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a b s t r a c t 

Photoelectron spectroscopy study of the U5f emission gives valuable insight into the surface oxida- 

tion mechanism of uranium oxides. Its intensity is directly related to the electron count n f , which de- 

creases with increasing oxidation number (U(IV): n f = 2; U(V): n f = 1; U(VI): n f = 0). n 5f can be quantified 

by analysing the U5f/U4f intensity ratio and using a standard of known composition. In addition, the 5f 

emission has a characteristic multiplet shape, directly related to n 5f , which can be used to distinguish 

the 5f 2 and 5f 1 configuration of U(IV) and U(V), respectively. Three independent methods are used to 

determine the surface oxidation state: the U5f/U4f intensity ratio, the relative intensities of the U4f oxide 

shifted peaks, and the O1s/U4f intensity ratio. The first two reveal the concentration of the U in each 

oxide, the third indicates the total concentration of oxygen. These methods are applied to follow the 

surface modification of UO 2 films when exposed to various oxidative conditions: molecular and atomic 

oxygen and water plasma at 400 °C. In addition, the reduction of UO 3 by atomic H is studied. Molecular 

oxygen oxidizes UO 2 to UO 2 + x ( x = 0.22), containing both U(IV) and U(V). Atomic oxygen also oxidizes 

U(IV) to U(V) at low dosages, but then continues oxidizing U(V) to U(VI) (UO 3 ) at high dosages. Con- 

versely, atomic hydrogen reduces UO 3 . In the early phase of reduction U(V) forms exclusively – no U(IV) 

is observed. Water plasma first transforms almost all UO 2 (surface and subsurface) into U(V). With fur- 

ther plasma exposure the surface is oxidized to about 80% U(VI) and 20% U(V). Up to this point, a small 

fraction of U(IV) remains at the surface. Once it disappears, the surface oxidation stops and further wa- 

ter plasma exposure now leads to surface reduction into U(V) (the 5f 1 peak increases again). Despite the 

reduction at high dosage, the O1s/U4f intensity ratio keeps increasing. 

© 2022 The Authors. Published by Elsevier B.V. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction 

Understanding the oxidation mechanism of UO 2 is of great im- 

ortance for the assessment of the long-term stability of spent nu- 

lear fuel exposed to groundwater in a failed geological repository. 

 scenario that has to be considered in the safety assessment of a 

eological repository for spent nuclear fuel is multiple barrier fail- 

re leading to groundwater intrusion. Should the fuel matrix (UO 2 ) 

issolve it will release the contained long-lived radionuclides (e.g., 

p, Pu, Am) into the environment. UO 2 itself has low solubility 

nd would in general be stable in contact with water, in partic- 

lar under the reducing conditions that prevail in many potential 

epository sites [1] . However, upon oxidation, e.g., by radiolytic ox- 
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dants produced in the groundwater in contact with the spent nu- 

lear fuel, the solubility sharply increases. In general, the increased 

olubility is attributed to the formation of U(VI). Several studies 

ave reported that uranium oxide starts to dissolve at stoichiome- 

ries from UO 2.33 and above [2] . It should be kept in mind that 

he dissolution of UO 2 also depends on the presence of potential 

omplexing agents such as HCO 3 
−/CO 3 

2 − and it has been demon- 

trated that the rate of dissolution depends on the concentration 

f these complexing agents as well as on the oxidant concentra- 

ion [ 3 , 4 ]. The latter depends on the dose rate. There have been

any studies on the surface oxidation of UO 2 , its acceleration, and 

ts inhibition [ 2 , 5 , 6 ]. 

Oxidation of nuclear fuel is an interfacial reaction occurring at 

he top surface of the fuel, which is in direct contact with the 

ocally oxidizing environment. Surface spectroscopies have played 

 great role in its investigation. It is generally thought that oxy- 
nder the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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en uptake first transforms UO 2.0 into UO 2.x ( x < 0.33) which keeps 

he fluorite structure of UO 2 . Local formation of U(V) must oc- 

ur (at those U sites where there is additional oxygen bond- 

ng) but this does not seem to increase the solubility. U(V) can 

e observed on UO 2 surfaces exposed to radiolytic oxidants in 

queous solutions without added HCO 3 
−, i.e., under conditions 

here dissolution of oxidized UO 2 is not favored [2] . In systems 

here HCO 3 
− has been added, U(V) is in general not detected on 

he UO 2 surface after exposure to radiolytic oxidants. Formally a 

ure U(V) surface could be formed, for UO 2.5 (U 2 O 5 ), but in gen-

ral corrosion occurs through the formation of mixed valence ox- 

des: U 4 O 9 (UO 2.25 containing U(IV), U(V)), U 3 O 7 (UO 2.33 contain- 

ng U(IV), U(V)), U 3 O 8 (UO 2.66 containing U(IV), U(VI) or U(V)/U(VI)) 

7] . The U oxidation state determines the solubility of the ox- 

des and an oxidant may very quickly generate the U(VI) oxida- 

ion state or it may rather generate first U(V) which is less sol- 

ble. However, previous studies of oxidative dissolution of UO 2 

n aqueous systems have indicated that the rate limiting step 

s the first one-electron transfer step, i.e., from U(IV) to U(V) 

5] . 

Determination of the actual oxidation state of U surface atoms 

s thus very important. In the literature the U4f core levels are 

ost commonly used for this [8] . Their binding energies and their 

atellite structures are characteristic for individual oxidation states. 

ecause of their specificity to uranium, they can also be used in 

omplex materials containing other elements (as bulk components 

r surface impurities). 

Another spectroscopic evidence of UO 2 surface oxidation comes 

rom the U5f/O2p ratio, which has been used to follow UO 2 surface 

xidation. The ratio was shown to decrease when UO 2 is oxidized 

o UO 2 + x , which is due both to the decrease of the U5f and the in-

rease of the O2p intensity [9] . In the present paper we also follow

he evolution of 5f lines with oxidation. 

Both intensity and shape of the 5f signal are related to the 5f 

ccupancy (see below), which in turn depends on the oxidation 

tate. By using an internal intensity reference, the U4f core level, 

he 5f count (n 5f ) can be obtained (3.1.2). We show that the shape

f the 5f emission also depends on the 5f count and provides a 

uite simple and straightforward way to deduce the oxidation state 

f uranium (U(V) and U(IV)) from the corresponding 5f 1 and 5f 2 

lectron configurations (3.1.3). These integer 5f occupations are the 

ominal occupations and neglect the covalent mixing of the U(5f) 

nd O levels. 

The results will be compared to the U4f analysis, which also 

rovides the uranium oxidation state, by their characteristic U4f 

inding energies and the U4f satellites. Finally, the O1s/U4f in- 

ensity ratio gives information on the total oxygen concentration, 

ithout revealing how oxygen binds to uranium (for a given oxy- 

en concentration, different distributions of oxidation states are 

ossible). 

In this work we compare the different methods mentioned 

bove in monitoring the gradual change in oxidation state during 

urface oxidation or reduction of uranium oxides upon exposure to 

olecular and atomic oxygen, water plasma and atomic hydrogen. 

ome of these exposure cases have been previously published but 

re included in this context to enable a more complete comparison 

f the methods as well as the exposure scenarios. 

The methods based on U-5f analysis only work in simple, pure 

nd homogeneous oxides, where the U-5f states can be observed 

ithout interference from photoemission lines of other elements. 

are is taken to prepare homogeneous surface films, by keep- 

ng the uranium layer thin (20 nm) and preparing the oxides at 

levated temperature (typically 300 °C) where diffusion of oxy- 

en, water and hydrogen is fast and concentration gradients are 

voided. This study is not meant to replace the conventional U-4f 

peciation method but to show that it indeed correlates very well 
2 
ith the oxidation state, as observed by the U-5f states in binary 

xides. 

. Experimental 

.1. Sample preparation 

Uranium oxide films were prepared in -situ by direct current 

DC) sputtering from a uranium metal target in a gas mixture of 

r (6 N) and O 2 (5 N), at partial pressures 5 × 10 −3 mbar and

 × 10 −6 mbar, respectively. Deposition time and rate were chosen 

o prepare 20 nm thick UO 2.0 films. The uranium target voltage was 

xed at −700 V. The plasma in the diode source was maintained 

y injection of electrons of 25–50 eV energy (triode setup), allow- 

ng working at low Ar pressure in the absence of stabilizing mag- 

etic fields. The deposition was done on a polycrystalline Au foil 

ubstrate heated to 250 °C. Gold has been chosen because it is a 

etal, avoiding surface charging during photoemission, has a high 

elting point (1337 K), and is chemically inert, making sure oxi- 

izing and reducing agents only react with uranium and not with 

he substrate. 

.2. Plasma source 

The electrons were excited by an ECR (Electron Cyclotron Res- 

nance) discharge based on stochastic heating of electrons by mi- 

rowave radiation with permanent magnets. When the resonance 

ondition between the electrons and the microwave electric field 

s fulfilled, the electrons gain sufficient energy to ionize the gas 

nd sustain the plasma. In addition, they produce excited species, 

ree radicals, and ions providing a reactive plasma environment. 

ore details about the ECR source and different gas plasma char- 

cterization can be found in a previous study [10] . The wall of the 

lasma source consists in an alumina crucible, which is chemical 

nert and allows production of highly reactive plasma. O 2 and H 2 

as are used to generate atomic oxygen and hydrogen, respectively. 

he water plasma contains a complex mixture of oxidizing and re- 

ucing species (H, O, OH, H 2 , O 2 ). In our experiment, the sample is

laced in front of the source and exposed to the reactive species. 

 Pyrolytic Boron Nitride (PBN) heater installed below the sample 

older maintained the sample temperature at 400 °C during the 

xposure to the plasma. 

.3. Surface characterization 

High-resolution X-ray photoelectron spectroscopy experiments 

ere performed using the Specs Phoibos 150 hemispherical ana- 

yzer and Al-K α (1486.6 eV) excitation, produced by a XRC-10 0 0 

-focus source, equipped with a monochromator and operating 

t 120 W. The background pressure in the analysis chamber was 

 × 10 −10 mbar. The spectrometer was calibrated using the Au4f 7/2 

ine of Au metal (83.9 eV BE) and the Cu-2p 3/2 line of Cu metal

932.7 eV BE). 

. Results and discussion 

.1. Separating the U5f and the valence band emissions in u oxides 

Photoelectron spectra of the valence region (from 14 eV bind- 

ng energy up to the Fermi-level) of uranium oxides contain the 

pectral lines of oxygen (O-2p) and uranium states (U5f,6d,7 s) 

 Fig. 1 ). The O-2p states form the valence band in the range from

 - 10 eV, which, in addition, contains an admixture of uranium 

tates (5f,6d,7s) hybridized with the O-2p states. Another signif- 

cant feature at about 1.5 eV is attributed to the U5f states. The 
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Fig. 1. VB spectra of U 2 O 5 (a) and UO 2 (b). The O2p background is simulated by a 

UO 3 spectrum. The low BE flank is well represented by the UO 3 spectrum. 

5

t

n

t

5

h

o

c

s

o

f

t

s

s

t

(

t

g

t

l

d

(

U

F

t

l

i

l  

t  

a

t

s

a

3

l

t

d  

(

t

h

Fig. 2. 5f 1 and 5f 2 peaks obtained by subtracting the VB. The shape of 5f 2 is more 

asymmetric and broader than 5f 1 . 
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f states in uranium oxides are localized, i.e., non-bonding, in con- 

rast to U metal, where they are itinerant and appear as a relatively 

arrow band pinned at the Fermi-level. 

The localized 5f states are shifted away from the Fermi-level E F 
o about 1–2 eV binding energy [11] . For the quantification of the 

f occupancy other contributions in the respective spectral range 

ave to be subtracted first, which is crucial especially at low 5f 

ccupancies. In such case the emission at higher binding energy 

an shift and distort the 5f signal. 

Such subtraction is naturally not possible as details of the VB 

hape are not known. The shape depends on the particular density 

f states and not simply on the Gaussian-Lorentzian line shapes, as 

or the core-levels. We therefore use tentatively a numerical sub- 

raction method. The valence-band spectrum of UO 3 ( Fig. 1 , red 

pectrum) has no U5f contribution and can be used as a reference 

tate for the other uranium oxides when subtracting the VB spec- 

rum. We assume that the intensity at the pseudogap minimum 

i.e., the intensity minimum at about 2 eV) is equally attributed to 

he VB and the 5f emission. The subtraction then leaves a back- 

round that can be attributed to the inelastic electrons (Shirley 

ype) [11] . The subtraction works remarkably well to eliminate the 

ow binding energy part (the falling flank) of the VB, which is in 

irect proximity to the U5f feature. The high BE part of the VB 

around 5–8 eV) is less well reproduced, because the shape of the 

O 3 VB is rather different from that for the lower oxidation states. 

ortunately, we can neglect this part because it is far away from 

he U5f line. In addition, the difference of the overall VB shape is 

ess pronounced for U 2 O 5 -UO 3 then for UO 2 -UO 3 , because the ox- 

dation states are closer to each other. For the high oxidation state 

ike U 2 O 5 , the 5f signal is small and close to the VB ( Fig. 1 b). For

he low oxidation state like UO 2 ( Fig. 1 a), where the VB shapes

re less similar, the VB is small compared to the U5f feature, so 

hat only little subtraction is needed and any error by non-perfect 

ubtraction stays small. The resulting spectra of the U-5f emission 

fter VB removal are shown in Fig. 2 . 

.2. U5f intensity analysis using the U4f core-level reference 

After removal of the VB contribution, the intensity of the U5f 

ine can be reliably quantified. The U5f intensity is directly related 

o the oxidation state of uranium since the number of 5f states 

ecreases upon oxidation (U(IV) (UO 2 ): 5f 2 , U(V) (U 2 O 5 ): 5f 1 , U(VI)

UO 3 ): 5f 0 ). The 5f level is localized, without significant hybridiza- 

ion with other uranium states. It is an outer core level. This fact 

as two important consequences. First, the 5f level has an integral 
3 
ccupation (0,1,2), related to the oxidation state (We neglect inter- 

ediate valence which is not observed for simple uranium oxides). 

econd, the cross-section ( σ ) of the 5f emission does not vary for 

he different oxidation states, because it is determined by its or- 

ital character which does not change with oxidation state. This 

nalysis neglects the possibility of differential losses to shake satel- 

ites which is outside the scope to this paper. 

The photoemission intensity (I) also depends on other parame- 

ers, such as spectrometer settings (pass energy, slit size, etc.), in- 

lastic mean free path, etc. [12] . which can all be summarized in 

ne gross intensity parameter (P), which depends on the photoe- 

ission line but remains constant for different materials. One may 

herefore write 

 = P × I h v × n × σ × [ U ] (1) 

here P is the intensity parameter, I hv is the X-ray intensity, n is 

he number of electrons and [U] is the concentration of uranium. 

 hv and [U] can be eliminated by using a reference line, in our case 

he U4f line. The U5f/U4f intensity ratio can be expressed as: 

I U5 f 

I U4 f 

= 

P U5 f 

P U4 f 

× n U5 f 

n U4 f 

× σU5 f 

σU4 f 

(2) 

ll remaining parameters except n 5f are constant. They can be ex- 

ressed by one variable (c) and the only parameter left is n U5f . 

I U5 f 

I U4 f 

= c × n U5 f ⇒ n U5 f = 

1 

c 
× I U5 f 

I U4 f 

(3) 

 is evaluated by calibrating to a material of known composition, 

.g. UO 2 , where n 5f = 2. In this way we have a simple method to

etermine the U5f count directly from the intensity of the 5f pho- 

oemission line. For simple uranium oxides, the oxygen composi- 

ion (x) and formal uranium oxidation state (n) of U 

n + O x is related 

o n 5f by 

 = 3 − n 5 f / 2 (4) 

 = 2 x (5) 

We assume that the films are homogeneous and, as a conse- 

uence, the different escape depths of the U4f and U5f lines have 

o influence. This is a valid assumption since we work on thin 

lms ( < 20 nm) and at high temperature (400 °C), where the diffu- 

ion, making the films homogeneous, is fast. Also absence of impu- 

ity overlayers, which would attenuate the U4f and U5f lines dif- 

erently, was checked by XPS. 
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Fig. 3. U4f spectra of UO 2 , U 2 O 5 and UO 3 . 

Fig. 4. Valence region spectra for UO 2 , U 2 O 5 and UO 3 . 
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.3. The U5f shape 

The U5f photoemission peak contains an unresolved multiplet 

tructure, which depends on the 5f count (n 5f ). Multiplets are com- 

only observed in open-shell systems with partially filled local- 

zed outer states. They occur in core-level emissions due to the ex- 

hange interaction of the core hole with the open shell [13] , but 

hey also occur in photoemission from the open shell themselves 

4f in lanthanides, 5f in actinides, or isolated atoms – e.g. gaseous 

ead [14] ). Multiplets have been extensively used to discuss the 4f 

open shell) spectra of the rare earth compounds where they cor- 

ectly account for the often complex 4f spectra [15] . Within the 

ctinide series, 5f multiplet structures are commonly observed in 

ystems with localized 5f electrons, e.g. Am [16] and Cm [17] . We 

herefore apply a similar analysis to the U oxides, which also have 

ocalized 5f states. U(IV) has two f electrons (5f 2 ), and after exci- 

ation of a photoelectron the 5f 1 final state is obtained, which has 

 multiplet structure [18] . The multiplet terms are broadened by 

honon excitations and lifetime effects, eventually resulting in an 

symmetric line, as shown in Fig. 2 . U(V) has a 5f 1 initial state con-

guration which, after emission of the photoelectron, leads to the 

f ° final state, which is closed shell and therefore has no multiplet 

tructure. The peak appears as a singlet, which is symmetric and 

arrower than the 5f 2 peak ( Fig. 2 ). The exact origin of the multi-

lets, which involve also correlation effects, as manifested trough 

onfiguration interaction [14] , is beyond the scope of this paper. 

The 5f shape is thus an intrinsic property revealing the oxida- 

ion state of U. Pure U(IV) will have a 5f 2 emission (5f 1 final state)

nd pure U(V) will have a 5f 1 emission (5f ° final state). In case 

f mixed oxides (intermediate oxidation states or simply heteroge- 

eous overlayers with concentration gradient between surface and 

ulk) the 5f emission may be a mixture of 5f 1 and 5f 2 . A given in-

ensity may well be due to the superposition of 5f 2 and 5f 0 states 

corresponding to U(IV) and U(VI), respectively), [19] in which case 

t has a pure 5f 2 shape (broad), because only U5f 2 gives a signal. 

ut the same intensity could be produced by a pure 5f 1 , in which

ase it appears as a narrow symmetrical 5f 1 singlet. This feature is 

ery useful when identifying whether UO 2 surface oxidation pro- 

eeds directly to U(VI) or whether U(V) is formed as an interme- 

iate. Similar information can be obtained by analysis of the U4f 

hake up satellite. The U(VI), U(V) and U(IV) satellites are separated 

rom the main line by 9.7, 7.9 and 6.9 eV, respectively. [ 8 , 9 , 20 ] Il-

on et al. [21] used also the U5d core level peaks to determine the 

xidation states and showed its higher sensitivity to oxidation in- 

uced changes of uranium. In this analysis we relate the oxidation 

tate to the nominal 5f occupation, neglecting the covalent charac- 

er of the U-O bond, which has been shown to be weak [22] . 

.4. Characterization of the pure oxides: UO 2 , U 2 O 5 and UO 3 

By applying the intensity analysis to uranium oxides of known 

omposition ( Fig. 3 ), an initial calibration of the method is per- 

ormed. In our experiment the reference compounds are synthe- 

ized in-situ from an initial UO 2 + x ( x < 0.1) film, produced by sput-

er deposition. It must be ascertained that their composition is 

orrect. For UO 2 this is simple because it is the lowest possible 

ure oxide. It is obtained by exposing any higher uranium oxide to 

tomic hydrogen, which stops reducing once stoichiometric UO 2 is 

eached. In addition, any further decrease in oxygen concentration 

induced e.g., by sputter cleaning stoichiometric UO 2 ), leads to the 

ppearance of metallic uranium, [23] which has a U4f photoemis- 

ion line very different from UO 2 and thus easily detectable. 

UO 3 synthesis is also straightforward because it is the highest 

ossible uranium oxide. It can be generated by exposing any U ox- 

de to a saturation dosage of atomic oxygen. U 2 O 5 is more difficult 

o produce since it is an intermediate oxide between UO and UO . 
2 3 

4 
n general, U(V) is not obtained as a pure state but rather in mixed 

xides U 4 O 9 , U 3 O 8 , etc. where uranium is present in two oxidation

tates (e.g., U 4 O 9 contains 50% U(IV) and 50% U(V)). 

We have previously succeeded in producing nearly pure U(V) 

y reducing UO 3 with an appropriate dosage of atomic hydrogen. 

24] As a criterion for correct composition, we used the U4f satel- 

ite which is characteristic for U 2 O 5 ( �E = 7.9 eV), and different

rom the UO 3 and UO 2 satellites ( �E = 9.7 and 6.7 eV) ( Fig. 3 ).

he increasing energy separation between the satellite and the 

ain line with increasing oxidation state has been discussed by 

agus. [25] Also, the BE of the main peak can be used to de- 

ermine the valence state. With increasing oxidation state, the 4f 

hifts to higher BE. However, the BE not only depends on the oxi- 

ation state, but also on other factors such as the work function or 

ermi-energy, which easily change when the sample is oxidized or 

dsorbs atoms or molecules (e.g., O, H 2 O). 

The valence spectra of the three single oxidation state oxides 

re shown in Fig. 4 . UO 2 has a broad intense 5f emission. Upon ox-

dation, the 5f peak decreases in intensity and narrows, reflecting 

he evolution from the 5f 2 doublet to the 5f 1 singlet. The strong 

ecrease in intensity compared to the O2p VB is due to the si- 

ultaneous decrease of the U-5f and increase of the O2p intensi- 

ies. This illustrates the necessity of using core level reference data 

hen quantifying the intensity changes. 

The evolution of the U5f/U4f intensity ratios is shown in Fig. 5 . 

he ratio decreases almost linearly with increasing oxidation state, 

onfirming the above statement, that the ratio only depends on the 

f counts (n ). This simple relationship allows deduction of the av- 
5f 
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Fig. 5. Evolution of the U5f/U4f intensity ratios for the three pure oxides. 

Fig. 6. Reaction of UO 2 with molecular oxygen at 400 °C. Valence region spectra. 
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rage oxidation state of an unknown (non stoichiometric) uranium 

xide from the U5f/U4f intensity ratio. The U5f 1 intensity of nom- 

nal U 2 O 5 displays a certain experimental uncertainty, because it 

s difficult to produce pure stoichiometric U 2 O 5 (there are easily 

light admixtures of U(IV) or U(VI)). However, the U5f 2 signal of 

O 2 is stable, and because a linear relationship exists between the 

5f/U4f intensity ratio and n U5f , n U5f of non-stoichiometric com- 

ounds (UO x ) can be determined. It represents an average value 

ver the region probed by XPS, which is about 7 monolayers deep. 

.5. Exposure of UO 2 to molecular oxygen 

When UO 2 is exposed to molecular oxygen in water as well as 

nder UHV conditions it is oxidized to UO 2 + x [ 9 , 26 ]. Under UHV

onditions, O 2 adsorbs and dissociates to atomic oxygen on UO 2 . 

he atomic oxygen can become incorporated into the lattice and 

hereby oxidize UO 2 . We have performed a study where thin UO 2 

lms (20 nm) were exposed to molecular oxygen at 400 °C. 

We applied the U5f/U4f intensity analysis to determine the sur- 

ace average oxidation state of surface U. 

The series of exposures shows a decrease in U5f intensity with 

ncreasing oxygen exposure for moderate exposures. At higher ex- 

osures, the intensity changes very little with increasing exposure. 

he surface composition deduced from the U5f/U4f intensity ratio 

s indicated in Fig. 6 . The composition is averaged over the XPS 

nformation depth of about 7 monolayers. Above about 1560 L O 2 

osage, oxidation does not proceed any further than to UO . 
2.22 

5 
The 5f peak narrows upon surface oxidation. The initial peak 

ad a pure 5f 2 shape, typical for UO 2 . After exposure to 2560 L O 2 ,

he 5f peak is best reproduced by a mixture of 44% U5f 1 and 56%

f 2 ( Fig. 7 ). This corresponds to a surface composition of UO 2.22 .

he 5f 1 peak lies in the envelope of the 5f 2 peak. Upon oxidation, 

he 5f 2 peak is gradually replaced by the 5f 1 peak. This leads to a 

arrowing of the overall peak. 

Analysis of the 5f intensity and shape allows quantification of 

ranium oxidation upon oxygen incorporation into the films. These 

ethods can be compared to core level analysis giving similar in- 

ormation. In total, there are three independent methods to deter- 

ine the film oxygen composition and U oxidation state. 1) The 

5f/U4f intensity ratio gives the amount of U(IV) and U(V). The 

xygen concentration in UO 2 + x is obtained by x = 0.5 ∗[U(V)], un- 

er the assumption that there is no U(VI). 

2) The decomposition of the U4f line into a U(IV) and U(V) 

omponent, is done by numerically subtracting the UO 2 spectrum 

rom the composite spectrum. The U4f spectrum only shows U(IV) 

nd U(V) contributions . No U(VI) main line is observed. This in- 

erpretation is corroborated by the U4f shake up satellites, which 

how only U(IV) and U(V) but no U(VI). 3) The O1s/U4f intensity 

atio, normalised to the ratio for UO 2 directly yields the total oxy- 

en concentration. Results are compared in Fig. 8 . The final film 

omposition averaged over the three methods is UO 2.25 ±0.045 . This 

omposition is close to UO 2.2 , given by the width of the U-5f emis-

ion ( Fig. 7 ). At this composition, oxidation does not proceed any 

urther. We attribute this to the accumulation of oxygen at the top 

urface, where all U(IV) would be transformed into U(V). XPS, with 

ts information depth of 7 monolayers, shows a lower oxygen con- 

entration as it also probes the reduced subsurface. 

.6. Exposure of UO 2 to atomic oxygen 

Atomic oxygen oxidizes UO 2 to UO 3 , Fig. 9 , at sufficiently high 

osage [10] . For full conversion, the exposure must be performed 

t elevated temperature (400 °C) to allow oxygen to diffuse into 

he deeper layers. At room temperature, some residual UO 2 signal 

s always left, even at high dosages of atomic oxygen. It is observed 

oth for the U4f, where the U(IV) main peak with its characteris- 

ic satellite ( �E = 6.9 eV) is preserved, and for the valence region 

pectra, where the U5f peak is seen (it is absent for f 0 of U(VI)). 

Here we present data for UO 2 films exposed to low dosages 

short exposure times) of atomic oxygen at elevated temperature. 
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Fig. 8. Film composition by three independent measurements. 

Fig. 9. Valence region. Atomic oxygen plasma at 400 °C. 

Table 1 

Oxygen composition of UO 3 films exposed to atomic oxy- 

gen, determined by analysis of I) I(U5f)/I(U4f), II) I(U4f) 

(U IV U V ), and III) I(O1s)/I(/U4f). 

U5f/U4f U-4f (U 

IV U 

V ) O1s/U4f 

Method nb. I II III 

UO 2 3 3 3 

5 secs O 2.98 2.96 2.98 

20 secs O 2.91 2.91 2.96 

40 secs O 2.86 2.88 2.87 
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Fig. 10. U5f emission after atomic oxygen exposure. 

Fig. 11. Valence region spectra of UO 2 films exposed to water plasma. 
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t

he purpose of low dosage exposure is to catch the initial phase of 

urface oxidation by atomic oxygen which would otherwise pro- 

eed all the way to UO 3 . With increasing O dosage, the intensity 

f the 5f emission decreases and the peak narrows. Narrowing is 

ue to the replacement of the 5f 2 by the 5f 1 . This is illustrated for

he spectrum after 20 secs exposure. The 5f shape is reproduced 

n Fig. 10 by superposition of 5f 2 (0.46) and 5f 1 (0.54). This corre- 

ponds to a surface composition of UO 2.27 . 

Determination of composition by the 5f analysis can again be 

ompared to the determination by core-level analysis of the oxide 

hifted U4f components and the O1s/U4f intensity ratios ( Table 1 ). 

he U5f/U4f ratio gives the lowest value, while the O1s/U4f gives 

he highest. The U4f spectra show that no U(VI) is formed (absence 

f U(VI) characteristic main peak and shake up satellite). So only 
6 
he U(IV) and U(V) components have to be considered in method 

. The overall agreement between the three methods is very good. 

.7. Exposure of UO 2 to water plasma 

Water plasma reacts with the UO 2 surface initially through 

apid oxidation. [10] This is attributed to the oxidizing species 

ormed by water dissociation in the plasma (O, OH 

•). Also reduc- 

ng species are formed in the plasma (H 

• and H 2 ), but in the early

hase of reaction, oxidation prevails since the surface is in its low- 

st oxidation state. Studies of UO 2 films exposed to water plasma 

ave been published recently. Here, Fig. 11 , we briefly recall the re- 

ults to apply the U5f analysis. At low water plasma dosage (i.e., for 

horter exposure time), up to 10 min, the U5f intensity decreases. 

his is attributed to UO 2 oxidation to U(V) and U(VI). At high water 

osages (exposure times beyond 10 min), U(VI) is again partially 

educed to U(V). The U5f signal grows again and the film ends up 

s a mixture of U(V)/U(VI) at a ratio corresponding to U 3 O 8 . 

Inspection of the U5f peak shape ( Fig. 12 ) reveals that its 

inewidth very rapidly decreases from the initial U5f 2 value and al- 

eady after 1 min plasma exposure reaches a final value typical for 

f 1 . It then remains constant and only the intensity decreases as 

(V) is transformed into U(VI). It will be shown below that some 

(IV) is left, but the fraction is so small that it does not influ- 

nce the linewidth of the U5f. Obviously, the water plasma quickly 

ransforms the UO surface into a mixture of U(V) and U(VI). 
2 
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Fig. 12. Evolution of the 5f line width with water plasma exposure. 

Fig. 13. U4f evolution after water exposure. 
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Fig. 14. Oxygen composition of UO 2 films exposed to water plasma, determined by 

analysis of I) I(U5f)/I(U4f), II) I(U4f) (U IV U V ), and III) I(O1s)/I(/U4f). 
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All three oxidation states of uranium are present at some stage 

n the UO 2 -water plasma reaction. They are clearly distinguishable 

y the U4f spectra ( Fig. 13 ). In the early phase (below 10 min ex-

osure) the U(IV) signal persists (arrows in Fig. 13 ), even though 

t virtually disappears from the valence region spectra. The U(IV) 

omponent is relatively well separated from the U(V) component. 

ts intensity decreases rapidly but still remains detectable up to 

 min exposure. This is remarkable, considering the very rapid 

nitial oxidation of UO 2 by the water plasma. The UO 2 signal ei- 

her comes from deeper layers not reached by the oxidation at 

ow dosages, or it is due to some UO 2 left at the surface. For

xposures longer than 10 min, U(IV) completely disappears. This 

oincides with the end of further surface oxidation: at this stage 

he surface reaches its maximum oxidation state. Comparison with 
7 
ure UO 3 shows that at 10 min, the surface is closest to UO 3 . The

4f lines are narrow, with the U(VI) component dominating, but at 

onger exposure times they broaden again indicating that U(VI) is 

educed back to U(V). As discussed above the growing U-5f inten- 

ity ( Fig. 11 ) confirms that U(V) is formed. 

We can now compare the surface compositions of UO 2 films ex- 

osed to the water plasma as determined by the three intensity 

ethods, Fig. 14 . 

The U5f/U4f ratio (method 1) shows an increase in oxidation 

tate, with a maximum around 10 min and then a decrease. The 

4f lines (method 2) show that all three oxidation states are 

resent at some point. At low dosage U(IV) and U(V) are observed, 

hen U(VI) appears while U(IV) disappears. Separation and integra- 

ion are done by first subtracting the U(IV) contribution (using a 

O 2 spectrum) and integrating it, for exposure times till 9 min. 

hen the U(VI) contribution is subtracted and integrated. The re- 

aining U(V) spectrum is then integrated. 

For exposures up to 10 min the U4f and VB data are remark- 

bly similar. This corresponds to the early phase of water plasma 

nteraction. In this stage the surface has a large fraction of U(IV) 

hich immediately reacts with the plasma ( Fig. 12 ) and is oxidized 

o U(V). With ongoing surface oxidation, almost all UO 2 disappears. 

(VI) formation slows down and the concentration reaches a max- 

mum, while there is still U(V) left. This is depicted both by the 

5f/U4f and by the U4f data ( Fig. 14 ). At 10 min, the highest de-

ree of surface oxidation is reached – with a surface composi- 

ion around UO 2.6 to UO 2.8 . From here on, the 5f/4f ratio shows 

 slightly lower oxygen concentration than the U4f (IV/V/VI). The 

urface composition is higher than UO 2.5 (i.e. U(V)). After longer 

ater exposure, beyond 10 min, the surface becomes reduced 

gain. The U5f/4f and U4f methods both show U(V) to be formed. 

In spite of the fact that the surface is reduced at longer expo- 

ures, the O1s/U4f intensity ratio keeps increasing (method 3) and 

t definitely deviates from the two other measurements. Oxygen 

ust be present in another form. In the long exposures studies 

15] we mentioned the formation of a second form of U(V). The 

1s peak after 60 min water plasma exposure is broader than af- 

er 10 min. However, the O1s of UO 3 (mainly present at 10 min) 

s broader than the O1s of U 2 O 5 (mainly present at 60 min). The 

urther broadening in spite of reduction indicates the presence of 

 second oxygen species. Subtraction spectrum reveals an intensity 

ncrease at around 1.8 eV higher BE than the oxidic peak. The va- 

ence region spectra show a small peak at 9.4 eV, which was also 

een in UPS. This peak could be attributed to OH. It is small but 

PS has a low cross-section for O2p. As described above the pres- 
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Fig. 15. Valence spectra of UO 3 exposed to /H. 

Fig. 16. U5f emission in UO 3 exposed to H. 
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Table 2 

Oxygen composition of UO 3 films exposed to atomic Hydro- 

gen, determined by analysis of I) I(U5f)/I(U4f), II) I(U4f) (U V 

U VI ), and III) I(O1s)/I(/U4f). 

Ratio U5f/U4f U4f (U 

V /U 

VI ) O1s/U4f 

Method number I II III 

UO 3 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 
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nce of OH could explain the broadening of the O1s in spite of the 

 reduction. 

.8. Exposure of UO 3 to atomic hydrogen 

Molecular hydrogen does not react with UO 3 at 400 °C, within 

he typical UHV dosage ranges (below 10 4 L). This is partly due 

o the weak adsorption on oxidic surfaces and the fact that H 2 is 

nreactive. H 2 is a small, non-polar molecule. Also, it does not po- 

arize easily. Therefore, it has very low affinity for polar surfaces. 

tomic hydrogen, on the other hand, adsorbs more easily. It can 

irectly bind to surface oxygen, which on many oxides forms the 

opmost layer [27] . Fig. 15 shows the valence region of UO 3 ex- 

osed to small dosages of atomic hydrogen. The U5f emission in- 

reases steadily with H dosage (exposure time). This shows the 

urface to be reduced. Its shape does not change ( Fig. 16 ) and

tays narrow, which is typical for 5f 1 . Initial reduction of UO 3 leads 

xclusively to U(V) formation. This has been noticed previously 

hen studying the interaction of mixed water-hydrogen plasma 

ith UO 3 , which showed a higher reactivity for reduction of UO 3 

han U 2 O 5 . U 2 O 5 is easier to form by reduction than to reduce fur-

her. 

The surface composition, as determined by the three intensity 

nalysis methods is shown in the table 2 . All three methods yield 

imilar values, showing reduction of UO 3 . For the 5 secs exposure, 

ethod II reaches its limits, because the difference spectrum be- 
8 
omes very small. But the result is still in agreement with the two 

ther methods. 

After 45 secs exposure, the U(V) satellite appears in the U4f 

pectrum, which is consistent with the U5f 1 emission of U(V) in 

he valence region. There is no indication for surface OH. Valence 

and difference spectra do not display any intensity around 10 eV, 

he position of the OH lines. Also the O-1 s spectrum does not 

roaden. On the contrary, it narrows as consequence of the sur- 

ace reduction (U 2 O 5 has a narrower O-1 s line than UO 3 ). It is

urprising that after H exposure there is no OH formation, while 

fter long term water exposure there was. The only effect of H ex- 

osure is reduction of the UO 3 , which in this early phase, forms 

xclusively U(V). 

onclusion 

Analysis of the U5f lines allows determination of the surface ox- 

dation state of binary uranium oxides. After normalization to the 

4f, the U5f intensity is proportional to the 5f count (n 5f ), which 

n turn is related to the oxidation state of uranium (U(IV) (UO 2 ): 

 5f = 2, U(V) (U 2 O 5 ): n 5f = 1, U(VI) (UO 3 ): n 5f = 0). Also, the shape of

he 5f emission depends on the 5f count and provides a quite sim- 

le and straightforward way to deduce the oxidation state of ura- 

ium (U(V) and U(IV)) from the corresponding 5f 1 and 5f 2 elec- 

ron configurations. The results of the 5f analysis have been com- 

ared to the U4f analysis, which also provides the uranium ox- 

dation state, by the characteristic U4f binding energies and the 

4f satellites. Finally, the O1s/U4f intensity ratio gives information 

n the total oxygen content, which has to be compatible with the 

istribution of the different oxidation states. The analysis was ap- 

lied to different oxidation/reduction reactions of the oxide sur- 

ace: UO 2 reaction with atomic and molecular oxygen and with 

ater plasma, UO 3 reaction with atomic hydrogen. Comparison re- 

eals a very good agreement between the different methods. The 

nalysis showed that oxidation of U(IV) proceeds exclusively via 

(V) formation, no trace of U(VI) is found in the early oxidation 

hase. Vice versa, early reduction of U(VI) proceeds exclusively via 

(V), and no U(IV) is found. 
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