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Summary

The following thesis covers a number of topics related to thermochemical fuel
production using the CeOs redox cycle. Chapter 1 gives an introduction to
the topic, providing motivation, historical development and the main physical
properties of thermochemical fuel production with emphasis on the ceria
redox cycle. The following chapters tackle three separate topics; an analytical
description of the ceria redox system, a thermochemical analysis of this fuel
production technology and finally an investigation of the effect of dopants on
the oxidation and reduction kinetics.

In Chapter 2, an analytical model of cerium oxidation and reduction in an
oxygen atmosphere is presented. The system is modelled as an equilibrium
reaction with Arrhenius rate constants. By analysing literature equilibrium
data, some of the model’s constants are determined and conditions are placed
on others. In order to fix the remainder of the constants the kinetics of
ceria oxidation were investigated. Experimental oxidation and reduction was
achieved using a novel experimental apparatus developed and constructed by
the author. The apparatus allows oxidation and reduction to be measured
via changes in pressure in a sealed vacuum chamber in which ceria samples
can be rapidly heated to high temperatures.

The model accurately predicts the equilibrium composition of CeO, over
a wide range of oxygen partial pressures (107%-10°Pa) and temperatures
(1000-1900 °C). It is also shown to agree with the oxidation and reduction
of ceria observed using the apparatus discussed above.

Finally, to demonstrate the practicality of the model it was coupled to

a radiative heating simulation of a hypothetical cavity receiver. This allows



easy assessment of the effect of different reactor configurations and designs
and should prove invaluable to engineers developing this technology.

Chapter 3 presents a thermodynamic evaluation of the technology with
an in depth analysis of the energies required to reduce the oxygen partial
pressure (pumping) during reduction and sustain the oxidation step. The
efficiency of the pumps was given a pressure dependence, determined from the
investigation of commercially available vacuum pumps. With this realistic
pumping expression and 60% solid state heat recovery (as process heat), the
fuel production efficiency of the cycle was maximised with respect to the cycle
conditions. The maximum efficiency for a cycle with a reduction temperature
of 1500 °C was 11%. Isothermal cycles (AT = 0) were found to have poor
efficiency under all conditions (< 2 %).

The amount of ceria which is needed per kW of output power was also
investigated. For the normal cycle conditions considered, the amount of
ceria required was very excessive. It was thus concluded that Ceria’s redox
properties must be improved and some core technologies, such as efficient
acuum pumps, developed.

In the final chapter, ceria samples doped with both Zr and Hf were ex-
amined using the apparatus discussed above to measure their oxidation and
reduction kinetics. These particular dopants were investigated as they are
known to improve the redox properties of ceria.

The oxidation kinetics became slower upon addition of Zr and Hf dopants,
and increasing the dopant concentrations further decreased the oxidation
rate. This was quantified using Arrhenius fits of the data. Interestingly
the dopants reduced the activation energy of oxidation, but simultaneously
greatly reduced the frequency factor, which had the net result of lowering
the reaction rates at the temperatures considered.

Larger ceria samples provided by our collaborators at the German Aerospace
Centre, with Zr again used as a dopant, were also investigated. These samples
offered better measurement resolution and more clearly showed the decrease
in oxidation kinetics for increasing Zr concentration.

The reduction kinetics all appeared to be limited by the heating rate

(> 50 C°s™ 1), suggesting that the reduction reaction is extremely rapid.
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Chapter 1

Introduction

During the summer months of 2014 climate change made many news head-
lines, largely due to the publication of a three part report on the subject
which provided a review of scientific bases., impacts and vulnerability. and
possible mitigation plans [3-5]. The report was commissioned by the United
Nations, put together by the Intergovernmental Panel on Climate Change,
and was the fifth report of its kind. It is based on some 12000 peer re-
viewed publications. Although often sensationalised by the media and policy
makers, the report presents strong evidence that there will be serious impli-
-ations for society as a result of climate change. In addition fossil fuels are
not an infinite resource and future generations will be faced with the issues
of decreasing availability.

In order to combat and reduce the long term damages caused by climate
change, and to ensure long term stability, the economy needs to move away
from its large reliance on fossil fuels. Scientific efforts aimed at achieving

this goal are on-going and widespread. There are many alternative sources
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of energy including the elusive nuclear fusion, increased scale of global use
of nuclear fission and many large scale renewable energy projects. There is
also a large reliance on dense liquid based fuels in many industries such as
transportation of goods and people. These liquid fuels are for the most part
derived from fossil fuels. Many areas of research aim to tackle this, leading
to great improvements in electrical energy storage [6], increased interest in
the production of synthetic fuels [7], and the proposed hydrogen economy
8].

One method of producing fuel which does not rely on fossil fuels is to
utilise either nuclear heat or renewable energy sources to drive reversible
endothermic chemical reactions. This introduction gives an overview of the
area of solar fuel production with emphasis on thermochemical cycles and in

particular the cerium dioxide redox cycle.

1.1 Introduction to solar fuel production

The most well known form of solar fuel production is carbon fixation per-
formed by plants and algae via photosynthesis. Solar energy is utilised to
turn carbon dioxide and water into organic compounds, which can be used
as fuel. This could be considered the oldest form of solar fuel production,
as biological organisms formed via photosynthesis are the basic ingredients
for fossil fuel deposits. From this point of view the burning of fossil fuels
is essentially using stored up solar energy from the earths ancient geological
past. This burning of fuels which were fixated out of the atmosphere in the

distant past, reverses the process and releases previously stored carbon as
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carbon dioxide. In this way climate change can in some ways be compared
to turning back the geological clock to a time when the earth was a warmer
and wetter place.

This same solar powered carbon fixation by plants and algae is also the
basis for most biofuel production. The difference is that biofuel is formed by
geologically recent carbon fixation, meaning the input products are grown in
the present time. There have been many recent developments in this field [9]
and biofuel has already become a practical substitute for fossil fuels in many
countries. However the production of biofuel is not environmentally benign
[10], and with a growing global population to feed, it is unclear how much
cultivatable land could be devoted to biofuel crops.

Another important area of research in recent years has been the pro-

duction of hydrogen via artificial photosynthesis [11]. This is achieved via

photocatalytic water splitting in which light is absorbed by a photo-catalyst,
which is a semi-conductor with a large enough band-gap to split water (>
1.23eV). The generated electron hole pairs can then react at surface sites
with water molecules to produce hydrogen and oxygen. This phenomena
was first documented by Fujishima and Honda in 1972 using a TiO, photo-
catalyst [12]. TiO, based photo-catalysts only absorb UV which means a
low solar to fuel efficiency, but any light with wavelength less than approxi-
mately 1000 nm has the required energy. Thus, even with the requirement of
a small over-potential, it should be possible to utilise a large part of the vis-
ible range. However Ti0O, based catalysts still offer the best performance as
other photo-catalysts with lower band gaps are susceptible to photo-corrosion

13].
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1.1.1 Water thermolysis

A very direct method of producing solar fuel is to use solar power as a heat
input to drive endothermic reactions such as the water splitting reaction.
The splitting of water by heating it directly is known as water thermolysis
and was investigated as a means of producing hydrogen from solar power
as early as the 1970s [14]. This idea offers a conceptually very simple and
potentially very efficient method of splitting water to produce hydrogen. The

water splitting reaction and the change of the Gibbs free energy are

1ea 1
H.z()‘—‘>HQ+5()2 (1.1)
AGys(T) = AHyps — TASs. (1.2)

For complete decomposition, AG must become negative, which does not
occur for temperatures less than 4500 K. In fact the situation is a little more
complicated, because at high temperatures, atomic hydrogen, atomic oxygen,
and OH molecules, can make up a significant proportion of the mixture. The

equilibrium equation which must be considered is

HQO e .TIH-ZO - J'QHQ e .’1‘302 =i .E4H -+ .’lT5O + T(,OH (13)

Since the Gibbs energies of formation and the enthalpies of formation of all
the species at standard temperature and pressure are known, it is possible to
iteratively solve the equilibrium composition for higher temperatures [15, 16].

Figure 1.1 shows the mole fraction of each species as a function of temper-

ature, which was calculated using FactSage thermochemical software [17, 18].
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Figure 1.1: Mole fraction of different species in steam vs. the temperature

The mole fraction is the number of moles of a species divided by the total
number of moles of all the species present. There is no appreciable decompo-
sition below approximately 2500 K. In addition, when water is split in this
way the products form a high temperature mixture of gases which must be
separated. Research in this area is often focused on using ceramic membranes
(yttria stabilised zirconium) which allow oxygen to pass through, separating
it from the high temperature mixture [19, 20].

The high temperature and corrosive atmosphere which any thermolysis
reactor must be subject to make the development of this particular technol-
ogy a difficult task. However it has recieved some attention in recent times
with a large project conducted around the turn of the millennium by Kogan
et al. [15, 19, 21, 22]. More recently it has been the subject of a number of

reviews suggesting the technology is still being developed [23, 24].
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1.2 Thermochemical Cycles

A more feasible route to water splitting can be achieved via a thermochemical
cycle, in which a series of reactions are performed, the sum of which is the
water splitting reaction. One or more of the reactions must be endothermic
requiring a heat source to drive the reaction.

The concept was first proposed by Funk and Reinstrom [25, 26]. They
oversaw a project in the early 1960s called Energy Depot, which was aimed at
finding ways of producing fuel from a heat source. The fuels being considered
for production were hydrogen and ammonia, and the heat source was to be a
small portable nuclear reactor. Fuel availability was not an issue at the time,
rather the motivation was to target niche markets such as the production of
fuel in remote military battlefields and outposts.

The authors considered a number of multiple step thermochemical cy-
cles. As a bench mark for their investigation they used the already proved
method of nuclear electricity generation followed by electrolysis. The results
of this study were not promising enough to continue the development of the
thermochemical cycles they investigated and this particular project came to
an end.

Then during the 1970s there were a number of oil/energy crises which
had a strong effect on some of the worlds largest economies such as the US.
This alerted people to the fact that fossil fuels were not an unlimited source
of energy. In the wake of these crises, thermochemical water splitting began

to receive more attention [27, 28], this time for more peaceful reasons such as
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to reduce reliance upon fossil fuels. The most likely heat source considered
to drive the reactions was still nuclear reactors [29].

A number of searches were conducted to compile all of the possible known
cycles for evaluation during this period of activity [30, 31]. Activity peaked
in the mid 70s with over 100 publications on the subject in 1976. This slowly
decreased throughout the early 80s and by 1990 publications had decreased to
less than 20 per year [24]. This was largely due to the recovery of the economy
and the end of the fuel crisis of the 70s. In addition the enthusiasm of the
thermodynamic studies was somewhat dampened by economic studies of the
technology, which showed that it was not competitive with other standard
methods of producing hydrogen from water (electrolysis) at the time [32].

Today 95% of hydrogen is still produced from fossil fuels by steam reform-
ing or partial oxidation of methane and coal gasification, with the remaining
5% mostly produced by electrolysis [33]. This makes electrolysis powered by
renewable sources the most likely near term renewable hydrogen production

method and a benchmark in terms of performance.

1.2.1 The Sulphur cycles

A good example of a cycle which was developed during this period is the
sulfur-iodine cycle proposed by General Automatic in the 70s [34]. It is a

three step cycle with various separation techniques also implied to separate



8 Chapter 1. Introduction

reactants. It contains the following chemical reactions

Tyt S05 4 7050 —SEETE . gy B8O (120°C)  (1.4)
oH,50, Lmdothermic  ogn | 9H,04+0, (830°C) (L5)
ST NSRS - e i (450°C)  (1.6)

where the Eqn. 1.4 is exothermic and Eqn. 1.5 and 1.6 are endothermic. The
difference in heat consumed by the endothermic reactions and released by
the exothermic reaction is stored in the hydrogen.

A hybrid sulphur cycle was also developed [35], with the reactions

J

Endothermic

SHE0, =y | 980 MIH04- 0y | [8E0RG) (LT

Electrolysis
—_—

SO, + 2H,0 H,S0, + H, (100°C)  (1.8)

where electrolysis is used to reduce the number of steps. The voltage needed
for this electrolysis is 0.158 V, compared to 1.223V for water electrolysis,
which greatly reduces the electrical power consumption.

These cycles are still being studied to this day, and in recent years
this work has gained momentum. There are currently a number of large
scale projects aimed at producing hydrogen on an industrial scale using the
sulphur-iodine cycle. One example is a pilot plant which has been constructed
and tested by the Japan Atomic Energy Agency, which couples the cycle to
a nuclear reactor as a heat source [36]. There have also been investigations
into coupling either the sulphur-iodine or the hybrid sulphur cycle with large

scale concentrated solar power plants [37], using the concentrated solar power



©o

1.3. Two-step metal-oxide redox cycles

directly as a heat input. These developments could see these sulphur cycles
become an economically competitive method of producing hydrogen for in-

dustrial purposes and potentially as a fuel.

1.3 Two-step metal-oxide redox cycles

Since approximately the year 2000 there has been a revival of interest in
the thermochemical route of producing hydrogen. This can be explained
by mounting pressure in many countries to reduce the consumption of fossil
fuels, as well as developments in the area of concentrated solar power [38, 39].
With the development of parabolic dish and solar tower receiver systems, very
high solar concentrations of up to 5000 times the ambient solar concentration
can be obtained. This means that much higher temperatures are available
than previously considered when using nuclear power as a heat source. This
caused the area of thermochemical cycles to diversify with more emphasis
on two step metal-oxide redox cycles which require higher temperature than
other multi-step or hybrid cycles [40, 41]. Although two-step metal-oxide
cycles require higher temperatures the energy efficiency has the potential to
be higher than multi-step cycles.

The basic reactions are

‘) " 6
MO, M) .\/IOI,(;JrE()Q Reduction - T4 (1.9)

MO, s + §H;0 —Xothermic . 35 | 5H, Oxidation- Ty (1.10)
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where the metal oxide is reduced at high temperature 7,4, consuming heat,
and then oxidised in steam at a lower temperature 7,,, releasing heat. The
sum of the two reactions is the water splitting reaction given in Eqn. 1.2. For
most metal oxides the reduced oxide can also be used to split carbon dioxide,
which is discussed in more detail in Section 1.4.

These two step cycles can be described with a simple analogy to the
standard thermodynamic heat engine. We have a quantity of heat supplied
to the cycle at high temperature 7,4 and some fraction of this heat is released
at lower temperature 7,,. The difference in heat is stored as chemical energy
in the hydrogen, instead of being released as work. A schematic of this idea
is shown in Fig. 1.2. The metal oxide is simply recycled within the system

and is not consumed.

(2 in Trd

Reduction

Figure 1.2: A schematic of a two step cycle showing the recycling of the
metal oxide within the cycle.

The thermodynamic efficiency can be defined in a similar way to that of

a heat engine. Instead of the work output divided by the heat input we have
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the higher heating value of the fuel divided by the heat input.

%%
Q n

HHVy,
=g

3 = (1.11)

For the oxidation step to proceed the metal oxygen bond energy must be
greater than that of the water molecule, and so @);, > HHVy, and 0 < n < 1.

Some basic thermodynamic restrictions on these cycles can be understood
by considering the fact that the two reactions must sum to water splitting.
Therefore at any given temperature the change in Gibbs free energy for the

reduction and oxidation reactions must sum to that of water splitting.

AGus = AGr + AG,, (1.12)
400 v T T T
300
S 200
&
3 100

O ' 1 1 o 3
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T K]
Figure 1.3: The change in Gibbs free energy for water splitting and an exam-
ple two-step thermochemical cycle showing the additive nature of the change
in Gibbs free energies
Figure 1.3 shows AG(T') as well as a hypothetical AG4(T) and AG,,.(T).

[t can be seen that at a given temperature the change in Gibbs energy for the
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reduction and oxidation reactions satisfy Eqn. 1.12. Where the lines cut the
y-axis is approximately the change in enthalpy and the slope is the change
in entropy for the reactions. We can see from this diagram why reduction
takes place at high temperature and the oxidation at lower temperature as
AG must be less than zero for the reactions to become spontaneous.

In addition the reduction must have a greater change in enthalpy than
water-splitting, meaning that the oxide must have a stronger bond with oxy-
gen than the water molecule in order to take the oxygen from the water
molecule. This can be seen in Fig. 1.3 as the reduction reaction has a higher
intercept with the y-axis than water splitting, which corresponds roughly to
their change in enthalpy. The reduction must also have a greater change
in entropy than the water splitting reaction so that the reaction becomes
spontaneous at lower temperatures. This can also be seen in Fig. 1.3 by the
steeper slope of the reduction reaction compared to that of water splitting.

Many metal oxides have been considered for these cycles. A list of the
main cycles was compiled from the literature by Abanades et al. [42]. Here
we briefly discuss the cycles which have received the most interest and, which
demonstrate the main characteristics of two-step thermochemical water split-

ting.

1.3.1 Ferrites

The first and the most extensively studied of the two step cycles was proposed

by Nakamura in 1977 [43]. Nakamura compared the iron oxide thermochem-
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ical cycle to direct water thermolysis. The reaction equations are

FesOu(s) — BFQO(I)-{-%OQ(Q) (2200°C)  (1.13)

3FeO(s) + HyO(g) — Fe3O4(s) + Ha(g) (700 °C) (1.14)

where the letter in brackets after each species refers to the phase; solid, liquid
or gaseous.

This cycle requires a large temperature swing between the two steps, and
after reduction the reduced oxide and oxygen are in different phases so there
is no need for separation techniques [44, 45]. The solar reduction step was
investigated in a solar furnace by Sibieude et al. [46]. They found that full
decomposition was obtained in an argon atmosphere and 40 % decomposition
in an air atmosphere at 2200 °C.

Alternative cycle materials based on mixed iron oxides of the form M, Fes Oy
(M = Mn, Mg, Co, Zn, Ni) have been extensively investigated [45, 47, 48].
The idea is to reduce the reduction temperature of the ferrites, but still
maintain a good hydrogen yield during the oxidation step. A thermody-
namic study was recently performed by Allendorf et al. [49], and there have
been many experimental investigations of mixed ferrites [50-55]. They show
that dopants such as Mn, Co and Ni can improve the extent of reduction at
lower temperatures.

The effects of supporting the mixed ferrites on more stable oxides such as

ZrQO, to reduce sintering during reduction have been studied by Kodama et

al. [56, 57]. The idea is to partially reduce the ferrite at lower temperature
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while it is supported with a more stable oxide. This way the ferrite remains

in the solid phase, reducing the complexity of the reactor needed.

Prototype reactors

Thermodynamic studies by Driver et al. showed that the fuel production effi-
ciencies for ferrite cycles have a maximum of 36 % without heat recuperation
and could be as high as 78 % with heat recuperation [58]. The same group
at Sandia National Laboratories have proposed and tested a solar powered
reactor based on mixed ferrite materials [58-61]. The reactor uses mixed
ferrites supported on counter rotating rings which pass through reduction
and oxidation zones allowing for continuous operation and heat recupera-
tion. A schematic of the proposed design is shown in Fig. 1.4. Efficiencies of
this design in practice have so far been low (< 2 %) and the reactor design
complexity is rather high due to the counter rotating rings concept.

A circulating fluidised bed reactor has been proposed and tested at the
laboratory scale by Kodama et al. [62-64], which used NiFe,O, particles as
the redox material. The NiFe,O, was supported on ZrO, and cycled between
1000 - 1500 °C. The reduction was performed in an inert nitrogen atmosphere.
The reactor is designed to be used with a beam down solar concentrator. A
schematic of the proposed design is shown in Fig. 1.5. The input gas stream
drives the circulation of the particles. The input stream is changed to HyO for
oxidation. This prototype was thus operated in batch mode with reduction
and oxidation taking place alternately. They observed that approximately 44
% of the ferrite material was reduced and then fully re-oxidised using steam.

This concept is promising, as with some design modification using a fluidised
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Figure 1.4: A schematic showing the design proposed by Sandia National
Laboratories, with a plan of the reactor and the counter rotating rings used
for heat recuperation.

bed could conceivably allow for continuous operation and heat recuperation
with lower design complexity than the reactor proposed by Sandia National
Laboratories.

A semi batch process reactor using mixed ferrites has been developed
as part of the HYDROSOL project run by the German Aerospace Centre
(DLR) [65, 66]. In this reactor honeycomb monoliths coated with the reactive
ferrite are first heated for reduction, then at lower temperature oxidised with
steam. A 100 kW pilot plant was tested at the Plataforma Solar de Almeria,
in which two reactor zones were alternatively switched between oxidation
and reduction to obtain continuous hydrogen production [67]. This reactor
concept offers a very simple fixed bed design which was successfully tested

and is still under development by Sattler et al. [68, 69].
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N2+02/

2 Reduction

N,/H,0

Figure 1.5: A schematic showing the design proposed by Kodama et al.. The
black arrows show the circulation of the supported ferrite.

1.3.2 Volatile oxides

In terms of thermodynamics, volatile oxides may offer the most efficient ther-
mochemical cycles for water splitting. The decomposition involves sublima-
tion of the oxide into a gaseous metal and oxygen [70, 71]. Compared to
the ferrite cycle where the oxide remains solid or liquid this offers a larger
change in entropy, AS. In Fig. 1.3 this would give us a relatively sharper
decrease in AGq(T"), which should allow reduction to spontaneously proceed
at lower temperatures. However there is a level of complexity added, because

the gaseous mixture formed during reduction must be separated.
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Zinc oxide

The zinc oxide cycle has received the most attention amongst the volatile

oxides.

Zn0O(s) — Zn(g) + %Og(g) (2000 °C) (1.15)

Zn(l) + HoO(g) — ZnO(s) + Ha(g) (800 °C) (1.16)

A large amount of research on this particular cycle was conducted by
Steinfeld et al. at ETH Zurich [72-74]. A reactor for the solar reduction of
Zn0O was developed and tested by the same group [75, 76]. In the reactor
7Zn0 particles are fed into an insulated rotating cavity. The rotation creates
a centrifugal force which keeps the ZnO particles stuck to the outside walls.
In this way the ZnO is directly heated by concentrated solar power and in
addition forms an insulator to protect the walls.

An argon gas flow is used to remove the products from the reactor and
to keep the reactor aperture glass free of ZnO. The product stream must
then be quenched in order to prevent recombination. The quenching was
achieved by passing the stream onto a water cooled wall which rapidly cools
the mixture to below the melting point of zinc (410°C) [77]. This quenching
prevents heat recovery, but even without heat recovery the efficiency could

be as high as 29 % [78].
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Tin oxide

Abanades et al. recently proposed a cycle in which tin oxide is partially

reduced at reasonably low temperatures [79].

SnOy(s) — SnO(g) + %Oz(g) (1600 °C") (1.17)

SnO(s) + HoO(g) — SnOq(s) + Ha(g) (600 °C") (1.18)

Similar to the zinc oxide cycle the reduction product stream must be
quenched in order to separate the oxygen and reduced tin oxide. However,
the melting point of SnO (1080 °C) is much higher than that of zinc and thus
potentially less heat is lost in quenching. In addition the quenching is easier
as the condensation of SnO starts at approximately 1500 °C.

The oxidation reaction for SnO proceeds slower than that of zinc [80].
This is due to the fact that the change in enthalpy for the reduction of SnO,
(—296kJ mol™!) is quite close to that of water splitting (—241kJmol™1).
This is one of the reasons why the reduction reaction proceeds at such low
temperatures. The driving force for the reaction is a change in enthalpy of
55 kJmol~t. In order to increase the rate we must increase the temperature,
and from Fig. 1.3 we see that this increases AG(T') for the oxidation making
the reaction less favorable. If the cycle is used to split CO, instead, the
difference in the enthalpy change is lower (23kJmol™!) and the oxidation
reaction is even less favorable [81]. However, given the ease of reduction
for this oxide the slower reaction kinetics of oxidation may be an acceptable

drawback and the cycle does merit further study. Alternatively the SnO
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could itself be used as a fuel to generate heat or as a heat storage medium

for off sunlight power generation in concentrated solar power plants.

1.4 Cerium Dioxide

The focus of this thesis is the cerium dioxide redox cycle, which as we shall
see has a number of benefits over other metal oxide cycles. In addition to
fuel production cerium dioxide (ceria) has found many applications due to
its unique properties. At high temperatures it is an oxygen ion conductor
and is also noted for its oxygen storage and redox properties [82-84]. This
makes it a good material for applications in catalysis and solid oxide fuel
cells [85-88]. Ceria has found far-reaching applications in catalysis where it
is used in automotive catalysts. oxidation catalysts and reforming catalysts.

The application of the ceria redox cycle for splitting water was first stud-
ied by Otsuka et al. in 1985 [89]. They performed kinetic studies of the oxi-
dation of reduced ceria (CeQO;g) in a steam atmosphere, producing Hy. They
found that reduced ceria could easily be oxidised in a steam atmosphere and
they concluded that the kinetics were not limited by water absorption on the
surface or by diffusion in the bulk.

The cycle was first demonstrated by Abanades et al. using a solar reactor

to reduce the ceria [90]. The cycle reactions are

2Ce0s(s) — cego3(1)+%oz(g) (2000°C)  (1.19)

Cey03(s) + HoO(g) — 2CeOy(s) + Ha(g) (800 °C).  (1.20)
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In these experiments the reduction was performed at a reduced pressure
of 100-200 mbar, which by Le Chatliers principle will favour reduction. The
reduced oxide was then cooled to room temperature and later the oxidation
in a steam atmosphere was tested. The oxidation was seen to proceed rapidly.
The authors conclude that the cycle is technically feasible and warrants fur-
ther study. The temperature for reduction is still very high and offers high

technical demands in terms of reactor engineering.

1.4.1 Partial reduction

Ceria can be partially reduced at lower temperatures in atmospheres of low
oxygen partial pressure. The extent of the reduction 9, depends on the

temperature and the oxygen partial pressure [91].

heat = AH,q )
S

CeO, CeOy-5 + 50, (1.21)

The reduced oxide can be used to split both H,O and CO, producing H, and

CO respectively [92, 93].

CeOq_s + 0H,0 —> CeO, + 6H, (1.22)

CeOs_s + 6COy — CeOy + 5CO (1.23)

Ceria is unique in that this reduction does not change the phase. Dur-
ing reduction at temperatures lower than its melting point (< 2000 °C), ce-
ria remains in the fluorite phase, which is shown if Fig. 1.6, up to a non-

stoichiometry of approximately d = 0.35 [94-96]. This is a remarkable ma-
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Figure 1.6: A schematic showing the flourite crystal structure of ceria where
the oxygen molecules are white and the cerium red.

terial property, in that removing more than 15 % of the oxygen from the
crystal lattice does not change the crystal structure. This also makes ceria
reduction a very technically simple process, as there is no additional phase
changes consuming heat or complicating the reduction process.

The products, CO and Hy form syn-gas, which can be converted into
denser diesel-type fuel using the Fischer-Tropsch process [97, 98]. If the
reduction is driven by concentrated solar power this process could allow the
production of renewable dense liquid fuels. In Fig. 1.7 we see a schematic
showing the cycle with its inputs and products.

A thermodynamic bound on the efficiency of the ceria redox cycle, similar
to the Carnot efficiency for heat engines, can be obtained using Eqn. 1.11 and
setting Q,;,, = AH,q. The change in enthalpy of the reduction is a function

of 0 [91], so the average value over the range 6 = 0 to 0.1 is taken, which
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Figure 1.7: A schematic showing the conversion of H,O and CO, into liquid
hydrocarbons using solar power to drive the ceria redox cycle followed by the
conversion of syn-gas to liquid hydrocarbons via the Fischer-Tropsch process.
gives AH,q = 430kJmol~!. Now simply using the higher heating values
of Hy (286 kJmol ') and CO (283 kJ mol™!), the maximum thermodynamic
efficiency for water splitting and carbon dioxide splitting were calculated to

be

Nes = 66%. (1.25)

In addition the oxidation can proceed at high temperatures (> 1000 °C)
99], and thus the waste heat from the cycle can still be used as high tem-

perature process heat to perform work.
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1.4.2 Proof of concept reactors

The reactor concepts which were discussed for ferrites could also be utilised
for the ceria redox cycle. Ceria could be used without supports in the counter
rotating ring reactor shown in Fig. 1.4. In addition ceria particles could be
used without supporting zirconia particles in the fluidised bed reactor shown
in Fig. 1.5. Ceria is more stable than ferrites, especially when doped as we
shall see later.

Tamaura et al. at the Tokyo Institute of Technology built a test reactor
which was tested with both CeO, and NiFe,O4 [100, 101]. The reactor was
very similar in design to the reactor developed by Sandia National Labora-
tories, which is shown in Fig. 1.4. However there was no counter rotating
rings for solid state heat recuperation. The reactor is more simple in that it
just features a large rotating drum (500 mm diameter) with the cycled ox-
ide on the outside. The oxide passes through reduction and oxidation zones
allowing for continuous fuel production.

Chueh et al. constructed a small scale cavity type reactor for testing the
potential of ceria for thermochemical fuel production [102]. A schematic of
their design is shown in Fig. 1.8. The ceria itself was formed into porous
monoliths which lined the interior of the cavity. For reduction the reactor
interior was heated to 1600°C and a sweep gas passed through to remove
the oxygen. The reactor is then switched to oxidation by cooling it down to
1000 °C and passing CO, through the monolith as shown in the schematic.
They completed 500 cycles showing that ceria could be used for fixed bed

reactors without supporting materials.
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Figure 1.8: A schematic showing the design of the prototype tested by Chueh
et al..

A cavity reactor is a standard idea for high temperature solar applica-
tions. Concentrated solar radiation is focused onto a compound parabolic
concentrator (CPC), which further concentrates the beam through an aper-
ture. The emerging concentrated solar radiation is diverging after passing
through the CPC, and is incident onto a hollow cavity. The cavity is in-
sulated on the outside. At high temperatures the radiative heat transfer
becomes significant, and the amount of radiated heat is proportional to the
radiating surface area. The cavity re-radiates as if the radiating area were
only that of the aperture. This means a very concentrated beam focused
through a small aperture and onto a relatively large amount of material,

results in lower radiation losses per unit of material heated.
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The same reactor design seen in Fig. 1.8 was used by Furler et al. to
simultaneously split HoO and CO, producing syn-gas [93]. They successfully
tuned the ratio of Hy to CO produced, by changing the input ratio of H,O and
CO,. This is important as this ratio is one of the factors which determines
the fuel consistency, and it must be optimised. The syn-gas produced by
this method is also pure which means that contaminants such as sulphur,
which are common in other syn-gas production methods, do not need to be

removed.

1.4.3 Doping ceria to improve redox properties

Similar to the case of ferrites, dopants can be added to ceria to improve its
redox properties. The main goals of doping ceria are to improve its high
temperature stability and to increase the hydrogen and carbon monoxide
yields of the ceria fuel production cycle.

By replacing some of the cerium atoms in the fluorite crystal structure
with other cationic metals, the redox properties of ceria can be modified. For
example, doping with metals which have a lower valence than Ce'", such as
Sm**, introduces oxygen vacancies into the fluorite structure, which increases
the oxygen ion mobility [103, 104]. The increased mobility may improve the
reaction kinetics, but it can also reduce the overall oxygen yield [105, 106].

Doping ceria with ions which have the same valence, but lower ionic
radius, such as Zr'* and Hf**, can increase the reducibility [106-110]. This

is very important as it can increase the overall yield of the cycles. Cerium
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has a very accommodating lattice for these dopants allowing up to 40 % of
the ceria ions to be replaced and still maintaining the fluorite structure [111].

For maximum fuel production yield there is an optimum dopant concen-
tration for Zr which was determined via thermogravimetric analysis to be
Cegg5Zrg.1502 by Call et al. [112]. At this optimal Zr concentration, the
hydrogen production yield is approximately double that of pure ceria and for
higher Zr concentrations the fuel production yield was seen to begin decreas-
ing.

Tamaura et al. investigated a number of dopants and similarly found
that Zr doubled the yield, but also that Hf dopants could increase the fuel
production yield by a factor of approximately 2.2 [106]. They attribute the
improvement to the fact that Hf has the same valence as Zr, but also has
an even smaller ionic radius [106]. This could only have a very small effect
as Hf(85 pm) has approximately the same ionic radius as Zr(86 pm) when

compared to Ce(101).
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Analytical model of CeO»

oxidation and reduction

In this chapter an Arrhenius-based model for the high temperature reduction
and oxidation of CeQ, is developed. The model is shown to agree well with
both literature data for the equilibrium oxygen vacancy concentration and
novel experimental kinetics of oxidation and reduction obtained as part of
the research for this phd thesis.

The form of the Arrhenius rate equation was determined from the proper-
ties of the reaction. Equilibrium data from the literature was analyzed with
respect to our rate equation. From this analysis a number of constraints
on the model parameters were determined and some of the constants of the
model were fixed. The model accurately predicts the equilibrium composi-
tion of CeO, over a wide range of oxygen partial pressures (10*-10~* Pa) and

temperatures (1000-1900 °C).
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Novel results of the experimental re-oxidation of ceria were analyzed in
order to fix the remainder of the constants. Porous cerium dioxide pellets
were reduced at high temperature (1600 °C) and low oxygen partial pressure
(1Pa). The reduced cerium pellets were then re-oxidised in an oxygen atmo-
sphere of 14 Pa at temperatures in the range 500-1000 °C. The re-oxidation
was conducted in a sealed vacuum chamber. The reaction was monitored via
the change in pressure and gas composition measured by a manometer and
mass spectrometer. The results from this re-oxidation experiment allowed
us to fix the values of the activation energies and frequency factors of the
oxidation and reduction. The model was then compared to experimental
reaction kinetics of thermal oxidation and reduction and showed good agree-
ment. Finally the model was coupled to heat flow simulations to demonstrate

its use.

2.1 Introduction

In the past, studies have been conducted into developing numerical models of
the phase diagrams and composition of CeO, over a wide range of conditions
95, 113, 114]. These models however give us no information about the reac-
tion kinetics of the reduction and oxidation of ceria. It is interesting to note
that ceria remains in the fluorite phase throughout the range of temperatures
and pressures of interest for these fuel conversion cycles [92, 95]. Even with
large numbers of oxygen vacancies, the fluorite phase is still stable. The fact
that no phase changes occur should allow the development of a reasonably

simple model of the reactions.
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The lack of such a simple analytical model for the reaction kinetics of ceria
reduction makes assessment of the performance of ceria reduction difficult.
If one has a simple model which only depends on the concentrations of the
reactants, the temperature and the oxygen partial pressure, it can easily be
linked to heat flow and diffusion simulations [96]. This will greatly improve
reactor design capabilities, and allow for more accurate assessment of this
proposed fuel production technology.

In this chapter an analytical model for the reduction and oxidation of ceria
in an oxygen atmosphere is developed. The model should predict both the
equilibrium composition and reaction kinetics if it is to accurately simulate
the performance of the reactions. It should prove to be an invaluable tool in
the development of the discussed fuel production technology. It could also be
of use in any cerium dioxide high temperature redox processes. The model
itself is of theoretical interest as it should allow for a better understanding of

the role of diffusion and surface reactions in ceria reduction and oxidation.

2.2 Model

The system is modeled as an equilibrium reaction with Arrhenius rate con-

stants [115]. The equilibrium reaction is
k 0
C(’()Q = C(?()zf(; + 502 (21)

The reaction does not proceed to complete decomposition in this regime. If

enough oxygen is removed, the fluorite phase will no longer be stable and a
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phase transition will be inevitable. If there is a phase change the fundamental
properties of the reaction kinetics will change and our equation will no longer
be valid. Therefore it is assumed that not all of the oxygen can be removed
by this reaction and that it is proceeding towards a certain maximum value

of 9. say dax. with the complete reaction

-
Ce()g s CGO‘Z—&mx + 9 OQ. (22)

The reduction reaction depends on the concentration of removable oxygen
and the oxidation reaction depends on the concentration of vacancies and the
concentration of oxygen gas. Initially, oxygen diffusion in the bulk shall be
ignored and the vacancy concentration is assumed to be constant through-
out. The rate of change of the oxygen vacancy concentration is the rate at
which oxygen leaves CeQO, (reduction) minus the rate at which it recombines
(oxidation). This can be formulated as

d[Oyac]

dt E {OCe]k‘rd N [O"”"}[Og%]‘nkuxz, (23)

where k,q and k., are the rate constants of reduction and oxidation, and
(Oce), [Ovac) and [Og,s) are the concentrations of removable oxygen in the
ceria, oxygen vacancies in the ceria and the oxygen gas concentration. These
concentrations will be explicitly defined later. For simplicity it is assumed
that the rate constants have a basic Arrhenius temperature dependence and
they are given by

k. = Ag exp (2.4)

RT
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The concentration terms can be made unit-less by dividing Eqn. 2.3 by

the concentration of cerium [Ce|, giving

1 d[OVdL] o [OCe] . M -
{CG‘] dt - [Ce] rd [CC] [Og‘db‘] l”ox- (

!\3
(&3]
et

The rate is now in terms of moles of oxygen vacancies per mole of cerium

, Oce
per second, or simply per second. From Eqn. 2.1 and 2.2 the values [[ C’( (]]
e
and [C—Hi can be defined in terms of the stoichiometry parameters, ¢ and
'e

5]11‘(1.)('

Orel- 2 -

—— = Jmax — 0 2.6

[(‘C] me ( )

OV'd(' C

[. ] =) (2.7)

[Ce]

The oxygen gas concentration is directly proportional to the oxygen partial
pressure Fp,. Therefore the constant of proportionality can simply be in-
cluded as part of the rate constant k., and the oxygen gas concentration is
taken to be the oxygen partial pressure. Initially we wish to look at equi-
librium data so we set the rate to zero. Setting Eqn. 2.5 equal to zero and
using Eqn. 2.4, 2.6 and 2.7 we get the equilibrium condition

c _Erd cT N _on c
(Omax — 0)Arg €Xp T |~ 0 Pg, Aox €Xp rr | = 0, (2.8)

shown schematically in Fig. 2.1.
At equilibrium the rate of oxidation is equal to the rate of reduction.

The equilibrium oxygen vacancy concentration can now be expressed as a
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Figure 2.1: A schematic showing the equilibrium nature of the reduction and
oxidation reactions.

function of temperature and oxygen partial pressure with the equation

) - .‘11-(1 _(Erd - E()x)

~——P();” exp T

— | = 2.9
(Snmx =0 flu.\’ ( )

The difference in activation energies F.4-F, is labeled AFE for the re-

mainder of the chapter.

2.2.1 Equilibrium Composition

It is common in the literature for equilibrium data obtained at constant
temperature and varied pressure to plot log(d) vs. log(Pp,). If the logarithm

of Eqn. 2.9 is taken. it is clear that a more suitable plot can be made from
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the equation

Aa_[(-AE
A P\ "RT

log | ——— | = —nlog(Po,) + log

2.10
()mux - 5 ( )

From Eqn. 2.10 it is clear that a plot of log(d) vs. log(Pp,) will yield a
straight line with slope —n, but only when § << d,.c. Supporting this,
both Panlener and Dawicke [91, 116] found that in the region 0.001 < § <

0.004, this plot yields a straight line, and the pressure dependence was well

=

characterised by the relation § o Po; :
As we are not dealing with a dilute species reaction it may not be possible
to use the law of mass action to accurately predict d,,.x and n. It can however
provide a good starting point. From Eqn. 2.2, the law of mass action predicts
that n = (’“f Using the findings of Panlener et al. as an estimate gives n
= 0.2, and thus a good starting point would be to set d,,.x = 0.4. Using
these parameters, experimental equilibrium data can be analyzed. Data in
the range 1000 °C - 1500 °C was extracted from the experimental work of
Panlener et al. [91]. For temperatures above this, the numerical model of
Zinkevich et al. [95] was used, which is in good agreement with experimental
findings [91, 116-119]. We look at pressures in the range of 10-*-10° Pa.
The analysis of data from the literature is presented in Fig. 2.2, with
the parameter d,,,x = 0.35. For constant temperature, the data show linear
dependencies over a wide range of pressures. This is in contrast to the plots
made previously of log(d) vs. log(Pp,) [91], where the data begins to deviate

from the linear dependence as § increases and drastically so for values of ¢
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Figure 2.2: Isothermal plots of log(d 5) vs. -log(Pp,) with the value of
max — : -

Omax = 0.35. The temperatures plotted are from bottom to top 1000, 1100,
1200, 1300, 1400, 1500, 1587, 1725, 1850, and 1930 °C. The data is taken
from Panlener et al. [91] and Zinkevich et al. [95].

greater than 0.1. This is as predicted by Eqn. 2.8, providing strong evidence
in support of this analytical model.

In order to determine the best value of d,... the data was plotted for
a range of different values of d,.c. The plots were then fit linearly and
the variation in slope and the R? regression value of each set of data was
compared.

The dependency of slope on the temperature is plotted in Fig. 2.3. For
simplicity we want the value of n to be constant. The best choice of .
would therefore be that which gives the least variation in slope. Comparing
the statistics of the range of slopes obtained for each value of d,,., the value

of dmax Which gives the lowest standard deviation of n is 0.« = 0.35. Taking
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Figure 2.3: The slope obtained from a linear fit of log(ﬁ.—"—_;) vs. -log(Po,)
max -

plotted against temperature for six different values of the parameter 0,,.«.
The red points correspond to the slopes of lines plotted in Fig. 2.2.

the average of these slopes to be n and the standard deviation to be the error
we get n = 0.218 £ 0.013.

To evaluate each linear fit, the variance in the R? regression value was
plotted against temperature. From Fig. 2.4 we can see that for d,,,x = 0.33
the R? regression value drops below 0.96 at high temperatures. The rest of
the values of d,,.« give good linear fits over the range investigated, with 0.
= 0.35 - 0.36 having the best average values, both around R?* = 0.997. The
value . = 0.35 gave the most consistent slope and is the best fit of the
published equilibrium data.

The best fit value of d,,.« = 0.35 can now be applied to further analyze

the equilibrium data. Taking the natural logarithm of Eqn. 2.9 allows us to
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Figure 2.4: The R? value obtained from a linear fit of log(ﬁ) vs. -log(Po,)

plotted against temperature for five different values of the parameter ..
Again the red points correspond to the data plotted in Fig. 2.2.

easily extract the difference in activation energies AF.

0 —AE n ‘41‘11 y
In ((Snm = (5) = + In (P()2 A()x> (2.11)

Q L 1 N " 1
) VB 7= should be lines with

3
r—0

From Eqn. 2.11 we see that a plot of 111(
slope —AFE.

Each set of data plotted in Fig. 2.5 was fit linearly. Taking the average
value calculated from the slopes as the activation energy and the standard
deviation as the error we get AE = 195.6 4+ 1.2 kJ mol™!

The values of d,,.c, n and AFE can now be used to get information from

the intercepts of Fig. 2.2 and 2.5. This will allow us to determine the ratio

rd

between the frequency factors Taking the average of all the values

OX

determined from the linear fit intercepts of Fig. 2.2 and Fig. 2.5, and taking
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The data is again taken from Panlener et al. [91] and Zinkevich et al. [95].
The data was fit linearly and from the slope of each line we can calculate the
difference in activation energies AFE

Arg
the standard deviation as the error we get —— = 106000 £ 1000 Pa". The
< Lox
units of Pa™ are from our choice to absorb the constant of proportionality
between the oxygen partial pressure and the oxygen gas concentration into
A
Substituting the above values into Eqn. 2.9 gives

) —195.6 k Jmol™!

e = 106000 x Py "' exp = (2.12)

which only depends on the oxygen partial pressure and temperature. In Fig.
2.6, we plot the results of the fits along with the original data from Fig. 2.5
on a linear scale. As can be seen, the results of the fit match the original

data quite well on a linear scale.
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Figure 2.6: A plot of the vacancy concentration § vs. temperature. The

points are the same data (from the literature) as Fig. 2.5, and the lines are

the values predicted by the model.

2.2.2 Reaction kinetics

In order for oxygen to leave CeQO, it must first diffuse to the surface. This
diffusion process may conversely be considered as the diffusion of oxygen
vacancies. For simplicity we will consider spherical particles. This means we

can use the spherically symmetric diffusion equation

o5(T,t,r) 10 D(a,T)7~20°(g*t’ r)
= e e

ot T r20r ' el

where the solution only depends on the radial position.
The boundary condition at the surface of a spherical particle of radius r,

can now be set as our reaction rate formula

(9(5,-‘ - = _Exd ~ n _EUX ¢ 7
()fl - (()max - orl,)f/lr(l exXp W - (’r,, p()2 on exXp RT ’ (‘214)
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where 9, is the boundary vacancy concentration. As before, the units could
be simplified by dividing each concentration by the concentration of cerium.

If the diffusion coefficient D, and the particle radius 7,, are both known
then the problem is a simple partial differential equation in one spatial di-
mension. The diffusion coefficient for CeO, can generally be well described

with an Arrhenius dependence on temperature [120, 121].

W T 215
D(T) 0 XD | (2.15)

As we deviate from stoichiometry and the concentration of oxygen vacan-
cies increases the diffusion coefficient will also increase [122]. Therefore the
complete diffusion coefficient should be a function of both temperature and
oxygen vacancy concentration.

—E4(6)

D(5,T) = D,(9) exp BT

(2.16)
In the temperature range 900 - 1100 °C and for vacancy concentrations 0 in
the range 0 - 0.2, Stan et al. [123] found that both D,(d) and the diffusion
activation energy FE,(d) were well described by a linear dependence on §. The
temperature range however is too narrow for use in this work. Here we are
dealing with a wide range of temperatures and oxygen partial pressures, and
so a full analytical solution of the diffusion problem is impractical. We will
later simplify the effect of diffusion by assuming a shrinking core model.

To complete the rate equation, the values of E.q and A, or Eo and Ay

need to be determined. During the reduction of ceria at high temperature,
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the kinetics are determined by the balance between both the oxidation and
reduction terms in our equation. There are sources which suggest activation
energies for the reduction reaction [105, 107, 124], although the values vary
from 101.2kJmol ! [105] to 221kJmol™! [107]. It is also difficult to deter-
mine exactly what activation energy they have extracted from the data due
to the combination of oxidation and reduction.

Instead consider the oxidation of oxygen deficient ceria at moderate tem-
peratures. At relatively moderate temperatures (500 - 1000 °C), the reduc-
tion term should be very small relative to the oxidation term due to its much
larger activation energy (Fiq-Eox ~ 196kJmol™!). So at moderate temper-
atures we can treat the reaction kinetics for a reduced sample as only the
oxidation term in Eqn. 2.5, which gives

(1(5 G n _on
i ~ ) F s Ao BXP BT

(2.17)

By examining this reaction it should be possible to determine the remain-

der of the unknown constants in the rate equation.

2.3 Experimental Procedure

The aim of the following experiments was to investigate both the backward
and forward reactions of the equilibrium reaction shown in Eqn. 2.1. In other
words when displaced from equilibrium in either direction how quickly does

the system return to equilibrium. Most importantly we first wish to inves-
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tigate the re-oxidation of cerium since, according to Eqn. 2.17 this should
allow us to extract E.x and A..

An apparatus was built by the author which allows oxides to be heated
to high temperatures in a controlled atmosphere. The apparatus consists of
a vacuum chamber in which the sample is placed, and a focused Xenon lamp
for rapidly heating the sample to reaction temperatures. The Xenon lamp
uses an elliptical mirror to focus 100 Watts of broadband power into a focal
point less than 8 mm in diameter. This allows temperatures up to 1650 °C
to be achieved.

Changes in pressure are measured using a capacitance manometer, and
the gas composition is monitored using a mass spectrometer. Oxygen released
from the sample is observed by an increase in pressure and an increase in
the oxygen signal measured by the mass spectrometer. Conversely oxvgen
absorbed by the sample is accompanied by a drop in pressure and a drop in
the oxygen signal.

Figure 2.7 shows a schematic of our apparatus (for a photograph of the
system see Fig. 4.4). The type B thermocouple is placed on top of the
sample and the Xenon lamp is focused onto the sample and thermocouple.
The sample holder is an alumina crucible surrounded by another layer of
alumina to protect the steel chamber from the high temperatures.

A reduction cycle is started by pumping the chamber down to 1Pa, and
then sealing the chamber off from the pump. The lamp is then switched on to
heat the sample to high temperatures. The changes in sample temperature,

gas temperature, pressure and gas composition are recorded.
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Figure 2.7: Apparatus schematic showing the vacuum chamber, Xenon lamp,

s
sample, thermocouple and connected instruments.

A re-oxidation cycle is conducted by first pumping the chamber down
to 1Pa, the chamber is then back-filled with oxygen to a pressure of Po, =
14 Pa. This pressure was selected to give us a measurable reaction rate at
the temperatures used for re-oxidation (500 - 1000 °C'). The sample is then
heated using the Xenon lamp with the input power reduced by a filter. The
changes in temperature, pressure and gas composition are again recorded.

The background pressure increase due to heating of the chamber without
a sample present was taken into account for both an empty chamber under

reduction conditions and a chamber filled with oxygen under oxidation con-
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ditions. In the case of the re-oxidation cycles, the power incident into the
chamber is relatively moderate and the increase in pressure is negligible.
One issue identified with the system is that for the high temperature
reduction cycles, the oxygen given off was seen to take part in other reactions
as the cycle proceeds. This was observed as a decrease in the oxygen signal
from the mass spectrometer and an increase in the carbon dioxide signal. No
such competing reactions were observed in the re-oxidation cycles. We believe
that the high power incident into our chamber during the reduction cycles is
causing reactions with the chamber walls. For this reason our system is less
accurate in measuring reduction than oxidation. This is not a big problem
as the main experimental focus is on re-oxidation and reduction experiments

will only be used for comparison with the model.

Figure 2.8: Image of a sample with an image taken using a scanning electron
microscope showing its porosity.

The samples used are porous pellets of CeO,. They were prepared by
mixing CeO, powder (Sigma-Aldrich: 544841) with a grain size less than
25 nm and graphite powder (Sigma-Aldrich: 282863) with a grain size less

than 20 gm. They were mixed in a volumetric ratio of three parts graphite
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to one part ceria. The powders were thoroughly mixed by placing them in a
beaker and vibrating them in a sonic bath for fifteen minutes. Additionally
polished ball bearings were placed in the beaker to accelerate mixing. The
mixed powder was then pressed into pellets using a pellet die and a hydraulic
press. The pellets are then annealed at 1000 °C for 3 hours. During this
annealing the graphite undergoes auto-combustion leaving void space within
the pellets. This was followed by 24 hrs of annealing at 1500 °C to induce
sintering. The sintered pellets are on average 4.5 mm in diameter and 1 mm
in height. The porosity was calculated by measuring the mass and volume
of the samples to be in the range 60-65% void space and their masses were
in the range 28-30 mg.

The arc lamp focuses the light into a spot approximately 7 mm in di-
ameter, and therefore the entire sample fits into the focal point. For this
reason we believe that the temperature gradients throughout the sample will
be small, and in the analysis it is assumed that the sample temperature was

uniform.

2.4 Experimental Results
As described above we will first look at the re-oxidation of reduced cerium,

C(f()g_(s + gOQ = CPOQ (218)

which should allow the remaining parameters to be fixed.
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Typically in these oxidation experiments, the total amount of oxygen ab-
sorbed was in the range of 6 = 0.06-0.07. Again here, ¢ is a dimensionless
number of moles of vacancies per moles of cerium. The variance was thought
to come from the reduction step carried out prior to the start of the experi-
ment, and the samples were assumed to be fully re-oxidised at the end of the
experiment. This is an approximation, as there will still be some vacancies

present, but the concentration of vacancies can be assumed to be small.
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Figure 2.9: A graph showing sample temperature and the drop in pressure
for the re-oxidation of a ceria pellet.

The volume of the chamber, changes in pressure and gas temperature are
all known. Therefore, using the formula APV = AnRT, the number of moles
of oxygen which have been absorbed by the sample can be calculated. For the
initial phase of the reaction, the rate-determining feature is the reaction at
the surface and not the diffusion through the bulk. Additionally, to make an
Arrhenius plot, a varying temperature is needed which happens during the

initial stage of the reaction. As seen in figure 2.9 the samples quickly reach
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steady state temperature after which point the data is no longer useful for
Arrhenius plots as the temperature is no longer changing. For these reasons
it is convenient to study the reaction in the region of 0-40% completion.

Equation 2.17 can be rearranged to

/0 —E
In| — %(2 —In(0Pg) = ——

+ In(Au), (2.19)
dt

which gives a suitable plot for extracting the activation energy FE,, and fre-
quency factor Ag.
3

This can be thought of as an Arrhenius plot of In(k) vs. - The values of
0 and Py, are calculated from the data obtained from the pressure manometer
and mass spectrometer. A number of cycles were conducted. All cycles
started at room temperature similar to that shown in Fig. 2.9. The cycles
were run for a range of different input powers, with the final temperatures
reached in the range 500-1000 °C. We assume that in this range the reaction
kinetics are still of the type discussed and should be well described by Eqn.
2.19.

The data was analysed with a regression fit as seen in Fig. 2.10, and
the 95 % confidence interval was taken as the error in the slope and the
intercept. The oxidation activation energy was calculated to be E,, = 36+4
kJ mol~! and the frequency factor found was A, = 6.7 £3.4 s7! Pa=". This
value should depend on the surface to volume ratio. The value of surface to

volume ratio will change due to sintering during the reduction, so the low

precision for the value A, is not surprising. However, the ratio between the
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Figure 2.10: A plot of In(k) vs. ——. These points are from several different
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scans, where the temperature evolution during the initial heating period is

plotted against the corresponding In(k) at the same points.

. 441'1 .
frequency factors —— is a characteristic property of the material and was

< +OX

determined with greater precision.

FE.q and A,q can now be calculated using our values for E,,, A, and the

. . . .1 . 14r(
results from the analysis of equilibrium data for AE and —1 In summary
we have the equation
do < _Er(l N —Eo‘(
— = (x —9d)Aqexp — 0P, Ak exp = |, 2.20
dt ( ) rd I RT 0> X I RT ( )

with the parameter values given in Table 2.1.
The oxygen partial pressure is in pascals, if another unit is used, the value
of Ayx must be changed accordingly. Remember, the rate equation has been

divided by the concentration of cerium to make the concentration terms unit-
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()max ()-35
n 0.218 4 0.0013
NE 195.6 + 1.2kJ mol ™!

E.q 232 + 5kJ mol ™!
E,, 36 +£ 4kJ mol~!
441‘d

106000 £ 1000 Pa”

AOX
A | 720000 =+ 360000 s

Acx BT+ 34e Py

Table 2.1: Constants in Eqn. 2.20

less. Therefore this rate must be multiplied by the concentration of cerium
to get the absolute rate of reaction. The oxidation term in the ranges of
temperature, oxygen partial pressure and vacancy concentration considered
in our re-oxidation experiment can now be calculated to be at least 4 orders

of magnitude greater than the reduction term in our rate equation.

2.4.1 Model vs. Experiment

In order to test the model we can compare our re-oxidation reactions to ones
predicted by the model. The temperatures recorded by the thermocouple
were used in a numerical model of the rate. The oxygen partial pressure is
set to be the same as the initial value and is reduced proportionally as the
reaction proceeds. To account for diffusion at the later stages of the reaction,
a shrinking particle model is used. In particular, the case of a small particle

in which the surface reaction is the rate determining step is employed [125].
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This assumes that there is a shrinking sphere of vacancies, and introduces

the additional restriction

e = rate x (1 — a)3. (2.21)
dt

W=

Where rate in Eqn. 2.21 corresponds to the rate given in Eqn. 2.20. The
fraction completed a, is the amount of absorbed oxygen divided by the total
final absorbed oxygen. This is a simplification of the effect of diffusion, for
a full analytical solution one must solve Eqn. 2.13 and 2.14 on a suitable
sized sphere. It is assumed that the re-oxidation proceeds to the final fully

oxidised state with = 0.
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Figure 2.11: Experimental temperature and the corresponding fraction of
remaining oxygen vacancies for three different input powers. The solid lines
are the temperature, the crosses are the experimental fraction of remaining
oxygen vacancies and the dashed lines are those predicted by Eqn. 2.21.

From Fig. 2.11 it can be seen that the experimental results agree well

with the model. If the diffusion term is omitted, after the initial stages
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of the reaction the model predicts faster oxidation than was experimentally
observed.

The rate of the reduction reaction of CeO, can also be compared to the
model. Again Eqn. 2.21 is used to model the reaction. In the experiment the
parameters are measured once every second, however the reduction reaction
proceeds very rapidly, and so our temperature curves have low resolution. For
this reason analytical curves of radiative heating which are very similar to the
ones seen in the experiment were used in the numerical model. In this case
the value o is more difficult to determine. As the temperature and oxygen
pressure change so does the equilibrium 0. The fraction completed a can
be defined as the instantaneous value of ¢ divided by the equilibrium value,
so in order to determine a we must recalculate both the equilibrium ¢ and
the actual § in each iteration of the numerical model. Again as the reaction
proceeds the oxygen partial pressure in the model increases accordingly, just
as it would in the experiment.

The rate curves observed in the experiment have very similar shapes to
those predicted by our model. The model predicts a somewhat faster reac-
tion, which could be attributed to the assumption that the entire pellet is
uniformly heated. In reality, the bottom of the pellet is heated at a lower rate
as the pellet is a porous ceramic which has poor heat transfer properties[96].
This will reduce the rate. The final value in the model is that of equilibrium,
but in our experiment the final values were all roughly 30% lower than pre-
dicted by the model. This could be due to reactions with the chamber walls
absorbing oxygen as described in the experimental procedure. It could also

be due to trapped unreacted oxide in our pellets.
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Figure 2.12: Top: Experimental temperature and the corresponding mea-

sured ¢ for three different input powers. Bottom: A numerical model with
similar temperature curves and the corresponding numerical rates predicted.

2.5 Discussion

The discussed model of the kinetics of the high temperature reduction and

oxidation of cerium dioxide agrees well with the equilibrium and kinetic data
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presented in this work, however the model kinetics remain to be tested over

a wider range of temperatures and pressures.

2.5.1 Theoretical issues

[t should be noted that the activation energy for reduction found here of
F.q = 2324+ 5kJmol™! is far lower than the overall change in enthalpy AH
~ 480kJ mol~! for ceria reduction [91]. However, it is widely believed that
producing an oxygen vacancy at the surface of ceria takes less energy than
creating a vacancy in the bulk. The change in enthalpy is then broken up into
two parts, the energy change required to produce a vacancy at the surface
plus the energy change due to migration of this vacancy to the bulk. In the
review by Saur et al. [126], a value of 321kJmol ! is given in Table 4 for
oxygen vacancy formation at the surface.

These formation energies are still a good deal larger than the activation
energy we have found. However, this formation of a surface vacancy could
itself be a multi step process. For example, initially an oxygen surface defect
could be formed in which an oxygen molecule is displaced from its usual
position. this oxygen molecule could then be removed from the surface more
easily. Either of these steps could then be the rate determining step. The
activation energy required to produce a vacancy could then be as low as
the value we have found. This low activation energy may also explain the
relative ease at which oxygen vacancies can be formed in ceria despite the

large enthalpy of formation for bulk vacancies.
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The activation energies determined experimentally by other authors for
the thermal reduction of cerium are also very low when compared to the
enthalpy of formation. A value of 221kJmol™! was obtained by Alex Le
Gal and Stephane Abanades for the reduction of cerium dioxide doped with
zirconium [107]. This is lower than the value found here for pure cerium
dioxide which makes sense, as a higher oxygen yield is obtained when cerium
is doped with zirconium which would imply a lower activation energy. In
the work presented by E. Ramos-Fernandez at The Materials for Energy
conference held in Karslruhe Germany, they found an activation energy for
the reduction of pure ceria to be 236 kJ mol ' [127], which is within the error
of the value found in this work.

Different surfaces of ceria will also have different formation energies for
oxygen vacancies. This should not effect the bulk thermodynamics, but may
have an effect on the kinetics. We cannot bring further clarity to this issue as
our experiments were carried out with polycrystalline samples. Our values
for activation energies are representative of averages over the various facets

present in the ceria pellets.

2.5.2 Model applications

This model should be particularly useful in the development and assessment
of syn-gas producing reactors based on the ceria redox system. It can easily
be coupled to heat flow simulations, one simply needs to introduce a heat

source to account for the reaction consuming or producing heat given by

do
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where AH is the change in enthalpy for the reaction [91].

In the case where dopants are added to ceria to improve the stability and
reaction yields we should be able to modity our equation to suit. Both ZrO,
and HfO, have been shown to improve the high temperature redox prop-
erties of CeOy [106, 108, 110, 128]. The crystal structure however remains
unchanged and so the same reaction model should still be applicable with a
suitable change in the constants.

The model also gives us the boundary condition for the diffusion equation
if the ceria is in an oxygen atmosphere. This should allow for a more indepth
study of the effect of temperature and composition on the diffusion of oxygen

in the bulk.

2.6 Cavity Reactor

To demonstrate the model’s practicality it has been coupled to FEM heat
flow simulations of a cavity type rector. The simulated cavity reactor is very
similar to the one constructed by Chueh et al. shown in Fig. 1.8 in Chapter
1 [102]. In terms of size the model was scaled up by approximately an order
of magnitude compared to the tested reactor. The geometry was simplified
to concentric shells of porous ceria and insulation, with an aperture through
which radiation can enter and leave. Figure 2.13 shows the meshed geometry
and for illustration it also shows the input CSP passing through a CPC. Both
the ceria and the insulation layers are 2 cm thick.

The mesh has a course distribion along the inner surface as we would

not expect a large temperature gradient along this surface. However, porous
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Figure 2.13: A schematic of the reactor FEM geometry, showing the mesh
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and a hypothetical solar power input through a CPC.

ceria is a poor heat conductor resulting in larger temperature gradients per-

pendicular to the surface. For this reason the mesh is denser perpendicular

to the surface which receives the radiation. The simulation solves the heat

equation
T

ot
NceOs do g :
=0l Wm™|, 2.24
! Veeo, dt Lol el

pCp—=kAT +Q [Wm™3, (2.23)

where ;‘Z—gz’ is the moles of ceria per unit volume (mol m %), & is the thermal
conductivity, and AH is the energy consumed (J mol™'). These equations
are solved over the meshed geometry shown in Fig. 2.13.

The heat source @), is negative due to heat being consumed by the reduc-

tion reaction described by Eqn. 2.24, where the rate is determined using the

model. The outer surface of the cavity was assumed to lose heat to the sur-
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roundings via radiation exchange with the ambient, which can be described
using the Stefan-Boltzmann law as a boundary condition,

fi - (kVT) = ea (T , — T%). (2.25)

amb

On the inner boundary there is surface to surface radiation heat exchange
and radiation losses through the cavity aperture via radiation to ambient. For

a given surface node this is given by

i - (kVT)) = €(G; — 0T, (2.26)

where the incoming radiation G, is the sum of the incoming ambient radia-
tion and the radiation from all of the other inner surface nodes which reaches
node i. The value of G for a specific node, can be numerically calculated using

the equation

N
Gi i Z P‘”TVJ1 + F‘“”bT(;lmbf (227)
J=0 j#i

where Fj; is the view factor of surface i from surface j, and F,,; is the
ambient view factor. The view factor F}; is the fraction of the radiation
leaving surface j, which is incident onto surface i. It depends on the distance
between the elements, their unit normals and their areas. All Fj; must be
calculated for each node, however the relative coarseness of the mesh around
the inner surface helps to reduce the number of computations.

The material properties are given in Table 2.2. An approximate value is
given for the specific heat capacity of ceria, ignoring its temperature depen-

dence. A simulation in which the emissivity was varied between () and 1 was
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()]

Material k Ly p 5

Porous Ceria | 25Wm'K™! | ~480Jkg 'K~! | 1500kgm 3 | 1

Insulation 0.05Wm=tK=!'| 200Jkg '!K~! | 1500kgm=3 | 0.05

Table 2.2: Material properties used in the FEM simulation

conducted in order to see its effect. For values of emissivity greater than 0.4,
there was very little change in the power absorbed. This is because there are
multiple internal reflections inside the cavity and thus most of the radiation
is eventually absorbed. For simplicity the inner surfaces were then set to
radiate as black bodies for the remainder of the simulations (¢ = 1). The
outer surface was set to have a low emissivity of 0.05 in order to approximate
more insulation or an outer reflective layer.

The simulation is time dependent and it starts with the porous ceria at a
temperature of 1273 K. The simulation stops when any piece of the reactor
reaches 1923 K. The oxygen partial pressure was assumed to be constant at
Po, = 1 Pa. For simplicity, it was assumed that this partial pressure was
maintained by a vacuum, which limits our heat transfer to radiative heat
transfer only.

In this example the input power was varied to check the effects of various
solar concentrations on the reactor’s performance.

The input power was given a Gaussian distribution around the inner
surface which is shown in Fig. 2.14. This was used as an approximation of the
power distribution one might expect to come from a CPC. The temperature

variation around the inner surface in Fig. 2.14 is small, which shows that the
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Figure 2.14: Color plots of the normalised power distribution, the temper-
ature around the inner surface and the temperature over the whole reactor
near the end of reduction.
incoming power is effectively distributed around the cavity by radiative heat

transfer.
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Figure 2.15: Fraction of the total input power consumed vs. time for a number
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of different input power densities, which are given in kW m™=.
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In order to evaluate the reactor performance, we can integrate the heat
consumed by the ceria reduction, and the power absorbed and emitted by the
insulation and inner surfaces of the reactor. Figure 2.15 shows the fraction of
the total input power which is consumed by the reduction vs. time. The input
power density in kW m™2 corresponds roughly to the solar concentration, so
the highest input power would require a concentration factor of 1900 suns.
The higher the input power the shorter the time the reactor takes to reach the
maximum temperature. The power consumed is plotted here as a normalised
quantity. with the total input power being 1. Therefore, the area under each
curve divided by the area of the total normalised power (1 X time), gives the

fraction of the total energy supplied which is consumed by the reaction.
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Figure 2.16: Fraction of total energy supplied vs. input concentration for
the energy consumed, the energy re-radiated through the aperture and the
energy lost through the insulation. Also shown is the yield loss which is
another normalised quantity.
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From Fig. 2.16 we see that with increasing input power both the insu-
lation losses and the aperture losses decrease. This can be understood by
considering that for a given input power the reactor will have a steady state
temperature where the heat losses are equal to the input power. This tem-
perature increases with input power, so the reactor is further from steady
state for greater input powers and thus suffers less losses.

The consumed power increases with input power, but eventually begins
to approach a limiting value. The theoretical limit for the fraction of heat
consumed is given by the heating efficiency, 7.0, in Chapter 3. However,
it is not exactly the value approached in this case, as higher input powers
result in less uniform heating. This means that not all of the ceria reaches
the maximum reduction and thus less heat is consumed. This can be seen

by considering the yield loss which is described by the equation

Yield obtained
Yield loss = 1 — : 2.28
ey Maximum yield ( )

The maximum yield is the yield one would get if all of the ceria was
heated to the maximum temperature and reached reaction equilibrium. The
yield loss increases with the input power. For the higher input powers the
ceria is heated very fast and thus there are greater temperature gradients in
the ceria. This is important for both yield and reactor durability as thermal
shock could reduce reactor lifetime. If for higher powers the ceria could be
heated uniformly, then the fraction of total energy consumed would approach

the theoretical limit.
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Although very simplified, such simulations can provide excellent insight

into what might limit a reactors performance.

2.7 Conclusions

An Arrhenius type model for the thermal reduction and oxidation of CeO, in
an oxygen atmosphere was developed by considering the processes involved
in the reactions. By analyzing equilibrium data from the literature with
the model as a template, we were able to fix the difference between the
activation energies of reduction and oxidation, the oxygen partial pressure
dependence, the ratio of the frequency factors and the maximum removable
oxygen in this reaction regime. We then examined the re-oxidation of cerium
in order to determine the activation energy and frequency factor for the
re-oxidation term in the model. This fixed the remainder of the constants
involved in the model. The model’s reaction kinetics were then compared to
novel experimental data. The experimental results agree well with the model
predictions in the temperature and pressure ranges examined.

The model should be particularly useful for reactor design work. Its
simple analytical form means it can easily be coupled to heat flow and or
chemical species transport simulations. This should allow for more accurate
optimization of reactor design.

In the next chapter the model is employed in a thermodynamic analysis

of fuel production using CeQOs.
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Chapter 3

Thermodynamics of CeO; fuel

production

In this chapter the thermodynamics of thermochemical fuel production using
a CeO, redox cycle are studied. The need to reduce the oxygen partial pres-
sure in order to improve efficiency is investigated, with both sweep gas and
vacuum pumping considered as methods of achieving this. At ambient pres-
sure the cycles can be maximised with respect to the temperature swing, the
minimum oxygen partial pressure and the extent of the oxidation reaction.
For reduction at 1500 °C the maximum fuel conversion efficiency was found
to be 4.5%, which is significantly lower than the values found in previous
studies. In addition isothermal operation had very low efficiency (less than
2%) under all of the conditions considered. If the system is operated at lower
than ambient pressure, the pumping efficiency will depend on the pressure.
From an investigation of commercially available pumps the pressure depen-

dence was given an analytical expression. The results showed the cycles have

63
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an optimal operating pressure, and that using sweep gas as well as pump-
ing, only reduced the overall efficiency. The efficiency was maximised with
respect to the temperature swing, the reduction pressure and the extent of
oxidation, giving a peak efficiency of 7.5% for a reduction temperature of
1500 °C. Reducing the pressure during reduction could also be beneficial due
to improved reaction kinetics at lower pressure, and an increased yield due
to lower oxygen partial pressures. Recovering heat from both the high tem-
perature ceria and the oxidation reaction, and using it as process heat was
also considered. With 60% of this heat being recovered, the peak efficiency
for the 1500 °C pumped cycle increased to 11%. Finally the practicality of
the cycles. in terms of the quantity of ceria required to maintain continuous
operation, are considered and some suggestions for improving the cycle are

given.

3.1 Introduction

Thermodynamic studies of the ceria fuel production cycles suggest that solar
to fuel efficiencies exceeding 30 % could be achievable [129, 130]. In practice
fuel conversion efficiencies have been low, with values less than 2 % [93, 102].
In this chapter a more in-depth analysis of different cycle conditions is ex-
plored with an aim of better understanding if and how these high efficiencies
can be achieved.

The majority of work performed on ceria has been for temperature swing

cycles. However, some recent studies have brought to light the possibility of
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an isothermal cycle [131-134]. An isothermal fuel production cycle based on
ceria has been demonstrated at the laboratory scale by Venstrom et al. [99].
A recent thermodynamic study by Ermanoski et al. suggested that isother-
mal fuel production would have low efficiency due to the unfavorable ther-
modynamics of an isothermal cycle [135]. They explain that the oxidation
and reduction reactions do not proceed spontaneously and without some
additional work the yields will be reduced. Instead, the authors determine
that there must be a temperature difference between oxidation and reduction
which offers a maximum efficiency. This maximum arises because there is a
trade off between energy losses due to cycling the temperature and the losses
due to operating the cycle under unfavourable thermodynamic conditions.
In this chapter an analysis of the efficiency of such cycles with a realistic
look at the different constraints affecting the efficiency is provided. This
includes an analysis on different methods used to reduce the oxygen partial
pressure during reduction and a full analysis of the oxidation reaction. This
allows the efficiency to be maximised by selecting the cycle parameters.
The oxygen partial pressure can be reduced using a sweep gas with low
oxygen concentration (e.g. No), by pumping the system to a lower operating
pressure during reduction or by some combination of these two methods. The
minimum quantities of sweep gas required are calculated using equilibrium
considerations.
The pumping efficiency is given a pressure dependence which has not
been considered in previous studies. The lower the operating pressure of
the reactor, the less efficient the pumps will be. This is due to pump leak-

age which increases with decreasing pressure, and the thermal losses which
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increase with the compression ratio. In addition smart pumping (in which
oxygen is pumped off at it’s equilibrium pressure) is used to minimise the
energy needed for pumping. This idea was recently noted by Ermanoski,
who considered the effect of performing reduction in a series of chambers
each with decreasing pressure [136], which increased the efficiency.

The oxidation reaction is also given full consideration with the amount
of oxidiser needed determined from equilibrium considerations. In some pre-
vious cases this quantity may have been underestimated. Here we also intro-
duce a fraction completed parameter to allow the oxidation to stop short of
completion which can greatly reduce the amount of oxidiser required.

Finally the practicality of the cycle is discussed based on the amount of
ceria which must be used in a reactor per kW of power stored as fuel. These
considerations depend on the cycle time (reaction kinetics) and the yield of

the cycle.

3.2 Thermodynamics

All of the thermodynamic properties used in this study have an analytical
form, meaning that the calculations are very simple and can be reproduced
with basic mathematical software. The aim of this is to allow other authors
to easily modify the calculations to determine the maximum thermodynamic
efficiencies for specific reactor properties.

It is also important to note that the analytical functions given require the

temperature to be in Kelvin and the pressure in bar. However, the plots and
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the descriptions give the temperature in terms of Celsius for the convenience
of the reader.

In the case of a temperature swing cycle, there are inevitably difficulties
in recuperating the heat used to change the temperature of the ceria and
reusing it in the cycle. There have been some ideas for solid state heat re-
cuperation within the cycle. A counter rotating ring design was proposed by
Sandia National Laboratories [58, 60], which allows the relatively hot ceria
coming from the reduction zone to transfer heat to the relatively cool ceria
coming from the oxidation zone. A similar design was proposed by Lapp et
al. which used counter rotating concentric cylinders [137]. Unfortunately,
the implementation of these designs would greatly increase the reactor com-
plexity and likely introduce unnecessary thermal losses. For this reason it
is initially assumed that the solid state change in temperature of the ceria
is lost heat (although, some of this heat could be utilised for heating the

incoming H,O and CO,).
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The cycle reactions are described by equations 3.1 and 3.2. The ceria is
reduced at a temperature T4 in a low oxygen atmosphere with an oxygen
partial pressure of Pyo,. to a vacancy concentration of d,4. It is oxidized at

a temperature T, in a 1 bar steam atmosphere (H,O) to a vacancy concen-
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tration d,c. Only cycles for which T,q4 > T, are considered, and thus the
temperature difference AT is always positive or zero (AT > 0). The equilib-
rium yield per cycle is the difference in the vacancy stoichiometry Adeq. For
convenience, the deviations from stoichiometry ¢, are defined as a unit-less

oxygen vacancy concentration.

§= (3.4)

Where [Oy,| is the concentration of oxygen vacancies and [Ce] is the concen-
tration of cerium atoms.
The values for equilibrium vacancy concentrations ¢ can be obtained from
the equilibrium equation
- %)
—195.6 [kJmol ']

= 8700 X Pg"*" exp IL?T =], (3.5)

0.35 -4

which is derived in the previous chapter (Eqn. 2.12) and in a publication
written by the author [138]. The pre factor here of 8700 is different to that
in Eqn. 2.12 as we have switched pressure units from Pascals to bar. Here
the temperature must be given in Kelvin and the oxygen partial pressure in
bar. Re-arranging this Eqn. yields an expression for 0 which depends only
on temperature and oxygen partial pressure, 0(7, Po,). In order to calculate
0va, both Ti4 and the final oxygen partial pressure Pjo, are substituted into
Eqn. 3.5. The final oxygen partial pressure Pjq,, is the target lower partial

pressure to be attained at the end of the reduction cycle.
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In order to calculate 6. T, and the oxygen partial pressure in 1 bar of
H,O at T,,, were substituted into Eqn. 3.5. A similar calculation for CO,
gives lower values of d,,, which is more favourable in terms of yield. The
values of Py, in 1 bar of HyO or CO, were calculated and are shown in the

appendix of this chapter using standard equilibrium conditions.
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Figure 3.1: The equilibrium stoichiometry ¢ vs. the temperature 7' for a
reduction with Pro, = 1x107° labelled 4,4, an atmosphere of 1 bar H,O
labelled d,,, and an atmosphere of 1 bar CO, labelled d,, - COs.

Figure 3.1 shows the values of equilibrium 4 in a low oxygen partial pres-
sure atmosphere, a steam atmosphere and a CO, atmosphere. An isothermal
cycle will have a change in stoichiometry equal to the difference between the
reduction and oxidation values for a given temperature. The values of 0.4
and 0., here agree well with the previous thermodynamic analysis of Bader

et al. [132].
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3.2.1 Reduction and heating

The energy required to remove oxygen from ceria is the change in enthalpy
for reduction AH,q. This change in enthalpy was found by Panlener et al.
to only depend on the stoichiometry § [91]. The curve for the change in

enthalpy given in Panlener’s work was extracted and fit with a polynomial.

AH.q(0) = (478 — 1158 & + 1790 6% + 23368 §° — 64929 6*) x 10° [Jmol ']
(3.6)

The heat required to reduce one mole of ceria from d, to d,q can then be
calculated by integrating the molar change in enthalpy from d,x to d,q. How-
ever, oxidising the ceria to d. requires that the ceria oxidation reaction reach
equilibrium, which will require excessive amounts of oxidiser. Therefore, it

is useful to introduce a stopping point for the oxidation reaction,

Oox (@) = dox + (1 — @) Adeq 0<a<l (3.7)
where « is the fraction complete. Setting o to values less than one stops
the oxidation reaction short of equilibrium. The energy required to reduce a

mole of ceria is then

Ord
bl :/(s AH,4(8)dd [Jmol™]. (3.8)

ux((l)
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For a given cycle, as described previously, there is also the energy cost of

heating the ceria. This is given by

Tra
Bau, = Cpoeo, (T)AT  [J mol '], (3.9)

7‘nx

where the specific heat capacity of ceria was obtained from the work of
Pankratz [2], and fit with a polynomial (see appendix) in the range 300 -
2300 K. The dependence on § was ignored as within the ranges of § consid-
ered (0 - 0.1), only a 1.5 % change in heat capacity is predicted [95].

The heating efficiency can now be defined as

aASHHVy,

Nheat = ——————, .10
e Qrd =t Q(‘('Og ( )

where aAd.qHHVy, is the energy stored in the fuel, and Q.q + Qceo, is the
heat required to reduce and change the temperature of the ceria. These
are the heat inputs to the main part of the reactor as seen in Fig. 3.6. The
heating efficiency should clearly show the energy losses due to the difference in
enthalpies (AH,q—HHVy,) and the energy required to cycle the temperature.
It sets an upper bound on the fuel production efficiency when there is no solid
state heat recovery.

In Fig. 3.2 the heating efficiency is plotted for a range of different Pjq,.
with T,q4 = 1500 °C, which is taken as the standard reduction temperature
throughout the rest of the chapter. For the values of Pjo, > 107, the
heating efficiency becomes negative for small AT. This is because the cycle
< 0. Otherwise, the heating efficiency again

is no longer possible as Adeq
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Figure 3.2: Heating efficiency vs. the change in temperature AT for a range
of values of Pso, (1 to 107° bar), with T;4 = 1500 °C and o = 1.
increases with decreasing AT and Pjo,. The ceria cycle could be operated
with reduction in pure oxygen at ambient pressure, shown by the lowest line
in the graph (Pro, = 1 bar), but the heating efficiency is very low (=~ 3 %
for AT = 500 °C). This shows the importance of reducing the oxygen partial
pressure during reduction.

Another very important aspect is the yield, Adeq. The number of moles of
ceria that need to be heated per cycle to produce 1 mole of Hy is the inverse of
the yield, 1< . The thermal losses due to heating of the ceria (re-radiation,

eq .
insulation losses.. etc) will increase if more ceria must be heated to produce

a mole of fuel. For this reason cycles with a larger yield should result in less
thermal losses per unit of fuel produced. In addition, the practical challenges
associated with cycling large amounts of ceria per unit of fuel produced may

ultimately decide the technical viability of such cycles.
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Figure 3.3: Contours of constant Ade, in a plot of Pso, vs. AT with T,q =
1500 °C. The dashed line is for 7,4 = 1600 °C.

In Fig. 3.3 lines of constant yield are plotted to show the effects of both
Pto, and AT on the yield. Increasing AT allows for much higher Pyq,, which
is important due to the difficulties associated with achieving such low oxygen
partial pressures. The dashed line shows the effect of increasing 7,4 to 1600
°C, which greatly reduces the constraints on AT and Pyo, for a given yield.
For T.q = 1500 the dashed line would be outside the area of the graph at
virtually unachievable partial pressures.

The yields shown above are still relatively low and will result in large
amounts of ceria being cycled to produce relatively small amounts of fuel.
A cycle with T4 = 1500 °C, AT = 500 °C and oxygen partial pressures of
107*, 107 and 107° will require 29, 19 and 12 moles of ceria (4.8, 3.2 and 2
kg) respectively per mole of fuel produced (2 g). In the worst case of Pyo,
= 107" bar, a reactor with an output of 100 kW would then need to cycle

ceria at a rate of 100 kgmin—!. If it takes on the order of tens of minutes to
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complete one full cycle then a 100 kW reactor would need a number of tons
of ceria to operate continuously.

Although rough, these considerations highlight the importance of the
vield of the cycle and the rate of cycling (reaction kinetics). These parame-
ters determine the amount of ceria a reactor will require which will greatly
affect the practicality of the cycle. These properties are given further con-
sideration in the discussion section, and for now the focus shall return to

efficiency.

3.2.2 Sweep gas

During the reduction step the oxygen partial pressure can be reduced using
a sweep gas. In this case we consider nitrogen, which can be produced via
cryogenic rectification. This gives nitrogen gas with an oxygen impurity
concentration of 1 ppm, with an electrical energy cost of approximately 15
kJmol ' [139]. Assuming that heat can be converted to electricity with an
efficiency of 40 %, the cost of producing nitrogen for the reduction of one

mole of ceria is

QN, = Ngas(1 — To,) x 37500 [J mol™1], (3.11)

where ng, is the total number of moles of gas (Oy +Nj) which leave the
reactor per mole of ceria cycled and zg, is the average mole fraction of
oxygen in the sweep gas over one cycle.

It remains to determine the average mole fraction of oxygen ro, and the

number of moles of gas ng,s, per mole of ceria cycled. The minimum ng,s can
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be calculated by assuming that all of the oxygen released during reduction
is at equilibrium conditions. This gives the minimum since if the partial
pressure is increased past equilibrium the reaction can no longer proceed.
By rearranging Eqn. 3.5, the equilibrium Py, can be expressed as

RT

Po,(6,T) = : bar],  (3.12)

8700(035 - 5) exp (—195‘6 kJmol“) e

and the mole fraction of released oxygen is then

N P()2(6.T) S 1

.I'()2(6« T) P

(3.13)

where the 107°P is to account for the 1 ppm O, already in the sweep gas.

The number of moles of gas per mole of vacancies created is then given by

sl 6, T') 1 ,
. = S 3.14
D0 2.1'()2((). T) ( )

where 22, accounts for there being half a mole of Oy per mole of vacancies.
In addition, ng,s will be at a minimum if the sweep gas is only used to remove
the oxygen when at the upper temperature 714, as the equilibrium Pp, goes
up with temperature. The minimum ng,, is then given by the normalised

integral

*Ord (‘)ngz\s(d.’r) N
Jd.,x (c) o do

aAdeq

Ngas =
The maximum average mole fraction of oxygen in the product stream is then

A deq

2Niggs

(3.16)

Zo, =



76 Chapter 3. Thermodynamics of CeOs fuel production

It is necessary to introduce an additional condition on the value of Pp,.
If Poo, > P, it must be set equal to the total pressure. In other words, in
the case where no sweep gas is needed, the oxygen is just removed at the
operating pressure of the reactor as it heats up, avoiding errors in the value

()f j‘()__, ‘

POQ((S.T> : P()_,(dT) &L i
P 18,1 = (3.17)

r : Po,(8,T) > P

The maximum average oxygen mole fraction is obtained in the same way
except that in Eqn. 3.13 the expression for Py, is given by Eqn. 3.17. The
value 7o, is very important as it determines the amount of sweep gas needed

per mole of fuel produced, and hence can greatly effect the efficiency.

—Log (Pp,)

Figure 3.4: A plot of —log(Zo,) vs. —log(Pso,) with T,q = 1500 °C. The
solid lines are for a range of values of AT (0, 100, 200 and 500) with P =1
bar. The dashed line is a plot of —log(Zo,) vs. —log(P) , with Pso, = 107°
bar and T,.q = 1500 °C.
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In Fig. 3.4, the results for the cycles with AT < 500 stop abruptly as the
cycle becomes impossible when Ade, < 0. For reduction operating at a total
pressure of 1 bar, Zp, decreases with decreasing Pro,. The energy cost of
producing nitrogen is quite high and thus cycles with low To, (< 1072) will
suffer from very poor efficiency. In order to obtain low Pjq, it may be more
sensible to pump the system to lower pressures, which reduces the amount
of sweep gas needed. This is illustrated by the dashed line in Fig. 3.4.

It can be seen that with P = 1 bar isothermal cycles have minimum 7o,
of ~ 1073, which will result in very poor efficiency. This appears to agree
with the experimental demonstration of the isothermal cycle performed by
Venstrom et al. [99], where ceria was reduced at 1500 °C using a sweep gas
flow rate of 581 mlmin~'g~! for 9.5 min resulting in a vield of Ad = 0.01 (see
Fig. 5 in their manuscript), which corresponds to an zo, of approximately
1.2 x 10~*. Here the maximum 7o, was calculated to be 2.0 x 107, for a
cycle with T;q = 1500 °C, a = 0.66, AT = 0, with a yield aAdeq = 0.01 (these
values were determined from the data presented in the Venstrom paper) and
using COs as the oxidiser. This maximum value is greater than that obtained
in practice by Venstrom et al. by a factor of 1.7, which seems plausible and
offers some support for the calculation.

An important aspect of using a sweep gas is that it must be heated to
the reduction temperature. The gas leaving the reactor can be used to heat

the sweep gas entering the reactor via a heat exchanger. The energy cost of
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heating the sweep gas is then

S5l
Qune = (1 ) | Mgl = Tog) [ Con, DT | [Imol™Y],  (3.18)
Tamb
where 1n4,(1 — Zo,) is the number of moles of nitrogen used in the reduction
of one mole of ceria and g4, is the heat exchanger effectiveness. The specific
heat capacity of nitrogen as a function of temperature was obtained from the
work of McBride et al. [1] and fit with a polynomial which is given in table

3.3 in the appendix of this chapter.

3.2.3 Pumping

If the system is maintained at lower than atmospheric pressure there is addi-
tional energy needed to pump the gases. It makes sense to only pump once
the reactor has reached T.4, as this maximises the oxygen partial pressure
Po,(0,T), and thus reduces the amount of pumping work necessary.

Here we consider the optimal case, where the oxygen is pumped at its
equilibrium pressure if this is greater than the target operating pressure.
The upper pressure is restricted to a maximum of ambient pressure giving a

pumping pressure of

leb : POQ((Sv T) = erb
‘Pl)mp(d' T) - POQ((S* T) : Runb = P()L’((Sﬂ T) > P (319)

P : Po,(8,T) < P
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The energy required to pump is assumed to be that of pumping an ideal gas

] )y Lo ;
Omep o RT In (Ppmp((), ]))’ (320)

85 - 277pmp(])pmp) Pamb

where the factor of two accounts for there being two moles of vacancies per

mole of oxygen. The total energy required to pump the gases is

& 9Q Ngas(1 — To, )RT P
Q mp / _—p-TE do + - . In|{ — |, (321)
S dox (@) a0 771)mp(P) Pamh

where the first term is that of pumping the oxygen, and the second term is the
energy required to pump the sweep gas which is only used when the pressure
reaches the lower value of P. The gas is assumed to be at a temperature of
70 °C during pumping. Note that the pumping efficiency 7pump. is given a

pressure dependence which is explained later.

3.2.4 Oxidation

Finally, we have the energy costs of oxidation, which is the cost of heating the
oxidiser H,O. The oxidation is assumed to take place at ambient pressure.
In the appendix of this chapter, the ratio between Hs and HyO for steam in

equilibrium with CeO,_; is calculated to be

5 —AGWS(TUX)
B T ~ap | — g ——

= %111(1?02(5. el | (3.22)
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where Po, (0, Tix) is given by Eqn. 3.12. The equilibrium mole fraction of Hy

is then

) . J,‘H,z RLL
UHy, LHo o TH,0 " 50 (3.23)
==t ¥l ) 9 — ®Hs0 DT 205 ) .

I TH,0 + THy, + Z0, z = e ol 1+ R n,
THy0 THyO TH50O Hy0

since ry,o0 + Ty, + o, = 1 and xp, << xy,0 +rn,. To get the mole fraction
of hydrogen produced by the reaction with ceria, the equilibrium hydrogen
in a pure steam atmosphere must also be subtracted giving

RH_Q ((5~ ﬂ)x)

T, (6, Toy) = ——2—— T 3.24
IHA_( ,) 1+R_I:|‘L(()TU‘) ‘IH‘_( ) 1 ( )

50

where ry, (Tox)eq 18 the equilibrium mole fraction of hydrogen in an isolated
H,O atmosphere at temperature 7, (calculated in the appendix of this chap-
ter). This equilibrium mole fraction (xy,(Tox)eq ) must be subtracted to get
the exact mole fraction of hydrogen produced by the oxidation reaction with
ceria. The number of moles of oxidiser required per mole of fuel produced is
then

Onu,o(9, Tox) 1

25 T By (3:25)

with the total number of moles of oxidiser required to cycle one mole of ceria

given by

f{&'rd Inp,0(8.Tox) 5
NH,0 = Pl = | (3.26)
5 elhdey

Figure 3.5 shows how zy, depends on AT. For isothermal oxidation
hundreds of moles of oxidiser are required to produce a mole of fuel, but

this decreases rapidly for increasing AT. Decreasing the value of Pyo, also
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Figure 3.5: A plot of -log(Zy,) vs. the change in temperature AT. The solid
lines are different values of Pjo, (1071, 107% and 107° bar) with 7,4 = 1500
°C. The dashed line shows the effect of stopping the oxidation reaction before
equilibrium at 95 % completion, with T4 = 1500 °C and Pjo, = 107° bar.
decreases the amount of oxidiser required, and where the lines abruptly stop
is where operation becomes impossible as Ad., < 0. Stopping the oxidation
at 95 % completion is also shown to greatly reduce the amount of oxidiser.
The calculation was also performed for an oxidiser of CO,, the results of
which are shown in Fig. 3.15 in the appendix. Again we can compare the
results to the experimental demonstration of the isothermal cycle performed
by Venstrom et al. [99], where ceria was oxidised in CO; at 1500 °C using
an oxidiser flow rate of 297 mlmin~'g~! for 0.9 min, resulting in a yield of
alAde, = 0.01, which corresponds to an Z¢o of approximately 5.3 x s
Here the maximum Z¢o was calculated to be 7.3 x 1073, for a cycle with T,q
= 1500 °C, o = 0.66, AT = 0, with a yield aAd,q = 0.01. As before the

value is larger than that obtained in practice as expected, and the numbers

are reasonably close which again offers support for the calculation. The
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low concentration of CO is very impractical as it must be separated from
the product stream, which is not a trivial task. Together with sweep gas
energy costs, these technical demands will make ambient pressure isothermal
operation both impractical and very inefficient.

A heat exchanger can be used to heat the oxidiser using the out flowing

oxidiser and fuel. The energy required for oxidation is then given by

rl‘()x
QHQ() = ‘IIHZ()(I - (t-’;ﬂ:*) Cp“‘z()(T)([T + LH._,() . (327)

100

where Ly,o is the latent heat of vaporisation of water. The same heat ex-
changer efficiency as that of the sweep gas heat exchanger is used for sim-
plicity. This is a modest assumption as some of the heat released during
oxidation (Q;q — @AdeqHHVy, ). should also be available for heating the ox-

idiser.

3.2.5 Plant efficiency

In order to account for losses consider that, for a given fuel production plant,
the heat required to power all of the processes can be collected and supplied
with an efficiency 7,jane. This is to account for losses in solar collection and

thermal losses due to re-radiation. It can be defined as

0.91kW x C — (T4 — T4 |
7][)|;mt(Trd- C) = ( TEW X(C : b)) n (328)

where (' is the solar concentration and the factor of 0.9 is to account for

10 % losses from the solar collectors. Note that this assumes that all the
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process heat is supplied to the reactor at temperature T,q. This is a modest
assumption as temperature swing cycles can be at lower temperatures during
heating phase and some of the processes (Qpmp. @n,0 and @n,) could be

supplied with heat at lower temperatures.

H,  HxO
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Figure 3.6: A schematic of the reactor showing the processes involved in
reduction, their heat costs, and the flow of the nitrogen gas and the cycle
products.

Figure 3.6 shows the various processes and heat inputs required for fuel
production. The oxidation and reduction sections (seperated by a dashed
line in the schematic) of the main reactor can be separated in space or in
time. For spacial separation, both oxidation and reduction can be performed
continuously in two separate reactor chambers allowing for automatic separa-
tion of the products Hy and O,. The alternative is to operate a batch reactor
and perform the reduction and oxidation reactions alternately (at different
times) in the same reactor. The products are produced at different times so

they are again automatically separated. With all of the energy costs, the fuel



84 Chapter 3. Thermodynamics of CeQO, fuel production

production efficiency can can now be defined as

Tlplant Q'A()‘eqHHVHz
(2“1 + QCGO? i (2N2 =I5 Qt-’;ﬂﬁ + (Jl)ml) ‘i CJHz() .

(3.29)

Nfuel =

If the system is at ambient pressure then @, = 0 and if the system
is pumped to the target lower oxygen partial pressure (P = Pjo,) then no

sweep gas is needed and Qn, = Qgas = 0.

owp | 0.15
Egas 0.75

C 3000

Table 3.1: Initial values for efficiency and solar concentration.

The values for the process efficiencies and solar concentration were fixed
and are displayed in table 3.1. It seems feasible that the heat exchanger
could have an effectiveness of 0.75, providing 75 % of the heat needed for the
sweep gas and oxidiser. Initially an efficiency of 15 % is used for 7,,,, with a
more in-depth analysis of pumping and the pumping efficiency given in the

next section.

3.3 Results

If the system is operated at ambient pressure there should be a value of
P, which maximises the efficiency due to the trade off between the sweep
gas processing (Qn, + Qgas) costs and the amount of fuel produced (aAde).

For isothermal cycles the sheer quantities of sweep gas and oxidiser required
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means the efficiency will be very low, and so we initially focus on temperature

swing cycles.

3.3.1 Ambient pressure reduction

For the initial results of reduction at atmospheric pressure the values AT

= 500 °C and a = 0.95 were selected to offer a low Qpu,o. The calculated

0.07 T T T T
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Figure 3.7: A plot of the e vs. —log(Pro,) for a range of values of Tiq
(1400 1500 and 1600 °C), with P = 1 bar, AT = 500 °C and a = 0.95.

values of the fuel production efficiency for a range of values of 7,4 are shown
in Fig. 3.7. Each curve has a peak efficiency, and the position of the peak
depends on 7,4. The peak is due to the fact that decreasing Pjo, greatly
reduces Qgas + @n,, which are the dominant terms at low Psp,, but it also
decreases aAdeqHHVy,, which ultimately reduces the efficiency for higher
values of Pjo,.

The optimal values of Pjp, found here offer a very poor yield and low

efficiency. Despite this, it is interesting to look at the effect of AT on the cycle
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efficiency when operated at ambient pressure. Figure 3.8 shows the effect that
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Figure 3.8: A plot of the npe vs. AT for a range of values of T,4 (1400 1500
and 1600 °C). with P = 1 bar, a = 0.95 and the peak values of Psqo, from
Fig. 3.7.

AT has on the fuel production efficiency. For small enough AT the efficiency
goes to zero due to the cycle yield becoming negative, aAd, < 0. There is
also an optimal AT which is due to a balance between the amount of heat
required for oxidation Qy,0. and the amount of heat that is needed to change
the temperature of the ceria, Qceo,. With increasing AT, Qu,o decreases
and up to a point aAd.HHVy, increases. However, Qcco, also increases and
eventually increasing AT has a negative effect. This can all be seen in figure
3.9 which shows the effect of changing AT on the fractional energy costs.
For a cycle with T4 = 1500 °C, increasing g, from 0.75 to 0.95 raised the
maximum efficiency from approximately 4 to 5 % and shifted the optimal AT
from around 500 to 400 °C. The increase is relatively small, as although (gas

and Qy,0 are greatly reduced, the energy required to produce the sweep gas is
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Figure 3.9: A plot of the log vs. AT with T4 = 1500 °C,

still very high. In any case, it is unlikely that gas phase heat exchangers with

such high efficiencies could be developed for the temperatures considered.

3.3.2 Reducing the reduction operating pressure

Note that the value for 7y, used here is given in table 3.1, as are the val-
ues of €' and e4,5. Figure 3.10 shows the effect of decreasing the operating
pressure on the reactor efficiency. This was assumed to be the sole method
of reducing the oxygen partial pressure, so that Qn, = Qs = 0. There is
a maximum efficiency which is due to Qy,o decreasing with AT and Qceo,
increasing. This is very similar to the results obtained by Ermanoski et al.
for temperature swing cycles [135].

A pumping efficiency of 15% is very high for a pressure change of three to
five orders of magnitude, so this result is not realistic. In reality the pumping

efficiency will decrease with decreasing pressure.
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Figure 3.10: A plot of the nge vs. the change in temperature AT for a range
of values of reactor operating pressure P, with T4 = 1500 °C, Pfo, = P and
a = 0.95.

From the investigation of commercially available vacuum pumps (Busch
vacuum pumps) an approximate value for the efficiency of the pump can be
set. In Fig. 3.11 the pumping efficiency for some standard pumps is plotted
on a log-log scale. The points form approximately a line which suggest that
the efficiencies dependence on the pressure can be described with a power
law.

At lower pressures the efficiency of the pumps is very low. However,
the current vacuum pump industry is largely focused on simply maintaining
low pressures without much interest in pumping efficiency. Efficiency im-
provements could likely be possible through the use of inter-cooling or the
development of the more efficient axial flow type compressors for vacuum
pumping. For this reason the pumping efficiency is assumed to be described
by

Tlelec to pump(P> == P(J'{—)xl:w- (330)
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Figure 3.11: A plot of the 10g(7pump to elec) VS. -log(F) where the points are
values calculated from commercially available pump specs, and the line is
the analytical expression used in here with a slope of 0.5437.

which is also plotted in Fig. 3.11. Assuming the conversion of heat to elec-

tricity has an efficiency of 40 %, the pumping efficiency will then be

7]})111})([)) =)l Telec to pump(P) = 0.4 PO.B.H? (331)

If there is no pressure change the pumping efficiency approaches 40 %, and
at 1077 the efficiency is almost an order of magnitude higher than the actual
efficiency of the pumps investigated. The efficiency of an optimised axial
flow compressor could be a lot higher, but the important fact here is that in
general we would expect the pressure dependence of the efficiency to obey a
power law.

Figure 3.12 shows the effect of pumping the system to lower pressures

with the new pumping efficiency. For each value of T4 there is an opti-
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Figure 3.12: A plot of the 76 vs. -Log(P) for a range of values of T,q (1400,
1500 and 1600 °C), with Tox = 1000 °C, P = Pyo, and o = 0.95.

mal operating pressure P and reducing the pressure further decreases the
efficiency. The peak efficiency here is substantially higher than for ambient
pressure operation and it has a lower Pp, meaning a better yield. For the
results shown here P = P, and no sweep gas was used. It was found that
using a sweep gas as well as pumping only reduced the efficiency due to the
high energy cost of producing the sweep gas.

Performing the reduction at lower than ambient pressure may have other
benefits. Given that there is a net release of gas in the reduction reaction,
there will be local pressure changes. These pressure changes can drive mass
transport in the form of pressure wave propagation and pressure driven diffu-
sion. Both of these processes should be more prominent at lower pressures as
- will increase. In addition if the ceria is formed into a porous monolith,
which is often the case, the general diffusion gas phase mass transport also

increases with decreasing pressure [140]. The reaction kinetics in a vacuum
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are very rapid, which can be seen in the previous work by the authors [138].
Many authors have measured much slower reaction kinetics at atmospheric
pressure [105-109], which may be a result of restricted gas phase transport
properties.

From this analysis we see that with some improvements to vacuum pumps,
their use increases the efficiency as compared to using a sweep gas. The
pumps pressure dependence means that there will be an optimal lower oper-
ating pressure to which the system should be pumped to during reduction.
For the cycle conditions investigated here, optimal efficiency was around

7.5%.

3.3.3 Heat recovery

The heat used to change the temperature of the ceria (Qceo,) has, up till now,
been disregarded as lost heat. As discussed earlier there have been a number
of designs suggested for exchanging this heat from the hot reduced ceria to the
relatively cooler oxidised ceria [58, 60, 137]. These designs greatly increase
reactor complexity and introduce some difficulties. They involve bringing
the reduced and oxidised ceria into close proximity, which allows them to
exchange oxygen. The oxidised and reduced ceria have different equilibrium
oxygen partial pressures and when exposed to the same atmosphere they will
exchange oxygen until they reach equilibrium. This will result in a decrease
in both efficiency and yield.

A much more simple and sensible approach would be to try convert the

ceria heat (Qceo,, into process heat. This would involve cooling the ceria in
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a heat exchanger which should be much easier to achieve. The efficiencies
calculated so far have been quite low due to the heat cost of the other pro-
cesses (Qpmp and Qp,o for a pumped reactor), and thus heat recovery in this
way could offer significant improvements without the complication of ceria
to ceria heat recuperation.

There is also a small quantity of heat released during oxidation
Qax = rg — 808 HHVy, (3.32)

, some of which could be recovered and used as process heat. The amount of
recovered heat is limited by the total heat required for the lower temperature

processes giving

51'(}C(qu 1 QCeOg) . mep o (QHQO > 5['(—‘(‘((2())( 7 QCO()-;)
Grec = . (3.35)

C)pmp s QHQO : mep ol QHZ() < ’Srec(Qox Sl 62(‘902)

for a pumped reactor, where ... is the effectiveness of the heat recovery and

Qox = Qra — aAbeqH HVy,. The fuel efficiency then becomes

7 77[)lzmtQ'A(Seql'H'I\/H2
fuel = ’
Qrd i3 Q(')e()z o mep -+ QHQO - ch

(3.34)

where the recovered heat .. is subtracted from the other heat costs.
Figure 3.13 shows the effect of recovering 60% of the heat from the hot
ceria and from the oxidation reaction. The maximum efficiency occurs at

a sharp kink, which is when the recovered heat is just enough to cover the
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Figure 3.13: A plot of ne vs. —log(P) for a range of values of T4 (1400,
1500 and 1600 °C), with e = 0.6, P = Pjo,, and a = 0.95. The values of
AT were 420, 520 and 580 °C respectively, which approximately optimised
the efficiency.

lower temperature process heat ( Qpmp + @H:0 = Erec(@ox + Qceo;)): The
efficiency was optimised with respect to AT and P giving a maximum of
Ntuel = 11%. The yield is also improved as the optimum pressure was lower

when heat recovery was used.

3.4 Discussion

Calculations for CO, splitting gave very similar results to those seen for
water splitting for temperature swing cycles. In general it required less CO,
to oxidise the ceria and thus the efficiency was slightly higher. One drawback
of CO, splitting is that a mixture of CO and CO, needs to be separated which
was neglected in the calculations and would reduce the efficiency. Some select
results for COy splitting are presented in the appendix at the end of the

chapter.
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3.4.1 Quantities of ceria

As mentioned earlier the total quantity of ceria which must be used in a
reactor may be one of the major technical challenges preventing the imple-
mentation of the ceria cycle on a large scale. For a plant with an output
power of Q(mt. the amount of ceria in moles per second which must be cycled

is
(2()11t

———— e ], 3.35
A0 HHVy, mols™ (8.35)

NCeOy, =
and the total mass of ceria required per kilowatt output is given by

0 leO)- B 0 t €Oz [~
TTC02 — 40y M(CeO2) 222 (kg kW], (3.36)
()QOU[ ()C)()llt

where t.,. is the time it takes to complete one full cycle and M (CeO,) is the
molar mass of ceria.

The time for one full cycle in the case of early prototypes was on the
order of 50 min [93, 102]. For this reaction time, a cycle with T4 = 1500 °C,
operating at atmospheric pressure with the optimum efficiency conditions
found above and 50 % solid state heat recovery, would require 138 kg of
ceria per kW output with a peak efficiency of around 7.5%. Asides from
the technical challenges associated with handling such quantities of ceria,
the fuel output from a reactor using 138000 kg of ceria would not suffice
to power a Toyota Prius engine (150 kW) [141], operating in parallel. This
would make scaling up of this technology infeasible in terms of both cost and
practicality. In order to reduce the quantity of ceria, the cycle time must be

greatly reduced and the yield improved.
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The majority of the cycle time in these cases was spent on the reduction
reaction. The kinetics of this reaction are very rapid [138], and thus this
cycle time could be greatly improved upon. The yield can be improved by
either increasing T,4 or decreasing Pjo,. If more efficient pumps could be
developed the optimal Psp, would decrease, increasing both the efficiency
and yield.

As a very optimistic pumping scenario, one might assume that pumps
similar to transonic or supersonic axial flow compressor with very high effi-
ciency could be developed. These pumps which are under research for the
aeronautics industry could offer compression ratios of 1.6 per stage with
an efficiency of 85 % per stage [142]. This would correspond to changing
the pressure power factor in Eqn. 3.31 from 0.54 to 0.27. For a cycle with
Tia = 15800 °C, &ree = 0.5, €yes = 0.7 and € = 3000, the maximised effi-
ciency would then be approximately 16 %. If the the cycle time were 10 min

IMceo,

this would give = 7 kg kW', which is a great improvement. This

¢ out

improvement is due to the optimal P for the efficent pump being reduced to
107, which greatly improves the vield. Pushing the reduction temperature

to 1600 °C with the same cycle conditions gave an efficiency of around 21 %
IMmceo,

and — =4 kg kWL

out

These findings may help to improve two step thermochemical fuel pro-

duction cycles in general. For a given metal oxide cycle (MO, ), as well as
L ' : St . Omyo, .
the cost of the oxide, improving the efficiency and reducing ——— are likely
out

the key issues which will decide the cycles success. If oxygen partial pressure
must be reduced, then efficient vacuum pumps may be key to implementing

the cycles.
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These calculations neglect to take into account the use of dopants to im-
prove the redox properties of ceria. The addition of both Zr and Hf to the
ceria latice have been shown to increase the fuel production yield [106, 112].
These dopants also improve the high temperature stability of ceria allow-
ing for a higher 7,4, meaning that such dopants could offer very significant

improvements in 7p,e and nceo, -

3.5 Conclusions

In this chapter the thermodynamics of CeO, thermochemical fuel produc-
tion were analysed. For cycles operating at ambient pressure the maximum
efficiency was found to be very low (& 4.5% for T;q = 1500 °C) due to the
very large amounts of sweep gas required to reduce the oxygen partial pres-
sure. Isothermal cycles had very low efficiency under all conditions due to
the excessive amounts of oxidiser required for the oxidation reaction.

The effect of performing the reduction at reduced pressures was inves-
tigated for pumps which have an efficiency that decreases with decreasing
operating pressure. The results show the cycles have an optimal operating
pressure and that using sweep gas as well as pumping only reduced the ef-
ficiency. Decreasing the pressure may offer other benefits. It improves the
gas phase transport properties, which should improve the reduction kinetics.
The optimal efficency, without solid state heat recovery, for a cycle operating
at 1500 °C was found to be 7.5 %.

Instead of trying to recycle the heat from the ceria by exchanging it

between hot and cold ceria, it is proposed this heat should simply be con-
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verted to process heat for powering the vacuum pumps and heating the oxi-
diser. With much more practical methods of heat recovery available, such as
quenching the ceria in a heat exchanger this can offer significant efficiency
gains.

Finally the amount of ceria which is needed per kW output power was
investigated. For the normal cycle conditions considered, the amount of ceria
required was extremely excessive and likely detrimental to any large scale im-
plementation of this technology. Combined with the results of the efficiency,
it seems that great improvements are needed if this cycle is to become com-
petitive with more standard methods of renewable fuel production such as
photovoltaic powered electrolysis. Some core technologies need to be devel-
oped. such as efficient vacuum pumps and high temperature heat exchangers
for the oxidiser and for cooling the ceria. The use of dopants to improve
both the yield and cycle time, would also improve both the efficiency and

the practicality of the cycle.
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3.6 Appendix

In this appendix the equilibrium oxygen partial pressure as a function of
temperature in 1 bar of both H,O and CO, is calculated. In addition the
equlibrium concentration of fuel in the oxidiser is computed and some effi-
ciency results for CO, splitting are given. Specific heat capacities are given
in table 3.3 and standard Gibbs energy and enthalpy of formation are given

in table 3.2.

H,O — Hy + %Oz AH§ = 241.82 [kJmol '] AG$ = 228.61 [kJmol ']

|
|
|

1 |
€Oy — CO+50, | AH} = 283.00 [kJmol | AGS = 257.23 [kJmol™!] }

Table 3.2: Standard change in enthalpy and Gibbs free energy at 298 K and
1 bar (SATP).

3.6.1 Oxygen partial pressure in oxidiser

1
Hg() — Hg + 5()2 (337)

The equilibrium constant for the water splitting reaction isy

0.5
X Hz.r(‘)2

Koo(T) = (3.38)

TH,0

where x represents the mole fractions of each species, and Ky is the equi-

librium constant. The value of the equilibrium constant at SATP can be

) —AG%
K., = exp 7T ) (3.39)

calculated using
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and the standard change in Gibbs energy given in table 3.2.

The temperature dependence of the equilibrium constant is

KT
IR L T
n ( Ko >

The temperature dependence of the change in enthalpy for water splitting

—_—c i (3.40)

/T AH(T)
208 K RTZ

can be determined from the energy required to raise the temperature of the
steam compared to that of the products, which is

AH(T):AH;—/T Cono (T) = Cpo. (T) — =C

'PH,0O "PHy 2 PO,y
298 K

(T)dT.  (3.41)

Polynomial fits of the specific heat capacities are given in table 3.3.

SRS

Cpn, (T) 28.12 4+-8.050 x 10727 4 6.882 x 10~°7T% - 3.871 x 109794 6.104 x 1057
Cpo, (T) 25.38 + 1.458 x 1072T — 6.210 x 107572 + 1.012 x 107973
Cpy, (T) 2900 — 3,818 x 1072745335 % 10-97° - 1.161 x 10— %71°
Croeo, (T) 37.10+0.1137 — 1.19 x 107472 + 5.69 x 107673 — 9.62 x 10710 T*
Cpu,o(T) | 31.43+3.332x 1073 T + 1.115 x 107572 — 5.448 x 1072 T3 + 7.543 x 107137 |

e (L) | 2099+ 86.768 x 1072T — 4,960 x 10~ T2+ 1.779 x 1073 T% — 2.495 x 1071214 |
voo(T) | 28.98 —3.412 x 10737 + 1.480 x 107> T2 — 8.959 x 10~9 T3 + 1.655 x 10~12 T

Table 3.3: Polynomial fits of specific heat capacities C,, [Jmol ' K~!]. They
were fit from 300 - 2300 K and the polynomial value was always within 1 %
of the literature value [1, 2]

Using equations 3.39, 3.40 and 3.41, Kys(7") can now be calculated for
a given temperature. From the balanced reaction given in Eqn. 3.37 the

mole fractions of hydrogen and steam can be defined as zy, = 210, and
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Ty,0 = 1 — 3zp,. These can be substituted into Eqn. 3.38 to get
Koo T) = ——2 (3.42)

Given that zp, at the temperatures considered (T < 2000 K) should be quite
low, solving this condition iteratively once is enough to accurately determine

ZO,-

1-32z5 \
Kuo(T) = 225, 20,(T) = (KWH(T)—,IO:’) (3.43)
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Figure 3.14: -Log(FPo,) vs. temperature in 1 bar of steam and COs.
The same procedure can be followed to compute the oxygen mole fraction
in CO, as a function of temperature. The oxygen partial pressure is then

simply the mole fraction multiplied by the total pressure.
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3.6.2 Oxidiser equilibrium

Here we calculate the amount of oxidiser required to re-oxidise the ceria.
The Gibbs free energies must add up to that of water splitting at any given

temperature giving

AGus(T) = AGw(T) + AG(T). (3.44)

The reactions equations are given by the following.

1
10 = Hy 450 (3.45)
. 1
I ke = o el g —\Jg 3.46
i e o e R0 500 (3.46)
: 1
()%C(\Oz—drd + HgO — *C(‘,Og_n‘“x + H;g (317)
rd = Uox rd = Cox

Using the Eqn. AG = —RT In(K) and the equilibrium constants

(a0,)2 (aceo, 5 )3

Ay, )\ ACeO, 20
K. — (an,)(aceo, s, )

X'rd == T
(ace0, 5, ) 37 (an,)(aceo,s,,)

(3.48)

[»1_ [/"H
> >

we can write Eqn. 3.44 as

1 1 1
a0, )2 (an,)(aceo, ; )3 (aceo, , )3 ‘
AG(T) = —RT'In <( 0z)* (ar)(aceo, ‘“1) Sy ) (3.49)

.
(an,0)(aceo, s, )37 (aceo, 5 )33

Simplifying and subbing in the partial pressures for the activities gives

P RT
— RT In ( i ) = AGW.,(T) + 5 111(P02). (350)
H>0O

&
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The equilibrium oxygen partial pressure during the reduction reaction is

8WM@35—5hmp(lﬁﬁ%#ﬂ:) i
5

Py (6, T) = [bar],  (3.51)

which can be subbed in to Eqn. 3.50 to get the the equilibrium ratio be-
tween oxidiser and fuel for a given stoichiometry ¢, and temperature T'. The
temperature will be T,, and we must considered the equilibrium state for a

range of deltas.

Pu, Ve 5 B _
—2 | = 2 In(Po, (6, T 3.52
PH,Z() RT 2 ll( ()2( )) (3 9 )

In

From Eqn. 3.52 we get the equilibrium ratio between Hy and H,O to be

N P 2 _AGW* T:)\( 1 s &l
Bu, (6, Te) =~ 12— exp Z8Gws(Tod) _ »2~111(P0._)((5.Y(,X)) 1353

Ho O PHz() RT

The value of AG(T) can be calculated using Kys(7) from the previous

section, and the formula AG = —RT In(K).

3.6.3 CO, splitting

The same calculation shown above can be made to determine R co . There
CO,

are a number of other differences to consider when calculating the efficiency

of CO, splitting. The value of d. needs to be changed throughout the cal-

culations, as CeO, has a lower equilibrium vacancy concentration in CO,

compared to water. In addition the heat required to sustain the oxidation
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reaction becomes

"T()x
Q('O'z - ”C()z(l - (f-’;'«lS) / C".v(‘,()2 (T)dT ) (351)
,Tunlb
1
where figg, = ——
rco
35 T L] T T T
30¢F ]

25t - s

,é % |
s 2.0 ]
\:/D —~—— — — 10_3
I 5
a=0.95 ]
0.5 —

ks

0.0 L : ' :
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Figure 3.15: A plot of -log(zco) vs. the change in temperature AT. The
solid lines are different values of Pjo, (104, 1072 and 107° bar) with T4 =
1500 °C. The dashed line shows the effect of stopping the oxidation reaction
before equilibrium at 95 % completion, with 7,4 = 1500 °C and Pyo, = 105
bar.

The calculation of Tcg. was performed the same as that for zy,. except
CcO H,
using R co and 0, in COs. This resulted in less oxidiser which can be seen
CO,
by comparing Fig. 3.5 to Fig. 3.15. In general this gave slightly greater fuel
production efficiency, which can be seen in Fig. 3.16. This is neglecting the
act that the product stream is a mixture of COy and CO which needs to be
fact that tl duct st t f CO5 and CO whicl Is to |

separated, causing a decrease in the efficiency.
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A ————— :
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Figure 3.16: A plot of the ne vs. —log(Pro,) for a range of values of T,4
(1400 1500 and 1600 °C), with P = 1 bar, AT = 500 °C, a = 0.95 amd using
CO, as the oxidiser.



Chapter 4

Experimental oxidation and

reduction

In this chapter, experimental results of the oxidation and reduction of cerium
dioxide are presented. The results were obtained using the same system de-
scribed in chapter 2, but with some modifications. A new shutter was added
which allowed for more reproducible reduction and oxidation heating curves.
Ceria samples, produced by the author, with both Zr and Hf dopants were
investigated. The samples were analysed using XRD, SEM and the system
built by the author for oxidation and reduction cycles. From XRD it was
confirmed that the dopants were indeed incorporated into the ceria lattice,
and in combination with SEM analyses, the addition of Zr and Hf was seen
to improve the high temperature stability of the samples. The experimen-
tal oxidation of the samples showed that the dopants reduced the oxidation

rate. Arrhenius plots suggested that the activation energy was decreasing

105
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with increasing dopant concentration, but that the frequency factor was also
drastically decreasing; resulting in slower oxidation kinetics.

The oxidation and reduction kinetics of Zr doped ceria samples from the
DLR were also investigated. These samples were annealed at higher tem-
peratures and thus lower activity was expected as a result of more sintering.
This was indeed the case with oxidation rates much slower than the samples
produced by the author. However, there was a wider range of doping con-
centrations and the trend of decreasing oxidation kinetics for increasing Zr
concentration was again observed. Finally reduction of these samples was re-
producible enough to suggest that the reduction kinetics were simply limited

by the temperature increase.

4.1 Introduction

As discussed in Chapter 1 Section 1.4.3, the introduction of dopants into
the ceria lattice can change its redox properties. Doping ceria with ions
which have the same valence, but lower ionic radius, such as Zr** and Hf'",
has been shown to increase the reducibility of ceria [106-110]. This means
that the addition of Zr and Hf dopants increases the equilibrium vacancy
concentration 6(Po,,T).

In Chapter 2 it was shown that the literature equilibrium data could be
described using the balanced reaction equation

) —F.q —-E

= (Omaz — 6)Apgexp 57 | ~ 0 Pgy Aox €Xp R_Y(")X = 0. (4.1)
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Thus, if dopants change the equilibrium oxygen vacancy concentration 9,
they must also be changing the reaction kinetics in some way. For example;
if the addition of dopants decreased the rate of oxidation, but left the rate of
reduction unchanged, then the equilibrium §(FPp,,T") would be greater than
that of pure ceria.

In this chapter we discuss experimental results aimed at determining the

effect that Zr and Hf dopants have on the reaction kinetics.

4.2 Experimental techniques

4.2.1 Powder diffraction

Powder diffraction or X-ray diffraction is a technique used to characterise
materials. The principle is the same as single crystal x-ray diffraction, except
that every crystal orientation is represented in the scan.

In x-ray diffraction the position of the peaks for a given crystallographic

orientation can be determined using Bragg’s law [143].
nA = 2dsin(0) (4.2)

For a crystalline powder, every orientation should be present and thus
a scan varying # should give different peaks corresponding to the different
lattice orientations. Analysis of the peak positions, relative intensities and
peak widths can provide a lot of information about materials. This can
include the crystal structure, the lattice parameters, the particle size and/or

the amount of disorder in the crystal.
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—® ® % o L

Figure 4.1: A schematic showing the principle behind Bragg’s law. Construc-
tive interference leads to peaks at the positions described by Eqn. 4.2
The scans presented in this work were performed using a Bruker D8 x-ray

diffraction system (Cu K-a with monochromator).

4.2.2 Scanning Electron Microscopy

In order to look at the morphology of the samples they were imaged with
a scanning electron microscope. A focused beam of electrons incident on
the sample is used to produce a raster scan of the surface. The beams
position is combined with the a detected signal to produce an image showing
the topography of a surface. The signal detected is produced by secondary
electrons emitted from the sample surface.

Typically when examining non conductive materials they must be treated
before performing SEM scans. However, although ceria is a ceramic, it was
found that simply using low operating voltage in the system allowed the
samples to be imaged without charging effects. The images shown in this

work were taken using a Zeiss Ultra Plus - SEM.
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4.2.3 Sample preperation

Samples were prepared by pressing the required oxides into pellets and an-
nealing them in the same way described in Chapter 2 Section 2.3. The oxide
powders used were CeQsy, ZrO, and HfO,. They were all obtained from
Sigma-Aldrich and their specifications are given in Table 4.1. In addition,
graphite powder was used as a pore former. This was achieved by mixing
the graphite with the oxide powders before making the pellets. The graphite
then undergoes auto-combustion during annealing leaving void space within

the pellets. The specifications of the graphite powder used are also given in

Table 4.1.
Material Supplier SUK Purity Particle Size |
CeO, Sigma-Aldrich | 544841 | Not given <25 nm
ZrOy Sigma-Aldrich | 544760 | Not given | < 100 nm
HfO, Sigma-Aldrich | 202118 98 % Not given
Graphite | Sigma-Aldrich | 282863 | Not given <20 pm

Table 4.1: Specifications of the different materials used for preparing the
samples

Doping was achieved by mixing the CeOy nano-powder with the desired
amount of dopant oxide powder; either ZrO, or HfO,. The mixture was
placed in a sealed beaker with polished steel ball bearings (Smm diameter)
and then sonicated in an ultrasonic bath for 30 min. After this step the
appropriate amount of graphite was added for the desired porosity and the

mixing procedure was repeated. A 5 mm diameter Specac pellet die was used
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to press the mixture into pellets which were then annealed for 3 hrs at 1000
°C' to remove the graphite, followed by 24 hrs at 1500 °C to sinter the oxides
together. Both annealing steps were conducted in the same furnace with
the temperature increasing to 1000 °C, stopping there for 3 hours, followed
by a temperature increase to 1500 °C for 24 hrs before cooling down. As
discussed in Chapter 1 Section 1.4.3 ceria has a very accommodating lattice
for these particular dopants [111]. In fact, in the results it is seen that simply
annealing the mixtures of oxide nano-powders as described here, is enough
to incorporate the dopants into the ceria fluorite structure.

One notable issue was that during the annealing process the samples
shrank losing some of their void space. Table 4.2 shows the volume shrink-
age of a number of samples which were produced, but not used in the experi-
ments. For each sample the volume and density of three different pellets were
measured and the results were averaged. The target void space is the initial
percentage of the filled pellet volume which was graphite. During annealing,
the pure ceria samples collapsed more than the doped samples, which sug-
gests that the doped samples had better stability at high temperatures. This
is in agreement with the study of ceria catalysts which showed that addition
of Zr improved the thermal stability [144].

The final samples used for the results presented made allowances for this
collapse by using more graphite in the pure ceria samples than in the doped
samples. The final void space of all the samples, determined by measuring
the mass and volume of the pellets, was in the range 69 - 72 %. Therefore,
it is assumed that the differences in void space from sample to sample would

have a negligible effect on the reaction kinetics.
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Sample Target v.s. | Void space | Volume shrinkage
CeO, 60 % 506+ 1.7 % 9.4 %
CeO, 7 % 63.8+1.9% 11 %
Ceg.9Zrg.109 60 % 56.2 1.8 % 3.8 %
Cep.9Zrp109 75 % 70.5+£2% 4.5 %
Ceg 8219209 60 % 56.4+1.8% 3.6 %
Ceg 8Zrp209 75 % 709+19% 1.1 %

Table 4.2: Table showing the target void space, the actual void space and
the volume shrinkage of the samples after being annealed for 24 hrs at 1500

°C.

4.2.4 Oxidation and reduction measurements

The investigation of oxidation and reduction reactions was performed using
a custom built system constructed by the author. This system was described
in Chapter 2 Section 2.3, but a number of changes were made for the exper-
iments presented in this section. A shutter was added to the system which
uncovers the beam emitted from the Xenon arc lamp at a controlled speed.
The shutter is just an electrical linear drive with a sheet of steel (the shut-
ter) attached to it and extending it in front of the lamps beam. A number of
shutter speeds can be selected, uncovering the lamps beam at different rates
and thus allowing for control of the rate of temperature increase.

For the experiment described in Chapter 2 the samples were simply heated
with a constant power, resulting in a rapid temperature increase. When the
shutter is used, the power incident on the sample is increasing with time,

giving a more gradual and reproducible temperature increase curve. This
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Figure 4.2: A schematic showing the system with the added variable speed
shutter.
should allow for a more accurate look at the effects of temperature on the
rate of reaction. The shutter can also be left in place until the plasma of the
lamp stabilises (30 seconds after ignition) resulting in less fluctuations of the
power output of the lamp.

In Fig. 4.3 we see the temperatures recorded with and without the vari-
able speed shutter. The red line shows the typical radiative heating curve
which is very steep initially, but which levels off quite rapidly as the temper-
ature nears equilibrium. The time over which the temperature is changing
is very brief, giving limited data for Arrhenius plots. However, the three
temperature increase rates shown for the shutter have a more gradual tem-

perature increase and should be easier to analyse. In addition, as the rate of
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Figure 4.3: Temperature vs. time for oxidation heating rates, with and with-
out the shutter. The three black lines show the temperature increase profile
for three different shutter speeds.

change of temperature is smaller there is less likely to be large temperature
gradients within the sample.

The system also has a number of novelties when compared to other exper-
imental methods used for the analysis of the ceria redox cycle. For example
reduction and oxidation using a thermo-balance is usually restricted to tem-
perature increase rates of the order 20 - 50 °C min~!' [107, 112], where as
the system described here can achieve temperature increase rates in excess
of 100 °C s~ '; which is hundreds of times faster than is possible with a
thermo-balance.

Another example of the unique nature of the system is the gas phase
transport properties. Most experimental measurements of oxidation and re-
duction are performed at atmospheric pressure and use a sweep gas to remove

reaction products [106, 107, 112]. During reduction oxygen must diffuse away
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from the region of ceria at which it is produced. In the case of porous pellets
(or even dense pellets) this diffusion may be slow, even when a sweep gas is
used to remove the oxygen. The diffusion coefficient in a gas is proportional
to the inverse of the pressure.

1

e — 4.3
x (13)

In this work both oxidation and reduction take place at less than 20 Pa
as opposed to 10° Pa, resulting in much faster diffusion rates. In addition
oxygen released during reduction or absorbed during oxidation accounts for
a significant amount of the total gas in the chamber. This means that gas
phase transport is also driven by pressure gradients generated when oxygen
is released or absorbed by the sample. Pressure gradients could disperse the
gases as fast as the speed of sound. For these reasons it is very unlikely
that gas phase transport will in anyway restrict the kinetics measured in
this work. In other analysis techniques, such as using a thermo-balance, gas
phase transport is likely to play a very important role in the kinetics.

Figure 4.4 shows a photograph of the experimental apparatus. There are
two chambers, the main chamber where the sample is placed and the mass
spectrometer chamber which is pumped to lower pressure and receives a small
leak of gas from the main chamber. The pressure in the main chamber is
monitored using a capacitance manometer. In addition there is an oxygen
supply and a type B thermocouple as shown in the photograph.

The procedure outlined in Chapter 2 Section 2.3, is repeated here includ-

ing more details on the use of the variable speed shutter.
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Figure 4.4: A photograph of the system showing many of the components.
O (@) . ( o 3 A

A reduction cycle is started by pumping the chamber down to 1Pa. and
then sealing the chamber off from the pump. The lamp is then switched on
and the shutter is activated which uncovers the beam and heats the sam-
ple to high temperatures of approximately 1600 °C. The changes in sample
temperature, gas temperature, pressure and gas composition are all recorded
once per second.

At the end of the reduction the system is again pumped to remove oxy-
gen. The chamber is then sealed and the sample is allowed to cool for 40

min reaching approximately 30-40 °C. This is to ensure that the sample is
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cool enough to prevent the oxidation reaction beginning immediately on the
introduction of oxygen into the system.

A re-oxidation cycle may then be conducted by first flushing the system
with oxygen twice to remove other gases, and then filling with oxygen and
pumping down to a pressure value of 15 Pa. The sample is then heated using
the Xenon lamp where the input power reduced by a filter and the shutter
slowly uncovering the beam. The changes in temperature, pressure and gas
composition are again recorded.

The background pressure increase due to heating of the chamber without
a sample present were taken into account by running oxidation and reduction
cycles with no sample present. In the case of the re-oxidation cycles, the
power incident into the chamber is relatively moderate and the increase in

pressure is negligible.

4.3 Experimental Results

4.3.1 XRD

The annealed pellets were scanned using the standard 26 powder scan. A
scanning step size of 0.01 degrees was used and a scan range from 24 - 120 de-
grees was taken. Each scan took approximately 14 hours, which was required
in order to get a good signal to noise ratio.

A portion of the scans for the Zr doped samples are shown in Fig. 4.5. All
three samples show the cubic fluorite structure of CeO, [145]. In addition,

the introduction of Zr (ionic radius = 85 pm) instead of Ce (ionic radius =
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Figure 4.5: XRD scans of Zr doped samples and pure ceria.

101 pm) [146], shifts the peaks to the right. This can be explained by the
smaller ionic radius of Zr as reducing the d in Eqn. 4.2, where since A is
constant, and thus # must increase to satisfy Eqn. 4.2. Just such a change in
the lattice spacing is predicted by Vegard’s law [147], and has been observed
by other authors [148]. This offers strong evidence that the Zr in the pellets
has replaced some of the Ce in the ceria lattice.

The same section of the scans is shown for the Hf doped samples in Fig.
4.6. The ionic radius of Hf (85 pm) is again smaller than that of Ce and very
close to that of Zr [146], so we expect the peaks to shift in a similar way to
those seen for Zr doping. The peaks also show more broadening than the
Zr doped samples. This suggests there is more disorder in the lattice, and
a closer look at the main peak of CeggHfy 209 appears to show 3 separate
peaks combining to make one broad peak. Therefore, the broadening is likely
caused by having more than a single concentration of Hf in the sample and

thus secondary phases.
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Figure 4.6: XRD scans of Hf doped samples and pure ceria.

Analysis of the scans was carried out with the XRD software MAUD [149],
which uses the standard Rietveld refinement method to fit the diffraction
spectra [150]. The fits can be used to extract information on the lattice
parameter and average crystal size. However, the crystal size is obtained
from the peak widths, which can also be affected by disorder in the lattice.
It is still convenient to show the extracted crystal size as it can be be taught
of as a measure of the peak broadening due to lattice disorder.

The lattice parameters determined from the XRD scans were in agree-
ment with those predicted by Vegard’s law, as seen in Table 4.3. The crystal
size decreases upon addition of Zr into the ceria lattice. This shows that the
addition of Zr introduces some extra disorder into the lattice which may or
may not be as a results of smaller crystal sizes. However, the high tempera-
ture stability of CeO, is improved by the addition of Zr dopants [144], and
thus these samples may have underwent less sintering during the annealing

process.
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Sample 7a [pm] | Vegard’s a [A] | a [A] | Crystal size [nm]
CeO, 117.6% 5.421 0.421 980 £+ 170
Ceg.9Zrp10, | 117.167 5.383 5.383 970 £+ 160
CeggZrp209 | 116.67 0.344 5.353 600 + 30
CepoHfp 102 | 117.13 5.382 5.383 260 £ 7
CegsHfp 202 | 116.6 5.342 0.357 180 £ 6

Table 4.3: Table showing the average ionic radius of the atoms in the material
74, the lattice parameter predicted by Vegard’s law, the lattice parameter
determined from the Rietveld fit and the average crystal size determined from
the peak width.

For the Hf doped samples the average crystal size was much smaller. As
explained previously, this fit may not be attributed to size effects alone and
these values cannot be interpreted as the actual crystal size. The multi-peak
structure of each peak suggests that there is more disorder (multi-phases) in
the samples and thus the average crystal size cannot be determined in any
confidence from the XRD fit.

In summary, the smaller ionic radius of the Zr and Hf dopants contracts
the ceria crystal lattice. There is an arbitrary aspect to the determination
of the crystal size, which does not account for disorder, or regions of differ-
ent concentration. Thus, it cannot be concluded from XRD that the high

temperature stability of the samples is improving with doping.
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4.3.2 SEM

The scans presented here were taken using a secondary electron detector,
with a beam bias of 4kV. Results from these scans allow us to see the
morphology of the samples. In particular, they give a picture of the porous

structure of the samples.

1. CeOy

2. CepgZrg10,
3. Ceg.gZrg20-
4. CeggHfy 109
5. CeggHip 209

50 pm

Figure 4.7: SEM micro graphs of the different samples showing their porous
structure.

Figure 4.7 shows the different samples and their porosity, with the doped
samples appearing to have a more robust porous structure. This is in agree-
ment with the the sample preparation which suggesting the doped samples

underwent less shrinkage during annealing. These results suggest that the
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dopants improve the high temperature stability of ceria. This is a large ben-
efit as the material must maintain its reactivity over thousands of cycles if
it is to be used in fuel production cycles.

Comparing these SEM images to the sample shown in Chapter 2 Fig. 2.8
we see that the overall porous structure and grain size is smaller. For the pure
ceria sample shown here, the grain-like structure appears to be approximately
half the size of that shown in Fig. 2.8. This is likely due to inconsistencies in
the furnace used. The furnace elements and the thermocouple degrade over
time and are replaced regularly. Thus the accuracy of the set temperature
can vary., and a small difference in temperature could have a large effect on
the sintering over 24 hrs. However, this is not an issue if the model is correct
as it should only result in a change to the frequency factors due to the change

in surface area; and the activation energy should still be the same.

4.3.3 Oxidation results

As described in Chapter 2 Section 2.2.2, the oxidation reaction is more con-
venient to examine. The reduction in the system appears to only be limited
by the heating rate, which is illustrated later.

We would like to look at the effect of the dopants on the reaction rate.
The heating rates were much more reproducible so we can directly compare
oxidation rates for samples which were subject to the same heating rate.

Figure 4.8 shows the oxidation rate for the different samples. From this it
can be seen that the addition of Zr and Hf dopants reduces the oxidation rate,

and it reduces further for increasing dopant concentration. This is despite
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Figure 4.8: The fraction of remaining vacancies (1 — «) vs. time for the
different samples, all of which were heated with the steepest (black) heating
curve shown in Fig. 4.3.

XRD and SEM results suggesting that these doped samples should have a
higher surface area.

If compared to the oxidation rates in Chapter 2, the pure ceria oxidises
faster here. This is most likely due to the higher surface area due to less
sintering as seen in the SEM results. This should show up in the kinetic
results as an increased frequency factor (A.y), and should not change the
activation energy (Foy).

In these experiments the samples were heated with a more controlled
temperature increase. In Chapter 2 the samples quickly reached steady state
temperature after which point the data is no longer useful for Arrhenius
plots as the temperature is no longer changing. This is one of the reasons
why oxidation up to only 50 % complete was considered. Instead here the

sample temperature is changing throughout the reaction and it should be



4.3. Experimental Results 123

possible to use all of the data for the Arrhenius plots. Consider again the

oxidation rate equation.

—on
RT

— = —(1 —a)*0Fg, Ax exp (4.4)

Previously we did not use the (1 —a)”* term to account for diffusion in the
analysis, as it was assumed that it would not have a strong effect at the initial
stage of the reaction considered. However, diffusion must be approximated
in some way if the entire reaction is to be analysed. The data can be plotted

according to the following equation.

—(1=a)"=ds = —F ,
In %(é_f i RE;(:X 12 hl(‘4<)x) 111(11) = R—YL:‘( + hl(/‘l()x) (15)

The value of x in the (1 — «) term was set to 15 in Chapter 2. In this
section the plots were made for various different values of x to see what gave
the best straight line. The best value was approximately z = 1, which implies
that diffusion plays a more important role than previously considered.

Each sample was reduced and re-oxidised six times, twice for each tem-
perature increase curve. Figure 4.9 shows the linear fits for each sample.
There are approximately fifty data points per sample and the temperature
range covered is larger than that seen in Chapter 2 Fig. 2.10, and thus the
results here should be more accurate.

It is notable that activation energy for pure ceria E,, is within the error of

that found in Chapter 2 despite the overall rate being much faster. This sup-
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Figure 4.9: Arrhenius plots and linear fits of oxidation for the different sam-
ples. The slope of each fit is — E,x and the intercept is In(Ayy).

ports our analysis method. The frequency factor drastically increased, which
is expected as a result of the samples being less sintered and thus having a
higher surface area (A, o Surface area). The error in the frequency factor
is quite large, which could be a result of the samples undergoing sintering

during the reduction.
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Sample FEo [kJmol™'] | Ay [s71]
CeO, 33.5 + 3 680 + 600
Ceg.9Zrp. 104 213 £ 2.5 6.3 +£3
CleoaZigsOs | 197 +98 | 16+1
Ceg.oHfy.1 05 18.9 £+ 2.5 dLicie
Ceg.sHfp.205 21.2 £ 2.5 Iyt

Table 4.4: Slope and intercept data of each linear fit giving F,, and A..

Interestingly, it seems from the analysis that the dopants reduce the ac-
tivation energy, but also greatly reduce the frequency factor. This could be
due to Zr atoms at the surface reducing the available reaction areas. There
could even be an accumulation of Zr at the surface. Preliminary XPS results
suggest this, but a full analysis of all the samples is required and it is only

mentioned here as a speculative reason for the reduced frequency factors.
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Figure 4.10: The fraction of remaining vacancies (1 — «) vs. time calculated
using the determined parameters and the same heating curve as Fig. 4.8.
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Putting the temperature curve and initial 0 back into Eqn. 4.4, along with
the determined reaction parameters, should result in similar rates to those
seen Fig. 4.8. This can be seen in Fig. 4.10 which is indeed very similar to

the experimentally measured rates for each sample.

4.4 DLR samples

Other samples produced at the German Aerospace Center (DLR) in Cologne
by Friedemann Call and his colleagues were also investigated. The samples

were of the form Ce;_,Zr,0O,, with x varying from 0 - 0.3 in steps of 0.05.

4.4.1 Synthesis

The production of the oxide powders was as follows: Desired amounts of Ce? "
nitrate (99.9 % purity. Merck) and Zr** oxynitrate hexahydrate (99.99 % pu-
rity, Sigma Aldrich) were dissolved in deionised water using a reaction vessel
made of quartz. Citric acid (99 % purity, Merck), also dissolved in deionised
water, was added to the nitrates in a molar ratio of 1:2 (cations:citric acid).
Water evaporation at 95 °C on a heating plate under continuous stirring
vielded a yellow coloured gel. Heating this gel to 200 °C for 20 minutes re-
sulted in a swollen foam exhibiting a very low density. During slow heating to
500 °C, auto combustion took place leaving a fine oxide powder in the reac-
tion vessel. Subsequent calcination in the reaction vessel in a muffle furnace
at 800 °C for 1h under air ensured the removal of remaining carbonaceous

species. Further calcination at 1400 °C for 1 h in a Pt crucible completed
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the synthesis route. For each composition two batches were synthesised to
guarantee reproducibility.

The synthesised doped oxide powders were then mixed with a pore former
(Poly Ethylene Glycol) and pressed into pellets using a 5 mm diameter pellet
die. These pellets were then annealed at 1000 °C to remove the pore former,
followed by annealing at 1650 °C for two hours to induce sintering. The
final porosity of the samples were in the range 55-60%. Note that these
samples were sintered at higher temperature than the samples produced by
the author (1500 °C) which likely caused the lower porosity in comparison

to the authors samples (70 %).

4.4.2 Oxidation and reduction

The samples produced by the DLR typically weighed around 45-50 mg com-
pared to the 30 mg samples produced by the author. These larger samples
cause a greater change in pressure in the system which gives higher resolution
for the recorded pressure change. Currently characterisation data is being
collected for these samples, such as XRD, SEM and XPS, however the results

obtained for oxidation and reduction help to illustrate a few points.

Oxidation

The larger change in pressure means the signal to noise ratio is better for
these samples. Figure 4.11 shows the typical temperature and pressure mea-
surements for a reduction and oxidation cycle. As we can see the data has

less noise than that shown in both Fig. 4.8 and Chapter 2 Section 2.4.
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Figure 4.11: Typical raw data measurements taken during a reduction and
an oxidation.

The oxidation reaction also proceeds more slowly, which may be due to
the higher annealing temperature reducing the surface area. Figure 4.12
shows the rate of oxidation for several different samples. Overall the oxida-
tion kinetics are much slower than those shown in Fig. 4.8, however the same

trend of the reaction rate decreasing for increasing Zr concentration is evi-
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Figure 4.12: The fraction of remaining vacancies (1 — «) vs. time during oxi-
dation reactions for a number of different Zr concentrations (DLR samples).

dent. Here, even more concentrations were examined which more conclusively
shows the decrease in oxidation rate for increasing Zr dopant concentration.

If the analysis approach is correct then we would expect there to be
no change in activation energy when we compare samples of the same Zr
concentration. The slower reaction rate must be due to a reduced frequency
factor which may be a result of lower surface area and reduced porosity. We
can check this by comparing the DLR samples to those produced by the
author.

Again we analyse the data according to Eqn. 4.5 and make an Arrhenius
plot.

Figure 4.13 shows Arrhenius plots of both a DLR 10 % Zr sample and one
of the 10 % Zr samples analysed in Section 4.3.3. The TCD sample shows
a linear relationship over all points. The DLR sample initially appears to

be linear with the same slope as the TCD sample, but with a much lower
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Figure 4.13: A plot of In(k) vs. BT for the 10 % Zr doped samples produced
at DLR (Black) compared to those produced by the author (Red).

intercept. This would imply that at the initial stages of the reaction the
kinetics of the DLR sample appear to be well described by our reaction
model. The two samples would have the same activation energy, but the DLR
sample would have a much lower frequency factor which would explain the
much slower rate. However, as the reaction proceeds there is a clear deviation
from the linear relationship. At approximately 660 °C (% = 0.00018) there
is a turning point where both the slope and the activation energy decrease
significantly. This is likely due to the model no longer holding due to some
other effect becoming the rate controlling step.

The reaction could now be diffusion controlled, with the diffusion of va-
cancies in the bulk now playing the main role in the oxidation kinetics. In-
creasing the power factor on the (1 — «) term did not give a straight line,
and the kink remained in the same position. The full diffusion equation with

our model as the boundary condition could be necessary to correctly model
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the material. It could also be the case that there are trapped volumes (due
to the lower porosity) inside the sample which slows the reaction after a cer-
tain point. The results obtained from SEM, XRD and XPS should help to
determine what the cause of the deviation is and what reaction model might

best describe the new kinetics observed.

Reduction

A number of issues make it difficult to measure the kinetics of the reduction
reaction in a reproducible way. One problem, which at the time of writing
this thesis had only recently been realised, is that the output power of the
xenon lamp is unstable for the first 30 seconds after it is turned on. This
was addressed by blocking the lamp with the shutter for 40 seconds and then
uncovering the lamp with the shutter at maximum speed. This offered a much
more reproducible heating curve which should allow different reductions to
be directly compared.

The oxidation results for the DLR samples showed greater pressure changes
and slower kinetics than the samples produced by the authors. The samples
produced by the authors show no noticeable difference in reduction kinetics
and due to the speed of reduction and inconsistencies with the lamp output
power the resolution of this reaction was very poor. In an attempt to get
some information on the reduction reaction the DLR samples were analysed
using the heating method described above, the hope being that the lower
activity of these samples compared to the authors samples might slow the

reduction enough to observe its kinetics.
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Figure 4.14: A plot of 4 and T vs. time for the reduction of 5 and 30 % Zr
doped samples.

We see in Fig. 4.14 the reduction rate for two of the DLR samples with two
different dopant concentrations. The sample with 30 % Zr dopant reaches a
higher reduction state which is expected. but there are no obvious differences
in the reaction kinetics. Both samples begin to release oxygen at around the
same stage and also reach equilibrium at the upper temperature at the same
time. It is most likely that the kinetics are limited by the heating rate.
The samples may not be exactly uniformly heated leading to the reaction
apparently reaching equilibrium after temperature reaches equilibrium.

From this we can conclude that the reduction reaction kinetics are very
rapid and in most practical cases they will be limited by either heating rate
or gas phase transport. It may be possible to extract some small amount of
information from our reduction kinetics but any attempt at fitting Arrhenius

plots to the kinetics would not be physical.
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4.5 Conclusions

In ceria, Zr and Hf dopants were found to increase the high temperature
stability. This was concluded from the SEM images, and the extent of sample
shrinkage during annealing of the samples. These dopants were also found to
reduce the rate of oxidation. Arrhenius fits showed that the dopants reduced
E., by approximately 10 kJmol™! (from 33 to 20kJmol™!), but also greatly
reduced the A,,. The decrease in A,, was enough to reduce the reaction
kinetics at the temperatures considered. The rate of oxidation was also seen
to decrease with increasing Zr concentration.

Oxidation and reduction of ceria samples produced by the DLR of the
form Ce,_,7Zr,O,. with x varied in the range 0-0.3 in steps of 0.05, were also
analysed. The samples were larger in mass and offered better resolution in
the measurement of pressure changes in the system. These samples confirmed
the effect of Zr on the oxidation kinetics, with the oxidation rate decreasing
with increasing Zr concentration. Arrhenius plots showed an initial slope
similar to the sample produced by the author, but the results deviated from
a straight line suggesting that a different approach was needed for later stages
of the reaction. This is most likely due to the higher temperature at which
the samples were annealed resulting in a lower surface area and thus making
bulk diffusion more important.

The DLR samples combined with some minor changes in experimental
procedure also offered better insight into the reduction reaction. Upon heat-
ing from 1000 °C to 1650 °C in 20 seconds no difference was seen in the

reduction kinetics of different samples, as they all appeared to simply fol-
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low the heating rate. This suggests that reduction is very rapid and in most
practical cases would almost certainly be limited by heating rate or gas phase

transport.



Conclusions and Outlook

Conclusions

n Chapter 2 an analytical model of ceria reduction and oxidation was devel-
oped. The system is modelled as an equilibrium reaction with Arrhenius rate
constants. It predicts both equilibrium composition and reaction kinetics of
oxidation and reduction in oxygen atmosphere. A very useful application
was demonstrated by coupling the model to a radiative heating simulation
of a hypothetical cavity reactor. This allowed the reduction step of a ther-
mochemical reaction to be analysed. The model should prove useful for
optimising reactor designs via FEM simulations. The model is also utilised
in the later chapters.

The thermodynamic energy costs and performance of the ceria fuel pro-
duction cycle were analysed in Chapter 3. For cycles operating at ambi-
ent pressure the maximum efficiency was found to be very low (~ 4.5% for
T.q = 1500 °C) due to the very large amounts of sweep gas required to reduce
the oxygen partial pressure. Isothermal cycles had very low efficiency (< 2%)
under all conditions due to the excessive amounts of oxidiser required for the

oxidation reaction.
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The effect of pumping the system to reduce the oxygen partial pressure
was also considered. The pumping efficiency was given a pressure depen-
dence, which was determined from the specifications of commercially avail-
able pumps. In addition, instead of trying to recycle the heat from the ceria
by exchanging it between hot and cold ceria, it is proposed this heat should
simply be converted to process heat for powering the vacuum pumps and
heating the oxidiser. Assuming 60% solid state heat recovery the efficiency
was maximised with respect to the cycle operating conditions (reduction
pressure, temperature swing and extent of the oxidation reaction) giving a
peak efficiency of 11%.

Finally the amount of ceria which is needed per kW output power was
investigated. For the normal cycle conditions considered. the amount of ceria
required was extremely excessive and likely detrimental to any large scale im-
plementation of this technology. Combined with the results of the efficiency,
it seems that great improvements are needed if this cycle is to become com-
petitive with more standard methods of renewable fuel production such as
photovoltaic powered electrolysis. Some core technologies need to be devel-
oped, such as efficient vacuum pumps and high temperature heat exchangers
for the oxidiser and for cooling the ceria. The use of dopants to improve
both the yield and cycle time, would also improve both the efficiency and
the practicality of the cycle.

In the final chapter, structural characterisations and the results of the
reduction and oxidation experiments for both pure and doped ceria are pre-
sented. The dopants used were Zr and Hf, which are known to improve the

reducibility of ceria. These dopants replace ceria in the fluorite phase mak-



I 137

ing materials of the form, Ce;_,M,0, (M=Zr or Hf), with values of = up
to 0.2. From SEM images and a lower volume shrinkage of porous pellets
during annealing, it was concluded that both Zr and Hf improved the high
temperature stability of ceria. The dopants were also shown to slow down
the rate of oxidation with the lower rates for higher dopant concentrations.

The oxidation results obtained for each sample were fit with an Arrhenius
plot and the values of E,, and A, were determined. The dopants reduced
the value of E,, but also greatly reduced the value of A, which reduced
the overall oxidation rate.

Samples produced by the DLR, with a better spread of Zr concentrations
also confirmed the trend of deceasing oxidation rates for increasing dopant
concentrations. The results from these samples also suggested that for larger
grain sizes it may be necessary to consider the diffusion as a rate controlling
step.

Reduction of the DLR samples was performed in a more reproducible way
than for previous samples. The results suggested that even with very high
heating rates (> 50 C°s 1), the reduction rate was controlled by the heating
rate. This means that in most practical situations reduction rates will simply

be limited by heating rates or gas phase transport properties.

Outlook

All three aspects of the work can be linked together using a thermogravi-
metric study of ceria doped with Zr. This will allow the equilibrium data

of doped ceria to be fitted by the analytical model developed in Chapter 2.
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The oxidation kinetics obtained in Chapter 4 combined with the parameters
obtained from fitting the equilibrium data can be used to form a complete
model describing the doped materials. This model can be used for heat flow
simulations and used in the thermodynamic analysis presented in Chapter 3.
These thermogravimetric experiments are currently being planned with our
colleagues in the DLR.

Another issue that we aim to address is the reduced reaction kinetics of
doped ceria. These reduced oxidation rates may be more pronounced for
oxidation in HoO and CO,. which could increase heat losses during oxida-
tion. It is believed that the addition of small amounts of ions with a lower
valence than Ce*', such as Sm** and La®**, which improve the oxygen ion

mobility [103, 104]

1

will also improve the oxidation kinetics. The DLR have
already completed thermogravimetric studies of ceria doped with Zr and
small amounts of Sm or La. It remains for the author to perform oxidation
and reduction analysis to determine the effect on the kinetics.

Finally, the author believes that the work described in this thesis offers
a good step forward in understanding and assessing these fuel production
technologies. The kinetic model can be used in reactor design and combined
with the thermodynamic analysis should allow for more informed reactor and
cycle selection. Finally the reaction kinetics show that reduction rates in a
reactor can be controlled and improved by controlling the heating rates and
gas phase transport and assessing the effect of dopants on the oxidation rates

remains a key question.
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