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Abstract

The surface reactivity of thorium, uranium, neptunium and americium has
been investigated under UHV conditions using X-ray photoelectron
spectroscopy (XPS) and ultra violet photoelectron spectroscopy (UPS).
Oxygen, nitric oxide, nitrogen dioxide and nitrous oxide adsorption on a
polycrystalline thorium surface has been investigated at 298 K. O
dissociatively adsorbs on the surface resulting in the growth of ThO,. All
three of the nitrogen oxides adsorb dissociatively with both oxygen and
nitrogen adsorbed on the thorium surface. The formation of thorium
oxynitride (ThOxN,) is proposed. Reaction of NO, NO, and N,O with a
polycrystalline uranium surface has also been investigated at 298 K. N,O
adsorbs dissociatively leaving only oxygen adsorbed on the uranium surface.
NO and N;O also adsorb dissociatively but in these cases both oxygen and
nitrogen remain on the surface. The formation of uranium oxynitride (UONy)
is proposed. For exposures >350 L the rate of reaction of NO with the
oxynitride surface decreases significantly. In contrast, NO, continues to react
with the surface and a further increase in surface oxygen concentration is
observed. Adsorption of O,, NO and CO on thin films of neptunium metal
has been studied at 80 and 300K. Following exposure to O, at 80 and 300K,
an intermediate surface oxide of Np is formed which is unstable with respect
to the formation of NpO,. This intermediate oxide is proposed to be
associated with the chemisorption phase, NpOcnem). Dissociative adsorption
of CO and NO is observed at 80 and 300K. A surface oxidic compound is
formed which is not a simple neptunium oxide. NpOcnem) states are proposed
to be stabilized by the presence of carbon/nitrogen as neptunium oxycarbide
and oxynitride respectively. The interaction of O, and NO with americium thin
films has also been investigated. The formation of Am,O3; is proposed and it
was found that it is not thermodynamically viable to produce a higher
oxidation state of americium via gas dosing (at 300 K under UHV).
Adsorption of NO on the surface results in the dissociative adsorption of N

and O, and in the formation of a surface compound.
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CHAPTER 1. INTRODUCTION: REACTIONS AT ACTINIDE SURFACES

CHAPTER 1
Introduction: Reactions at Actinide Surfaces

Actinide surface science has previously been reviewed in great detail [1],
therefore predominantly recent data will be covered within this literature
review. For a description of the techniques used in surface science the
reader is referred to references [2-4]. Appendices 1 and 2 give a more
detailed description of the spectroscopies and instrumentation used in the

work reported in this thesis.

The study of actinide surface chemistry provides a great challenge to both
experimental and theoretical chemists. The aim of this review is to provide an
introduction to the background of actinide chemical research and an overview
of the reactions undertaken with thorium, uranium, neptunium, plutonium,
and americium surfaces. A general introduction to the research carried out in
actinide surface chemistry is followed by a description of the studies of
actinide clean surfaces, oxidation and interaction of small molecules, and the

adsorption of organic molecules on actinide surfaces.

1.1 Introduction

Actinide science deals with the chemical, physical, and nuclear properties of
a large group of elements ranging from thorium through lawrencium (the
actinides). This group of elements, which comprises about 21% of the
elements in the periodic table, are unique because most of these elements
are man-made (with the exception of the first three members-thorium,
protactinium, and uranium). Another common characteristic of these
elements is that they are all radioactive, which makes their study a
particularly difficult and highly specialized field of science. To perform
measurements on highly radioactive materials requires special facilities,
instrumentation, and training for their safe handling: These characteristics

distinguish actinide science from other research fields.
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CHAPTER 1. INTRODUCTION: REACTIONS AT ACTINIDE SURFACES

The high directionality and unusual shape of the 5f wave function (figure 1.1)
affords the unusual metallic ground state structures observed in the actinide
metals. Hence the involvement of the 5f electrons gives rise to the much

varied and interesting chemistry of these elements.

The latter half of the actinide series, Am onwards, exhibit similar chemistry to
the lanthanide elements. The delocalised 5f system of the early actinides is
affected by an actinide contraction, where an increase in the nuclear charge
across the actinide series causes the atomic radii to contract, resulting in the
5f wave function gradually being pulled in more closely to the atomic core.
Like lanthanide contraction, the actinide contraction affects both the actinide
ions and metals. Since the 5f wave functions only barely overlap to bond in
the early actinides this slight contraction pulls the 5f wave function into the
core, so for americium the 5f electrons becomes localised, not participating in
chemical bonding. The effects are dramatic: the s- and d- electron bands
dominate, atomic volumes increase enormously and high symmetry crystal

structures are favoured.

1.2 Actinide Surface Chemistry

The unique electronic structure of the actinides has led to a great deal of
research into this area [7, 8]. Over the past 30 years there have been many
electronic structure determinations of the light actinide metals (Th to Pu) by
both photoemission studies [8, 9] and by theoretical calculations [7, 10-12]. It
has been generally accepted that high resolution valance-band photoelectron
spectra of actinide metals exhibit a gradually increasing 5f spectral intensity
in the sequence Th, U, Np, Pu [8]. It is broad, has no distinct sharp features,
reaches a maximum at Ef, and indicates the itinerant character of the 5f
states. The 5f localization in Am leads to a shift of the 5f photoelectron
emission from Ef and the appearance of a multiplet structure [13]. Thus
photoelectron spectroscopy has proved to be a very convenient tool to
distinguish between band and localized character.
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A greater understanding of the interaction of actinide metals/oxide surface
with gaseous molecules is also an important area of actinide chemistry. For
example, the oxidation and corrosion of uranium as studied by surface
techniques is well reported [14-21].The electronic [22-25], surface [26-29],
and defect structure [30, 31], and physical properties [32] of uranium have
been extensively investigated for the past 40 years. More recently there has
been a growing interest in the investigation of the interactions of small
molecules on both poly- and single-crystalline uranium dioxide surfaces [28,
33-42]. These include the interactions of water [36, 39, 43-48], methyl iodide
[40], formic acid [37], and methanol [38] with polycrystalline samples.

The most widely reported chemistry of the actinides involves oxides. The
large size and electropositivity of the light actinide elements means they are
found in nature as oxides and any exposed metal oxidises even in the
controlled environment of a high quality inert atmosphere glove box. For
example, cations in uranium oxides, the most complicated oxide system
known [5], exhibit changes in oxidation states from U™ to U, with
comparable stability; however several uranium oxide phases, such as UO,,
the main product of oxidation of uranium metal, U407, U30g, UsOg, and UQOs,

can be easily isolated using moderate conditions.

1.3 Studies of Actinide Clean Surfaces

To understand the electronic interactions of the 5f band, photoemission
spectra of the actinide metals has been extensively studied. However, the
highly reactive nature of these elements towards electronegative ligands
requires samples to be prepared under UHV conditions immediately prior to
study. The most common method of cleaning surface contaminants has been
by ion sputtering and annealing cycles [49]. More recently in situ sputtering of
an actinide target has been used to generate pure samples [50]. Extra
attention must be given in preparing a well annealed surface free of carbon
and oxygen [51]: high purity metal and clean vacuum conditions are equally
essential. For example, impurities on the uranium surface have a profound

effect on the hydriding rate [52] and on the adsorption properties of hydrogen
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on the surface [53]. Also oxygen is known to reduce the interaction of water
with uranium [54]. Previous studies of the initial oxidation of Pu [50, 55-60],
have found varying degrees of success in obtaining clean, contamination
free, sample surfaces as a starting point. Thin plutonium films [50, 57-59]
have successfully provided reasonably clean surfaces but the cleaning of
bulk samples has proven much more difficult. Initial contamination at the
surface can result in the superposition of photoemission features or even
features related to the sample being obscured by those of surface

contaminants.

Metallic thorium shows a broad peak between O and 2.eV BE in the valence
band photoelectron spectra, which is attributed to 6d7s conduction band [8].
Th is the only actinide without 5f-electrons, and can serve as a reference
material showing the influence of the 6d7s electrons. The core level
photoelectron spectra show Th (4f) metal peaks are located at 342 and 333
eV for 4f5» and 4f7» respectively [8]. The satellites which are located at about
2.2 eV higher binding energy, are understood to be due to the screening of
the 4f core hole by the 6d electrons, whereas the main lines reflect the
screening by the 5f states, which are above Eg in the ground state, but

become populated in the presence of the 4f hole [61].

All the accessible core and valence electron levels of uranium have been
comprehensively investigated by recording the X-ray photoelectron spectra
(XPS) spectrum of a freshly evaporated, uncontaminated film of the metal
[16]. As well as uranium, an intensive investigation of the XPS spectrum
characteristic of stoichiometric UO;, has been reported [19]. Valance band
photoemission spectra of U metal [16, 19, 62] provide clear evidence for the
itinerant character of the 5f electrons, which were identified to be at Er. XPS
and Bremsstrahlung Isochromat Spectroscopy (BIS) spectra of Th and U
metals have been reported in the range of interest for the 5f electrons, below

as well as above the Ef [62].
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As part of the investigation to study the electronic structure and surface
properties of actinide metals and their compounds, photoemission data for

clean Np metal and its surface oxidation behaviour have been reported [63].
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heights. Difference spectra are shown as a dotted curve[64].

The electronic structure, density of states, and XPS intensities of the a, 8,
and y phases of Np have been theoretically determined [64]. Experimentally,
a and B XPS valance band intensities are found to be almost identical and
show no evidence for theoretically predicted f-band narrowing (figure 1.2). In
addition there is a large additional experimental intensity at higher BE that is
not present in the calculations [64].

Plutonium metal has 6 temperature induced allotropes. Of these the most
and least dense phases have been studied by PES (alpha and delta
respectively). The J-phase is of particular interest because of the high
symmetry crystal structure and the stability of the phase to low temperatures
by alloying with small amounts of trivalent elements. Consequently much of
the recent experimental and theoretical work has focused on this allotrope.
The valence band, of both the alpha and delta phases, show similar features
i.e. a sharp feature at Er accompanied by a broad shoulder at approximately
0.8 eV [59, 65]. The Pu (4f) XP spectra may indicate different peak shifts for
these two phases according to different screening mechanisms; well and
poorly screened. Further more it has been suggested that the surface of
alpha Pu reconstructs to the delta phase [50]. From an experimental point of
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view, the reactivity and radioactivity of Pu, and the complexity of the phase
diagram, makes it exceedingly complicated to collect high-quality data.
Photoemission data for the Ga stabilised §-phase of plutonium [66] has been
reported in which a very clean §-Pu sample surface was obtained using laser
ablation. Gas dosing studies obtained from the same samples have been
reported [67].

] T 7 T 1 I
7" <
: g i
;
v . '
h= =y
S e
. (. '
L =
e k
1]
' R - . '
o U
> |7
: 7~ ;“‘N‘\
N - » K
2 FE b ;
= et
= .:."\*:f“.-. a’ »h o o
N
N, J
pra A
O S \ |
E -—.J‘-"}*\ \~A :
& M KBS
— a i, t
L : .
S L
o "~v"]
I .
o
]
1 | : | I P |
8 & 4 2 0

ENERGY BELOW E. (eV)

Figure. 1.3. UPS/XPS conduction band spectra of Am metal for (a) 21.1, (b) 40.8 (c) 48.4,
and (d) 1253.6eV excitation energy [13]

The solid state properties of Am indicate that Am is the first rare-earth-like
metal in the actinide series [10]. Photoemission spectra of the 4f core levels
(XPS) and of the conduction band (XPS, UPS) of Am metal have been
presented (figure 1.3) [13]. The conduction band spectra of Am metal show
that for increasing photon energy the emission at Er becomes less intense

relative to that of a peak around 2.8 eV. The photon energy dependant
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excitation probability for f electrons in the UPS regime [68] and the order of
magnitude higher probability for 5f electron excitation compared to that for 6d
and 7s electrons in the XPS regime [69] give unambiguous evidence of the 5f
character of the emission around 2.8 eV; i.e. the 5f electrons are drawn away
from Efr. This is an indication of 5f electron localization in Am, and confirms
that Am metal is indeed the first rare-earth like metal in the actinide series.
The 4f core levels also reflect the degree of 5f electron localization in their
shape arising from the photoionisation core hole screening mechanism (an
explanation of screening mechanisms can be found in references [70, 71] or
there is a brief introduction in appendix 1). The 4f core potential pulls
screening levels, that are not occupied in the ground state (i.e. above Eg),
down below Eg into the occupied part of the conduction band. The
occupation of these levels, either by 5f or by 6d,7s electrons, lowers the total
energy of the final state characteristically; the occupation probability depends
critically on the hybridization with the conduction states in the initial state (5f
states delocalized, final state: “well screened” peak at low binding energy; 5f
states localized, final state: “poorly screened” peak at higher binding energy).
The 4f core level spectra are dominated by nearly symmetric 4fs5, and 4f7;
lines, each line being accompanied by a satellite at 4eV lower binding
energy. The main peak is attributed to “poor screening” by (6d7s) conduction
electrons. The satellite is due to “good screening” by 5f electrons; its intensity
is weak since the 5f hybridisation is poor, i.e. the 5f states are almost

completely localized.
1.4 Oxidation and Interaction of Small Molecules with Actinide Surfaces

The interaction of the actinide metals with reactive gases permits the
investigation of the role of the 5f electrons in chemical reactions [14, 49, 61,
62, 72, 73]. Thorium (5f°6d°7s?) has unoccupied 5f levels and provides an
interesting comparison with uranium (5f°6d'7s%), neptunium (5f*6d'7s?),
plutonium (5°7s?) etc. which have occupied 5f levels, regarding the role of
the 5f electrons in reactions and bonding. Also the elements Pu and Am are
in the transition region between delocalized (itinerant) and localized behavior

of the 5f states, hence it is interesting to speculate on the role of the 5f
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electrons in surface reactions and bonding. For example, the difference in
the valance band photoelectron spectra of uranium and thorium dioxides is

attributable to uranium having 5f electrons (see Figure 1.4).
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Figure. 1.4. X-ray Photoelectron valance spectra of UO, and ThO,, clearly
highlighting the U (5f) band of UO, close in energy to the Fermi edge. [16]

1.4.1 Oxidation

The initial reaction of a clean uranium surface with O, has been studied by
XPS [49, 74] and Auger electron spectroscopy (AES) [74]. During an early
reaction stage for exposures up to 60 Langmuirs (L) (1 Langmuir 1 x 10 - 6
Torr s) U metal and an oxide phase coexist; for higher exposures stage
100L the surface is covered exclusively by oxides. The boundary between
the two regimes is strongly temperature dependant; at low temperatures a
smaller Oz exposure is needed for complete oxidation of the surface than at
higher temperatures. Whereas a high surface coverage leads to
stoichiometric UO; or hyperstoichiometric UO2+x [19], low O, exposures
produce surfaces composed either of substiochiometric UO,4 or islands of
UO, on U metal [49)]. Differing results were obtained earlier by Nornes et al.
[48] who exposed a sputtered U surface to 20 L O, at 120 K. Measurements
of the U (4f) levels using XPS showed the almost complete oxidation of U, as

indicated by the shift of the U (4f) photoemission lines to higher energy. The
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O (1s) peak had a shoulder on the high BE (binding energy) side. This was
ascribed to multiple surface bonding binding states, i.e. chemisorbed O. On
the other hand, Allen et al. [17] produced stoichiometric UO; by exposing a
clean U surface to 27000 L O, at 300 K, while Winer et al. [74] studied the
interaction of U with lower oxygen dosages of 40 L and 1200 L at 298 K. The
latter found that the binding energies from the photoemission of the O (1s)
and the U (4f) levels both shifted to lower values after 1200 L exposure but
not for 40 L exposure to O,. They attributed this to the change of the work
function of the UO, semiconductor, when transforming from an n-type (UO2)
to a p-type (UO2.+x). This interpretation is in agreement with the work of Veal
et al. [15] who noted that the reduction of UO; 401 by argon ion sputtering
resulted in a collective shift of the photoemission lines to higher binding

energies (figure 1.5).
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Figure. 1.5. Comparison of the sputtered and un-sputtered UO, by XPS [16]

Adsorption of O, on U has also been followed by Ultraviolet Photoelectron
Spectroscopy (UPS) to help provide clarification of some of the conflicting
reports in the literature [75]. The surface oxidation of U at 73 K, 300 K and
573 K was studied, and evidence for the existence of O chemisorbed on the
metal at low temperature and low surface exposure was found.
Subsequently, substoichiometric UO, is formed as long as there is U metal

at or near the surface. Finally, at 73 K, UO,.« oxidizes further to UO, and

10
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UO..x while at higher temperatures only substoichiometric UO, is formed.
The change in oxide stoichiometries results in a decrease in BE of all oxide
emission lines, which is attributed to a change of the position of the Fermi
energy in uranium oxides. The O (2p)/U (5f) intensity ratio also varies with
the surface oxidation due to a transfer of U (5f) electrons into the O (2p)
band, which Allen et al. has used to estimate the stoichiometry of the oxides.
The initial investigation by Allen et al. [76] into this surface reaction compared
oxidation of (111), (110) and (100) planar slices of single crystalline UO,, with
a polycrystalline sample, in 1 Torr of oxygen at 25 °C, 225 °C and 300 °C
using XPS. The rate and extent of oxidation from U307 to U3Og at 225 and
300 °C varied with the choice crystal face, decreasing along the series: (111)
> (110) > (100) > (polycrystalline). Subsequent studies by Allen and co-
workers [77] observed changes in the bulk oxide structure and oxide
morphology occurring within the top 3 ym of the surface as studied using
XRD and scanning electron microscopy (SEM). The oxidation kinetics of
unirradiated UO; fuel pellets may be described in terms of an initial induction
period (during which a linear but small weight gain is observed), followed by
a period of bulk oxidation to U30s. As oxidation nears completion the rate
slows, producing an overall weight-gain vs. time curve of sigmoid shape.
Various authors have postulated that the induction period represents the
growth and formation of a surface layer of UsO; [78, 79]. The eventual
disruption of this surface and ultimate spallation of particulates may be due to
the lattice contraction which would occur during the formation of a U307 layer

or the production of U30g, which has an entirely different crystal structure.

There has been no adsorption studies carried out on a neptunium surface to
the best of our knowledge. The only previous XPS study of Np was of the
formation of surface oxides caused by the slow segregation of residual bulk
impurities, and contamination from within the experimental chamber [63].
Phase diagram studies for the system Np-O [80] excluded the existence of
bulk NpO and Np,O;, but it has been shown that the deviation of the
electronic structure of the surface from that of the bulk may stabilize surface
phases that are not formed as bulk materials. Analysis of UPS conduction

band spectra of Am metal [81] indicates a contribution of divalent Am atoms

11
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on the surface of bulk trivalent Am metal. It has been shown that in contrast
to oxide formation on U and Pu metal surfaces, where surface and bulk
oxides are the same, Np forms a lower oxide in addition to NpO,. This oxide
is identified as Np>O3 and is only stable as a surface layer in the presence of
Np metal [63].

Room temperature adsorption of oxygen at plutonium metal surfaces studied
by XPS and AES has been reported by Larson [60]. At low oxygen
exposures (10 L) the plutonium sub-oxide, Pu,O3; was produced. The
binding energies for the Pu 4f;, and 4fs, peaks for the sesquioxide occur at
4244 eV and 437.1 eV. Higher oxygen exposures (160 L) transforms the
sesquioxide surface layer into PuO, with characteristic binding energies for
the Pu 4f;» and 4fs; peaks at 426.0 eV and 438.7 eV. The oxide thickness
for an exposure of 1.8 x 108 L was 200 A. On oxidation of plutonium metal to
form an outer layer of PuO,, there is always a thin layer of Pu,O3;, which
exists next to the metal. Additional oxidation studies on plutonium metal by
UPS [82] at 77 K and 296 K showed that at both temperatures low exposures
produced Pu;0;. PuO, formation was seen to occur after 60 L exposure at
296 K, and 8L at 77 K. The XPS spectra of trivalent Pu,O3 [60] shows the Pu
4f;, and 4fs, peaks at 425.1 and 437.9 eV binding energy respectively; of
particular interest is the absence of shake up satellites accompanying the
main Pu (4f) peaks. The absence of satellite structure is not unique to
plutonium [83], but is also observed for the sesquioxides of neptunium [63],
americium [8], and is attributed to various screening mechanisms occurring

within these actinide compounds.

1.4.2 Oxycarbide and Oxynitride

The interaction of O, with clean uranium produces a UO, phase when
surfaces are free of carbon contamination [48]. The adsorption of O, on a
surface contaminated with carbon leads to a UO,C, phase [18] which is
difficult to characterise chemically. Oxycarbide layers [51] are common on

actinide metals and an anomalous temperature dependence for the oxidation
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kinetics of the outermost oxycarbide layers on polycrystalline uranium metal
has been observed. Normally, oxidation or corrosion reactions are expected
to proceed more rapidly as the temperature is elevated. However it was
observed that the oxidation reaction reproducibly proceeds at a much faster
rate at 25°C than at 280°C [51]. Thin films of UNxOy and UCxOv have been
prepared by reactive sputtering of U in an Ar atmosphere containing O, and
N> admixtures, and sputtering of U and C in an Ar/O; atmosphere (figure 1.6)
[84]. The metallic nature of uranium oxycarbides and oxynitrides (at low
oxygen content) and the itinerant character of their 5f electrons has been
demonstrated [84].

Intensity [arbitrary units)

Binding energy [eV]

Figure. 1.6. He(ll) valance band spectra of: UOxCy, UOxNy. UN and UO, [84]

In addition to the two stable oxides of plutonium, PuO, and Pu,O3; discussed
earlier, Zachariasen [85] was the first to discover the existence of plutonium
monoxide film as an impurity on plutonium metal. High temperature XRD
studies by Terada et al [86] confirmed the existence of PuO. The failure to
prepare bulk quantities of the PuO phase by Mulford [87] lead to the
suggestion that small amounts of an impurity species such as carbon were

required to stabilise the monoxide phase, so producing a plutonium
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oxycarbide (PuO4Cy). The possible existence of Pu monoxide has fuelled
much debate over the last 30 years. The subsequent investigation by XPS
and AES of the surface phases formed when PuO, coated plutonium was
heated have since confirmed the existence of the oxycarbide. The thin layer
of oxycarbide (1um) formed at 400°C had a composition determined by AES
and XPS of PuOggs:0.15C0.45:0.15 [87]. The oxycarbide formed was seen to
maintain its metallic lustre and integrity after extended air exposure, with the
oxycarbide layer formed acting as an effective diffusion barrier against

extensive reaction.

1.4.3 Reaction with Small Molecules

McLean et al. examined the chemisorption and initial stages of reaction of
O,, CO and CO; on clean thorium and uranium metals [49]. Low-energy
electron diffraction (LEED) studies on single crystals of thorium indicated that
adsorption of these gases at room temperature proceeded in a disordered
manner [78, 88]. XPS was used to probe the adsorbed species [49] in a
study of the chemisorption of O,, CO, and CO, on thorium and uranium from
submonolayer to monolayer coverage at room temperature. AES and
secondary-ion mass spectrometry (SIMS) were also used to clarify and
confirm the behaviour observed in the XPS studies. Exposure of thorium and
uranium metal to oxygen was observed to produce only metal dioxide in both
cases. Carbon monoxide and carbon dioxide dissociated on the surface of Th
(111) at low coverage to produce carbon and oxygen [49]. The former
diffused into the metal to produce a carbide, while the latter remained on the
surface as an oxide. “Graphitic’ carbon and bound molecular CO were
observed at high CO and CO, coverage, while a second molecular species,
tentatively identified as a monodentate carbonate, was detected at saturation
CO, coverage. The adsorption of CO and CO; on uranium was much simpler
since each gas dissociated to produce carbon as carbide below the surface

and an oxide on the surface [49].
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The adsorption of CO,, CO and C,Hs; on Pu metal has been studied at 77
and 296 K by UPS and XPS [82]. At 77 K, CO; is dissociated for low dosages
(2 L). For higher dosages (> 20 L) CO; physisorbs. At 296 K, the behavior is
similar to that at 77 K with the exception that physisorbed CO, is not
observed. Low dosages (4 L) of CO at 77 K results in dissociation of the
molecule. At higher dosages (> 6 L) chemisorbed CO is detected. At 296 K,
CO behaves in the same way as CO; at this temperature. For both CO, and
CO, the dissociation of the gases is always followed by the formation of some
amount of Pu;O;. For CoHys at 77 and 296 K, dissociation of the gas is
followed either by formation of PuC or chemisorbed C. The formation of
some PuH; is also observed. At 77 K, and high dosages (100 L), a very weak
physisorbed phase of C,Hs; can be observed. These results are quite
different from those for U metal, for which dissociation of the gases is
observed at all temperatures, and additionally at low temperatures CO,, CO
and C,H; are physisorbed at exposures higher than 6 L. It is not yet,
however, clear, how this large variety of surface reactivity in the actinide

series is related to the gradual localization of 5f electrons.

Water is regarded as one of the corrosive gases found in nuclear storage
facilities, and it is also known to adsorb easily on uranium surfaces. Several
investigations have shown that the adlayer of water has an effect on the
kinetics of gas-phase corrosion reactions and also on the coadsorption of
other gas species such as hydrogen [89]. Furthermore, radiolytic processes
will reduce water to H, and O, and the build-up of these potentially explosive
gases would be detrimental to the storage infrastructure [36]. The
interactions of water have been studied under both atmospheric pressure
and UHV conditions [36, 89]. The former was carried out on the (001) face of
a uranium dioxide single crystal [36], while the latter was investigated using
both heavily and slightly oxidised polycrystalline uranium samples [89].
Hydrogen gas formed on all the oxidised uranium samples, and in addition
surface hydroxide and oxygen anions readily diffused through the oxide layer
to the oxide-metal interface, further oxidising the uranium and forming
uranium hydride (UH3;) [89]. The use of electron-stimulated desorption (ESD)
and low-energy ion scattering (LEIS) in the single crystal work confirmed the
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dissociation of water on the surface of UO, and that oxygen diffused into the
bulk [36].

Previous studies, using XPS, of water and oxygen adsorbed on uranium
have exhibited O (1s) binding energies of ~532.4 eV and 530.9 eV for
surface-bound hydroxyl and oxygen respectively [48, 49, 54, 90]. Similarly,
surface-bound water also undergoes dissociation below 200 K to produce a
mixture of OH, O, and H species on uranium [43]. Nornes and Meisenheimer
[48] exposed clean, high-purity uranium surfaces to O, and H2O, at 120 K
and followed the reaction with XPS. Their results with oxygen are in good
agreement with similar work by Allen et al. [90], McLean et al. [49], and
Teterin et al. [20]. Allen et al. studied the reaction of clean uranium with
H2Ow) and H0yyO, mixtures with XPS [46]. They determined that H.Oy,
reacted more rapidly with clean uranium than H2O(yO> contrary to the
findings of Nornes and Meisenheimer [48]; they also determined that the
presence of oxygen retarded the H,OyU reaction, and they suggested that
oxygen controlled the transport of OH anion interstitials. However, they did
not observe the structure in the U (4f) core-level satellite peaks characteristic
of defect cluster formation [20, 46, 90]. They postulated that this is due to the
involvement of OH anion in the growth of the surface oxide and the presence

of hydrogen in the surface film.

There have been many studies of the interaction of hydrogen [52, 53, 91] and
water vapour [54, 92] with clean and oxidised uranium metal. While the
overall hydriding reaction of uranium is known empirically [52], the
elementary reaction steps or mechanism are yet to be determined. In an
effort to begin to elucidate the reaction steps Balooch and Hamza [45]
measured the initial sticking probability and dissociative adsorption of
dihydrogen on uranium and the reaction probability for the formation of
uranium hydride. The high reactivity of uranium metal towards water vapor
and oxygen dictate that clean metal surfaces are not found in technical
situations. Thus, the changes in the hydrogen adsorption and recombination
properties on oxidized and water-covered surfaces were also studied [45]. In

the work reported by Balooch and Hamza [45], the fundamental interactions
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of hydrogen and water on uranium metal were examined using the combined
techniques of molecular beam scattering, thermal desorption mass
spectroscopy (TDMS) and atomic force microscopy (AFM). Hydrogen was
observed to desorb in three states from uranium following H>,O exposure.
Manner et al. [43] have used UPS, XPS and static secondary ion mass
spectroscopy (SSIMS) to follow the interfacial growth of surface hydroxyls
following exposure of UNb alloys to water. Furthermore, the thermal
conversion of surface hydroxyls to oxide with concomitant release of H, (or
D,) was also monitored and appeared to contrast with the inferences made

by Balooch and Hamza [45].

In the light of this inconsistency, the fundamental interaction of water at
uranium metal surfaces was re-examined [43], using the combined
techniques of TDMS, SSIMS, UPS and XPS, and a different interpretation for
hydrogen desorption following water exposure at uranium surfaces was
suggested. These studies provide an additional insight into the reactivity of
D,O on clean uranium and the adsorbed species present as a function of
temperature and exposure, and conclude that the combined data [45, 48, 54]
previously reported were not complete, thereby preventing an adequate
description of the uranium-D,0O interaction. At low temperatures (85 K), DO
adsorbs dissociatively at low exposures (< 1.2 L) forming a mixture of
surface-bound OD, O and D species while at higher exposures both
molecular and dissociative adsorption is observed. The OD species are
relatively stable up to ~200 K; above this temperature their concentration
rapidly decreases (undetectable at T =400 K). Three D, desorption stages
were observed upon annealing a D20 layer(s) on a uranium surface prepared
at 85 K. First, deuterium atoms recombining directly from dissociating
OD/D>,O groups between 120 and 300 K; secondly, recombination of
deuterium adsorbed directly on the metal surface at ~395 K (.2 L), and
finally deuterium atoms that interact with the metal and recombine and
desorb in the presence of an oxygen layer at ~435 K (=1.2 L). At 300 K,
adsorption is primarily dissociative with the formation of OD groups at high
exposures (=3.0 L). Similar to adsorption at 85 K, three D, desorption states
are observed in the TDMS spectra when D,O is adsorbed at 300 K. The
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origin of these peaks is the same as for the 85 K experiment except that the
desorption temperature for the last peak is notably higher. This difference in
Tmax for the high-temperature peak when dosing at 300 K is attributed to the
thicker oxide/oxygen layer obtained when exposing the surface to D,O at 300
K.

The presence of moisture in air accelerates the oxidation rate of plutonium at
room temperature by 200 times; the rate is increased by five orders of
magnitude at 100°C. A mechanism for this water-catalysed reaction has
recently been proposed [93] to occur by the formation of hyperstoichiometric
plutonium oxide (PuO,.) and hydrogen. In the hyperstoichiometric oxide Pu
(IV) cations of PuO; are replaced by Pu (V!) and an equal number of O* ions
occupy octahedral interstices. Hydrogen produced from the reaction

combines with surface oxygen atoms to reform water on the surface.

Thermal dehydration experiments of Pu oxides prepared and treated under a
variety of conditions, coupled with analysis of standard compounds has led to
a better understanding of the PuO, surface [94]. Surface hydroxylation
occurred rapidly at very low H,O vapour exposure. At room temperature, the
hydroxylated layer was about 3 nm thick. The surface hydroxides resist
thermal decomposition up to 590 °C. Important factors influencing surface
chemistry are processing conditions (thermal treatment, in particular) and
specific activity. Active sites for the reaction of H,O and other small
molecules can be renewed by thermal energy or by effects of radiation. Other
properties such as surface area, particle size and particle morphology,
although not specifically addressed in this study, are also expected to be

important.

PuO,.+x showed evidence of extensive hydroxylation and spectroscopic
features that are consistent with higher Pu oxidation states, and suggestive
of Pu(V) [94]. Curve fitting of the Pu (4f) levels indicated that about 10% of
the Pu could be in this higher oxidation state. Pu oxide exposed to air will
display the complex surface chemistry demonstrated by the

hyperstoichimetric Pu oxide, including a small fraction of Pu in oxidation
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states greater than (IV). High-fired PuO, (heated at 900 °C or higher for
hours or longer) has been shown to be more highly ordered and more
stoichiometric (purely Pu(lV)), thus more difficult to dissolve than low-fired
material [95]. The higher degree of surface hydroxylation observed for
PuO,.x powders may effectively increase apparent Pu solubility because
hydrated PuO, (PuO2-HO or Pu(OH)s;) has a higher free energy than
stoichiometric high-fired PuO, and is therefore more soluble and prone to
surface corrosion. A review of the solubility of tetravalent actinides found
greater solubility for amorphous PuO; than for crystalline PuO, in acidic
solutions [96].

Pu 4f,5 42686Y | 4255 O1s

PP ' 831.7 gV
PuiOH 1 Pul,
= PuiCH},

. 529 %5ev
| Pulk

.
i
I
:
H

w"LHC

18e°C

A3 recoived

As-received

435 430 425 420 538 535 53¢ 532 530 528 526
Binding Energy (eV) Binding Energy {(eV)

Figure. 1.7. ?**Pu0, thermal dehydration. Pu 4f,, and O 1s core levels for a ***Pu0, powder
in the as-received condition, through a series of thermal treatments, then followed by
exposure to 10"° L H,0. Pu 4f peaks narrow and become more bulk dioxide-like as the O 1s
dioxide peak grows with respect to the hydroxide intensity. Exposure to H,O vapor restores
some surface hydroxides and eliminates the reduced Pu oxide [94] .

Pu adsorbed from water on mineral surfaces is often observed by XPS in the
+4 state with peak positions and line shapes corresponding to those
observed for the humid-air-exposed PuO, and Pu(OH), samples [97]. XPS

spectra observed on air-exposed Pu metal also share many of the same
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features — shake-up satellites characteristic of Pu (V) and broad peaks that
indicate multiple chemical states for both Pu and O [94] (figure 1.7).

Plutonium readily reacts with hydrogen forming PuHy, where x varies from
1.9 to 3.0. Plutonium hydrides have been shown [98] to form in the fluorite
structure similar to PuO,. The ever-present layer of oxide on the surface
further complicates the reaction of metallic plutonium with hydrogen.
Hydrogen can only react at the metal surface by penetration at cracks and
spallation sites on the plutonium oxide, and the hydriding rate increases
exponentially as nucleation sites grow. Once the entire metal surface is
covered with hydride, the reaction rate is extremely rapid, the reaction rate of
H, with the plutonium surface being 10" times faster compared to the
reaction with dry air. The rapid enhancement in the reaction rate is due to
the rapid dissociation of adsorbed H,. Although the mechanism for this
dissociation is still unclear, two mechanisms have been proposed by
Haschke [99]. The first suggests that the formation of PuHy catalyses the
dissociation reaction and promotes the transport of atomic hydrogen to the
hydride metal interface. Alternatively cubic Pu,O3; on the metal surface is the
catalyst for the reaction. Whichever proposed mechanism is correct both
anion deficient fluorite structures of PuH, and cubic Pu>O; have vacant
tetrahedral and octahedral sites, able to transport anions such as hydrogen

and oxygen.

Surface plutonium hydride (PuHy) is seen to catalyse the corrosion reaction
with oxygen [100]. The reaction between oxygen and the pyrophoric
plutonium hydride produces heat and an oxide layer, and the rise in
temperature from the reaction is sufficient to produce the cubic sesquioxide.
The hydrogen produced at the oxide-hydride interface moves through the
PuHy layer increasing the stoichiometry of the hydride. Excess hydrogen is
continuously produced at the oxide-hydride interface and consumed at the
hydride-metal interface. This hydride-catalysed reaction continues until all

the metal is consumed.
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1.4.4 Nitrides

In an attempt to elucidate the nature of the 5f electrons in actinide
compounds, Norton et al. report a detailed photoemission study of Th, ThN,
U, UN, and UO; [14]. The measurements provide convincing evidence that
the 5f electrons of UN are located in a narrow band at the Fermi level. An
XPS study of ThN prepared by N, exposure of the Th surface at high
temperatures led to the conclusion that emission intensity has been
completely removed in the energy range down to 1.3 eV below the E [14].

Reactive sputtering of U in nitrogen containing Ar has been demonstrated to
be a convenient method for preparation of high purity films of U nitrides [101]
(figure 1.8) .This work showed how the variable concentration of the highly
reactive atomic nitrogen can determine the stoichiometry of deposited
nitrides. This opened up the possibility of the preparation of actinide nitrides

with greater nitrogen content and their study under UHV conditions.
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Figure. 1.8. Comparison of Hel (hv/=21.2 eV) and Hell (40.8 eV) valence band spectra of UN
and U,N3 [101].

Three stable U-N phases were reported: UN (fcc), hexagonal sesquinitride

(B-U2N3x) existing at higher temperatures, and bcc sesquinitride (a-UaNaz.).
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In addition, fcc UN>, has been reported [101], but it is not clear whether it
exists as a separate phase or forms in a homogeneous transition from a-
U2Nas.x by filling holes in the defective lattice (interstitial nitrogen). UN is the
lowest nitride and coexists with U metal at low N content. Compared to U
nitrides, the nitrides of Th are known to be much less stable. However
Gouder and coworkers have reported the synthesis of oxygen-free thin layers
of Th, ThN [61].

Allen and Holmes reported a similar method used to produce UN surfaces
[102], by bombarding a U metal surface with activated N. XPS spectra
revealed sharp U (4f) photoemission lines, leading them to infer the formation
of one well-defined U phase. After exposure to air, the N (1s) peak shifted to
lower BE and a second component appeared at higher BE (399.4 eV), which
was tentatively attributed to an oxidised nitride species. The XPS valence-
band study showed, after nitriding of the metal surface, a decrease in the
intensity at Er and the appearance of the U-N band at 3 eV. This result
appears to contradict with UPS data reported in the previous studies, which
showed a high intensity peak at Er and a weaker intensity peak at 3 eV. The
discrepancies discussed above suggest that two different uranium nitrides
can be synthesised by varying the preparation conditions. The discrepancies
in these results have been addressed by Black et al. [101]. Reactive
sputtering of U and Th in Ar gas containing N has proved to be a convenient

method for preparation of high-purity films of actinide nitrides [61, 101].

Unlike Th and U, the Pu-N phase diagram exhibits only one known phase,
namely, PuN [103], analogous to ThN and UN. In situ preparation of Pu-N
enabled the study of it's electronic structure by XPS and UPS. Sputter-
deposition synthesis in the presence of N plasma proves that no higher
nitride analogous to U,N3 or Th3zN4 exists for Pu, and PuN is the only known
nitride [104]. The large scale features of its electronic structure are similar to
ThN and UN regarding the position of the N (2p) states. The 5f states appear
in the vicinity of the Fermi level, exhibiting the same type of features at 0.85

eV, 0.50 eV, and Ef, observed in the majority of Pu systems studied.
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1.4.5 Sulphur containing molecules

New interest has arisen recently in the possibility of using depleted uranium
in catalysts for various applications. Uranium oxides (e.g., UO,) display
catalytic activity for the oxidative destruction of volatile organic compounds
(VOCs) such as butane, benzene, chlorobenzene, and other chlorine
containing molecules [105, 106]; UO, has also been used as a catalytic
support for steam reforming of methane [107]. Surface defects on single
crystals of UO; have been shown to influence the surface chemistry [33, 34].
Recently, the adsorption of H,S on a single crystal of UO, [108] (figure 1.9)
and polycrystalline UO, has been studied. It is found that hydrogen sulfide
(H2S) dissociates on both surfaces and atomic sulfur is accumulated on the
surface. Recently adsorption and desorption of thiophene on polycrystalline
UO. has been investigated by means of X-ray photoelectron spectroscopy
(XPS), temperature programmed desorption (TPD) and electron stimulated

desorption (ESD) at variable exposures and temperatures [109].
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Figure. 1.9. (a) Grazing angle S (2p) XPS spectra at different temperatures (100, 200, and
300 K) after 10 L H2S dose, (b) curve fitting of the S 2p XPS after 10 L dose at 100 K.[108]
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The effects of X- ray, UV, and electron irradiation on a thiophene fiim have
also been explored. In brief, it was found that thiophene adsorbs on
stoichiometric polycrystalline UO, and desorbs reversibly in molecular form,
with no evidence of dissociation. However, exposure of adsorbed thiophene
to X-rays, UV radiation or an electron beam leads to oligomerization,
polymerization and dissociation. It was found also that the reactivity of
polycrystalline UO, increases when the surface is oxygen-deficient;
thiophene dissociates at temperatures as low as 100 K on defective UO;

surfaces.

1.5 Adsorption of Organic Molecules on Actinide Surfaces

The thermal chemistry of formic acid [37] and methanol [38] on the surfaces
of polycrystalline uranium and uranium dioxide under UHV conditions have
been investigated. TPD studies of formic acid reported the production of
hydrogen from surfaces of both uranium and uranium dioxide [37]. In
addition, water and methane were also desorbed from the uranium surface,
with carbon monoxide, water, and formaldehyde being the other products.
Unlike formic acid, reactions of methanol on both uranium and uranium
dioxide yield nearly the same products in the form of hydrogen and methane,

with CO as the additional product from uranium dioxide [38].

The direct oxidative coupling of two molecules of acetylene to furan (C4H40)
over the surface of pure polycrystalline 8-UO3; has been reported [110]. In
contrast, only traces of furan are formed over a-U3zOg and none on UO,
surfaces. A comparison with the reactions of other C, compounds (ethanol
[111], acetaldehyde [112], and ethylene [113, 114]) over 8-UQO; indicates the
presence of two mechanisms for the synthesis of furan from C, compounds:
one via aldolization and the other by oxidative coupling. Although the
previous highest yield for furan over beta-UO; [110] was reported from
acetaldehyde [112], considerable formation of crotonaldehyde (formed by 3-
aldolization of two molecules of acetaldehyde) was also reported. Furan is
easily formed from crotonaldehyde. Moreover, acetaldehyde was formed
from ethylene as well as from ethanol adding a further complication to the
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scheme. The absence of acetaldehyde and crotonaldehyde during acetylene-
TPD, clearly suggests the presence of a direct route for making furan from
acetylene. Uranium oxide is considered to be a very good catalyst for
oxidation reactions [105], and U atoms are very active for carbon-carbon
coupling reactions [115]. This is demonstrated by the fact that both routes
can be successfully combined on 8-UO; as evidenced by the direct synthesis
of furan (C4H40O) from acetylene (C2H;) [116].

The chemistry of formic acid adsorption on uranium metal and uranium oxide
overlayers [37] serves as a basis for studies involving more complex
hydrocarbons. Small concentrations of carbon or oxygen containing products
were reported to desorb from a clean uranium surface exposed to formic
acid. The fact that CO and CO; do not desorb from a clean uranium surface
is not surprising. Only H;, HD, and D, desorb in large quantities after
exposing a uranium surface to DCOOH or HCOOD [37]. The ratio of the
desorption products was dependant on the hydrogen isotope adsorbed on
the surface. Surprisingly, the acyl proton contributed much more intensity in
these three channels of desorption (H2, HD, and D;) than the acidic proton. A
possible explanation could be desorption of the acidic proton as water or an
isotope of methane. The desorption temperatures Tnax for Hz, HD, and D,
were somewhat higher than those expected for hydrogen and deuterium on a
clean uranium surface [37]. In a study of the adsorption and reactivity of
methanol (CH3OD) at uranium and UO, surfaces [38] the low-temperature
adsorption of CH3OD resulted in the cleavage of the O-D bond to form an
adsorbed methoxy species. Unlike formic acid, however, the adsorbed
methoxy was stable over a larger temperature range, it being detected in
significant quantities at 300 K (decomposition resulted after annealing to 400
K). Approximately 90% of the methoxy species completely decomposes to
form a uranium oxy-carbide overlayer. Similarly, formic acid interacts directly
with the uranium surface and undergoes complete dissociation to leave
surface bound carbon and oxygen with Hp, HD, and D, desorbing at higher

temperatures.

25



CHAPTER 1. INTRODUCTION: REACTIONS AT ACTINIDE SURFACES

Acetone reactions have been reported on the surfaces of U3Og and H;
reduced UzOs using TPD, while the surface and bulk characteristics were
followed by XPS and XRD [117]. A considerable difference between the
reactivity of the surfaces of U3Og and UO; to acetone are reported. On U3Osg
a carbon-carbon bond formation reaction producing isobutene and an acetate
species during TPD is observed. Isobutene from acetone was not observed
on the surfaces of UO,. However, on UO,, acetone reacted to give mainly
propene. Propene is most likely formed due to the capacity of the UO,
surface to accommodate large quantities of atomic oxygen in interstitial

positions whilst maintaining the fluorite structure.

The first study of the surface reactions of an organic molecule over a UOy
single crystal was reported by Chong et al. [33]. The attenuation of the U
(O3P1P1) Auger line was successfully used to calibrate the surface coverage
and determine the sticking coefficient of ethanol over stoichiometric UO,
(111). The sticking coefficient of ethanol at room temperature is coverage
dependant, and is ca. 102 near saturation. TPD results have shown the
ability of UO2 (111) to dehydrogenate and dehydrate ethanol to form
acetaldehyde and ethylene, respectively, with a ratio of ca. 0.8. The reaction
selectivity is not sensitive to either ethanol coverage and O, dosing. The
comparison with other single crystals of oxide materials indicates that overall,
UO, (111) behaves like the faceted TiO; (001) single crystal and unlike TiO;
(110) single crystal [42]. The reason for this is most likely the coordinative
unsaturation of U** cations (like Ti** in faceted TiO, (001) and unlike the TiO,
(110) where half of the surface Ti** cations are fully saturated). Moreover,
although ZnO (0001)-O does not adsorb primary alcohols dissociatively, UO,
(111) does. This might be explained by a larger interstitial area in the case of
UO, (about twice that of ZnO) which allows electronic interaction between the
adsorbate and U** cations in the second layer. An inverse linear relationship
between the dielectric constant of five oxides and the
dehydrogenation/dehydration reaction selectivity during ROH-TPD is
observed. Equally important, it appears that large negative values of the
Madelung potential of the metal cation orient towards dehydration reactions
while negative values orient towards dehydrogenation reactions.

26



CHAPTER 1. INTRODUCTION: REACTIONS AT ACTINIDE SURFACES

The interaction of formic acid with UO2 (111) single crystal surfaces studied
through dynamic-LEED, and TPD experiments, has recently been reported
[41]. The sticking probability of formic acid, acetic and propionic acids was
found to track the gas-phase acidity of these molecules. Two states for
formate decomposition were observed over the stoichiometric surface. The
first is through the dehydration pathway, to give CO and H,O (a-state) and is
independent of initial surface coverage. The second pathway is
dehydrogenation to CO, (B-state) and is coverage dependant. Surfaces
modified by argon ion bombardment, exclusively afford CO, desorption by
dehydrogenation . Moreover, high coverages of formaldehyde (formed on the
reduced surface) react to give ethylene, via reductive coupling. The increase
in formaldehyde production on the reduced surface is ascribed to the
presence of two types of reduction site. The population of the first type
decreases with increasing sputtering time, while that of the second type
increases. It is thus reasonable to consider this first type as resulting from
reactions on oxygen defected but ordered surfaces. Previously, the reactions
of ethanol [33, 34] and acetic acid [35] on stoichiometric, electron-
bombarded, and argon ion-sputtered UO, (111) surfaces have been reported.
The reactions of these C, molecules exhibit similar chemistry to those
observed on other transition metal oxide surfaces such as TiO,, in which
dehydration and dehydrogenation reactions were reported. Reductive
coupling and aldol condensation reactions have also been reported for the
reaction of acetic acid on a UO, (111) which had been made defective by
electron irradiation [35].

The reactions of acetaldehyde have been studied on the stoichiometric,
electron-irradiated, H»-reduced, and argon ion bombarded surfaces of UO,
(111) using TPD [42], in order to explore how the chemistry would change
with respect to surface structure and oxidation states. Several reactions have
been observed: oxidation (dehydrogenation) to ketene, reduction
(hydrogenation) to ethanol, aldol condensation to crotonaldehyde, and
cyclization to benzene. While only traces of benzene were observed on the
stoichiometric surface, oxidation to ketene as well as aldol condensation to
crotonaldehyde was also observed (in addition to benzene) on the H-
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reduced surface. The electron and argon ion sputtered surfaces were both
able to reduce and oxidize acetaldehyde to ethanol and ketene, respectively.
The production of benzene was also found to be favoured on more reduced
and defective surfaces, the argon ion-sputtered surface giving the highest
benzene yield.

For the reaction of ethanol on a UO; (111) single crystal surface [33], two
reaction pathways were observed on the stoichiometric surface. These are
dehydration to ethylene and dehydrogenation to acetaldehyde, forming with
a product ratio of near unity. Pre-dosing the surface with oxygen was found
to alter neither the selectivity nor the yield of the
dehydrogenation/dehydration reactions. The absence of an effect due to pre-
dosing the surface with oxygen (>100 L) at room temperature was attributed
to the fact that the surface of UO, (111) is oxygen terminated [26, 27].
Furthermore, scanning tunnelling microscopy (STM) studies [118] have
indicated that additional adsorbed oxygen atoms are positioned at the
interstitial sites of the surface. Taking into account these two factors it has
been proposed that adsorbed oxygen is easily displaced from the surface by
ethanol, and thus is not present to influence the reaction pathways for
ethanol in TPD experiments [33]. The reaction of ethanol on the argon ion
bombarded surface of UO, (111) single crystal was studied by XPS and TPD
[34]. TPD results show that, in addition to products obtained via
dehydrogenation and dehydration pathways, products formed via reductive
coupling and ketonisation were observed. The operation of these pathways is
supported by the presence of surface acetate, acetaldehyde and ethoxide
species, identified from XPS measurements on this reduced surface. In
addition to dehydrogenation and dehydration pathways, several minor
reactions were reported. These were :(1) oxidation to acetates followed by
dehydration (ketene) and ketonisation (acetone), and (2) reduction to
acetaldehyde followed by coupling to butene. XPS of the O (1s) region
showed no significant changes before and after sputtering. However, the C
(1s) spectra showed the existence of traces of carbon-containing species
around 282.3-282.7 eV on both the sputtered and non sputtered surfaces,
which might be attributed to UC. The formation of uranium carbide has been
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reported on the surface of uranium metal after vacuum annealing [18, 119],
as well as after the reaction of methanol [38].

The conditions for the formation of uranium iodides have been documented
and the physical properties of uranium halides have been reported [5]. One
approach for investigating the reactions of uranium-containing material with
iodides has been taken [40]. The approach was to prepare well characterized
clean uranium metal and uranium dioxide surfaces under ultra high vacuum
conditions and to investigate quantitative and chemical characteristics of the
surfaces following the adsorption and reaction with gaseous methyl iodide
using XPS and AES techniques. . The surface chemical reactions differ in
that UC and Ul3 are formed on uranium while CHsl adsorption on UO- could
yield UOCH3; and UOI, H3CUO and IUO or IUOCH3; and H3CUOI surface
species. The identification of the surface species on uranium was
accomplished by a detailed examination of the XP spectra. For uranium
metal it was shown that CH3l adsorption could be fitted to a precursor kinetic
model. The implication of this finding led to the suggestion that the adsorption
of CHgl via a uranium-iodine bond is the rate determining step.

It has been shown previously that the complete oxidation of VOCs by
uranium oxide catalysts takes place by a redox mechanism with lattice
oxygen, probably at defect sites, as oxidant [120]. The rate determining step
of this reaction has not been unequivocally determined. However, it is
feasible that the rate determining step may be the reoxidation of the reduced
catalyst, and this has also been proposed for other redox oxidation catalysts
[121]. The presence of water vapour is known to promote the oxidation of
uranium oxides when compared to oxidation rates under dry conditions [92].
It is therefore feasible that the oxidation rate for VOCs is promoted by water
as the catalyst reoxidation rate is enhanced. The reoxidation of the catalysts
may also aid desorption of CO,, although the higher rates of benzene
oxidation compared to propane indicates that desorption of CO, may not be
rate limiting. The role of water may also have an effect on the initial activation
of the hydrocarbons, indeed, co-feeding 2.6% water reduced the light off
temperature for propane by 100°C [122]. This effect may be due to
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modification of the uranium oxide surface by hydroxylation which effectively
aids hydrocarbon activation. Uranium oxide based catalysts are active for the
oxidation of benzene and propane to carbon oxide in the absence of co-fed
water. However the addition of low levels of water (2.6%) has a marked effect
on oxidation activity, promoting the rate of complete oxidation. The addition
of higher concentrations of water (12.1%) has a detrimental effect on
oxidation activity. The addition of water also increases selectivity towards
CO., and this may be due to the water gas shift reaction [122]). The origin of
the increased activity is not clear but may be due to modification of the U3Os
catalyst surface by hydroxylation, and the contribution from new reaction

pathways, such as steam reforming, cannot be discounted.

1.6 Summary

This literature review has covered a general introduction to actinide science,
followed by the surface science measurements of thorium, uranium,
neptunium, plutonium and americium metals and reactions with reactive
gases. It is quite clear from the literature that there has been a great deal
more interest in actinide oxide chemistry, in particular uranium oxide in
relation to possible catalytic properties. Also the surface chemistry of uranium
and plutonium have received greater attention than the other light actinides
(and americium) as these are the two most amenable elements i.e. amounts
available. Not withstanding the uranium and plutonium research there is
significantly less research published with regard to clean metal studies.
However, if one wants to investigate the interaction and role of the 5f
electrons then it is comparison of reactions with a range of actinide metals (in
particular the light actinides) that will afford this information. Nevertheless,
obtaining the metal surface free of contamination can be problematic and
hence makes such a study difficult. The majority of reactions reported in this
area are of the reaction of actinide metals with gases found in natural
environment (e.g. CO, CO,, Hz, H20, O, and Ny). This leaves a wide scope
of investigation into more molecules and the role of 5f electrons in surface
reactions and bonding.
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CHAPTER 2. EXPERIMENTAL

CHAPTER 2
Experimental

2.1 Experimental

The photoelectron spectrometer used in the study of thorium and uranium
has facilities for XPS and UPS and has been described in detail elsewhere
[1]. All data reported for neptunium and americium were acquired at the
Institute for Transuranium Elements (ITU) using a Leybold-Heraeus LHS-10
spectrometer modified for work with radioactive materials as described
elsewhere [2]. Appendix 2 provides a more detailed description of the
instrumentation used in the work reported in this thesis.

The uranium and thorium foils (19.5 mm x 9.5 mm x 1 mm) were purchased
from Goodfellow Metals. Uranium was cleaned in nitric acid and thorium in a
solution of 50:50 HNO3; and water plus 0.1% HF, before mounting in the
spectrometer in order to remove most of the thick native oxide layer. The
metal surface was subsequently cleaned in situ by argon ion sputtering.
Research-grade oxygen (99.99 %), nitrogen dioxide (99.99 %), nitric oxide
(99.99 %), nitrous oxide (99.99 %) and nitrogen (99.99 %) were used without
further purification. All exposures are quoted in Langmuirs (1 L = 10° Torr-
sec). XPS spectra were acquired with non-monochromatic Al Ka radiation
(1486.6 eV). UPS spectra were acquired using He Il (40.8 eV) and He | (21.2
eV) radiation. Spectra were acquired using commercial data-acquisition
software (SPECTRA; R. Unwin) and analyzed using commercial software
(CASAXPS; Neil Fairley) and software developed in house [3]. Adatom
surface concentrations (atoms cm?) were calculated from integrated
adsorbate and substrate core-level peak intensities according to the method
described by Carley and Roberts [3, 4]. Depths were calculated using angle
resolved XPS (ARXPS) and ARCtick software [5]. By acquiring spectra at a
few different angles of emission a more accurate depth measurement can be
made. ARCtick, a computer spreadsheet, was developed at the National

Physical Laboratory (NPL). Having reviewed different quantification
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alogorithms they developed a computer spreadsheet which allows one to
apply the simplest and most reliable approaches to aid in the quantification of
ARXPS data. Inelastic mean free paths were calculated using the TPP-2

equation [6].

Thin fiims of neptunium and americium were prepared in situ by DC
sputtering of neptunium and americium. The plasma triode deposition source
has been described in detail elsewhere [7]. The deposition rates of
neptunium and amercium were controlled by varying the voltage of the
Np/Am target (-100 to -900 V). The plasma in the diode source was
maintained by injecting electrons of 50 — 100 eV kinetic energy. The
neptunium and americium targets were rods of diameter approximately 3mm,
produced at the ITU. Typical parameters for Np/Am deposition were electron
energy 50 — 100 eV, target bias ~700 V and 4 x 10 mbar Ar. XPS spectra
were acquired with non-monochromatic Al Ka radiation (1486.6 eV). UPS
spectra were acquired using He Il (40.8 eV) and He | (21.2 eV) radiation from
a windowless UV rare gas discharge source. Spectra were acquired using
software developed in house at the ITU by Thomas Gouder and analyzed
using commercial software (CASAXPS; Neil Fairley). Again, adatom surface
concentrations (atoms cm™) were calculated from integrated adsorbate and
substrate core-level peak intensities according to the method described by
Carley and Roberts [3, 4]. Depths were calculated using standard equations
(see Data Analysis) as it was not possible to collect data at different angles of
emission at the ITU. Inelastic mean free paths were calculated using the
TPP-2 equation [6].

2.2 Data Analysis

On the most basic level quantification means relating photoelectron peak
intensities to surface composition. However determination of peak area is
influenced by the peak shape and the underlying background. In addition,
correct estimation of surface concentration needs supplementary knowledge
of information depth. Many of these issues are not trivial and uncritical use of
universal methodologies may introduce error.
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CHAPTER 2. EXPERIMENTAL

There are three different types of background. The most important comes
from inelastically scattered photoelectrons from the corresponding primary
peak, forming a step like background. It is closely related to the loss function
T(E, AE), i.e. the probability of an electron of energy E to undergo an energy
loss of AE.

The first numerical treatment was proposed by Shirley [8] (figure 2.1), who
assumed a constant loss function, resulting in an inelastic background, which
is proportional to the integrated intensity at higher kinetic energy. The model
was refined later by Tougaard [9] by developing a general loss function,

which was more closely related to the physics of inelastic scattering.

Besides the step like background two other background contributions should
be mentioned. One contribution comes from the inelastically scattered
photoelectrons from all photoemission lines at higher kinetic energy and
which is best described by a linear function [10]. Finally for low kinetic
energies (<100eV), the background of low energy secondary electrons must
be taken into consideration.

The removal of a non-linear background in this work relies on the method
developed by Shirley [8], in which the background at any point due to
inelastically scattered electrons is assumed to arise solely from the scattering
of electrons of higher kinetic energy and is thus proportional to the integrated
photoelectron intensity to higher kinetic energy. The process involves
iteratively integrating the area between two selected points until a converged
background value is arrived at which can be subtracted from the peak
intensity (Figure. 2.2).
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CHAPTER 2. EXPERIMENTAL

the results of integration, which is not the case for a step like background.
When ignored, the increased asymmetry leads to an underestimation of the
peak area because part of the intrinsic intensity is treated as inelastic

background and removed.

Oxide

Arbirary Units
Arbkrary Units

i Metal

T T T T T T T T YT T T T [ T T TR
370 375 380 385 390 395 400 405 410 415 -
Binding Enemy (eV) Binding Energy (eV)

XPS UPS

Figure 2.3 U (4f) and UPS He Il spectra of U-metal and UO, showing asymmetry of the U
(4f) metal peaks and the UPS indicates the density of states at the Fermi level.

2.2.3 Spectral Smoothing

Smoothing can be used to minimize the effects of poor signal-to-noise ratio
brought about by low sensitivity or where time constraints prohibit prolonged
scanning (particularly relevant for the study of the highly reactive actinide
metal surfaces). Smoothing of the spectrum improves the signal to noise
ratio. The technique was initially developed by Savitsky and Golay [12]. A
least squares approach is used where a polynomial is fitted to the data over
an odd number of points known as the smoothing interval. Increasing the
number of points used in the smoothing interval increases the degree of
smoothing, with the optimal value being 70% of the data points in the full
width half maximum (FWHM) of the peak [13]. Spectra distortion (figure 2.4)
is always a concern with any smoothing operation, therefore the data

presented in this work is unsmoothed.
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Original

Over smoothed

Smoothed

A
Arbipary Units

Arbirary Unis
v

Arbtrary Units

TTITTT T T TN T" T T
370 375 380 385 300 3NS5 400 405 410 415

Binding Energy (o) v

LGREN | T T T T T T T T
F0 375 360 S W0 I8 40 40 418
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i
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Figure 2.4 Clean uranium metal U (4f) spectra showing broadening of the U (4f) metal
peaks, and the appearance of extra features in the difference spectrum, as a result of
spectral smoothing.

2.2.4. Spike removal

Spikes, irregular points, in the photoelectron spectra are occasionally caused
by power surges and should be removed before any data analysis is carried
out. Anomalous points may seriously effect smoothing and curve fitting
operations. Such points are automatically detected and removed by the
software used.

2.2.5. Spectral subtraction

This process involves the point-by-point subtraction of one spectrum from
another to produce a difference spectrum. The application of this technique
to XPS is very sensitive to the alignment and normalization of the spectra,
generating false results unless carried out with great care and attention.
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Figure 2.5 Spectral subtraction. The spectrum on the leff shows the U (4f) peaks of an
oxidized surface. The spectrum contains a residual metal contribution to the peaks which we
wish to subtract. The box on the right shows the resulting subtraction of the metal
contribution to the peaks. This process is useful in depth determination when an accurate
calculation of the oxide contribution to the peak area is required.

This facility is required when a peak arises in the spectrum in a position such
that it is superimposed on another, already present peak. Uranium studies
show the N (1s) region overlaps with one of the uranium oxide (4f) shake-up
satellite peaks. The removal of the satellite contribution from the spectra
increases the accuracy of the determined N (1s) peak intensity. This was
particularly valuable when undertaking the adsorption studies of the nitrogen

oxides on a uranium surface.

Prior to subtraction the peak which is to be subtracted is scaled to match the
intensity of the equivalent peak in the composite spectrum (figure 2.5). Care
must be taken however as improper scaling can result in the emergence of

artificial peaks or troughs in the difference spectrum.

2.2.6. Curve Fitting

Composite spectra maybe formed by the overlap of two or more peaks
arising from differing chemical states of a particular surface species. Curve
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CHAPTER 2. EXPERIMENTAL

the photo-ionization cross section. The photo-ionization cross section (v) is
the probability that an electron will be ejected from a particular orbital of a
particular atom. Values of y are influenced by the size and shape of the
orbital as well as the ionizing photon energy.

The photo-ionization cross sections for both Mg Ka and Al Ka radiation have
been tabulated by Scofield [15] relative to the cross section of the C (1s)
orbital. The value of y is also dependant on the angle of detection with
regard to the incident x-rays (8), the corrected value (v ') being given by:

. _£(3c0520—1ﬂ
# = ————
{ 2L 2 2.1)

where B is the angular distribution asymmetry parameter calculated and
tabulated by Reilman et al [16]. The angle (8) for the spectrometer used in
Cardiff is the so-called ‘magic angle’ of 55°, which renders the term 3cos? 8

equal to unity resulting inu "= u.

Madey et al. [14] derived a first principles equation relating measured
intensities of photoemission from a bulk metal and an adsorbed layer. Later
modified by Carley and Roberts [4], it reduces to the simple form:

1a(Xa) / 1n(Xm) = ta (6, Xa)0a/ fim (6, Xem) NeAm(€)) COSP  (2.2)

Where 13(Xa), Im(Xm) are the measured intensities of the XP signals from the
adsorbed layer and metal respectively, ny, is the density of emitting atoms in
the metal, An(€i) the mean free path of photoelectrons from level X, in the

metal and o, is the surface concentration of adsorbed species.

The equation for calculating surface concentrations was then updated to the
following form:

48



CHAPTER 2. EXPERIMENTAL

_ KE , x 1, y HsNAspg cos @
KE

(o)
§ s I UM

(2.3)

where,

o = Surface concentration (cm‘2)

A = adsorbate

S = substrate

| = integrated peak intensity

KE = kinetic energy

4 = modified photoionization cross section

¢ = photoelectron take-off angle with respect to the surface normal
N = Avogadro’s number

Ag = escape depth of photoelectrons through the substrate

Mg = molar mass of the substrate

ps = Substrate density

Many of these parameters are constant for a particular absorbate, substrate
and spectrometer so that we can simplify the equation to,

[AxA

Ga=7 (2.4)
S

where A is a constant for a particular substrate/adsorbate system.

The Carley-Roberts equation (equation 2.2 and 2.3) makes the assumption
that the adsorbate is non-attenuating; surface coverages greater than a
monolayer are therefore underestimated as the scattering by the adsorbate
cannot then be considered negligible. Once the surface coverage is greater
than a monolayer depth calculations must then be undertaken in order to
calculate a surface covering.
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2.2.8. Inelastic mean free path and Depth Calculations

Improved calculation of the inelastic mean free path (IMFP), A, has recently
been done, taking the physics of the scattering process more into
consideration. Tanuma et al [6] have developed the following TPP-2

analytical expression for A:
A = E/ {E[BIn(yE) — (C/E) + (D/E?]} (2.5)

where,

A = the IMFP (in A)

E = the electron energy (in eV),

E,=28.8(Nyp/ M)"2 and is the free-electron plasmon energy (in eV)

p = the density (in g cm™)

N, = the number of valence electrons per atom (for elements) or molecule
(for compounds)

M = the atomic or molecular weight

The terms B, y, C and D in Eq. (2.5) are regarded simply as adjustable
parameters in the fits to the calculated IMFPs. Values of 8, y, C and D
derived from the fits to the IMFPs for 27 elements and 14 organic compounds
were analysed to yield the following expressions in terms of material
parameters [17]:

B =0.10 + 0.944 / (E,> + E%) "2 + 0.0690%'  (2.6)

y=0.191 p0° (2.7)
C=1.97-0.91U (2.8)
D = 53.4 - 20.8U (2.9)
U =N, p/M = E,%829.4 (2.10)
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Where Eg is the bandgap energy (in eV) for nonconductors. This new
formalism has been applied to elements, inorganic and organic compounds

and shows much improved RMS deviations compared to earlier formulations.

Depth calculations for the thorium and uranium experiments detailed within
this thesis were calculated using ARXPS and the ARCtick software [5].
ARXPS measurements were not possible when conducting the work on
neptunium and americium at the ITU and therefore the following method of
depth calculation was utilized. Inelastic mean free paths for thorium, uranium,

neptunium and americium were all calculated using the TPP-2 equation [6].

The above method of surface coverage calculation assumes that the
adsorbate is non-attenuating, the calculation of surface coverages greater
than a monolayer using this equation will be liable to serious underestimation
since in this case the scattering effect of the adsorbate cannot be considered

negligible.

For large surface coverages the thickness (d) can be estimated using the

following equation based on the attenuation of the substrate signal,

i ——d—cos¢
—=c A
2.11)
0

where,

| = integrated substrate intensity after film deposition

lo = integrated intensity of the clean substrate

d = film thickness

A = inelastic mean free path of the substrate photoelectrons through the
adsorbed film

® = photoelectron emission angle with respect to the surface normal
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CHAPTER 3
Photoemission Studies of the Surface Reactivity of Thorium: Oz, NO,
NO: and N.O adsorption studies

3.1. Iniroduction

This chapter investigates the surface reactivity of thorium metal with respect
to Oz, NO, NO2 and N,O. Thorium metal, at the beginning of the actinide
series in the periodic table, has the valence electronic configuration of 6d27s2
(containing no 5f states). It is therefore a good system for comparison with
uranium, neptunium, plutonium and americium (which all have 5f occupation)
for investigating the role of 5f electrons in surface reactions and bonding. 5f
electron behaviour is of fundamental interest in understanding actinide
chemistry. Thorium metal therefore allows us to investigate a 5f° system and
the behaviour of 6d7s valence electrons.

The effect of nitrogen oxides (NO NO,, N2O) on the oxidation of thorium
metal has not previously been investigated. It is of interest to study the
surface reaction of these gases with Th metal and compare to oxidation by
0O2. NO2 and N2O can act as chemical sources of oxygen atoms [1-4], while
NO can be considered to undergo bonding with metals similar to CO. The
intent of this investigation was to examine and compare the chemisorption
and initial stages of reaction of O, N2O, NO and NO; on a clean thorium
surface.

3.2. Results

3.2.1 Oxygen (O) Adsorption

The 4f core-level photoelectron spectra of Th metal and after the metal
surface has been exposed to increasing doses of oxygen are shown in

figures. 3.1 and 3.2. The shape and binding energies of the 4f peaks prior to

exposure to oxygen corresponds to those of Th metal (342.4 and 333.1 eV
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Figure 3.1 also shows that when the poorly screened peak is fitted using the
FWHM and peak position parameters of the ThO, peak (figure 1(b)),
following 3000 L exposure of oxygen, the residual shows clear structure on
the higher BE side of the well screened peak and a large standard deviation
from the clean metal peak structure. In contrast the best fit of the poorly
screened peak exhibits a residual with almost no structure on the higher
binding energy side of the well screened peak and a much smaller standard
deviation. The absence of O (2p) and O (1s) intensity together with the poor
fit to the thorium (4f) metal peak using the FWHM and peak position of ThO,,

confirms the cleanliness of the metal surface.

0, adsorption at 300 K Th Metal Th (4f)
335.2eV
LO, 333.16V/ULV
I —
g 350 w,_,\&_—,//
i ——
g I — \»/\_,\wb
= 10
s —— N
0
.320 | 3301 l' ‘340l ‘350 A360
Binding Energy (eV)

Figure 3.2. Th(4f) spectra of the oxidation of Th metal

The gradual oxidation of Th by increasing exposures of oxygen results in the
increase of a peak coincident with the higher binding energy (BE) satellite of
the clean metal (4f;;2) peak at 335.2 eV (figure. 3.2). A shake up satellite at
343 eV contributes to the shoulder on the low binding energy side of the Th
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(4fs2) peak. The shake up satellite can be seen at approximately 352 eV.
Satellites at these energies are characteristic of bulk ThO, [9]. The shoulder
on the low binding energy side of the oxidised Th (4f;,) peak suggests the
presence of unoxidised metal in the near surface region. Contributions to the
Th (4f) peak envelope indicative of the presence of metallic thorium are still
present, even at the highest exposures of O,. This is most likely due to metal
emission from under the oxide film, implying that the oxide layer formed is not
very thick. Calculations support this showing an approximate oxide depth of 1
nm indicating that Th metal is still within the information depth of XPS.
Photoemission spectra of polycrystalline ThO, has been reported and show a
symmetric 4f peak shape [10] with no residual metal shoulder. Therefore the
oxide film formed following exposure to O, retards further oxidation (diffusion
of oxygen ions) at the surface, leaving a metal contribution to the 4f peak

envelope within the information depth of XPS.

25

510
Binarg Emegy o)

10

O, adsorption at 300 K Th Metal O(1s)
531.0eV
2 | Lo,
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]
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> 100
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520 530 540
Binding Energy (eV)

Figure 3.3. O(1s) spectra following oxidation of Th metal. inset difference spectrum
showing the result of a subtraction of the spectrum following 25 L. exposure from the
spectrum following 350 L exposure.
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With increasing O. exposure a symmetric O (1s) peak at 531 eV binding
energy, assigned to O% species in ThO, [10], increases in intensity (figure
3.3), associated with surface oxide. Increasing exposures (>25 L) of O, do
not cause a significant increase in intensity of the O (1s) feature (inset figure
3.3), cohfirming that the reaction has slowed considerably. The oxide layer
thickness is still within the sampling depth of XPS (residual metal peaks are
observed in the Th (4f) spectra and the oxide depth is calculated to be only
approximately 1 nm), and therefore the lack of change in the spectra can not
be attributed to the oxide depth being greater than the XPS sampling depth.
The difference spectrum also shows that there is no development of intensity
on the higher binding energy side of the main O (1s) peak.

UPS He (l) and He (Il) spectra of a Th surface exposed to increasing O,
doses are shown in figures 3.4 and 3.5. The spectrum of the clean surface is
typical for Th metal [11], exhibiting Valence-band (6d7s) states extending
from Er down to ~3 eV BE. The valence states exhibit similar intensity in the
He | and He Il spectra confirming the 6d7s character and the absence of 5f
electrons. For any admixture of 5f states there would be an increase in
intensity of the valence band in the He |l spectra, when compared to the He |,
due to the increased photoionisation cross-section for 5f states at the higher
photon energy. The metallic spectra exhibits a density of states (DOS) with a
maximum at about 0.6 eV BE, from which it decreases towards Er. The
exposure to oxygen produces an immediate change in the UPS spectra. The
intensity close to Er decreases to zero and an O (2p) band exhibiting a two
peak structure forms. The two peak O (2p) structure is typical for the
formation of actinides dioxides [5]. The oxidized thorium shows a broad (5.7
eV) band, with the main intensity centred at 5.5 eV. The higher binding
energy region of the O (2p) valence band contains the largest admixture of
cation d-electron wave function that results from cation-anion hybridisation;
the region is usually referred to as the bonding part of the band. Therefore
the higher binding energy O (2p) feature involves states hybridized
predominantly with the Th (6d) states. The lower binding-energy part of the O
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O, adsorption at 300 K Th Metal He (1)
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Figure 3.4. UPS He (l) (21.2 eV) spectra of Th oxidation
O, adsorption at 300 K Th Metal He (1l)
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Figure 3.5. UPS He (ll) (40.8 eV) spectra of Th oxidation
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(2p) valence band is referred to as the nonbonding region, since it contains
less cation d-electron character. Comparing the He | and He Il spectra,
increasing the photon energy from 21.2 to 40.8 eV results in a slight increase
in the relative intensity of the higher binding energy feature of the O (2p)
band, presumably because of the larger cross section for emission from d
orbitals at higher photon energies than from the p orbitals. The decrease in
metallic (6d7s) emission close to Ef is consistent with the oxidation of Th

metal, which has a DOS at E¢, to ThO, which being an insulator, has none.

3.2.2. Nitric Oxide NO Adsorption

NO adsorption at 300 K Th Metal Th(4f)
L NO 334.5¢eV 343.9eV
333.1eV__— /
2 /)
> 350 /
& | 100 /
S | 0 /\,J / \_\_’—
©
2| — U&\_ﬁ
2
c
£ | 5 \/\\%
, —
320 330 340 350 360

Binding Energy (eV)
Figure 3.6. Th(4f) spectra for NO adsorption

Figure 3.6 shows the 4f core-level photoelectron spectra of Th metal when
exposed to increasing doses of NO gas. Early stages of NO reaction with the
thorium surface result in the decrease of the metallic signal and an increase
in intensity of an oxide peak at 334.5 eV. The increase of this peak combined
with the decrease in intensity of the metal emission gives rise to the
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and for exposures greater than 50 L there is negligible change in peak
intensity. Initially, for NO exposures in the range of 5 — 25 L, a single peak
appears in the spectrum at 530.9 eV indicating oxide formation. At exposures
above 25 L there is a very slight increase in intensity on the higher BE side of
the main peak. This increase in intensity is confirmed in the difference
spectrum (inset figure 3.8). This peak located at approximately 532.7 eV is in
a position where we might expect to see intensity if there was molecular NO
adsorption. This suggests that at higher exposures some NO may

molecularly adsorb on the oxide surface.

NO adsorption at 300 K Th Metal O(1s)
L NO 530.9eV
532.7eV
) 530.9eV
.‘*g"
532.7eV
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3 | 100 N
8 50
z Rt
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Figure 3.8. O(1s) spectra for NO adsorption. Inset difference spectrum showing the result of
a subtraction of the spectrum following 25 L exposure from the spectrum following 350 L
exposure.

An increase in intensity of a peak at 396.2 eV is observed in the N (1s)
photoemission region (figure. 3.9), a binding energy which is similar to
previously reported values for N(a), UN [12] and other nitrides. The N (1s)
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CHAPTER 3. Photoemisison Studies of the Surface Reactivity of Thorium:
0,, NO, NO,, and N,O adsorption Studies

than the N (1s) feature. The outgoing photoelectron has a relatively small
amount of kinetic energy hence it has a small inelastic mean free path (see
experimental chapter). This results in a limited escape depth for the nitrogen
Auger photoelectrons and an increase in the surface sensitivity. Therefore
this could imply that there is incorporation of nitrogen into the subsurface

region resulting in a decrease in intensity of the Auger peak.

Although it has been established from the O (1s), N (1s), and nitrogen Auger
spectra that both oxygen and nitrogen species are present on the surface,
the chemical shift of 1.4 eV in the Th (4f) binding energy indicates the
formation of a surface compound other than thorium dioxide or nitride. A shift
of 2.1 eV for the dioxide and 0.4 eV [11] for surface nitride would be
expected. UPS spectra provide further information on the “oxide” formed.

NO adsorption at 300 K Th Metal NKLL

L NO 1101.0eV
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Figure 3.10.X-ray induced N Auger spectra for NO adsorption
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Figure 3.11. UPS He(l) spectra of NO adsorption on Th
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Figure 3.12. UPS He(ll) spectra of NO adsorption on Th
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In the UPS He | and He |l spectra (figure 3.11 and 3.12), NO exposures
below 10 L result in a slight decrease in the emission at Ef, and a broad peak
between 2 — 8 eV is observed. This is composed of a symmetric oxide peak
centred at ca 6eV, which is typical for O (2p) emission from surface oxide
[13], and one centred at ca 3 eV characteristic for 2p states of ThN [12].
Simultaneously the conduction band signal decreases in intensity, due to the
transfer of the 6d7s-electrons into Th-N and Th-O bonds (appearing in the
spectra as N (2p) and O (2p) bands). The O (2p) peak, at 10 L and below,
looks very different from that of ThO,. ThO, has a broad 5.7 eV wide two
peak O (2p) band in contrast the O (2p) peak following exposures <10 L NO
is symmetrical and narrower (~ 3 eV). The experiments previously discussed
for O, adsorption have shown that thorium dioxide is formed even in the
presence of metal and no intermediate oxide is formed. However the
symmetric O (2p) peak observed indicates the formation of an oxide where
thorium is in a lower oxidation state than +4 as observed in the dioxide. The
presence of chemisorbed oxygen, giving rise to the symmetric O (2p) peak,
can be ruled out as we would expect a less broad, much sharper peak
centered between 5 and 6 eV [14]. Therefore the spectra obtained indicate
the formation of a thorium oxide lower in oxidation state that ThO, (of which
no bulk oxide is known) stabilized by the presence of nitrogen on the surface.
We therefore propose the formation of an “oxynitride” species. Further
exposure to NO, 10 L and above, results in the development of an O (2p)
feature at a slightly higher BE (approximately 7 eV) producing a two peak O
(2p) band. Concomitantly there is an increase in intensity centred at ca 5 eV
and the O (2p) band begins to resemble the O (2p) band of ThO,. The shift in
the N (2p) peak from 4 to 3 eV is typical of Th3N4 nitride formation [11]. There
is a concomitant decrease in emission at E;. At these higher exposures all
6d7s states are transferred into the N (2p) and O (2p) bands. The DOS at the
Fermi-level drops to zero, and the resulting compound is an insulator.
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3.2.3. Nitrogen Dioxide (NO2) Adsorption

Initially, for an exposure of 5 L, the Th (4f) spectrum is essentially as was
found for NO adsorption (figure 3.13 and 3.14), a Th (4f;2) component at
334.5 eV developing and by 50 L exposure there is no evidence of a metal
component in the spectrum. This shift in core levels is similar to that seen
after exposure to NO (1.4 eV), and compares with a 2.1 eV shift for ThO
[10]. The O (1s) spectra observed following exposure to NO, are similar to
the spectra acquired following exposure to NO. For exposures up to 25 L a
single O (1s) peak with a binding energy of 530.9 eV is observed (figure
3.15). A second oxygen species appears at 532.8 eV for higher exposures (>
25 L) of NO,. Again this is similar to what is observed for NO, although this
peak is slightly more intense than the analogous peak following NO
exposure. The higher binding energy O (1s) peak contributes approximately
8 % and 20 % of the surface oxygen for NO and NO, exposure respectively.

NO2 adsorption at 300 K Th Metal Th(41)
333.1 e\/334.5eV
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Figure 3.13. Th(4f) spectra for NO, adsorption
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following exposure to NO. A similar explanation for the decrease in intensity
of the peaks, due to the low kinetic energy of the photoelectrons resulting in a

limited escape depth, is offered.

NO, adsorption at 300 K Th Metal N KLL
L No, 1101.0eV
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Figure 3.17. X-ray induced N Auger spectra for NO, adsorption

The UPS results (Figure. 3.18 and 3.19) are essentially identical to those
observed for NO adsorption, and similarly for adsorption at exposures below
10 L “oxynitride” formation is proposed. However, at higher exposures of NO,
(above 350 L) we see further changes in the spectra. In the spectra following
NO, exposure it is more apparent that there is some molecular adsorption at
these higher exposures as shown by the growth of a peak between 9 and 11
eV. This is in the region where we would expect to see molecular adsorption
of NO [15]. The first band for gaseous NO is observed between 9 and 10.5
eV resulting from the removal of the antibonding 2p electron. This
observation supports the O (1s) and N (1s) spectra which indicate increased

molecular NO adsorption following NO, exposure.
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Figure 3.18. UPS He(l) spectra of NO, adsorption on Th
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Figure 3.19. UPS He(ll) spectra of NO, adsorption on Th
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Exposures to NO, above 10 L result in a similar change in the spectra as
observed following exposure to NO: the development of a peak on the higher
binding energy side of the O (2p) band resulting in a two peak structure
following 25 L exposure and an increase in intensity centred at ca 5 eV. The
O (2p) péak at these exposures begins to resemble that observed following
dioxide formation. The shift in the N (2p) peak from 4 to 3 eV is typical of a
change from ThN to ThsN4 nitride [11].

The results obtained following NO, exposure suggest that NO, reacts with
the thorium surface in a similar way to NO, at least up to 350 L exposures.
Above 350 L exposure the O (1s), N (1s) and UPS spectra produced
following NO2 adsorption suggest increased molecular NO adsorption

following exposure to NO..
3.2.4. Nitrous Oxide (N2O) adsorption

Figure 3.20 shows the 4f photoelectron core-level spectra of Th metal
exposed to increasing doses of N,O gas. Initially, after 5 L exposure, there is
almost no change in the Th (4f) spectra. Following 10 L exposure of N2O, an
increase in a peak centred at 334.8 eV and a slight decrease in the metallic
contribution to the 4f envelope is observed. For exposures above 25 L the Th
(4f) peaks at 334.8 eV and 344.2 eV dominate the spectra and the metallic
contribution is greatly attenuated. These new peaks are shifted 1.7 eV from
the well screened metallic peaks at 333.1 eV and 342.5 eV. This is, as was
observed for NO and NO, exposures, intermediate between that of ThO, (2.1
eV) and Th3Ns (0.4 eV). However there is a slightly larger shift in the 4f
binding energy following N2O exposure, when compared to NO and NO..

Intensity on the lower binding energy side of the oxide (4f) peaks, at 25 L and
above (inset figure 3.20), shows there is also a contribution from underlying
metal or surface ThN formation, which both reside at the same binding
energy, 333.1 eV [11]. The presence of nitrogen on the surface, confirmed by
the N (1s) spectra (figure 3.22), indicates that the contribution could possibly
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CHAPTER 3. Photoemisison Studies of the Surface Reactivity of Thorium:
0., NO, NO,, and N,O adsorption Studies

be from nitride. However depth calculations which show the overlayer depth
to be similar to that following exposure to oxygen, 1.5 nm, would imply that
the shoulder on the low binding energy side of the oxide peak is actually (at
least in part) due to a residual metal contribution to the Th (4f) peaks. The
oxide overlayer hence retards further reaction and a metallic contribution to
the Th (4f) peaks is still visible within the information depth of XPS. O(1s)
spectra following exposure of Th metal to N>O gas are shown in figure 3.21.
Initially, after 5 L exposure, a single peak appears in the spectrum at 530.9
eV indicating the presence of oxide on the surface. The initial rate of reaction
appears to be slower when compared to NO and NO; as indicated by the
weaker O (1s) peak following 5 L exposure. Quantification of the oxygen
coverage, at this exposure, confirms this observation with 1.5, 3, and 4 x 10™
atoms/cm? for N2O, NO and NO, respectively. Above 5 L the peak increases

in intensity. Only the single oxide peak is observed.

N,O adsorption at 300 K Th Metal N(1s)
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Figure 3.22. N(1s) spectra for N,O adsorption
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The N (1s) spectra show an increase in intensity of a peak at 396.4 eV
following 5 L exposure of N,O (figure. 3.22). There is very little change in this
peak upon increasing exposures, only a shift to slightly lower binding energy
of 395.8 eV and what appears to be a slight decrease in intensity. This
observation is confirmed by calculations which show a decrease in surface
coverage from 1 x 10™ to 5 x 10" atoms/cm? between 10 and 25 L
exposures. The presence of nitrogen is once again confirmed by the x-ray
induced N Auger spectra (figure 3.23), which also shows the decrease in
intensity with exposure. This may suggest that as discussed previously
nitrogen diffusion to a subsurface position, penetrating deeper into the
thorium lattice than the oxygen occurs. However the decrease in intensity of
both the N (1s) and Auger peaks following exposure to N»-O indicates that the

nitrogen may actually recombined and leave the surface as Nz().

N,O adsorption at 300 K Th Metal NKLL
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Figure 3.23. X-ray induced N Auger spectra for N,O adsorption

The He | and He 1l UPS spectra show that with increasing exposures of N,O,
the N (2p) and O (2p) bands grow between 2 and 8 eV (figure 3.24 and 3.25).
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Figure 3.24. UPS He(l) spectra of N,O adsorption on Th
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Figure 3.25. UPS He(ll) spectra of N,O adsorption on Th
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The reaction appears to proceed at a slower rate when compared to the NO
and NO, reaction, and there also appears to be more nitrogen adsorbed
initially following N2O exposure. Adsorbed oxygen:nitrogen ratios support this
observation showing a smaller ratio for initial (5 L) reaction of N2O. The
calculations showed ratios of 0.5, 1 and 1.3 for N.O, NO and NO,
respectively. The calculated ratio of 0.5 following 5L exposure of N>O
suggests complete dissociative adsorption of 2Ny and O, ((a) = adsorbed),

a possible reaction scheme is

N2Og) = N20@) = Na@) + O@) = 2Ne) + Og).

The conduction band signal does not decrease to zero intensity until
exposures greater than 25 L. N (2p) states of the nitride are centered at 4 eV.
O (2p) states of the oxide are centered at 6eV. For exposures up to 25 L, the
UPS spectra are similar to those observed for NO and NO, adsorption. It
appears that up to 25 L there is similarly the formation of a metallic
“oxynitride” overlayer. The symmetric O (2p) shape, adsorbed nitrogen and
the intermediate Th (4f) peak shift support this proposal. However, when we
increase the exposures of N,O above 25 L we see a slight difference in the
spectra when compared to NO and NO,. The emission at Er does similarly
decrease to zero and we have the formation of an insulator at 50 L. However
in contrast to the spectra obtained for NO and NO, it appears that there is
increased oxidation. In contrast to the slight increase in a higher binding
energy contribution to the O (2p) peak at higher exposures of NO and NO,
we have a definite two peak O (2p) structure almost identical to that
produced following exposure to O,. The slight increase in shift of the Th (4f)
peaks for N2O exposure (1.7 eV) compared to NO and NO, adsorption (1.4
eV) also support the increased oxidation following exposure to N2O.
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3.3. Quantification

Initial exposure up to 5 L produce the expected ratios of oxygen:nitrogen for
all three nitrogen oxides (Figure. 3.26) indicating complete dissociation for all

three gases on the clean metal surface i.e.
NO -> NO@) = N + O

NO2g) = NO2z) > NOg) + Oz = Nz + 204
N2O(g) = N2O@) = Nz + Ofa) = 2N + Oy
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Figure 3.26. Oxygen:nitrogen ratio following increasing exposures of NO, NO, and N,O

For exposures between 5 and 25 L, a higher oxygen to nitrogen ratio than the
expected 1:2 or 1:1 for adsorbed and dissociated N,O and NO respectively is
calculated (Figure. 3.26). NO; reaction did however result in approximately
2:1 oxygen to nitrogen ratio. Assuming that nitrogen is not lost in the gas
phase during exposure to N,O and NO, the conclusion has to be either that
free nitrogen produced by the dissociation of N2O or NO has dissolved into

77



CHAPTER 3. Photoemisison Studies of the Surface Reactivity of Thorium:
02, NO, NO,, and N,O adsorption Studies

the bulk of the polycrystalline thorium crystal, or that the nitrogen atoms had
recombined and left the surface as Nzg). The N (1s) combined with the N KLL
Auger spectra suggest that following exposure to N2O nitrogen atoms
recombine and desorb from the surface as Nzg). Both N (1s) and nitrogen
Auger spectra show a decrease in intensity with exposure above 5 L. If the
nitrogen had dissolved into the bulk we would expect a more pronounced
change in the highly surface sensitive N KLL Auger peak when compared to
the N (1s) peak. The limited escape depth of the N KLL Auger photoelectrons
would mean Auger photoelectrons originating from dissolved nitrogen would
not escape the surface resulting in a decrease in intensity of the Auger peak.
In contrast the N (1s) photoelectrons have a greater escape depth and a
decrease in intensity of the N (1s) peak would occur later, if at all, when
compared to the N KLL Auger peak. The results obtained for NO and to a
lesser degree NO, suggest nitrogen dissolves into the bulk. A decrease in
intensity of the Auger peak but no change in the N (1s) intensity is observed.
The results suggest that nitrogen adsorbed on the surface following exposure
to NO and NO, diffuses to a subsurface position, penetrating deeper into the

thorium lattice than the oxygen.

Figure 3.26 also shows a rapid increase in oxygen:nitrogen ratio observed for
N2O exposures above 25L, much greater than for NO and NO,, indicating
that only oxygen adsorbs on the “oxynitride” covered surface i.e. N2O) —
N2y + Og). In the early stages, <25 L, there is some N2O) = 2N + Oy
where complete dissociation occurs at the most reactive metal sites. These
calculations suggest that N2O only partially dissociates (N2O = Ny + O))
on the surface oxynitride and the nitrogen gas formed does not react with
surface. Only oxygen incorporation is observed which gives rise to the
increased oxygen:nitrogen ratio above 25 L and the increased oxidation
observed in the spectra.

Oxygen and nitrogen coverage calculations (figure 3.27) show that for
oxygen exposure we observe the most rapid uptake of oxygen. Oxygen
uptake slows after only 5 L and there is no further increase above 25 L. The
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coverages following exposures of NO show again, as already discussed for
the oxygen:nitrogen ratios, that initially following exposures <5 L oxygen and
nitrogen uptake is approximately the same. However, 5 — 25 L exposures, a
greater increase in surface oxygen is observed and supports the earlier
proposal that surface nitrogen dissolves further into the bulk than oxygen
therefore appearing as though the nitrogen surface coverage does not
increase. The initial rate of reaction for all three nitrogen oxides is slower
than oxygen suggesting that adsorption prior to dissociation is the rate
determining step. The final surface coverages, when nitrogen and oxygen
coverages are included, are similar to that achieved following oxygen
exposure. Lower oxygen coverages are observed for the nitrogen oxides as
there is also nitrogen present on the surface which will occupy possible
oxygen adsorption sites limiting the amount of adsorbed oxygen.

Quantification of the N (1s) and O (1s) peaks of the species assigned as
molecularly adsorbed NO, at 532.7 eV and 399.5 eV respectively, following
350 L NO and NO, exposure, show very similar concentrations for both O,
and N (table 3.1). A ratio of approximately 1:1 for O:N support the proposed
molecular adsorption of NO following exposure to NO and NO,.

O (1s) N (1s) .
L Oxygen Surface e Nitrogen Surface .
Binding Binding Ratio
Coverage Coverage
Energy 15 2 Energy 15 2 O:N
(x 10 atoms/cm?) (x 10 ° atoms/cm®)
(eV) (eV)
NO
532.7 1.21529 399.5 1.06375 1.14
(350L)
NO.
532.7 2.28117 399.5 2.18082 1.04
(350L)

Table 3.1. Oxygen and nitrogen coverage calculations using the N (1s) and O (1s) peaks of
the species assigned as molecularly adsorbed NO.

Film thicknesses, figure 3.28, are calculated (as described in Chapter 2) by
integrating the area under the “oxide” and metal contributions to the Th (4f)

peak and measuring the attenuation of the metal contribution as a function of
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exposure. For Oz adsorption we observed the most rapid initial uptake of
oxygen, but upon the formation of an oxide layer, approximately 1 nm thick,
oxidation slows dramatically and further oxidation is slow, indicating that
oxygen diffusion to the metal oxide interface is inhibited. Adsorption of N2O
results in a slower uptake below 5 L. For exposures above 5 L the oxide
thickness increases more rapidly and saturates, for exposures > 20 L, at a
value similar to that observed following O, exposures. In both cases (N.O
and O;) the overlayer inhibits further reaction and thorium metal is still
observed within the information depth of XPS. Initially the rate reaction
following NO and NO; exposures is slower than that following exposure to
oxygen. However for higher exposures (> 20 L) the oxide thickness develops
more rapidly than for O». This would indicate that dissociative adsorption and
diffusion to the metal gas interface is more thermodynamically favourable for
NO and NO; in the presence of the proposed “oxynitride” surface than for
oxygen and an oxide layer. The overlayer produced is also thick enough so
that thorium metal is no longer, following NO and NO, exposure, within the
information depth of XPS.

5.0
Adsorption at 300 K Th Metal 00,
4.5 —A— NO
2
4.0 —8— NO

® —— NZO
35 / A

Depth / nm

5 10 16 20 25 30 35 40 45 50 55
Exposure (L)

Figure 3.28. Depth analysis following increasing exposures of O, NO, NO, and N,O
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3.4 Discussion

The data for low exposures (~5 L) of the nitrogen oxides (N2O, NO and NO,)
do not support ThO2, ThN or ThzN4 formation. The binding energies for the
Th (4f) and a symmetrical O (2p) peak in the valence band indicate the
formation of an oxide lower in oxidation state than thorium dioxide, although
there are no stable lower bulk oxides of thorium known. Instead ThO, forms
even in the presence of Th metal, and no intermediate pure oxide is formed.
As with uranium where a lower uranium oxide is stabilized by impurities, i.e.
in reality oxynitrides/carbides [16], the formation of a thorium “oxynitride”
following low exposures to N2O, NO and NO; is therefore proposed, in which
the lower oxide of thorium is stabilised by the presence of nitrogen on the

surface.

The thermodynamic criterion governing NO dissociation on metals rests on
the ability of the metal to form a stable oxide and nitride, as is the case with
Th metal [11]. Nitric oxide adsorbs dissociatively on the uranium surface at
298 K producing atomic oxygen and atomic nitrogen. It is proposed that the
interaction of nitrogen and oxygen produces an oxynitride layer. Following
exposures of NO, 25 L and above, the UPS spectra show further reaction the
O (2p) peak begins to form intensity at slightly higher BE and a two peak
structure develops typical of actinide dioxide formation. A shift in the N (2p)
peak from 4 to 3 eV is also typical of ThN to Th3Ny4 nitride formation [11]. At
these higher exposures all 6d7s states are transferred into the N (2p) and O
(2p) bands. The DOS at the Fermi-level drops to zero, and the resulting
compound is an insulator. In contrast to the UPS spectra no shifts in the Th
(4f) XPS spectra suggesting dioxide formation are observed. A single peak
shifted 1.4 eV from the clean metal peak remains unchanged up to 350 L.
Upon increased exposures, 25 — 350 L, the probability of a NO molecule
landing on a site with vacant nearest neighbours is decreased, so
dissociation of adsorbed NO molecules is inhibited and hence molecular
adsorption is observed. The appearance of peaks at higher binding energy
with regard to the oxide and nitride peaks in the O (1s) and N (1s) spectra
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