic factors. Previous
theoretical work has demonstrated that for CO oxidation and NO,/NO reduction, there
is an intermediate step where the molecules adsorb on the surfaces.!%® To be able to
definitively state whether La—doped CeQO, is more, or less, effective for these catalytic
processes, the interaction between the adsorbing molecules and these surfaces would
need to be investigated. Ultimately, for the purposes of oxidation, or providing oxygen
to assist other catalytic oxidisers, the results presented here suggest the addition of

La(III) is an effective method for enhancing CeO, for these reactions.

8.9 Conclusions

Two intrinsic defects on the low index surfaces of CeOs, O vacancies and peroxide
ions, were investigated through PBE+ U calculations. It was found that under O-poor
conditions, the O vacancy was the most stable defects on all surfaces. However, O-rich
conditions can stabilise an intrinsic peroxide defect, which is more stable than than
the O vacancy by 0.40eV on the (100) surface and 0.22eV on the (110) surface.

A series of charge compensation mechanisms for the La-doped surfaces of CeOq
were examined. Under O-poor conditions, the vacancy compensation mechanism is far
more stable than alternative schemes, being more stable by 0.50eV, 0.76 eV and 1.00eV

than the next most stable defect on the (100), (110) and (111) surfaces respectively.
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However, O-rich conditions are able to stabilise a novel compensation scheme, where
a peroxide ion compensates the charge of the La(III) ions. On the (100) and (110)
surfaces, the peroxide is now more stable than vacancy compensation, by 0.40eV and
0.06 eV, respectively, however, vacancy compensation is still favoured on the (111)
surface.

The energy required to form a O vacancy on the doped CeO, surfaces was inves-
tigated in order to describe the effect of the dopants on the reducibility of CeO,. It
was found that the energy required to form new reduction vacancies on the surfaces
increased in all cases, which would suggest that the catalytic performance of La-doped
CeO4y would be reduced.

However, the presence of the peroxide ion on the low index surfaces could play a
direct role in catalysis. It was discovered that by switching between the peroxide and
the vacancy compensation schemes the ability of CeO, to catalytically oxidise CO is
enhanced, reducing the energy by 0.81/0.25eV , 0.46eV and 1.26/0.88 eV over the pure
(100), (110) and (111) surfaces, respectively. The enhancement of the (111) surface
towards oxidation reactions is particularly interesting: the (111) surface is the most
stable, and therefore most commonly expressed surface, however, it performs worse
than the other surfaces at CO oxidation.® The addition of La(III) could be an easy

an effective method for enhancing oxidation reactions of CeO, based catalysts.



Chapter 9

Conclusions

9.1 Conclusions

In this thesis, a wide range of intrinsic and extrinsic defects were explored in CeQOs,, in
order to gain a better understanding of CeO, based materials. The ultimate goal was
to assess whether the properties of CeO, are influenced by these defects, and assess
possible methods for optimising CeO,-based catalysts, fuel cells and MOSFETs. The
first major result presented in this work was the application of an ab initio fitting
procedure, based on Koopmans’ theorem, for determining a U-value for the O 2p
states in CeQOs. This method found that a value of U = 5.5¢V would be sufficient to
account for the SIE associated with these states, which subsequently allowed for the
accurate description of p—type defects in CeO, without employing costly hybrid DFT
techniques. Furthermore, by demonstrating the effectiveness of this technique, future
research will be able to apply it to a wide range of materials, improving the accuracy

of DFT+ U calculations.

In Chapter 4, a range of intrinsic defects in CeO, were investigated. The results
concluded that the most common defect in CeOy would be the O vacancy under O-poor
conditions, and an interstitial peroxide ion under O-rich conditions. A temperature and
pressure dependence analysis found that in the range of 300-1200 K, the abundance of

O vacancies is far higher than any other defect. This is in agreement with experimental

1RAK
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studies of the OSC of CeO,, which has demonstrated that CeQO, is capable of releasing
high concentrations of oxygen to aid in oxidation reactions.? 7 These results also have
significant implications for SOFC applications. Firstly, Frenkel defects and not stable
in CeO, compared to O vacancies, and hence will not contribute to ionic conductivity.
This is in contrast with most fluorite materials, where Frenkel defect play a significant
role.?24319 Secondly, the abundance of O vacancies is highly problematic for SOFC
electrolytes. The presence of the O vacancy can create electronic conductivity in CeO,
and short circuit the operation of the SOFC.1?% Therefore, great care must be taken
in the construction of CeO, based electrolytes in order to suppress the formation of O
vacancies. In addition to these results, the magnetic moments of the intrinsic defects
to determine whether they could account for the apparent ferromagnetism that had
been observed in CeO,. In all cases, it was found that none of the defects studied
could account this property at the dilute limit. It was found that there was either no
preference for the ferromagnetic or antiferromagnetic configurations, or the formation

energy of the defect was prohibitively high, and therefore unlikely to ever form.

In Chapters 5 a series of trivalent dopants were tested in CeO, in order to determine
which were most suitable for SOFC applications. It was found the the ionic radius of
the dopant ions will dictate the structure they adopt in CeO,, with the exception of
Bi(III), where electronic factors also play a role. The relative attraction between the
dopant cations and the CCV was also studied: this is an important factor for choosing
dopants for SOFC electrolytes applications, as dopants with a high level of association
would trap the CCV, hindering ionic conductivity. Finally, the exploration of the
effect the dopants have on the reducibility revealed the reduction energy is not affected
directly by the dopant’s radius, instead the most important factor is the structure
the dopants adopt in CeO,. The analysis of doped CeO, concluded that Dy(III),
Gd(III), Nd(III) and Pr(III) are possibly the optimal dopants for SOFC electrolytes,
as they are readily soluble in CeO, and are unlikely to trap CCVs, which would hinder
conductivity. Furthermore, the presence of Dy(IIl) and Gd(II) had little effect on the

reducibility of CeO,, while Nd(III) and Pr(III) actually make the formation of intrinsic
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O vacancies more difficult. This is a highly important factor for avoiding unwanted

electronic conductivity in CeOs.

Chapter 6 explored the dynamic nature of O diffusion in doped CeQO, through the
use of ab initio MD. It was found that ionic conductivity in CeO, occurred through a
hopping mechanism, where O ions neighbouring a vacancy in the (100) direction would
hop to fill the vacancy site. There was some evidence of Frenkel defects affecting con-
ductivity, but these were only observed for higher temperatures and possibly represent
the initial stages of the CeO, structure melting. The position of the dopant cations was
also found to play a significant role: when the dopants neighbour each other, stable
dopant—-CCV-dopant clusters can form, trapping the CCV and reducing conductivity.
Therefore, a dispersed configuration of the dopants lessens the attraction of the CCV
for the dopants, and lower activation energies were observed for these systems. One in-
teresting result of the MD calculations was the In(III), which was found to have a high
association energy between the dopants and the CCV, displays good ionic conductivity.
Currently, there is nothing significant concerning In-doped CeQ, in the literature, but
the results presented here indicate it may be worthy of attention.

The calculations performed in Chapter 6 also provided good supporting informa-
tion for the results of Chapter 5. The calculated activation energies for ionic diffusion
matched well with the association energies from Chapter 5, with the exception of In—-
doped CeQO,, which despite have a higher association energy, displayed ionic conduc-
tivity which was on a par, or better, with Y-doped CeQO,. These result indicate that
static PBE+ U calculations can still provide valuable insight into dynamical processes,
such as ionic diffusion, and when combined with results of MD simulations, becomes a
highly effective method for screening potential dopants.

Chapter 7 explored another application of CeO,, as a replacement for SiO, in
MOSFETs. CeQO, is a suitable material for high-x applications, such as MOSFETsS,
due to its high dielectric constant, moderate band gap, small equivalent oxide thickness
and low lattice mismatch with Si substrates. Unfortunately, CeO, MOSFETs will

sometimes dispaly high leakage currents, affecting their operations. The results of an
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analysis of the transition levels of CeO, found that the cause of these leakage currents
were a result of intrinsic O vacancies leading to electronic conductivity. It was proposed
that synthesising CeO, based MOSFETSs in O-rich conditions could help limit leakage
currents, a suggestion which is backed up by experimental observations.?! To further
enhance CeO, MOSFETsS, a series of dopants were tested to see if they help prevent
turther leakage currents. It was found that both Y (III) and La(III) were both suitable
for such applications, with La(III) being particularly attractive, as it presence increases

the lattice constant of CeO,, further reducing the mismatch with Si substrates.

In Chapter 8, the low index surface of pure and La-doped CeO, were explored,
and their significance for catalysis was discussed. Investigations of the pure surfaces
discovered an intrinsic peroxide vacancy, which has only been observed previously in the
bulk. Under O-rich conditions, the surface peroxide is more stable than the traditional,
and commonly discussed surface O vacancy. The presence of this defect provides new
possibilities for research, as it may point to new reaction mechanism, leading to a fuller
description of heterogeneous catalysis on CeO, surfaces. For La-doped surfaces, the
peroxide defect was found once again to be stable under O-rich conditions, where it
balanced the charge associated with the dopant ion, in contrast to the traditional charge
compensation through the formation of a CCV. When the reducibility of La-doped
CeO, surfaces were investigated, it was found that the presence of the dopants made
it harder to introduce further reduction vacancies to the surface, regardless of whether
the charge was compensated with a vacancy or a peroxide. However, the presence of
the two competing compensation mechanisms raises the possibility of a new reaction
pathway: the energy to reduce the peroxide ion, i.e. switching between the peroxide
and vacancy charge compensation schemes, was found to be significantly lower than
the energy required to reduce the pure surfaces. Therefore, doping La-doping of CeO,
could be an effective method for enhancing the performance of CeO, for oxidation
reactions, allowing it to provide, or absorb, oxygen to help catalyse reactions. The
effectiveness of La—doped CeQO, as a catalyst was also explored through first—principle

thermodynamics. It was found that La-doped CeO, may be highly effective at the
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oxidation of CO, and therefore La—doped CeO, catalysts tailored for oxidation reactions
could proved to be extremely important for reducing atmospheric pollutants.

In conclusion, the work presented in this thesis has explored the usefulness of CeO,
for a wide array of applications, and has demonstrated how defects control the impor-
tant properties of CeO,. Through the use of theoretical calculations, it was possible to
gain a greater understanding of the formation of these defects, what external factors
influence them, and how they determine the chemistry of CeO,. Furthermore, through
computational modelling it was also possible to predict new properties, which will aid

future research of new, environmentally friendly technologies.

9.2 Future Work

Although the calculations presented in this thesis have provided valuable information
on the properties of CeO,-based electrolytes and catalysts, they remain preliminary
steps, with many possible avenues available for future research. For enhancing the
properties of CeQO, electolytes, there are two major directions that this research could
proceed. The first involves long time scale force—field MD calculations which can give
a better description of how doped CeQO, behaves over time. Furthermore, without the
limit of the high computational cost of ab initio MD, larger systems can be utilised, and
therefore better statistical data can be collected. The other path would be collaboration
with experimental studies based on the most promising candidates from the theoretical
results. Alternatively, the methods employed in this study can be applied to new
potential electrolyte materials, such as perovskites’” or apatites.®! Materials with these
crystal structures have shown promise, but suffer from similar problems to CeO,, such
as poor intrinsic conductivity or susceptibility to reduction. Once again a combination
of static calculations combined with MD could help screen potential new materials, and
determine methods for optimising them for the next generation of fuel cell electrolytes.

The presence of the novel peroxide defects on the low index surfaces raises interest-

ing new avenues for research. The interaction of adsorbing species could be influence
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by its presence, influencing catalytic reactions. A full theoretical study exploring such
situations would aid in the understanding of catalytic reactions, and open up new
methods for optimising catalyst materials. The presence of the charge compensation
peroxide ion on La-doped CeO, is also worthy of further investigation. Preliminary
calculations have suggested that it could be highly effective for the oxidation of CO,
but without a description of how CO interacts with the peroxide, it can not be defini-
tively stated. Additionally, the peroxide defect may also be a preferred compensation
mechanism for other dopants in CeO,. It may also be the case that the stability of
the peroxide is dependent on the dopant present, and therefore careful selection of the

dopants may be effective for enhancing certain catalytic processes.
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