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Summary

The fohowing thesis covers a num ber of topics related to  therniocheniical fuel 

production using the C e02 redox cycle. C hap ter 1 gives an in troduction  to 

the  tojnc, providing m otivation, historical developm ent and the  m ain physical 

j)roperties of therm ochem ical fuel production w ith em phasis on the c:eria 

redox cycle. T he following chapters tackle th ree separate  topics; an  analytical 

description of the  ceria redox system , a therm ochem ical analysis of th is fuel 

l^roduction technology and finally an investigation of the  effect of dopants on 

the  oxidation and reduction kinetics.

In C hap ter 2, an analytical model of cerium  oxidation and reduction in an 

oxygen atm osphere is presented. The system  is modelled as an equilibrium  

reaction w ith A rrhenius ra te  constants. By analysing litera tu re  equilibrium  

data , some of the  m odel’s constants are determ ined and conditions are placed 

on others. In order to  fix the  rem ainder of the constants the kinetics of 

ceria oxidation w’ere investigated. Experim ental oxidation and reduction was 

achieved using a novel experim ental appara tu s  develoi)ed and constructed  by 

the  author. The appara tu s  allows oxidation and reduction to  be m easured 

via changes in pressure in a sealed vacuum  cham ber in which ceria samples 

can be rapidly heated  to  high tem peratures.

T he m odel accurately predicts the equilibrium  com position of Ce()2 over 

a wide range of oxygen partia l pressures (10“ ^-10^Pa) and tem peratu res 

(1000-1900 °C). It is also shown to  agree w ith the  oxidation and reduction 

of ceria observed using the  appara tu s  discussed above.

Finally, to  dem onstrate  the p racticality  of the model it was coupled to  

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



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

C hapter 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 
efhciency of the pumps was given a pressure dependence, determined from the 

investigation of commercially available vacuum ]:)umps. W ith this realistic 
pum])ing expression and G0% solid state heat recovery (as process heat), the 
fuel production efficiency of the cycle wtis maximised with respect to the cycle 
conditions. The maxinmm efficiency for a cycle with a reduction tem perature 
of 1500 °C was 11%. Isothermal cycles (AT =  0) were fomicl to have poor 
efficiency under all conditions (<  2 %).

The amount of ceria which is needed per kW of output power w’as also 
investigated. For the normal cycle conditions considered, the amount of 
ceria required was very excessive. It was thus concluded th a t Ceria's redox 
properties must be improved and some core technologies, such as efficient 
vacumn pumps, developed.

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

The oxidation kinetics bec:ame 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 tem peratures 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 measiu'ernent 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“ ^), suggesting tha t the reduction reaction is extremely rajnd.
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viii List of Tables



List of Figures

1.1 Mole fraction of different species in steam  vs. the tem peratu re  5

1.2 A schem atic of a two step  cycle showing th e  recycling of the

m etal oxide w ithin  the cycle...................................................................  10

1.3 T he change in G ibbs free energy for w ater sp litting  and an

exam ple tw o-step therm ochem ical c y c le ........................................... 11

1.1 A schem atic showing the design proposed by Sandia N ational

L a b o ra to r ie s ................................................................................................  15

1.5 A schem atic showing the do'sign proposed by K odania et al. . . 16

1.6 A picture of the fluorite phase crystal s t r u c t u r e ......................... 21

1.7 A schem atic showing the  conversion of H 2 O and C O 2  into

liquid hydrocarbons using solar p o w e r ..............................................  22

1.8 A schem atic showing the design of the prototyi)e tested  Ijy

Chueh et al....................................................................................................  24

2.1 A schem atic showing the  equilibrium  natu re  of the reduction

and oxidation reactions............................................................................. 32

2.2 Isotherm al plots of lo g (  ̂ vs. -log(Po 2 ) ................................  31

2.3 The slope obtained  from a  linear fit of lo g (  ̂ )

plo tted  vs. te m p e ra tu re ........................................................................... 35

2.4 T he value obtained from a  linear fit of lo g (  ̂ vs. -

log(Po 2 ) p lo tted  vs. te m p e ra tu re .........................................................  36

2.5 A graph of In (  r ) vs. for a range of different pressures. 37
\ x  — 0 / T

2.6 A plot of the vacancy concentration 6 vs. tem p era tu re .................... 38

IX



X List of Figures

2.7 Apparatus sclieniatic showing the vacuum chamber. Xenon 
lamp, sample, thermocouple and connected instruments. . . .

2.8 Image of a sample with an image taken using a scanning elec
tron microscope showing its porosity..............................................

2.9 A graph showing sample temperature and the drop in pressure
for the re-oxidation of a ceria pellet................................................

10'̂
2.10 A plot of hi(/,-) vs. .......................................................................
2.11 Oxidation model vs. experim ent....................................................
2.12 Experimental reduction vs. m o d e l................................................
2.13 A schematic of the reactor FEM g e o m e try ................................
2.11 Color plots of various physical ciuantities in the cavity reactor

near the end of reduction .................................................................
2.15 Fraction of total input power consinned vs. t im e .......................
2.1G Fraction of total energy supplied vs. input concentration . . .

3.1 The eciuilibrium stoichiometry S vs. the temperature T  in
both 10“'’’ bar oxygen and 1 bar H2 O ..........................................

3.2 Heating efficiency vs. the change in temj)erature A T .............
3.3 Contours of constant A(̂ 'eq in a plot of P/o^ vs. A T ................
3.1 A plot of - lo g (x o J  vs. - l o g ( P / o J .............................................
3.5 A plot of-log(.TH2 ) vs. the change in temperature A T .............
3.6 A schematic of the reactor showing the processes involved . . .
3.7 A plot of the ?/f„ei vs. —log{Pfo^) for a range of values of T̂ (\

(1400 1500 and 1600 °C), with P = 1 bar, A T  =  500 °C and 
»  =  0.95................................................................................................

3.8 A plot of /7f,iei vs. A T .......................................................................

*“8 ( a A 4 ,H H V H , )  ”  ................................................
3.10 A plot of the //f„ei vs. the change in temperatiu'e A T  for a 

])umped re a c to r .................................................................................
3.11 A plot of the log(r/p„mp to  elec) vs. - lo g ( P ) ...................................
3.12 A plot of the r/fnei vs. -Log(P) with realistic pumps ................
3.13 A plot of r/fuei vs. — log(P) with heat reco v e ry ..........................

42

43

45

47
49
51
55

58
58
59

69
72
73
76
81
83

85
86

87

88
89
90
93



List of Figures xi

3.15 A plot of -log(xco) vs. the change in temperature A T  . . . .  103
3.16 A plot of the vs. —log{Pfo^) for a range of values of 

(1400 1500 and 1600 °C), with P  =  1 bar, A T  = 500 °C, a =
0.95 anid using CO2 as the oxidiser...................................................104

4.1 A schematic showing the principle behind Bragg’s la w ................ 108
4.2 A schematic showing the system with the added variable speed

shutter...................................................................................................... 112
4.3 Temperature vs. time for oxidation heating r a te s .......................... 113
4.4 A photograph of the system showing many of the components. 115
4.5 XRD scans of Zr doped samples and pure ceria............................ 117
4.6 XRD scans of Hf doped samples and pure ceria............................118
4.7 SEM micro grai:)hs of the different sa m p le s ....................................120
4.8 The fraction of remaining vacancies vs. t i m e .................................122
4.9 Arrhenius plots and linear fits of oxidation r e s u l ts .......................124
4.10 The fraction of remaining vacancies vs. t i m e .................................125
4.11 Tyj)ical raw data measurements taken dm’iiig a reduction and

an oxidation............................................................................................ 128
4.12 The fraction of remaining vacancies (1 — a) vs. t im e ....................129
4.13 A plot of In(A') vs. ^  for DLR and TCD sa m p le s ..................... 130
4.14 A plot of 6 and T  vs. time for reduction ..................................... 132



Xll List of Figures



N om enclature

T Temperature

P Pressure

AG Cliange in Gibl)s free energy

A H Change in enthalj^v

A S Change in entropy

n Ideal gas constant

6 Oxygen stoichiometry

^inax Maximum S

[ O c e ] Removable oxygen concentration

[O vac] Oxygen vacancy concentration

[Oga-s] Oxygen gas concentration

[Ce] Concentration of cerium

n Oxygen gas power dependency of oxidation

k(, Rate constant

Aa Frc'ciuc'ucy factor

Ea Activation energy

P 0 2 Oxygen ]mrtial pressure

D Diffusion coefficient

r p Radius of spherical Ce02 particle



XIV N oinenclature

B oundary vacancy concentration

Q Fraction com pleted

k T herm al conductivity

Cp Specific heat capacity a t constan t pressure

p Density

h Surface norm al vector

€ Surface eniissivity

a Stefan-Boltzm am i constan t

G Total incoming radiation

F View factor

A T Trd — ^ox

Equilibrium  yield

^fO'2 Final during reduction

Po, Oxygen partia l pressure

s Heat exchanger effectiveness

Hi Moles of com ponent i

J’i Mole fraction of com ponent i

7tli Mass of com ponent i

Vi Efficiency of process /

H._iO
Equilibrium  ratio  between H 2  and H 2 O in contact w ith  CeO;

c Solar concentration

Q A cjuantity of heat

Qni Energy consumed by reduction

QceCh Energy nsed to  heat ceria



Nonienclatui'e XV
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Chapter 1

Introduction

During the sunnner months of 2014 chm ate change made many news head- 

hnes, largely due to the publication of a three part report on the subjec't 

which provided a review of scientific bases, impacts and vulneral)ility. 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 th a t there will be serious impli

cations for society a»s 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

1
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of energy inchiding the ehisive 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 [G], increased interest in 

the production of synthetic fuels [7], and the proposed hydrogen economy 

[8],

One m ethod 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 emj)hasis on therniochemical cycles and in 

particular the cerium dioxide redox cycle.

1.1 In troduction  to  solar fuel production

The most well known form of solar fuel production is carbon fixation per

formed l;y i^lants 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 th is way clim ate change can in some ways be conii)ared 

to  tu rn ing  back the  geological clock to  a tim e when the earth  was a warm er 

and w etter place.

This same solar powered carbon fixation by p lan ts and algae is also the 

basis for m ost biofuel i)roduction. T he difference is th a t biofuel is formed by 

geologically recent carbon fixation, m eaning the  inpu t p roducts are grown in 

the present time. There have been m any recent developm ents in th is field [9] 

and biofuel has already become a practical su b stitu te  for fossil fuels in numy 

countries. However th e  production  of biofuel is not environm entally benign 

[10], and w ith a growing global po])ulation to  feed, it is unclear how nnich 

cultivatable land could be devoted to  l)iofuel crops.

A nother im portan t area of research in recent years has been the  pro

duction of hydrogen via artificial photosynthesis [111. This is achieved via 

photocataly tic  w ater sp litting  in which light is absorI)ed by a photo-catalyst, 

which is a semi-(X)nductor w ith a large enough band-gap to  split w ater (>  

1.23 eV). T he generated electron hole pairs can then  react at surface sites 

w ith w ater molecules to  produce hydrogen and oxygen. This phenom ena 

was first docum ented by Fujishim a and H onda in 1972 using a T i()2 photo

catalyst [12], T i02  based ])hoto-catalysts only absorb UV which m eans a 

low solar to  fuel efficiency, bu t any light w ith  wavelength less th an  approxi

m ately 1000 nm  has the  required energy. Thus, even w ith  the requirem ent of 

a small over-potential, it should be possible to  utilise a large part of th e  vis

ible range. However T i02  based catalysts still offer the  best perform ance as 

o ther photo-catalysts w ith lower band gaps are susceptible to  photo-corrosion

[13].
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1.1.1 W ater therm olysis

A very direct method of j^roducing solar fuel is to use solar power as a heat 

input to drive endotherniic 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 ]:>roduce hydrogen. The 

water splitting reaction and the change of the Gil)l)s free energy are

H 2 0 ^ H 2  + i 02 (1.1)

A 6 V s ( r )  =  A //w .s  -  ( 1 .2 )

For complete decomposition. AG must become negative, which does not 

occur for tem peratures less than  1500 K. In fact the situation is a little more 

complicated, because at high tem peratures, atomic hydrogen, atomic oxygen, 

and OH molecules, can make up a significant proportion of the mixture. The 

equilibrium equation which nmst be considered is

H2O ^  X1H2O +  3;'2H 2 +  X3O2 +  X4H +  .'C5O +  XgOH. ( 1 -3 )

Since the Gibbs energies of formation and the enthalpies of formation of all

the species at standard tem perature and pressure are known, it is possible to 

iteratively solve the equilibrium composition for higher tem peratures [15, IG].

Figure 1.1 shows the mole fraction of each species as a function of tcm])er- 

ature, which wjis calculated using FactSage thermochemical software [17, 18].
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2,000 3,000 4.000 5.000
T em p era tu re  [K]

Figure 1.1: Mole fraction of different species in steam  vs. the  tem pera tu re

The mole fraction is the num ber of moles of a species divided by the to ta l 

num ber of moles of all the species present. T here is no ap]:)reciable deconii)o- 

sition below approxim ately 2500 K. In addition, when w ater is split in this 

way the  p roducts form a high tem pera tu re  m ix ture of gases which m ust Ije 

separated . Research in this area is often focused on using ceram ic m em branes 

(y ttr ia  stabilised zirconium) which allow oxygen to  pass through, separating  

it from the  high tem pera tu re  m ixture [19, 20],

T he high tem peratm 'e and corrosive atm osphere which any therm olysis 

reactor m ust be subject to  make the developm ent of th is particu lar technol

ogy a difftcult task. However it has recieved some a tten tion  in recent tim es 

w ith a large project conducted around the  tu rn  of the m illennium  by Kogan 

et al. [15, 19, 21, 22], More recently it has been the  subject of a num ber of 

reviews suggesting the  technology is still being developed [23, 24],
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1.2 Therm o chemical Cycles

A more feasible route to water sphtting can be achieved via a therniocheniical 

cycle, in which a series of reactions are i)erfornred, the sum of which is the 

water sphtting reaction. One or more of the reactions must be endothermic 

reciuiring a heat som-ce to drive the reaction.

The concei)t 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 w'as 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 ninnber of nniltiple step therniocheniical 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 develo])ment of the 

therniocheniical cycles they investigated and this particular project came to 

an end.

Then during the 1970s there were a number of oil/energy crise^s which 

had a strong effect on some of the w'orlds largest economies such as the US. 

This alerted people to the fact th a t fossil fuels were not an unlimited source 

of energy. In the wake of these crises, thermochemical water sphtting 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 de^creased 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 1)V electrolysis [33]. This makes electrolysis i)Owered 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 Autom atic in the 70s [34], It is a 

three step cycle with various separation techniques also implied to separate
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reactants. It contains tlie foUowing chemical reactions

I2 +  S O 2  +  2 H2O Exothernnc  ̂ 2 HI +  H 2 S O 4  ( 1 2 0  °(7 ) (1.4)

2H2SO4 Endothernnc^ 2 SO2 +  2 H2O +  O 2 (830 °C) (1.5)

2HI Endothermic^ ^

where the  Eqn. 1.4 is exotherm ic and Eqn. 1.5 and 1.6 are endotherm ic. The 

difference in heat consumed by the endotherm ic reactions and released by 

the ('xotherm ic reaction is stored in th e  hydrogen.

A hybrid sulpluu- cycle was also develojx'd [35], w ith the reactions

2 H2SO4 Endothernnc^ 2 SO 2 +  2 H2O +  O 2 (830 °C) (1.7)

SO2 +  2H2O > H2SO4 + H2 (100 °C) (1.8)

where electrolysis is used to  reduce th e  num ber of steps. T he voltage needed 

for this electrolysis is 0.158 V, com pared to  1.223 V for w ater electrolysis, 

which greatly  r('duces the electrical power consum ption.

These cycles are still being studied to  th is day, and in recent years 

this work has gained m om entm n. T here are currently  a num ber of large 

scale projects aimed at producing hydrogen on an industria l scale using the 

sulphur-iodine cycle. One exam ple is a pilot p lant which has been constructed  

and tested  by the  Japan  Atomic Energy Agency, which couples the  cycle to 

a miclear reactor as a heat source [36]. T here have also been investigations 

into coupling either the  sulphur-iodine or the hybrid sulphur cycle w ith large 

scale concentrated  solar power p lants [37], using the concentrated  solar powder
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directly as a heat input. These develoi^nients could see these sulphur cycles 

become an economically com petitive m ethod of producing hydrogen for in

dustria l purposes and poten tially  as a fuel.

1.3 Tw o-step m etal-oxide redox cycles

Since approxim ately the year 2000 there has been a revival of interest in 

the therm ochem ical route of producing hydrogen. This can he explained 

by m om iting i)ressure in m any countries to  reduc(' the consum ption of fossil 

fuels, as well as developm ents in the area of concentratt'd  solar power [38, 39]. 

W ith  the developm ent of parabolic dish and solar tower receiver system s, very 

high solar concentrations of up to 5000 tim es the  am bient solar concentration 

can be obtained. This m eans th a t much higher tem peratu res arc' availal)k' 

than  previously considered when using nuclear power as a heat source. This 

caused the area of therm ocheniical cycles to  diversify w ith more em phasis 

on two step  m etal-oxide redox cycles which require higher tem pera tu re  th an  

other nm lti-step or hybrid cycles [10, 11]. A lthough tw o-step metal-oxide 

cycles recjuire higher tem peratu res the energy efficiency has the  potential to  

be higher th an  m ulti-step  cycles.

The basic reactions are

Endotherm ic n  i n\M O , ------------------- )■ - h - O 2 R ed u c tio n - (1.9)

M 0 ,_5  +  5H 20 Exotherm ic  ̂ MO^ +  d'Ha O x id a tio n - (1.10)
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wliere the metal oxide is reduced at high tem perature T„i, consuming heat, 

and then oxidised in steam at a lower temperatm 'e releasing heat. The 

sum of the two reactions is the water splitting reaction given in Ecpi. 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 stej) cycles can be described with a simple analogy to the 

standard thermodynamic heat engine. We have a cjuantity of heat su])plied 

to the cycle at high tem perature and some fraction of this heat is released 

at lower tem perature Tox- The difference in heat is stored as cliemical 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.

Reduction

r
M 0 . _

Oxidation

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 th a t of 

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

n  =
W

V =
HH V H2

Q^n
: i . i i i

For the oxidation step to proceed the metal oxygen bond energy nnist l)e 

greater than tha t o f the water molecule, and so Q i „  >  H H V h j and 0 <  // <  1.

Some basic thermodynam ic restrictions on these cycles can l)e understood 

by considering the fact tha t the two reactions nnist sum to  water s])litting. 

Therefore at any given temperature the change in Gibbs free energy for the 

reduction and oxidation reactions must siun to that of water sj^litting.

( 1.12)

400

300
I

AC,,,

200

<  100
AG,

500 1000 20001500 2500

T [K]

Figure 1.3: The change in Gil:)bs free energy for water sp litting  and an exam
ple two-step thermochemical cycle showing the additive nature of the change 
in Gibbs free energies

Figure 1.3 shows AGws(7") as well as a hypothetical A G rd (^ ) and A G o x i T ) .  

I t  can be seen tha t at a given temperature the change in Gibbs energy for the
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reduction and oxidation reactions satisfy Ecjn. 1.12. W here the  hues cut the 

y-axis is approxim ately the  change in enthalpy and the slope is the  change 

in entroi)y for the  reactions. We can see from this diagram  why reduction 

takes place a t high tem peratu re  and the  oxidation at lower tenij:)erature as 

AG' m ust be less th an  zero for the reactions to  become si)ontaneous.

In addition the reduction m ust have a greater change in enthalpy than  

w ater-splitting , m eaning th a t the  oxide m ust have a stronger bond w ith oxy

gen th an  the w ater molecule in order to  take the oxygen from the w ater 

molecule. This can be seen in Fig. 1.3 cis the  reduction reaction has a higher 

intercept w ith the y-axis th an  w ater splitting , which corresponds roughly to 

their change in enthalpy. The reduction nnist also have a greater change 

in entropy than  the w ater sp litting  reaction so th a t the reaction becomes 

spontaneous at lower tem peratures. This can also be seen in Fig. 1.3 by the 

steeper slope of the reduction reaction com pared to  th a t of w ater splitting.

M any m etal oxides have l)een considered for these cycles. A list of the 

m ain cycles was compiled from the  litera tu re  by A banades et al. [42]. Here 

we briefly discuss the cycles which have received the most interest and, which 

dem onstrate  the main characteristics of two-step therm ochem ical w ater split- 

ting.

1.3.1 Ferrites

T he first and the most extensively studied  of the  two step  cycles was jn'oposed 

by N akam ura in 1977 [43]. N akanm ra com pared the iron oxide therniochem -
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ical cycle to  direct w ater therm olysis. T he reaction equations are

Fe3 0 4 (.9 ) ^  3FeO(/) +  ^ 0 2 (y ) (2200 °C) (1.13)

3FeO(,s) +  H20(fy) ^  Fc3O4(60 +  H 2 (y) (700 °C ) (1.14)

where the  le tter in brackets after each species refers to  the  j^hase; solid, liquid 

or gaseous.

This cycle requires a large tem pera tu re  swing between the two steps, and 

after reduction the reduced oxide and oxygen are in different phases so there 

is no need for separation  techni(}ues [44, 45]. T he solar rechiction step  was 

investigated in a solar furnace by Sibieude et al. [46]. They found th a t fuU 

decomi)osition was obtained in an argon atm osphere and 40 % decom position 

in an air atm ospliere a t 2200 °C.

A lternative c:ycle m aterials based on mixed iron oxides of the form MxFe3 _ , . ( ) 4  

(M =  Mn, Mg, Co, Zn, Xi) have been extensively investigated [15, 47, 48]. 

The idea is to  reduce the  rc'duction tem pera tu re  of the ferrites, bu t still 

m aintain  a good hydrogen yield during the oxidation step. A therm ody

nam ic study  was recently perform ed by A llendorf et al. [49], and there have 

been m any experim ental investigations of mixed ferrites [50 55]. T hey show 

tha t dopants such as Mn, Co and Xi can im prove the  extent of reduction at 

lower t emp erat u res.

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

ZrC) 2  to  reduce sintering during reduction have been studied  l)y K odam a et 

nl. [56, 57]. The idea is to  partially  reduce the  ferrite a t lower tem peratu re
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while it is supj:)orted w ith a more stab le  oxide. This way the ferrite remains 

in the  solid phase, reducing the com plexity of the  reactor needed.

P ro to ty p e  reactors

T herm odynam ic studies by Driver et al. showed th a t the  fuel j:)roduction effi

ciencies for ferrite cycles have a m axim um  of 36 % w ithout heat recuj)eration 

and could l>e as high as 78 % with heat recuperation [58]. T he same group 

at Sandia N ational Laboratories have proposed and tested  a solar powered 

reactor based on mixed ferrite m aterials [58-61]. The reactor uses mixed 

ferrites supported  on counter ro ta ting  rings which pass through reduction 

and oxidation zones allowing for continuous oj^eration and heat recupera

tion. A schem atic of the proj)osed design is shown in Fig. 1.4. Efficiencies of 

this design in j)ractice have so far been low (<  2 %) and the reactor design 

com plexity is ra ther high due to  the counter ro ta ting  rings concept.

A circulating flTiidised bed reactor has been proposed and tested  at the 

laboratory  scale by K odam a et al. [62 64], which used NiFc'^O.^ particles as 

the  redox m aterial. T he XiFe2 ( ) 4  was supported  on Zr ( ) 2  and cycled between 

1000 - 1500 °C. T he reduction was perform ed in an inert nitrogen atm osphere. 

T he reactor is designed to  be used w ith  a beam  down solar concentrator. A 

schem atic of the proposed design is shown in Fig. 1.5. T he inpu t gas stream  

drives the  circulation of the particles. T he input stream  is changed to  HgO for 

oxidation. This p ro to type was thus operated  in batch  m ode w ith reduction 

and oxidation tak ing  place alternately. They observed th a t approxim ately 44 

% of the ferrite m aterial was reduced and then  fully re-oxidised using steam . 

This concept is promising, as w ith some design m odification using a fluidised
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CSP

R eduction Supported
Ferrit^e

InsulationR ecuperation

O xidation

Figure 1.1: A schem atic slunving the design proposed by Sandia N ational 
Laboratories, w ith a [)lan of the reactor and the com iter ro ta ting  rings used 
for heat recuperation.

bed could conceivably allow for continuous operation  and heat recniperation 

w ith lower design com plexity th an  the  reactor proposed by Sandia N ational 

Lal)oratories.

A semi batch process reactor using mixed ferrites has been developed 

as part of the HYDROSOL project run l)y the G erm an A('rospace C entre 

(DLR) [G5, G6]. In th is reactor honeycom b m onoliths coated w ith the  reactive 

ferrite are first heated  for reduction, then  a t lower teni]:)erature oxidised w ith 

steam . A 100 kW  pilot plant was t(!sted a t the  P lataform a Solar de Ahneria, 

in which two reactor zones were alternatively  sw itched l)etw’een oxidation 

and reduction to  ob ta in  continuous hydrogen ])roduction [67]. This reactor 

concept offers a very sinii)le fixed bed design which was successfully tested  

and is still under developm ent l)y S attler et al. [68, 69].
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CSP

Reduction

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

1.3.2 V olatile  oxides

In terms of thermodynamics, volatile oxides may offer the most efficient ther- 

moclu'uiical cycles for water splitting. The decomposition involves suljlinia- 

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. A S .  In Fig. 1.3 this would give us a relatively sharper 

decrease in AG’r<i(r), which should allow reduction to spontaneously proceed 

at lower tem peratures. However there is a level of complexity added, l)ecause 

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

The zinc oxide cycle has received the most a tten tio n  am ongst the  volatile 

oxides.

ZnO (s) —  ̂ Zn(f;) +  ^OsCy) (2000 °C) (1.15)

Zn(/) +  H 2 ()(.f;) ^  ZnO(.s) +  H 2 (.ry) (800 °C) (1.16)

A large am ount of research on th is particu la r cycle was conducted by 

Steinfeld et al. a t ETH  Zurich [72-74], A reactor for the solar reduction of 

ZnO was developed and tested  by the  sam e grou}) [75, 76]. In the  reactor 

ZnO particles are fed into an insulated ro ta ting  cavity. T he ro ta tion  creates 

a centrifugal force which k(^eps the  ZnO particles stuck to  the  outside walls. 

In th is way the  ZuC) is directly heated  by concentvatcd solar power and in 

addition forms an insulator to  protect the walls.

An argon gas flow is used to  remove the p roducts from the  reactor and 

to  keep the  reactor apertu re  glass free of ZnO. T he j^roduct s tream  must 

then  be ciuenched in order to  prevent recom bination. T he cjuenching was 

achieved by passing the stream  onto a w ater cooled wall which rapidly cools 

the m ixture to  below the  m elting point of zinc (110°C) [77]. This quenching 

prevents heat recovery, bu t even w ithout heat recovery the  efhciency could 

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

Al)aiia(lcs et al. recently iiroposed a cycle in which tin oxide is partially 

reduced at recisonably low tenij:)eratures [79].

Sn02(s) — SnO(.g) + ^02(,y) (1600 °C) (1-17)

SnO(.s) +  HsOCfy) ^  Sn02(i.-) +  HaCfy) (600 °C) (1.18)

Similar to the zinc oxide cycle the reduction product stream nuist l)e 

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, hi 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 S11O2 

( —296kJ mol“ )̂ is quite close to that of water splitting (—211 kJ mol“ )̂. 

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 kJ inol^^. In order to increase the rate we must increase the temperature, 

and from Fig. 1.3 w'e see that this increases AG{T)  for the oxidation making 

the reaction less favorable. If the cycle is used to split CO2 instead, the 

difference in the enthalpy change is lower (23k,Imol“ )̂ 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 

(Irawl)ack 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 m edium  

for off sunlight power generation in concentrated  solar power plants.

1.4 Cerium D ioxide

The focus of th is thesis is the cerium  dioxide redox cycle, which as we shall 

see has a ntunber of benefits over o ther m etal oxide cycles. In addition to 

fuel production cerium dioxide (ceria) has found m any a]:)plicatious due to 

its unique properties. At high tem peratu res it is an oxygen ion conductor 

and is also noted for its oxygen storage and redox projx 'rties [82 81]. This 

makes it a good m aterial for apj)lications in catalysis and solid oxide fuel 

cf'lls [85 88]. Ceria has found far-reaching applications in catalysis where it 

is used in autom otive catalysts, oxidation cata lysts and reform ing catalysts.

The application of the  ceria redox cycle for sp litting  w ater was first s tu d 

ied by O tsuka et al. in 1985 [89]. T hey perfornu'd kinetic studies of the oxi

dation of reduced ceria (CeOi.g) hi a steam  atm osphere, producing H2 - They 

found th a t rc'duced ceria could easily be oxidisc'd in a stearn atniosi)her(' and 

they concluded th a t the  kinetics were not lim ited by w ater absorption on the 

surface or by diffusion in the bulk.

T he cyck; was first dem onstrated  by A banades et al. using a solar reactor 

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

2CeC)2(.s’) ^  Ce.,03(/) +  ^02(.9) (2000 °C) (1.19)

Cc20;i(.s) +  H20(.(/) ^  2Ce02(.s) +  H2(.(/) (800 “C ). (1.20)
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In these experim ents the reduction was perform ed a t a reduced pressure 

of 100 200nibar, which by Le C hatliers principle will favour reduction. The 

reduced oxide was then  cooled to  room  tem peratu re  and la ter the  oxidation 

in a steam  atm osphere was tested. T he oxidation was seen to  proceed rapidly. 

The au tho rs conclude th a t the  cycle is technically feasible and w arrants fur

ther study. The tem peratu re  for reduction is still very high and offers high 

technical dem ands in term s of reactor engineering.

1.4.1 Partial reduction

Ceria can be partially  reduced at lower tem peratu res in atm ospheres of low

oxygen partia l pressure. T he extent of the reduction S. depends on the

tem pera tu re  and the oxygen partia l pressure [91].

C e O ,  ^  C e()2 -^  +  ^ 0 2  (1.21)

T he reduced oxide can be Tised to  split bo th  H 2 O and C O 2 producing H 2 and 

CO respectively [92, 93].

Ce()2-^ +  SH2 O Ce()2 +  SK.2 (1.22)

C e02-5 +  ^C()2 — > Ce02 +  SCO  (1.23)

Ceria is unique in th a t th is reduction does not change the  j^liase. D ur

ing reduction at tem peratu res lower th an  its m elting point (<  2000 °C), ce

ria rem ains in the  fluorite phase, which is shown if Fig. l.G, up to  a non- 

stoichiom etry of approxim ately ()' =  0.35 [94-9G]. This is a rem arkable ma-
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Figure l.C; A schematic showing the fiourite crystal structiu'e of ceria where 
the oxygen molecules are w'hite and tlie cerium red.

terial property, in tiiat removing more than 15 %  of the oxygen from the 

crystal lattice does not change the crystal structure. This also makes ceria 

reduction a v(>ry technically simj^le process, as there is no additional j l̂uisc' 

changes consuming heat or complicating the reduction process.

The products, CO and II2 form syn-gas, wdiich can be converted into 

denser diesel-type fuel using the Fischer-Tropsch process [97, 98]. If the 

reduction is driven by concentrated solar ])ow-er this process could allow the 

production of renewable dense liquid fuels. In Fig. 1.7 w'e see a schematic 

showing the cycle with its inputs and products.

A thermodynamic boimd on the efficiency of the ceria redox cycle, similar 

to the Carnot efhciency for heat engines, can be obtained using Ecju. 1.11 and 

setting Q/„ = A//ra. The change in enthalpy of the reduction is a function 

of S  [91], so the average value over the range (5 =  0 to 0.1 is taken, which
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H2O + CO2
Solar reactor

X  C e02 — > C e02-5 +  I  O 2

SUN y Ce02-(5 +  ^H 20 — > C e02 +  S H 2

y  C e02-s  +  5 CO 2 — ^ CeOa +  5 C 0

CO +  H2

Fischer-Tropsch

{2n+l)H2  +  nCO
C„H2„+2 + nH20

Solar collector
Liquid hydrocarbons

Figure 1.7: A schem atic showing the conversion of H2 O and C O 2 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-Trojwch {process.

gives A //rd  =  i3 0 k Jm o l“ ^  Now simply Tising the higher heating values 

of H2 (28G kJ niol“ ^) and CO (283k,I niol“ ^), the m axinum i therm odynam ic 

efficiency for w ater s])litting and carl)on dioxide sp litting  were calculated to

In addition th e  oxidation can proceed a t high tem peratu res (>  1()()()°C) 

[99], and thus the  waste heat from the  cycle can still be used as high tem 

pera tu re  process heat to perform  work.

be

r/ws =  G7% (1.24)

T ] c s  =  6 6 % . (1.25)
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1.4.2 P roof o f concept reactors

The reactor concepts which were discussed for ferrites could also be utilised 

for the ceria redox c:ycle. C eria coTild be used w ithout supports in the counter 

ro ta ting  ring reactor shown in Fig. 1.4. In addition ceria particles could be 

used w ithout supporting  zirconia particles in the  fiuidised bed reactor shown 

in Fig. 1.5. Ceria is more stab le th a n  ferrites, especially when doped as we 

shall see later.

T aniaura et al. a t the Tokyo In stitu te  of Technology built a test reactor 

which was testt'd  w ith  bo th  Ce ( ) 2  and XiFe20,i [100, 101], The reactor was 

very sim ilar in design to  the  reactor developed l)y Sandia N ational L abora

tories, which is shown in Fig. 1.4. However there was no counter ro ta ting  

rings for solid s ta te  heat recuperation. The reactor is more simple in th a t it 

ju st features a large ro ta ting  dr\uu (500 nun diam eter) w ith the cycled ox

ide on the outside. T he oxide passes th rough  reduction and oxidation zones 

allowing for continuous fuel production.

Chueh et al. constructed  a small scale cavity type reactor for testing  the 

poten tial of ceria for therm ochem ical fuel production [102]. A schem atic of 

their design is shown in Fig. 1.8. T he ceria itself was formed into porous 

m onoliths which liruxl the interior of the cavity. For rc'duction the  reactor 

interior was heated to  1G0()°C and a sweej) gas j^assed through to remove 

the oxygen. The reactor is then  switched to oxidation by cooling it down to 

1000 °C and passing C O 2 th rough the m onolith as shown in the schem atic. 

They conijjleted 500 cycles showing th a t ceria could be used for fixed bed 

reactors w ithout sui)porting m aterials.
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Porous Ceria CPC
CSP

2 cm

Insulatioi

H2/CO TN2+O2

Figm’e 1.8: A schematic showing the design of the prototype tested by Chueh 
et a i .

A cavity reactor is a standard idea for high tem perature solar applica

tions. Concentrated solar radiation is focused onto a comjiound 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 incddent onto a hollow cavity. The cavity is in

sulated on the outside. At high tem peratures 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 tha t 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 miit of m aterial heated.
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T he sam e reactor design seen in Fig. 1.8 was used by Furler et al. to  

sinm ltaneously split H 2 O and C O 2 producing syn-gas [93]. They successfully 

tuned the ra tio  of H 2 to  CO produced, by changing the input ratio  of H2 O and 

CO 2 . This is im portan t as this ra tio  is one of th e  factors which determ ines 

the fuel consistency, and it nnist be optim ised. T he syn-gas produced by 

this m ethod is also pure which m eans th a t contam inants such as sulphur, 

which are connnon in o ther syn-gas j)roduction m ethods, do not need to  be 

removed.

1.4.3 D oping ceria to  im prove redox properties

Similar to  the case of ferrites, dopants can l>e added to  ceria to  improve its 

redox proi)erties. T he m ain goals of doping ceria are to  improve its high 

tem peratu re  stability  and to  increase th e  hydrogen and carV)on monoxitle 

yields of the ceria fuel production cycle.

By replacing some of the cerim n atom s in the  fluorite crystal s truc tu re  

w ith o ther cationic m etals, the redox j)roperties of ceria can l)e m odihed. For 

e’xaniple, doping w ith m etals which have a lower valence th an  Ce'̂ "*", such as 

Snr^+, introduces oxygen vacancies into the  fluorite structu re , which increases 

the oxygen ion m obility [103, 101]. T he increased mobility may improve the 

reaction kinetics, bu t it can also reduce the overall oxygen yield [105. lOG].

Dojiing ceria w ith ions which have the sam e valence, bu t lower ionic 

radius, such as Zr"*+ and H f‘+, can increase the  reducibility [106 110]. This 

is very im portan t as it can increase the  overall yield of the cycles. Cerium
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has a very aocoininodatiiig la ttice for these dopants allowing up to  40 % of 

the ceria ions to  be replaced and still m aintain ing the fluorite s truc tu re  [1 1 1 ].

For niaxirnuni fuel production yield there is an optim um  dopant concen

tra tion  for Zr which was determ ined via therm ogravinietric analysis to be 

Cc'o.ssZro 1 5 O 2  by Call et al. [112]. At this optim al Zr concentration, the 

hydrogen production yield is ai)proxim ately double th a t of pure ceria and for 

higlier Zr concentrations the fuel production yield was seen to  l)egin decreas

ing.

Tam aura et al. investigated a num ber of dopants and sim ilarly found 

th a t Zr dou})led the yield, bu t also th a t Hf dopants could increase the fuel 

production yield by a factor of approxim ately 2.2 [106]. They a ttr ib u te  the 

im provement to the  fact th a t Hf has the  sam e valence as Zr, bu t also has 

an even sm aller ionic radius [106]. This could only have a very small effect 

as Hf(85 pm) has approxim ately the same ionic radius as Z r ( 8 6  pm) when 

com pared to  C e(lO l).



Chapter 2 

A nalytical m odel of C e02  

oxidation and reduction

In this chaj^ter an A rrhenius-based model for the  high tem i)era ture reehiction 

and oxidation of CcO -2 is developed. The model is shown to  agree well w ith 

both  litera tu re  d a ta  for the equilibrium  oxygen vacancy concentration and 

novel experim ental kinetics of oxidation and reduction obtained as part of 

the research for this phd thesis.

T he form of the A rrhenius ra te  equation was determ ined from the j)roper- 

ties of the reaction. Equilibrium  d a ta  from the  litera tu re  was analyzed w ith 

respect to our ra te  equation. From this analysis a num ber of constrain ts 

on the m odel param eters were determ ined and some of th(' constants of the 

model were fixed. The model accurately i)r('dicts the equilibrium  com posi

tion of Ce02 over a wide range of oxygen partia l pressures (1()'̂  1()~ * Pa) and 

tem peratu res (1000-190() °C).

27
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Novel results of the  experim ental re-oxidatiou of ceria were analyzed in 

ordc’r to fix the rem ainder of the  constants. Porous cerium dioxide pellets 

were reduced a t high tem peratu re  (1600 ° C)  and low oxygen j^artial pressure 

(1 Pa). T he reduced cerium pellets were then  re-oxidised in an oxygen a tm o

sphere of 11 P a  at teniperatTU’es in the  range 500-1000 °C. T he re-oxidation 

was conducted in a sealed vacm un cham ber. T he reaction was m onitored via 

the change in pressure and gas com position m easured l)y a m anom eter and 

mass spectrom eter. T he results from this re-oxidation experim ent allowed 

us to fix the values of the activation energies and freciuency factors of the 

oxidation and reduction. T he m odel was then  com pared to  experim ental 

reaction kinetics of therm al oxidation and reduction and showed good agree

ment. F inally the model was coupled to  heat flow sim ulations to  dem onstrate 

its use.

2.1 Introduction

In the past, studies have been conducted into developing numerical models of 

the i)hase diagram s and com position of Ce0 2  over a wide range of conditions 

[95, 113, 114], These models however give us no inform ation about th e  reac

tion kinetics of the  reduction and oxidation of ceria. It is in teresting to  note 

th a t ceria rem ains in the fluorite phase throughout the range of temj^eratiu'es 

and pressures of interest for these fuel conversion cycles [92, 95], Even w ith 

large num bers of oxygen vacancies, th e  fluorite phase is still stable. T he fact 

th a t no phase changes occur should allow the  developm ent of a reasonal)ly 

simple model of the reactions.
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The lack o f such a sim ple ana ly tica l m odel fo r the reaction k ine tics o f ceria 

reduction  makes assessment o f the perform ance o f ceria reduction  d ifficu lt. 

I f  one has a sim ple model w h ich  on ly depends on the concentrations o f the 

reactants, the tem pera ture  and the oxygen p a rtia l pressure, i t  can easily be 

linked to  heat flow and d iffus ion  sinm la tions [96]. T h is  w il l g rea tly  im prove 

reactor design capab ilities, and allow  for m ore accurate assessment o f th is 

pro jwsed fuel i:>roduction technology.

In  th is  chapter an ana ly tica l m odel for the reduction  and ox ida tion  o f ceria 

in  an oxygen atmosi)here is developed. The m odel should jire d ic t b o th  the 

e q u ilib r iim i com position and reaction k ine tics i f  i t  is to  accurate ly sinm late  

the perform ance o f the reactions. It  should prove to  be an inva luable  too l in 

the development o f the discussed fuel [n 'oduction  t(!chnology. I t  could also be 

o f use in  any cerium  dioxide high tem jK 'ra tu re  redox processes. The model 

itse lf is o f theore tica l in terest as it  should allow  fo r a be tte r understand ing o f 

the role o f d iffus ion  and surface reactions in ceria reduction  and ox ida tion .

2.2 M o d e l

The system is modeled as an eciuilil:)rium reaction  w ith  A rrhen ius  ra te  con

stants [115]. The e qu ilib r ium  reaction is

C e 0 o ^ c e 0 2 ^ s  +  \ ( h .  (2.1)

The reaction does not proc(;ed to  com plete decom position in  th is  regime. I f  

enough oxygen is removed, the flu o rite  phase w il l no longer be stabk ' and a
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phase transition  will be inevitable. If there is a phase change the fundam ental 

properties of the reaction kinetics will change and our equation will no longer 

l)e valid. Therefore it is assiuned th a t not all of the  oxygen can be removed 

by this reaction and th a t it is proceeding tow ards a certain  m axim um  value 

of ()'. say (̂ 'inax: w ith the com plete reaction

CeC h  C e 0 2 _ 4 .„  +  (2.2)

T he reduction reaction depends on the concentration of removaljle 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 assum ed to  l>e constant th rough

out. The ra te  of change of the  oxygen vacancy concentration is the rate  at 

which oxygen leaves Ce ( ) 2  (reduction) minus the ra te  at which it recombines 

(oxidation). This can be fornnilated as

=  (OcJtVd -  (2.3)

where k\(\ and A'„x are the ra te  constants of reduction and oxidation, and 

[Oce], [Ovac] aiifl [Oga«] tilt' 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 sim plicity it is assumed 

th a t the ra te  constants have a  basic A rrhenius tem pera tu re  dependence and
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T he concentration term s can be m ade uiiit-less by dividing Ecjn. 2.3 by 

the concentration of cerim n [Ce], giving

1 rf[O v ac] _  [Oce] [^ v a c ]  C O  r.^
■” r<i 1 ^ox-[Ce] dt [Ce] ™ [Ce]

The ra te  is now in term s of moles of oxygen vacancies per mole of cerium

per second, or simply per second. From Eqn. 2.1 and 2.2 the  values -L -:^
[Ce]

[C v ac]and \  . can be defined in term s of the stoichiom etry param eters, 6 and 
[Ce] ^

^  =  <^,nax -  ( 2 . 6 )
[Ce]

[O vac]

[Ce]
=  (2.7)

T he oxygen gas concentration is directly proi:>ortional to the oxygen partial 

pressure Po-2 - Therefore the  constant of proportionality  can simply l)e in

cluded as part of the ra te  constant kox, «nd the oxygen gas concentration is 

taken to  be the oxygen partia l pressure. Initially we wish to  look a t equi- 

librim n d a ta  so we set the ra te  to  zero. Setting Eqn. 2.5 equal to  zero and 

using E(in. 2.4, 2.6 and 2.7 we get the equilibrhun condition

((̂ 'niax -  A d  exp I j  -  GXp f  | =  0, (2.8)

sliow'u schem atically in Fig. 2.1.

At equilibrium  the ra te  of oxidation is equal to  the ra te  of reduction. 

The equilibrium  oxygen vacancy concentration can now be expressed as a
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Ceria O2 a tm osp h er e

#

ox id ation

I RT J

red u ct ion

I R T  )

Ce
3 * /4 •  o 2 - i V..o o

Figure 2.1: A schem atic showing the equilibrim n natu re  of the reduction and 
oxidation reactions.

function of tem peratu re  and oxygen partia l pressure w ith the  ecjuation

< '̂niax -  S / I f  1

[E,a -  

R T
(2.9)

T he difference in activation energies is labeled A E  for the re

m ainder of the chapter.

2.2.1 Equilibrium  C om position

It is connnon in the litera tu re  for equilibrium  d a ta  obtained a t constant 

tem peratu re  and varied pressure to  plot log(^) vs. log(Po 2 )- If logarithm  

of Eqn. 2.9 is taken, it is clear th a t a more su itable plot can l)e m ade from
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the equation

From Eqn. 2.10 it is clear th a t a plot of log(d) vs. log(Po 2 ) yit'W ^ 

straigh t line w ith slope —n, bu t only when S <<  ^max- Supporting  this, 

bo th  Panlener and Dawicke [91, 116] found th a t in the  region O.OOl < S < 

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

characteris(‘d by the  relation 6 oc ■

As we are not dealing w ith a dilu te species reaction it m ay not l)e possible 

to  use the law of mass action to accurately  predict and n. It can however 

provide a good s ta rtin g  point. From Etpi. 2.2, the law of mass action predicts 

th a t n  =  Using the hndings of Panlener et al. as an estimate; gives n

=  0.2, and thus a good s ta rtin g  point would l)e to  set Using

these param eters, experim ental equilibrium  data  can be analyzed. D ata  in 

the range 1000 °C - 1500 °C was ex tracted  from the experim ental work of 

Panlener et al. [91]. For tem peratu res al)ove this, the  num erical model of 

Zinkevich et al. [95] was used, which is in good agreem ent w ith experim ental 

findings [91, 116 119]. We look at pressTu-es in the  range of lO” '' 10'^Pa.

The analysis of d a ta  from the  litera tu re  is presented in Fig. 2.2, with 

the jiaram eter =  0.35. For constan t tem peratiu 'e, the d a ta  show linear 

dejjendencies over a wide range of pressures. This is in contrast to  the  plots 

m ade previously of log(f^) vs. Io g (ro 2 ) [91]) where the d a ta  begins to deviate; 

from the linear dependence as 6 increases and drastically  so for values of d
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Figure 2.2: Isotherm al plots of lo g (  ̂ vs. -log(Po 2 ) w ith the value of
(̂ 'max =  0.35. The tem peratu res p lo tted  are from bo ttom  to top 1000, 1100. 
1200. 1300, 1400. 1500, 1587, 1725, 1850, and 1930 °C. T he d a ta  is taken 
from Panlener et al. [91] and Zinkevich et al. [95].

greater th a n  0.1. This is as predicted by Ecpi. 2.8, i)roviding strong evidence 

in support of this analytical model.

In order to  determ ine the  best value of (5,„ax- the d a ta  was ])lotted for 

a range of different values of Tlie plots were then  fit linearly and

the variation in slope and the  regression value of each set of d a ta  was

com pared.

The dependency of slope on the temperatvu'e is p lo tted  in Fig. 2.3. For 

sim plicity we w ant the value of n to  be constant. T he best choice of <5,nax 

would therefore l)e th a t which gives the least variation in slope. C om paring 

the sta tis tics  of the range of slopes obtained  for each value of ^max, the value 

of (̂ max which givcs the  lowest s tan d ard  deviation of n is 5„iax “  0.35. Taking
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Figure 2.3; The slope obtained from a linear tit of lo g (^̂ vs. -log(Po 2 ) 
j)lotted against tem peratu re  for six different values of the  param eter 
T he red points correspond to  the  slopes of lines p lo tted  in Fig. 2.2.

the average of these sloj)es to  be n and the s tan d ard  deviation to  be the error 

we get ri = 0.218 ±0 .013 .

To evaluate each linear fit, the  variance in the  regression value was 

plo tted  against tem jjerature. From Fig. 2.1 we can see th a t for =  *̂ -̂33 

the regression value drops bek w  0.9C at high tem peratures. The r('st of 

the values of sive good linear fits over the  range investigated, w ith ^̂ 'max 

=  0.35 - 0.36 having the best average values, b o th  arom id R'  ̂ — 0.997. T he 

value r),nax =  ()-35 gave the  m ost consistent sloj^e and is the  l)est fit of the 

published ecjuilibrium data.

T he best fit value of =  0.35 can now' l)e ai:>plied to  further analyze 

the equilil)riuni data . Taking the natiu 'al logarithm  of Eqn. 2.9 allows us to

m ax

m ax

m ax

m ax

m ax

m ax
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Figure 2.1: The value obtained from a linear fit of log(  ̂ vs. -log(Po 
plotted against temperature for five different values of the parameter 
Again the red points corresj^ond to the data plotted in Fig. 2.2

2 I 

m ax •

easily extract the difference in activation energies AiT.

In
^'inax -  ^

( 2 . 11)

From Eqn. 2.11 we see that a plot of In vs. ^  should be lines with

slope —AE.

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 A E  = 195.6 ±  1.2 kJ mol~^

The values of '̂maxj and A E  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 

between the frequency factors — Taking the average of all the values
^ o x

determined from the linear fit intercepts of Fig. 2.2 and Fig. 2.5, and taking
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Figure 2.5: A graph of hi (   vs. for a range of different i)ressures.

The d a ta  is again taken from Panlener et al. [91] and Zinkevich ef al. [95]. 
The d a ta  was fit hnearly and from the  sIojk’ of eacli hue we can calculate the 
difference in activation energies A F

the s tandard  deviation as the error we get —̂  =  lOGOOO ±  1000 Pa". T he
- 4 o x

units of Pa" are from our choice to  al)sorb th e  constan t of proportionality  

between the  oxygen partia l pressure and the oxygen gas concentration into

Sul)stitutiiig the al)ove values into Ecin. 2.9 gives

(  S \  7 / — 195.6 k .1 niol“ * \  ^
^ V -  (  R f  )■

which only depends on the oxygen partia l pressure and tem peratu re . In Fig. 

2.6. we plot the results of the h ts along w ith the  original d a ta  from Fig. 2.5 

on a linear scale. As can be seen, the results of the fit m atch the original 

d a ta  (juite w'ell on a linear scale.
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Figure 2.6: A plot of the vacancy concentration S vs. tem peratu re . The 
l)oints are the  same d a ta  (from the  litera tu re) as Fig. 2.5, and the  lines are 
the values predicted by the model.

2.2,2 R eaction kinetics

In ordei' for oxygen to  leave CeO^ it m ust first diffuse to  the surface. This 

diffusion process may conversely be considered as the diffusion of oxygen 

vacancies. For sim plicity we will consider spherical particles. This m eans we 

can use th e  spherically sym m etric diffusion ecjuation

dS{T,  t, r) _  
dt

(2.13)

where the solution only depends on th e  radial position.

The boundary  condition at the  surface of a spherical particle of radius 

can now lie set as our reaction ra te  formula
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where Sr^ is the boundary vacancy concentration. As before, the units could 

be siniplihed by dividing each concentration by th e  concentration of cerium.

If the diffusion coefficient D,  and the  particle radius Vp, are bo th  known 

then  the  problem  is a simple partia l differential equation in one spatia l di

mension. T he diffusion coefficient for Ce()2 can generally be well described 

w ith an A rrhenius dependence on tem pera tu re  [120, 121],

As we deviate from stoichiom etry and the concentration of oxygen vacan

cies increases the  diffusion coefficient will also increase [122]. Therefore the 

com plete diffusion cocfficicnt should be a function of bo th  tem pera tu re  and 

oxygen vacancy concentration.

In the tem ix 'ratm ’e range 900 - 1100 °C and for vacancy concentrations S in 

the range 0 - 0.2, S tan  et. nl. [123] found th a t b o th  Do{6) and the diffusion 

activation energy Ei]{6) were well descril)ed by a linear dependence on (S. The 

tem peratu re  range how’ever is too  narrow  for us(> in th is work. Here we are 

dealing w ith a w'ide range of tem]:)eratures and oxygen partia l pressures, and 

so a full analytical solution of the  diffusion problem  is im practical. We will 

la ter simplify the  effect of diffusion l)y assum ing a shrinking core model.

To com plete the ra te  equation, the  values of E'rd and .4rd or and .4„x 

need to  be determ ined. D uring the  reduction of cc'ria a t high tem peratu re ,

(2.15)

(2.16)
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the kinetics are determ ined by the balance between bo th  the oxidation and 

reduction term s in our equation. T here are sources which suggest activation 

energies for the reduction reaction [105, 107, 124], although the  values vary 

from 101.2 k.I niol“  ̂ [105] to  221k,Jniol“ ' [107]. It is also difficult to  deter

m ine exactly w hat activation energy they have extracted  from the d a ta  diie 

to  the com bination of oxidation and reduction.

Instead consider the oxidation of oxygen deficient ceria a t m oderate tem 

peratures. At relatively m oderate teniperatm 'es (500 - 1000 °C), the reduc

tion te rm  should be very small relative to  the oxidation term  due to  its nuich 

larger activation energy (£ ’,a--£̂ ox ~  196kJm ol~^). So a t m oderate tem per- 

atiu'es we can trea t the reaction kinetics for a reduced sam ple as only the 

oxidation term  in Eqn. 2.5, which gives

By exam ining this reaction it should l)e possil)le to  determ ine the  rem ain

der of the  unknown constants in the ra te  eciuation.

2.3 Experim ental Procedure

T he aim of the  following experim ents was to  investigate l^oth the backw'ard 

and forward reactions of the equilibrium  reaction shown in Eqn. 2.1. In other 

words w hen displaced from equilibrium  in either direction how quickly does 

the  system  re tu rn  to  equilibrium . M ost im portan tly  w’e first wish to  inves-

(2.17)
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tigate the re-oxidation of cerium since, according to  Eqn. 2.17 this should 

allow us to  ex tract and A ^ x -

An appara tu s  was built by the au thor which allows oxides to  be heated 

to  high tem peratu res in a controlled atm osphere. T he appara tu s  consists of 

a vacuum  cham ber in which the sam ple is placed, and a focused Xenon lam p 

for rapidly heating the  sam ple to  reaction tem j)eratures. T he Xenon lamj) 

uses an elliptical m irror to  focus 100 W atts  of b roadband power into a focal 

point less th an  8 nun in diam eter. This allows tem i^eratures up to  1650 °C 

to be achieved.

Changes in i)ressure are m easurt'd using a caj^acitance m anom eter, and 

the gas comj)osition is m onitored using a m ass spectrom eter. Oxygen released 

from the sam ple is observed by an increase in pressure and an increase in 

the oxygen signal m easurt'd by the mass spectronu 'ter. Conversely oxygen 

absorbed by the sam ple is accom panied by a droj) in i)ressiu'e and a drop in 

the oxygen signal.

Figure 2.7 shows a  schem atic of our ap p ara tu s  (for a photograph of the 

system  see Fig. 4.4). The type B therm ocouple is placed on top  of the 

sanii)le and the Xenon lam p is focused onto  the sam ple and therm ocouple. 

The sami)le holder is an alum ina crucible surroim ded by ano ther layer of 

ahnnina to  pro tect the steel cham ber from the high tem peratures.

A reduction cycle is s ta rted  by pum ping the cham ber down to  1 Pa. and 

then sealing the cham ber off from the  pum p. The lam p is then  switched on to  

heat the sam ple to  high tem peratu res. T he changes in sam ple t('m perature, 

gas tem peratu re, pressure and gas com position are recorded.



42 C hapter 2. A nalytical m odel of Ce()2 oxidation and reduction

O ptional power 
reducing filter

Q uartz view 
port

V^acuum 
cham ber 
Volume: 3.7 L

Pum p
Pressure G auge 
Mass Spec 
Input ValveFocused Beam 

Spot size: 7 nun 
Power: 100 W

Type B 
therm ocouple

Alumina,
crucible Sample

D iam eter: 5 mm

xenon 
arc lam p

Focused

Figure 2.7: A pparatus scliematic showing the vacuum  cham ber. Xenon lamp, 
samjile. therm ocouple and connected instrum ents.

A re-oxidation cycle is conducted by first pum ping the cham ber down 

to 1 Pa. th (’ cham ber is then  l)ack-filled w ith oxygen to  a pressure of P q  ̂ =  

M P a. This pressure was selected to give us a m easurable reaction ra te  at 

the tem peratu res used for re-oxidation (500 - 1000 ° C ) .  The sam ple is then 

heated using the Xenon lam p w ith  the input power reduced by a filter. The 

changes in tem peratu re, pressure and gas com position are again recorded.

The background pressure increase due to  heating of the  cham ber w 'ithout 

a sam ple j)resent was taken into accoim t for bo th  an em pty cham ber under 

reduction conditions and a cham ber filled w ith oxygen under oxidation con-
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ditions. In the ca.se of the re-oxidation cycles, the  ])ower incident into the 

cham ber is relatively m oderate and the  increase in j^ressure is negligible.

One issue identified w ith the  system  is th a t for the high tem peratu re  

reduction cycles, the  oxygen given off was seen to  take part in o ther reactions 

as the cycle proceeds. This was observed as a decrease in the  oxygen signal 

from the mass spectrom eter and an increase in the  carbon dioxide signal. Xo 

such com peting reactions were observed in the  re-oxidation cycles. We beli('ve 

th a t the  high ]K)wer incident into our cham ber during the reduction cyck's is 

causing reactions w ith the cham ber walls. For th is reason our system  is k'ss 

accurate in nieasiuing reduction than  oxidation. This is not a big problem  

as the main experim ental focus is on re-oxidation and reduction experim ents 

will only be used for com parison w ith the model.

Figure 2 .8 : Image of a sam ple w ith  an im age taken using a scanning electron 
microscope showing its porosity.

T he sam ples used are porous pellets of C e()2 . They were prei)ared Iw 

mixing C e02 powder (Sigma-Aldrich: 544841) w ith a grain size less tlian  

25 nni and graphite  [)owder (Sigrna-Aldrich: 282863) w ith a grain size less 

than  20 //ni. T hey were mixed in a volum etric ra tio  of three p arts  gra])hite
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to one p a rt ceria. The powders were thoroughly mixed by placing them  in a 

beaker and v ibrating  them  in a sonic l)ath for fifteen m inutes. A dditionally 

polished ball bearings were placed in the  t)eaker to  accelerate mixing. The 

mixed powder was then  pressed into pellets using a jjellet die and a hydraulic 

press. The pellets are then  annealed a t 1000 °C for 3 hours. Diu'ing this 

annealing the  graphite undergoes auto-com bustion leaving void space w ithin 

the pellets. This was followed by 24 hrs of annealing a t 1500 °C to  induce 

sintering. T he sintered pellets are on average 4.5 mm in diam eter and 1 nnn 

in height. T he porosity was calculated by m easuring the m ass and volume 

of the sam ples to  be in the range 60-65% void space and their masses were 

in the range 28-30 mg.

The arc lanij) focuses the light into a spot approxim ately 7 nnn in di

am eter. and therefore the entire sample fits into the focal point. For this 

reason we believe th a t the teni])erature gradients throughout the sam ple will 

be small, and in the analysis it is assunu'd th a t the sam ple tem pera tu re  was 

uniform.

2.4 Experim ental R esults

As described above we will first look a t the re-oxidation of reduced cerium,

Ce02-, + ^ 0 2 Ce02 (2. 18)

which should allow the rem aining param eters to  be fixed.
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Typically in these oxidation exjH^riments. the total amount of oxygen ab- 

sorl)ed was in the range of S =  0.00-0.07. Again here, 5 is a dimensionless 

nunit)er 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 he fully re-oxidised at the end of the 

experiment. This is an approximation, as there will still he some vacancies 

l)resent, but the concentration of vacancies can he assumed to be small.

700

600 -  50

3 400

.300
20 <1

S 200
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100
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Figm'e 2.9; A graj^h showing sample temperature and the droj:) in pressure 
for the re-oxidation of a ceria pellet.

The volume of the chamber, changes in pressiu'e and gas temperature arc 

all known. Therefore, using the formula A P V  = AnET.  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 

th(' 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 ciuickly reach
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Kteady s ta te  tenii)erature after which point the da ta  is no longer useful for 

A rrhenius plots as the  tem pera tu re  is no longer changing. For these reasons 

it is convenient to  study  the reaction in the  region of 0-40% conij)letion. 

Ecjuation 2.17 can be rearranged to

which gives a  suitable ])lot for ex tracting  the activation energy £ ’ox and fre

quency factor .4ox-
10^̂

This can be thought of as an A rrhenius plot of In(A') vs. T he values of 

S  and P 0 2  calculated from the d a ta  ol:>tained from the  i)ressure m anom eter 

and mass spectrom eter. A num ber of cycles were conchicted. All cycles 

s ta rted  a t room tem peratu re  sim ilar to  th a t shown in Fig. 2.9. The cycles 

were run for a range of rlifferent input ]:)owers, w ith the final tem peratu res 

r(’acdied in the range 500-1000 °C. We assum e th a t in th is range the  reaction 

kinetics are still of the tyi>e discussed and should be well descriljed l\y Eqn.

T he d a ta  was analysed w ith 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 q x  =  3 6 ± 4 

kJ m ol“ ' and the frequency factor foiuid was ylox =  6-7 ± 3 .4  s“  ̂ Pa~". This 

value should depend on the surface to  volume ratio . T he value of surface to 

\'olume ra tio  will change due to  sintering during the reduction, so the low 

precision for the value is not surj^rising. However, the ratio  betw’een the

In ( 2 . 19)

2.19.
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Figure 2.10: A plot ol lii(A-) vs. These points are from several different
scans, where the temperature evolution dvu’ing the initial heating period is 
plotted against the corresponding In(A’) at the same points.

A
frecjuency factors —— is a characteristic pro])erty of the material and was 

determined with greater j^recision.

£"rd «tid .4,.fi can now be c^alculated using our values for ^ox «nd the
rclresults from the analysis of equili})rium data for AE  and ——. hi summary 

we have the equation

f .N. /-£^rd
—  — (.7: — o).4r(i exi) — —(it  ̂  ̂ ■•(t 1 1 RT

(2 .20 )

with the parameter values given in Table 2.1.

The oxygen j)artial pressure is in j^ascals, if another unit is used, the value 

of -4ox must be changed accordingly. Remember, the rate equation has been 

divided bv the concentration of cerium to make the concentration terms unit-
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‘̂ inax 0.35

n 0.218 ±  0.0013

A E 195.G± 1.2k.lniol-i

Erd 232 ±  5kJ m ol-i

Eox 36 ±  4 kJ mol“ ^
-4rd 106000 ±  1000 Pa”

-^r<i 720000 ±  360000 s" '

4 6.7 ±  3.4 s -^ P a -”

Table 2.1: Constants in Eqn. 2.20

less. Therefore this rate nmst be nniltiplied by the concentration of cerium 

to get the absolute rate of reaction. The oxidation term  in the ranges of 

tem perature, oxygen partial pressure and vacancy concentration considered 

in our re-oxidation exj^eriment can now be calculated to be at least 1 orders 

of m agnitude greater than the reduction term in our rate equation.

2.4.1 M odel vs. E xperim ent

In order to test the model we can compare om’ re-oxidation reactions to ones 

predicted by the model. The tem peratures 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 eni]:)loyed [125].
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This assum es th a t there is a shrinking sphere of vacancdes, and introduces 

the additional restriction

W here r a t e  in Eqn. 2.21 corresponds to  the  ra te  given in Eqn. 2.20. The 

fraction com pleted q , is the am oinit of absorbed oxygen divided by the to ta l 

hnal absorbed oxygen. This is a sim plification of the effect of diffusion, for 

a full analytical solution one m ust solve Ecjn. 2.13 and 2.14 on a suitable 

sized sphere. It is assum ed th a t the  re-oxidation i)roceeds to  the  hnal fully 

oxidised s ta te  w ith S  =  0.

Figure 2.11: Experim ental tem pera tu re  and the corresponding fraction of 
rem aining oxygen vacancies for th ree different input powers. The solid lines 
are the tem peratu re , the crosses are the  experim ental fraction of rem aining 
oxygen vacancies and the dashed hues are those predicted by Eqn. 2.21.

From Fig. 2.11 it can be seen th a t the experiiiieiital results agree well 

w ith the  model. If the diffusion term  is om itted , after the in itia l stages

(10 , , i
—  =  r a t e  x (1 — a  j s .
d t   ̂ ^

( 2 .2 1 )

0 10 20 30 40 .'50 60
T im e  [s]
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of the reaction the model predicts faster oxidation than  was experimentally 

ol)served.

The rate of the reduction reaction of Ce02 can also be compared to the 

model. Again Equ. 2.21 is used to model the reaction. In the experiment the 

param eters are measured once every second, however the reduction reaction 

proceeds very rapidly, and so our tem perature 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, hi this case 

the value n  is more difficult to determine. As the tem perature and oxygen 

pressure change so does the equilil)riTun ()'. The fraction completed a  can 

l)e defined as the instantaneous value of S divided by the equilibrium value, 

so in order to determine q we nmst recalculate both the etiuilibrium 6 and 

the actual <5 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 predict(’d by our model. The model predicts a somewhat faster reac

tion, which could be a ttribu ted  to the assumj)tion tha t 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 th a t of ecjuilibrium, 

but in our experiment the final values w'ere all roughly 30% lower than pre

dicted l)y 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: Experim ental tem pera tu re  and the corresponding m ea
sured d for three (Ufl'erent inj)ut jK)wers. B ottom : A num erical model w ith 
similar tem pera tu re  cvu'ves and the  corresponding num erical ra tes jn’cdicted.

2.5 D iscussion

The discussed model of the kinetics of the  high tem pera tu re  reduction and 

oxidation of cerium dioxide agrees well w ith the  equilibrium  and kinetic da ta
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presented in this work, however the model kinetics rem ain to  l)e tested  over 

a wider range of tem peratiu 'es and pressures.

2.5.1 T heoretical issues

It should be noted th a t the activation energy for reduction found here of 

Erd =  232 ±  5 k J  m ol“  ̂ is far lower th an  the  overall change in enthalpy AH 

«  180 k.] niol“  ̂ for ceria reduction [91]. However, it is widely believed th a t 

producing an oxygen vacancy at the surface of ceria takes less energy than  

creating a vacancy in the  l)ulk. T he 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  m igration of this vacancy to  the  bulk. In the 

review l)v Saur et al. [126], a vahie of 321k.Im ol“  ̂ is given in Table 4 for 

oxygen vacancy form ation a t the  siu'face.

Tlu'se form ation energies are still a good deal larger than  the activation 

energy we have foimd. How'ever, this form ation of a surface vacancy could 

itself 1)0 a m ulti step  process. For exam ple, initially an oxygen surface defect 

could be formed in which an  oxygen molecule is displaced from its usual 

loosition. th is oxygen molecule could then be removed from the surface more 

easily. E ither of these steps could then  be the  ra te  determ ining step. The 

activation energy reciuired 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 a t which oxygen vacancies can be formed in ceria despite the 

large enthalpy of form ation for bulk vacancies.
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The activation energies deterniined experimentahy by other authors for 

the therm al reduction of cerium are also very low when compared to the 

enthalpy of formation. A value of 221kJm ol“ ' was obtained by Alex Le 

Gal and Ste])hane Abanades for the reduction of ceriiun 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 doj^ed w'ith zirconium which would imply a lower activation energy. In 

the work presented by E. Ranios-Fernandez at The M aterials for Energy 

conference held in Karslruhe Germany, they found an activation energy for 

the reduction of pure ceria to t̂ e 236 k.l mol“  ̂ [127], which is within the error 

of the value found in this work.

Different siu'faces of ceria will also have different formation energies for 

oxygx'u vacancies. This should not eff’ect the bulk thermodynamic-s. 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 M odel applications

This model should l)e particularly useful in the development and assessment 

of syn-gas producing reactors bfised on the ceria redox system. It can easily 

be coupled to heat flow simulations, one simply needs to introduc^e a heat 

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

( 2 .22 )
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where A H  is the change in enthal])v for the  reaction [91].

In the  case where dopants are added to  ceria to  inii:)rove the stab ility  and 

reaction yields we should t>e al)le to  modify our equation to  suit. Both Zr02 

and Hf0 2  have been shown to improve the high tem peratu re  redox prop

erties of C e02 [106, 108, 110, 128]. T he crystal s truc tu re  however renuuns 

unchanged and so the same reaction model should still be applical)le w ith a 

suitable change in the constants.

The m odel also gives us the  l)oundary condition for the diffusion ecjuation 

if the ceria is in an oxygen atuiosi)here. This should allow for a more indepth  

s tudy  of the eftect of tem pera tu re  and com position on the  diffusion of oxygen 

in the bulk.

2.6 C avity R eactor

To d('m onstrate the  m odel’s i^racticality it has been coupled to  FEM  heat 

flow sinudations of a  cavity type rector. The sinndated cavity reactor is very 

sim ilar to  the one constructed  by Chueh et al. shown in Fig. 1.8 in C hapter 

1 [102]. In term s of size the  model was scaled up by apj)roxinuitely an order 

of m agnitude comj)ared to  the  tested  reactor. T he geom etry was sinii)hfied 

to  concentric shells of porous ceria and insulation, w ith an apertu re  through 

which rad ia tion  can enter and leave. Figure 2.13 shows the  meshed geom etry 

and for illustration  it also shows the input CSP passing through a CPC. Both 

the ceria and the insidation layers are 2 cm thick.

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

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

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

]:>endicular to the surface. For this reason the mesh is denser perpendicular 

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

eriuation

conductivity, and A H  is the energy consumed (J mol“ )̂. These equations 

are solved over the meshed geometry shown in Fig. 2.13.

The heat source Q, is negative due to heat being consumed by the reduc

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

model. The outer surface of the cavity was assumed to lose heat to tlu; sur-

pC;>^ = h ' A T  + Q [Wm-^*], (2.23)

VccCh di
( 2 .2 1 )

where is the moles of ceria per unit volume (mol ni ^), k is the thermal
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roundings via radiation exchange with the ambient, which can be described 

using the Stefan-Boltzmann law as a boundary condition,

h - { k V T )  = ea{T^„^,-T^).  (2.25)

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 î y

n, -{kVT, )  = c{G, -aT-^) ,  (2.26)

where the incoming radiation Gj. is the sum of the incoming ambient raflia- 

tion and tlie 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

G .=  E  f j i T , ' + (2.27)

where Fji is the view factor of surface i from surface j ,  and F'amb is the 

arnl)ient view factor. The view factor Fji is the fraction of the radiation 

leaving surface j ,  which is incident onto surface i. It depends on tlie distance 

betw(!en tlie elements, their unit normals and their areas. All Fjj, 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 ai^proximate value is 

given for the specific heat capacity of ceria, ignoring its temperature depen

dence. A simulation in which the emissivity w'as varied between 0 and 1 was
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M aterial k Cp P f

Porous Ceria 

Insulation

2 .5 W n i- iK -^  

0.05 W  ni“ ^

^  480.] kg“  ̂

200 J k g - i K - ‘

1500 kgm-^^ 

1500 k g n r ^

1

0.05

Table 2.2: M aterial properties used in the  FEM  sinnilation

conducted in order to  see its effect. For values of eniissivity g reater th an  0.1, 

there  was very h ttle  change in th e  power absorljed. This is because there are 

m ultiple in ternal reflections inside the cavity and  thus most of th e  rad iation  

is eventually  absorbed. For simj^licity the inner surfaces were then  set to 

rad ia te  as black bodies for the rem ainder of th e  sinuilations (e =  1). The 

ou ter siu’face was set to  have a low eniissivity of 0.05 in orrler to  ajjproxim ate 

more insulation or an outer reflective layer.

T he  sinm lation is tim e dei^endent and it s ta r ts  w ith  the porous ceria at a 

tem pera tu re  of 1273 K. The sinm lation stops when any piece of the reactor 

reaches 1923 K. The oxygen partia l pressure was assum ed to  l)e constant at 

Pq ,̂  =  1 Pa. For simplicity, it was assum ed th a t this partia l jn'essure was 

m ain tained  by a vacuum , which lim its our heat transfer to  radiative heat 

transfer only.

In this exam ple the  input power was varied to  check the effects of various 

solar concentrations on the reac to r’s perform ance.

T he inpu t power was given a G aussian distrilju tion  around the  inner 

surface which is shown in Fig. 2.11. This was used as an approxim ation of the 

power d istribu tion  one m ight expect to come from a CPC. The tem peratm 'o 

variation aroim d the inner surface in Fig. 2.14 is small, which shows th a t the
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Figure 2.11; Color plots of the normalised power distribution, the tem per
a tu re  around the iimer surface and the tem perature  over the  whole reactor 
near the end of reduction.

incoming power is effectively distril)uted around the cavity l)y radiative heat 

tiansfer.
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Figure 2.15: Fraction of the to ta l  input power consumed vs. time for a number 
of different input power densities, which are given in k W m “ .̂
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In order to evaluate the reactor perforinaiice, we can integrate the heat 

consumed by the ceria rechiction, and the power absorbed and em itted by the 

insulation and inner siu'faces of the reactor. Figure 2.15 show^s the fraction of 

the total input power which is consumed by the reduction vs. time. The input 

power density in kW ni“  ̂ corresponds roughly to the solar concentration, so 

the highest input power w'ould require a concentration factor of 1900 suns. 

The higher the injuit power the shorter the time the reactor takes to reach the 

maximum tem perature. The power consumed is plotted here as a normalisc'd 

(juantity. w'ith the to tal input power being 1. Therefore, the area under each 

curve divided l)y the area of the total normalised power (1 x time), gives the 

fraction of the total energy supplied wdiicli is consmned by the reaction.

0..5 - Consumed 
A pcraturc loss 
Insulation loss 
Yield loss

® 0 .4 -

S 0 .2 -

1,000 1.500 2,000 2.500
In p u t con cen tra tion  [kW m

Figure 2.1G: Fraction of to tal 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 ciuantity.
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From Fig. 2.16 we see th a t w ith  increasing input jjower l)oth the insu

lation losses and the apertu re  losses decrease. This can be understood  by 

considering th a t for a given inpu t power the reactor will have a  steady s ta te  

tem pera tu re  where the heat losses are equal to the  input power. This tem 

pera tu re  increases w ith input power, so the reactor is further from steady 

s ta te  for greater inpu t powers and thus suffers less losses.

The consum ed power increases wdth input pow'er, bu t eventually begins 

to  apjn’oach a lim iting value. T he theoretical limit for the fraction of heat 

consum ed is given by the heating efficiency, t j h e a i ^  hi C hap ter 3. However, 

it is not exactly the value approached in this case, as higher input powers 

result in less uniform  heating. This m eans th a t not all of the ceria reaches 

the  m axinum i 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)

M axim um  yield

T he m axim um  yield is the yield one would get if all of the  ceria was 

heated  to  th e  m axinnnn tem pera tu re  and reached reaction equilibrium . The 

yield loss increases w ith the input power. For the higher inpu t powers the 

ceria is heated  very fast and thus there are greater tem peratm 'e gradients in 

the ceria. This is im portan t for b o th  yield and reactor durability  as therm al 

shock could reduce reactor lifetime. If for higher powers the ceria could l)e 

heat(K,l miiformly, then the  fraction of to ta l energy consum ed would approach 

the theoretical limit.
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A lthough very simplified, such sim ulations can provide excellent insight 

into w hat m ight lim it a reactors perform ance.

2.7 Conclusions

An A rrhenius type m odel for the therm al reduction and  oxidation of CeO^ in 

an oxygen atm osphere was developc'd by considering the  processes involved 

in the reactions. By analyzing equilibriinn d a ta  from the litera tu re  w ith 

the model as a  tem plate, we were able to fix the  difference between the 

activation energies of reduction and oxidation, the oxygen partia l pressure 

dependence, th e  ratio  of the  freciuency factors and  the  m axim um  removable 

oxygen in th is reaction regime. We then  examinefl the re-oxidation of cerium 

in order to  determ ine the  activation energy and frequency factor for the 

re-oxidation term  in the  model. This fix(’d th e  rem ainder of the constants 

involved in the model. The m odel's reaction kinetics were then  com pared to 

novel experim ental data . The experim ental resu lts agree well w ith  the  model 

predictions in the  tem pera tu re  and ])ressme ranges exam ined.

The model should be iiarticularly  useful for reactor design work. Its 

simple analytical form m eans it can easily be coupled to  heat flow and or 

chemical species tran sp o rt sim ulations. This should allow for more accm'atc' 

optim ization of reactor design.

In the  next chapter the model is employed in a therm odynam ic analysis 

of fuel production using C e0 2 .
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Chapter 3 

Therm odynam ics of C e02 fuel 

production

In this chapter the therniociynaniics of therniocheniical fuel production using 

a Ce02 redox cycle are studied. The need to reduce the oxygen jiartial jires- 

sure in order to improve efficiency is investigated, with both swee]:) gas and 

vacuum pumping considered as methods of achieving this. At ambicnit pres

sure the cycles can be maximised with respect to the tem perature swing, the 

minimum oxygen partial pressure and the extent of the oxidation reaction. 

For reduction at 1500 °C the maxiuumi fuel conversion efficiency was found 

to be 4.5%, wdiich is significantly low'er than  the values found in previous 

studies. In addition isothermal operation had very low" efhcdency (less than 

2%) under all of the conditions considered. If the system is operated at low^er 

than ambient pressure, the pimiping 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

G3
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an optim al operating  pressure, and th a t using sweep gas as well as ijunijv 

ing, only reduced the overall efficiency. T he efficiency was maximised w ith 

respect to  the  tem pera tu re  swing, the reduction pressure and the extent of 

oxidation, giving a peak efficiency of 7.5% for a reduction tem pera tu re  of 

1500 °C. R('ducing the i)ressure during reduction could also he beneficial due 

to im proved reaction kinetics a t lower pressure, and an increased yield due 

to lower oxygen j)artial pressures. Recovering heat from bo th  the high tem- 

p('ratvu'e ceria and the oxidation reaction, and using it as process heat was 

also considered. W ith  60% of this heat being recovered, the peak efhciency 

for the 1500 °C pum ped cycle increased to  11%. Finally th e  practicality  of 

the  cycles, in term s of the ciuantity of ceria required to  m ain tain  continuous 

operation, arc considered and some suggestions for im proving the  cycle are 

givf'u.

3.1 Introduction

Therm odynam ic studies of the ceria fuel production cycles suggest th a t solar 

to fuel efficiencies exceeding 30 % could be achievable [129, 130]. In j)ractice 

fuel conversion efficiencies have l)een low, w ith values less th an  2 % [93, 102]. 

In th is chapter a  more in-depth  analysis of different cycle conditions is ex

plored w ith  an aim  of b e tte r  understanding  if and how these high efficiencies 

can be achieved.

T he m ajority  of work perform ed on ceria has l^een for tem pera tu re  swing 

cycles. However, some recent studies have brought to  hght the possibility of
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an isotherm al cycle [131 131]. An isotherm al fuel production cycle l)ase(l on 

ceria has been dem onstrated  a t th e  lal)oratory scale by Venstrom  et al. [99].

A recent therm odynam ic study  by Erm anoski et al. suggested th a t isother

mal fuel production would have low efficiency due to  the unfavorable th e r

m odynam ics of an isotherm al cycle [135]. T hey explain th a t the  oxidation 

and reduction reactions do not proceed spontaneously and w ithout some 

additional work the yields will be reduced. Instead, the au thors determ ine 

th a t there must l)e a tem pera tu re  difference l)etwe'en oxidation and reduction 

which offers a m axim um  efficiency. This m axinnun arises because there is a 

trade off between energy losses due to  cycling the  tem pera tu re  and the  losses 

due to  operating  the cycle under unfavourable therm odynam ic conditions.

In this chapter an analysis of the  efficiency of such cycles w ith a realistic 

look at the different constrain ts affecting the  efficiency is provided. This 

includes an analysis on different m ethods used to  reduce the oxygen jiartial 

i:>ressure during reduction and a full analysis of the oxidation reaction. This 

allows the efficiency to  be m axim ised by selecting the cycle param eters.

The oxygen j)artial pressu.re can I)e reduced using a sweep gas w ith low 

oxygen concentration {e.g. X2 ), by pum ping the  system  to  a lower oi)cratiug 

pressiu'e during reduction or by some com bination of these two m ethods. The 

m inim um  quantities of sweep gas required are calculated using equilibrium  

considerations.

The pum ping efficiency is given a  pressure dependence which has not 

been considered in previous studies. The lower the operating  j^ressure of 

the reactor, the less efficient the pum ps will be. This is due to i)ump leak

age which increases w ith decreasing pressure, and the therm al losses which
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increase w ith the compression ratio . In addition  sm art pum ping (in which 

(jxygen is pum ped off a t i t ’s equilibrim n pressure) is used to  minimise the 

energy needed for pum ping. This idea was recently noted by Erm anoski, 

who considered the  effect of perfornhng reduction in a series of cham bers 

each w ith decreasing pressure [136], which increased tlie efficiency.

T he oxidation reaction is also given full consideration w ith  the am ount 

of oxidiser needed determ ined from ecjuilibrium considerations. In some pre

vious cases this quan tity  may have been underestim ated. Here we also in tro

duce a fraction com pleted param eter to  allow the oxidation to  stop short of 

com pletion which can greatly  reduce the am ount of oxidiser required.

Finally the practicality  of the  cycle is discussed based on the am ount of 

ceria wliich nm st be used in a reactor per kW  of power stored as fuel. These 

considerations de])ond on the cycle tim e (reaction kinetics) and the yield of 

the  cycle.

3.2 T herm odynam ics

All of the therm odynam ic properties used in this study  have an analytical 

form, m eaning th a t the calculations are very simple and can be reproduced 

w ith basic m athem atical software. T he aim  of this is to  allow o ther au thors 

to  easily modify the  calculations to  deternhne the m axinuun therm odynam ic 

efficiencies for specihc reactor properties.

It is also im portan t to  note th a t th e  analytical fmictions given recpiire the 

tem pera tu re  to  be in Kelvin and the pressure in bar. However, the  plots and
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the descriptions give the  tem pera tu re  in term s of Celsius for the convenience 

of the reader.

In the  case of a tem pera tu re  swing cycle, there  are inevitably difficulties 

in recuperating  the  heat used to  change th e  tem pera tu re  of th e  ceria and 

reusing it in the  cycle. T here have been some ideas for sohd s ta te  heat re

cuperation  w ithin the  cycle. A counter ro ta tin g  ring design was proposed by 

Sandia N ational L aboratories [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 sim ilar design was ])roposed by Lapp ef 

al. which used counter ro ta ting  concentric cylinders [137]. U nfortunately, 

the im plem entation of these designs would greatly  increase the reactor com

plexity and likely in troduce unnecessary therm al losses. For th is reason it 

is initially  assum ed th a t the  sohd s ta te  change in tem pera tu re  of the c('ria 

is lost heat (although, some of this heat could l>e utilisc'd for heating the 

incoming H 2 O and C O 2 ).

The cycle reactions are described by eciuations 3.1 and 3.2. T he ceria is 

reduced at a tem pera tu re  in a low oxygen atm osphere w ith an oxygen 

p artia l pressure of P f 0 2 - ^ vacancy concentration of (5r<i. It is oxidized at

a tem pera tu re  in a 1 bar steam  atm osphere (H 2 O) to  a vacancy concen-

C e ()2 - ,5 „ . ------------------

C e ()2 -^ ,, +  A(>»;,,H20 ^  CeC)2 -,-„. +  A 4qH 2 H 2 O (3.2)

A T  =  r„ | -  Tox A 4 q  =  -  dox (3.3)



68 C hapter 3. Theriuodyiiainics of CeC) 2  fuel production

tra tion  S^x- Only cycles for which T,-f) >  T^x f^re considered, and thus the 

tem peratu re  difference A T  is always positive or zero (A T  >  0). T he equilib

rium  yield per cycle is the difference in the vacancy stoichiom etry A5eq. For 

convenience, the  deviations from stoichiom etry 5, are defined as a unit-less 

oxygen vacancy concentration.

W here [Ovac] is the  concentration of oxygen vacancies and [Ce] is the  concen

tra tion  of cerium atom s.

The values for eciuilibrium vacancy concentrations S can be ol)tained from 

the equilibrium  equation

r^ - 0 9 1 7  I —195.G [k.I mol ^
, , 8(00 X exp ----------- ^  ̂ . (3.5)

0.35 - d  M  B T  I  ̂ ^

which is deriv(’d in the j)revious chapter (Eqn. 2.12) and in a jMiljlication 

w ritten  by the  au thor [138]. The pre factor here of 8700 is different to  th a t 

in Eqn. 2.12 as we have switched pressure units from Pascals to bar. Here 

the ten ipera tiu ’e m ust be given in Kelvin and the oxygen partia l pressure in 

bar. Re-arranging this Eqn. yields an expression for S which depends only 

on tem peratu re  and oxygen partia l pressure, S{T, ^ 0 2 )- order to  calculate 

(5id, b o th  Trd and the final oxygen partia l pressure P/Oz su b stitu ted  into 

E(jn. 3.5. T he final oxygen partia l pressure P/Oji is the ta rge t lower partial 

pressure to  l)e a tta ined  a t the  end of the reduction cycle.
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In order to  calculate 4>x! T^y, and the  oxygen j^artial pressure in 1 bar of 

FbO a t Tox, were su bstitu ted  into Eqn. 3.5. A sim ilar calculation for C O 2 

gives lower values of (5ox, which is more favourable in term s of yield. The 

values of Pq  ̂ in 1  bar of H 9 O or CO 2  were calculated and are shown in the 

appendix of th is chapter using stan d ard  equilibriim i conditions.
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Figure 3.1: T he equilibrium  stoichiom etry 8 vs. the  tem pera tu re  T  for a 
reduction w ith Pfo-, =  1 x 1 0 “  ̂ lal)elled an atm osphere of 1 bar H 2 O 
labelled and an atm osphere of 1 l)ar C O 2 labelled - C O 2 .

F igure 3.1 shows the values of ec}uilil)rium ^ in a low oxygen partia l pres

sure atm osphere, a steam  atmosi^here and a C O 2 atnios])here. An isotherm al 

cycle will have a change in stoichiom etry eciual to  the difference between the 

reduction and oxidation values for a given tem peratu re . T he values of 5r,.d 

and (5ox here agree well w ith th e  previous therm odynam ic analysis of Bader 

et al. [132].
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3.2.1 R eduction  and heating

T he energy required to  remove oxygen from ceria is the  change in enthalpy 

for reduction This change in enthalpy was fomid by Panlener et al.

to  only depend on the stoichiom etry S [91]. T he curve for the change in 

enthalpy given in Panlener's work was ex tracted  and fit w ith  a polynomial.

A //,,i(^) =  (478 -  1158 5 +  1790 d"̂  +  23368 -  64929 x 10'̂  [J m ol”

(3.0)

The heat required to  reduce one mole of ceria from to (5rd can then  l)e 

calculated l>y in tegrating the  m olar change in enthalpy from Sox to  (̂ id. How

ever. oxidising the ceria to Sox requires th a t the ceria oxidation reaction reach 

equilibrium , which will require excessive am ounts of oxidiser. Therefore, it 

is useful to introduce a stopping point for th e  oxidation reaction.

( '̂ox(ft) =  Sox +  (1 -  0 <  a  <  1 (3.7)

where is the frac'tion com plete. Setting a  to  values less th a n  one stops 

the  oxidation reaction short of equilibrium . T he energy required to reduce a 

mole of ceria is then

r^T(\

/  A H M d S  [Jnior']. (3.8)
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For a  given cycle, as described previously, there  is also th e  energy cost of 

heating the  ceria. This is given by

Qceo, = [ ' "  C p,^o ,{T)dT  [Jn io l-i] , (3.9)

where the sj^ecihc heat capacity of ceria was obtained from the  work of 

Pankratz  [2], and fit w ith  a polynom ial (st^e appendix) in the range 300 - 

2300 K. The dependence on was ignored as w ithin the  ranges of (5 consid

ered (0 - 0.1), only a 1.-5 % change in heat capacity is predicted [95].

T he heating efhciency can now be defined as

...............oA^eqHHVHj
^/lieat ; ( 3 . 1 0 )

Vr<i +  W C e O -2

where a  A5eqHHYn2 is the  energy stored in the fuel, and Qrd +  Qce0 2  

heat reciuired to  reduce and change the tem peratiu 'e  of the  ceria. These 

are the heat inputs to  the m ain p a rt of the reactor as seen in Fig. 3.6. T he 

heating efficiency should clearly show the  energy k)sses due to  the difference in 

enthalpies (A /ird — HHVHa) energy rec}uiretl to  cycle the tem peratu re.

It sets an upper bound on the fuel production efficiency when there is no sohd 

s ta te  heat recovery.

In Fig. 3.2 the  heating efficiency is p lo tted  for a range of different Pfo.^. 

w ith Trd =  1500 °C, which is taken as the s tandard  reduction tem peratu re  

throughout the  rest of the chapter. For the values of P / 0 2  >  10“ '̂ , the 

heating efficiency becomes negative for small A T . This is because the  cycle 

is no longer possible as A(5pq < 0. O therw ise, the heating efficiency again
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Figure 3.2: H eating efficiency vs. the change in tem pera tu re  A T  for a range 
of values of P f o .2 (1 to  10“*̂ bar), w ith T,d =  1500 °C and a  =  1.

increases w ith decreasing A T  and Pf 0 2 - The ceria cycle could be operated 

with re'duction in pure oxygen a t anil)ient pressure, shown by the lowest line 

in the graph [Pfo-z =  1 bar), bu t the heating efficiency is very low' 3 % 

for A T  =  500 °C). This shows the im portance of reducing the oxygen partial 

pressure dm ing  reduction.

A nother very im portan t aspect is the  yield, A5eq. The num ber of moles of 

ceria th a t need to  be heated per cycle to  produce 1 mole of H 2 is the  inverse of 

the yield. . . T he therm al losses due to heating of the  ceria (re-radiation, 

insulation losses., etc) will increase if more ceria nuist be heated to  produce 

a mole of fuel. For this reason cycles w ith  a larger yield should result in less 

therm al losses per unit of fuel produced. In addition, the practical challenges 

associated w ith cycling large am oiuits of ceria per unit of fuel produced may 

u ltim ately  decide the technical viability of such cycles.
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Figure 3.3: Contours of constant in a plot of P f 0 2  w ith  r,fi =
1500 °C. The dashed line is for T,.,, =  1600 °C.

In Fig. 3.3 lines of constant yield are plotted to show the effects of both 

PfQ.2 i^iid A T  on the yield. Increasing A T  allows for much higher Pfo -2 - ''■vhich 

is important flue to the difHculties associated w ith achic'ving such low oxygen 

partial pressiu'es. The da.shed line show's the effect of increasing to ICOO 

°C, which greatly reduces the constraints on A T  and T / 0 2  foi' given yield. 

For T,.(i == 1500 the dashed line would be outside the area of the graph at 

v irtua lly unachievable i)artial pressures.

The yields shown above are s till relatively low and w ill result in large 

amounts of ceria being cycled to j:)roduce relatively small amounts of fuel. 

A cycle w ith T,.a =  1500 °C. A T  =  500 °C and oxygen partial ]:>ressures of 

10~'‘ , 10“ '’ and 10“ *̂’ w ill require 29, 19 and 12 moles of ceria (1.8, 3.2 and 2 

kg) resi)ectively per mole of fuel produced (2 g). In the worst case of Pfo^ 

=  10“ * bar, a reactor w ith  an output of 100 kW  would then need to cyck' 

ceria at a rate of 100 kgmin“ ‘ . I f  it takes on the order of tens of minutes to
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com plete one full cycle then  a  100 kW  reactor would need a num ber of tons 

of ceria to operate  continuously.

A lthough rough, these considerations highlight the importance! of the 

yield of the cycle and the ra te  of cycling (reaction kinetics). These ])arame- 

ters determ ine the  am ount of ceria a reactor will recjuire wliich will greatly 

affect the ]«'acticality of the cycle. These properties are given fm lher con

sideration in the discussion section, and for now the  focus shall re tu rn  to 

efficiency.

3.2 .2  Sw eep  gas

D uring the reduction step  the  oxygen partia l pressure can he reducerl using 

a sweep gas. In th is case we consider nitrogen, which can be ])roduced via 

cryogenic rectification. This gives nitrogen gas w ith  an oxygen im purity 

concentration of 1 i)pni, w ith an electrical energy cost of approxim ately 15 

k .In io l”  ̂ [139]. Assuming th a t heat can i)e converted to  electricity w'ith an 

efficiency of 10 %, the  cost of producing nitrogen for the  reduction of one 

mok' of ceria is

Q n 2  =  ” ga«(l — X0 2 ) X 37500 [J mol~^],  (3.11)

where 1 1 ^^  ̂ the to ta l num ber of moles of gas (O 2 + N 2 ) which leave the 

reactor per mole of ceria cycled and X0 2  is the average mole fraction of 

oxygen in the sweep gas over one c:ycle.

It rem ains to tleterm ine the  average mole fraction of oxygen x q .̂ and the 

nunil)er of moles of gas riga.s-, pei’ niole of ceria cycled. T he m ininnun can
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be calculated by a«suiriing th a t all of the  oxygen released during reduction 

is a t equilibrium  c:onditions. This gives the m ininuun since if the  partia l 

pressure is increased past eciuilibrium the  reaction can no longer proceed. 

By rearranging Eqn. 3.5, the  equilibriim i Pq .̂ can be expressed as

—  195.6  k J m o l ~ ^'8700(0.35 -<5) exp
P o , ( ^ , r ) = | ----------------------------   ^ 1  M ,  (3.12)

and the mole fraction of released oxygen is then

PoA^.T)  -  u r ^ p  
xo , i^ .T )  =  ^ --------  , (3.13)

where the 10 ’̂P  is to  account for the 1 pj^m O 2  already in the sweep gas. 

T he num lier of moles of gas per mole of vacancies created is then  given by

On^^AS,T) 1
2xo,{^,T)^

(3.11)

where 2xq2 accounts for there being half a  mole of O 2  per mole of vacancic'S. 

In addition, Hga-s will be at a m inim um  if the sweep gas is only used to  remove 

the oxygen when a t the  upper ten ipera tiu ’e T, \̂, as the  equilibrium  Pq .̂ goes 

up w ith tem peratu re. T he m ininm m  is then  given by the  normalisc'd 

integral
/A.i On^U6,T)

=  -------- , (3 J5 )
o A d e q

The m axim um  average mole fraction of oxygen in the product stream  is then
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It is necessary to introduce an additional condition on the value of Po 2 - 

r ‘o2 > P. it must 1)0 set ecjual 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 

of Xq.,.

Po-A^.T) =

PoA^^T) ■.Po.MT)<P

P : P o M T ) > P

(3.17)

The maximum average oxygen mole fraction is obtained in the same way 

except that in Eqn. 3.13 the expression for Pq  ̂ is given by Eqn. 3.17. The 

value ./’Oj is very important as it determines the amount of sweep gas needc’d 

per mole of fuel produced, and hence can greatly effect the efficiency.
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FigTU'e 3.1: A plot of — log(:ro2 ) vs. — log(P/0 2 ) with r,d =  1500 °C. The 
solid lines are for a range of values of A T  (0, 100, 200 and 500) with P = 1 
bar. The dashed line is a plot of — log(.fo2 ) vs. — log(P) . with Pjch =  
bar and Tj-d — 1500 °C.
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In Fig. 3.1, the resuhs for the cycles w ith  A T  <  500 stop abrup tly  as the 

cycle becomes impossible when Ad'ec, <  0. For reduction operating at a to ta l 

pressure of 1 bar, xq.^ decreases w ith  decreasing Pfo^- The energy cost of 

producing nitrogen is quite high and thus cycles w ith  low xq., (<  10 w ill 

suffer from ve;ry poor efhciency. In order to obta in low P fo -2 more

sensible to pump the system to  lower pressures, which reduces the amount 

of sweep gas needed. This is illustra ted l)y the dashed line in  Fig. 3.4.

I t  can be seen tha t w ith  P  =  1 l)ar isothermal cycles have m ininnun :ro 2 

of ~  10“ ' \  which w ill result in very poor efhciency. This ai>pears to agree 

w ith  the experimental demonstration o f the isothermal cycle [jerformed by 

Venstrom et al. [99], where ceria was reduced at 1500 °C using a sweei) gas 

flow rate of 581 m lm in “ ‘g“ ‘ for 9.5 m in resulting in a yield of A(5 =  0.01 (see 

Fig. 5 in the ir manuscript), which corresponds to an .fo^ of a])proximately 

1.2 X 1 0 Here the maxinmm xq .̂ was calculated to be 2.0 x  10” ^  for a 

cycle w ith  T,.,! =  1500 °C, cv =  0.66, A T  =  0, w ith  a yield a A(^eq =  0.01 (these 

values were determined from the data presented in the Venstrom paper) and 

using CO 2 as the oxidiser. This m axinnnn value is greater than tha t obtained 

in practice l)y Venstrom et al. by a factor of 1.7, which seems plausible and 

offers some support for the calculation.

An im portan t aspect of using a sweej) gas is tha t it  must be heated to 

the reduction temperature. The gas leaving the reactor can Ije us('d to heat 

the sw'eep gas entering the reactor v ia  a heat exchanger. The energy cost of
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heating the sweep gas is then

QgiUs — ( 1  ffga-s ) I gas ( 1

rTrri

c „ , ( r ) r f r  [Jmol - ' \ ,  (3 J8 )

where /«ga,s(l — x q^) num ber of moles of nitrogen used in the  reduction

of one mole of ceria and is the  heat exchanger effectiveness. T he specihc 

heat capacity  of nitrogen as a function of tem pera tu re  was obtained  from the 

work of M cBride et al. [1] and Ht w ith a polynom ial which is given in tab le  

3.3 in the  appendix of th is chaj^ter.

3.2.3 Pumping

If the system  is m aintaineti a t lower th an  atm ospheric pressure there is add i

tional energy needed to  pum p the gases. It makes sense to  only pum p oncc' 

the  reactor has reached r,a . as this maximises the oxygen j^artial pressure 

Po.j.{S.T), and thus reduces the am ount of pum ping work necessary.

Here we consider the  oj)timal case, where the oxygen is pum ped a t its 

('quilibrium  pressiu'e if this is greater than  the ta rge t oj^erating pressure. 

T he upper pressure is restric ted  to  a m axinuun of am bient jjressure giving a 

puni])ing pressure of

Pamb : Po-2i^,T) >  Pa mb

T)  =  < Po2i^^'P) '■ Panib > Pchi^^T) >  P
(3.19)

P : P o M T ) < P
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The energy required to pump is assumed to be that of pumping an ideal gas

9 Qp.„p _  R T  It, ^̂  20)
O S 2rjpnn>{Ppmp) ^  Pcamh

where the factor of two accounts for there l)eing two moles of vacancies per 

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

OQpmp j, , -  Jo^)RT  ̂ (  P \  o i N
Qpmp = / -7^-  dd + ----- -̂-----7-57------hi - —  , (3 .21)

where the hrst term is that of pumping the oxygen, and the second term is the 

energy required to ])um]) the sweep gas which is only used when the pressure 

reaches the lower value of P. The gas is assmned to be at a tenijjerature of 

70 °C during i)mnping. Note that the jnnnijing efficiency ijpamp- is given a 

pvessure dependence which is explained later.

3.2 .4  O xidation

Finally, we have the energy costs of oxidation, which is the c:ost of heating the 

oxidiser H2O. The oxidation is assumed to take ])lace at ambienit pressure, 

hi the appendix of this chaj^ter, the ratio between H2 and H2O for steam in 

equilibrium with Ce02-<5 is calculated to be



80 Chapter 3. Therm odyiia iiiics of Ce( ) 2  fuel production

where is given by Eqn. 3.12. The equ ilil)riun i mole fraction o f H -2

is then

H.,
^ H2 -̂ Ho .̂’1120 Ĥ O ^

1 ~  „  I ~  I 'H a O  \ ^ 2  i ^0-2  ~  1 , O  ’ [ 0 . Z 6 )
i  ■ ^ H 2 ( )  I 3 :^H 2  I ' ^ O o  ------ ---------- ------------- ---------------------- -1- +  » 2

since .TH2 0  +  J"H2 + - * ^ 0 2  =  i  find - ^ 0 2  < <  i ’H2 0  +  .'ĴH2 - To gcit the mole fraction 

of hydrogen produced by the reaction w ith  ceria, the equ ilibrium  hydrogen 

in a j)ure steam atnios})here must also be sul)tract('d giving

7?ji^ (d', Tox)
• r H 2 (< '̂, T -ox ) =  , ^  ^  ,  -  X H 2 ( r „ . ) o c , :  ( 3 . 2 -1 )

L +  M  u -2 [ d . l n y ]
H2 0

where J’H2 (r„x)oq the eciuilil)rium mole fraction of hydrogen in an isolated 

H 2 O atmosphere at tem peratiu’e T„^ (calculated in the appendix o f th is chap

ter). This equ ilibrium  mole fraction (xH2(7’ox)eq ) niust i)e sul)tracted to  get 

the exact mole fraction of hydrogen produced by the oxidation reaction w ith  

ceria. The number of moles of oxidiser required per mole of fuel produced is 

then

^»H2o(<^^ Tqx) ^  1 2'-')
dS xn.2{S,T^.y ^

w ith  the to ta l num lx'r of moles of oxidiser required to cycle one mole o f ceria 

given Iw
ri5rd c>nn.̂ o(<5. ̂ d S

^    J(5ox(n) i )S  f r )  r)^^^
n.HaO — ------------------------ ---------- — • ( d . Z U j

OA(^eq

Figure 3.5 shows how depends on AT. For isothermal oxidation 

hundreds of moles of oxidiser are required to  produce a mole of fuel, but 

th is  decreases ra j^d ly  for increasing AT. Decreasing the value of P / 0 2  also
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Figure 3.5: A plot of-log(x-H2 ) change in tem pera tu re  A T. T he sohd
hnes are different vahies of Pjq  ̂ (10“ \  10“  ̂ and bar) w ith =  1500 
°C. T he daslu 'd hne shows the  effect of stopping the  oxidation reaction l)efore 
('quiUbrium a t 95 % com pletion, w ith Tra =  1500 °C and Pfo^^ ~

decreases the am ount of oxidis(>r reciuired, and where the  lines abrup tly  stop 

is where operation becomes im possible as <  0. S topping the oxidation 

at 95 % com pletion is also shown to greatly  reduce the am ount of oxidiser.

The calculation was also perform ed for an oxidiser of C O 2 , the results of 

which are shown in Fig. 3.15 in the appendix. Again we can com pare the 

results to  the  experim ental dem onstration  of the  isotherm al cycle i^erformed 

by V enstrom  et a l  [99], where ceria was oxidised in C O 2  a t 1500 °C using 

an oxidiser flow ra te  of 297 m lm in “ ^g“  ̂ for 0.9 min, resulting in a yield of 

oAd'eq =  0.01, which corresponds to  an Xco  of approxim ately 5.3 x 10“ '̂ . 

Here the  m axim um  .tco  was calculated to  be 7.3 x 10“ '̂ , for a cycle w ith 

=  1500 °C, a  =  0.6G, A T  =  0, w ith  a yield oA^cq =  0.01. As before the  

value is larger th an  th a t obtained  in practice as expected, and the  num bers 

are reasonat)ly close which again offers support for the  calculation. The
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low concentration of CO is very im practical as it nuist he separated  from 

the  product stream , which is not a triv ial task. Together w ith sweep gas 

energy costs, these technical dem ands will make am bient {)ressure isotherm al 

operation  bo th  im practical and very inefhcient.

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

where Z-h .o  if’ la ten t heat of vaporisation of w ater. T he same heat ex

changer efficiency as th a t of the  sweep gas heat exchanger is used for sim 

plicity. This is a m odest assum ption as some of the  heat released during 

oxidation (Qrd — o should also be availal)le for heating the ox

idiser.

In order to  account for losses consider th a t, for a  given fuel production  plant, 

the  heat required to power all of the processes can l)e collected and supplied 

w ith an efficiency //plant- This is to  account for losses in solar collection and 

therm al losses due to  re-radiation. It can be dehned as

(3.27)

3.2.5 Plant efficiency

'//p lan t ( T r d ,  C )
0 . 9 ( l k W x C - r r ( T ; ^ , - r l J )

(3.28)
1 kW  X C

where C is the solar concentration and the factor of 0.9 is to acx:ount for 

10 % losses from the solar collectors. N ote th a t this assumes th a t all the
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process heat is siipphcd to  the reactor a t tem pera tu re  T̂ -a - This is a m odest 

assum ption as tem pera tu re  swing cycles can be at lower teniperatiu 'es during 

heating phase and some of the  processes (Qpmp, QH2 O QN2 ) C'ould be 

supplied w ith  heat a t lower tem peratures.

H2 II2O
N 2 + O 2

_ JT T __JfL  p|q

ox p m p

rd

^ o x   ̂a m b

Reactor 

N 2 + 0 2  

N2

Heat Exch.

T^a P N2 Prod.

Figure 3.G: A schem atic of the reactor showing the  {processes involved in 
reduction, the ir 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 rc'duction sections (seperated  by a dashed 

line in the  schem atic) of the  m ain I’eactor can be separated  in space or in 

time. For spacial separation, bo th  oxidation and reduction can l)e perform ed 

continuously in two separate  reactor cham bers allowing for au tom atic  separa

tion of the p roducts H j and 02- T he alternative is to  operate  a batch  reactor 

and perform  the  reduction and oxidation reactions a lternately  (at different 

tim es) in th e  same reactor. T he products are produced a t different tim es so 

they are again au tom atically  separated . W ith  all of the energy costs. th(' fuel
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production efficiency can can now be defined as

Q i d  +  Q c e 0 2  +  Q n 2  +  +  Q p m p  +  Q H 2O

If the system is at ambient pressure then Qpmp =  0 and if the system 

is {)umiK'd to the target lower oxygen partial pressure {P = Pf 0 2 ) then no 

swec'p gas is needed and = 0.

Vpmp 0.15

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 tlu; 

sweo]) gas and oxidiser. Initially an efficiency of 15 % is used for r/pmp 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 pres.siu'e there should be a value of 

Pfo-> which maximises the efhciency due to the trade off' between the sweep 

gas proc('ssing (Qnj +  Qgas) costs and the amount of fuel produced (a A^eq)- 

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

swing cycles.

3.3.1 A m bient pressure reduction

For tlie initial results of reduction at atmospheric pressure the values A T  

= 500 °C and n — 0.95 were selected to offer a low Qh2 0 - The calculated

0.07

^ 0.06 

^  0.05 

c 0.04
1500

0.03

0.02 1400

^  0.01

0.00
0 2 3 4 5

- L o g C P o j )  I b a r ]

Figure 3.7: A j:)lot of the r/fuei vs. —log{Pfo.^) for a range of values of 
(1100 1500 and 1600 °C), with P = 1 bar, AT =  500 °C and Q' =  0.95.

values of the fuel production efficiency for a range of values of are shown 

in Fig. 3.7. Each curve has a peak efficiency, and the position of the peak 

depends on Tti\. The peak is due to the fact that decreasing Pfo^ greatly 

reduces + Qnj, which are th(> dominant terms at low Pfo-2  ̂ if filf’O 

decreases oA^gqHHVHai which ultimately reduces the efficiency for higher 

values of Pjq^ ■

The optimal values of Pf0 2  found here offer a very poor yield and low 

efhciency. Despite this, it is interesting to look at the effect of AT on the cycle
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effieiency when operated  at am bient pressure. Figiu'e 3.8 shows the  effect th a t

0.07

I  0.06

^  0.05 

c 0.04

r„, = 1600

1500

0.03
14000.02

^  0.01

0.00
400 600 8000 200

^T  °C

Figure 3.8: A j^lot of the vs. A T  for a range of values of T,,-i (1100 1500 
and 1600 °C). w ith P = I bar, a  =  0.95 and the peak values of P / 0 2  from 
Fig. 3.7.

A 7' has on the  fuel production efficiency. For small enough A T  the  efficiency 

goes to  zero due to the  cycle yield becom ing negative, n A(5„[ <  0. There is 

also an optim al AT" which is due to  a balance betw'een the  am ount of heat 

recjuired for oxidation QH2O! an 'l flie am ount of heat th a t is needed to  change 

the  tem pera tu re  of the ceria, QceOa- W ith  increasing A T , QH2 O decreases 

and up to  a point ttAd'eqHHVHa increases. However. Qce0 2  increases and 

eventually increasing A T  has a negative effect. This can all be seen in figure 

3.9 which shows the  effect of changing A T  on the fractional energy costs.

For a cycle w ith Tj-a =  1500 °C, increasing from 0.75 to  0.95 raised the 

m axim um  efficiency from approxim ately 4 to  5 % and shifted the  optim al A T  

from around 500 to  400 °C. T he increase is relatively small, as altliough Qgas 

and Q h 2 0  greatly  reduced, the  energy recjuired to  produce the  sweej) gas is
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Figure 3.9: A plot of the log ( — --------  ] vs. A T  with Ti-a =  1500 °C.
yaAdeqHHVH.y

P = i bar. fv =  0.95 and P fo .2 = 10“ ^

still very high. In any case, it is vuilikely th a t gas phase heat exchangers with 

such high efficiencies could l)e developed for the tem peratures considered.

3,3.2 R educing the reduction  operating pressure

Note tha t the value for used here is given in ta))le 3.1, as are the val

ues of C  and e^aa. Figure 3.10 shows the effect of decreasing the oi)erating 

I^ressure on the reactor efficiency. This was assmnc'd to he the sole method 

of reducing the oxygen partial pressure, so th a t =  Qga,s =  0- There is 

a maxinuun efficiency which is due to Qh^o decreasing with A T  and Qcech 

incre^ising. This is very similar to the results obtained l)y Ermanoski et al. 

for tem perature swing cycles [135].

A pumping efficiency of 15% is very high for a pressure change of three to 

hve orders of magnitude, so this result is not realistic. In reality the j^umping 

efficiency will decrease with decreasing pressure.
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Figure 3.10: A plot of the r/f„ei vs. the  change in ten ijx 'ra tu re  A T  for a range 
of values of reactor operating  pressure P.  w ith  r,<i =  1500 °C, Pf 0 2  =  ^

From the investigation of com m ercially available vacnuun pum ps (Busch 

^■acuum pum ps) an approxim ate value for the  efficiency of the  pum p can b(' 

set. In Fig. 3.11 the pum ping efficiency for some stan d ard  pum ps is plotted 

on a log-log scale. The points form a]:>proximately a line which suggest th a t 

the  efficiencies dejx'ndence on the  pressure can be described w ith a power 

law.

At lower pressures the t;fficiency of the i)umps is very low. However, 

the  cvu’rent vacm un pum p industry  is largely focused on simply m aintaining 

low i)ressur(!s w ithout much in terest in pum ping efficiency. Efficiency im- 

l^rovenients could likely be possible through the use of inter-cooling or the 

develoi)ment of the more efficient axial flow' type com pressors for vacuum 

pum ping. For this reason the  piunping efficiency is assum ed to  be described 

by

a  =  0.95.

^/ek'C to  p u m p ( - ^ ) (3.30)
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Figure 3.11: A plot of the  log(//pi,„,p to eiec) vs. -log(P ) where the  points are 
values calculated from connnercially available pum p sj^ecs, and the  line' is 
the analytical expression used in here w ith a slope of 0.5137.

which is also p lo tted  in Fig. 3.11. Assuming the  conversion of heat to  elec

tricity  has an efficiency of 10 %,  the  pum ping efficiency will then  be

l/p..,p(P) =  0.4 ,/e,ec to puu.An = (3.31)

If there is no pressure change the pm nping efficiency aj^jn'oaches 10 %. and 

at 10“ '"’ the  efficiency is alm ost an order of m agnitude higher th an  the  actual 

efficiency of the ]:)umps investigated. The efficiency of an optim ised axial 

ffow com jiressor could be a lot higher, bu t the  im portan t fact here is th a t in 

general we would expect the  pressure dejiendence of the  efficiency to  ol>ey a 

power law.

Figure 3.12 shows the effect of pm nping the  system  to lower pressures 

w ith the  new punijnng efficiency. For each value of T,.(i there  is an opti-
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Figure 3.12: A plot of the //f„pi vs. -Log(P) for a range of values of T,.,) (1100, 
1500 and IGOO °C). with = 1000 °C, P  — Pfo -2 =  0.95.

nial operating pressure P  and reducing the pressTU'e further decreases the 

efHciency. The j)eak efficiency here is substantially higher than for ambient 

pressure operation and it has a lower P / 0 2  uieaning a bettc'r yield. For the 

results shown here P  =  Pfo -2 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 aml)ient i)ressm'e 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 i)ressure wave propagation and pressure driven diffu

sion. Both of these processes should })e more prominent at lower pressures as 
A P

will increase. In addition if the ceria is formed into a j^orous 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  au thors [138]. 

M any au thors have m easured nnich slower reaction kinetics a t atm ospheric 

pressure [105- 109], which m ay be a result of restric ted  gas phase transpo rt 

properties.

From th is analysis we see th a t w ith some im provem ents to  vacuum  pum ps, 

their use increases the  efficiency as com i)ared to  using a sweep gas. The 

pum ps pressure dependence m eans th a t there will be an optim al lower oper

ating  pressure to  which the system  should be pum ped to  during reduction. 

For th e  cycle conditions investigated here, op tim al efficiency was around 

7.5%.

3.3.3 H eat recovery

T he heat used to  change the  teniperatm -e of th e  ceria (QceOa) up till now, 

l)een disregarded as lost heat. As discussed earlier there have been a num ber 

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 com plexity and in troduce some difhculties. They involve bringing 

the reduced and oxidised ceria into close proxim ity, which allows them  to 

exchange oxygen. T he oxidised and reduced ceria have different eciuilibrium 

oxygen partia l pressures and when exposed to  the  sam e atm osphere they will 

exchange oxygen until they reach equilibrium . This will result in a decrease 

in l)oth efficiency and yield.

A m uch more simple and sensible ai)proach would be to  try  convert the 

ceria heat Q c m -,, into process heat. This would involve cooling the ceria in
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a heat exchanger which should be nnich easier to  achieve. The efhciencies 

calculated so far have Ijeen quite low due to  the heat c'ost of the  o ther pro

cesses (Qpmp and Q h 2 () for a pum ped reactor), and thus heat recovery in this 

way could offer significant im provem ents w ithout the com plication of ceria 

to  ceria heat recuperation.

T here is also a small cjuantity of heat released during oxidation

(3.32)

. some of which could l)e recovered and us(>d as process heat. T he am ount of 

recovered heat is lim ited l)y the  to ta l heat recjuired for the lower tem pera tu re  

])rocesses giving

C?r

£ ie c (C ? o x  Q c e O ^ )  ■ Q p m p  Q H 2 O  ^  £^rec(C ?ox Q c c O ^ )

C ?piiip  Q h 2 0  ■ C ?pm p ”1” Q h 2 0  ^ r e c ( Q o x  “I” Q c e 0 2 ^

. (3.33)

for a pum ped reactor, where £rec is the effectiveness of the  heat recovery and 

Qox =  Qid —  a  ASeqHHVH^- T he fuel efficiency then  becomes

Viuel
^ p l a n t ^ ^ ^ e q H H V  H 2

Q r d  "I" Q c e 0 2  Q p in p  "1“ O H 2 O  Q re c
(3.34)

where the  recovered heat Qrec- if’ sub tracted  from the  o ther heat costs.

Figure 3.13 show’s the  effect of recovering 60% of the heat from the hot 

ceria and from the  oxidation reaction. T he m axim um  efficiency occurs at 

a sharp kink, which is when the  recovered heat is ju s t enough to cover the
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Figure 3.13: A plot of 7]f„ei vs. — log(P) for a range of values of Tra (1100. 
1500 and 1600 °C), with tree ~  0.6, P — P /0 2 ' =  0.95. The values of
A T  were 120, 520 and 580 °C respectively, which approximately optimised 
the efficiency.

lower temperature process heat ( Qpm,, +  Qh^o = £rec{Qox + QceoJ)- The 

efficiency was optimised with respect to A T  and P  giving a maxinnun of 

'/fuel =  1 1 % .  The yield is also imi)roved as the oj^timmn j^ressure was lower 

when heat recovery w'as used.

3.4 D iscussion

Calculations for CO2 si)litting gave very similar results to those seen for 

water s]jlitting for temperature swing cycles. In general it reciuirc'd less CO2 

to oxidise the ceria and thus the efficienc:y was slightly higher. One drawback 

of CO2 si)litting is that a mixture of CO and CO2 needs to be sei)arated which 

was neglected in the calculations and would reduce the efficiency. S(nne select 

results for CO2 splitting are j^resented in the appendix at the end of the 

chapter.

1600

1500

1400
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3.4.1 Q u antities  o f  ceria

As mentioned earlier the total cjuantity of ceria whic^h must 1)C used in a 

reactor may l)e 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 Qmit̂  the amount of ceria in moles per second which nmst be cycled

IS

=  oA ^ 5 h V„,

anfl the total mass of ceria required per kilowatt output is given by

^  (kg k W -l .  (3.30
^ Q o u t  ^ Q o u t

where t,.yc is the time it takes to complete one full c:ycle and il/(Ce0 2 ) is the 

molar mass of ceria.

Th(' time for one full cyck; in the case of early j>rototypes was on the 

order of 50 niin [93, 102]. For this reaction time, a cycle with Tj.,\ = 1500 °C, 

operating at atmospheric i)ressure w îth the optimum efficiency conditions 

fomid above and 50 % solid state heat recovery, would require 138 kg of 

ceria per kW output with a jieak efficiency of around 7.5%. Asides from 

the technical challenges associated with handling such ciuantities of ceria. 

the fuel output from a reactor using 138000 kg of ceria would not suffice 

to powen- a Toyota Prius engine (150 kW) [111], 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 lie 

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 coiild be greatly improved upon. The yield can he improvcnl by 

either increasing Th or decreasing P/o,- If niore efficient pumps could be 

develoj:)ed the optimal P/o^ 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 })e developed. These j)umps which are under research for the 

aeronautics industry could offer compression ratios of 1 .6  per stage with 

an efhciency of 85 % per stage [112], This would correspond to changing 

the pressure power factor in Eqn. 3.31 from 0.54 to 0.27. For a cycle with 

Trd =  1500 °C, 5rec =  0.5. =  0.75 and C = 3000, the maximised effi

ciency would then be approximately 16%. If the the cycle time were 10  niin

this would give ----------- — 7  kW “\  which is a great improvement. This

improvement is due to the ojitimal P  for the efftcent pump l)cing reduced to 

1 0 ” ''’, which greatly improves the yield, flushing the reduction temi^erature 

to 1600 °C with the same cycle conditions gave an efficiency of around 2 1  %

ami = 4  kg kW -^
^ Q o n t

These findings may help to improve two step thermochemical fuel pro

duction cycles in general. For a given metal oxide cycle (MOj^), as well as
Qth

the cost of the oxide, improving the efhciency and reducing —  ̂ are likely
^QowX

the key issues which will decide the cycles success. If oxygen partial pressure 

must be reduced, then efficient vacuum pumps may l>e key to implementing 

the cycles.
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These calculations neglect to  take into account the  use of doj^ints to  im

prove the  redox proi)erties of ceria. The addition of bo th  Zr and Ilf to  the 

ceria latic.e have been shown to  increase the fuel production yield [106, 112], 

These dopants also improve the  high tem peratu re  stab ility  of ceria allow

ing for a higher T„\, m eaning th a t such dopants could offer very signihcant 

im provem ents in and rice0 2 -

3.5 Conclusions

In this chai)ter th e  therm odynam ics of Ce02 thermochemic;al fuel produc

tion were analysed. For cycles oi^erating at am bient i)ressiu’e the  m axinm m  

efhciency was found to  be very low (?» 1.5% for =  1500 °C) (hie to  the 

very large am ounts of sweep gas recjuired to reduce the oxygen partia l pres

sure. Isotherm al cycles had very low efficiency under all conditions due to 

the  excessive am ounts of oxidiser reciuired for the oxidation reaction.

T he effect of perform ing the reduction a t reduced jn'essures was inves

tigated  for pum ps which have an efficiency th a t decreases w ith decreasing 

operating  jn'essure. T he results show the  cycles have an optim al operating  

pr('ssure and th a t using sweep gas as well as i)um ping only reduced th e  ef

ficiency. Decreasing the pressure m ay offer o ther benefits. It improves the 

gas ])liase tran sp o rt j^roperties, which should improve the  reduction kinetics. 

T he optim al efficency, w ithout solid s ta te  heat recovery, for a cycle oj^erating 

at 1500 °C was foimd to be 7.5 %.

Instead of try ing  to  recycle th e  heat from the  ceria l)y exchanging it 

between hot and cold ceria, it is pro])osed this heat should simply l)e con-
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verted to process heat for powering the vacuum pumps and heating the oxi- 

diser. W ith 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 detrim ental to any large scale im

plem entation of this technology. Combined with the results of the efhciency, 

it seems th a t 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 temj^erature 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 A p p en d ix

In this api^endix the equilibrium oxygen partial pressure as a function of 

temperature in 1 bar of both H2 O and CO2 is calculated. In addition the 

equlil)riuni concentration of fuel in the oxidiser is comj:)uted and some effi

ciency results for CO2 splitting are given. Sj^ecific heat capacities are given 

in table 3.3 and standard Gibbs energy and enthalpy of formation are given 

in table 3.2.

H2 0  - H2 +  ^02 AH] = 211.82 [kJmol-'] AG} = 228.61 [kJmol-']

C’()2 - 0 0 + ^ 0 2 =  283.00 [k.Jniol-*] AG} = 257.23 [kJm or']

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

3.6.1 O xygen partial pressure in oxidiser

H2 O — > H2 +  ^ 0 2  (3.37)

The equilibrium constant for the water sj^litting reaction isy

K U T )  = (3.38)
■'̂ ’ H 2 0

where x represents the mole fractions of each species, and A'^s is the equi

librium constant. The value of the equilibrium constant at SATP can l)e

calculated using
—AG^

K .  = e x p  1 1 • (3-39)
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and the s tandard  change in G ibbs energy given in tat)le 3.2.

The tem pera tu re  dependence of the eciuihbrium constant is

The tem peratiu 'e  dej^endence of the change in enthalpy for w ater sph tting  

can l)e determ ined from the  energy recjuired to  raise the  tem pera tu re  of the  

steam  com pared to  th a t of the jn'oducts, which is

AH{T) = AH}- [ (3 . 11)
J ‘2 9 8 K  ^

Polynom ial fits of the  specific heat capacities are given in talkie 3.3.

a .  ( r

C ,u A T )

C,n,AT)

POOo

CpcoAT)

CpcoiT)

28.12 + 8.059 X T  + 6.882 x -  3.871 x + 6.104 x 1 0 -‘'^T‘

25.38 +  1.458 x lO '^ T  -  6.210 x 10"^'T^ +  1.012 x lQ--’r'^ 

29.99 -  3.818 x 10“  ̂T  +  5.335 x 10"^’ T''̂  -  1.161 x 10-**P^ 

37.10 +  0.113 r  -  1.19 x 10-^ +  5.69 x lO-^’T'  ̂ -  9.62 x 10“ '^

31.43 +  3.332 x 10"-^T +  1.115 x IQ -^ T '^ -  5.448 x 10“  ̂+  7.543 x IQ -^ '^ r’

20.99 +  6.768 x I Q - ^ T -  4.960 x 10“ ''̂  +  1.779 x 10“  ̂-  2.495 x 10“ ^^^4

28.98 -  3.412 x 10"'^ T  + 1.480 x 10“ " -  8.959 x H r'' T'  ̂+ 1.655 x lO"*'^ T ‘

Table 3.3; Polynom ial fits of specific heat capacities Cj, [Jm o l“ ' K “ ]̂. T hey 
were fit from 300 - 2300 K and the  polynom ial value was always w'ithin 1 % 
of the litera tu re  value [1, 2]

Using equations 3.39, 3.40 and 3.41, Aws(2") can now l)e calculated for 

a given tem peratu re. From the balanced reaction  given in Eqn. 3.37 the 

mole fractions of hydrogen and steam  can be defined as =  2xo.^ and
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=  1 ~  3j ’o2- These can be substitu ted  into Ecjn. 3.38 to  get

(3.42)

Given th a t Xq  ̂ a t the tem peratu res considered (T <  2000 K) should be quite 

low. solving this condition iteratively  once is enough to  accurately determ ine

1000 1100 1200 1300 1400 1500 1600 1700

T °C

Figure 3.11: -Log(Po 2 ) vs. tem pera tu re  in 1 bar of steam  and C02-

The sam e procerlure can he followed to  com pute the oxygen mole fraction 

in C O 2 as a  function of temperatvu'e. The oxygen partia l pressure is then 

sim ply the  mole fraction m ultiplied by the to ta l pressure.

X o - 2  ■

- 1,5

=  2 ^ / - '  x o , { T ) (3.43)
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3.6.2 Oxidiser equilibrium

Here we calculate the amount of oxidiser required to re’-oxidise the ceria. 

The Gil)bs free energies nmst add up to that of w^ater splitting at any gi\'en 

teni])erature giving

AGws(T) = AG,a{T) + A G o,(r). (3.41)

The reactions ecjuations are given by the following.

H2 O — > H'2 +  9 ^^  (3.15)

-C e C )2- 5„x —  ̂ 7 ---------7— Ce02-d% ri +  7;^^2 (3.1C)c r * ^ox X X  o
^ox ^rci ^ox ^

^  + H2O ^  ‘ CeO^-i,.. +  (3.17)
r̂d ^ox r̂d ^ox

Using the Eqn. AG = —ETln{K)  and the equili))riuni constants

;-------------- r x   7------77------------- Tj T- ( 3 . l « j
{(ICcCh-s,,  ̂) (C' H.,)

we can waite Eqn. 3.11 as

AC..(r) = _„ri., I (3̂ 19)
(«H20)(«Ce02_^„^ ) («Ce02-6^,j )

Simplifying and sul)bing in the partial j^ressures for the activities gives
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The equiliijriurn oxygen partia l pressure during the  reduction reaction is

/8700(0.35 -  6) exp 
Po, T )  =  I ------------------------ ^

which can l>e subbed in to  Ecjn. 3.50 to  get the the equilil)riuni ratio  be

tween oxidiser and fuel for a given stoichiom etry 5, and tem pera tu re  T.  The

tem pera tu re  w'ill be T o x . and w'e nm st considered the equilibrium  s ta te  for a 

range of deltas.

, [  — A G 'w s ( r o x )  1 w  n  fX -r W hi r n \
=  — Irf---------- (3 5̂2)

From Ecjn. 3.52 we get the equilibrium  ratio  between and II2 O to  be

^  =  exp ( _  1 \n{Po,{6, . (3.53)
»20 PH2 O y  R T  2 J

T he value of AG’w.s(2") can be calculated using A'w.s(T’) from the previous 

section, and the fornmla A G  = —R T \ n { K ) .

3.6.3 CO 2 splitting

The sam e calculation shown above can be m ade to  determ ine Hco_.  T here
CO.^

are a num ber of o ther differences to  consider when calculating the efficiency 

of C O 2 splitting . The value of needs to  be changed th roughout the  cal

culations, as Ce0 2  has a lower equilibrium  vacancy concentration in C O 2 

com pared to  w ater. In addition  the  heat required to  sustain  the oxidation

- 195.6  k'Jniol  
RT

[6ar], (3.51)
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reaction l:ieconies

C , , , J T ) d T \ ,
T a m h

(3.51)

where rico-, =  “
1

•TCO

3.0

_  2.5

|| 2.0
6J0
P  1 S

0.5

0.0
0 100 200 300 400 500 600

Ar °C

Figure 3.15: A plot of -log(xco) vs. the change in temperature AT.  The 
sohcl hnes are tlifferent vahies of P/Oj (1U“ \  10“  ̂ and 10“® bar) with Tra = 
1500 °C. The dashed hne shows the effect of stopj^ing the oxidation reaction 
l)efore equihl)riuui at 95 % completion, with T̂ d = 1500 °C and Pf0 2  =  10“ ''’ 
bar.

The calculation of XcO: was performed the same as that for Xho, except 

using i?_co_ and 5nx in COo. This resulted in less oxidiser which can l)e seem
COj

by comparing Fig. 3.5 to Fig. 3.15. In general this gave slightly greater fuel 

production efhciency, which can be seen in Fig. 3.1G. This is neglecting the 

fact that the product stream is a mixture of CO2 and CO which needs to be 

sei)arated, causing a decrease in the efficiency.
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Figure 3.16: A plot of the ?/f„ei vs. —logiPfo.^) for a range of values of Trd 
(1100 1500 and 1600 °C), w ith P  =  1 bar, AT" =  500 °C, a  =  0.95 am d using 
C O 2 as the  oxidiser.
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E xperim ental 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- 

scrit)ed in chapter 2, t)ut with some modifications. A new shutter was added 

which allow’('d for more reproducible reduction and oxidation heating curves. 

Ceria samples, jnoduced by the author, with both  Zr and Hf dopants were 

investigated. The samples were analysed using XRD, SEM and the system 

l)uilt l)y the author for oxidation and reduction cycles. From XRD it was 

conhrnied tha t the doj^ants were indeed incorporated into the ceria lattice, 

and in coml)ination with SEM analyses, the addition of Zr and Hf was seen 

to improve the high tem jierature stability of the samples. The experimen

tal oxidation of the samples showed th a t the dopants refluced the oxidation 

rate. Arrhenius ])lots suggested tha t the activation energy was decreasing

105
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with increasing dopant concentration, but tliat the frequency factor was also 

drastically decreasing; resulting in slower oxidation kinetics.

The oxidation and reduction kinetics of Zr doj^ed 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 nmch 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 In troduction

,4s discussed in Chaj)ter 1 Section 1.1.3, the introduction of dopants into 

the ceria lattice can change its redox projKuties. Doping ceria with ions 

whic'h liav(> the same valence, i)ut lower ionic radius, such fis Zr'*"̂  and Hf'^. 

has l)('en shown to increase the reducil)ility of ceria [lOG 110]. This means 

that the addition of Zr and Hf dopants increases the equilibrium vacancy 

concentration 5(Pq^. T).

In Chapter 2 it was shown that the literature equilibrium data could be 

described using the balanced reaction equation

^  =  ( ^ „ « x  -  S ) A r d e x p  j  -  < 5 ^ o " ^ o x e x p  j  =  0 .  ( 1 . 1 )
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Thus, if dopants change the ec}uilibrium oxygen vacancy concentration S, 

they nuist also be changing the reaction kinetics in some way. For example; 

if the addition  of dopants decreased the  ra te  of oxidation, bu t left the  ra te  of 

reduction unchanged, then  the  equilibrium  5{Pq^ ,T )  would be g reater th an  

th a t of pure ceria.

In th is chapter we discuss experim ental results aimed at determ ining the  

effect th a t Zr and Hf dopants have on the  reaction kinetics.

4.2 Experim ental techniques 

4.2.1 P ow der diffraction

Powder diffraction or X-ray diffraction is a technique used to characterise 

m aterials. T he princii)le is the  sam e as single crystal x-ray diffraction, except 

th a t every crystal orien tation  is represented in the  scan.

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

orientation can be determ ined using B ragg’s law [143].

nX =  2dsin{9)  (4.2)

For a crystalline powder, every orien tation  should be present and thus 

a scan varying 6 should give different peaks corresponding to  the different 

la ttice  orientations. Analysis of the  peak positions, relative intensities and 

peak w idths can provide a lot of inform ation about m aterials. This can 

include the  crystal structu re , the  la ttice  param eters, the particle size a n d /o r 

the am ount of disorder in the  crystal.
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d s i n9

Figure 1.1: A schematic showing the principle behind Bragg's law. Construc- 
ti\-e interference leads to peaks at the positions described by Ecjn. 1.2

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 E lectron  M icroscopy

In order to look at the morphology of the samples they were imaged with 

a scanning electron microscoj^e. A focused beam of electrons incident on 

the sample is used to i)roduce 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 l)y secondary 

electrons em itted from the sample surface.

Tyi)ically when examining non conductive materials they nnist be treated 

before performing SEM scans. How’ever, although ceria is a ceramic, it was 

found th a t simply using low oj^erating voltage in the system allow'ed the 

samples to be imaged without charging effects. The images sliow'u in this 

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

Samj)les were i^repared by pressing the required oxides into pellets and an 

nealing them  in the  same way described in C hap ter 2 Section 2.3. The oxide 

powders used were C e02. Zr02 and H f()2 . T hey 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 w ith the  oxide powders before m aking the  pellets. T he graphite  

then undergoes auto-com bustion during annealing leaving void space w ithin 

the  pellets. T he sj:)ecifications of the  graphite  pow der used are also given in 

Table 4.1.

M aterial Supplier SUK P urity Particle Size

Ce()2

ZrC)2

HfOa

G raphite

Sigma-Aldrich

Signia-Aldrich

Sigma-Aldrich

Sigma-Aldrich

544841

544760

202118

282863

Not given 

Not given 

98 % 

N ot given

<  25 nni

<  100 nm 

Not given

<  20 /an

Table 4.1: Specifications of the  different m ateria ls Tised for preparing the 
samples

Doping was achieved by mixing the  C e02 nano-pow der w ith the desired 

am ount of dopant oxide powder; either Zr02 or Hf()2 . T he m ixture was 

placed in a sealed lieaker w ith polished steel ball bearings (5mm diam eter) 

and then  sonicated in an ultrasonic b a th  for 30 rnin. A fter th is  stej) the 

appropria te  am ount of graphite  was added for the  desired porosity  and the 

mixing procedure was repeated. A 5 nnn d iam eter Specac j^ellet die was used
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to j:>ress the m ixture into pellets which were then  annealed for 3 hrs a t 1000 

°C to  remove the  grai)hite, followed l)y 24 hrs a t 1500 °C to  sinter the oxides 

together. B oth annealing steps were conducted in the  sam e furnace w ith 

the  tem pera tu re  increasing to  1000 °C, stopping there for 3 hours, followed 

by a tem pera tu re  increase to  1500 °C for 24 hrs before cooling down. As 

discussed in C hap ter 1 Section 1.4.3 ceria has a very acconnnodating lattice 

for these particu lar dopants [111], In fact, in the results it is seen th a t sini])ly 

annealing the  m ixtures of oxide nano-pow ders as described here, is enough 

to incorporate the  dopants into the  ceria fluorite structure .

One notable issue was th a t d in ing  the  annealing process the  samples 

shrank losing some of their void space. Table 4.2 shows the  volume shrink

age of a num ber of samples which were produced, but not used in the  experi

m ents. For each sam ple the volume and density of th ree different pellets were' 

m easm ’ed and the  results were averaged. T he ta rg e t void space is the  initial 

percentage of the filled pellet volume which was graphite. During annealing, 

the pure ceria sam ples collapsed more than  the doped sanijjles, which sug

gests th a t the  doped sam ples had be tte r stab ility  a t high tem peratu res. This 

is in agreem ent w ith the s tudy  of ceria catalysts which showed th a t addition 

of Zr imj:)roved th e  therm al stab ility  [144].

The final sam ples used for the results presented m ade allowances for this 

collapse by using more graphite  in the pure ceria sam])les th an  in the  dojjed 

samples. The final void space of all the  samples, determ ined by m easuring 

the  m ass and volume of the pellets, was in the  range G9 - 72 %.  Therefore, 

it is assum ed th a t the  differences in void space from sam ple to  sam ple would 

have a negligible effect on the reaction kinetics.
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Sample Target v.s. Void space Volume shrinkage

Ce ( ) 2 60 % 50.6 ±  1.7 % 9.4 %

C e0 2 75 % 63.8 ±  1.9 % 1 1  %

Ceo.9 Zro.1O 2 60 % 56.2 ±  1.8 % 3.8 %

Ceo.9 Zro.1O 2 75 % 70.5 ±  2 % 4.5 %

Ceo.8 Zro.2 O 2 60 % 56.4 ±  1.8 % 3.6 %

Ceo.8 Zro.2O 2 75 % 70.9 ±  1.9 % 4.1 %

Table 4.2: Table showing the ta rg e t void s[)aee, the  actual void space and 
the volume shrinkage of the samj^les after being annealed for 24 hrs at 1500 
°C.

4.2.4 O xidation and reduction  m easurem ents

The investigation of oxidation and rediiction reactions was perfornu'd using 

a custom  l)uilt system  constructed  by the  author. This system  wa« described 

in C4iapter 2 Section 2.3, bu t a num ber of changes were m ade for the exper

im ents presented in this section. A sh u tte r was added to  the  system  which 

uncovers the beam  em itted  from the Xenon arc lam p at a controlled speed. 

The sh u tte r is ju s t an electrical linear drive w ith a sheet of steel (the shu t

ter) a ttached  to  it and extending it in front of the lam ps beam . A num ber of 

shu tte r speeds can be selected, uncovering the lam ps beam  at different rates 

and thus allowing for control of the ra te  of tem pera tu re  increase.

For the experim ent described in C hap ter 2 the sam ples were simply heated 

w ith a constant jiower, resulting in a rapid tem pera tu re  increase. W hen the 

shu tte r is used, the power incident on the  sam ple is increasing w ith time, 

giving a more gradual and reproducible tem pera tu re  increasc' curve. This



112 C hapter 4. Experiinental oxidation and reduction

Vaciuini 
chamber 
Vohune: 3.7L

Focused Beam 
Spot size: 7 mni 
Power: 100 W

Alumina
crucible

Figure 1.2: A schematic showing the system with the added variable speed 
shutter.

should allow for a more accvu-ate look at the effects of tem perature 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. 1.3 we see the tem peratures recorded with and without the vari- 

al)le speed shutter. The red line shows the typical radiative heating curve 

which is very steep initially, but which levels off quite rapidly as the tem per

ature nears equilibrium. The time over which the tem perature is changing 

is very brief, giving limited da ta  for Arrhenius plots. However, the three 

tem perature increase rates shown for the shutter have a more gradual teni- 

I)erature increase and should l)e easier to analyse. In addition, as the rate of

Focused 
xenon 

arc lamp

Variable speed 
shutter

Q uartz view
port

Pump 
_ Pressiu'e Gauge 
”  Mass Spec 

Input Valve

Type B 
thermocouple 

•Sanij)le
Diameter: 5 mm
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Figure 4.3: Tem perature vs. time for oxiciatiou heating rates, with and w ith
out the shutter. The three black lines show the tem j)erature increase profile 
for three different shutter sj)eeds.

change of temperature' is smaller there is less likely to bc' large tem perature 

gradients within the sample.

The system also has a number of novelties when compared to other exj^er- 

imental methods used for the analysis t)f the ceria redox cycle. For exanii)le 

reduction and oxidation using a thermo-l)alance is usually restricted to tem- 

j:)erature increase rates of the order 20 - 50 °C min“ ' [107, 112], w'here as 

the system describ('d here can achieve tem perature 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 pha.se 

transi)ort properties. Most experimental measurements of oxidation and re

duction are j^erformed at atmospheric pressure and use a sweej) 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 i:>roduced. In the case of porous pehets 

(or even dense pehets) this diffusion may he slow, even when a sweep gas is 

us(’d to rcnnove the oxygen. The diffusion coefficient in a gas is proportional 

to the inverse of the pressure.

D <x i  (13)

In this work both oxidation and reduction take place at less than  20 Pa 

as oi)posed to 10'̂  Pa, resulting in much faster diffusion rates. In addition 

oxygen released during reduction or absorbed (hu'ing oxidation accounts for 

a significant amount of the total gas in the chamber. This means th a t gas 

l)haso transport is also driven by j^ressiu'e gradients generated when oxygen 

is released or absorbed by the samj^le. Pressm’e gradients could disperse the 

gas('s as fast as the speed of sound. For these reasons it is very unlikely 

that gas i:>hase transj^ort will in anyway restrict the kinetics measuretl in 

this work. In other analysis techniques, such a« using a thermo-ljalance. gas 

phase transport is likely to play a very im portant role in the kinetics.

Figure 1.4 shows a jjhotograph of the experimental apparatus. There are 

two chambers, the main chamber where the sample is placed and the mass 

spectrom eter 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 ])rocedure outlined in C hapter 2 Section 2.3, is repeated here includ

ing more details on the use of the variable speed shutter.
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Figure 1.1: A j)hotograph of the system showing many of the components.

A reduction cycle is started  by pumping the chamber down to 1 Pa. and 

then sealing the chamber off from the pump. The lamp is then switched on 

and the shutter is activated which unc:overs the l)(^am and heats the sam- 

jile to high tem peratures of approximately ICOO °C. The changes in sample 

tem perature, gas tem perature, pressure and gas composition are all recorded 

onc-e 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 4() 

min reaching approximately 30-40 °C. This is to ensure tha t the sample is
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cool enough to prevent the oxidation reaction begiiming im m ediately on the 

in troduction  of oxygen into the system .

A re-oxidation cycle may then  he conducted l)y first flushing the  system  

w ith oxygen twice to  remove o ther gases, and then  filling w ith oxygen and 

I^umping down to a pressure value of 15 Pa. The samj)le is then  heated using 

the Xenon lam p where the ini)ut power reduced by a filter and the shu tte r 

slowly uncovering the beam . The changes in tem peratu re, pressure and gas 

com position are again recorded.

The background pressiu’e incretise due to  heating of the cham ber w ithout 

a sam ple present were taken into account l)y running oxidation and reduction 

cycles w ith  no sam ple present, h i the  case of the re-oxidation cycles, the 

j)ower incident into the cham ber is relatively m oderate and the increase in 

pressure is negligible.

4.3 E xperim ental R esu lts  

4.3.1 X R D

T he annealed pellets were scanned using the  s tandard  20 powder sc:an. A 

scanning step  size of 0.01 degrees was used and a  scan range from 24 - 120 de

grees was taken. Each scan took approxim ately 14 hours, which was required 

in orcier to  get a good signal to noise ratio.

A portion  of the  scans for the Zr doped sam ples are shown in Fig. 4.5. All 

th ree sam ples show the cubic fluorite s tru c tu re  of Ce()2 [145]. In addition, 

the in troduction  of Zr (ionic radius =  85 pm) instead of Ce (ionic radius =
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Figure 1.5: XRD scans of Zr doped sam ples and pure ceria.

101pm) [146], shifts the  peaks to  the right. This can l)e explained by the 

sm aller ionic radius of Zr as reducing the d in Ecju. 4.2, where sinc:e A is 

C‘onstan t, and thus 0 nuist increase to  satisfy Ecjn. 4.2. Just such a change in 

the la ttice spacing is predicted by Vegard's law [147], and has bec'u obser\’ed 

by o ther au thors [118]. This offers strong evidence th a t the Zr in the j^ellets 

has rc];)laced some of the Ce in the ceria lattice.

T he sam e section of the scans is shown for the  Hf doped sani]:)les in Fig. 

4.G. T he ionic radius of Hf (85 pm ) is again sm aller than  th a t of Cc and very 

close to  th a t of Zr [14G], so we expect the  peaks to  shift in a  sim ilar way to 

those seen for Zr doping. The peaks also show more broadening th an  the  

Zr doped samples. This suggests there is more disorder in the  lattice, and 

a closer look a t the  m ain jjeak of Ceo.8 Hfo.2 O 2 appears to  show 3 separate 

peaks conil)ining to  nuike one Inroad peak. Therefore, the  broadening is likely 

caused by having more th a n  a single concentration of Hf in the sam ple and 

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

A nalysis of the scans was carried out w ith the XRD software MAUD [119], 

which uses the  s tan d ard  R ietveld rehnenient m ethod to  fit the diffraction 

spectra  [150]. The fits can be used to  ex tract inform ation on the lattice 

paraniet('r and average crystal size. However, the crystal size is obtained 

from the peak w idths, which can also be affected l)v disorder in th e  lattice. 

It is still convenient to  show the ex tracted  crystal size as it can be l)e taught 

of as a m easure of the peak broadening due to  la ttice disorder.

T he la ttice  param eters determ ined from the XRD scans were in agree

ment w ith those predicted by V egard’s law, as seen in Table 4.3. T he crystal 

size decreases upon addition of Zr into the ceria lattice. This shows th a t the 

addition of Zr introduces some ex tra  disorder into the la ttice  which may or 

may not be as a results of sm aller crystal sizes. However, the  high tem pera

tu re  stab ility  of Ce()2 is improved by the addition  of Zr dopants [144], and 

thus these samplers may have underw ent less sintering during the annealing 

process.
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Sample f.4 [pm] VegcU’d ’s a [A] a [A] C rystal size [nm]

c;e()2 117.67 5.421 5.421 980 ±  170

C eo.9zro.102 117.167 5.383 5.383 970 ±  160

O eo.szro.202 116.67 5.344 5.353 600 ±  30

ceo.9H fo.102 117.13 5.382 5.383 260 ±  7

ceQ.8Hfo.202 116.6 5.342 5.357 180 ±  6

Table 4.3: Table showing the  average ionic radius of the atom s in the  m aterial 
the la ttice  param eter predicted by V egard’s law, the la ttice  param eter 

determ ined from the R ietveld fit anrl the  average crystal size determ ined from 
the peak w idth.

For the Hf doped sam ples the  average crystal size was much smaller. As 

exjilained previously, th is fit m ay not be a ttr ib u te d  to  size effects alone and 

these values cannot be in terpreted  as the  actual crystal size. The nnilti-peak 

stru c tu re  of each peak suggests th a t there is m ore disorder (m ulti-phases) in 

the  sam ples and thus the  average crystal size cannot be determ ined in any 

confidence from the XRD fit.

In sum m ary, the sm aller ionic radius of the  Zr and Hf dopants contracts 

the ceria crystal lattice. T here is an a rb itra ry  aspect to the  determ ination  

of the  crystal size, which does not account for disorder, or regions of difi’er- 

ent concentration. Thus, it cannot be concluded from XRD th a t the high 

tem pera tu re  s tab ility  of the  sam ples is im proving w ith doping.
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4.3.2 SEM

The scans presented here were taken using a secondary electron detector, 

with a beam bitis of 4kV. Results from these scans allow us to see the 

morphology of the samples. In particular, they give a picture of the poroTis 

structure of the samples.

Figur(' 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 

luiderwent less shrinkage during annealing. These results suggest th a t the
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dopants improve the high temperatvu’e stability of ceria. This is a large ben

efit as the m aterial nnist m aintain 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 C hapter 2 Fig. 2.8 

we see th a t the overall porous structure and grain size is smaller. For the pure 

ceria sample shown here, the grain-like structure appears to l)e approximately 

half the size of th a t shown in Fig. 2.8. This is likely due to inconsistencies in 

the furnace used. The furnace elements and the thermocou])le degrade over 

time and are replaced regularly. Thus the accuracy of the set tem perature 

can vary, and a small difference in tem perature 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 res\ilt in a change to the frecpiency factors due to the change 

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

4.3.3 O xidation results

As described in Chapter 2 Sec;tion 2.2.2, the oxidation reaction is more con

venient to examine. The reduction in the system apj^ears 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 samj^les. From this it 

can l)e seen tha t 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 1.8: The fraction of rem aining vacancies (1 — a )  vs. tim e for the 
different sanijiles, all of which w-ere heated  w ith  the steejx 'st (black) heating 
curve shown in Fig. 1.3.

XRD and SEM results suggesting th a t these doped samples should have a 

higher surfac:e area.

If com part'd to the oxidation rates in C hapter 2, the  pure ceria oxidises 

fcister here. This is m ost 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 (/lox)r and  should not change the 

activation energy (£^ox)-

In these experim ents the sam ples were heated w ith a more controlled 

tenii^erature increase. In C hap ter 2 the  sam ples quickly reached steady  s ta te  

tem ixu'ature after wdiich point the  d a ta  is no longer useful for A rrhenius 

plots as the tem pera tu re  is no longer changing. This is one of the  reasons 

why oxidation up to  only 50 % com plete w'as considered. Instead  here the 

sanijjle tem peratu re  is changing th roughout the reaction and it should be
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I)ossil)le to use all of the data for the Arrhenius plots. Consider again the 

oxidation rate equation.

^  = - (1  -

Previously we did not use the (1 — q )  ̂ term to account for diffusion in the 

analysis, as it was assimied that it would not have a strong effect at the initial 

stage of the reaction considered. However, diffusion must V)e approximated 

in some way if the entire reaction is to be analysed. The data can l)e plotted 

according to the following eqiiatitju.

In (  +  hi(.4„J hi(A-) =  + ln(.4ox) (1.5)

The value of x  in the (1 — a) term was set to |  in Chapter 2. In this 

s('Ctioii the plots were made for various different \'alues of x  to sec’ what gave 

the best straight line. The best value was approximately .r =  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 tein- 

I)('rature increase curve. Figure 1.9 shows the linear fits for each sample. 

There are ai^proximately fifty data points per sample and the temperature 

range covert'd is larger than that seen in Chapter 2 Fig. 2.10, and thus the 

results here should be more ac:curate.

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

that found in Chapter 2 despite the overall rate being much faster. This suj)-
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Figure 1.9: Arrhenius plots and linear tits of oxidation for the different sam
ples. Tlui slop(' of each fit is —fi'ox the intercept is In(Aox)-

ports our analysis method. The frequency factor drastically increased, which 

is expected as a result of the samjiles being less sintered and thus having a 

higher smiace area (yl„x c< Surface area). The error in the frecjuency factor 

is fjuite large, which could be a result of the samples undergoing sintering 

during the reduction.
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Sample [kJm ol-^] ^ox [s

Ce ( ) 2

Cen.9 Zro.1O 2

Cen.8 Zrn.2O 2

Ceo.9 Hfo.1O 2

Ceo.8 Hfo.2 O 2

33.5 ±  3 

21.3 ±  2.5 

19.7 ±  2.5 

18.9 ±  2.5 

21.2 ±  2.5

680 ±  600 

6.3 ±  3 

l.C ±  1 

1 . 6  ±  1 

1.5 ±  1

Tat)le 4.1: Slope and intercej^t d a ta  of each linear fit giving £ ’„x anti Aox-

Interestingly, it seems from the analysis th a t the  dopants reduce the ac

tivation energy, bu t also greatly  reduce the freciuency factor. This coTild be 

due to  Zr atom s a t the surface reducing the  availal)le reaction areas. T here 

could even l)e an accum ulation of Zr at the  surface. P relin iinarv  XPS results 

suggest this, bu t a full analysis of all the  sam ples is reciuired and it is only 

m entioned here as a speculative reason for the  reduced frecjuency factors.
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Figure 4.10: The fraction of rem aining vacancies (1 — a )  vs. tim e calculated 
using the  determ ined j^aram eters and the  sam e heating  curve as Fig. 4.8.
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Putting the temperature curve and initial 5 back into Ecp. 4.4, along with 

the deterniint'd reaction parameters, should result in similar rate's to those 

seen Fig. 4.8. This can be seen in Fig. 4.10 which is indeed very similar to 

the exi)erimentallv measured rates for each sample.

4.4 DLR sam ples

Other samjoles produced at the German Aerospace Center (DLR) in Cologne 

l)y Friedemann Call and his colleagues were also investigated. The sani]:)les 

were of the form Cei_xZr^()2 , with ,r varying from 0 - 0.3 in stej)s 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 dissolv(xl in deionised 

watei', was added to the nitrates in a molar ratio of 1:2 (cations:citric acid). 

Water evaix)ration at 95 °C on a heating plate under continuous stirring 

yielded 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 nniffle furnace 

at 800 °C for Ih 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 comi)osition two batches were synthesised to 

guarantee reproducibility.

The synthesised doped oxide pow'ders were then mixed with a j)ore former 

(Poly Ethylene Glycol) and pressed into pellets using a 5 mm diam eter pellet 

die. These pellets w'ere then annealed at 1000 °C to remove the pore former, 

followed l)y annealing at 1650 °C for two hoxu's to induce sintering. The 

final jxjrosity of the samples were in the range 55-60%. Note that these 

samples were sintered at higher tem perature than  the samples product'd by 

the author (1500 °C) which likely caused the lower porosity in comparison 

to the authors sam{)les (70 %).

4.4.2 O xidation 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 rec:orded pressure change. Currently characterisation da ta  is being 

collected for these samples, such as XRD, SEM and XPS, however tlu' results 

obtained for oxidation and reduction help to illustrate a few i)oints.

O xid ation

The larger change in pressiu'e means the signal to noise ratio is better for 

these samples. Figure 4.11 shows the typical tem perature and pressure mea

surements for a reduction and oxidation cycle. As w'e can see the data has 

less noise than tha t shown in both Fig. 4.8 and C hapter 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 slow'ly, which may be due to 

the higher annealing tem perature reducing the surface area. Figure 112 

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 — a) vs. time during oxi
dation reactions for a number of different Zr concentrations (DLR sami)les).

dent. Here, even more concentrations were examined w'hich more conchisivelv 

shows the decrease in oxidation rate for increasing Zr dopant concentration.

If the analysis approach is correct then we would ex])cct there to he 

no change in activation energy when we compare samples of the same Zr 

concentration. The slower reaction rate must he due to a reduced frequency 

factor which may he a result of lower surface area and reduced porosity. We 

can check this l>y comparing the DLR samples to those produc('d hy the 

author.

Again we analyse the data according to Eqn. 1.5 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 jjoints. The DLR sample initially appears to 

l:>e 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(A’) vs. for the 10 % Zr doped samples produced 

at DLR (Black) com pared to  those produced by the  au thor (Red).

interc:ept. This would ini])ly th a t a t the initial stages of the  reaction the 

kinetics of the DLR sam ple appear to  be weh descril)od by our reaction 

model. T he two sam ples would have the  sam e activation energy, but the  DLR 

sam ple would have a  nnicli lower frequency factor which would explain the 

much slower rate. However, as the  reaction j^roceeds there is a clear deviation 

from the  linear relationship. At approxim ately 660 °C —  0.00018) there 

is a tu rn ing  point where Ijoth the  slope and the activation energy decrease 

signihcantly. This is likely due to  the  model no longer holding due to  some 

other effect becom ing the ra te  controlling step.

The reaction could now be diffusion controlled, w ith the  diffusion of va

cancies in the  bulk now i)laying the  m ain role in the  oxidation kinetics. In

creasing the  power factor on th e  (1 — q ) term  did not give a  straigh t line, 

and the kink rem ained in tiie sam e position. The full diffusion equation w ith 

our model as the l)oundary condition could be necessary to  correctly model
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the material. It could also be the case that there are trapped volumes (flue 

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 l)een realised, is th a t the output power of the 

xenon lamp is mistable for the Hrst 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 maxinnim speed. This offered a much 

more reproducible heating curve w'hicli should allow different reductions to 

be directly compared.

The oxidation results for the DLR samples showed greater pressure changes 

and slow'cr kinetics than  the samples producc'd by the authors. The samj^les 

produced by the authors show no noticeal^le difl'erence 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 attem pt to get 

some information on the reduction reaction the DLR samples were analysed 

using the heating method described above, the hope being th a t the lower 

activity of these samples conipar('d to the authors samples might slow the 

reduction enough to observe its kinetics.
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Figure 1.11: A plot of S and T  vs. time for the reduction of 5 and 30 % Zr 
doped samples.

\V(' see in Fig. 4.11 the reduction rate for two of the DLR samples with two 

different doi)ant concentrations. The sani])le w'itli 30 % Zr dopant reaches a 

higher reduction state  which is expected, but there are no obvious tlifferences 

in the reaction kinetics. Both samples begin to release oxygen at around the 

same stage and also reach equilibrium at the upper tem j)erature at the same 

time. It is most likely th a t the kinetics are limited by the heating rate. 

The samples may not l)e exactly uniformly heated leading to the reaction 

ai)parently reaching eciuilibrium after tem perature reaches equilibrium.

From this we can conclude tha t the reduction reaction kinetics are very 

raj)id and in most practical cases they will be limited by either heating rate 

or gas ])hase transport. It may be possible to extract some small amovmt of 

information from our reduction kinetics but any attem pt at fitting Arrhenius 

plots to the kinetics would not be physical.
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4.5 Conclusions

In ceiia, Zr and Hf dopants were found to  increase the high tem pera tu re  

stabihty. This was conchided from the  SEM im ages, and the ex ten t of sam ple 

shrinlcage during anneahng of the samples. These dopants were also foimd to 

reduce the ra te  of oxidation. A rrhenius fits showed th a t the  dopants reduced 

Eox approxim ately  lO kJm ol^^ (from 33 to  2 0 k Jn io l“ ^), bu t also greatly 

reduced the  Ao^. T he decrease in Aox was enough to  reduce the  reaction 

kinetics a t the tem pt-ratures considered. T he ra te  (jf oxidation w'as also seen 

to  decrease w ith increasing Zr concentration.

O xidation and reduction of ceria sam ples produced by the DLR of the 

form C e 1 _j.Zrj.O2 . w ith  x  varied in the  range 0 G.3in steps of 0.05, were also 

analysed. The sam ples were larger in mass and  offered b e tte r resolution in 

the m easiu’em ent of i)ressure changes in the system . These sam ples conhrmod 

the effect of Zr on the oxidation kinetics, w ith the  oxidation ra te  decreasing 

w ith increasing Zr concentration. A rrhenius i)lots showed an initial slo])e 

sim ilar to the sam ple j)roduc('d by the au thor, bu t the  results deviated from 

a  stra igh t line suggesting th a t a different approach was needed for la ter stages 

of the  reaction. This is m ost likely due to the  higher tem pera tu re  at which 

the  sam ples were annealed resulting in a lower surface area and thus m aking 

bulk diffusion more ini]^ortant.

T he DLR samjiles com bined w ith some m inor changes in exj^erimental 

l)roc:edure also offered b e tte r insight into the reduction reaction. U pon h ea t

ing from 1000 °C to  1650 °C in 20 seconds no difference was seen in the 

reduction kinetics of different sami)les, as they  all api)eared to  sini])ly fol-
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low the heating rate. This suggests th a t reduction is very raj)id and in most 

practical cases would almost c'crtainly be limited by heating rate or gas phase 

transport.



C onclusions and O utlook

C onclusions

11 Chapter 2 an analytical model of ceria reduction and oxidation was devel- 

oi)ed. 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 dem onstrated by coupling the model to a radiative heating simulation 

of a iiypothetical cavity reactor. This allowed the reduction step of a ther- 

niocheniical reaction to be analysed. The model should prove useful for 

oi)tiniising reactor designs via FEM simulations. The model is also utilised 

in the later chapters.

The thermodynamic energy costs and performance of the ceria fuel i)ro- 

duction cycle were analysed in Chapter 3. For cycles operating at anilji- 

ent i^ressure the iiiaximum efficiency was found to lie very low (~  1.5% for 

Trd =: 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 rccjuired for the 

oxidation reaction.

135
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The effect of jiuniinug the system to reduce the oxygen partial pressure 

was also considered. The pumping efficiency was given a ])ressure dei)en- 

dence, which was determined from the sjx'cifications of commercially a\'ail- 

ahle pumps. In addition, instead of trying to recycle the heat from the ceria 

by exchanging it between hot and cold ceria, it is proi)osed this heat should 

simply l)c converted to jjrocess heat for powering the vacuum j)um]is and 

heating the oxidiser. Assuming G()% solid state  heat recovery the efftciency 

was maximised with respect to the cycle operating conditions (reduction 

pressure, temi^erature swing anti extent of the oxidation reaction) giving a 

peak efficiency of 11%.

Finally the amoimt of ceria which is needed per kW output i)ower was 

investigated. For the normal cycle conditions considered, the amoimt of ceria 

reciuired was extremely excessive and likely detrim ental to any large scale im

plementation of this technology. Combined with the results of tlie 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- 

oj îed. such as efficient vacuum pumps and high tem]xn-ature heat exchangers 

for the' oxidiser and for cooling the ceria. The use of doj^ants to improve 

both the yield and cycle time, would also improve t)oth the efficiency and 

the practicality of the cycle.

In the ffnal chaj^ter, structural characterisations and the results of the 

reduction and oxidation experiments for both pure and doj^ed ceria are pre

sented. The dopants used were Zr and Hf. which are known to improve the 

reducil)ility of ceria. These dopants replace ceria in the fluorite phase niak-
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iiig luaterials of the form, Cei_3.Mx02 (M = Z r or Hf), w ith vahies of x  up 

to  0.2. From SEM images and a lower vohnne shrinkage of porous pelk’ts 

during arniealing, it was concluded th a t bo th  Zr and Hf im proved the high 

tem pera tu re  s tab ility  of ceria. T he dopants were also shown to  slow down 

the  ra te  of oxidation w ith the  lower ra tes for higher (iopant concentrations.

T he oxidation results ob ta ined  for each sami:)le were fit w ith an A rrhenius 

plot and the  values of i^ox and A^x were determ ined. The dopants reduced 

the  value of Eo^, bu t also greatly  reduced th e  value of which reduced 

the overall oxidation rate.

Samples produced by the  DLR, w ith  a b e tte r  spread of Zr concentrations 

also confirmed the trend  of deceasing oxidation rates for increasing dopant 

concentrations. T he results from these sam]:)les also suggested th a t for larger 

grain sizes it m ay be necessary to  consider the  diffusion as a ra te  controlling 

step.

Reduction of the DLR sam ples was perform ed in a more rej^roducible way 

than  for previous samples. T he results suggested th a t even w ith very high 

heating rates (>  50 C°s“ ^), the reduction ra te  was controlled by the heating 

rate. This m eans th a t in m ost practical situa tions reduction rates will simply 

lie liniit('d by heating ra tes or gas phase transj:)ort properties.

Outlook

All th ree asj^ects of the  work can be linked together using a therm ogravi- 

nietric study  of ceria do]:)ed w ith  Zr. This will allow the ec}uilibrium d a ta  

of doped ceria to  be h tted  Iw the analytical m odel developed in C hap ter 2.
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T he oxidation kinetics obtained in C hap ter 4 conil)ined w ith the  param eters 

obtained from h ttin g  the eciuilibriuin d a ta  can be used to form a com plete 

model describing the dopc'd m aterials. This model can be used for heat flow 

sim ulations and used in the therm odynam ic analysis presented in C hapter 3. 

These therniogravim etric experim ents are currently  being planned w ith our 

colleagues in the  DLR.

A nother issue th a t we aim  to  address is the reduced reaction kinetics of 

doped ceria. These reducf'd oxidation rates may be more j)ronounced for 

oxidation in H2 O and C O 2 , which could increase heat losses d iu ing  oxida

tion. It is believed th a t the  addition  of small am ounts of ions w ith a lower 

valence th a n  Ce*’*, such as Snr^'^ and La'^" ,̂ which improve the oxygen ion 

m obility 103, 101], will also improve the  oxidation kinetics. T he DLR have 

already com jileted therniogravim etric studies of ceria doped with Zr and 

small am ounts of Sm or La. It rem ains for the  au thor to perform  oxidation 

and  reduction analysis to determ ine the  effect on the kinetics.

Finally, the au thor believes th a t the  work described in this thesis offers 

a good step  forward in understand ing  and assessing these fuel i)roduction 

technologic's. The kinetic model can be used in reactor design and coml)ined 

w ith the therm odynam ic analysis should allow for more inform ed reactor and 

cycle selection. F inally the reaction kinetics show th a t reduction ra tes in a 

reactor can be controlled and im proved I)y controlling the heating rates and 

ga.s i)hase tran sp o rt and assessing the effect of dopants on the oxidation rates 

rem ains a key question.
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