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Four specimens of uranium dioxide doped with rare-earth oxide (Y>0s3) and/or metal particles (Pd) i.e.,
U0, UO,-Y,03, UO;,-Y,03-Pd, UO,-Pd were surface and electrochemically characterized using scanning
electron microscopy (SEM/EDX), Raman spectroscopy, X-ray photoelectron spectroscopy (XPS) and cyclic
voltammetry. Surface analyses showed that the dopants are present as a separate phase in the UO,
matrix and all oxides are non-stoichiometric and contain a large number of defect clusters. Voltammetry
shows anodic oxidation begins at sub-thermodynamic potentials and the presence of multiple cathodic
reduction peaks indicates the presence of a number of structural domains with different electrochemical
reactivities. Corrosion potential (Ecorr) and polarization resistance measurements (Rp) in the presence
of H,0, suggests that the anodic reactivity of all the specimens is comparable and high compared to 1.5
at% SIMFUEL. The lower Rp values obtained on the doped specimens is consistent with the presence of
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readily oxidizable cuboctahedral clusters in the oxide matrix.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Aconsiderable effortis underway in the nuclear industry to min-
imize the potential impact of hazardous radioactive spent-fuel on
the environment. Proposed solutions range from reprocessing to
direct disposal in a deep geologically-stable repository. A multi-
barrier approach to radionuclide containment is internationally
universal and comprises the fuel waste form itself, a metal con-
tainer, a clay buffer compacted around the container, repository
sealing materials, and the geologic formation [1-3].

The spent-fuel has a very low solubility in the reducing ground-
waters expected to prevail at a repository depth of > 500 m.
However, radioactive decay processes within the fuel will cause
water radiolysis to produce reactive species (H,0,, HO® etc) [1] and
generate oxidizing conditions at the UO, surface. Consequently,
H,0,, expected to be the primary radiolytic oxidant, could promote
corrosion of the UO, [4], especially when the UO,2* complexing
agent, HCO3~/CO32, is present in the groundwater [5-8].

* Corresponding author. Tel.: +1 631 344 76 4; fax: +1519 661 2111x86366.
E-mail address: dwshoesm@uwo.ca (D.W. Shoesmith).
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While the establishment of oxidizing conditions provides the
primary driving force, the corrosion performance of the fuel will
also be influenced by the fission products produced in the fuel
matrix during in-reactor burnup. The composition of fission prod-
ucts is determined by the initial enrichment of the fuel and its
in-reactor irradiation history. The typical burn-up range for CANDU
fuel is 120 to 320 MWh/kgU [3] but is significantly higher for
LWR/PWR fuel [9,10]. Consequently, used nuclear fuel will consist
of ~95% UO,, with the remaining 5% being radioactive fission prod-
ucts and transuranium elements present in various chemical states.
Depending on in-reactor history these fission products redistribute
within the fuel. Volatile species (Xe, Kr, I) can diffuse out of the fuel
matrix to the fuel cladding gap while other elements precipitate in
metallic (Mo, Ru, Pd, Ru) and oxide form (Rb, Cs, Ba, Zr) or remain
in solid solution (transuranium and rare earth elements (REE)) in
the UO, matrix [9].

A number of physical and chemical changes induced by in-
reactor irradiation would be expected to change the reactivity of
the fuel [11]. These include primarily, (a) the introduction of grain
boundary tunnels; (b) the generation of trapped fission gas bubbles;
(c)the generation of noble metal particles; (d) the rare-earth doping
of the UO, matrix; and (e) the presence of non-stoichiometry. In
this paper we are primarily interested in the chemical changes
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(c) to (e) which can be simulated in custom-fabricated UO, /UO3.x
specimens.

The influence of rare-earth dopants, which occupy lattice sites
in the fuel matrix, on air oxidation of UO, has been well studied
(M=Gd, Y, La[12-17]). This reaction proceeds in two stages,

UO;— U307/U409— U30g (1)

via a U307 intermediate for pure UO, whereas, when the UO, is
substantially doped, the intermediate is U4Og9. The second step
involving the recrystallization to U3Og is kinetically hindered by
rare earth doping [12,17,18] as indicated by the increase in temper-
ature required to force the recrystallization to occur. Based on this
evidence for air oxidation, a similar influence of rare earth doping
on corrosion might be anticipated since the reaction proceeds by a
similar two stage sequence,

U0,— U0y — U0y2%* (2)

except the final product is dissolved UO,2* as opposed to a recrys-
tallized deposit of U3Og.

Some support for this expectation is evident in electrochemical
experiments on SIMFUELSs in which a decrease in anodic dissolution
current was observed as the extent of simulated burn up increased.
SIMFUELs are natural stoichiometric UO, pellets doped with 11
non-radioactive elements (Ba, Ce, La, Mo, Sr, Y, Zr, Rh, Pd, Ru, Nd)
to replicate the chemical effects of in-reactor irradiation [10,11].
The amount of the individual elements added simulates a specific
degree on in-reactor burnup. The key features of these simulated
fuels are the rare earth doping of the UO, matrix and the presence of
noble metal (Rh, Pd, Ru) particles. The observed decrease in anodic
current was attributed to the influence of the rare earth dopants in
solid solution in the UO, matrix.

Non-stoichiometry has also been shown to exert a signifi-
cant influence on UO, reactivity [11]. MicroRaman spectroscopy
showed very distinct changes in fuel structure as x (in UO3.x)
increases. Studies using AFM, current-sensing AFM and scanning
electrochemical microscopy [19] demonstrated that the fuel reac-
tivity increased substantially with highly non-stoichiometric UO.x
being > 103 more reactive than close to stoichiometric UO,.,. While
the exact mechanistic details remain unresolved, the extent of
oxidation on a surface close to stoichiometric appears limited by
the low interstitial mobility within the matrix. At higher degrees
of non-stochiometry the formation of defect clusters enhances O
interstitial mobility [11].

In this paper our primary interest is in the influence of rare-
earths and noble metals contained within the UO, matrix. Recent
studies [20] showed that the addition of small amounts of Y,03
(0.3 wt%) to UO, decreased the corrosion rate (compared to UO,)
by a factor of 3 to 5. Since the rate of H,0, consumption was very
similar for UO, and UO,/Y,03, this decrease was attributed to a
decrease in reactivity of the UO,/Y, 03 pellet. However, the degree
of non-stoichiometry of these pellets was not characterized.

To further investigate the influences of rare earth doping and
the presence of noble metal particles we have performed a series of
electrochemical and corrosion experiments on UO, and UO;/Y,03
pellets with and without added Pd. The electrodes were charac-
terized by scanning electron microscopy (SEM), energy dispersive
X-ray analysis (EDX), Raman spectroscopy and X-ray photoelectron
spectroscopy (XPS). The redox behavior was characterized by cyclic
voltammetry (CV) and the anodic reactivity by potentiostatic oxi-
dation. Corrosion behavior was investigated in H,O,-containing
solutions purged with Ar.

2. Experimental
2.1. Fuel specimens and electrode preparation

Four different electrodes were used in this study consisting of
undoped UO, and UO, doped with Y,03 (0.3 wt%) and/or Pd (1
wt%) received from The Royal Institute of Technology, Stockholm,
Sweden. These electrodes were fabricated using depleted UO, pow-
der, Y,03 powder (particle size ~ 5 um) and Pd powder (particle
size ~ 1.0-1.5 pm) as described by Trummer et al. [20,21]. The elec-
trodes were prepared from the pellets using a previously published
methodology [22] and are designated UO,, UO,-Pd, UO,-Y,03, and
UO,-Y,05-Pd. Prior to electrochemical experiments and surface
analyses electrodes were polished (wet) with a 1200 grit polishing
paper and rinsed with deionized water.

2.2. Solutions

All solutions were prepared with analytical grade chemicals
and distilled deionized water (p =18.2 M2 cm) prepared using a
Millipore Milli-Q-plus unit to remove organic and inorganic impu-
rities. Experiments were performed in a 0.1 mol.L~! NaCl solution
(Caledon, >99%) purged with Ar (Praxair). Prior to the start of any
experiment solutions were purged with Ar gas for a minimum of
1 hr. When borate buffered solution was used, 0.05 mol.L~! borax
(Merck) was added to the solution prior to the pH adjustment. The
solution pH was adjusted to the desired value using NaOH and
was monitored with an Orion model 720A pH meter and adjusted
accordingly. Solutions containing H, 0, (Fisher Scientific, 3%) were
prepared by dilution. The concentration of H,O, was determined
using a BioLogic Science Instruments MOS UV/VIS spectrophotome-
ter [23].

2.3. Electrochemical measurements

All experiments were carried out in a standard three-electrode,
three-compartment cell. The WE was attached to the shaft of a
Pine Instruments model AFASR analytical rotator to allow electrode
rotation when required. The counter electrode was a Pt sheet (~6
cm?) spot-welded to a Pt wire. All electrochemical experiments
were performed (22 + 2 °C) using a Solartron model 1287 potentio-
stat to control applied potentials and record current responses. The
current interrupt method was employed to eliminate the potential
(iR) drop caused by the ohmic resistance (R) primarily in the elec-
trode. Corrware™, version 3.0, software was used to analyze the
data. All the potential measurements reported are quoted on the
saturated calomel electrode (SCE) scale.

2.4. Experimental procedure

Before all experiments the electrode was cathodically reduced
at two different potentials (usually -1.5V and -1.2V) for 2 to
5minutes, the H, gas bubbles produced at the more negative
potential being released while still maintaining cathodic control
at the less negative potential. In CV experiments, the potential was
scanned from the starting potential to different anodic limits and
back while recording the current.

In potentiostatic experiments the potential was pulsed to +0.4V
after cathodic cleaning and the current measured over a period
of 30 min at an electrode rotation rate of 16.67 Hz in Ar-purged
solution. The electrode was rotated to ensure that the reaction
was interfacially controlled. In corrosion experiments the Ecogrr
was followed in a 0.1mol.L-! NaCl+0.01 mol.L-! NaHCO3 (pH
~ 9.0) solution purged with Ar until a steady-state value was
achieved. Hydrogen peroxide was then added and the Ecorg mea-
surement continued. A series of linear polarization resistance (LPR)
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measurements was made before and after H,O, addition. In LPR
measurements a small potential, in the range of £10mV with
respect to Ecogrg iS applied at a scan rate of 0.0167 mV/sec and
the resulting (linear) current response measured. The LPR (Rp) is
the ratio of the applied potential to the current response and is
inversely proportional to the uniform charge transfer rate at the
electrode/solution interface. Electrochemical experiments were
repeated twice to assure the reproducibility of the results.

2.5. Surface analysis

2.5.1. Scanning electron microscopy (SEM)/Energy dispersive
X-ray (EDX) analyses

An Hitachi S-4500 Field emission scanning electron microscope
(SEM) coupled with a Quartz XOne energy dispersive X-ray (EDX)
system was used for imaging. The SEM micrographs were obtained
on polished electrodes with the varied electron beam potential
ranging from 10.0kV to 15.0kV. EDX mapping was performed
to obtain the size, distribution and elemental composition of the
doping elements in the host matrix. The chemical composition of
individual particles was also determined.

2.5.2. Raman spectroscopy
Raman spectra were acquired on all four electrodes using a Ren-
ishaw 2000 confocal Raman spectrometer (Renishaw PLC., UK).

1.0x10°
8.0x10* —-
6.0x10* i
4.0x10* ]

2.0x10*

I (A/em?)

0.0

-2.0x10™*

-4.0x10™ H

6.0x10* —/—"7"—""7"7"-—"—"7—""T"—"T"""T""—"T"—""—T"—1—
-16 14 1.2 -10 08 -06 -04 -02 00 0.2 04 06
E (V vs. SCE)

6.0x10*

4.0x10° A / c
3.2x10° +
2.4x10° 4

1.6x10° - oo

4 . I/ | |
8.0x10™ - ** 4 .2 4o s <e <4 <2 00 o
] E(Vvs. SCE) f
0.0 1

I(A/cm?)

-8.0x10™ -
-1.6x10° 4
-24x10° 4

-3.2x10° 4

4010° T T T T T T
16 -14 1.2 -1.0 -0.8 -06 -04 -02 00 0.2 04 06

Raman active vibrations were excited using a HeNe laser with a
wavelength of 632.8 nm which produces ~ 2 um diameter focused
beam at the sample surface. The laser was used at 50% power to
avoid laser heating since small changes in temperature can pro-
duce small changes in the frequency and width of Raman lines. The
spectrometer was calibrated using a Si crystal standard at room
temperature. The laser beam was focused onto the sample mounted
on a Leica DMLM microscope with a 50x uncoated objective lens.
Each spectrum was measured for an exposure time of ~45 sec over
the wavenumber range 120 to 1400 cm~!. Measurements were
repeated at a number of different locations on the electrode to
ensure uniformity of response. The Lorentzian peak model and a
Shirley baseline correction were used to fit the Raman peaks.

2.5.3. X-ray photoelectron spectroscopy(XPS)

XPS analyses were performed on a Kratos Axis NOVA spectrom-
eter. Spectra were collected using Al K, -monochromatic radiation
(15mA, 14 kV) to bombard the surface with high energy monochro-
matic X-rays (hv=1486.6eV). The instrument work function was
set to give a binding energy (BE) of 83.96 eV for the Au 4fy, line
for metallic Au and the spectrometer dispersion was adjusted to
give a BE of 932.62 eV for the Cu 2p3; line of metallic Cu. Survey
spectra were recorded over the energy range 0 to 1100eV on an
analysis area of ~300 x 700 wm at a pass energy of 160eV. High
resolution spectra for the U 4f, O 1s, C 1s and the U 5f valence band
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Fig. 1. CV's to various anodic limiting potentials recorded on the (a) UO, (b) UO3-Y,03 (c) UO;-Y,03-Pd (d) UO,-Pd electrodes in Ar-purged 0.1 mol.L-! NaCl solution buffered

with sodium borate (0.05 mol.L-1) at pH~9 (22 + 2 °C). The scan rate=5mV.s~".
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regions were collected with a pass energy of 20 eV. The instrument
charge neutralizer was used on all specimens. The carbon 1s line
at 285eV was used as a standard, when necessary, to correct for
surface charging. Spectra were analysed using CasaXPS software
(version 2.3.14). The 4f spectrum was deconvoluted into contrib-
utions from UV, UY and UV! by fitting both the two spin-orbit split
peaks and the associated satellite structures following the proce-
dure described elsewhere [23]. Surface analysis was conducted on
unpolished (as-received) and polished electrodes in order to ensure
the reproducibility of surface characteristic.

3. Results
3.1. Voltammetric behavior

Fig. 1 (a to d) shows a series of IR-compensated CVs recorded
on the four electrodes to different anodic potential limits. Several
stages of oxidation and reduction are observed and the profiles for
UO, and UO,-Y,03 ((a) and (b)) are effectively identical. On the
two electrodes which contain Pd (UO,-Pd and UO,-Y,03-Pd; (c)
and (d)) the same stages of oxidation and reduction appear to be
present but are swamped by the very large currents observed at the
positive and negative potential limits of the scan.

According to previous electrochemical and XPS studies per-
formed on UO, and SIMFUEL (1.5 at% simulated burn-up; i.e., only
lightly doped), oxidation of a stoichiometric surface should not be
observed until the applied potential is>-0.4V [1,22]. However, on
the electrodes used in this study, a shallow oxidation is observed
over the potential range -0.8V to -0.4V (I in Fig. 1), leading to an
equally shallow reduction process over the potential range -0.6 V
to-1.2 V. A current at such low potentials was previously attributed
to the oxidation of hyperstoichiometric UO,.x locations on the UO,
surface [1]. More recently, this “sub-thermodynamic” oxidation
was shown to be a feature of non-stoichiometric UO,.x [24].

Over the potential range -0.4V to -0.1V a distinct anodic oxi-
dation peak is observed (Il in Fig. 1) leading to an equally distinct
cathodicreduction peakat~-1.2V(VIinFig. 1). Asimilar oxidation-
reduction couple was observed previously on a uranium dioxide
specimen with an average stoichiometry of UO; 11 and known to
possess distinct regions with various stoichiometries [25]. Anodic
oxidation leading to a reduction process requiring such a negative
potential is indicative of the formation of a very stable oxidized
state. The nature of this state is presently obscure although it is
clearly associated with the oxidation of already non-stoichiometric
locations.

When the anodic limit is extended to potentials > -0.2V the
oxidation current is sustained and leads to the development of
a cathodic reduction peak at ~ -0.7V (IV in Fig. 1). Oxidation
and reduction in these potential ranges has been convincingly
attributed to the oxidation of stoichiometric UO, and the sub-
sequent reduction of the UO,.4/UO3.yH,0 formed [1,24,26]. For
potentials positive to ~ 0.2V the current increases further (IIl in
Fig. 1) leading to an increase in the reduction peaks at both -1.2V
and -0.7V consistent with the more extensive oxidation of both
non-stoichiometric and stoichiometric locations on the UO, sur-
face. In addition, a new reduction peak develops in the potential
range -0.9 to -1.0V (V in Fig. 1). A similar oxidation peak was
observed previously [25] and tentatively attributed to the anodic
oxidation of deeper locations in an already oxidized surface layer.
The potential required to reduce this oxidized state is consider-
ably more negative (~ -0.9 V) than that required to reduce the film
formed on stoichiometric UO, (-0.7 V) consistent with the claim
by He [25] that the reduction of deeply oxidized states is involved.
Previously, the reduction peaks at -0.9V and -1.2V have only been
seen after the anodic oxidation of a non-stoichiometric UO; 11
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Fig. 2. Potentiostatic current-time curves recorded on a 1.5 at% SIMFUEL, and the
four electrodes at +0.4V for 30 min in Ar purged 0.1 mol.L-! NaCl buffered with
sodium borate (0.025 mol.L-") at pH~ 9 (22 +2°C).

electrode [25] clearly indicating that the UO, and UO,-Y,03 elec-
trodes are non-stoichiometric or a mixture of non-stoichiometric
and stoichiometric regions.

The same general features are observed on the UO,-Pd and UO,-
Y,03-Pd electrodes but are more difficult to see due to the large
positive and negative currents, most likely due to water oxidation
(to 03) and reduction (to H) on the Pd particles in the electrodes.
These results demonstrate, (i) the influence of the Pd content on
the anodic current and (ii) the marginal influence of the Y-content
on the anodic behaviour of the UOy..

Fig. 2 shows a series of such experiments conducted at a poten-
tial of 0.4V for 30 minutes at an electrode rotation rate of 16.7 Hz
with the current density (I) plotted logarithmically as a function of
the log of time. This potential was chosen since all the possible elec-
trochemical reactions feasible on the UO, surface will be occurring
and the current response will reflect the overall anodic reactivity.
A more extensive investigation of the individual anodic reactions is
being undertaken and will be published separately. An experiment
on 1.5 at% SIMFUEL is included for comparison since this electrode
has been well studied previously [22,26].

As shown, the SIMFUEL behavior is very different to that
observed on the other four electrodes. The current at short times is
considerably lower and the decrease in current at longer times con-
sistent with previous electrochemical and XPS experiments which
showed anodic oxidation proceeded through the sequence

U0, U0y, x— U03.yH,0 3)

with the formation of the UY! oxide layer leading to a general
passivation of the surface [27]. The other four electrodes all exhib-
ited considerably higher currents at short times and especially at
longer times. The increased currents at short times indicate a sig-
nificant increase in overall reactivity of the electrodes compared
to the stoichiometric, but rare earth doped SIMFUEL. Also, at short
times, the currents observed on the two Pd-containing electrodes
are slightly higher than on the other two electrodes as observed at
this potential under voltammetric conditions (Fig. 1). However, this
difference is temporary and disappears for times > 30s. As noted
when discussing the CV behavior it is likely that this enhanced cur-
rent can be attributed to H,O oxidation on Pd particles (see below).
At longer times all four electrodes exhibit almost identical behav-
ior and approach steady-state with no tendency to passivate. Such
behavior has only previously been observed on non-stoichiometric
electrodes which have been shown to exhibit enhanced anodic
reactivity [25].
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Fig. 3. SEM micrographs recorded on the (a) UO; (b) UO,-Y,03 (c) UO,-Y,03-Pd and (d) UO,-Pd electrodes.

3.2. Surface characterization

3.2.1. SEM/EDX analysis

Fig. 3 shows SEM images of the surfaces of the four electrodes. At
the higher magnification the surfaces appear rough and finely par-
ticulate. Figs. 4 and 5 show SEM images and EDX maps recorded on
the UO,-Y,03 and UO,-Y,053-Pd electrodes and show that both the
Y and Pd are unevenly distributed in the host matrix and present as
individual particles of different sizes and shapes. This is expected
for Pd which has a very low solubility in the U0, matrix. The Pd
particles formed are significantly larger than the particle size of
the Pd powder (1-1.5 pm), used in their fabrication, which has been

attributed to the compaction technique used when forming the pel-
lets [20]. Similarly distributed Pd particles were observed in the
UO,-Pd electrode (not shown).

These maps show that the majority, perhaps all, of the Y is
present in particulate form as a separate phase and not incoRpo-
rated in solid solution in the UO,.x matrix. This is consistent with
the voltammetric data, Figs. 1 and 2, which show no significant
influence of Y on the electrochemical behavior of the pellets.

3.2.2. Raman analysis
Fig. 6 shows the Raman spectra recorded on all four elec-
trodes. Raman scattering for stoichiometric UO, should generate a
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Fig. 4. SEM micrographs recorded on a UO,-Y, 05 electrode and the corresponding EDX maps for U, Y and O. An EDX spectrum recorded on the identified particle is also

shown.

fundamental vibrational stretch at ~ 450 cm~! and a second band
at ~ 1150cm~! [28-30]. The 450 cm~! (Tyg) stretch is ascribed
to the symmetric (g) stretching mode due to O breathing vibra-
tions around U in the fluorite structure of UO,, whereas the ~
1150 cm~! band can be assigned to an overtone of the first order
LO phonon at 575 cm~!. The 1150 cm~! band has been shown to be
highly sensitive to the extent of non-stoichiometry of the UO, [31].

Inspection of the spectra showed the T, band is broad and
shifted to higher frequency (445 to 455 cm~!) for all four electrodes.
Desgranges et al. [32] attributed this shift to the local disorder
involved in U40g formation, U4Og being a UO, based lattice con-
taining clusters of interstitial O atoms (cuboctahedra) and U in
higher oxidation states. Deconvolution of this band is shown for
the UO,-Y,05 electrode in Fig. 7 yields peaks at 455 and 475 cm™!,
the 475cm~! peak suggesting a distortion of the cubic symmetry
induced by the increasing concentration of O excess defects [31].
However, a similar Raman shift to higher frequency and the devel-
opment of asymmetry was reported as a consequence of rare-earth

(Sm'") doping in TiO, samples [33], and other authors attributed a
peak at ~ 480 cm™! to the Raman active Eg (U-O) stretching mode,
a characteristic of the tri-uranium octaoxide (a-U30g) [29,34,35].
Although not shown an identical deconvolution is obtained on the
other three electrodes.

In addition to this shift in the T,g band, all four spectra exhibita
broad band between 500 and 700 cm~! commonly attributed to O
sublattice damage [27,28,32,36], Fig. 6. The intensity of this band is
significantly greater than that of the T,¢ band, a feature previously
shown to be associated with a high degree of non-stoichiometry
(0.25 <x<0.33)[31]. Asshown in Fig. 7 for the UO,-Y, 03 electrode
this broad band can be deconvoluted into peaks at 585 cm~'and
630cm~!. The peak at 585cm™! is not generally associated with
stoichiometric UO, and has been attributed to the presence of bulk
defects [37]. It is also possible it is associated with the peak com-
monly observed at 575cm~!, a forbidden first order LO Raman
scattering mode allowed as a consequence of the breakdown in
selection rules due to disorder induced by the presence of defects.
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Fig. 5. SEM micrographs recorded on the UO,-Y>03-Pd electrode and the corresponding EDX maps for U, Y, Pd and O.

Such a breakdown would be expected from a loss of translational
symmetry at vacancy sites due to O defect clustering and the
change in cation radius when U" is converted to UV with increasing
non-stoichiometry. Again, although not shown, an identical decon-
volution was obtained for the spectra recorded on the other three
electrodes.

The strong peak at 630cm~! (an Aqg stretch) has been fre-
quently observed on hyperstoichiometric UO,.x and on rare earth
doped SIMFUELs [31,32,38,39]. Its universal observance in the
spectrarecorded on all four electrodes indicates it is most appropri-
ately assigned to hyperstoichiometry in the present case. Original
suggestions that this band in UO,., could be attributed to dis-
tortion of the anion sublattice due to the O ion displacements
required to accommodate excess O ions were recently confirmed
by Desgranges et al. [32] who demonstrated this peak was a sig-
nature of the cuboctahedral cluster associated with the presence
of U40qg. The small peak at 155 to 160cm~! is similarly associ-
ated with U409 [32] and attributed to the distortion of the cation

sublattice associated with the formation of a tetragonal structure. A
similar band has been reported for tetragonal zirconia (ZrO,) [40].

3.2.3. XPS analysis

Fig. 8(i) shows a deconvoluted high resolution XPS spectrum
recorded on the freshly polished UO,-Y,05 electrode. Identical
spectra were observed (but are not shown) for the other electrodes.
The location of the satellite peak at a binding energy of ~7eV
higher than the U 4fs, peak confirms that UV is the dominant
oxidation state present in the electrode surface. There is also a
measurable UV content indicated by the presence of the satellite
peak at a binding energy ~ 8eV above the U 4fs; peak. The
relative amounts of UV and UV are only marginally influenced
by the presence of Y and Pd, Fig. 8(ii). This is especially true
for UY. Noticeable amounts of UY! were also detected, possibly
due to air-oxidation while transferring the specimens from the
polishing area to the vacuum chamber of the XPS spectrometer.
These observations, and the very high UV content, confirm the
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Fig. 6. Raman spectra recorded on the four polished electrodes.

specimens are non-stoichiometric in agreement with the Raman
and electrochemical results. It is worth noting that XPS analyses on
SIMFUELs showed the UV content increased from ~17% to ~26% as
the extent of simulated burnup (and hence the rare earth doping
level of the UO, matrix) increased from 1.5 at% to 6.0 at%. This can
be compared to the 36 to 37% measured on these four electrodes.

3.3. Corrosion potential (Ecogrg) and linear polarization resistance
(Rp) measurements in H,0, solutions

Corrosion experiments were conducted on rotating electrodes
(16.7Hz) in an Ar-purged 0.1 mol.L-! NaCl solution containing
0.01 mol.L-! NaHCO3 (pH ~ 9.0). The corrosion potential, Ecorgr,
was monitored on each electrode until steady-state was achieved
and then 2 mmol.L-1 H,0, was added to the cell and the Ecogg mea-
surement continued, Fig. 9. Prior to H,0, addition, Ecorg reaches a
steady-state value almost immediately on the SIMFUEL electrode
but this required a few hours on the other four electrodes. Eventu-
ally, Ecogg for the SIMFUEL achieves a value ~ 70 mV more negative
than the values recorded on the other four electrodes.

Series of LPR measurements were conducted at regular intervals
and the Rp values are plotted in Fig. 10. The first two data points
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Fig. 7. Fitted and deconvoluted Raman bands for the wavenumber range 350 cm~!
to 850cm~! on UO,-Y, 05 electrode.
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Fig. 10. Polarization resistance (Rp) values recorded at various times before and
after the addition of 2 mmol.L-! of H,0; to an Ar-purged 0.1 mol.L-! NaCl solution
containing 0.01 mol.L-! NaHCOs at pH ~9.0 (22 + 2 °C). The Rp values are normalized
to ejected time which is four hours prior to H,0, addition.

for each electrode are Rp values recorded prior to H,0, addition
and the subsequent five data points show the values recorded with
H, 0, present. Once the H,0, was added the solution composition
was identical to that used by Trummer et al. [20,41] in experiments
on these electrodes in which H,0, consumption and U dissolution
rates were measured.

Except for SIMFUEL no significant influence of electrode com-
position on Ecorgr is observed. This difference in Ecorg leads to
differences in Rp, the value for SIMFUEL being over an order of
magnitude greater than the values on the other electrodes. The Rp
values on the two Pd-containing electrodes are ~ 30% higher than
on the two Pd-free electrodes.

After H,O, addition, Ecgrg increases immediately to a steady-
state value of 100mV on all five electrodes. This shift is
accompanied by a decrease in Rp values consistent with a reactivity
of H,0, on the electrode surfaces. While the Rp value on SIMFUEL
remains larger than that on the other four electrodes the difference
is reduced to only a factor of 2 to 4. For the four non-stoichiometric
electrodes the difference in Rp values remains small but the value
on the UO,-Pd electrode is noticeably different than on the other
three electrodes. The values are effectively constant with time on
all the electrodes. Subsequent inspection of the electrodes by SEM
(not shown) shows no visible change in the state of the surfaces,
indicating that no significant corrosion damage occurred over the
duration of these experiments.

4. Discussion

SEM/EDX, Raman spectroscopy and XPS have been used to char-
acterize UO, electrodes containing Y and Pd. SEM/EDX showed the
electrodes were rough and finely particulate with Y and Pd gener-
ally distributed throughout the matrix as Y503 and Pd particles.

All four materials (UOz, UO0,-Y,0s3, UOz—Pd, UO»-Y;,03 -Pd)
exhibited very similar Raman and XPS spectra. The dominance of
the Raman peak in the wavelength number range 500 to 700 cm~!
and the absence of the LO phonon overtone at 1150cm™! indi-
cate the oxide is non-stoichiometric. According to Manara and

Renker [29], the 1150 cm~! peak disappears as the stoichiometry
approaches UO,; but more recent studies indicate that the O in
non-stoichiometric UO,.x may not be homogeneously distributed
[25]. Evidence that the latter is the case with the materials in this
study comes from deconvolution of the Raman peak in the 500
to 700 cm~! region which yields peaks at 585cm~! and 630cm™1.
The dominance of the latter peak confirms that the oxide contains
a large number of cuboctahedral U40g clusters. In addition small
bands at 475 cm~! and 155 cm~! indicate a distortion of the U sub-
lattice consistent with the onset of the transformation to U30-.
These features show that, at least some areas within the oxide are
highly non-stoichiometric.

The XPS results confirm that this non-stoichiometry is reflected
in the surface composition. The deconvoluted U4f peaks show that
all the specimens exhibited a UV content in the range 36 to 37%
compared to 17 to 26% for rare earth doped SIMFUELs (over the
simulated burn up range from 1.5 at% to 6.0 at%).

The electrochemical behavior is also consistent with specimens
containing a mixture of stoichiometric and non-stoichiometric
domains. In voltammetric experiments the presence of a current at
sub-thermodynamic potentials is attributed to the facile oxidation
of non-stoichiometric domains. The composition of the oxidized
product is unknown but the need for a very negative potential
to cause its reduction confirms that it is very stable. The oxida-
tion and reduction processes expected for stoichiometric UO, are
also observed. From voltammetric experiments alone it is not pos-
sible to determine either the degree of non-stoichiometry or the
distribution of stoichiometric and non-stoichiometric material.

An anodic oxidation experiment comparing the electrochemi-
cal reactivity of these specimens to that of the well characterized
1.5 at% SIMFUEL showed them to be very reactive. Unlike on SIM-
FUEL, the anodic current did not decrease substantially with time
as expected for the formation of a passivating UY! surface layer.
Instead the four specimens behaved identically (at times >40s) in
establishing a long-term steady-state oxidation current. Although
this anodic reactivity has not been investigated in detail the anodic
product must be either a deeply oxidized, but non-passivating, sur-
face layer or the enhanced dissolution of UY! (as UO,2*). Since the
pH was borate buffered at pH ~ 9.0 in these experiments extensive
dissolution is not anticipated.

The reciprocal of Rp (Rp~1) is directly proportional to the rate
of charge transfer at the electrode/solution interface and for a cor-
roding system would be proportional to the corrosion rate. Prior
to the addition of H,0; the corrosion experiments show there is a
significant difference between the Rp values measured on SIMFUEL
and those measured on the other four electrodes despite the effec-
tively identical Ecorr values. In the absence of a specific oxidant
in the solution this difference most likely reflects charge transfer
processes within the surface of the UO,.. For stoichiometric SIM-
FUEL previous studies show no discernible reactivity at potentials
in the vicinity of the measured Ecogg (~-0.5 V) at which the Rp mea-
surements were made. For the other electrodes the CVs in Fig. 1
show that charge transfer processes occur on non-stoichiometric
locations, and this could account for the much lower Rp values
recorded.

After the addition of H,O, two charge transfer processes are
possible: (i) corrosion of the UO5.x (UO;) leading to the formation
of soluble UO,2*; while dissolution would be expected to domi-
nate over the formation of a UV! deposit in the carbonate solution
used, the deep oxidation of the non-stoichiometric surface is also
likely [25]; (ii) H,O5 decomposition to O, and H,O. This last reac-
tion could occur on the UO, (UO,.y) surface, Y5053 particles, and
especially on Pd particles.

In the absence of additional analytical information, a linear
polarization measurement cannot distinguish between these two
reactions, and the Rp value will reflect some composite value of
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the resistance to both processes. In comparison to the analytical
results of Trummer et al. [20] and Pehrman et al. [41] the Rp value
will be comparable to the total H,O, consumption rate by both the
corrosion and decomposition reactions.

The values in Fig. 10 show Rp for the SIMFUEL is noticeably
greater than the values for the other electrodes when H,0; is
present, and with the exception of the UO,-Pd specimen the other
values are effectively indistinguishable. Analytical experiments on
SIMFUEL [41] show that while the rate of H,O, consumption is
similar to that observed on the UO, and UO,-Y,03 electrodes, the
U dissolution rate (which is a measure of the corrosion rate) is negli-
gible. Although the doping level (expressed as a simulated burnup)
of the SIMFUEL used is not given it will contain noble metal par-
ticles which would support the decomposition process. However,
a considerable amount of electrochemical evidence exists [7,42]
showing that the H,0, is reactive on the UO, surface and that, at
the Ecogrr achieved (~+0.1V) the system is redox buffered by the
H,0, decomposition reaction. The results of Pehrman et al. [41]
indicate that the rare earth doped stoichiometric UO, matrix in the
fuel is very stable under these conditions.

The similarity in Rp values for the UO, and UO,-Y,03 elec-
trodes is consistent with the observations of Trummer et al. [20]
who showed that the H,0, consumption and U dissolution rates
were only slightly lower on the UO,-Y,05 pellet than on the UO,
pellet, the Y503 particles exerting little influence on the H,0, con-
sumption rate. Since the Y is not distributed within the uranium
oxide matrix the similarity in Rp values (surface reactivities) can be
attributed to the identical nature of the oxide matrices as demon-
strated voltammetrically and by Raman spectroscopy. The lower Rp
values on the UO, and UO,-Y, 05 electrodes compared to the SIM-
FUEL can be predominantly attributed to the destabilizing influence
of cuboctahedral clusters in the matrix and their ability to support
reactions involving H,O,.

5. Summary and Conclusions

The electrochemical and corrosion behavior of a series of
uranium dioxide electrodes containing Y,03 and Pd have been
characterized by Raman spectroscopy and XPS and their reac-
tivity investigated electrochemically. Both the Y,03 and the Pd
were shown to be present in particulate form and the uranium
dioxide matrix was shown to contain both stoichiometric and non-
stoichiometric domains.

Raman spectroscopy showed the oxides contained a high con-
tent of cuboctahedral clusters and voltammetry suggested that
these domains within the fuel are oxidized at sub-thermodynamic
potentials.

Electrochemical experiments showed that the anodic oxidation
of these domains was extensive and not limited by the formation
of a passive U(VI) layer, as observed for SIMFUEL.

Corrosion potential and linear polarization resistance mea-
surements confirmed the electrodes were more electrochemically
reactive than SIMFUEL in H,0,-containing solutions. As suggested
by the electrochemical results all the electrodes exhibited very sim-
ilar corrosion behavior in H,O5 solutions.

The results confirm that the degree of non-stoichiometry will
be a dominant influence in determining the reactivity of spent fuel
under permanent waste disposal conditions. Although extensive
non-stochiometry is not expected in spent fuel its existence in grain
boundaries within the fuel matrix is possible potentially making
these locations more susceptible to corrosion than the stoichiomet-
ric grains. Presently, it is assumed that the fission product inventory
at these locations would be rapidly released on contact of the
fuel with groundwater. Until a more comprehensive understand-
ing of the influences of rare earth doping and non-stoichiometry in

fuel corrosion is available this conservative assumption should be
retained.
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