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Introduction Chapter 1

1 Introduction
1.1 Nuclear fuel cycle and fuel reprocessing

The nuclear fuel cycle represents the nuclear power generation process, from mining
the uranium ore to the treatment of waste. The fuel cycle is divided into two parts, the front
end of the process and the back end of the process, with the nuclear power station being in the

middlel.

The processes before reaching the nuclear power station consist of uranium exploration,

mining, refining, isotope enriching and fuel element fabrication?.

Uranium is mined in twenty countries, but 52 % of the world supply of uranium comes
from just 6 countries. These countries are Canada, Australia, Russia, Kazakhstan, Namibia and
Niger.2 Uranium is mined in several different types of mine. These include an open pit mine,
an underground mine or in-situ leaching mine. In an open pit mine the ore lies close to the
surface and the overlying layer of rock is removed creating a large pit where the ore is easily
extractable?. An underground mine is used when the ore lies deeper under the surface and the
construction of access shafts and tunnels under the ground are needed to gain access to the
uranium ore?. The uranium ore is sometimes contained in ground water or a porous material,
such as sand. In this case, a process called in-situ leaching is used to extract the uranium ore.
Either acid or alkali (depending on the nature of the groundwater) is added to the ground water

to dissolve the ore, and the resulting solution is pumped out?.

The ore then undergoes a milling process to extract the uranium oxides needed for fuel
fabrication. Milling is normally carried out close to the mine where the ore has been extracted.

The ore is crushed and then leached with sulphuric acid in order to dissolve the uranium oxides.
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Figure 1-1. Schematic diagram of the milling process of uranium ores?,

The resulting ore is known as ‘yellow cake’, this is the form in which the uranium is
marketed and exported. Yellow cake typically contains 70 to 90 % U3Os, with the presence

uranium hydroxide, uranium sulphate, uranium peroxide and various other uranium oxides?.
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The fuel used in most commercial nuclear reactors is based on uranium in the form of
uranium dioxide (UQO>) that has been enriched so that percentage of the more readily fissile

U?* isotope is increased from the natural occurrence of 0.7 % to between 2 and 4 %?.

Another type of reactor uses a fuel that contains depleted (<0.3 %) U?*®. Usually this
uranium has come from the reprocessing of spent nuclear fuel. An example of this, is when
plutonium or plutonium mixed with U?*® is added as a replacement for the lost U%®. This is

known as a mixed oxide fuel (MOX)™.
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Figure 1-2. Schematic representation of the nuclear fuel cycle!.

The process after the nuclear power station consists of the reprocessing and handling

of radioactive waste!. This process involves the removal of the spent nuclear fuel, the

reprocessing of useful material and the treatment of nuclear waste.

Spent nuclear fuel can contain a large variety of element and will be dependent on the

type of reactor used, the conditions used and the type of fuel used®.
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The irradiated fuel elements from the spent nuclear fuel are reprocessed in the UK at

the thermal oxide reprocessing plant (THORP) at Sellafield.

Irradiated fuel elements mixed oxide fuel production plutonium and uranium oxides

7M HNO,

. 2+ v
Solution of Uo, +Pu and

other fission products

TBP extraction

y

2+ I\
UO, +Pu in tributyl
phosphate (TBP)
Reduction with Fe(NH,SO,), Aqueous solution of Pu"
2+,
U0, inTBP

Oxidised with HNO,

Extraction with 0.2M HNO,

v
Aqueous UO,(NO,), Aqueous Pu
Evaporation Oxalic acid
UO,(NO,),.6H,0 +Wastes Precipitate of
Pu(C,0,),.6H,0
400 °C
300 °C
Uo,
PuO,
H, 700 °C
uo,

Figure 1-3 Schematic diagram of nuclear fuel reprocessing?.
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The PuO2 generated at the end of the reprocessing process stored in double walled

stainless steel tanks and shielded by concrete of more than a metre in thickness®.

1.2 Properties of PuOzand the recombination of H2 and Oz over PuO2
PuO; has a fluorite structure, where Pu*" cations are centred in a face centred cubic
arrangement with O anions occupying the tetrahedral holes of the structure. Plutonium has a
range of non-stoichiometric forms, with the formula PuO..x, which is dependent on temperature

and oxygen partial pressure®.

.‘ Oxygen

& Plutonium

Figure 1-4. The fluorite structure of PuOs..

The fluorite structure takes its name from the CaF structure, in which Ca?* cations lie
in expanded face centred cubic (fcc) conformation with the F~ anions occupying two types of

tetrahedral holes.

One of the major concerns with storing PuO; is the reaction of water adsorbed and
absorbed onto the PuO, surface to form gaseous H. and O2. This raises concerns of rises in

pressure of the storage vessels and the formation of potentially explosive gas mixtures. As a
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result safety standards are in place for the packing and storage of PuO: in nuclear storage where

only 0.5% wt of residual water is permitted>®.

The procedures® © are effective in limiting the amount of water that is present in the
storage canisters. However, these protocols do not remove all water present and over time it
has been predicted that the radioactivity of PuO2 will cause the splitting of this water. This will
result in the build-up of H; and O». It has been reported that H> and Oz will undergo a

recombination reaction to form water, which is initiated by alpha radiation’.

The reactions of Hz and O2 over pure and impure PuO2 have been studied by Morales
et al.” at the Los Alamos nuclear facility in the US. In this work, they study the reaction of a
2 % Ho in air mixture over PuO> in sealed stainless steel vessels by measuring pressure changes
and changes in the composition of the reactive gas mixtures at different temperatures over time.
Morales et al. conclude that temperatures of 100 °C and above are necessary for a reaction to
occur indicated by a pressure change taking place in the vessels. They observe that under the
conditions of their experiments, the results seen are more consistent with a thermal reaction of
H2 and O over the surface of PuO- rather than a radiation induced H2/O, gas phase reaction.
They do not suggest a mechanism for the surface reaction of H, and Oz over PuO. However,
they do acknowledge that knowledge of the mechanism would be fundamental in

understanding the thermal reaction taking place in nuclear storage containers’.

In a literature review® of the H2/O2 recombination and generation in plutonium storage
environments, two mechanisms for the thermal recombination of H> and O. over PuO; are

suggested.

The Langmuir Hinshelwood mechanism involves the adsorption of species A and B on

the surface of a compound and reacting on the surface to form AB®. With regards to the
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recombination reaction, this mechanism suggests H> and O react over the surface to form OH

groups on the surface of PuO..

The second mechanism considered is the Eley-Rideal mechanism where species A is
adsorbed on the surface, with gas phase species B colliding with A on the surface to form AB®.
In the review by J.A. Lloyd and P.G Eller® this is proposed as a reaction of gas phase ions or
radicals generated due to the radioactivity of PuO; and their reaction with adsorbed species (Hz

and O2) on the surface of PuO®.

Al|l B

e

AB

Figure 1-5. Langmuir-Hinshelwood mechanism&:®,

AB

Figure 1-6. Eley-Rideal mechanism? °.



Introduction Chapter 1

Lloyd and Eller® and Morales et al.” both indicate that surface catalytic reactions can
dominate over radiolytic reactions under certain conditions that are comparable with conditions

in plutonium storage environments’ &

In both papers it is supported that understanding the mechanism of thermal reactions of
H2 and O; is fundamental in predicting the behaviour of Hz and Oz over PuO; in long term
storage. However, PuO> presents difficulties in its study since it is a severe radiological poison
and strong a-emitter and must be handled with extreme care®. CeO; is suggested as a model

for PuO..

1.3 CeOz2 as a model for PuO:2

Both PuO, and CeO; have a fluorite structure, where Pu**/Ce** cations are centred in a
face centred cubic arrangement with O% anions occupying the tetrahedral holes of the structure.
Both PuO, and CeO have a range of non-stoichiometric forms, with the formula PuO.x or
CeO2.x. PuO; also has similar thermodynamic properties to CeO2, such as Gibbs free energy**.
In a study looking to identify the products formed by the reaction of water with plutonium
metal at 23 °C, the phase diagram of plutonium oxide was indicated to be similar to that of
cerium oxide?. Marra et al.®® indicated that CeO, was a comparable model for PuO, for
development studies of batching, powder handling, compaction and sintering. Both cerium and
plutonium have relatively stable trivalent and tetravalent oxidation states!?. Plutonium and

cerium also have similar ionic radii** as shown in table 1-1.
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Table 1-1 lonic radii of Ce3*/Ce** and Pu3*/Pu*+14

Oxidation State lonic Radius (A)
Pu®* 1.00
Pu* 1.01
Ce* 0.86
Ce** 0.87

The similarities in both structure and properties suggest that CeO» will provide a good

model for the reactivity of PuO..

1.4 Properties of CeO2

CeOs:is a pale yellow colour solid. It has a wide range of applications, in either its pure
form or doped with cations e.g. Mg?*, such as gas sensors, electrode materials for solid oxide
fuel cells and catalytic supports for automobile exhaust systems®®. Cerium metal has an electron
configuration of [Xe] 6s? 5d* 4fL. In cerium (1V) oxide, cerium exists in the (+4) oxidation state
with an electron configuration of [Xe], making it very stable!®. As a result of this, cerium is the
only lanthanide metal to form a stoichiometric oxide in the form of CeO, which has a fluorite

structure with a lattice constant of 0.541nm?1S.

In the fcc structure of ceria, Ce** cations form a cubic close packing arrangement with

all the tetrahedral holes occupied by O% anions?’.

10
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‘ oxyZen

L cerium

Figure 1-7. The Fluorite structure of CeO2'".

The fcc structure of ceria is an octahedral structure with cerium ions centred around
oxygen ions. In this structure some of the oxygen ions are mobile and can be removed in a
reducing atmosphere. This leads to non-stoichiometric compositions that have the formula
CeO2x where x equals 0 to 0.5. The non-stoichiometric compositions of CeO: are easily re-

oxidised in the presence of oxygen'é.

This property is of great importance for the use of CeO: in automobile catalytic
converters* '8, These unique redox properties can be attributed to the retention of the fluorite
structure in CeO>. Surface oxygen mobility allows oxygen ions to be easily removed during

reduction when compared with the bulk oxygen ions?’.

Computer investigations into the structure of CeO,, carried out in 1994%°, indicate via
theoretical energy calculations that the (111) index plane is the most stable surface, this surface
of CeO; is oxygen terminated®®. Evidence that the (111) index plane of the CeO; surface is
oxygen-terminated has been provided through non-contact atomic force microscopy (NC-
AFM) and scanning tunnelling microscopy (STM) studies undertaken at the University of
Tokyo'®. High-resolution transmission electron microscope (HRTEM) images from a recent

study into the structure and chemical changes of ceria irradiated with hydrogen ions showed

11
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untreated CeO> to have similar surface defects to the stacking faults present in the fcc structure

of pure metals, such as aluminium?®,

The formation of Ce®* on the surface of ceria follows the formation of oxygen
vacancies. Oxygen vacancies play a key role in the surface chemistry of oxides and are
important in understanding the surface reactions of Ce0,%. Defects within the lattice structure
of CeO: are the cause of its redox ability and subsequently lead to ceria forming non-
stoichiometric compositions. These defects can be caused extrinsically, i.e. created by a
reaction of the solid with the surrounding atmosphere, or caused intrinsically, caused by
impurities in the structure?’. With regards to extrinsic defects, a large proportion of these
defects can be formed by exposure of ceria to a reducing gaseous environment. As a result of
reduction, ceria will have excess cation content when compared to its anion content, i.e. some
oxygen has been removed, creating an overall positive charge. Recovery of neutrality can be
attributed to the donation of two electrons to the resulting oxygen vacancy site after reduction

has occurred. This results in two cerium atoms changing charge from +4 to +3%.,

CeO can be classified as a mixed conductor showing both electronic and ionic
conduction. Its electrical properties are strongly dependent upon temperature, oxygen partial
pressure and the presence of impurities?!. The electrical conductivity of CeO2 during reduction

in hydrogen increases due to the removal of oxygen and the generation of polaronic electrons.??

1.5 Reactivity of CeO2

One of the biggest uses of CeO: is in three way catalysts as part of exhaust systems of
vehicles. Its most important function in these systems is the uptake and release of oxygen,

known as its oxygen storage capacity. In this application ceria is exposed to varying conditions

12
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between fuel rich (low O) and fuel lean (high O) conditions. Under fuel rich conditions, the
oxygen storage capacity of CeO> allows it to donate oxygen for the oxidation of CO and
hydrocarbons during fuel rich conditions from automobile exhaust emissions?. Under fuel lean
conditions, CeO; is able to absorb and effectively store oxygen from Oz, NO and water
allowing the removal of NO from exhaust emissions. The behaviour of ceria in three way

catalysts can be represented by the following equations:

Fuel rich conditions;

e Ce02+xCO—Ce0y-x+xCO>
e Ce0OtHC—CeO-x+(H20, CO,, CO, Hp)
e CeOz+xHy—CeOr—x+xH20 %

Fuel lean conditions;

o CeOrx+XNO—CeO2+0.5xN2
e (CeOr—x+xH20—CeO2+xH2

e Ce0, ,+0.5x02—Ce0, 2

1.6 Reactivity of CeO2 with H20, Hz, O2, Os.

A study?* of the chemistry of water on the oxidised and reduced surfaces of CeO2(111)
by temperature programmed desorption and x-ray photoelectron spectroscopy was carried out.
Results indicate that water does not oxidise Ce®* surface sites on the reduced CeO; surfaces,
(CeO2x(111) surface grown on yttria-stabilised ZrO2(111) under ultra-high vacuum) in the

temperature range below 377 °C%,

13



Introduction Chapter 1

However, it has been observed by reflection high energy electron diffraction (RHEED)
and low energy electron diffraction (LEED) that water does oxidise Ce®* sites in reduced CeO-
powders and lattice mismatched films of CeO2.x(111) on Ru(0001)?*. The exposure of water to
a reduced ceria surface has been shown to result in the evolution of H> in a temperature-
programmed desorption (TPD) experiment?!. These studies indicate that the reactivity of

reduced CeO- depends on surface defects, surface termination and morphology.

One of the reactions of great interest with respect to PuO; is the radiolysis of water to
form Hz and O, as the presence of H> and O at certain ratios can lead to a build-up of
potentially explosive gas mixture in sealed nuclear waste storage containers?®. The production
of Hy from radiolysis of water absorbed on CeO, was studied as a function of the energy
absorbed in the water layer in a study carried out at the University of Notre Dame?®. It was
shown that it requires very high humidity (>85%) for multiple water layers to accumulate on
the oxide surface of CeO»=. A study on the adsorption of water on PuO2 shows the accumulation
of multiple water layers also requires very high humidity, above 85%?2°. Only H, was observed
in the y-radiolysis over CeO: in significant quantities. O» was observed but it was at a much
lower yield than Hz. The yield of H. produced was found to increase with decreasing number
of absorbed water layers?®. However, hydrogen was not produced to the levels one would
predict for the radiolysis of H>O. Surface sensitive studies to elucidate possible recombination

mechanisms of Hz and O2 were suggested by the authors of this study.

The reduction of cerium oxide and the oxidation of hydrogen by CeO2 has been shown
to follow a Mars van Krevelen type mechanism as proposed by El Fallah et al?® ?” and others'"

21 This is shown in figure 1-8.

14
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Figure 1-8. Mechanism for the reduction of cerium (1V) oxide by hydrogen?®.

1. Dissociative chemisorption of hydrogen onto the surface to form hydroxyl groups.
2. Anionic vacancy formation with reduction of the neighbouring cations.

3. Water desorption.

4. Diffusion of the surface anionic vacancies into the bulk.

The reduction of CeO: is a predominantly a surface process with the reduction of the
bulk oxygen being limited by oxygen migration to the surface?®. It has been shown that surface
reduction of CeO- by H> begins at approximately 200 °C and temperatures greater than 650 °C
are required for reduction of the bulk?. The re-oxidation of the ceria surface occurs at room

temperature?.

The interaction of hydrogen with CeO> samples of differing surface areas was followed
by temperature programmed reduction, in-situ magnetic susceptibility measurements and x-ray
diffraction®®. This investigation concluded that the formation of one Ce®* ion layer on the

surface corresponds to a stable intermediate state'8

15
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This formation of an intermediate state is supported by an investigation of the reduction
of CeO> by hydrogen using magnetic susceptibility (a method which utilises the fact that the
Ce* ion is diamagnetic, whereas Ce®" is paramagnetic), UV-Vis, FTIR and XPS?. This study
showed the interaction of hydrogen with ceria (> 327 °C in temperature) to involve a 3-step

process,

Q) Reduction of surface oxygen;
(i)  The formation of a stabilised state with the formal composition of CeO1g3; and
(ili)  Further reduction at higher temperatures?’.

Re-oxidation of ceria was already complete at room temperature in this investigation,
providing further evidence of CeO. oxygen storage capacity, the mobile character of 0%
species in the fluorite structure of CeO; and the redox properties of CeO,?’. Structural and
chemical changes have been observed on CeO; after irradiation with 10 keV H* ions™®. Results
from this study indicate oxygen-related defects are produced much more readily than cerium-
related defects after hydrogen irradiation®®, providing evidence of surface oxygen mobility on
ceria. CeOz has been shown to have relatively high reactivity towards Hz even with high O2

coverage at room temperature?®.

An investigation into the interaction of ozone with CeO. showed that Os interacts with
electron-excess surface sites (most likely Ce®*) of CeOy, at between 10 - 65 °C to form two
kinds of oxygen species O and O-, both species being capable of taking part in radical chain

reactions°,

In a study to investigate the ability of CeO, to act as a photocatalyst for water
decomposition to oxygen, it was found that CeO2 exhibits good photostability®!. The results
from this investigation demonstrate that aqueous CeO2 suspensions containing Ce**sq and

Fe3*aq, undergoing Ultra-violet/Visible light radiation, are active towards Oz production and

16



Introduction Chapter 1

small amounts of H,. The amount of O, produced was found to be related to illumination time,

concentration of CeO,, initial concentration of electron acceptor (Ce**) and pH®L.

1.7 Reactivity of cerium (1V) oxide with CO, CO2 and HCOOH

Investigations of the interaction between carbon monoxide (CO) and CeO2.x have
shown that CO readily reacts with polycrystalline CeO,, even at room temperature®2. However,
it has been reported that CO does not adsorb on clean, single crystal CeO2(111) or the
Ce0(100) planes under ultra-high vacuum conditions?. A lack of CO adsorption implies the
inability of CO to reduce CeO: crystal surfaces, although CO readily reduces CeO2 powders;
it is suggested that the ultra-high vacuum conditions used for surface studies are responsible
for the lack of CO adsorption on CeO; crystal surfaces?. Prolonged exposure of CeO, to CO
at 350 °C generates reactive lattice defects and carbon-containing surface species®. The results
from a report into the effects of surface area and oxygen vacancies on CeO> in CO oxidation
indicates that the surface area and the surface oxygen vacancies in the ceria can influence the
CO oxidation performance together®*. Both factors play a dominant role in the rate determining
step of CO oxidation®. In a recent CO/Oz and CO: pulse experiment, it was proven
experimentally that Ce3* sites are responsible for CO adsorption on CeO; that produce
carbonate species which are released as CO- by adding oxygen®. The reaction of the simplest
carboxylic acid (HCOOH) with CeO: leads to reduction of the oxide surface producing water
and carbon dioxide followed by oxidation of the oxide surface through decomposition of
hydrogen and carbon monoxide with formate and ~OH species present as surface

intermediates®®.
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1.8 Reactivity of cerium (IV) oxide with NO, N2O and NOs

In a literature study carried out at the Los Alamos national laboratory in California® on
H2/O> generation and recombination in plutonium storage, it is reported that oxidised material
such as nitrates, nitrogen oxides and ferric impurities are present in the plutonium storage. This
is as a result of calcinations and of irradiation of oxygen and nitrogen in the air present in the
storage containers. This irradiation of air has been shown to produce nitrogen oxides, nitric
acid and create the possibility of nitric acid reacting with the oxide layer of the metal surface
to form solid nitrates®. Synchrotron-based x-ray absorption near-edge spectroscopy, high-
resolution photoemission, and first-principles density-functional calculations were used to
study the interaction of NO, with CeO2%’. The only product detected from the reaction of NO>
with CeO2 at 27 °C was adsorbed nitrate (NOz), which decomposed between 177 °C and
327 °C%'. The interaction of NO, with CeO2-, produced a mixture of N, NO and NO3 adsorbed
on the oxide surface at room temperature. The presence of Ce3* surface sites assisted in the

transformation of adsorbed NOs into the mixture of adsorbates®’.

The chemisorption and reaction of NO and N2O on CeO; surfaces was investigated
using soft x-ray photoelectron spectroscopy (SXPS), x-ray absorption spectroscopy, and
isothermal and temperature programmed desorption spectroscopy®. The interaction of NO
with ceria was shown to be dependent upon temperature and the oxidation state of ceria. NO
did not adsorb on fully oxidised CeO> above 150 °C, but at between 90 °C and 150 °C NO was
found to adsorb and react to form N2O and nitrites on fully oxidised CeO». The reduced and
sputtered surfaces of CeO, were found to be more reactive than the fully oxidised surface,

resulting in the dissociation of NO on the reduced surfaces of CeO,%®.

The adsorption and reaction of NO on CeO, was also studied using XPS and TPD%,

NO was not found to adsorb on fully oxidised ceria in this study. On slightly reduced surfaces
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that have exposed Ce3* cations, NO adsorbed at 27 °C. After heating to 123 °C, the adsorbed
species were found to dissociate, resulting in oxidation of the surface and the production of
gaseous N2. On more highly reduced CeO> surfaces NO was found to dissociate and form

surface nitride species that are stable up to 123 °C%,

At higher temperatures the nitrites were found to decompose to produce gaseous N2°.
The results in these studies show that adsorption and subsequent reaction of NO with CeO: is

influenced by the concentration of Ce®* on the surface of CeO; .

1.9 Aims

The aims of this project are to establish experimental procedures for the reproducible

production of CeO, samples.

To study the thermal reactions over CeO> as a model for the thermal reactions believed

to be occurring over PuO> in nuclear storage.

To establish experimental protocols for the detailed characterisation of the surfaces of
the CeO2 samples. To monitor the interaction of small molecules over these surfaces, in

particular the interaction of Hz and Oa.

To determine the viability of UHV mechanistic studies of CeO2 (111) single crystal as a

model for CeO, powder samples.

To determine the reactive steps in H2 and O, recombination of cerium oxide to form

surface water and to explore the factors that inhibit this reaction.

To study the effects of impurities that are present in PuO2 storage on the H/O»

recombination reaction over CeO». Impurities caused by the radiolysis of HNO:s.
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