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ABSTRACT

The effects of hyperstoichiometry and fission products on the electrochemical reactivity of UO2
nuclear fuel have been systematically investigated using cyclic voltammetry and the O2-reduction
reaction. Significant constraints are placed on the active-site model for O2 reduction by the
modest impact of bulk hyperstoichiometry. Formation of the U4O9 derivative phase was
associated with a marked increase in transient surface oxidation/reduction processes, which
probably involve localized attack and might be fostered by tensile stresses induced during
oxidation. Electrocatalytic reduction of O2 on simulated nuclear fuel (SIMFUEL) has been
determined to increase progressively with nominal burnup and pronounced enhancement of H2O
reduction has been observed as well. Substitution of uranium by lower-valence (simulated)
fission products, which was formerly considered the probable cause for this behaviour, has now
been shown to merely provide good electrical conductivity. Instead, the enhanced reduction
kinetics for O2 and H2O on SIMFUEL can be fully accounted for by noble metals, which
segregate to the UO2 grain boundaries as micron-sized particles, despite their low effective
surface area. Apparent convergence of the electrochemical properties of UO2 and SIMFUEL
through natural corrosion likely reflects evolution toward a common active surface.

Whiteshell Laboratories
Pinawa, Manitoba ROE 1L0

1997
AECL-11647

COG-96-331-I



A AECL EACL

EFFETS DE L'HYPERSTOECHIOMÉTRIE ET DES PRODUITS DE FISSION

SUR LA RÉACTIVITÉ ÉLECTROCHIMIQUE DU COMBUSTIBLE NUCLÉAIRE D'UO2

par

James S. Betteridge, Natasha A.M. Scott, David W. Shoesmith,
Larry E. Bahen, William H. Hocking et Petru G. Lucuta

RESUME

Les effets de l'hyperstoechiométrie et des produits de fission sur la réactivité électrochimique du
combustible nucléaire d'UÛ2 ont été étudiés systématiquement à l'aide des techniques d'analyses
voltamétriques cycliques et de la réaction de réduction de l'O2. Des contraintes importantes sont
imposées au modèle des sites actifs pour la réduction de l'O2 par l'effet modéré de
l'hyperstoechiométrie globale. La formation de la phase dérivée de l ' U ^ a été associée à une
amplification notable des processus transitoires d'oxydation ou de réduction des surfaces,
lesquels mettent probablement enjeu des attaques localisées et pourraient être favorisés par les
contraintes de traction induites au cours de l'oxydation. On a établi que la réduction
électrocatalytique de l'O2 sur du combustible nucléaire simulé (SIMFUEL) augmentait
progressivement avec la combustion massique nominale et on a aussi noté une intensification de
la réduction de l'H^O. On a montré maintenant que le remplacement de l'uranium par des
produits de fission (simulés) de plus basse valence, qui était antérieurement considéré comme
étant la cause probable de ce comportement, ne fait que produire une bonne conductivité
électrique. On arrive plutôt à expliquer entièrement la cinétique de cette réduction amplifiée de
l'O2 et de l'H2O sur le SIMFUEL grâce aux métaux nobles, lesquels, malgré leur faible surface
effective, vont se loger aux joints de grains d'UÛ2 sous forme de particules dont la taille est de
l'ordre du micron. La convergence apparente des propriétés électrochimiques de l'UO2 et du
SIMFUEL par corrosion naturelle est le signe probable d'une évolution vers une surface active
commune.
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1. INTRODUCTION

The disposal of used CANDU® fuel at a depth of 500-1000 m within plutonic rock of the
Canadian Shield is presently being evaluated [1-3]. Transport by groundwater is the only
credible mechanism for migration of radionuclides from a disposal vault to the biosphere.
A preponderance of the radionuclides are immobilized within discrete UO2 grains and can
be released therefore only as the fuel matrix dissolves. Under the reducing conditions
that normally prevail in the deep groundwaters of the Canadian Shield, UO2 has
extremely limited solubility and the dissolution rate of exposed fuel would be
correspondingly low [2-4]; however, under oxidizing conditions the aqueous solubility of
UO2 increases by many orders of magnitude [4]. Radiolytic decomposition of water will
generate various oxidants (notably O2, O2", OH and H2O2) near the fuel for an extended
period [5-7].

As-fabricated CANDU fuel is a high-density ceramic (~ 97% of theoretical) with a
slightly hyperstoichiometric composition, UO2+X where x < 0.001. The presence of
excess oxygen, as interstitial O2' ions, requires further ionization of a small fraction of the
U ^ ions, to the Uv and/or UVI valence state, which creates holes in the narrow occupied
U 5f sub-band that can migrate by a small polaron hopping process with a low activation
energy [8-10]. During reactor irradiation many fission products and actinides, with
diverse chemical properties, are created inside the fuel matrix [11]. The actinides and
some fission products are compatible with the uraninite structure and remain atomically
dispersed; substitution of U ^ by lower-valence species, such as the rare earths, introduces
additional mobile holes into the U 5f sub-band [12]. Other fission products that have
limited solubility in UO2 (e.g., inert gases and noble metals) are initially trapped at point-
defect sites, but then segregate gradually to grain boundaries by thermal and radiation-
enhanced diffusion. A small increase in the degree of hyperstoichiometry as a function of
fuel burnup is also expected because the combined effective valence of all fission
products is less than four on average [11,13].

The aqueous dissolution of UO2 in the presence of chemical oxidants has been shown to
occur by an electrochemical mechanism [14]. Consequently, the overall process may be
regarded as the sum of anodic and cathodic half-reactions. Sufficient electrical
conductivity can be provided by the slight degree of hyperstoichiometry in as-fabricated
CANDU fuel to allow study of each separately using conventional electrochemical
methods. Anodic oxidation and dissolution of UO2 have been extensively investigated
and the framework for an electrochemical model to predict fuel corrosion rates under
waste-disposal conditions has been established [14-20]. This involves extrapolation of
anodic Tafel plots for UO2 dissolution to open-circuit corrosion potentials measured in
solutions containing added or radiolytically produced oxidants. Because of indications
that the kinetics of the oxidant reduction half-reaction could be rate determining for the
overall process under some conditions, the cathodic reduction of H2O2 and O2 on UO2
have now been studied in some detail as well [21-24]. Both anodic and cathodic half-
reactions have been found to be quite sensitive to UO2 oxidation and the presence of

CANDU® is a registered trademark of Atomic Energy of Canada Limited (AECL).



- 2 -

complexing anions in solution. The 02-reduction reaction has been identified as a
particularly useful probe of such electrochemical reactivity effects [22]. Finally, an
evaluation of the role of fission products in the oxidative dissolution of irradiated UO2
was undertaken using SIMFUEL [22]. Aside from exclusion of gaseous and volatile
fission products, which are not expected to be electrochemically important, SIMFUEL
has been shown to replicate the solid-state chemistry and microstructure of used nuclear
fuel [25]. Substitution of lower-valence species for UIV provides enhanced electrical
conductivity, which is not disrupted at a macroscopic level, as it would typically be in
used fuel, by thermal-stress cracks and accumulation of fission-gas bubbles on grain
boundaries.

The key findings from a wide-ranging investigation of the effects of hyperstoichiometry
and fission products on the electrochemical reactivity of UO2 nuclear fuel are reported in
this paper. Cyclic voltammetry and the O2-reduction reaction have been used to monitor
differences in behaviour. The impact of bulk hyperstoichiometry versus surface oxidation
was distinguished through measurements on ceramic UO2+X standards before and after
corrosion in aerated solution. A natural uraninite sample was also evaluated for
comparison. Electrocatalysis of the O2 and H2O reduction reactions on SIMFUEL was
systematically explored using formulations representing 1.5, 3 and 6 at.% nominal
burnup. The source of this enhanced reactivity was then clearly established through
additional studies of Nd-doped UO2 and split SIMFUEL materials, which contain either
only fission products that are compatible with the UO2 structure or only noble-metal
segregants. Significant progress has been made toward achieving a comprehensive
understanding of the factors that can influence the oxidative dissolution of used CANDU
fuel.

2. EXPERIMENTAL PROCEDURES

The composition and properties of the electrodes used in this work are summarized in
Table 1.

Hyperstoichiometric UO2+X standards were prepared by annealing ceramic UO2 discs (of
~ 97% theoretical density) at high temperatures in various CO2/CO gas mixtures.
Appropriate conditions to achieve the desired compositions were derived from the
chemical thermodynamic representation of the UO2+X data base [26]. At the end of the
anneal, the discs were gas-quenched to room temperature by shifting them into the cold
zone of the tube furnace. Duplicate samples were produced for subsequent calibration of
the oxygen content by the coulometric-titration method, in which removal of all excess
oxygen from a small fragment by a strongly reducing gas is monitored with a solid
electrolyte cell [27]. Compositions of UO2.113 and UO2.004 were measured for standards
designated as U0X5 and UOX3 respectively, whereas a third material (U0X1), with a
nominal stoichiometry of UO2.001, was just beyond the limit of this method. A single-
phase fluorite structure was confirmed for UOX1 and UOX3 by X-ray diffraction (XRD)
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TABLE 1

PHYSICAL SPECIFICATIONS FOR THE ROTATING DISC ELECTRODES

RDE
Code

U0X1
UOX3
UOX5
NU3
SF1
SF2
SF4
SSI
SS2
ND1

Material

UO2.001

UO2.004
UO2.113

Natural Uraninite
6 at.% SIMFUEL
3 at.% SIMFUEL

1.5 at.% SIMFUEL
Split SIMFUEL(oxide only)

Split SIMFUEL(metal particles)
Nd-doped UO2

Disc
Area
(cm2)

0.9412
0.9616
0.9383
0.1373
1.057
1.110
1.099
0.9755
0.9943
0.3720

Disc
Thickness

(mm)
2.32
2.44
2.06
2.39
3.20
2.34
1.45
1.40
1.93
2.15

R

(O)
242
103
38

142
340

17
24
25

3000
80

P

(Q-cm)
982
406
173
82

1120
81

182
174

15400
138

analysis using a Rigaku Rotaflex system with Cu Ka excitation [28]. Although the
uraninite structure can accommodate additional oxygen up to a composition near UO2.5,
at lower temperatures increases in oxygen content beyond about x = 0.01 lead to
derivative phases, in which the O2" interstitial ions form ordered defect clusters that
involve slight displacements from the ideal lattice sites [2,29]. The presence of a
secondary U4O9 phase within a slightly hyperstoichiometric UO2+X matrix was identified
by XRD analysis of UOX5.

The three formulations of SIMFUEL, corresponding to burnup levels of 1.5, 3 and 6 at.%,
were prepared using well established ceramic technology [25]. Chemical effects of
fission products, whose inventories were calculated with the ORIGEN code [30], are
replicated by incorporation of suitable proportions of 11 stable elements (Ba, Ce, La, Mo,
Sr, Y, Zr, Rh, Pd, Ru and Nd). The microstructure of SIMFUEL has been thoroughly
characterized and shown to faithfully reflect that of typical used CANDU fuel, aside from
the absence of fission-gas bubbles [25]. Polygonal, equiaxed UO2 grains, mainly
8-15 (xm in size, form the matrix of the ceramic, which achieves about 97% of the
theoretical density. Dispersion of elements that are compatible with the uraninite
structure throughout the individual UO2 grains has been confirmed by X-ray
microanalysis. The grain boundaries are decorated with noble-metal particles, typically
~1 urn in diameter, and small sintering pores, especially at triple points. Similar
procedures were followed to produce the Nd-doped UO2 and the split SIMFUEL
materials. The latter had a nominal burnup of 3 at.%, but included either only the noble-
metal segregants (Ru, Mo, Rh and Pd) or just the species soluble in UO2 (Ba, Ce, La, Sr,
Y, Zr and Nd).
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The electrochemical experiments were conducted in a standard three compartment glass
cell under the control of a commercial potentiostat (model 273 from EG&G Princeton
Applied Research). A large-area platinum counter electrode and a saturated calomel
reference electrode (SCE) were located in side compartments separated from the main
cell by sintered glass frits. The IR drop in solution was minimized using a Luggin
capillary and all potentials are referred to the SCE scale [31]. Details of the electrolyte
solution chemistry have been previously specified [21,23]. The relative amount of O2 in
solution was controlled by purging with ultra-high purity gases: Ar and certified O2/N2
mixtures. Oxygen concentrations were calculated from the known composition of the
purge gas using Henry's law [23,32].

The transport of electroactive species in solution was controlled by varying the angular
velocity of a rotating disc electrode (RDE) with an analytical rotator (model AFASR from
Pine Instrument Company). A thorough description of the RDE construction procedures
has been given elsewhere [21,23]. Compensation for IR drop in the circuit, mainly in the
working electrode, was achieved using the current-interrupt method [21,31]. The dc
electrical resistance and geometry of each RDE has been reported in Table 1; derived
electrical resistivities (p) of the various materials are generally consistent with their
nominal compositions and the conductivity mechanism outlined above. Thus, p
decreases systematically with increasing hypers toichiometry through the UC +̂x series, but
nonlinearly at higher x because of formation of the U4O9 derivative phase [29,33,34].
The poor conductivity of the split SIMFUEL that contains only noble-metal segregants
(SS2) reflects a nearly stoichiometric UO2 matrix. Lattice substitution of UIV by lower-
valence species causes the anticipated enhancement in conductivity; an exception is the
6 at.% burnup SIMFUEL (SF1), which has higher resistivity than the less heavily doped
materials. This might be a consequence of excessive reduction, to a hypostoichiometric
condition, during sintering under a nearly pure H2 atmosphere: a high concentration of
lower-valence lattice substituents facilitates loss of oxygen from the UO2 structure, which
in turn will partly offset their contribution to the extrinsic conductivity [35,36].

Prior to each new experiment the electrode surface was lightly polished with wet silicon
carbide (18 (im finish) and then cathodically cleaned in argon-purged electrolyte solution
at -1.5 V (SIMFUEL) or -1.7 V (UO2+X and Nd-doped UO2). Cyclic voltammograms
were always recorded (in argon-purged electrolyte solution) with the forward scan from
negative to positive potentials (followed by the reverse scan). Steady-state O2 reduction
currents were measured potentiostatically, starting at the most negative potential and
working incrementally to the most positive, except after surface oxidation (in which case
the opposite direction). Where required, background corrections, mainly for H2

evolution, were applied subsequently [21,23].
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3. RESULTS

3.1 HYPERSTOICHIOMETRIC

Representative cyclic voltammograms (CV) for the three hyperstoichiometric UO2+X

standards (UOX1, U0X3 and UOX5) and the one natural uraninite (NU3) are compared
in Figure 1. Continuous repetition caused only subtle changes in the shapes of the
voltammograms, most notably in the weak anodic structure on the forward sweep
between -0.8 V and +0.2 V. The CV for the UOX1 electrode is typical of CANDU fuel
(nearly stoichiometric UO2) and is generally unremarkable. By comparison, UOX5
shows extraordinary anodic reactivity. To avoid excessive oxidation the forward sweep
was reversed at +0.1 V rather than +0.3 V. Although most of the anodic charge passed
appears to be recovered on the return sweep (in the cathodic peak before the onset of H2
evolution), significant roughening of the UOX5 electrode surface was observed after
repeated cycling, consistent with localized oxidative dissolution. The broadened cathodic
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structure between -0.5 V and -1.3 V, which clearly has (at least) two components, is also
rather unusual. A similar behaviour, with a second component on the negative side of the
normal reduction peak near -0.7 V, has previously been observed for UO2 only after
prolonged anodization at potentials £0.3 V [37]. In the case of UOX5, if the CV is
reversed negative to -0.3 V, only the cathodic peak near -1.0 V is observed. The
intermediate UO2+X standard, U0X3, is similar to UOXl, but does have slightly enhanced
anodic reactivity and some broadening on the negative side of the main reduction peak.
Finally the CV for the natural uraninite lacks a distinct cathodic peak, although there is
some indication of structure near -0.7 V and -1.0 V. Because the current density is also
about 7-fold greater overall than would be typical of nearly stoichiometric UO2, NU3
appears to have more in common with UOX5 than UOXl.

Representative Tafel plots for O2 reduction on the same four rotating-disc electrodes in
aerated, aqueous 0.1 mol.dm"3 NaC104 solution (pH = 9.5) are displayed in Figure 2.
Kinetic-limiting currents were determined at high overpotentials from Koutecky-Levich
plots of the rotation-rate dependence of steady-state polarization measurements
[23,38,39]. Transport parameters (or Levich gradients) derived from these analyses were
consistent with complete, four-electron reduction of O2 to OH" [23,31,40]. The curves for
UOXl and UOX3 are characteristic of slightly hyperstoichiometric p-type UO2: there is a
gradual transition from almost constant current density at high overpotentials to a linear
Tafel region, with a slope larger than -120 mV/decade, at lower overpotentials. Even the
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small kink in the curve for U0X1 (as the potential increased beyond -0.5 V) has been
commonly observed [23]. Data collected in parallel experiments using an RDE
fabricated from CANDU fuel were virtually superimposed on the UOX1 curve. By
comparison, the more hyperstoichiometric UOX5 electrode shows a modest but
nonetheless significant enhancement in the kinetics for O2 reduction over the full
potential range. A similar or even more pronounced behaviour is observed for the natural
uraninite as well, although these data are considered less reliable because of the small size
of the NU3 electrode.

Tafel plots for O2 reduction on the UOX5 electrode (with Koutecky-Levich analysis as
required) before and after surface oxidation by natural corrosion in aerated 0.1 mol.dm"3

NaClC>4 solution (pH = 9.5) to a final corrosion potential of 21 mV are compared in
Figure 3. Although the measurements become unreliable much below 10 |iA because of
instabilities with this electrode, a substantial enhancement in the (^.reduction kinetics has
clearly been found positive to about -0.5 V after surface oxidation. A qualitatively
similar but somewhat less pronounced behaviour was observed for the UOX1, UOX3 and
NU3 materials as well. Marked enhancement in the CVreduction kinetics after surface
oxidation by natural corrosion has been previously reported for other nearly
stoichiometric UO2 materials [21,22]; however, the present results most closely resemble
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those obtained for an unusual UO2 variant with an n-type photoelectrochemical response
[24].

Cathodic C^-reduction currents measured using the U0X3 electrode are plotted in
Figure 4 as a function of the oxygen concentration in solution, CQ . These data were

collected at a disc rotation rate of 50 Hz, which provided essentially complete kinetic
control for potentials positive to -0.8 V and mixed kinetic-transport control at more
negative potentials. The good straight lines fitted through the data points for each
potential all have slopes near unity and clearly demonstrate that the reaction is first order
with respect to CQ (m = 1). Comparable results were obtained with the U0X1 and NU3

electrodes, although the currents for the latter were sufficiently small to cause some
uncertainty at lower overpotentials. The U0X5 electrode, however, yielded more
problematic data, with some indication of a less than first-order dependence on c o at

the higher oxygen concentrations, as illustrated in Figure 5. Previous studies of O2
reduction on nearly stoichiometric (p-type) UO2 have always confirmed m = 1, whereas
the unusual n-type UO2 material was shown to exhibit a near square-root dependence on
c O , [24].
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FIGURE 4: Oxygen-Reduction Currents Measured with the UOX3 Electrode Plotted
as a Function of O2 Concentration in the Electrolyte Solution at Various
Potentials (as specified in the legend)
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FISSION-PRODUCT-DOPED UP?

Representative cyclic voltammograms for the UO2 doped with 1 at.% Nd (ND1), the
3 at.% burnup SIMFUEL (SF2) and the two split SIMFUEL materials (SSI and SS2) are
compared in Figure 6 (SF1 and SF4 yielded CV similar to that shown for SF2). As in the
case of the hyperstoichiometic UO2+X electrodes, continuous repetition caused subtle
changes in the shape of the voltammograms, most notably in the weak anodic structure
between -0.8 V and +0.2 V. The ND1 and SSI electrodes have similar cyclic
voltammograms, which would be typical of nearly stoichiometric, undoped UO2+X (e.g.,
UOX1, Figure 1) aside from a positive shift in the onset for H2 evolution by -0.2 V.
Electrocatalysis of the water reduction reaction has become so pronounced in the case of
the SF2 and SS2 electrodes that the main cathodic peak near -0.7 V is no longer fully
resolved. Evidently the noble-metal particles, which are only present in SF2 and SSI,
play a more important role than was previously recognized [22].

Illustrative Tafel plots for O2 reduction on the above four electrodes plus SF1 (6 at.%
SIMFUEL) in aerated, aqueous 0.1 mol.dm"3 NaClO4 solution (pH = 9.5) are displayed in
Figure 7. Kinetic-limiting currents were determined at high overpotentials from
Koutecky-Levich plots of the rotation-rate dependence of steady-state polarization
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measurements. Levich gradients derived from these analyses were again consistent with
complete, four-electron reduction of O2 to OH". Reactivity for O2 reduction increases
systematically with nominal burnup throughout the normal SIMFUEL series (the Tafel
plot for SF4 has not been shown for clarity, but falls between those for ND1/SS1 and
SF2). The results for ND1 and SS1 would be typical of slightly hyperstoichiometric, but
otherwise undoped, p-type UO2 and can be compared to U0X1 in Figure 2. Despite their
excellent electrical conductivity, there has been no apparent enhancement of the kinetics
for O2 reduction. Conversely, the poorly conducting SS2 electrode shows marked
electrocatalysis of this reaction at lower overpotentials, comparable with that found for
the normal SIMFUEL materials. A much wider range of response was obtained using the
SS2 electrode than the others, which in general provided quite reproducible results. This
is demonstrated by the two distinct sets of data plotted for SS 1 in Figure 7. The data in
Figure 7 were the highest currents obtained for SS2; however, the lowest values observed
still represented at least an order of magnitude enhancement positive to -0.3 V. Clearly,
the high reactivity of the normal SIMFUEL materials for 6 2 reduction at lower
overpotentials must arise predominantly from the noble-metal particles rather than from
uranium substitution, as was formerly thought most likely [22].
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Tafel plots for O2 reduction on the SF2 electrode (with Koutecky-Levich analysis as
required) before and after surface oxidation by either anodization at +0.1 V or natural
corrosion in aerated 0.1 mol.dm"3 NaClO4 solution (pH = 9.5) to a corrosion potential of
134 mV, are compared in Figure 8. Similar results have been obtained using the SF1 and
SF4 electrodes. In contrast to the behaviour of undoped UO2 [21-23], both surface-
oxidation processes have suppressed the O2-reduction kinetics here over the entire
potential range. Indeed, the electrochemical reactivity of SIMFUEL and nearly
stoichiometric UO2 appear to have essentially converged after surface oxidation by
natural corrosion. The response of the two split SIMFUEL materials to surface oxidation
(Figure 9) was similar to the behaviour of the normal SIMFUEL: natural corrosion in
aerated solution caused a marked decrease in the 02-reduction current on SS2, especially
at low overpotentials, whereas it had a more subtle impact on SS 1 (and virtually the same
effect on ND1), with a small increase positive to -0.4 V and a minor decrease between -
0.4 V and -0.6 V. More severe corrosion of SSI in solution purged with 100% O2 further
enhanced the reactivity somewhat at low overpotentials without changing the overall
pattern.

Extensive studies of the reaction order with respect to the O2 concentration in solution
were conducted for all of the fission-product-doped UO2 materials using both direct and
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indirect methods [21,23,41]. Typical plots of cathodic CVreduction current versus CQ

are displayed in Figure 10 (for the SF2 electrode) and clearly demonstrate a first-order
reaction (m = 1.0 on average). The only consistent evidence of a less than first-order
dependence on co was obtained for the SS2 electrode, as illustrated in Figure 11, where

m = 0.8 on average. These data were collected working from high to low oxygen
concentration; a repeat experiment performed in the opposite direction (low to high CQ, )

yielded plots of comparable quality with even shallower slopes, m = 0.7 on average.

The cathodic reduction of O2 on SIMFUEL in aqueous 0.1 mol.dm"3 NaClO4 solution was
determined to be independent of H+/OH" concentration over the dilute alkaline regime.
Tafel plots for O2 reduction on the SFl electrode at four different pH levels from 8.5 to
11.5 are displayed in Figure 12 (with Koutecky-Levich analysis as required). The minor
differences observed here are within the range of variability from one experiment to the
next and all four curves have the same overall shape. A distinct step in the Tafel plot for
O2 reduction on undoped UO2 in pH =11.5 solution at lower overpotentials has been
attributed to subtle changes in the degree of surface oxidation [21,23]. The behaviour of
the SS1 electrode was intermediate between undoped UO2 and normal SIMFUEL.
Excellent reproducibility was achieved using the SFl electrode working in both potential
directions, as illustrated by the data for the two higher pH levels displayed in the inset on
Figure 12 with expanded scales. These results also indicate that the Tafel slope for O2
reduction on SIMFUEL at low overpotentials, about -90 mV/decade, is rather steeper than
has been observed for undoped UO2, about -120 mV/decade or larger [21-24].

The presence of carbonate in solution at higher concentrations has been previously shown
to have a major impact on both the kinetics and pathway for O2 reduction on UO2
surfaces. Suppression of the cathodic current by about an order of magnitude was found,
by rotating ring-disc electrode studies, to be coupled with release of significant amounts
of hydrogen peroxide to solution [21-24]. A comparison of Tafel plots for O2 reduction
on the SFl electrode in aqueous 0.1 mol.dm"3 NaC104 and 0.5 mol.dm"3

NaHCO3/Na2CO3 solutions (pH = 9.5), as displayed in Figure 13, indicates a quite
different behaviour for SIMFUEL. The two experiments in perchlorate solution, which
were conducted several years apart, further demonstrate the reproducibility under these
conditions. Conversely, the experiments in carbonate solution agree less well, with one
revealing a modest suppression of the O2-reduction current, particularly at intermediate
overpotentials, and the other showing almost no effect. Because the solubility of O2 in
the higher ionic strength carbonate solution must be somewhat decreased [23,32], the
latter result even suggests a slightly enhanced reactivity. The possible release of peroxide
intermediate to solution has not yet been directly investigated (by RRDE measurements)
for SIMFUEL in either case.
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4. DISCUSSION

The cathodic reduction of O2 on nearly stoichiometric p-type UO2 (CANDU fuel) in
dilute alkaline aqueous solution has been previously attributed to a series route involving
single electron and proton transfer steps [21-23]. Reaction was proposed to occur
exclusively at surface sites where adjacent uranium cations are present in different
valence states, UVI or Uv above Uv or UIV. This is an adaptation of the theory of donor-
acceptor reduction (DAR) sites developed by Presnov and Trunov to explain O2 reduction
on transition metal oxides with p-type semiconductivity [42-44]. Capture of an electron
by the oxidized surface uranium ion at a DAR site was expected to precede O2
adsorption,

{U V I }+e"^{U v ) (1)

then {UV}+O2->{UV}O2 (2)

A first-order dependence of the overall reaction on CQ2 is consistent with O2 adsorption

under Langmuir conditions, whereas the large Tafel slopes indicated that the first
electron-transfer step,

{Uv}02-^{UVI}02- (3)

is rate determining. Complete reduction of the adsorbed superoxide ion then proceeds
stepwise through strongly adsorbed peroxide to the hydroxyl ion. Surface oxidation by
natural corrosion significantly enhanced the reactivity for O2 reduction, consistent with an
increase in the number density of DAR sites. Conversely, high concentrations of
carbonate, which preferentially coordinates UVI and Uv but not U™ [4,23], caused a
decrease in the O2-reduction current by an order of magnitude and release of copious
amounts of peroxide to solution [21].

The quite modest enhancement of the O2-reduction kinetics observed with increasing
bulk hyperstoichiometry through the UO2+X series of standards (Figure 2) indicates that a
relatively high degree of surface oxidation is needed to have a significant impact. In
retrospect this is not surprising because there is some evidence that UO2 surfaces are
always at least slightly oxidized in aqueous solution even after strong cathodic reduction
[2,16,21-23]. It is also consistent with the fact that further surface oxidation of the UO2+X

electrodes by natural corrosion always enhanced the O2-reduction kinetics, especially at
low overpotentials (Figure 3). However, the complexity of the surface-oxidation
phenomena (variability in magnitude and persistence at high overpotentials, sensitivity to
oxidation conditions, etc.) must reflect subtle differences in the microstructure of the
surface oxide film.

Other aspects of the cathodic reduction of O2 on the hyperstoichiometric UO2+X standards
are generally compatible with the above reaction mechanism. The reaction order with
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respect to the O2 concentration in solution was typically found to be unity as expected
(Figure 4). A weak dependence of the overall reaction on pH (data not reported) was
observed over the dilute alkaline regime (8.5 to 11.5), particularly at higher
overpotentials. As discussed previously [23], however, this would appear to be an
indirect effect, involving subtle changes in surface composition, rather than explicit
participation of H+/OH" in the rate-determining step (Reaction (3)) or preceding
absorption process (Reactions (1) and (2)).

The indications of a less than first-order dependence of the overall CVreduction process
on Co, found for the UOX5 electrode (Figure 5) suggest partial coupling of the

adsorption and first electron-transfer steps (Reactions (2) and (3) above). Strong coupling
of these steps under Temkin adsorption conditions was proposed to explain a near square-
root reaction order with respect to CQ2 for the n-type UO2 material [24]. This was

attributed to a severely localized distribution of DAR sites arising from pronounced
heterogeneity in the degree of hyperstoichiometry. A similar behaviour could therefore
reasonably be expected for the UOX5 material, which is known to have crystallites of the
U4O9 derivative phase contained within a slightly hyperstoichiometric UO2+X matrix;
indeed, the impact of the compositional microstructure on the O2-reduction reaction has
been surprisingly muted. Conversely, the anodic-oxidation characteristics of the UOX5
electrode under potentiodynamic conditions (Figure 1) have been profoundly influenced
by its microstructure. Visible roughening and discolouration of the electrode surface after
repeated cycling under the conditions in Figure 1 indicates localized attack, probably at
grain and sub-grain boundaries. Tensile stresses and microcracking arising from a slight
contraction of the UO2+X/U4O9 lattice with increasing oxygen content might be a
contributing factor [28]. The additional cathodic peak near -1.0 V must be associated
with development of an alteration phase beyond the normal U3O7 film, whose reduction
has been attributed to the peak at about -0.7 V [2]; however, further study will be required
to properly characterize the composition and distribution of this material.

The results for the natural uraninite electrode NU3 present some further problems in
interpretation. An enhanced electrochemical reactivity, comparable with that for UOX5,
points toward appreciable hyperstoichiometry, as might be expected. The absence of a
distinct cathodic reduction peak from the cyclic voltammogram (Figure 1) is quite
unusual and might reflect a heterogeneous composition on a mesoscopic scale.
Furthermore, a disproportionate impact by the a-decay products, notably lead and other
impurities, on the electrochemical properties cannot yet be excluded. Certainly, the
presence of lead in natural uraninite specimens has been shown to have a significant
impact on their oxidation and oxidative dissolution [45]. The evolution in our
understanding of SIMFUEL (below) provides a cautionary note in this context.

The significantly enhanced reactivity of SIMFUEL, compared with nearly stoichiometric
UO2, for cathodic O2 reduction and by inference H2O reduction, was previously attributed
to the lower-valence cations, notably the rare earths that substitute for UIV in the uraninite
structure [2,22,23]. These substituents are known to greatly increase the electrical
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conductivity in a similar fashion to O2" interstitials, by creating holes in the narrow
occupied U 5f sub-band [12]. Therefore it seemed reasonable to assume that they would
also produce a higher number density of DAR sites at the surface, through further
ionization of UIV to Uv or UVI for overall charge balance. Although such a process may
in fact occur, the results presented here demonstrate that the impact must be quite modest
and at most comparable with intrinsic surface oxidation. For materials containing only
lattice substituents, ND1 and SSI electrodes, there has been no enhancement in the O2-
reduction kinetics (Figures 2 and 7) and even the small positive shift in the onset for H2-
evolution (Figures 1 and 6) is within the range of behaviour observed for nearly
stoichiometric UO2. A pronounced electrocatalysis effect (on both O2 and H2O reduction
processes) from the segregated noble-metal particles has been confirmed by the data
obtained using the SS2 electrode (Figures 6 and 7). The consistently high reactivity of
the SIMFUEL electrodes would appear to require the excellent electrical conductivity
provided by the lattice substituents as well. This indicates that the distribution of
conductive pathways established under electrochemical polarization is important and
enhanced in the SIMFUELs compared to the SS2 electrode.

The noble-metal particles, which constitute over 4% of the total volume of the 6 at.%
burnup SIMFUEL, are predominantly an hexagonal close packed alloy, known as the
e-phase, with an average composition (in at.%) of Ru-47/Mo-28/Pd-22/Rh-3 [25].
Minor amounts of a Pd-rich alloy (the a-phase) and an M07RU3 intermetallic compound
(the a-phase) have also been identified. Because of the small size of these particles
(about 1/10 the diameter of UO2 grains) and their distribution (mainly on grain
boundaries), they are probably disproportionately represented on a freshly polished
surface (i.e., > 4% and > 2% of the effective surface areas for the SF1 and SF2 electrodes
respectively). The reduction of oxygen on complex alloys such as the e-phase particles is
still largely uninvestigated; however, the more noble elements, Pd, Rh and Ru, have been
reasonably well studied individually [46-50]. All show greater reactivity than UO2 for O2
reduction in dilute alkaline aqueous solution, by factors ranging from <102 (Ru) to >104

(Pd). The enhanced reduction kinetics of the SIMFUEL materials can thus be fully
accounted for if the noble-metal particles have electrocatalysis properties that are within
the range of their components.

Various reaction mechanisms have been proposed for O2 reduction on Pd, Rh and Ru,
which differ in the details but have some features in common with that outlined above for
UO2. A series route involving single electron and proton transfers to adsorbed O2 and its
reaction products appears to be generally favoured. The existence of specific metal-
oxygen chemical species at the surface (e.g., Pd(OH)) or even the development of
monolayer level thin films (e.g., RuO) has been considered likely [46,48,50-53]. There is
some indication that the growth of a thicker oxide layer inhibits O2 reduction [46,54],
although the process has not been well studied. The incorporation of molybdenum into
the e-phase (and other noble-metal) particles should increase their susceptibility to at least
modest surface oxidation. Formation of a passive film would seem probable, based upon
the insolubility of such particles under aggressive fuel-reprocessing conditions [55].
Aside from the direct inhibition of electrocatalysis, there would appear to be good
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prospects for electrical isolation of the exposed particles on a corroding surface. The
negative impact of surface oxidation on the reactivity of the SF1, SF2 and SS2 electrodes
(Figures 8 and 9) is therefore hardly surprising. Furthermore, the apparent convergence
of the electrochemical properties of UO2 and SIMFUEL through natural corrosion likely
reflects evolution toward a common active surface and would involve the blocking of
these particles as catalytic sites for O2 electroreduction. A valid model for oxidative-
dissolution of used nuclear fuel in a disposal vault will need to accommodate these
processes.

Other aspects of the electrochemistry of the SIMFUEL materials can be reasonably
accounted for in terms of the known properties of the noble metals (Pd, Rh and Ru) as
well. Thus a reaction order of unity with respect to the O2 concentration in solution has
been found for all three, consistent with a series route for O2 reduction — and the results
in Figure 10 — rather than dissociative adsorption [21,23]. The evident lack of a pH
dependence for O2 reduction here (Figure 12) may be a more subtle effect. A change in
the reaction order with respect to H+/0H" over the dilute alkaline regime has been
reported for Pd and Rh on going from low to high current densities, from square root to
zero respectively, with the transition near -250 uA/cm2 [47,49]. Because the actual
surface area of the noble-metal particles exposed on the SIMFUEL electrodes is only a
small fraction (likely 10"1 to 10"2) of the disc area, and the O2 reduction reaction is
occurring predominantly via these sites, this limit must in fact be exceeded over most of
the range of currents in Figure 12. Polarization of the local pH by the reduction products
in the unbuffered solution might also be a factor, although the complexity of the diffusion
problem (now 2 dimensional) makes this difficult to evaluate [23]. Nonetheless, the
evident lack of any significant pH dependence, even at low currents points toward some
influence from the Mo and Ru constituents, which cannot be independently verified.

Tafel plots for O2 reduction on Pd, Rh and Ru also exhibit two distinct regions, with
slopes of -60 mV/decade at low current densities and -120 to -180 mV/decade at high
current densities [46,47,49]. An analogous behaviour can be inferred in the case of the
SIMFUEL materials, especially when due allowance is made for their microstructure;
indeed, mere observation of a Tafel slope steeper than -120 mV/decade (e.g., about
-90 mV/decade in the inset to Figure 12) at low currents is consistent with the central
role of the noble-metal particles. The SIMFUEL materials actually resemble a very large
array of microelectrodes embedded in a more or less inert matrix, but with the added
complication that the exposed particles may experience a range of effective potentials at a
single applied voltage. This is formally equivalent to the heterogeneous electrocatalysis
problem for which the dispersed kinetics model has been developed [56]. The net result
should be a progressively more gradual Tafel slope as the current rises, tending toward
potential independence at high overpotentials where 02-adsorption or another chemical-
reaction step becomes rate determining. In the case of the SS2 electrode, which has low
electrical conductivity, some variability in the 02-adsorption energy with coverage may
even offer an explanation for the less than first-order dependence of the overall reaction
rate on CQ [24].
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The lack of pronounced suppression of the 02-reduction kinetics on SIMFUEL electrodes
in 0.5 mol-dm"3 NaHCC>3/Na2CO3 solution (Figure 13) is certainly consistent with a
fundamental change in the nature of the surface reactivity. Preferential carbonate
adsorption is only expected on the oxidized UO2 surface and hence the electrocatalytic
activity of the noble-metal particles should not be affected. The greater variability in the
overall reduction current found in carbonate solution must reflect the intrinsic
heterogeneity of these materials (i.e., population of exposed particles) together with a
secondary contribution to the electrochemical response from the UO2 matrix. Finally, the
fact that the main features of the current-voltage curves remain unaltered in the strongly
buffered carbonate solution implies that pH polarization has not qualitatively influenced
the overall behaviour.

5. SUMMARY

The effects of hyperstoichiometry and fission products (in SIMFUELs) of various
simulated burnups) have been investigated using cyclic voltammetry and by studying the
02-reduction reaction.

For hyperstoichiometric UO2+X the presence of a secondary U4O9 phase within a slightly
hyperstoichiometric UO2+X matrix appears to lead to enhanced oxidation under
voltammetric conditions. The kinetics of O2 reduction are only slightly enhanced by
increased hyperstoichiometry. This is consistent with the active-site model for O2
reduction in which reaction occurs exclusively at surface sites where adjacent uranium
cations are present in different valence states, UVI or Uv above Uv or UIV. Enhancement
of the kinetics of O2 reduction after surface oxidation by corrosion in aerated solution can
be attributed to a major increase in the number density of these active sites. Indications
of a less than first-order dependence of O2 reduction kinetics on O2 concentration for the
most hyperstoichiometric specimen (UO2.113) suggests a heterogeneity in distribution of
active sites consistent with the presence of U4O9 crystallites within a slightly
hyperstoichiometric UO2+X matrix.

The significantly enhanced reactivity of SIMFUEL, compared with nearly stoichiometric
UO2, for cathodic O2 and H2O reduction can be attributed to the catalysis of these
reactions at noble metal particles (containing Ru, Mo, Pd, Rh) located on grain
boundaries at the surface. For O2 reduction this catalytic effect is particularly evident at
low overpotentials when Tafel slopes approaching -90 mVdecade"1 are observed
compared to the >120 mV-decade"1 generally obtained on slightly hyperstoichiometric
UO2+x- Catalysis of the H2O reduction reaction on SIMFUELs is clearly indicated by a
shift in the onset of H2 evolution by -0.2 V compared to UO2+X.
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