
www.elsevier.com/locate/jnucmat

Journal of Nuclear Materials 323 (2003) 8–17
Uranium oxide weathering: spectroscopy and kinetics
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Abstract

Particles of UO2þx (x ffi 0:16± 0:06Þ exposed to the atmosphere react by oxidation and formation of complexes

(hydrates, hydroxides and carbonates). Surface reactions alter and erode the UO2 particles. This paper outlines results

for measurements of oxidation rates on uranium oxide particles using in situ photoluminescence spectroscopy (PL), X-

ray photoelectron spectroscopy (XPS) and secondary ion mass spectrometry (SIMS). Phosphorescence spectra ob-

served during oxidation of UO2þx were attributed to U(VI) in uranyl-type coordination and in octahedral coordination.

Uranyl-type spectra formed during wet oxidation of UO2þx, and U(VI) octahedral spectra formed during dry oxidation

of UO2þx. The uranyl-type species, although more stable, is more kinetically labile for vacuum reduction than is the

octahedral U(VI). Oxidation of U(IV) species are diffusion controlled. Vacuum reduction of uranyl U(VI) in UO3

follows a field-enhanced cationic diffusion rate law, while re-oxidation follows a diffusion rate law. Post-oxidation core

and valence band XPS and SIMS measurements provided qualitative and quantitative measures of uranium oxidation

states near uranium oxide surfaces.

� 2003 Elsevier B.V. All rights reserved.
PACS: 33.60.Fy; 28.41.K; 79.60; 82.80.M
1. Introduction

During nuclear fuel fabrication or reprocessing stages

of a nuclear fuel cycle, it is possible for small particles of

uranium oxides to escape into the environment. Also,

use of depleted uranium munitions disperses large

amounts of uranium oxide particles into the environ-

ment. Particles of UO2þx (x ffi 0:16±0:06) exposed to the

atmosphere react by oxidation and by formation of

complexes (hydrates, hydroxides and carbonates), which

alter and erode the uranium dioxide particles. This paper

reports measurements of rates of oxidation of uranium

dioxide particles in controlled gas environments using in
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situ phosphorescence spectroscopy. Comparison is made

with reduction and re-oxidation of uranium trioxide.

X-ray photoelectron spectroscopy (XPS) and secondary

ion mass spectrometry (SIMS) were used to measure

changes in uranium oxidation state and oxide surface

structure.

Uranium dioxide has a fluorite structure, which ac-

commodates large uranium cations by simple cubic

packing of oxygen ions with eight-fold coordinated U4þ

in half of the interstitial sites. The large number of va-

cant sites in this open structure and the high ionic con-

ductivity due to vacancy diffusion, allows stoichiometric

UO2 to be a particularly active substance (although

mechanically a very stable nuclear fuel) in which fission

products are readily accommodated in the vacant lattice

positions. Because of the importance of defect mobility,

impurities generated in the uranium oxide fuel by pro-

cessing, fission or neutron absorption may also influence

oxidation kinetics and mechanisms.
ed.
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Oxygen ions are also mobile in the UO2 structure. In

the oxygen excess region (UO2þx), interstitial oxygen

ions are in higher concentration than vacancies; in the

oxygen-deficient region (UO2�x) oxygen vacancies are

dominant. In UO2þx, x interstitial oxygen ions are bal-

anced by x U(VI) cations [1] (uranium in oxidation state

VI). At low temperature, the concentration of oxygen

vacancies is controlled by impurities. At intermediate

temperature, oxygen vacancy concentration changes due

to variation of oxygen solubility with temperature in the

non-stoichiometric oxide.

Detailed mechanisms by which defect structures of

uranium dioxide form higher stoichiometric oxides are

not yet completely understood. Current understanding

of the low-temperature oxidation of stoichiometric UO2

involves incorporation of oxygen into voids in the UO2

fluorite lattice by formation of interstitial defects. It is

asserted that these defects are randomly distributed in

the oxide for low values of x in UO2þx [2]. During oxi-

dation of stoichiometric UO2 to UO2þx, with larger

values of x oxygen atoms are displaced to create a 2:2:2

cluster with overall shrinkage of the unit cell [3]. An

additional oxygen atom enters the fluorite lattice along

the [1 1 0] direction from the center of the unoccupied

cubic hole. Its presence displaces the two nearest-

neighbor oxygen atoms from their normal lattice sites to

positions along [1 1 1], leaving two normal oxygen va-

cancies in the oxygen sub-lattice. Thus, in fluorite-type

uranium oxides the structure is mainly determined by

the packing of the uranium atoms while the octahedral

oxygen lattice is increasingly distorted.

In oxygen rich atmospheres, uranium dioxide sur-

faces chemisorbed additional oxygen in the form of O�
2

or O�. Interstitially substituted non-stoichiometric

transition regions, with O/U ratios greater than two,

are formed between the stoichiometric regions [4]. As

oxidation of uranium dioxide proceeds, molecular ox-

ygen continues to adsorb on the oxide surface. Some of

the oxygen remains on the surface as chemisorbed O�
2

or O�, or near the surface as interstitials species. Ox-

ygen can be transported through the oxide lattice in the

form of O�
2 or O� to the reactive oxide interface [4].

The rate-limiting factor to further oxidation is the

transport of ionic species across the reacted oxide layer.

Anionic diffusion is usually more important than cat-

ionic migration because the diffusion coefficient for

oxygen is orders of magnitude larger than that for

uranium ions. As x approaches 0.25 in UO2þx, these

oxygen interstitials can interact, by Coulombic forces,

and may cluster around the oxidized uranium ion to

form ordered U4O9. Change in oxygen coordination

from eight to 10 accounts for the ordering observed in

the transition from the disordered structure of UO2þx

to the superlattice structure of U4O9 [2,3]. All of the

oxidation products of UO2 are mixed-valence com-

pounds.
Depending on the conditions, one of three simple

kinetic models may describe the rate-limiting process for

growth or reduction of a U(VI)-rich layer of thickness x
on oxides: first order kinetics, Fick’s law of diffusion or

promoted Cabrera–Mott diffusion. In a first order ki-

netics model the initial film thickness, x0, grows as

lnðx0 � xÞ ffi kt: ð1Þ

Such a reaction-kinetic model assumes that diffusion is

comparatively fast and is not rate limiting. If diffusion

dominates the rate, the Fick’s law diffusion model to-

gether with appropriate boundary conditions describes

the reaction kinetics. Fick’s law diffusion for an infinite

slab surface describes increase of the average oxide

thickness, �xx, with time, t, according to the proportion-

ality:

�xx ~//
ffiffiffiffiffi

Dt
p

; ð2Þ

where D is the diffusion coefficient. Another possibility is

diffusion promoted by Coulombic gradients, which can

be described by a promoted diffusion Cabrera–Mott

model:

1

x
ffi 1

x0
� k lnðtÞ: ð3Þ

In this case, impurities alter the charge distribution at

the boundary and significantly enhance ion mobility.

The bulk diffusion coefficient for oxygen mobility in

UO2 is more than five orders of magnitude larger than

the uranium diffusion coefficient (over wide temperature

range). However, diffusion at boundaries can be en-

hanced in oxides by several orders of magnitude for the

cations present in excess. Oxidation mechanisms in-

volving surface-charge promoted cation mobility (Cab-

rera–Mott) produce an inverse logarithmic oxide growth

rate (Eq. (3)). The field-enhanced ionic transport accel-

erates initial oxidation, but is rapidly attenuated with

increasing thickness according to this model. When the

oxide film is thick, on the order of 1–10 nm, the field is

no longer strong enough to induce the metal cations to

migrate. We compare kinetic data for oxidation and

reduction of uranium oxides to these simple models.

One cannot understand the mechanisms and kinetics

of oxidation for particulate UO2 without addressing the

dominant influence of the surface, where defects are

more readily formed and mobilized. In addition to sur-

face reactions with oxygen, during weathering of ura-

nium dioxide, the presence of other gasses can change

oxidation mechanisms. For example, the uranium di-

oxide surface structure and the surface permeability to

oxygen may be altered by chemisorption of water and

carbon dioxide.

Photoluminescence (PL) spectroscopy has enabled

us to monitor formation and disappearance of two

surface U(VI) oxide clusters on uranium dioxide.
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Photoluminescence of the U(VI) as uranyl ion, UO2þ
2 , is

one oxidation indicator, which is well characterized by

experiments and theory [5,6,16]. Uranyl-type ions persist

even in UO3 oxides and some �uranates’. In uranyl

bonding each uranium (VI) ion is strongly bound to two

uranyl oxygen atoms at distances of about 0.175± 0.006

nm and less strongly bound to four oxide oxygen atoms

at distances of about 0.23 nm. The latter are bridge

atoms linking uranyl ions through equatorial oxygen

atoms to give (UO2)O2 chains, layers and networks. The

first species, formed during oxidation in the presence of

water vapor, has a photoluminescence signature con-

sistent with uranyl-type bonding. We have made some

comparisons of uranyl-type spectroscopy and kinetics

on weathered uranium dioxide with uranyl reduction

and reformation on uranium trioxide.

There are some U(VI) oxide systems (c-UO3 and d-
UO3) that do not contain the uranyl ion, but they are

rare [7,8]. The d-UO3 is an obvious case, but it is

metastable with respect to other phases, which contain

uranyl-type ions. In the d-UO3 phase the uranium (VI)

ion is in an octahedral site, isomorphous with ReO3.

This oxide structure has a metal atom at the center of an

octahedron of oxygen atoms, forming a large open cube

having four uranium cations at the corners and twelve

connecting oxygen atoms in each edge of the cube. It is

closely related to the perovskite structures that have, in

addition, a large cation at the center of the cube. When

uranium atoms are incorporated in double perovskites

as an impurity, the U ions in octahedral sites exhibit a

broad red PL emission. We attribute the second species,

observed during dry oxidation of uranium dioxide by

formation of a narrow red PL emission, to U(VI) ions in

octahedral vacancy positions in the UO2þx structure.
2. Experimental procedures

2.1. Photoluminescence (PL) measurements

A Jobin Yvon Spex Horiba Fluorolog-3 double ex-

citation/double emission monochromator spectrofluo-

rometer with pulsed 150 W xenon lamp and

phosphorimeter accessory was used for delayed photo-

luminescence measurements. The pulsed source permit-

ted adequate rejection of source scatter and fluorescence,

and PL emission was measured using front face optical

configuration to enhance intensity. Because the phos-

phorescence signal was relatively weak for the uranium

dioxide samples, the photomultiplier tube was water-

cooled to reduce the dark noise counts and large slit

widths, providing a 10 nm bandwidth, were used. Time-

resolved luminescence measurements were also made

using the Fluorolog-3. Details of photoluminescence

measurement conditions and procedures are docu-

mented elsewhere [14].
A vacuum system with variable temperature optical

cell was used for in situ photoluminescence measure-

ments. The system permits PL measurement of oxida-

tion rates for temperatures between room temperature

and 400 �C and gas pressures from 10�4 to 700 Torr.

Temperatures for the uranium oxide samples were con-

trolled using a Lake Shore 330 temperature controller

with platinum resistor. The optical cell was fitted with

three quartz windows to permit in situ phosphorescence

measurements from both front face and right angle.

Uranium oxide powder samples, obtained from CERAC

were pressed using a Carver hydraulic press into micro-

machined tungsten screens. A set of custom dies to press

samples were created based on a design used in the

group of Yates et al. [22].

2.2. Secondary ion mass spectrometry (SIMS) measure-

ments

Static SIMS measurements were conducted using a

Cameca TOF-SIMS IV apparatus. The SIMS instru-

ment uses a three-lens 69Gaþ liquid metal ion source for

surface scans and high-intensity, low energy Arþ source

for high resolution depth profiling. Surface scans in the

positive and negative ion modes up to 1000 u (atomic

mass units) were measured: UO2 and U3O7 oxides gave

higher intensities in the positive ion mode and were

normalized with integrated Uþ ion peak intensity,

whereas UO3 and U3O8 gave higher intensities in the

negative ion mode and were normalized with integrated

O� ion peak of each sample. Depth profiling was done

using timed argon ion sputtering for 200 s (�2 nm).

Because the samples were prepared from powders, the

depth profile data reflect a qualitative trend in the ratio

of oxides present on uranium oxide particle surfaces

relative to particle interiors.

2.3. X-ray photoelectron spectroscopy (XPS) measure-

ments

The XPS measurements were conducted using a

Kratos XSAM Ultra XPS Instrument. This instrument

uses a monochromatic aluminum Ka X-ray source (300

W), with a charge compensation system. The accuracy

of the binding energy measurements was about 0.1 eV. A

carbon 1s internal standard was used to calibrate the

energy scale (binding energy is 284.6 eV). The sampling

area for a wide area scan was 300 by 700 m with the

highest available lateral resolution around 10 lm. For

each sample, a low-resolution scan from 0 to 1200 eV

and high resolution scans from 0 to 13 eV (valence re-

gion) and from 280 to 304 eV (U4f core level region)

were measured in two different locations on the sample.

Despite the fact, that angular-dependent XPS measure-

ments are somewhat compromised for rough surfaces,

such as pressed powders, they help to reveal changes in
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uranium oxidation state and concentration in the oxide

as a function of depth. For this research, measurements

at 90� and 25� take-off angles were used for variable

depth measurements, taking advantage of the nearly

exponential decrease of photoelectron escape with

depth. The effective photoelectron sample depth is about

three times the mean free path length (about 5 nm for a

400 eV photoelectron). At 25� the depth from which

photoelectron are sampled is reduced by at least

sinH ¼ 0:42 to about 2 nm, the top few monolayers.

The nature and morphology of the uranium oxide

proved to be very different in these two regions [10].
3. Results and discussion

3.1. Photoluminescence results

Two different U(VI) coordination environments

produced by weathering of uranium dioxide were dis-

tinguished by their photoluminescence emission spectra

and lifetimes. These different emission spectra we attri-

bute to two near-surface U(VI) species having different

oxygen coordination, an amorphous uranyl-type coor-

dination and an octahedral bonding environment. Both

U(VI) coordination-state signatures are reduced at low

oxygen pressure. We have begun to measure rates of

formation and decay of both U(VI) PL signatures in

uranium oxides. Changes in these PL signatures were

correlated with XPS and SIMS spectra.

The uranyl U(VI) PL signature is well known [7–

9,11]. Photoluminescence emission spectra for uranium

oxide starting materials are shown in Fig. 1. The UO3

material exhibits the typical uranyl emission spectrum.

Uranyl emission peaks for UO3 were consistent with

reports by Hanchar [11] and earlier measurements in our
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Fig. 1. Lamp corrected delayed photoluminescence emission

spectra for reference UO2þx, U3O8 and UO3 materials. Spectra

were collected with the following settings: excitation mono-

chromator at 425 nm, delay time 0.15 ms, excitation and

emission band pass of 14.7 nm, 100 xenon lamp flashes per data

point.
laboratory. Detailed discussion and description of the

spectral signature for uranyl U(VI) can be found else-

where [23]. The UO2þx and U3O8 materials used in this

study display no discernible uranyl-type emission.

A uranyl-type photoluminescence excitation peak at

423± 2 nm and emission intensities around 490, 515 and

535 nm grow with oxidation of uranium dioxide under

some weathering conditions, all involving exposure to

moist air. The uranyl emission spectrum observed on the

surfaces of oxidized UO2þx particles has a less well-de-

fined vibrational structure than for UO3 particles sug-

gesting that uranyl on UO2þx particles has a more

variable bonding environment for than for crystalline

uranyl bonding [23]. Some UO2þx weathering kinetics

results are shown in Fig. 2. The uranyl-type PL intensity

increases differently in time for various weathering

temperatures and humid air environments. Elevated

temperature accelerates the oxidation process and ulti-

mately the formation of the uranyl-type U(VI). The

rates of oxidation of UO2þx in air are apparently linear,

but these low-temperature changes are too small to

distinguish between kinetic mechanisms. The activation

energy for formation of the uranyl-type signature in wet

air is approximately 30± 10 kJ/mol. This is similar to

activation energies for UO2 oxidation from 21 to 42 kJ/

mol reported by Finch and Murakiami [9]. Carbon di-

oxide in the atmosphere delays formation of the amor-

phous uranyl-type structure on UO2þx. Our working

hypothesis is that hydroxide produced by oxidation of

the wet surface accelerates surface hydrolysis (attack on

the UO2 cubic structure) permitting uranyl formation.

So, in the presence of large partial pressures of carbon

dioxide, erosion of the surface appears to be delayed

until the surface carbonic acid is sufficiently titrated to

carbonate.

Lifetimes of uranyl-type photoluminescence vary

with uranyl coordination environment, as shown in
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sure time for uranium dioxide exposed to various weathering

conditions.



Table 1

Comparison of major emission lifetimes for uranyl-type U(VI)

phosphorescence signatures in various materials

Samples Emission

lifetime (ms)

R2 correlation

coefficient

Reference materials

UO3 particles (NIST) 0.23 0.9999

UO3 particles (Cerac) 0.14 0.9959

UO3 glass (MaTech) 0.20 0.9993

Weathered UO2þx particles

T ¼ 80 �C, air, H2O 0.59 0.9891

T ¼ 80 �C, air, H2O, CO2 0.36 0.955
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Fig. 3. Uranyl PL emission intensity of UO3 standard samples.

(A) Vacuum reduction of uranyl emission signature with time at

milli-Torr pressure and room temperature, best fitted by Cab-

rera–Mott inverse logarithmic equation. (B) Re-oxidation of

reduced UO3 sample at 760 Torr of oxygen pressure and two

different temperatures (25 �C and 70 �C) best fitted by simple

diffusion equations: I ¼ 4815 t1=2 þ 2:7� 104 (R2 ¼ 0:7429) at

25 �C and I ¼ 4682 t1=2 þ 2:4� 104 (R2 ¼ 0:9256) at 70 �C.

12 R.A. Schueneman et al. / Journal of Nuclear Materials 323 (2003) 8–17
Table 1. Photoluminescence lifetimes for the amorphous

uranyl-type sites formed on weathered UO2þx are sig-

nificantly longer than for uranyl structures in UO3 or

uranyl glass. PL lifetimes can help characterize different

uranyl-type structures.

Reduction of the uranyl signature on reference UO3

material with time at reduced oxygen pressure is best

fitted by the simple Cabrera–Mott equation; the fits with

inverse logarithmic equations are shown in Fig. 3(A) for

three different UO3 samples at room temperature. The

Cabrera–Mott constants for reduction are not consistent

from sample to sample. This apparent behavior may be

a limitation of the vacuum condition at which the ex-

periments were conducted, which contributes to differ-

ences in surface preparation. (Experimental pressures

were in the range 10�3–10�4 Torr.) The activation energy

for UO3 reduction was 19± 2 kJ/mol, as determined by

the Arrhenius plot for three temperatures between 50

and 110 �C.
Samples of vacuum reduced UO3 were re-oxidized.

As illustrated in Fig. 3(B), a simple diffusion model best

describes the re-oxidation process of previously reduced

UO3. Despite the fact that one UO3 sample was initially

reduced at room temperature and another UO3 sample

was reduced at 70 �C, the re-oxidation process displays

very similar diffusion controlled behavior. An activation

energy of 260± 100 kJ/mol was estimated for the diffu-

sion controlled re-oxidation process.

In contrast with wet weathering results, during oxi-

dation studies of UO2þx in dry oxygen environments, no

uranyl-type emission signature was observed for any

oxidation condition (50–200 �C temperature range, 160–

760 Torr partial pressure of oxygen and 92 h maximum

duration of exposure). These findings are in good

agreement with previous results [12,13,15]. Nor was the

470 nm luminescence emission observed that Winer et al.

attributed to F-center defects (an electron on an anion

vacancy) formed by oxygen exposure [16,17]. As shown

in Fig. 4, a second emission spectrum was observed for

UO2þx oxidation in dry oxygen, which has an emission

maximum at 695.5 ± 2 nm. The fine structure separation
is approximately 1.9 ± 0.2 nm. We attribute this emission

to an octahedral U(VI) species. Based on our initial

literature review, this octahedral U(VI) signature has

not been characterized before on UO2 surfaces. Col-

menares [6] reported a red PL emission associated with

hydrates on oxidized UO2, which peaks further in the

red (�800 nm). The kinetic mechanisms that describe

changes between different U(VI) coordination states

have not yet been studied. In future studies we plan to

explore the kinetics connecting the U(VI) species ob-

served on oxidized UO2þx.

The more rare octahedral U(VI) coordination is less

thermodynamically stable than uranyl; however, we find

that the uranyl-type state is more labile toward reduc-

tion (lower activation energy). The observed red emis-

sion persists nearly unchanged for days at 70 �C in less

than milli-Torr vacuum, whereas at 150 �C the species is

vacuum reduced in a manner similar to reduction of

uranyl intensity on UO3. A caution is warranted in in-

terpreting reduction data. Although the reduction trend
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conditions.
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generally follows a Cabrera–Mott equation, as shown in

Fig. 5(A), a corresponding mechanistic interpretation

based on UO2þx is premature. The ultimate surface re-

duction probably depends on the system pressure that

can be achieved. The mechanism for reduction of octa-

hedral U(VI) at elevated temperature may be fit as dif-

fusion process that achieves a steady state determined by

the oxygen pressure over the solid, as shown in Fig. 5(B).

We have shown that the uranyl-type surface oxide is

reduced with Cabrera–Mott type kinetics and reformed

by a diffusion mechanism. However, fits to a Cabrera–

Mott equation may indicate merely that the process is

non-linear and self-limiting rather than specifically in-

volving charge promoted cation mobility. Reduction of

the octahedral U(VI) oxide also has been shown to

proceed by a diffusion mechanism that saturates, prob-

ably due to finite oxygen pressure. Further studies will

be completed with a PL spectroscopy cell capable of

better vacuum.

3.2. Surface spectroscopy results

Determining the overall oxidation state and the

uranium valences is necessary for identification of the

products formed during the initial stages of UO2þx dry

oxidation. XPS and SIMS surface spectroscopies are

sensitive to uranium oxidation states and to near-surface

morphology. Uranium oxide state formed as a function

of depth in the uranium oxide lattice can be character-

ized by XPS. However, this technique can not readily

distinguish the different coordination environments of

U(VI) implied by the PL signatures. XPS was used to

determine the overall oxidation state and the uranium

valences present near the surface of uranium dioxide.
Uranium valences were obtained from the intensities

and positions of the U4f7=2 core level binding energies

and valence region of U5f electrons. By comparing the

XPS spectra from the UO2þx weathered samples with

spectra for samples of the reference uranium oxides we

attempted to distinguish uranium oxidation states. The

U4f7=2 XPS peak was de-convoluted into three features

corresponding to oxidation states U(IV) (�UO2’), mixed

U(IV)–U(VI) in 1:2 ratio (�U3O8’) and U(VI) (�UO3’)

[18]. The typical XPS high resolution spectra of U 4f7=2
electrons for UO2þx standard baked sample is shown in

Fig. 6. We found that all three oxidation states were

present in the surface of original UO2þx as a result of

storage environment. The XPS spectrum of oxidized

UO2þx was interpreted as a conservative system involv-

ing these three oxides between room temperature and

150 �C. Near the surface of particles, the UO2 concen-

tration is nearly constant with increasing temperature,

while the UO3 concentration increases at the expense of

U3O8 as shown in Fig. 7(A). Deeper in the particle (Fig.

7(B)), the U3O8 is approximately constant, while UO3

concentration increases at the expense of UO2. Binding

energy, line width for U4f7=2, composition and atomic



Fig. 6. Curve-fitting of the high resolution XPS U4f7=2 spectra

of standard UO2 sample, baked at 120 �C for 12 h period.

Spectrum is fitted to XPS spectra of reference materials UO2,

U3O8 and UO3.
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Fig. 7. Comparison of XPS measurements of uranium oxide

showing changes in percent concentrations with temperature

during UO2þx oxidation for different sampling depths. (A) 25�
take-off angle; (B) 90� take-off angle.
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concentration for oxidized and untreated UO2þx sam-

ples (under oxygen pressure, temperature and duration)

at 90� take-off angle are presented in Table 2.

The U4f7=2 satellite band spectra and valence band

spectra are essential for making conclusion about ura-

nium oxidation state. The satellite band results are not

presented in this article. Valence band spectra for UO2þx

oxidized dry under different temperature conditions are

shown in Fig. 8. The sharp and intense band near the

Fermi level (Ef ) at �1.5 eV is attributed to localized U5f

electrons [19]. The broader band at �5.0 eV is assigned

as the O2p to U bonding band formed from the over-

lapping oxygen 2p and uranium metal orbital. These

results correlate well with the previous findings by Allen

et al. [19]. UO3 powder showed no U5f intensity (5f0

electronic state), whereas untreated UO2þx powder

produced a very intense U 5f signal (5f2 electronic state)

shifted �0.2 eV toward Fermi level. With the tempera-

ture increase the U 5f electron intensity decreased, in-

dicating a transfer of the localized U5f electronic states

to the metal–oxygen bonding as the oxygen atoms enter

into the lattice. Moreover, the significant increase in

metal–oxygen bonding intensity at 200 �C may indicate
the formation of a U3O8 or other mixed oxide film (al-

though not correlated with results in Fig. 7(B)). This

finding well connects with expected UO2þx oxidation

process at higher temperatures [20]. The small U 5f shift

toward Ef under lower temperatures can be interpreted

as beginning of development of the diphasic oxide film

of UO2 and probably U4O9 in the form of a heavily

doped p-type semiconductor at the surface [19].

The UO�
3 SIMS intensity is consistent with the XPS

results. A static SIMS negative mode spectrum of stan-

dard baked UO2 sample is presented in Fig. 9. Each

UO�
3 intensity under different experimental conditions

was normalized to the O� ion peak, which is the most

intense ion in the negative mode. Two models exist to

explain the signal origin, the �cluster emission model’

and the �recombination model’. Our UO�
3 ion intensities

calculations were based on the first model, which as-

sumes that the emitted ion cluster is a small segment of

the crystal lattice at the surface. According to Allen et al.

[21], the SIMS spectrum may not be used alone in a

quantitative manner because it likely measures an

equilibrium product of the fragmentation of sputtered

cluster species. Instead, SIMS spectra are useful as a



Fig. 8. Valence band changes (90� take-off angle) following

oxidation of UO2 under different temperatures at 0.1 MPa (one

atmosphere) oxygen pressure for 72 h.

Table 2

Binding energy, line width for U4f7=2, composition and atomic concentration for standard and treated UO2 samples (under oxygen

pressure, temperature and duration) at 90� take-off angle

Sample/conditions (PO2
/T /time) Composition Binding energy (eV) FWHM (eV) Avg.% atomic concentration

UO2 standard (baked at 120 �C/12h) UO2 379.8–380.0 1.31 21.1

U3O8 380.8–381.0 1.62 38.3

UO3 382.0–382.1 1.96 40.6

UO3 standard (baked at 120 �C/12h) UO2 Not detected 0.0

U3O8 Not detected 0.0

UO3 381.9–382.0 1.41±0.02 100.0

U3O8 standard (baked at 120 �C/12h) UO2 Not detected 0.0

U3O8 380.5–380.7 1.11 47.9

UO3 381.7–381.8 2.17 52.1

UO2 (760 Torr/150 �C/72h) UO2 379.9–380.1 1.45±0.16 21.8

U3O8 381.0–381.1 1.62 38.7

UO3 382.0–382.4 2.16±0.05 35.3

UO2 (760 Torr/110 �C/72h) UO2 379.9–380.1 1.51±0.09 22.3

U3O8 381.0–381.1 1.62 39.9

UO3 382.2 2.19±0.06 34.7

UO2 (760 Torr/70 �C/72h) UO2 379.9–380.1 1.70±0.03 32.6

U3O8 381.0–381.1 1.62 40.6

UO3 382.0–382.1 1.75 21.1

Atomic concentration is a three different lateral measurements average.

Fig. 9. Static SIMS negative spectrum of standard UO2 sample,

baked at 120 �C for 12 h period.
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qualitative technique to understand the chemical envi-

ronment and uranium/oxygen ratios. Near the UO2

surface, the U(VI) concentration (measured by SIMS
and 25� XPS) increased with temperature to a maximum

at about 100 �C, then it decreased as shown in Fig. 10:

UO3 formed more readily at the surface than deeper in

the UO2 at room temperatures, but this is reversed at

higher temperature oxidation. These changes reflect a

variation in the oxidation mechanism for small changes



Oxidation Temperature (C)
40 60 80 100 120 140 160

0.070

0.075

0.080

0.085

0.090

0.095

0.100

N
or

m
al

iz
ed

 S
IM

S 
U

O
3−

 I
on

 I
nt

en
si

ty
 

Oxidation Temperature (C)
60 80 100 120 140 160

20

22

24

26

28

30

32

34

36

38

900 Take-off Angle

250 Take-off Angle

A
ve

ra
ge

 U
O

3
C

on
ce

nt
ra

ti
on

 %

(A)

(B)
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UO2 standard sample oxidation as a function of temperature

from SIMS (A) and XPS for two different sampling depths (B).
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in temperature. We propose that a thermally activated

surface kinetic process dominates at low temperatures

and a diffusion mechanism prevails at higher tempera-

tures in the UO2þx. In particular, the initial increase in

U(VI) is due to thermal activation of the surface kinetic

reaction of molecular oxygen. At higher temperature,

above 100 �C, near-surface oxygen ion mobility is acti-

vated and oxidation products penetrate deeper into the

UO2 particle. A significant decrease in surface U(VI)/

U(IV) ratio occurs for oxygen pressures below 0.05 MPa

(half atmosphere). This pressure dependence suggests

that the surface kinetic dissociation of molecular oxygen

may influence the oxidation mechanism, but this has not

yet been studied in detail.
4. Conclusions

Formation of amorphous uranyl-type U(VI) oxides

on UO2þx slightly above room temperature in moist air

exposures proceeds at different rates depending upon

temperature and the presence of carbon dioxide. Uranyl-

type U(VI) exhibits longer PL lifetimes on UO2þx than

in more crystalline coordination environments. Uranyl-

type spectra were not observed for UO2þx oxidation in
dry conditions. The rate of vacuum reduction of uranyl-

type U(VI) photoluminescence on UO3 can be well-fitted

to a Cabrera–Mott equation, suggesting a reduction

mechanism involving Coulomb-enhanced ion mobility

in a defected near-surface layer. The activation energy

for UO3 reduction kinetics is approximately 19 kJ/mol.

The rate of reformation of the uranyl-type U(VI) pho-

toluminescence on UO3 by oxidation can be fitted to a

diffusion relation. A U(VI) species, not uranyl U(VI), is

formed for near-room temperature oxidation of UO2þx

in dry oxygen. This species, which we attribute to U(VI)

in octahedral coordination, has a narrow phosphores-

cence emission with a maximum at about 695 nm. The

PL, XPS and SIMS signatures for this species increase

with room temperature oxidation and are reduced at

temperatures above 100 �C. Uranium 4f7=2 XPS inten-

sities from all U(IV) and U(VI) species from layers

within 10 nm of the surface are conservative up to 150

�C, above which they all dramatically decrease. The

rates of formation and vacuum reduction measured by

in situ photoluminescence, are very different for octa-

hedral U(VI) compared to uranyl-type U(VI). Octahe-

dral U(VI) photoluminescence emission does not reduce

in vacuum at 70 �C. At 150 �C it is vacuum reduced, but

more slowly than uranyl-type U(VI), by a diffusion

mechanism. The uranyl-type state is more labile toward

reduction (lower activation energy) even though the

uranyl state is thermodynamically more stable than oc-

tahedral U(VI). Thus, the number and type of vacancy

sites near the surface of UO2þx particles, produced by

different processing environments, can influence the

types of surface species and surface reaction kinetics

controlled by defect formation and transport.

Combining surface spectroscopy techniques and

photoluminescence can be a powerful approach for

measuring the nature and extent of oxidation on UO2

particles produced by processing, application and envi-

ronmental exposure. XPS and SIMS surface spectrom-

etry techniques in combination with photoluminescence

measurements give complementary information that

should provide a consistent picture of U(VI) formation

with temperature for oxidization of UO2þx. Under-

standing the magnitude of these U(VI) oxides signatures

and the rates of their reductive and oxidative titration

may be useful to characterize the nature of the uranium

oxides and their surface chemistry history.
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