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Abstract 
The demand for clean electricity is a primary concern in Europe. Nuclear power is 

considered as a greenhouse gas-free technology for generation of electricity. However, 

compared to other energy sources, it generates a highly toxic waste.  

In Sweden, the long-term solution for the waste disposal issue is called the KBS-3 method. 

It is based on protective natural and engineered barriers surrounding the spent nuclear fuel 

in order to isolate it from the biosphere, thereby ensuring protection of the environment 

from increased levels of radioactivity. The spent nuclear fuel problem also concerns 

countries that no longer make use of nuclear power but still have large amounts of waste 

to deal with.   

In recent years, the safety research concerning deep geological repositories for spent 

nuclear fuel have attracted significant attention. Scientists have investigated different 

aspects of the worst-case scenario where the integrity of the barrier system is lost. If 

groundwater actually comes into contact with the fuel, water radiolysis will be induced and 

the products formed have the potential of oxidizing and dissolving the fuel matrix which 

will risk spreading radionuclides into the environment.  

Not surprisingly, actinide oxides are at the heart of many experimental studies. In many 

instances, their surfaces interaction with water radiolysis products are key to explain the 

matrix response in different environments. The main goal is to understand the fuel 

corrosion/dissolution process, however many of the studies were performed on fairly 

complex systems which makes it difficult to draw reliable detailed mechanistic 

conclusions. 

In this thesis, the chemical processes involved in radiation induced oxidative dissolution 

of UO2 were experimentally modeled in two different ways: The H2O2-induced oxidative 

dissolution of UO2 in aqueous solution and the reactive plasma interaction with uranium 

oxide thin films under UHV conditions. H2O2 is one of the main oxidants generated in 

water radiolysis. The impact of groundwater components on the mechanism of H2O2 

consumption and UO2 oxidation were investigated.  

The plasma of water gas successfully generated products similar to the ones formed by the 

radiolysis of liquid water. Three different types of uranium oxide (UO2, U2O5 and UO3) 

were probed with X-ray and Ultra-Violet Photoelectron Spectroscopy before and after the 

exposure to water plasma, pure or mixed with H2. A comprehensive examination was made 

of redox events which mimic the radiation effects. Analysis of U5f emission was used to 

determine the surface oxidation state. The nature of hydroxyl species adsorbed to the 

different uranium oxides was also investigated in order to identify the conditions under 

which hydroxyl radical binding to uranium oxide surfaces is favored. 

 

 

 



 

 

 

 

Sammanfattning 
Efterfrågan på ren elektricitet är ett problem i Europa. Kärnkraft betraktas som en 

växthusgasfri teknik för elproduktion, men jämfört med andra energikällor genererar det 

ett mycket giftigt avfall. 
I Sverige kallas den långsiktiga lösningen av avfallshanteringsfrågan för KBS-3-metoden. 

Den är baserad på skyddande naturliga och konstruerade barriärer som omger det använda 

kärnbränslet för att isolera det från biosfären och därigenom skydda miljön från ökade 

nivåer av radioaktivitet. Problemet med använt kärnbränsle gäller också länder som inte 

längre använder kärnkraft men som fortfarande har stora mängder avfall att hantera. 

De senaste åren har forskningen rörande djupa geologiska förvar för använt kärnbränsle 

väckt stor uppmärksamhet. Forskare har undersökt olika aspekter av det värsta tänkbara 

fallet där barriärsystemets integritet förloras. Om grundvatten kommer i kontakt med 

bränslet, kommer strålning från bränslet att inducera radiolys av vatten. De produkter som 

då bildas har förmåga att oxidera och lösa upp bränslematrisen, vilket riskerar att sprida 

radionuklider i miljön. Bränslematrisen består i de flesta fall av uranoxid. Små mängder av 

andra aktinidoxider förekommer också i bränslet. 

Inte överraskande är aktinidoxider centrala i många experimentella studier. I många fall 

interaktioner mellan oxidytor och vattnets radiolysprodukter viktiga för att kunna förutse 

bränslematrisens stabilitet i olika miljöer. Huvudmålet med detta arbete är att bättre förstå 

mekanismen för bränslekorrosion och upplösning. Många tidigare studier har utförts på 

ganska komplexa system vilket gör det svårt att dra tillförlitliga mekanistiska slutsatser. 

I denna avhandling har de kemiska processerna som är involverade i strålningsinducerad 

oxidativ upplösning av UO2 studerats experimentellt på två modellsystem: H2O2-inducerad 

oxidativ upplösning av UO2 i vattenlösning och exponering av tunna uranoxid filmer för 

plasmaprodukter under UHV-förhållanden. H2O2 har visats vara den radiolytiska oxidant 

som driver den oxidativa upplösningen av bränslematrisen. Effekten av 

grundvattenkomponenter på mekanismen för H2O2-förbrukning och UO2 oxidation har 

undersökts.  

Plasma från vattenånga genererar produkter som delvis är identiska med de som bildas vid 

radiolys av flytande vatten. Tre olika typer av uranoxid (UO2, U2O5 och UO3) undersöktes 

med röntgen och UV-fotoelektronspektroskopi före och efter exponering för vattenplasma, 

ren eller blandad med H2. En omfattande undersökning gjordes av redoxreaktioner som 

liknar strålningseffekter. Analys av U5f-emission användes för att bestämma 

ytoxidationstillståndet. Egenskaperna för hydroxylgrupper adsorberade till de olika 

uranoxiderna undersöktes också för att identifiera de betingelser under vilka 

hydroxylradikalbindning till uranoxidytor gynnas. 
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1 | Introduction 

1.1. Uranium - the chemical element 

Uranium was discovered in 1789 but only gained attention for its use in energy production 

and military applications after 150 years with the discovery of nuclear fission. Uranium 

can also be used for ballast and in radiation shielding due to its high density which makes 

it a strong absorbent of ionizing radiation. 

For naturally occurring Uranium, the isotope abundance are as follows: 99.28% wt. of  

𝑈92
238 , 0.71% wt. of 𝑈92

235 and trace quantities of 𝑈92
234  (0.0057% wt.). Compared to silver, 

uranium is almost 40 times more abundant. As a metal it has a boiling point of 3818°C and 

melts at 1132°C. The mild radioactivity of Uranium arises mainly from the α decay of 

𝑈92
238 . 

1.1.1. Radioactivity 

In 1896, Henri Becquerel discovered that certain materials can emit radiation. The term 

“radioactivity“ was assigned to the phenomena by his student Marie Curie. They received 

the Nobel Prize in Physics for their discovery in 1903. Later, Marie Curie and her husband 

Pierre Curie observed that the intensity of the radiation emitted by radioactive substances 

is proportional to the amount of emitting substance and pioneered the discovery of 

radioactive elements.  

During a radioactive decay, a nuclide of one type (parent) can change into another nuclide 

(daughter).[1] Hence when the nucleus disintegrates spontaneously, a more stable nucleus 

is formed. In such cases, the isotope (nuclide) is assigned as radioactive and should be 

handled with precaution. The transition to a more stable nucleus can sometimes occur 

without a change in composition. The energy released as a consequence of the transition to 

a more stable nucleus usually results in the emission of ionizing radiation: α, β, or γ 

radiation which are helium nuclei, electrons or positrons and electromagnetic radiation, 

respectively. 

A radionuclide is characterized by a specific activity and half-life. The rate of radioactive 

decay per unit weight of a given radionuclide is constant. However, different radionuclides 

may have different decay rates. When the daughter product
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is also radioactive, a decay chain is established. Stable materials can sometimes be made 

radioactive by interacting with neutrons or high-energy photons or particle radiation, this 

is referred to as activation or induced radioactivity. A common example is the neutron 

activation in nuclear reactors. 

The time taken for the radioactivity of a radioelement to decay to one-half of its original 

value is called half-life. This parameter varies within a broad range. For instance,  𝐿𝑖4 

formed as an intermediate in nuclear fusion reactions, can decay in 9.1 x 10-23 seconds by 

proton emission to 𝐻𝑒3. In contrast, the radioactive isotope 𝐾40  decays by electron 

emission with a half-life of 1.26 × 109 years.[2] It is interesting to note that this isotope 

represents 0.0117% of naturally occurring K (for instance in bananas).  

As stated above, the decay of a defined amount of radioactive substance occurs at a given 

rate, which is expressed as the number of disintegrations per second corresponding to the 

unit Becquerel (Bq). This quantity is known as the activity of the material which, when 

normalized to the mass of substance is called the specific activity measured in Bq g-1. 

Historically, the unit for activity was the Curie (Ci) which is the equivalent specific activity 

of natural radium [1 Ci = 3.7 x 1010 Bq]. A more practical example can make these numbers 

and terms easier to assimilate: 1800 bananas have an activity of 0.9 µCi which is also 

equivalent to the activity of the amount of americium usually used in smoke detectors. 

1.2. The nuclear reactor  

The functioning of a nuclear reactor relies on initiating, sustaining and controlling a nuclear 

fission chain reaction for generating heat or the production of useful radiation. 

The main components of a simple nuclear reactor are the fuel, the coolant and the 

moderator. A self-sustaining nuclear chain reaction generates the heat in the fuel, and the 

coolant transports the heat away from the fuel so that this energy can be used efficiently. 

The moderator (sometimes the same substance as the coolant) reduces the energy of the 

neutrons sustaining the reaction.  

The stimulated fission process is described as the absorption of a neutron by a large 

nucleus. With the absence of Coulomb barrier, neutrons can easily reach the target nucleus, 

therefore they are characterized by a high reaction cross-section even at very low energies. 

As a consequence, the parent nucleus is separated into two smaller fragments, or it can 

dissipate its excitation energy through decay. Among Uranium isotopes, 𝑈92
235  is fissile, 
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thus its fission can be induced by slow (thermal) neutrons and this explains the interest in 

enriching its composition artificially.  

1.2.1. Nuclear fuel 

Uranium dioxide (UO2) is the principal nuclear fuel material used worldwide. It can be 

used for long periods as it is more resilient to the harsh conditions in a nuclear reactor than 

metal fuels. It has a high thermal conductivity and can resist the radiation damage. As 

safety measures are continuously developed, nuclear fuels with greater accident tolerance 

properties like higher melting temperature and improved thermal conductivity are grasping 

the attention of researchers.  

1.2.2. Nuclear reactions 

When a fissile nuclide in the nuclear fuel absorbs a neutron, fission is induced. As a result, 

the atom splits into fragments of high kinetic energy and a large amount of energy is 

released (200 MeV).[3] The fission of 𝑈92
235  produces around 400 different nuclides. 

Moreover, neutron capture by 𝑈92
238  yields heavier elements. The consecutive fission events 

and the radioactive decay of the products formed creates isotopes of actinides, especially 

those of uranium and plutonium. This is illustrated in equation (1). 

 

The product  𝑃𝑢94
239  is fissile on its own, the same applies to 𝑃𝑢94

241  formed by neutron 

capture of the former isotope.  

Eventually, the fuel will contain a mixture of fission products with masses between 65 and 

170 atomic mass units. Many of these radioactive elements decay and change the 

composition of the fuel even more. After a few years, the fission reaction can no longer be 

sustained due to the accumulation of neutron poisonous fission products, thus old fuel must 

be replaced by fresh fuel. 

1.3. Spent Nuclear Fuel 

After a few years of irradiation, the nuclear fuel is much more toxic and radioactive than 

the fresh material. Yet, the main component is UO2 (~95%), the rest is a combination of 

heavier actinides and fission products among which we distinguish between gases, metallic 

or oxide precipitates and oxide solid solutions within the fuel matrix. This combination 

constitutes the Spent Nuclear Fuel (SNF). Its composition and physico-chemical state are 

largely determined by the operating conditions inside the reactor such as burn-up. 

𝑈92
238 (n,γ) 𝑈92 

239                𝑁𝑝93
239 (n,γ)                𝑃𝑢94

239          (1) 
β β 
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Moreover, the neutron activation can also modify the composition of the used fuel by 

producing transuranium elements like plutonium. In fact, the initial activity is attributed to 

both short and long-lived fission products and transuranium elements. With time, the short-

lived nuclides will disappear through decay and the total activity will be dominated by the 

long-lived actinides.[4] 

1.3.1. Disposal of Spent Nuclear Fuel 

The spent nuclear fuel is assigned as high-level waste based on the typical classification of 

the radioactivity level. After discharging a reactor in Sweden, the fuel elements are 

transported and stored in pools at the Central Interim Storage Facility for Spent Nuclear 

Fuel (Clab) located north of Oskarshamn. In the storage pools, the water shields the 

radiation and cools down the fuel. Fortunately, as time passes, the gamma emitting fission 

products will decay into non-radioactive elements within a relatively short time due to their 

short half-lives and the fuel becomes much easier to handle before being finally disposed 

in the Spent Nuclear Fuel repository which the Swedish Nuclear Fuel and Waste 

Management Company (SKB) plans to construct and build at Forsmark. Today, there are 

approximatively 7.300 tonnes of spent nuclear fuel in the interim storage.[5]  

1.3.2. KBS-3 method 

 
Figure 1 The KBS-3 method illustration of barriers in a deep geological repositories. 
Reproduced with permission of: Svensk Kärnbränslehantering AB. Illustrator: Jan M 
Rojmar. 



Chapter 1. Introduction                                                                                        

6 

 

The deep geological repository concept developed by SKB is referred to as the KBS-3 

method. The illustration of barriers is presented in figure 1. The main purpose of the 

method is to isolate the spent nuclear fuel so that its prevalence into the biosphere is 

prevented for as long as necessary.[6] To achieve this, deep and permanent deposition is 

planned in 'multiple barrier' geological repositories. The fuel elements will be immobilized 

and sealed inside a copper-coated container. The canisters are surrounded by impermeable 

bentonite clay which is an extra barrier against the migration of radionuclides from the 

repository as well as the intrusion of groundwater from the surrounding bedrock. The 

assembly will be placed in a stable rock structure 500 m below ground level. 

1.4. Accident Scenario and Water Radiolysis 

The barrier structures are designed to perform for very long time periods.[5] However, the 

safety measures of a geological repository must be accounted for by considering a worst 

case scenario and by investigating the consequences of an accident where the isolation 

becomes precarious. In such scenarios, the integrity of the canister is lost and groundwater 

may reach the fuel surface. 

From a chemical point of view, the fuel pellets dissolve slowly since the groundwater itself 

is reducing and UO2 has very low solubility.[7] However, the spent fuel emits ionizing 

radiation which is absorbed by the water and causes its disintegration.[8] This is called 

water radiolysis and can result in decreasing the stability of the UO2 matrix. The absorbed 

dose (D) is a term used to quantify the total radiation energy adsorbed by the irradiated 

material. It is expressed in the SI unit Gray and is equivalent to 1 J kg-1. 

A summary of the different events occurring during water radiolysis and corresponding 

time scale is presented in figure 2. When the radiation energy is transferred to water, the 

molecule is either excited (at lower energies) or ionized. The excited water molecules are 

very unstable and dissipate the energy by splitting into H• and  OH•. The radicals can 

recombine to form water, H2 and H2O2. The hydroxyl radical is strongly oxidizing. As a 

result of the ionization event, an electron is removed from water molecule, creating a 

positively charged radical ion of water H2O
+•. In liquid water, the radiation energy  

transferred per ion pair is between 25 and 30 eV.[8]  

The electron loses its energy by collisions and is finally captured by water molecules to 

form an aqueous hydrated electron. The radical ion H2O
+• can decay to produce uncharged 

radicals and molecules. As stated above, two hydroxyl radicals can react to form hydrogen 

peroxide. This reaction is highly probable with high LET radiation like α radiation where 

ionizations are dense within the spurs and recombination reactions become highly probable 
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(as the local concentration of radicals is high). LET (linear energy transfer) describes the 

interaction of radiation with matter and is defined as the energy absorbed per unit length 

of matter traversed by the radiation.[3] Therefore the molecular products in this case (α 

induced water radiolysis) have the highest yields or G values. G value is a term used in 

radiation chemistry to express the amount of substance formed or consumed per absorbed 

energy unit. 

Radiolysis of water produces a homogeneous mixture of oxidants and reductants (eaq
− , H•, 

OH•, H2, H2O2 and H3O
+).[9]  

 

Figure 2 The timeline of reactions occurring during water radiolysis. [10] 

1.5. Oxidative dissolution of Spent Nuclear Fuel  

As stated above, the integrity of a geological repository is severely compromised when 

water comes into contact with the spent nuclear fuel after canister failure. Such an incident 

is not deemed probable to occur until after a couple of thousand years after which the 

radioactivity of the SNF will mainly be determined by the long-lived radionuclides. In 

other words, the radiation field will be dominated by alpha radiation close to the fuel 

surface.[11] One of the primary features of concern is the release and mobility of the 

radionuclides contained by the UO2 matrix. As stated above, UO2 has very low solubility 
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in reducing groundwater, however, the radiolysis of water described previously can 

drastically change the redox conditions at the fuel surface and induce oxidative dissolution 

of UO2. Since α radiation cannot penetrate deep into the surrounding, the dose rate at the 

surface will be very high and thereby the production of oxidants will be high at the surface. 

The oxidants can corrode the surface and the reactions involve transformation of U(IV) 

into U(VI) which is orders of magnitude more soluble in water. The process is enhanced 

by the presence of carbonate which facilitates dissolution by forming soluble complexes 

with U(VI). [12, 13] The radionuclides contained by the UO2 matrix are often assumed to 

be congruently dissolved with the UO2. Once dissolved, the radioactive elements can be 

transported away from the disposal site.  

1.6. Aims and scope of the thesis  

Two different techniques were developed and tested in order to examine the potential 

behavior of uranium oxide in future deep repositories conditions. 

The experimental and theoretical work performed and presented in this thesis provide a 

comprehensive description of the physico-chemical changes of the uranium oxide material. 

The aim of this thesis is to increase the level of mechanistic understanding of the redox 

chemistry involved in radiation induced oxidative dissolution of UO2 through experimental 

studies on two types of model systems. The first model system is based on aqueous UO2 

powder suspensions with added H2O2. In this type of system, the impact of ionic strength 

and specific anions on H2O2-induced dissolution of UO2 was studied. The second model 

system is considerably less conventional for this type of problem. In this model system, 

thin uranium oxide films with well-controlled stoichiometry have been exposed to H2O- 

and H2/H2O-plasmas under UHV conditions. The uranium oxide films were characterized 

using UPS and XPS before and after exposure. The plasma constituents are to a large extent 

identical to the aqueous radiolysis products. This type of experiment opens up new 

possibilities to explore the mechanism of radiation induced dissolution of spent nuclear 

fuel. 

1.7. Experimental model systems mimicking radiation-induced 

oxidation of spent nuclear fuel 

When considering the impact of water radiolysis on the integrity of the spent nuclear fuel 

matrix, model systems are considered by experimentalists to elucidate the mechanisms and 

kinetics of the various elementary steps involved in the process.     
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Figure 3 Scheme of redox events expected to occur during the radiation induced oxidative 
dissolution of spent nuclear fuel. The canister illustration is reproduced with permission 
of: Svensk Kärnbränslehantering AB. Illustrator: Jan M Rojmar. 

The relevant events and phenomena should be reproduced as close as possible to the 

original scenario. In this work we have used two different approaches as experimental 

model systems. The first model (paper I and II) presented in this thesis is based on 

experiments performed using aqueous powder suspensions. In these suspensions, the 

heterogeneous system is to some extent homogenized which allows for simplified chemical 

and kinetic analysis. The radiation-induced dissolution is simulated by the addition of H2O2 

(the radiolytic oxidant of highest impact in alpha-radiation induced oxidative dissolution 

of spent nuclear fuel[11]). During the experiments the concentrations of H2O2 as well as of 

U(VI) are monitored as a function of reaction time. The oxidative dissolution process can 

also be induced by exposure to external gamma radiation. The powders used in this work 

are UO2 and U3Si2. The studies aim at understanding the mechanism and kinetics of surface 

oxidation and the relative influence of the groundwater chemistry specifically bicarbonate 

content and ionic strength and specific anionic effects on the whole process.      

The second model (paper II to VI) is based on exposure of uranium oxide films of well-

defined original composition to plasma generated from water vapor or combinations of 
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water vapor and H2 under ultra-high vacuum conditions. The plasma products are to a large 

extent identical to the products of water radiolysis, i.e., the plasma exposure serves as a 

model for water radiolysis. The oxide films are analyzed by surface spectroscopical 

techniques before and after plasma exposure. The studies aim at understanding the 

mechanisms and kinetics of radiation-induced redox reactions on uranium oxide surfaces 

without the involvement of solvation, dissolution and precipitation/adsorption of secondary 

phases. 

To give a reasonable coverage of what could be expected when individual molecules or 

radicals adsorb on the surface, we studied the surface reaction of uranium oxides with H2O 

and H• at low temperature (paper VII). 

1.8. The Uranium Oxide system 

The three possible oxidation states of uranium in uranium oxide are IV, V and VI. These 

oxidation states have the following electronic configurations [Rn] 5f2, [Rn] 5f1 and [Rn] 

5f0, respectively. Different stoichiometries ranging from UO2 to UO3 are characteristic of 

the uranium oxide system. The binary oxides of uranium are divided in terms of two distinct 

lattice types, the fluorite structure of UO2 and the orthorhombic (layered) structure of 

U3O8.[14-16] The cubic structure of UO2+x cannot be oxidized beyond UO2.33. At this stage 

advanced oxidation requires crystallization of orthorhombic U3O8 (UO2.67). 

It is clear why a sharp transition point is detected by crystallographic results at the 

composition U2O5.[17] Fluorite type oxide higher than U2O5 do not exist and no layered-

type oxides lower than U2O5 were identified.[17] In spent nuclear fuel, the mechanism of 

radiation induced oxidative dissolution of UO2 is in general described by two reactions: 

UO2 (s) + OX  UO2
2+(s)+ RED                                 (2) 

UO2
2+(s)  UO2

2+(aq)                                                  (3) 

The first reaction is the oxidation. It is kinetically limited by the transfer of one electron 

from the oxide to the oxidant. This would leave a positive hole which could be filled with 

OH- for example or H2O. The second reaction is the dissolution of the U(VI) formed on 

the surface which becomes the rate limiting step of the whole process at low bicarbonate 

concentrations. 
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1.9. The reaction of H2O2  

As mentioned above, H2O2 has been shown to be the radiolytic oxidant that has by far the 

largest impact on radiation-induced dissolution of UO2-based spent nuclear fuel under 

repository conditions.[9] Recently, it was demonstrated that the oxidation of UO2 by H2O2 

is concomitant with its catalytic decomposition to produce O2 and H2O with a surface-

bound hydroxyl radical as a common intermediate for both processes.[18] The mechanism 

can be described as follows: 

H2O2 + 2UO2  2HO•---UO2                                (4) 

HO•  --- UO2  OH− + U(V)O2
+                               (5) 

H2O2  + HO•---UO2  HO2
•  + H2O + UO2           (6) 

HO2
•  + HO2

•   H2O2   + O2                                     (7) 

1.10. Impact of groundwater constituents 

1.10.1. Bicarbonate 

Groundwater constituents can have a major impact on the uranium dissolution mechanism. 

Following the corrosion of UO2 by H2O2, complexing ligands like carbonate promote the 

dissolution of the oxidized U(VI) at the fuel surface (kinetic influence) and stabilize it in 

solution relative to U(IV) (thermodynamic influence). While in the absence of bicarbonate, 

precipitates of uranyl peroxide (i.e., studtite) and other minerals are formed which slows 

down the oxidation process. 

The impact of bicarbonate on the dissolution rate of UO2 has been widely studied before 

in different ways.[19] It was concluded that the reaction between H2O2 and UO2 is 

kinetically limited by the dissolution step which was controlled by the concentration of 

carbonate until a value of about 1 mM.[20] 

1.10.2. Specific ion effects and ionic strength effects 

The salinity of ground water should be accounted for in the safety assessment of a 

geological repository especially during the post-glacial evolution of the site. 

Extensive studies have been conducted to understand the impact of seawater on water 

radiolysis notably after the Fukushima accident.  
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In radiolysis of pure water, OH• is the dominant oxidizing radical species. Hydroxyl 

radicals can be scavenged by H2 according to the following reaction: 

H2 +  OH•
 H2O + H•                             (8) 

The OH radical is known to be extensively scavenged by bromide and chloride ions. 

Consequently, the H2 will be less consumed by reaction (8).[21] Many studies investigated 

the mechanism involved during the irradiation of bromide or chloride solutions where the 

analysis was based on the yields of products. However, there is still a significant lack of 

information on the impact of halide ions on the kinetics and mechanism of H2O2 induced 

oxidative dissolution of UO2 in the presence and absence of HCO3
−. 

The groundwater chemistry is of key-importance since it can determine the speciation, 

solubility and sorption of radionuclides.[13] The properties of the buffer and the backfill 

material can be negatively affected by water with high ionic strength. 

In non-complexing aqueous solutions, the strongly hydrolyzed UO2
2+ ion forms species 

such as (UO2)x(OH)y
2x-y at a pH between 3 and 6.[22] When stable uranyl complexes are 

formed with ground water species, the dissolution rate of oxidized U(VI) is altered. The 

solubility of uranyl ion which is pH dependent can either be enhanced or suppressed 

depending on the nature of the anion.[23] 

The impact of Cl−, Br−, HCO3
− and ClO4

− on the mechanism and kinetics of H2O2 reacting 

with the surface of ZrO2 was recently investigated experimentally.[24] It was found that 

Br− is oxidized to Br2
•− by the hydroxyl radicals bound to the ZrO2 surface. In HCO3

− 

containing solutions, it was concluded that Br2
•− could oxidize HCO3

−/CO3
2−to CO3

•−. 

However, no direct reactions between surface-bound hydroxyl radicals and Cl−, 

HCO3
−/CO3

2− or ClO4
−could be detected. Therefore, it is intriguing to examine how Br− 

might react in the UO2 system. 

1.10.3. Hydrogen 

Should a canister be damaged, the redox conditions established by water radiolysis can 

also be altered by processes in the disposal site, such as corrosion of the fuel canister or 

reactions between the groundwater and bentonite clay material, etc.  

It is therefore of primary importance for the fuel modification studies to be coordinated 

with the chemical conditions considered relevant in an accident scenario. 
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According to previous evaluations, large quantities of H2 will be produced after the 

anaerobic corrosion of iron in the canister[25-27] and smaller quantities from the radiolysis 

of water. H2 will be dissolved in the groundwater reaching the fuel surface. Due to the high 

pressure at the depth of a repository, fairly high concentrations of dissolved H2 can be 

reached before gas bubbles are formed. Its presence is striking since it has been shown to 

be capable of altering the radiation driven oxidative dissolution of the fuel matrix.[28, 29] 

This effect was mainly correlated to noble metal particles (fission products) that catalyzes 

the reduction of oxidized but not yet dissolved uranium.[30]  

Even at fairly low concentrations, H2 is efficient in hindering the dissolution of oxidized 

uranium.  Hydrogen can also affect water radiolysis but to a smaller extend than it does in 

the former process.[31, 32] This is achieved when H2 reacts with hydroxyl radicals and 

generates H2O and hydrogen atoms. As a direct consequence, the yield of oxidants will 

decline and thereby the rate of oxidative dissolution is reduced.  

1.11. The effects of plasma on metal oxide thin films 

Metal oxides have been extensively studied by surface scientists.[33] Ultrathin  films have 

extended the use of different surface analytical techniques to study material properties..[34, 

35] Metal oxide thin films can be deposited on a substrate by sputtering, thermal 

evaporation, or  chemical decomposition. The sputtering technique was discovered 170 

years ago by Grove.[36] Today it is a common industrial manufacturing process based on 

the evaporation of source materials by the irradiation of energetic species or photons.  

Plasma technology can also be used in material processing applications like semiconductor 

etching and deposition. For instance, the use of ECR plasma sources in research was 

exploited in the late 1980's for their ability to operate at low pressure and high density.[37] 

More importantly, they can operate without the need of current flowing to an electrode in 

a wave-supported mode.  

The use of plasma is a central part of the research presented in this thesis. It made it possible 

to gain new insights regarding the mechanism of radiation induced oxidative dissolution of 

UO2. The coupling of thin film technology and reactive gas plasma offers an interesting 

alternative to the conventional leaching studies performed in aqueous solutions.  

The plasma chemistry of water vapor generates products similar to the ones formed by the 

radiolysis of liquid water.[38] In a non-equilibrium plasma of water vapor most of the 

https://www.sciencedirect.com/topics/materials-science/chemical-decomposition
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energy of the discharge is consumed by vibrational excitation and dissociative 

attachment.[39]  

Two modes of dissociation were considered when analyzing the plasma chemistry of water 

vapor:[40] 

H2O*  H2 + O                                        (9) 

H2O*  H + OH                                     (10) 

Hence, a vacuum ECR water plasma is a new approach able to simulate water radiolysis 

under conditions where dissolution and precipitation of secondary phases will not 

interfere with the surface reactions.  

1.12. Photoelectron spectroscopy techniques 

1.12.1. History 

In 1905 Einstein defined theoretically the photoelectric effect,[41] where he explained 

that the energy of the emitted photoelectron contains information about the solid from 

which it is emitted.  

In 1914, Rutherford and coworkers proved that the difference between X-ray energy and 

electron binding energy is equal to the kinetic energy of the emitted electron.[42, 43]  

Only decades after, the photoelectron spectrometry took a major step forward with the 

development of precision electron spectrometers essentially conducted by Kai Siegbahn 

in Uppsala.[44] In 1950 the first XPS spectra with high resolution was recorded. In 1981, 

Siegbahn received the Nobel Prize in physics for his achievements in “ESCA”, the 

acronym chosen by him for the technique “Electron Spectroscopy for Chemical 

Analysis”.[45] 

1.12.2. Basic concept 

In the photoemission process the energy of the photon is conferred to the electron, which 

is ejected. Since the total energy is conserved and since the photon energy is known, and 

the kinetic energy of the electron is measured during the experiment, the energy difference 

of the system upon the emission of an electron can be determined. This value is the electron 

binding energy in the initial state from which the electron is emitted. However, it is 

important to keep in mind that this “one electron” description is only an approximation. 

The photoemission actually measures the energy difference between the ground and 

ionized state of an atom after the ejection of an electron upon the irradiation of the material 
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with monochromatic radiation (X-Ray or UV light). The initial and final states of the atom 

are connected based on the following relation: 

 

Etot
i (N) + hν = Etot

f (N-1) + Ek              (11) 

Where Etot
i (N) is the initial state energy of the system with N electrons and Etot

f (N-1) is 

the final-state energy of the system with (N − 1) electrons.[46] The system will react to the 

perturbation of the photoemission process (screening, relaxation). Such final state effects 

can modify the measured binding energies (satellites). 

1.13. Instrumentation 

In photoelectron spectroscopy photons are used to irradiate the sample under UHV. The 

photoionization process is described by a three step model. In the first step, absorption of 

the photon leads to electron excitation from a filled to an empty level within the solid. The 

photoelectrons are generated at different depth in the sample and have to travel to the 

surface (step 2). Some electrons experience inelastic scattering on their way from the point 

of photoexcitation to the surface and lose some of their kinetic energy. These electrons 

have lower kinetic energy and constitute the background signal (secondary electrons). The 

photoemission peak is due to the electrons who kept their kinetic energy (primary 

electrons). The probability of such condition to occur when the electron is emitted from 

atoms within several atomic planes from the surface is given by the exponential decay: 

P(z) = exp (-z/)                                       (12) 

where  is the inelastic mean free path (IMFP) and represents the depth of the sample from 

which 37% of the electrons ejected are primary (no energy loss). In other words, 63% of 

primary electrons traveling through a condensed phase between scattering events are 

originated from a layer as thick as . Now the “sampling depth” is 3 times the value of  

and is the origin of 95% of the detected electrons. It has been shown before that he inelastic 

mean free path varies with the electron kinetic energy calculated for different elemental 

solids[47] and this directly reflects the surface sensitivity of photoemission spectroscopy 

technique. 

After being expelled from the solid (step 3), the photoelectrons are collected and focused 

onto the slit of the electron analyzer with an electrostatic lens system. Deflection in an 

electrostatic field separates the electrons following their kinetic energy. The electrons are 
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simultaneously recorded by an extended detector placed in the focal plane of the lens 

system. A scheme of the apparatus is presented in figure 4. Practically the spectra recorded 

on the computer points out the electron lines.  

 

Figure 4 XPS instrument illustration 

The difference between X-ray photo electron spectroscopy and Ultra-violet photo 

electron spectroscopy is the photon energy and the corresponding wavelength. There is 

an inverse relationship between the two factors given by the equation: 

E = 
ℎ𝑐

𝜆
                                                       (13) 

where h is Planck's constant, c is the speed of light and 𝜆 the wavelength of the photon. 

XPS uses X-rays (e.g. AlK: 1486.6 eV) while UPS uses UV-radiation (e.g. HeII: 40.81 

eV).[48] The kinetic energy of the photoelectrons is: 

EB = hν - EKin - ΦA                                                   (14) 

where EB is the binding energy of the electron, ν the photon frequency (ν =
𝑐

𝜆
) and ΦA the 

work function. At constant photon energy, the identification of the element concerned can 
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be made directly because the kinetic energy of the emitted photoelectrons depends only 

on their binding energy EB. These lines are the finger print of the examined substance, 

they hold information about the elemental composition and the chemical bindings. Every 

element of the periodic table (except of hydrogen) can be characterized with this 

technique in the gaseous or solid state.  

The outstanding feature of Photo Emission Spectroscopy lies in its capability of probing 

the oxidation state of the elements. A redistribution of the external valence electrons of the 

atoms occurs when a new chemical bond is formed or broken.[49] This will lead to a 

change occurring in the electric potential of the atom, which influences the energy of the 

inner electrons surrounding the atomic nucleus and consequently a “chemical shift” is 

detected for the given atom in the spectrum. This information is exceedingly important in 

probing the oxidation states of the examined surface atoms. 

1.14. Photoemission data analysis 

The chemical composition of the uranium oxide films in our studies was monitored using 

the same electron analyser for X-ray photoelectron spectroscopy (XPS) and ultraviolet 

photoelectron spectroscopy (UPS). Due to different kinetic energies of the ejected 

photoelectrons (generally higher in XPS than in UPS), different depths could be probed 

and surface processes could be differentiated from bulk processes.   

1.14.1. Band structure and Fermi level 

The interpretation of spectra registered with XPS or UPS do not only provide “binding 

energy” information but also more sophisticated details about the electronic structure. The 

photoemission technique probes the inner or core energy levels and also the outer or 

valence levels. A core level electron possesses a high binding energy and is emitted from 

an orbital which maintains its atomic orbital character, as it is not involved in bonding to 

other atoms. The corresponding photoemission lines are characteristic for each element. 

When the chemical environment of an atom changes, the core level lines will experience a 

chemical shift and this provides chemical information about the element. The valence 

levels (outer states) participate in the chemical bonding and are broadened into energy 

bands. The band structure (density of state, DOS) can be directly probed by photoemission, 

especially UPS because of its high energy resolution (about 10 meV). Spectra can be 

compared to theoretical DOS calculations. 

https://www.sciencedirect.com/topics/physics-and-astronomy/photoelectron-spectroscopy
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The Fermi level (instead of the vacuum level) is used as the energy reference for the 

detected electrons in a conductive solid material. In metals it is the energy of the highest 

occupied state at T = 0 K. Since the sample and the analyzer are electrically connected, 

their Fermi levels are made equal due to electron transfer.[51] The Fermi-level corresponds 

to the electrochemical potential. Even in semiconductors and very thin insulators (used in 

this study) there is enough electrical conductivity to prevent surface charging and where 

the Fermi-level (even though not populated) is a valid reference. 

1.14.2. Spin-orbit splitting and peak intensity 

If the photoelectron is emitted from a core level with a total angular momentum different 

from 0, like p, d, or f (states), then a doublet peak structure is observed for the 

corresponding photoemission line. The spin-orbit coupling of the electron left after the 

photoemission is responsible for the energy difference between the components of the 

doublet structure (same n, l).[50] 

As mentioned above, the electron can lose its kinetic energy due to inelastic scattering 

events and contributes weakly (or not at all) to the intensity of a characteristic electron 

signal. The Beer-Lambert relationship describes how the electron signal decays 

exponentially as a function of depth and emission angle: 

I = I0 exp (-d/cosθ)                              (15) 

Where I and I0 are respectively the attenuated and non-attenuated surface electron signal, 

d is the electron depth, λ is inelastic mean-free path (IMFP), and θ is the electron emission 

angle.  

1.14.3. Chemical shift 

When an atom experiences a change in its bonding state, differences will appear in the 

spectrum features like binding energy, peak width and shape, satellite peaks, and valence 

region. In fact, the major application of XPS is related to the “chemical shift” displayed by 

the core electron binding energies when the corresponding element is involved in chemical 

bonding.[51, 52] If the final-state effects are not taken into account, the chemical shift is 

directly connected to a change in the effective charge potential on an atom.[51] 

For example, when an atom “A” bonds to atom “B” with higher electronegativity, a transfer 

of charge is required from “A” to “B”. As a result, the effective charge of atom “A” 

becomes more positive and lead to an increase of its binding energy. Therefore, a typical 
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shift of the metal XPS peaks to higher binding energies is observed when the pure material 

is transformed to metal oxide. The shift increases with the valence state of the metal atom.  

1.14.4. Valence band region 

The valence electrons of uranium oxide films were mapped by XPS and UPS. Both 

techniques have different sensitivity for the same elements due to the difference in cross-

section for X-ray or UV absorption. For instance, the O2p band in the valence region is 

more intense and better resolved when detected with UPS than with XPS.  

UPS is more surface sensitive than the corresponding XPS (=1 and 7 monolayers, 

respectively), because it works with electrons of 20-40 eV kinetic energy (KE) compared 

to XPS (around 1460 eV KE). It is particularly sensitive to adsorbed species, which are 

confined to the outermost layer. Also it is about 10 times faster because of the higher cross-

sections and photon intensities. 

In uranium oxides the valence region contains the emissions from the valence band, formed 

by the O2p hybridized with the U5f6d7s states, and the localized U5f level which lies 

between the VB and the Fermi-level.  

1.14.5. Peak shape and fitting 

The basic line shape of the photoemission process gives rise to a Gaussian-Lorentzian line 

shape.[53] The line width E0 is a convolution of several contributions estimated by the 

uncertainty principle. It is demonstrated that the lifetime of the core hole state formed 

during the photoemission event (lifetime broadening) is inversely proportional to the 

natural line width. 

In metal or metal oxides, it is possible for two different elements or for one element in 

different bonding or valence states to contribute into the same measured peak. A 

quantitative evaluation of overlapping spectra can be made by decomposing the measured 

peak into the contributions of different peaks. This is so called “peak fitting” and can be 

made using a software which uses the binding energy and full width at half maximum 

(FWHM) of several peaks to create an approximation of the convoluted spectra. Note that 

this is only possible after the background subtraction from the measured spectra.  

1.14.6. Shake up Satellite peak 

After the photoemission process (core level electron is expelled), the remaining electrons 

are rearranged and shakeup or charge transfer processes may take place.[54] These are 

interatomic processes occurring to screen the core hole (final state relaxation) by 

transferring an extra electron to the atom. In case of U4f emission, screening of the 4f core-



Chapter 1. Introduction                                                                                        

20 

 

hole involves transfer of a ligand electron (e.g. O2p) into empty uranium states (5f or 6d). 

The photoelectrons lose the energy by this process and their signal appears as an extra 

satellite peak at a few eV to the higher binding energy side of the main peak. Its intensity 

depends on the probability of the process. The width of main and satellite lines may differ. 

They originate from the exchange interaction between the core-hole and the different 

valence shells (with/without screening electron). [52, 55]  
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2 | Experimental details  

2.1. Gamma radiation- and H2O2-induced oxidative dissolution in 

aqueous solution 

In the first type of experiments performed, the systems consisted of aqueous suspensions 

of powders as a model of the fuel. To mimic the effect of water radiolysis, the suspensions 

were irradiated with gamma rays or H2O2, the radiolytic oxidant of main importance, was 

added to induce surface alteration.   

2.1.1. Material Preparation and Characterization 

Westinghouse Electric Sweden AB supplied the UO2 powder used in the oxidative 

dissolution experiments. In a previous study, the powder was oxidized in air at 400°C for 

16 h in order to determine its stoichiometry by weight gain. The XRD measurements 

revealed the presence of U3O8 phase and the original UO2 powder was found to be hyper 

stoichiometric (UO2.3).[56] 

U3Si2 ingots were prepared by arc melting native Si and U in stoichiometric ratios at the 

division of nuclear engineering of KTH. U3Si2 powder was obtained by milling the ingots. 

The specific surface area for UO2.3 is 4.6 ± 0.2 m2/g and 0.47 ± 0.04 m2/g for U3Si2 based 

on BET measurements.[57] 

2.1.2. XRD 

A PANalytical XPert PRO is the diffractometer used in XRD measurements with CuKα-

radiation (= 1.5418 Å) in a 2θ range between 10° and 110°. The U3Si2 powder was 

characterized before and after the exposure to H2O2. Before analysis, the powder was 

dried in argon atmosphere for several days. 

2.1.3. H2O2-exposure experiments 

In all experiments, we used Purified water (18.2 M. cm, Merck MilliQ). To remove pre-

oxidized uranium from the surface, the UO2 powder was washed three times for 25 min 

each in 10 mM bicarbonate solution. To remove any residual bicarbonate, the powder was 

washed with 10 mL of MQ water for 5 minutes. The powder was suspended in 25 mL of 

aqueous solutions with and without added 
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NaHCO3 (Merck). The solution vessels were always protected from light. The experiments 

were conducted at room temperature and the suspensions were continuously purged with 

N2 (≥99.999%, Standmøllen). The same powder preparation was followed in the irradiation 

experiments. A Cs137 –source (Gammacell 1000 Elite, MDS Nordion) was used to 

irradiate the powder suspensions at room temperature. The dose rate was determined to be 

0.11 Gy/s using Fricke dosimetry.[8]  

In the non-irradiated suspensions, oxidation was induced by adding H2O2 (J.T. Baker) to 

the powder suspensions. The ionic strength of the solutions was, in some experiments, set 

by adding 1 M NaBr, NaCl or NaClO4. For adsorption experiments, Uranyl nitrate 

(UO2(NO3)2·6H2O) was dissolved in water then H2O2 was added to the solution before 

suspending the washed powder. The pH of uranyl nitrate solutions was adjusted to 7 using 

NaOH.  The variation in concentrations of the various species and the surface area to 

solution volume ratios used in the experiments are given in table 1. 

Table 1 Experimental detains of powder suspensions. 
Powder Specific 

surface area  

(m2 g-1) 

Solution  

volume 

(mL) 

[H2O2] 

(mM) 

Bicarbonate 

(mM) 

 

[Uranyl 

nitrate] 

(mM) 

Salt: 

NaBr/NaCl/NaClO4 

(M) 

UO2 4.6 ± 0.2 25 0.15/0.6/2 0/10 0/0.05 0/1 

U3Si2 0.47 ± 0.04 25 2 0/10 - - 

We used UV/Vis spectrophotometry to measure the concentrations of H2O2 and UO2
2+ at 

different times. The measurement details are presented in table 2. The standard deviation 

of repeated experiments is illustrated by error bars for each measurement point. 

Table 2 The measurement conditions of UV/Vis spectroscopy. 
Compound 

measured 

Methodology Reagent Product and 

wavelength 

H2O2 Ghormley[58] I− I3
-  

360 nm 

𝐔𝐎𝟐
𝟐+ Arsenazo III[59] 2,7-bis(2-arsenophenylazo)-1,8-

dihydroxynaphthalene-3,6-disulfonic acid 

Arsenazo-III–

uranyl complex 

653 nm 
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2.2. UHV Experiments 

The experiments were conducted using a modular labstation which allows in-situ 

preparation and characterization of the films using surface analytical techniques.[60] 

2.2.1. The Labstation 

The Labstation was developed by the surface science group at JRC Karlsruhe and is 

continuously customized based on the research requirements. Its primary advantages are 

the possibility of avoiding any contact between the sample and the atmosphere. Any 

changes occurring in the samples are solely the consequence of treatments/exposures done 

in-situ which provides a firm control of the experimental work and analysis. 

The lab-station consists of different chambers and is illustrated in figure 5: 

 The transfer chambers, where the introduction and transfer of samples take place. 

 The Preparation chamber, where the deposition and heating of the films take place. 

 The Atomic chamber, where the samples are treated with reactive gas plasma. 

 The Analysis chamber, where the samples are characterized by surface spectroscopical 

techniques before and after exposure to plasma. 

 
Figure 5 Scheme of the Labstation machine developed at JRC Karlsruhe. 
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All chambers are kept under ultra-high vacuum, at pressures of 10-11 to 10-9 mbar using a 

turbo pump PFEIFFER TC 400. Specific sample holders are mounted on a transport wagon 

in the linear central chamber (7 meters long). The wagon is driven by an external magnet 

and is controlled by a computer program which allows transferring the sample from one 

section to another. When the chamber is chosen by the user, the wagon moves by remote 

control and stops at predefined positions in front of each chamber. Every chamber is 

isolated by a valve through which a transfer rod can move to recuperate the sample from 

the wagon. 

2.2.2. UO2 Film deposition                                                                                                                                                          

The films were deposited on a gold (Au) foil (99.99%) of 0.025 mm thickness. Due to its 

electrical conductivity, high melting point and low chemical reactivity gold is the ideal 

substrate for our experiments where the chemical reactions were confined to the thin film 

despite the elevated temperatures used. The cut piece was cleaned with acetone and fixed 

on a stainless steel holder (custom designed for the Labstation) by spot welding tantalum 

wires. The assembled piece is loaded into ultra-high vacuum via a load lock chamber 

specially designed to perform up to 5 sample handling without air-contaminating the 

system. 

The sample is then transferred to the preparation chamber where the sputter source is 

installed for thin film preparation. This element has been developed in house together with 

the sputter and data acquisition programs. 

The gold substrate is cleaned in-situ by heating to 200°C for 10 min before the deposition. 

Uranium oxide films were deposited by direct current (DC) sputtering from a uranium 

metal target in a gas mixture of Ar (6N) and O2 (5N). A triode setup was used to inject 

electrons of 25–50 eV energy and maintain the plasma without stabilizing magnetic fields. 

For each deposition, the following parameters were set using the sputtering program: 

 deposition time = 600 s 

 uranium target voltage = -700 V 

 uranium target current = 2 mA 

 filament heating = 3.3 V/3.9 A 

 filament working voltage = 40 V. 

An e-beam heater is installed below the fixed sample holder in the preparation chamber 

and is controlled electronically. All of the films used in this work were deposited at 250°C. 

UO2.0 films with a thickness of 20 nm were obtained by using these optimized conditions. 
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The Ar and O2 pressure were maintained at 5×10−3 mbar and 2×10−6 mbar, respectively. 

When the deposition is over, the sample is positioned on the wagon in the central linear 

chamber. Then it is transferred to the analysis chamber. 

2.2.3. Thin Film Characterization                                                                                                                                                          

The chemical composition and purity of the films were determined by surface 

spectroscopical techniques. In the analysis chamber, an X-ray source and analyser from 

SPECS are installed (anode voltage = 15 keV, emission current = 120 mA) with a 

hemispherical analyzer. The radiation of Al Kα (E = 1,486.6 eV) is produced by a micro-

focus source equipped with a monochromator which operates at 120 W and a beam 

diameter of 1 mm. The spectrometer is calibrated from the BE of 4f7/2   line of Au metal at 

83.9(1) eV, and the 2p3/2 line of Cu metal at 932.7(1) eV. The data acquisition is made at 

RT unless otherwise stated. 

Different types of uranium oxides are characterized by XPS with the procedure described 

below. First, an overview spectrum is taken to check for any impurities on the surface (like 

C1s) and estimate the U:O ratio of the film. Then U4f, O1s, and valence band (VB) are 

recorded. The parameters used for the acquisition are summarized in table 3. 

Table 3 The acquisition parameters for XPS measurements 

Parameter of 

acquisition 

Ov U4f O1s Vb 

Pass energy  (eV) 30 

Slit 7 x 20 mm diameter 

Mode  (KeV) 1.5  (medium area) 

KEini (eV) 100 1066.6 946.6 1473.6 

KEfin (eV) 1500 1126.6 961.6 1488.6 

Scan time (s) 300 600 600 600 

N° of points 1401 601 301 601 

UPS spectra were taken with He II (40.81 eV) UV light, produced by a high intensity 

windowless discharge lamp. Once the surface analysis of the UO2 film is done, the sample 

can proceed to further exposures. The fitting routine of the U4f7/2 peak was based on a 

Lorentzian-Gaussian contribution with a Shirley background using XPSpeak41 software 

version 4.1. 
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2.2.4. Grazing incidence X-ray diffraction 

A Rigaku SmartLab diffractometer using a 9 kW copper rotating anode X-ray source (Cu-

Kα radiation λ = 0.15418 nm) is the equipment used by Dr, E.T. Chitrova to perform the 

grazing incidence x-ray diffraction (GIXRD) measurements at the institute of physics 

ASCR in Prague. It is equipped with a parabolic multilayer mirror in the primary beam, a 

set of axial divergence eliminating Soller slits in both the incident and diffracted beam 

(acceptance 5°) and a parallel beam Soller slit collimator (acceptance 0.5°). A HighPix-

3000 2D hybrid pixel single photon-counting detector is located in the diffracted beam. 

The constant incidence angle of the primary beam ω = 1.0° is used for the measurement. 

2.2.5. Thin Films Exposures                                                                                                                                                          

Eight different types of exposures were applied to the surface of UO2 films: 

A. Molecular H2 exposure 

B. Molecular O2 exposure 

C. Plasma of H2 

D. Plasma of O2 

E. Plasma of water 

F. Plasma of water + H2 

G. Water vapor 

H. Atomic H 

The treatments from A to F were all performed at 400°C for ten minutes, unless otherwise 

stated. 

The treatments G and H were performed at low temperature in the analysis chamber, to 

enable the direct acquisition of data when the exposure is directly effectuated.  

2.2.6. ECR Plasma Source 

The atomic source from Tectra used in exposures C, D and E creates a plasma in a coaxial 

waveguide by evanescent wave coupling of microwave energy at 2.45 GHz. The plasma is 

enhanced by the ECR (Electron Cyclotron Resonance) action of a quadrupole magnetic 

field on which electron cyclotron resonance at the given microwave frequency takes place. 

The evanescent wave coupling, allows the operation without electrodes in the plasma. 

Alumina or other dielectric materials (e.g., BN) surrounds the plasma which makes the 

source suitable for use with reactive gases like O2. A flowmeter setup was used to control 

the gas pressures and keep it constant along the plasma exposure. Three feed-gases were 

used separately or as binary mixtures: H2O, O2, and H2 to generate the reactive plasmas.  
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The use of apertures is a counterpoise to the three functioning parameters: gas flow, 

working pressure and beam current. 

The specially designed aperture plate retains the ions in the plasma, while the reactive 

neutrals can easily escape and form the dominant beam fraction.  

Before passing through the aperture, the emitted particles are largely thermalized due to 

multiple collisions inside the plasma source. The neutrals have low surface damaging effect 

(sputter effect) during treatments such as nitration and oxidation.[61, 62]   

2.2.7. RGA-MS 

After characterizing with XPS and UPS, the deposited UO2 films are transferred to the 

atomic chamber where exposure to reactive gas takes place. The quality of the vacuum is 

first checked with the mass spectrometer after moving-in the sample and closing the valve 

towards the linear central chamber. The real-time process gas analysis is conducted using 

a Residual Gas Analyzer (RGA) based on the linear quadrupole mass filtering technique. 

It identifies the composition of the plasma generated. The gas particles must scatter with 

other gas particles or the chamber walls before reaching the RGA. As a consequence, the 

signal of unstable species can be suppressed.  

 

 
Figure 6 Ratio of H2 to H2O RGA pressure for different mixtures of water + hydrogen 
plasmas. 

A calibration for a series of H2O/H2 gas mixtures used as feed gas to generate a reactive 

plasma was made to examine the quantification of gas phase composition given by the 
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RGA. The ratio of the molecular gas intensities [H2 (m/z = 2) to H2O (m/z = 18)] was 

plotted for each mixture as function of H2 content in Fig. 6. A linear relationship was 

obtained which refers to a reliable distribution of different species pressure when measured 

by RGA. 

2.2.8. Low Temperature exposures 

The low temperature exposures were conducted in the analysis chamber, where the sample 

holder stage made of copper was cooled down with liquid nitrogen (-160°C was reached). 

The temperature throughout the exposure was detected by a thermocouple in contact with 

the surface of the film. Direct measurement with UPS was conducted upon each exposure 

and change of temperature.  

The first type of low temperature exposure (exposure G) was conducted with water vapor. 

A stainless steel pressure container was filled with water from a Millipore Milli-Q system 

for ultrapure water. A Pressure valve between the container and the analysis chamber 

controlled the introduction of water vapor at the desired temperature. Consequently, an ice 

overlayer was formed on the surface of the film which later desorbed when the sample was 

heated. 

The second type of low temperature exposure (exposure H), consisted of atomic H which 

was produced by a thermal gas cracker HABS (Hydrogen Atom Beam Source). The source 

is heated by an e-beam heater using an electron emitting tungsten filament. The operation 

mode is controlled by the flow rate of hydrogen and the heating power which sets the 

intensity of the source. When HABS is running, a narrow beam of atomic hydrogen is 

generated. Compared to plasma sources, the atomic cracker has the advantage of protecting 

the film from ion induced damage (sputter effect). It also allows high atomic hydrogen flux 

rates at the sample position (>95% dissociation fraction), while keeping the H2 background 

pressure of the chamber as low as possible. 
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Results and discussion 

 

3 | H2O2 and γ-irradiation induced oxidative dissolution 

3.1. The impact of groundwater components 

In this study, the impact of Cl−, Br− and ClO4
−  on the kinetics of H2O2-induced oxidative 

dissolution of UO2 in aqueous solutions was investigated. To do so, solutions containing 

one of each solute were prepared and different initial H2O2 concentrations were used with 

or without 10 mM bicarbonate.  Different initial H2O2 concentrations were used to cover 

the range between what could be reasonably close to repository conditions (although still 

significantly higher) and what has been used in previous lab studies. 

3.1.1. H2O2-induced oxidative dissolution of UO2 in 10 mM 𝐇𝐂𝐎𝟑
− solutions 

The oxidative dissolution of UO2 induced by H2O2 at an initial concentration of 0.15 mM 

in 10 mM HCO3
− was shown to be independent of the ionic strength in solution. The rate of 

H2O2 consumption and the U(VI) release in aqueous solution containing 10 mM HCO3
− but 

without added electrolyte were found to be almost identical to solutions of high electrolyte 

concentration. However, for higher initial H2O2 concentrations, the presence of 1 M Br− 

in 10 mM HCO3
− solution was observed to influence the kinetics. The results for the highest 

H2O2 concentration used (2.0 mM) are plotted in figure 7. 

In these experiments the consumption of H2O2 and the dissolution of uranium were faster 

in the solution containing 1 M Br−. In the solution without Br− the consumption of H2O2 

appears to stop before reaching a concentration of zero. It was noticed that the H2O2 

consumption was also not complete in the system containing Br− for the highest initial 

H2O2 concentration. As mentioned previously, the surface-bound hydroxyl radicals formed 

upon the reaction between H2O2 and the oxide surface, can either react by oxidizing the 

surface or by abstracting a hydrogen atom from H2O2.[18] The general mode of the reaction 

between H2O2 and UO2 is expected to change from the initial adsorption of H2O2 on the 
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UO2 surface to reaction H2O2 the surface bound hydroxyl radicals, as the surface becomes 

saturated .  

This can explain the change in the rate constant for H2O2 consumption with H2O2 

conversion, especially when the initial concentration is higher. This is confirmed by the 

first order rate constant deduced from the first 60 minutes of reaction, which decreased by 

ca 40% when the concentration of H2O2 was raised from 0.15 to 2 mM. It is also noticed 

that the kinetics deviates from first order whenever the concentration of H2O2 is not 

reaching zero. 

 
Figure 7 H2O2 (a) and uranium (b) concentrations as a function of reaction time for 
solutions containing 10 mM HCO3

− and 1 M Br− or no additional component. The initial 
H2O2 concentration was 2 mM. 

Speciation calculations were performed based on the conditions used in the experiments 

above (for aqueous solutions containing 10 mM 𝐻𝐶𝑂3
−). These calculations reveal that 

besides the coordination of uranyl to carbonate, the formation of complexes between 

uranyl, carbonate and peroxide can take place under these conditions. This type of 

complexes has been thoroughly studied. [63] 

The dominating species expected to be present when the two highest initial H2O2 

concentrations were used is (UO2)2(O2)(CO3)4
6-, while the free peroxide prevails in 

solutions of low initial H2O2 concentration. It is possible that (UO2)2(O2)(CO3)4
6- has a very 

low reactivity towards UO2 compared to H2O2 which can explain the incomplete 

consumption of H2O2 under the present conditions.  

It is reasonable to assume that the highly negatively charged peroxo-complex is 

significantly less reactive towards the negatively charged UO2 surface than is the neutral 
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H2O2. This can explain why it was possible to observe an ionic strength effect in 

bicarbonate containing solutions. However, this does not explain the initial difference in 

kinetics where mainly H2O2 was present. In fact, the bromide anion can also take part in 

surface alteration, by reacting with the surface bound hydroxyl radical to produce Br2
•−.[24] 

This reaction was shown to be responsible for the faster kinetics of H2O2 consumption on 

ZrO2. This could also occur on UO2 in the systems containing 1 M Br−. In addition, the 

product Br2
•− should readily oxidize UO2. 

3.1.2. H2O2-induced oxidative dissolution of UO2 in 𝐇𝐂𝐎𝟑
− deficient 

solutions 

In contrast to the set of experiments presented above, significant effects of the added 

electrolytes were observed for aqueous solutions without added HCO3
− at all initial H2O2 

concentrations investigated.  

As shown in figure 8, in pure water, fast initial kinetics were noticed for the consumption 

of 0.15 mM of H2O2 as well as for uranium dissolution. Both processes slowed down 

abruptly, most likely due to the formation uranyl peroxo complex followed by precipitation 

of studtite.  

 
Figure 8 H2O2 (a) and uranium (b) concentrations as a function of reaction time for 
solutions containing bicarbonate free water with and without 1 M NaBr, NaCl or NaClO4. 
The initial H2O2 concentration was 0.15 mM. 

Aqueous solutions containing 1 M ClO4
− displayed fast kinetics too with respect to H2O2 

consumption. However, virtually no uranium was dissolved. In contrast, aqueous solutions 

containing 1 M Cl− displayed the slowest H2O2 consumption and and the highest 

concentration of dissolved uranium (0.05 mM). The latter interestingly coincides with the 

concentration of H2O2 remaining in solution. A similar trend was observed for the system 
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containing Br− with considerably lower final values for both H2O2 and dissolved uranium 

concentrations. Hence, the formation of uranyl peroxo complexes under these conditions 

appears as a possible rationale for the observations made.  

The existence of uranyl peroxo complexes in the absence of bicarbonate would also explain 

the results observed at higher initial H2O2 concentrations. It is clear from figure 9 that 

solutions containing Br− and Cl− behave similarly when compared to pure water, in terms 

of slow H2O2 consumption and high uranium dissolution. 

By the end of the experiment, 0.3 mM of H2O2 was left in solution and around 0.20-0.25 

mM of uranium was dissolved. It is well-known that in pure water, and in the absence of 

bicarbonate, studtite will precipitate when the dissolved uranium concentrations reach high 

values in cases when the H2O2 concentration is still significant. This explains the decrease 

in uranium concentration observed for pure water after an initial increase in concentration. 

While H2O2 was consumed with almost the same rate in 1 M ClO4
− solution as in pure water, 

the uranium concentration increased linearly with time but reached lower values than in 

Br− and Cl− systems. 

 

Figure 9 H2O2 (a) and uranium (b) concentrations as a function of reaction time for 
solutions containing bicarbonate free water with and without 1 M NaBr, NaCl or NaClO4. 
The initial H2O2 concentration was 2 mM. 

3.1.3. Adsorption of 𝐔𝐎𝟐
𝟐+ on UO2 

It is well known that in aqueous solutions the solubility of uranium species is in general 

limited in the absence of HCO3
−. While in HCO3

− containing solution, the oxidized uranium 

will be readily dissolved, this may not be the case in HCO3
− deficient solutions. To be able 
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to assess the extent of UO2 oxidation in the HCO3
− deficient systems discussed above, we 

performed a different type of experiment. Here, we added 10 mM HCO3
− 3 h after the H2O2 

consumption experiment in HCO3
− deficient aqueous solution had started. 

The results presented in figure 10 show that bicarbonate induced additional consumption 

of the remaining H2O2 and the total concentration of dissolved uranium reached the same 

values as measured in the systems where HCO3
− was present from the beginning. The ClO4

− 

system response was quite exceptional since in the original experiment (figure 8) all of the 

H2O2 was consumed but no uranium was released. This clearly indicates that uranyl formed 

in the oxidation of UO2 is adsorbed to the UO2 powder. 

 

Figure 10 H2O2 (a) and uranium (b) concentrations as a function of reaction time for 
solutions containing pure water with and without 1 M NaBr, NaCl or NaClO4. The initial 
H2O2 concentration was 0.15 mM and 10 mM HCO3

− was added to the suspensions after 
180 minutes. 

To verify this, we carried out batch adsorption experiments of UO2
2+ to UO2 in the different 

electrolyte solutions used in the study above. As seen in figure 11, the adsorption of UO2
2+  

was limited in pure water but quantitative when 1 M of electrolyte was present. Hence, 

there is an undisputed ionic strength effect on the adsorption of UO2
2+. In addition to the 

general ionic strength effect on the adsorption, Br− and Cl− appear to have specific effects 

in stabilizing the uranyl peroxo complexes since it was clear from the previous experiments 

that they favor higher UO2
2+ concentrations in contrast to ClO4

−. The latter anion primarily 

favors the adsorption of UO2
2+ but seems to have a stabilizing effect on UO2

2+ in solution 

only at higher initial concentration of H2O2. Under these conditions, uranyl peroxo 

complexes may be formed also in solutions containing ClO4
−. This was supported by the 

observed decrease in the rate constant for H2O2 consumption for the first hour in the 
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experiment where higher initial H2O2 concentration was used. We report for 0.15, 0.6 and 

2 mM of initial H2O2 with 1 M ClO4
−, rate constants of 1.4 x 10-3, 1.7 x 10-4 and 1.3 x 10-4 

s-1 respectively. 

 
Figure 11 Uranium concentrations as a function of reaction time for UO2-suspensions 
containing pure water with and without 1 M NaBr, NaCl or NaClO4. The initial UO2

2+ 
concentration was 0.06 mM at pH 7. 

3.1.4. The impact of 𝐔𝐎𝟐
𝟐+ on reaction kinetics 

To complement the interpretation, it was essential to investigate how the uranyl would 

interact when present from the start. Thus, we added 0.05 mM UO2
2+ along with H2O2 to 

UO2 powder and followed the concentrations of H2O2 and uranium.  The results are 

presented in Figure 12.  

 
Figure 12 H2O2 (a) and uranium (b) concentrations as a function of reaction time for 
solutions containing pure water with and without 1 M NaBr, NaCl or NaClO4. The initial 
H2O2 concentration was 0.15 mM and the initial UO2

2+ concentration was 0.05 mM at pH 
7. 
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The ionic strength effect is initially obvious when Cl−, Br- and ClO4
− were present in 

solution, which caused the UO2
2+ concentration to drop quickly due to adsorption. In pure 

water, this effect was not observed. Later it is clear how the uranium concentration 

increases again as the oxidation of the surface with H2O2 proceeds with time. The uranyl 

peroxo complexes are expected to be formed under these conditions and this is confirmed 

by a decrese in the rate of H2O2 consumption compared to the systems without the initial 

presence of UO2
2+. 

3.2. U3Si2 

3.2.1. H2O2-induced oxidative dissolution of U3Si2 in 0 or 10 mM 𝐇𝐂𝐎𝟑
− 

The results from the experiments on H2O2-induced oxidative dissolution of U3Si2 in 0 and 

10 mM HCO3
−  are presented in figure 13.  

 

Figure 13 H2O2, U and Si concentrations as a function of reaction time for from 
U3Si2 solutions containing (a) 10 mM HCO3

− and (b) 0 mM HCO3
−. Reproduced with 

permission from © Elsevier [56]. 

In 10 mM HCO3
−, the kinetics of H2O2 consumption and Si release are almost twice as fast 

as in the absence of HCO3
− but the amount of Si released is almost the same in both cases 

by the end of the experiment. This effect can be attributed to secondary phase formation 

on U3Si2 which can block the surface and thereby slow down the release of Si.  It is also 

clear that the uranium concentration reaches a maximum before precipitating in HCO3
− free 

solutions due to supersaturation and secondary phase formation.  As seen before, in the 
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UO2 system the uranium concentration reaches a maximum and remains constant. The 

difference in concentrations between the two powders indicates that the dissolved uranium 

is in equilibrium with different solid phases. 

To identify the type of secondary phases, H2O2 was added several times and consecutively 

to U3Si2-powder using solutions without added HCO3
−. By the fourth addition, a change in 

the kinetics of H2O2 consumption was observed which implies that upon oxidation of U3Si2 

a secondary phase was formed on the surface. XRD measurements of the powder after 

multiple exposure identified the secondary phases as studtite. 

3.2.2. γ-induced oxidative dissolution of U3Si2 in 0 or 10 mM 𝐇𝐂𝐎𝟑
−  

The results from γ-irradiation of powder suspension were corrected for background 

dissolution of uranium based on a series of experiments performed separately. When no 

bicarbonate was present in solutions, the radiation induced dissolution of uranium is an 

extremely slow process to an extent where it is impossible to quantify it for UO2 or U3Si2. 

In 10 mM HCO3
− the radiation chemical yield of UO2 and U3Si2 dissolution were equivalent 

to 2.7 ± 0.2 × 10−8 mol J−1 and 4 ± 1 × 10−10 mol J−1 respectively.  After taking into 

consideration the difference in the surface area to solution volume ratio between the UO2 

and U3Si2 systems, we realized that in order to compare the two systems, we should 

multiply the radiation chemical yield of U3Si2 by 10 (to have comparable surface areas). 

Thus, the adjusted value for U3Si2 was found to be a factor of 5-10 lower than the radiation 

chemical yield of UO2. 

 

 

 



 

37 

 

 

4 | The exposure of Uranium Oxides to reactive gases 

4.1. Single element gas plasma vs the corresponding molecular 

species (H2 and O2) 

In order to evaluate the impact of molecular species which are also expected to be 

formed in water radiolysis on the surface of the fuel, we exposed different types of uranium 

oxides to O2 and H2 at 400°C for ten minutes (exposures A and B, chapter 2). It was also 

important to evaluate the impact of the corresponding atomic species of the same gases on 

the surface under the same conditions. Therefore, the same type of films was exposed to 

oxygen and hydrogen plasma (exposure C and D). The region from 14 eV up to the Fermi 

level is called the valence band region. It consists of the electrons occupying the outermost 

orbitals of the oxide. The valence band spectrum of each film before and after the exposure 

was registered. Comparisons of the exposures using molecular and atomic species are 

presented in figure 14 for O2/O and in figure 15 for H2/H, respectively. 

The oxidation state of uranium atoms can be directly deduced from the height of the U5f 

peak in the valence band spectrum. Uranium (IV), (V), and (VI) has the electronic 

configuration [Rn]5f2, [Rn ]5f1 and [Rn]5f0 respectively. The intensity of 5f emission 

decreases with lower occupation of the 5f level.[64] That is why U(IV) has a strong 5f 

emission while U(VI) has no emission at all. Quantitative analysis can be done by 

normalizing the U5f intensity to the U4f intensity (chapter 6). Moreover, the width of the 

U5f line is attributed to the U5f multiplet structure. The initial state of U(IV) (𝑈5𝑓2) is 

associated with a final state doublet (5𝑓5/2
1

 and 5𝑓7/2
1 ) while the initial state of U(V) (𝑈5𝑓1) 

is related to a final state singlet (5𝑓0).[60] Thus, a narrowing in the width of U5f emission 

will be detected if a change in the oxidation state of uranium occurs. 

As shown in figure 14, a freshly deposited UO2 film has the O2p band between 2 and 11 

eV and a much more intense symmetric U5f peak around 1.25 eV. When this film is 

exposed to the O2-plasma, it completely oxidizes into UO3. This is evidenced by the 

disappearance of the U5f emission and the growth of the O2p band. The oxygen gas 

exposure (red circles) only induces a slight oxidation as indicated by the slight 

intensification of the O2p and the fact that the narrowing of the U5f band. In conclusion, 

the oxygen gas plasma exposure under the conditions stated above is an efficient method 

for producing homogenous UO3 films. 
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Figure 14 Valence band spectra recorded with XPS for: a freshly deposited UO2 film, and 
two other UO2 films were exposed to O2 gas and O2 plasma respectively for 10 min at 
400°C. 

 

Figure 15 Valence band spectra recorded with XPS for freshly deposited UO3, and two 
other UO3 films were exposed to H2 gas and H2 plasma respectively for 10 min at 400°C. 

Figure 15 shows the results of exposing UO3 films to H2 and H2 plasma. Only a marginal 

change is detected in the valence band spectrum (yellow circles) after exposure to 
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molecular H2. This was deduced after a closer look at the U5f peak which revealed a small 

increase in intensity. 

In contrast, after H2-plasma exposure an intense and broad U5f line at 1.3 eV was 

developed (violet triangles) and the O2p band between 3 to 11 eV acquired a different 

shape from the one corresponding to UO3. This is identical to the reference valence band 

of UO2 (characterized and plotted in figure 14) which shows that UO3 was completely 

reduced upon exposure to the H2-plasma.  

4.2. Water plasma exposure 

4.2.1. RGA-MS of water plasma 

 
Figure 16 RGA-MS pressures results of products in H2O+Ar plasma . 

The plasma chemistry of water is significantly more complex than that of the H2- 

and O2-plasmas. The primary products of water splitting are H and OH. Due to 

recombination reactions, H2, H2O2 and H2O can be formed. Atomic oxygen is also formed 

at higher plasma temperatures, and its recombination products (primarily O2). 

Consequently, the H2O-plasma generates both strong oxidants and reductants and may 
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serve as a model for water radiolysis. This was confirmed with RGA-MS analysis of gas 

species created when water vapor is introduced into the chamber and subjected to the ECR 

plasma. We also introduced Ar gas as a tracer. 

Figure 16 shows the evolution of gas species when switching the plasma on and off.  

Only species escaping the plasma generator are detected with the RGA-Mass 

spectrometer placed outside the plasma generator. The detected products describe 

the chemistry inside the plasma generator since no bimolecular reactions between 

the plasma constituents are expected to occur outside the plasma generator (as a 

consequence of the low pressure). 

H2O+Ar are first loaded into the chamber.  When the plasma is switched on, the 

water signal drops and H2 and O2 are formed due to recombination reactions. When 

the plasma is switched off, all of the species gain back their original pressure. 

Notably, the Ar pressure does not change with plasma on/off toggling. This confirms 

that the intensity variations observed when the plasma is running are the result of 

water dissociation reactions and not of an artefact. 

4.2.2. Impact of water plasma on the UO2 surface 

Three different types of uranium oxide films were exposed to water plasma 

(exposure type E, chapter 2) for 10 or 30 minutes at 400°C. Each sample surface 

was characterised with XPS and UPS before and after the exposure. The unexposed 

films characterized with XPS possessed spectral features in line with literature.[54, 

60, 65, 66]  The characteristic peak position and FWHM are stated in table 4.  

Table 4 The characteristics of U4f main lines for UO2 film representing U(IV), U2O5 
representing U(V) and UO3 representing U(VI). 

Oxide 

type 

Binding energy 

(eV) of U4f7/2 

Binding energy 

of U4f5/2 (eV) 

Spin orbit 

splitting of 

U4f (eV) 

FWHM 

(eV) 

Satellite peaks 

separation from U4f5/2 

UO2 380.1 390.9 10.7 1.5 6.7 

U2O5 380.4 391.3 11.2 1.46 8.1 

UO3 381.1 391.8 10.7 1.2 4.4 and 9.9 

 

Monitoring the U4f and O1s lines and the valence band region offers strong 

interpretation of the changes induced by plasma exposure. For instance, a chemical 
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shift in the U4f peak position to higher binding energy reflects a change in the 

oxidation state from IV to V to VI. 

Shake-up satellites appearing at the higher binding energy side of each core level 

peak offer an extra indication of the uranium oxidation state. Originally, they are 

emission lines of core-electrons which lose kinetic energy by exciting outer 

electrons to higher empty levels (like O2p orbitals) during the photo absorption 

process. Figure 17 shows the results of water plasma interaction with a freshly prepared 

UO2 film. After the exposure, the UO2 film is oxidized. This is confirmed by the 

narrowing and shift of U4f lines to higher BE of about 1 eV.  

 

Figure 17 Core level X-ray Photoemission Spectra of Uranium 4f, O1s and valence band 
recorded for as deposited UO2 film, and two other UO2 films after 10 and 30 min of water 
plasma exposure. Data have been collected on thin films in ultra-high vacuum.[67] 

The satellite peaks are no longer well-resolved and their intensity has diminished. 

They consist of the satellite lines of the U(V) and (VI) (multiple valence 

composition). The U5f intensity decreases and narrows significantly which is 
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consistent with U5f levels less filled with electrons (5f1 replacing 5f2).  This indicates 

the presence of not only U(IV) but also U(V) in the film. Following the exposure, 

the O2p has a different shape and is more intense than the UO2 corresponding band. 

Moreover, the O1s peak shifts to lower BE and broadens. Despite the new features 

appearing due to water plasma, the oxidising effect is considered less pronounced 

than with oxygen plasma, because pure UO3 is not formed. Another film of UO2 was 

exposed to water for 30 minutes and showed similar spectra to the 10 minutes 

condition (data not shown). 

4.2.3. Impact of water plasma on U2O5 and UO3 surface 

In the oxidative dissolution of UO2, U(IV) is transformed into U(VI) via U(V). It 

was highly interesting to check what would be the effect of water plasma on U2O5, 

the intermediate oxide between UO2 and UO3. U2O5 is produced by exposing UO3 

to atomic hydrogen. In the following experiments, U2O5 is prepared by exposing 

UO3 films to a mixed gas plasma of water and hydrogen and further details about its 

elaboration method are presented in chapter 5. Both ways are based on reducing UO3 

under controlled plasma conditions. The results of water plasma exposure to U2O5 

films are shown in figure 18. 

The U4f core lines are broadened after the exposure to water plasma due to 

overlapping of two photoemission peaks. A new component appears at higher BE 

of the U(V) main line which corresponds to U(VI) being formed on the surface of 

U2O5. A noticeable decrease in the intensity of U(V) satellites is observed and a new 

satellite peak corresponding to U(VI) is developed at 9.6 eV above the doublet line.  

While the O2p band in the valence spectra was identical to the unexposed film, the 

U5f peak became less intense. The O 1s line of pure U2O5, located at 529.7 eV, 

broadens after the exposure. All of these differences refer to the oxidation of 

uranium atoms in the binary system U–O. We identify the oxidation product as 

bivalent (mixture of U(V) and (VI). In other words, exposing UO2 to water plasma 

produces more U(VI) than exposing U2O5 under the same conditions. The spectral 

features of the 10 minutes condition are identical to the 30 minutes exposure. 

The XPS characterization results for the UO3 surface after interaction with water 

plasma displays no major differences compared to the unexposed film (the spectra 

were overlapping). In the valence band spectra, the U5f band grew a little bit due to 

a small reduction taking place on the outermost layers of the film. The reduction is 

also time dependent since the 5f band intensity increases even more after 30 minutes 

of exposure to water plasma.  



                            Chapter 4. The exposure of Uranium Oxides to reactive gases 

43 

 

 

Figure 18 Core level X-ray Photoemission Spectra of Uranium 4f, O1s and valence band 
recorded for U2O5 film, and another two films after 10 and 30 min of water plasma 
exposure. U2O5 is prepared by exposing a thin film of UO3 to a mixed gas plasma of H2O + 
H2 for 10 min at 400°C.[67] 

4.2.4. Preferential top surface oxidation 

The chemical changes at the surface of the uranium oxide films might not be identical to 

ones occurring in deeper layers of the film due to a combination of mass transport 

limitations and a larger analysis depth of XPS (5 to 7 monolayers).[51] Accordingly it was 

essential to characterize the films using a more surface specific techniques such as UV 

Photoelectron Spectroscopy (UPS), which has an analysis depth of 1 monolayer and 

compare it to XPS.  

Figure 19 distinguishes between the XPS and UPS spectra recorded for UO2 films 

exposed to water plasma at 20°C and 400°C, respectively. The XPS data in figure 

19 a) shows that the film heated to 400°C when interacting with water plasma had a 

U5f peak less intense than when it was kept at 20°C. We note that the U5f is also 

narrower at 400°C when the VB is normalized to U5f (not shown here). This means 
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that the exposure at higher temperature was capable of oxidizing the film to a larger 

extent than at 20°C. This is somehow expected based on the fast transport of atoms 

into the bulk of the sample and the much more energetic reactants at high 

temperature. The entire region probed by XPS is oxidized. 

 

Figure 19 Valence band spectra acquired with a) XPS and b) UPS of freshly prepared UO2, 
and two other UO2 films exposed to water plasma at ambient temperature and 400°C 
respectively for 10 minutes. 

Surprisingly, the UPS characterization of the same films exposed to water plasma at 

different temperature shows very weak emission of the U5f band (Fig. 19b)). This 

is interpreted as a complete top surface oxidation of UO2 to UO3, which means a 

higher oxidation state of the surface atoms than that of the bulk ones. 

Interestingly, a closer inspection of the U5f emission with UPS in figure 19c) reveals 

a more intense peak at 400°C than at ambient temperature. Apparently, the reducing 

species of the water plasma are thermally activated which results in a slightly weaker 

oxidation. The same species are responsible for the weak reduction observed with 

UO3 films at longer exposure times to water plasma. But it is also possible, that bulk 

diffusion of oxygen at 400°C keeps the surface somewhat more reduced. 

Since the XPS data shows the oxidation product to be different depending on the 

starting material, it was intriguing to check what the UPS could possibly reveal. The 
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results (not presented) show that UO2, U2O5 and UO3 ended up with the same final 

oxidation state (VI) after exposure to a water plasma for 10 minutes at 20°C which 

confirms the thermodynamics expectation.  

4.3. Time dependent oxidation of UO2 with water plasma 

To shed further light on the water plasma-induced oxidation kinetics, time dependent 

studies of the surface oxidation were conducted where several UO2 films were exposed to 

water plasma for different periods of time. 

4.3.1. XPS data analysis 

After recording the emission of U4f and O1s core level electrons with XPS we monitored 

the corresponding BE, FWHM and U4f/O1s surface area ratio as function of exposure time.  

The data presented in figure 20 show that after the exposure to water plasma, the U4f main 

lines broaden and shift to higher binding energy as compared to the unexposed UO2 film. 

The U4 f/O1s surface area ratio were probed (data not shown here) and revealed a quick 

decrease as function of exposure time. 

All these changes in the spectral features refer to a gradual oxidation of UO2 by the water 

plasma. In fact, when an oxidizing species from the water plasma interact with the surface, 

O2- ions are incorporated in the UO2 cubic fluorite structure and occupy vacant interstitial 

sites. To account for the  charge-balance of the system, two U(IV) cations a converted to 

U(V) and finally U(VI).[11]  

The most complete oxidation of the film to almost pure UO3 is reached after around 10 

minutes of exposure at which the U4f/O1s intensity ratio and the FWHM have the minimal 

values. Since the peaks are quite narrow, only one compound can be present. In contrast, 

if two oxidation states with their two different U4f peak positions were present, the 

emission line would consist of a broad unresolved peak.  

The U4f/O1s intensity ratio increased slightly beyond 10 minutes of exposure and this was 

concomitant with an increase of the FWHM. After 60 minutes the U4f main line consisted 

of two components corresponding to U(VI) and U(V) (BE difference = 0.8 eV). With 90 

minutes of water plasma exposure, the U(V) became predominant, which means that the 

U(VI) formed at around 10 minutes was reduced.  



Chapter 4. The exposure of Uranium Oxides to reactive gases                         

46 

 

 
Figure 20 Core level X-ray photoemission spectra of U4f recorded for unexposed UO2 film, 
and 9 other UO2 films exposed to water plasma(WP) for different length of time.[68] 

The O1s peak broadens after water plasma exposure (from 1 to 30 minutes) with no 

significant chemical BE shifting.  After 60 minutes, the O1s is broadened to a smaller 

extend. This confirms the oxidation of U(IV) to U(VI) followed by the reduction to U(V). 

The valence band spectra recorded with XPS and UPS after 2, 10 and 60 minutes of 

water plasma exposure are plotted in figure 21 together with a reference spectrum 

of a pure U2O5 film. After each exposure, the U5f emission peak (figure 21 a)) 

decreases in intensity and narrows while the O2p band is more developed. When 

equalized to the same height, all of the U5f peaks have the same width which 

corresponds to that of U2O5. Apparently, U(IV) disappeared quickly and the water 

plasma oxidation product is a mixture of U(V) and U(VI). 

In contrast, when the same films were analysed with UPS (figure 21 b)), a complete 

oxidation of the outermost surface layer was deduced from the absence of U5f 

emission after 10 and 60 minutes of water plasma exposure. 
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A lack of diffusion (kinetics) cannot be responsible for this difference but rather a 

stabilizing effect of the oxide in different layers. In fact, oxygen can lower the 

surface energy when accumulated on the surface of incompletely oxidised 

compounds.  

 
Figure 21 Core level X-ray photoemission spectra of valence band region recorded with 
XPS in a)  and with UPS in b) for unexposed UO2 film, U2O5 film and 3 other UO2 films 
exposed to water plasma (WP) for different time length. 

4.3.2. Peak fitting and mechanism 

The U4f7/2 peaks after each exposure were resolved and fitted using a combination of 

Gaussian and Lorentzian peak shapes (30-70%). The background was calculated with the 

Shirley method where the background intensity at any given binding energy is proportional 

to the peak area above the background position, i.e. the lower binding energy part of the 

peak.[69] To apply the deconvolution, we used reference peaks of pure UO2, U2O5 and 

UO3 films which corresponded to the uranium oxidation states (IV),(V), and (VI) 

respectively.[60] The results, as function of exposure time, are presented in figure 22. From 

1 to 10 minutes, the concentration of U(IV) drops and the one of U(VI) increases. For 

extended exposures, the fraction of U(VI) declines again and the fraction of U(V) 

increases at the same rate. Based on the effect of different types of exposures (A to E 

according to chapter 2) on the surface, we can conclude what are the oxidizing species 
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formed in water plasma. This is highly important for describing a plausible mechanism of 

the process. Water plasma generates both oxidizing and reducing species like H2, H
•, HO•, 

O and O2, the latter being a recombination product. The oxidizing effect of O2 is less intense 

than that of water plasma but the oxygen plasma effect is more oxidizing than both. Thus, 

it is reasonable to attribute the oxidizing effect of water plasma to both atomic oxygen and 

hydroxyl radicals.  

When uranium is oxidized in one-electron steps the general reactions can be written: 

U(IV) + PlasmaOx  U(V)                             (16) 

U(V) + PlasmaRed  U(IV)                           (17) 

It has been shown in the first part of this chapter that hydrogen and oxygen atoms 

can direct the reduction and oxidation of uranium atoms towards U(IV) and U(VI) 

respectively, when the exposure was made at 400°C for 10 minutes.  

When the exposure time is short, U(V) is detected on the surface. In addition, when 

U(V) is exposed to water plasma, its conversion to U(VI) is incomplete as shown by 

XPS while with UPS complete conversion of surface atoms was detected.  

The water plasma has the same potential in driving the redox reactions since atomic 

oxygen and hydrogen atoms are one of its constituents. The kinetics as well as the 

plasma composition (which is temperature dependent) would then control the 

dynamics of these processes.  

Based on the general trends described above the simplest model can be attributed to 

the following reaction scheme: 

U(IV) + PlasmaOx  U(V)                           (18) 

U(V) + PlasmaRed  U(IV)                         (19) 

U(V) + PlasmaOx  U(VI)                           (20) 

U(VI) + PlasmaRed  U(V)                         (21) 

Admittedly, the kinetics for adsorption and desorption of the plasma products on the 

surface should also be included in a complete mechanism. Since the flux is 
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continuous, no plasma products can accumulate on the surface. Therefore, the rate 

of each step depends on the flux of the active plasma constituent multiplied by the 

surface fraction of uranium in the oxidation state concerned. If we apply the 

mechanism above to U(IV), the starting point in our system, we would reach a 

steady-state where either all of the oxidation states are present or only U(VI). This 

is largely connected to the relative fluxes of the plasma products and the relative rate 

constants for each step. However, since it was demonstrated with XPS data and U4f 

peak fitting that steady state of the system is not reached, the mechanism proposed 

is not enough to describe the system. 

We notice in figure 22 that the reduction of U(VI) is not balanced by the oxidation 

of U(V) back to U(VI). Moreover, the UPS-data (in figure 21) show that once the 

surface of the film is oxidized from U(IV) to U(V) and then to U(VI), no reduction 

can transform back the U(VI) to U(V) even at longer exposure times. This implies 

that U(V) produced is located deep in the film and has different reactivity. An 

additional reaction should be added to the overall mechanism in order to account for 

this criteria.  

 
Figure 22 The fraction of uranium oxidation states deduced from simulation results and 
U4f7/2 peaks deconvolution results, plotted as function of exposure time to water 
plasma.[68] 
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A numerical simulation (using the software MAKSIMA)[70] considered this 

mechanism including the four redox reactions stated above. The obtained results are 

also presented in figure 22. The rate coefficients of the used reactions accounts for 

the diffusion of atoms into the bulk of the film and the adsorption and desorption 

processes. 

As can be seen, the numerical simulation reproduces the experimental results fairly 

well. In these simulations the oxidation and reduction steps follow first order 

kinetics: kox[Ox] and kred[Red] where k is the second order rate constant multiplied 

by the concentration of reactants.  

The ratio of the first order rate constants for oxidation and reduction obtained with 

the simulation is 8.6. The first order rate constant for the reduction steps are 10 times 

faster than for the reaction responsible of producing U(V) in the bulk (i.e., U(V)b).  

As long as the rate of oxidation is not changing, the overall dynamics will be 

insensitive to the ratio between the first order rate constants of redox reactions (if 

going backwards). However, if the reduction process occurs at a slower rate, (ratio 

higher than 8.6) U(VI) will be more concentrated than what is found experimentally. 

This confirms the overall oxidative impact of water plasma in the uranium oxide 

system. The mechanism is summarized in scheme 1.[68]  

Scheme 1  
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5 | Exposure of Uranium Oxides to mixed H2O/H2 plasma 

5.1. Properties of mixed H2O/H2 plasma 

A mixed H2O/H2 plasma is generated by introducing both hydrogen and water 

vapour in the plasma chamber and subject the feed gas to the ECR plasma. To 

explore the properties of mixed plasma, we followed the changes in the pressure 

obtained with RGA-MS of three crucial gas species, O2, H2O and H2, when the H2 

pressure was increased gradually in a mixed gas plasma (figure 23).  

 
Figure 23 Pressures of molecular products in a mixed H2O/H2 plasma in a system where 
the H2 pressure in the plasma generator is stepwise increased. 

The response of the system for the first addition of H2 (I), 200 seconds after the 

ignition of water plasma, is a significant increase in H2O pressure, a small decrease 

in O2 pressure, and an increase in H2 pressure. When H2 was added for a second time 

(II), the O2 pressure and the H2 pressure responded just like in the first addition but 

the water pressure was rapidly increasing in the beginning and then dropped. In the 

following three incremental steps of the H2 pressure increase (III, IV, V), similar but 
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less pronounced changes were observed. By the third incremental increase in H2 

pressure, the O2 pressure becomes insignificant.  

The decrease in O2 pressure observed at higher H2 pressure is partly due to the 

competition between the reaction producing O2 (O + O O2) and the reaction 

between O and H atoms producing hydroxyl radicals and also the reaction between 

O atoms and H2 forming water.  

The addition of H2 will change the yields of water plasma products. To summarize, 

depending on the pressure of H2 added, the properties of the plasma can change from 

being both oxidizing and reducing to become purely reducing.  

5.2. XPS analysis of surface interactions 

In all of the experiments below, several films of each composition (UO2, U2O5 and 

UO3) were prepared and exposed to mixed H2O/H2 gas plasmas of different 

composition for 10 min at 400 °C and then characterized by means of XPS. The 

U4f, O1s, and valence band regions of the samples were recorded before and after 

the exposure and plotted together for comparison. 

5.2.1. UO2 

Figure 24a) shows the results of the XPS scans of the valence band spectra and O1s 

peaks of the plasma exposed UO2 films. The intensity of the U5f peak originally 

present at 1.2 eV below the Fermi level drops after each exposure.  

The pure water plasma exposure induces the strongest loss of U5f intensity, pointing 

to higher U(VI) content. A fraction of H2 as low as 3% in the plasma feeding gas is 

sufficient to partly counteract the loss of intensity.  When the H2 fraction is 20%, no 

considerable changes are detected in the valence band spectrum as compared to the 

precursor oxide (UO2). This shows that increasing the H2 content in the mixed 

H2O/H2 plasma suppresses the oxidizing effect of the water plasma to the extent that 

surface oxidation is no longer taking place. 

A better comparison can be made when all of the U5f bands are normalized to the 

same height and shifted to the same lower binding energy side (figure 24b)). The 

film exposed to 80-20% H2O/H2 mixed plasma has a broad peak which overlaps 

with the band of the untreated film. The O2p band in the energy range 3-7 eV of 

both films has a two-peaked shape and low intensity. This reflects the absence of 

oxidation. 
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Figure 24 X-ray photoemission spectra of the valence band (a) and O1s core level line (b) 
recorded for the precursor and plasma treated films. The panel (c) captures a detail of the 
5f states normalized and shifted in energy for comparison as described in the text. Films 
exposed to pure water plasma and mixed gas plasma of water and hydrogen. 

The films exposed to mixed plasmas with a lower H2 feeding gas fraction than 20 % 

have narrow U5f peaks. As explained before, the 5f2 ground state of U(IV) gives a 

broad peak while the 5f1 ground state of U(V) gives a narrow peak. The U(VI) has 

5f0 configuration, which means no peak at all can be seen. If the oxidised films 

contain a mixture of U(V) and U(VI), the result will be a narrow peak (5f1) just like 

in the cases where the H2 feeding gas fraction was 0, 3, and 10 %. The O2p band of 

these films is featureless and broad.  

In figure 24c), the original UO2 film has the O1s peak at 530.1 eV which broadens 

and shifts towards lower binding energy after the exposure to pure water plasma. 

This is due to the inequivalent oxygen atoms in the crystal structure of UO3.[60] The 

broadening is reduced with mixed H2O/H2 plasma exposures. The O1s peak of the 

film treated with mixed plasma with H2 feeding gas fraction of 10 %, has an 

intermediate width between the ones of UO3 and UO2. This is also the same width 

as the O1s reference peak of U2O5. The film exposed to a mixed plasma with H2 
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feeding gas fraction of 20 % has an O1s peak slightly shifted to lower binding energy 

but displays the same width as untreated UO2. 

5.2.2. UO3 

The preparation of UO3 thin films was previously described in chapter 4. The 

corresponding regions of the U4f satellite peaks probed with XPS are presented in 

Figure 25a). 

 
Figure 25 The U4f satellite region (a) and O1s core level (b)  XPS spectra for the precursor 
and plasma treated UO3 films. 

The reduction of UO3 with mixed H2O/H2 plasma is much more pronounced 

than with pure water plasma where reduction is mainly displayed at long exposure 

times.[68] After the exposure to 20 % H2 mixed plasma, the satellite lines of the 

U(VI) component are prominent.  When the H2 feeding gas fraction is between 30 

and 80 %, only the satellite line of U(V) is observed. The U(IV) satellite appears 

when the H2% feeding gas fraction is as high as 90% in the mixed plasma.  

However, even for the high H2 concentration, a small contribution of the U(V) 

satellite peak is detected which indicates an incomplete reduction. A complete 

reduction of the UO3 film to UO2 is only achieved when the film is exposed to a 

pure H2 plasma. 
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The spectral features of the O1s lines presented in figure 25b) confirm that when the 

H2 fraction in the feed gas of the mixed plasma increases, the degree of reduction 

increases. The O1s signal of UO3 exposed to pure water plasma is identical to that 

of the unexposed film. When the H2 fraction of the mixed plasma feeding gas 

increases, the O1s peak narrows and shifts towards higher binding energy. The O1s 

spectrum is identical for the exposure to 30% and 50% H2 mixed plasma. This 

confirms the formation of an intermediate oxidation state (U(V)), which is reluctant 

to undergo further reduction within 10 minutes exposure under variable reducing 

conditions. The peak becomes narrower and similar to the UO2 reference line when 

the film is exposed to 90 % H2 mixed plasma. 

5.2.3. U2O5 

Thin films of UO3 were exposed to a mixed plasma made from a feeding gas mixture 

containing 30 % of H2 to produce pure U2O5 films of single oxidation state (V). A 

subsequent H2O/H2 plasma exposure of variable feeding gas composition was 

applied to U2O5 films at 400 °C for 10 min.  

 

Figure 26 The valence band (a)  and U4f main lines (b) XPS spectra for the precursor and 
plasma treated U2O5 films. 
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The XPS survey spectra of the valence band are presented in figure 26a). As 

discussed in the former chapter, the oxidation of U2O5 with water plasma results in 

a decrease of the intensity of the U5f peak without a change of its width, which 

implies that U(V) and U(VI) are both parts of the oxidation product. U(V) has the 

potential of being either oxidized or reduced, depending on the redox conditions 

established by the plasma. Compared to pure water plasma, the U5f band intensity 

is much less reduced with mixed plasma, which implies that the oxidation of U2O5 

is less advanced. The 50 % H2 mixed plasma exposed film has an intense U5f line 

and an O2p band identical in shape and intensity to the UO2 characteristic spectrum. 

Apparently, reduction of U2O5 is taking place. 

The corresponding scan of the U4f region is presented in Figure 26b. Upon 

oxidation with water plasma, the main U4f line shifts, narrows and develops a new 

satellite peak of U(VI). The oxidation of U2O5 becomes limited with increased H2 

content in the mixed plasma. This is obvious from the decreased intensity of the 

U(VI) main line component and the increased intensity of the U(V) satellite peak. 

With 40 % H2 mixed plasma, the resulting U4f lines overlap with those of the 

unexposed U2O5 film, showing only the U(V) satellite peak. The U4f peaks are 

shifted to lower binding energies due to reduction when the film is exposed to 50 % 

H2 mixed plasma. The satellite of U(V) is now replaced by the one of U(IV). This 

reduction is already maximal since no further changes were detected when the 

feeding gas fraction of H2 in the mixed plasma was raised to 80 %. However, it 

remains an incomplete reduction because the U4f main line of pure UO2 is still 

narrower than for that of the reduced U2O5 films. Therefore, we assume that there 

are traces of U(V) but the corresponding satellite peak may be masked by the strong 

U(IV) satellite.  

5.3. Quantification of the H2 effect 

All of the U4f7/2 lines registered for each condition presented above are 

deconvoluted into the respective spectra of pure UO2, U2O5, and UO3. This 

quantifies the contribution of U(IV), U(V), and U(VI) to the main peak as a function 

of H2 fraction in the feeding gas of the plasma. The results are shown in Figure 27. 

Due to the change in the flux of oxidants and reductants, H2 mixed plasmas are 

capable of suppressing the oxidant formation in the plasma which cancels the 

oxidation of the surface and eventually promotes its reduction. For instance, with 
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UO2, 40 % of H2 is sufficient to achieve this. The reduction of UO3 within the 10 

min plasma exposure is only possible in the presence of H2. The extent of reduction 

increases with increasing H2 fraction in the feeding gas. U(V) becomes the 

dominating oxidation state between 30 and 70 % H2. In this range, the reduction 

seems to be independent of the H2 concentration. The reduction is the most advanced 

at around 90 % H2, where the U(IV) oxidation state predominates. As can be seen, 

U(V) is an intermediate product of both the oxidation of UO2 and the reduction of 

UO3. However, it becomes the dominating oxidation state for UO3 exposed to mixed 

plasma for a very wide range of H2 fractions in the feeding gas. Interestingly, 50% 

H2 is the limit at which the exposure of U2O5 to the mixed plasma switches from 

being oxidizing to being reducing. This corresponds approximatively to half the 

fraction of H2 required to add in the feed gas for reducing UO3 to U(IV) (90 % H2).  

 
Figure 27 Fractions of different uranium oxidation states (obtained by decomposition of 
the U4f7/2 spectra) as a function of H2 concentration in the plasma feed gas. The results 
from the unexposed films (marked by dashed lines) are included for comparison. 
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5.4. Grazing Incidence X-Ray Diffraction 

The structural characterization of the films exposed to reactive gas plasma was done by 

Grazing Incidence X-Ray Diffraction (GIXRD). The results revealed that the sputtered 

UO2 film on a polycrystalline gold substrate has a preferential orientation towards the [111] 

direction. The oxidation of such films with O2 plasma for 10 or 20 minutes destroys the 

crystallinity of the lattice. 

The changes induced by redox reactions from 30% H2 mixed plasma were found to be time 

dependent: the UO2 keeps its fluorite structure after 10 minutes of exposure but changes 

completely and develop new Bragg peaks after a double exposure of 20 minutes each. The 

new peaks were attributed to crystalline U2O5 [PDF4+: 00-010-0090].  

When UO2 is oxidized with water plasma, the GIXRD shows that the peak at 28° in 2Ɵ 

decreases in intensity and a new peak at 21° grows strongly. This means that UO2 became 

much less abundant in the film and a new textured phase is formed which could not be 

identified due to the limited number of Bragg peaks.  

All of  these characterizations are fairly well consistent with what has been observed with 

XPS. When UO2 is oxidized with pure or H2 mixed water plasma, it was difficult to form 

high concentrations of U(V) after 10 min due to its rapid oxidation to U(VI). In contrast, 

when UO3 is the starting material, mixed plasma formed U(V) (U2O5) within fairly wide 

H2 concentration range. 

U2O5 required high concentrations of H2 in the mixed plasma to be reduced to U(IV) in 10 

minutes. These differences are connected to structure changes in the lattice of the oxide 

when interacting with the plasma components. In fact, UO3, U3O8 and U2O5 compounds 

contain respectively 0, 66 and 100% of U(V) versus U(VI). It is well known that these 

compounds have similar layered crystal structures while UO2 adopts a cubic fluorites 

structure.[15, 16, 71] Hence, the transition between these oxides is kinetically favored 

compared to a transition to and from UO2 where major structure reorganization has to be 

made upon oxidation or reduction of the compound. 
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6 | Methods for determination of the uranium oxidation 

state 

The surface oxidation state of uranium oxide films can be determined using three different 

methodologies based on photoemission spectroscopy data.   

In Method I, the U5f/U4f intensity ratio is used, in method II, the relative intensities of the 

U4f oxide shifted peaks are used, and in method III, O1s/U4f intensity ratio is used. Method 

I and II gives information about the uranium oxidation states while method III gives 

information about the total concentration of oxygen. These methods have been applied to 

follow the surface modification of uranium oxide films when subjected to exposures of 

type B, C, D and E (chapter 2). 

6.1. Method I: U5f/U4f intensity ratio 

In order to obtain an accurate quantification of the 5f occupancy, the nearby valence band 

emission that interferes with the 5f peak in the respective spectral range has to be removed. 

This is particularly important at the high binding energy side of the 5f (where 5f and VB 

emission overlap) and for low 5f occupancies (where the 5f signal is small). 
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Figure 28  5f1 and 5f2 peaks obtained by subtracting the VB. The shape of 5f2 is more 
asymmetric and broader than 5f1. 
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Such subtraction is difficult as details of the VB shape are not known. The shape depends 

on the particular density of states and not simply on the Gaussian-Lorentzian line shapes, 

as for the core-levels. A numerical subtraction method is applied and the valence-band 

spectrum of UO3 (Figure 15) is used to model the pure VB peak, because the U5f emission 

is missing. This approximation is satisfactory in the direct vicinity of the 5f peak. Intensity 

and position of the subtraction VB are chosen to leave a flat region of half the intensity of 

the pseudogap minimum (i.e., peak tail around 2 eV) after subtraction. The intensity at the 

pseudogap is supposed to originate to equal parts from the 5f peak and from the VB. So, 

after removal of the VB only half the intensity should be left. The background obtained 

after the subtraction can be attributed to the inelastic electrons (Shirley type).[69] 

The subtraction is successful in removing the low binding energy part of the VB (the falling 

flank) which overlapped with a part of U5f feature. The results of the VB removal from 

the UO2 and U2O5 spectra are presented in figure 28.  

6.1.1. U5f intensity analysis using the U4f core-level reference 

As mentioned above, the photoemission intensity of U5f is connected to the 

oxidation state of uranium. However, other parameters, such as spectrometer settings (pass 

energy, slit size, etc.), inelastic mean free path, etc.[52] can also affect the intensity. The 

photoemission intensity, I, can be expressed by:   

𝐼 = 𝑃 ×  𝐼ℎ𝑣  × 𝑛𝑒 × 𝜎 × [𝑈]                          (22) 

where P is the intensity parameter (taking the factors related to IMFP and  spectrometer 

settings, etc., on the intensity into account), Ihv is the X-ray intensity, ne is the number of 

electrons, 𝜎 the cross section of U and [U] is the concentration of uranium. Ihv and [U] can 

be eliminated by using a reference line, in our case the U4f line. The U5f/U4f intensity 

ratio can be written as: 

𝐼𝑈5𝑓

𝐼𝑈4𝑓
=

𝑃𝑈5𝑓

𝑃𝑈4𝑓
×

𝑛𝑈5𝑓

𝑛𝑈4𝑓
×

𝜎𝑈5𝑓

𝜎𝑈4𝑓
                            (23) 

When comparing uranium of different oxidation states, the only variable is n5f, thus we can 

write: 

𝐼𝑈5𝑓

𝐼𝑈4𝑓
= 𝑐 × 𝑛𝑈5𝑓  =>  𝑛𝑈5𝑓 =

1

𝑐
 ×

𝐼𝑈5𝑓

𝐼𝑈4𝑓
             (24) 
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Where c denotes the combination of the remaining parameters in equation 24 that remain 

constant in this comparison. UO2 of well determined composition (n5f=2) can be used to 

evaluate c.  As a consequence, this method can be used to directly determine the U5f count 

based on the intensity of the 5f photoemission line. In simple uranium oxides (Un+Ox), the 

following two expressions give the relation between n5f, oxygen content (x) and formal 

uranium oxidation state (n). 

                               𝑥 = 3 −  𝑛5𝑓 2⁄                                                    (25) 

                                    𝑛 = 2 𝑥                (26) 

In the experiments discussed in this thesis, thin uranium oxide films have been used (<20 

nm) and the temperature during plasma exposure was high (400°C) which results in 

homogeneous films also after plasma exposure. In homogeneous films, the different escape 

depths of the U4f and U5f lines have no influence.  

6.1.2. Calibration of the method 

To check the reliability of method I, uranium oxides with well-defined oxidation states 

were used. The XPS characterisation of UO2, U2O5 and UO3 was extensively discussed in 

the previous chapters. 

As stated above, when U(IV) is oxidized to U(V), the final state changes from 5f2 doublet 

to the 5f1 singlet. As a consequence, the 5f peak decreases in intensity and narrows. The 

strong decrease in intensity is simultaneous with the development of the O2p. If we want 

to achieve a good quantification of the oxidation state, we cannot compare the 5f and O2p 

(VB) intensities but, as described above the 5f emission and the 4f core level. 

The U5f/U4f intensity ratios are calculated and presented in Figure 29. It is clear that when 

the oxidation state decreases (the f-count increases from 5f0 to 5f1 to 5f2), the ratio increases 

almost linearly which indicates that the ratio is directly depending on the 5f counts (n5f). 

Such correlation makes it possible to determine the average oxidation state of an oxide 

with unknown composition (non-stoichiometric) using the U5f/U4f intensity ratio. The 

intensity of U5f1 corresponding to U2O5 has a large degree of uncertainty due to the 

difficulty of producing good stoichiometric films of this type (usually traces of U(IV) or 

U(VI) coexist with U(V)). In contrast, the U5f2 intensity of UO2 is stable because 

stoichiometric UO2 can be prepared with high accuracy. Since there exists a linear 

relationship between the U5f/U4f intensity ratio and nU5f (see equation (24)), it is possible 
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to determine the nU5f of non-stoichiometric oxides (UOx). When a sample is analysed with 

XPS, the electrons are emitted from approximatively 7 monolayers, and the nU5f obtained 

represents the average value for this probed region. 
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Figure 29 Evolution of the U5f/U4f and O2p/O1s intensity ratios for three pure oxides. 

6.2. Method II and III 

Method II relies on the decomposition of the U4f line into a U(IV), U(V) and U(VI) 

components. This is done by a numerical subtraction of the reference spectrum (UO2, U2O5 

or UO3) from the spectrum of the oxide with unknown composition. Method III directly 

estimates the total oxygen concentration by calculating the O1s/U4f intensity ratio, 

normalised to the ratio for UO2. 

6.3. Exposure of UO2 to molecular oxygen   

UO2+x is formed upon oxidation of UO2 with molecular oxygen in water as well as under 

UHV conditions.[66, 72] An O2 molecule first adsorbs then dissociates to atomic oxygen 

on the surface of UO2 under UHV conditions. When the lattice accommodates the atomic 

oxygen, UO2 is oxidised. Several thin UO2 films (20 nm) were exposed to molecular 

oxygen at 400°C in a consecutive manner. The results are plotted in figure 30. 
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Figure 30 Reaction of UO2 with molecular oxygen at 400°C. Valence region spectra. 

After each exposure, the 5f peak narrows due to surface oxidation. The oxidation 

is eventually hindered and does not proceed beyond UO2.22 after 1560 Langumirs O2 

dosage. After a total dosage of 2560 Langumirs O2, the best reproduction of the 5f peak is 

made by a mixture of 44% U5f1 and 56% 5f2 (Figure 31). The calculated surface 

composition is UO2.22. The broad 5f2 peak overcasts the 5f1 peak. When oxidation takes 

place, the 5f1 peak gradually replaces the 5f2 peak. This explains the narrowing of the 

overall peak.  

After 1560 Langumirs of O2 dosage the oxidation is hindered and does not proceed beyond 

UO2.22. This is explained by the accumulation of oxygen at the top surface, which 

transforms all of U(IV) to U(V). A UPS-He II study (not shown) indeed showed that at 

saturation O2 dosage the surface contains exclusively U(V). So the U(IV) signal in Figure 

31 comes from deeper layers. 
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Figure 31 Decomposition of 5f (after 2560 L O2) into the 5f1 and 5f2 components. The 5f2 
has been subtracted from the sum spectrum. 

6.4. Exposure of UO2 to atomic oxygen    

The complete conversion of UO2 to UO3 by exposure to atomic oxygen is performed at 

elevated temperature (400°C) to enable the diffusion of oxidizing species into the deeper 

layers. At room temperature, the conversion is incomplete even at high dosage, as 

evidenced from the residual UO2 XPS features observed both for the U4f main lines and 

the valence region spectra (not shown here). The aim was to probe the intermediate state 

in UO2 oxidation before it proceeds all the way to UO3. Therefore, UO2 films were exposed 

to low dosage of atomic oxygen by controlling the exposure time at 400°C. Figure 32 

represents the valence band spectra of the oxidized films. 

The 5f emission decreases in intensity and narrows after each exposure due to the 

replacement of 5f2 by 5f1. In figure 33 the result after 20 secs exposure is presented. The 

best reproduced 5f shape is obtained when 0.46 of 5f2 and 0.54 of 5f1 are superposed. The 

surface composition in such case is UO2.27. In figure 34, a comparison of the oxide film 

compositions after molecular and atomic oxygen exposures using the three methods 

discussed here is presented. It can be noted that the XPS scans of all of the oxidized films 

show no trace of U(VI) in the U4f main line and the corresponding satellite peak. That is 
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why in method II, only U(IV) and U(V) are considered. The results of the three methods 

are in very good agreement. 
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Figure 32 The valence region of UO2 thin films exposed to Atomic oxygen plasma at 400°C 
for different length of time. 
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Figure 33 U5f emission after atomic oxygen exposure 
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Figure 34 Oxygen composition of UO2 films exposed to molecular or atomic oxygen, 
determined by analysis of I) I(U5f)/I(U4f), II) I(U4f) (UIV UV), and III) I(O1s)/I(/U4f). 

6.5. Exposure of UO2 to water plasma   

The changes in the U4f and the valence band spectra upon exposure of UO2 to water plasma 

were discussed in details in chapter 4. In figure 35 the U5f lines equalised to the same 

height are plotted. As can be seen, the width of the U-5f peak of UO2 is transformed to 5f1 

after only 1 min of plasma exposure. As the oxidation of U(V) proceeds to U(VI), the width 

does not change. However, the intensity of the 5f line decreases with water plasma 

exposure time (this can be seen when the U5f bands are not equalised). 

It was previously shown that despite the rapid oxidation there are still traces of U(IV) 

present in the U4f main lines, but the proportion is too small to affect the line width of the 

U5f. The oxidation product is a mixture of U(V) and U(VI). At longer exposure times the 

intensity of the U5f line grows again indicating that U(VI) is reduced back to U(V). Since 

all three oxidation states are present at some stage, the separation and integration in method 
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II were based on the three components of uranium (IV), (V) and (VI). For the exposure 

times from 1 to 9 minutes, first the U(IV) contribution is eliminated (using a UO2 spectrum) 

and integrated. Then the U(VI) contribution is subtracted and integrated for longer 

exposure times. Thereafter, the U(V) spectrum is integrated. A comparison of the results 

obtained for analysis of the surface oxidation states upon exposure to water plasma with 

the three methods is shown in figure 36.  
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Figure 35 Evolution of the 5f line width with water plasma. 

Methods I and II give similar results at low exposures and display a maximum oxygen 

content after around 10 minutes of exposure where the composition is UO2.6 to UO2.8. After 

longer exposures, the oxidation state decreases as a result of U(V) formation. It appears 

that beyond 10 minutes, the oxidation state deduced from the 5f/4f ratio is lower than the 

values obtained with the U4f integration (UIV/UV/UVI).  

The conclusion obtained method III deviates from method I and II. The intensity ratio of 

O1s/U4f keeps on increasing after 10 minutes of exposure despite the reduction of U(VI) 

observed with XPS data. The ratio increase is the result of another form of oxygen formed 

on the surface. This supplementary oxygen does not lead to an increased oxidation state of 

U, which would be in contrast to what method I and II reveals. 
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Figure 36 Oxygen composition of UO2 films exposed to water plasma, determined by 
analysis of I) I(U5f)/I(U4f), II) I(U4f) (UIV UV), and III) I(O1s)/I(/U4f). 

In fact, after long exposure to water plasma, a second form of U(V) in deeper layers is to 

be presumed (chapter 4). This was based on the absence of U(V) from the top surface layers 

which was revealed with UPS analysis. The proposed mechanism of UO2 oxidation with 

water plasma was confirmed by the numerical simulation when a second type of U(V) 

formation was included in the reactions. The O1s peak after 60 minutes of water plasma 

exposure is broader than after 10 minutes. Moreover, the O1s of U2O5 is narrow and when 

oxidised to UO3 it broadens. However, the O1s peak shape does not change when the 

reduction of U(VI) occurs at 60 minutes of exposure to water plasma. This can only be 

explained by the presence of a second oxygen species. Interestingly, a residual peak at 

around 1.8 eV higher BE than the lattice oxygen peak (at 530.2 eV) was found by 

subtracting the spectrum of UO3 from the film exposed to 60 minutes of water plasma. Plus, 

a small peak at 9.4 eV was detected in the valence band spectrum of XPS and UPS. This 

peak can be assigned to OH•. The peak is too small due to the low cross-section of O2p 

with XPS technique. 
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6.6. Exposure of UO3 to atomic hydrogen     
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Figure 37 U5f emission of UO3 exposed to atomic hydrogen. 

When a UO3 film is exposed to atomic hydrogen at low dosage (to catch the initial phase 

of reduction), the film is reduced as shown by the increase of the U5f emission with higher 

dosage (longer exposure). Interestingly, the shape is always narrow as shown in figure 37, 

which is typical for 5f1. This means that U(V) is the only reduction product in the film. 

After 45 seconds of exposure, the satellite line of U(V) is observed in the U4f scans 

Table 5 Oxygen composition of UO3 films exposed to atomic hydrogen, determined by 
analysis of I) I(U5f)/I(U4f), II) I(U4f) (UV UVI), and III) I(O1s)/I(/U4f). 

Ratio U5f/U4f U4f  (UV/UVI) O1s/U4f 

Method number I II III 

UO3 3 3 3 

5 secs H 2.98 2.96 2.98 

20 secs H 2.91 2.91 2.96 

45 secs H 2.86 2.88 2.87 

Again, the surface compositions determined using the three methods are in good 

agreement. The values are presented in table 5. The atomic hydrogen exposure leaves no 
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traces of surface OH in the valence band difference spectra neither induces a broadening 

of the O1s line. This is due to the high temperature (400°C) at which the reduction was 

done. At this temperature the surface hydroxide decomposed into oxide and water, which 

desorbed (for low temperature, see chapter 7). The reduction of UO3 exclusively lead to 

U(V) formation leaving no traces of other species behind. 
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7 | The exposure of uranium oxides to H2O and H• at low 

temperature  

The characterization of the chemisorbed H2O and OH groups on different types of uranium 

oxide films was made with Ultraviolet Photoelectron Spectroscopy (UPS). 

Two different types of exposure were conducted at low temperature in order to form 

adsorbed hydroxyl species. In the first one, the surface was hydrated (exposure type 

G) when water adsorbed and dissociated on the surface. In the second one (exposure 

type H), the surface was hydrogenated by reducing the oxide with atomic hydrogen. 

7.1. Adsorption mechanism 

When water comes into contact with a metal oxide surface, it can either adsorb 

molecularly or dissociatively. Two adsorption types exist: the physisorption (ion-

dipole attraction) or the chemisorption (orbitals overlapping). Due to the ionic nature 

of metal oxides, the oxygen ions act as donors (Lewis base) and interact with 

acceptors like H+ (Lewis acid). 

It is the heterolytic dissociative chemisorption of water which leads to the formation 

of surface hydroxyl groups on metal oxide surface. H2O splits into H+ and OH- 

according to the reaction below: 

H2O + O2-  OH- lattice + OH- surface        (27) 

In the mechanism of atomic hydrogen adsorption, H• binds preferentially to oxygen atoms 

to form hydroxide based on the following reaction: 

H + O2-  OH- + e-                                    (28)                            

This adsorption reaction is only possible when the bond between the oxygen and the metal 

is broken (i.e., the metal is reduced). Upon prolonged exposure to atomic hydrogen, the 

surface coverage becomes high enough that the hydroxyl species on the surface recombine 

to form chemisorbed water. Increased temperatures can induce water desorption or 

dissociation into stable adsorbed species which persist at or above room temperature. 
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7.2. UO2 
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Figure 38 UPS spectra of UO2 exposed to water. A) 0.2 Langmuir at -115°C, b) 5 Langmuir 
at -110°C. Spectra are taken after exposure and after gradual warming (-60°C, 0°C). 

Figure 38 shows that water adsorbs molecularly on UO2 at -115°C for low dosage. This is 

evidenced by the emission of molecular orbitals of water (1b2, 3a1 and 1b1) at 13, 9.8 and 

7 eV below the Fermi level.[73] These lines disappear when the sample is warmed up to -

60°C. This means that at -60°C water has desorbed and the emission of the UO2 valence 

region is restored.  

When higher dosages are used, ice films form at the surface and shadows the U5f and O2p 

emission of UO2 (at -160°C, not shown here). At ~-110°C, water is chemisorbed on the 

surface (5 Langmuir, Figure 38b)). The ice peaks disappear when the temperature of the 

surface is raised to -80°C, and are replaced by the three small lines of chemisorbed water 

(1b2, 3a1, 1b1)) at 14, 9.9 and 6.8 eV. The O2p and U5f oxide lines are intense which means 

that the remaining water layer on the surface is thin. No oxidation of UO2 with water could 

be detected for low or high dosage. 
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Figure 39 UPS-HeII spectra of UO2 exposed to atomic hydrogen. A) 10 Langmuir at -10°C 
and b) 25 Langmuir at -80 °C.  

The results of the low dosage adsorption of atomic hydrogen (10 Langumirs) on UO2 are 

shown in figure 39a). A priori one would not expect any reaction because UO2 cannot be 

reduced. However, at -10°C two peaks appear at 10 eV and at 7 eV which are attributed to 

the 1 and 1 molecular orbitals of OH. They are separated by 3.1 eV. This BE difference 

is similar to the one detected for the hydroxyl anion (OH-) in NaOH (= ~3 eV)[74] 

with a much larger difference in intensity between the two lines. Their appearance is 

explained by small amounts of water as follows below. 

The exposure of UO2 to higher dosage of H• (25 Langumirs) at -115°C (Fig 39b)), results 

in a three-peak structure due to chemisorbed water on the surface. The appearance of water 

is surprising. It probably originates from the reaction of atomic hydrogen with the chamber 

walls covered by a thin oxide layer (NiO) resulting in reduction of surface oxide and water 

desorption. However, compared to the water chemisorbed on UO2 (Figure 38), the water 

peak 1b1 (6.8 eV) and the middle peak (~10 eV) are much more intense than the 1b2 water 

line at higher BE. This is due to the superposition of the 1b1 and 3a1 lines of water with the 

1 and 1lines of OH, respectively. This means that OH- is formed on the surface. The 

hydroxyl peaks remain when the surface is warmed up while the 1b2 water peak disappears. 
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The intensity of the U5f peak decreases upon water adsorption but the width is stable. This 

indicates the absence of surface oxidation. In fact, hydroxide (OH-) or residual water can 

partially replace some of the surface O atoms. Since they can only bind to the cations, they 

will selectively attenuate the photoemission signal of uranium. 

When the sample is irradiated with UV-HeII light, the emitted electrons have a mean free 

escape depth of approximatively one monolayer. Thus, it is highly surface sensitive which 

makes it possible to observe a decrease in U5f/O2p intensity representative for the top 

surface. 

7.3. U2O5 

The difference between the UPS spectrum of freshly prepared U2O5 and UO2 is a less 

intense and more narrow U5f peak which corresponds to a lower 5f count (5f1 for U2O5, 

5f2 for UO2). The shape of the O2p band also changes due to difference in the band structure 

of U2O5 (still missing in literature) and UO2.  
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Figure 40 UPS-HeII spectra of U2O5 exposed to atomic hydrogen. A) 5 Langmuir at -150°C 
and b) 25 Langmuir at -80 °C. 
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Just like with UO2, the of U2O5 exposed to 5 Langumirs of water at -150°C (figure 40a)) 

results in the chemisorption of water and the development of three peaks at 13, 10.1 and 

7.4 eV attributed to the MO of water. The main difference is a pronounced dissociation of 

adsorbed water. This is concluded from the complete disappearance of the 1b2 water peak 

at 13 eV when the surface is warmed up to -60°C while the peak at 10.1 eV remains. The 

emission of 1σ MO of OH is now exclusively contributing to the latter peak. Some 

differences exist between the surface warmed up in the UV spot and in the dark. In the UV 

spot, a slight reduction of the U2O5 occurs which leads to a more intense (compared to the 

O-2p) and broader U5f. This was explained before as a photochemical reaction on U.[75]  

All of the valence region peaks are shifted to higher BE upon adsorption. This is a Fermi-

level or work function shift induced by dipoles which were created by chemisorbed (OH). 

When the surface is warmed up to 0°C, the original spectrum of unexposed U2O5 is 

restored.  In conclusion, part of the adsorbed water will dissociate on U2O5 and form OH 

species which desorb after warming up the surface without causing further changes. 

Figure 40b) shows the adsorption results of 25 Langumirs of atomic H• at -80°C on U2O5.  

Just like with UO2, the OH 1σ line at 10 eV BE is present, together with a much less intense 

line at 13 eV and some intensity increase around 6.5 eV. The hydroxyl species are formed 

when atomic hydrogen reacts with oxygen and induces the reduction of U which is 

displayed by a more intense and broader 5f emission. The 1b2 line at 13 eV is connected to 

the presence of a tiny fraction of chemisorbed water.  When warming up the sample, the 

water signal decreases in intensity and only disappears at 0°C. Moreover, U(IV) persists 

on the surface since the U5f line keeps its intense and broad shape. Even though U(V) is 

reducible, in contrast to U(IV), reduction is not pronounced and the OH peak stays small. 

This is consistent with the low reactivity of U(V) (compared to U(VI)) at high temperature 

(e.g. with the H2-H2O plasma). 

7.4. UO3 

Since the uranium is in the highest oxidation state (VI) in UO3, there is no U5f emission 

(Figure 41). Due to a different electronic structure, the valence band has a different shape 

from that of UO2 and U2O5. 

The exposure of UO3 to 5 Langumirs of water at -150°C leads to the growth of a multilayer 

ice film (not shown). The thick ice layer desorbs when the sample is warmed up to -110°C, 

and only a small fraction is left on the surface, which is responsible for the very weak MO 

emission lines (Fig. 41a)). 



Chapter 7. The exposure of uranium oxides to H2O and H• at low temperature 

 

76 

 

05101520

 I
n

te
n
s
it
y
 (

a
rb

it
ra

ry
 u

n
it
s
)

Binding Energy (eV)

  -110°C

 + 5 L H2O at -110°C

  -80°C (light/dark)

    0°C

VB

U5f





water

a) H2O on UO3

14 12 10 8 6 4 2 0

Binding Energy (eV)

10.1

  -80°C

 + 25 L of H 

 -50°C

    0°C

b) H on UO3

 
Figure 41 UPS-HeII spectra of UO3 exposed to water and atomic hydrogen. A) 5 Langmuir 
water at -70°C and b) 25 Langmuir H at -80 °C. 

Also, the U5f line develops at 1.8 eV due to the reduction of U(VI). The analysis of the 

band width identifies it as U(V). This emission results from the part of the sample which 

was warmed up under UV light (to register the spectrum) and got reduced by a 

photochemical process.[75] The reduction is observed when the sample temperature 

reaches -80°C. The other part of the sample, which was warmed up in the dark, (Figure 

41a), grey spectrum) has no 5f signal because the atoms are still oxidized at U(VI). The 

photoreduction occurs at the same time as the hydroxyl species formation (development of 

OH 1s signal). This can be justified by the new O-H bonds replacing the O-U bond and 

thus reducing the U cation. Interestingly, a weak OH 1 peak is present even on the 

oxidized layer (dark spot). 

Figure 41b) shows the evolution of UO3 after the exposure to atomic hydrogen. The most 

noticeable change is the growth of the U5f lines, showing U to be reduced. The 5f line is 

narrow (5f1 singlet) revealing that uranium is reduced from U(VI) to U(V). At the same 

time the hydroxyl peaks at 11 and 7.5 eV are observed. The reduction and the oxide 

transformation into hydroxyl go together, i.e., U-O bonding is replaced by O-H bonding. 

After warming up, the OH peak disappears but the 5f emission stays, i.e. the surface stays 

reduced. The surface hydroxyl decomposes and desorbs as water leaves the oxide surface 

with the same oxidation state. 
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Figure 42 XPS-U4f spectra of UO3 exposed to atomic hydrogen. A) UO3, b) after reaction 
25 Langmuir H at -80 °C and warming up to 0°C; c) U2O5 reference spectrum. 

XPS has a higher probing depth than UPS (7 and 1 monolayers). The scan of the 

U4f peaks of the UO3 after the exposure to atomic hydrogen shows that even the deeper 

layers of the film are reduced (Figure 42). Before the exposure, the spectrum is typical for 

UO3, with a sharp main line and a satellite at about 10 eV higher BE. After dosage with 

atomic hydrogen, the U4f main line and the satellite peak consist of U(V) and U(VI) 

components. The reduction observed at the XPS depth means that the hydrogen atoms 

diffused into deep layers of the film and induced the reduction of uranium cations.  

In contrast, OH (or H2O) formed upon reaction between hydrogen atoms and oxygen do 

not diffuse from the bulk to the surface at these low temperatures. In fact, in order to have 

a complete oxidation of the UO2 films, it was essential to run the exposure to atomic oxygen 

at 400°C which favored the diffusion of oxygen (or OH). The OH (or H2O) formed on the 

surface or in the bulk of the film experience a similar diffusion limitation as atomic oxygen.  

7.5. Molecular orbitals of water 

The water molecule has emission lines corresponding to its electron orbitals, either 

intramolecular or between the molecule and the surface. Any change in the energy 

difference between these peaks will give information about the strength of the 
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intramolecular and intermolecular (HO-U) bond.  The 1b1 MO (lone pair on O) is taken as 

a reference since it is non-bonding. The Lewis-base character of water is attributed to its 

3a1 MO (O2px) which is involved in bonding to the surface. The 1b2 MO (2py) establish 

the intramolecular bonding. Without question the 3a1 orbital is stabilized if the bonding to 

the surface is strong which cause its binding energy and consequently E3a1-1b1 to increase. 

On the other hand, the 1b2 is stabilized if the intramolecular bond is strong which makes 

its binding energy and consequently E1b2-1b1 increase. 

Fig. 43 shows the difference in MO of chemisorbed and physisorbed water (ice) on UO2. 

The background (VB) of unexposed film is subtracted from the chemisorbed spectrum. The 

two spectra are aligned on the 1b1 reference line by shifting the ice peak. A striking 

difference in the intensity of the 3a1 is observed. This is solely attributed to the 3a1 and not 

to 1 of OH since the two 1b1 lines are perfectly aligned in width and height pointing to 

the absence of 1contributionWhen water bonds to the uranium oxide surface, the E3a1-

1b1 increases considerably, to 2.9 eV which is close to values registered on other oxides, 

TiO2 (110): 3.5, SrTiO3 (100):  3.2, SnO2 (110):2.6. The E1b2-1b1 also increase to 5.7 eV, 

but to a less extend than values found in literature. 
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Figure 43 MO lines for water chemisorbed on UO2 and multilayer (ice) water. 
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The position of MOs for adsorbed water are presented in table 6 for each oxide studied. 

When going from UO2 to UO3 the E3a1-1b1 values decrease which means the adsorption 

energy will do so too. This was proven experimentally, when water signal was detected on 

UO2 at -110°C but absent on UO3 (dark area). The intramolecular bond strength is almost 

stable. These are preliminary explanation which needs to be more thoroughly investigated 

with High Resolution Electron Energy Loss Spectroscopy (HREELS) and Thermo 

Programmed Desorption (TPD) are as planned for the future. 

Table 6  Molecular orbital emissions for water adsorbed on UO2, U2O5 and UO3. 

 1b1 3a1 1b2 3a1-1b1 1b2-1b1 

UO2 7.1 10.0 12.8 2.9 5.7 

U2O5 7.4 10.4 13.3 3.0 5.9 

UO3 6.6 8.8 12.6 2.2 6.0 

 

7.6. The influence of termination layer 

During the exposure experiments, the adsorbed species first interact with the outermost 

layer of an oxide surface, the so-called termination layer. Together with the crystal face, 

which is also determined by the synthesis method, the termination layer controls the mode 

of adsorption. 

In our studies, the sputter deposition at 250°C and the annealing at 400°C produce 

polycrystalline films, highly textured with a preferential orientation of (111). The (111) 

orientation was recognized as the most stable low index UO2 surface.[66] The oxygen 

atoms which are triply coordinated compose the termination layer on this face. When UO2 

is oxidized with atomic oxygen to UO3, the films become amorphous. When the same film 

is exposed to atomic hydrogen, hydroxyl species are formed on the surface followed by 

water desorption at 400°C which reduces the film to U2O5. The oxygen (anions) rather than 

U cations constitute the termination layer of all three oxides. 

To demonstrate the role of the termination layer, water adsorption experiments were 

performed on two UO3 oxide surfaces with modified termination layers. 
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In the first case UO3 is chemically reduced with atomic hydrogen at 400°C. Such mild 

process reduces the film but leaves the surface in a stable condition, i.e., the termination 

layer is rich in O atoms. In the second case, a physical process is used to reduce UO3 with 

Ar ion bombardment at room temperature. The termination layer becomes deficient in 

oxygen atoms and without external heating, the atoms cannot reorganized to form a stable 

surface. Thus, the surface will be rich with heavy U cations (surface defects).  

The spectra of both oxides shown in figure 44 have a U5f line but a slightly different VB. 

Upon water adsorption, the sputter cleaned surface has a significantly larger OH signal 

than the H reduced surface. This is attributed to the stronger binding of OH to the U rich 

surface (Ar sputtered oxide). This was also concluded before by other studies.[76]  

When a water molecule comes into contact with a metal oxide surface, the lone pair on the 

water oxygen bonds to the cations of the films rather to the anions. As stated above, water 

acts as a Lewis base and the uranium cations act as a Lewis acid.[77] This explains why 

the chemisorption of water on oxygen terminated surfaces is difficult. In the results 

presented above, the adsorption of water is weak for the three oxides due to the presence 

of oxygen atoms at the termination layer.  
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Figure 44 Water adsorption of U oxide surfaces produced by chemical (H exposure) and 
physical (Ar ion sputtering) reduction of UO3. 
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7.7. The charge state of hydroxyl group (OH·, OH-) 

As presented above, the signals of both OH and H2O are overlapping after the 

adsorption of H• on UO3 and UO2 at -80°C. The difference spectra in figure 45 are created 

by subtracting the unexposed oxide signal from the oxide signal after the adsorption at -

60°C. The spectra are normalized to the intensity of 1b2 MO of water. Upon the adsorption 

on UO3, U(VI) will be reduced to U(V) while on UO2 the cation keeps its oxidation state. 

It is obvious that the intensity of the 1b1/1 peak is higher in the case of UO2 (in spite of 

some arbitrariness in determining the background) and this may be attributed to the 1 

population being higher for OH/UIV than for OH/UVI.  

5678910111213141516

 U
V
 --- OH

 U
IV

--- OH

1

1b
1

1b
2

3a
1

H
2
O

OH 1

 I
n
te

n
s
it
y
 (

a
rb

it
ra

ry
 u

n
it
s
)

 

Binding Energy (eV)
 

Figure 45 Difference spectra (subtraction of the oxide signal) of UO2 and UO3 exposed to 
25L of atomic hydrogen at -80°C. 

The charge of the surface OH can be presumed to be responsible for the 1 peak intensity. 

Once formed, the OH species bond to the surface atoms through 2px and 2py atomic orbitals 

known as π-bonding. The oxidation state of the participating cation determines the polarity 

of such bond. The larger the difference is, the more polar the bond becomes and thus OH 

gains an anionic character just like in the case of UO2. In contrast, when uranium atoms 

are in higher oxidation state, the electronegativity difference is small and the OH species 
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will have a more neutral character. Accordingly, OH• are expected to be formed on UO3 

and OH- on UO2, which can explain the low intensity of 1 peak observed in figure 45. 

This observation is not exclusive for systems under UHV conditions. In fact, studies 

concerning the catalytic decomposition of H2O2 and UO2 oxidation in aqueous solutions 

identified the intermediate species to be a surface bound hydroxyl radical.[18]  Other 

studies (electrochemical) have shown that catalytic decomposition of H2O2 occurs at U(V) 

sites.[78] Since surface bound OH are needed for the catalytic decomposition, it is 

reasonable to assume that they bind primarily to U in higher oxidation states than IV. The 

current study highlights the role of surface properties in stabilizing the charge character of 

adsorbed OH species which were identified as a key-factor controlling the kinetics of 

surface reactions.   
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8 | Conclusions  

In this study, the chemical evolution of an accident scenario in the KBS-3 disposal 

concept was evaluated using two different experimental approaches. 

The set of experiments performed with aqueous solutions with and without 10 mM HCO3
− 

assessed the ionic strength and specific anion effects on H2O2 induced oxidative dissolution 

of UO2 . In the solutions where HCO3
− had been added, no effects were observed at low 

initial H2O2 concentrations while a marginal increase in the rates of H2O2 consumption and 

uranium dissolution were observed at higher initial H2O2 concentrations in solutions 

containing 1 M Br−. This effect was argued to be attributed to a general ionic strength 

effect influencing the kinetics of the reaction between the highly charged uranyl-peroxo-

complexes and the negatively charged surface but also to the specific reactivity of Br− 

towards surface bound hydroxyl radicals formed in the reaction between H2O2 and UO2. 

In solutions without added HCO3
−, a general ionic strength effect was found for adsorption 

of UO2
2+ to UO2. Br− and Cl− were also concluded to stabilize uranyl-peroxo species in 

solution. In general, the presence of Cl−, Br− and ClO4
− in systems without added HCO3

− 

has a major impact on the kinetics of H2O2 induced oxidative dissolution of UO2. 

In bicarbonate solutions, the accident tolerant fuel powder U3Si2 had a lower reactivity 

towards H2O2 than UO2 did and this is confirmed from the surface area normalized 

radiation chemical yields. In the absence of bicarbonate, the reactivity and dissolution of 

U3Si2 after H2O2 and γ-irradiation induced oxidation were much lower and this was 

attributed to secondary phase formation which is different from the one formed in the UO2 

system. 

In the other experimental approach, uranium oxide-based materials were tested with 

various reactive gas plasmas under UHV conditions. Atomic oxygen and hydrogen, are the 

oxidants and reductants of primary importance in O2 and H2 plasma, respectively. The 

water plasma products were shown to be capable of completely oxidizing U(IV) and U(V) 

at ambient temperature. At higher temperature, the oxidizing power of water plasma was 

slightly hindered and found to be much less pronounced than for O2 plasma which fully 

oxidized also the bulk layers. The sub-surface emission contribution to the XPS spectra 
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masked the chemical change induced by water plasma which was evidenced by UPS 

analysis at ambient temperature. The fraction of U(VI) in the film increased to just above 

80 % at 10 minutes of exposure after which it slowly decreased and was replaced by U(V). 

The oxidizing and reducing properties of the plasma constituents explained the dynamics 

of the system. However, to account for the changes observed after long exposures to the 

water plasma an additional process must be included where U(V)-species are not only 

formed upon the oxidation of U(IV) or the reduction of U(VI). Only U(VI) could be 

detected with UPS which points out that U(V) is being formed in deeper layers after the 

slow reduction of U(VI). The experimental data were fairly well reproduced by a simple 

kinetic model which shows that the water plasma is, from a kinetic point of view, overall 

oxidizing to UO2-films under UHV conditions.  

The mechanism of UO2 oxidation with water plasma involved two consecutive one-

electron transfer steps. The oxidizing power inherent to the water plasma diminished when 

H2 was added to the feed gas of mixed plasma and this was attributed to recombination 

reactions within the plasma generator. Furthermore, the Grazing Incidence X-Ray 

Diffraction analysis revealed that the plasma and heating condition have an impact on the 

crystallographic structure of the films which creates a kinetic barrier for plasma induced 

oxidation or reduction of uranium cations. 

The surface oxidation state of binary uranium oxides was determined through the analysis 

of the U5f line after normalization to the U4f. This was possible because 5f emission 

depends on the 5f count of uranium cations which directly connects its shape and intensity 

to the oxidation state of uranium (U(IV) (UO2): n5f=2, U(V) (U2O5): n5f=1, U(VI) (UO3): 

n5f=0). The results of the 5f analysis have been compared to other methods. One is based 

on the analysis of binding energy and satellite peaks of the U4f core level emission spectra. 

The second one deduced information on the total oxygen content from the O1s/U4f 

intensity ratio. A very good agreement was obtained from the application of the three 

methods to oxide surface reactions under different redox conditions under UHV. The 

analysis essentially showed that the oxidation of U(IV) and the reduction of U(VI) proceeds 

exclusively via U(V). 

The molecular orbitals (MOs) of H2O and OH analyzed with UPS after adsorption of water 

and atomic hydrogen revealed the following: Water was found to adsorb mainly 

molecularly on UO2, as seen by the three molecular emission lines (1b2, 3a1 and 1b1). The 

increase of E3a1-1b1 can be connected to a strong chemisorption. Atomic H•, together with 

small amounts of impurity water produced OH. On the other hand, water partially 
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dissociated on U2O5, forming surface OH which induced the reduction of Uranium from 

U(V) to U(IV). In this context the reduction observed is an artefact caused by a 

photocatalytic process. U2O5 was also reduced with atomic H• by forming OH species but 

to a smaller extent. Water does not bind to UO3 in the dark, but in the UV spot it does and 

reduce the surface by forming surface hydroxyl groups. UO3 was also reduced with atomic 

H• but only to U(V). The weak intensity of the OH 1 may be related to the charged state 

of the OH species adsorbed on uranium cations in different oxidation states.  
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