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a b s t r a c t

The behavior of SIMFUEL (rare earth doped uranium dioxide containing noble metal particles) has been
studied in bicarbonate/carbonate solutions (pH ¼ 9.7) containing hydrogen peroxide, using a combi-
nation of electrochemical techniques, scanning electron microscopy (SEM), X-ray photoelectron spec-
troscopy (XPS), and inductively-coupled plasma mass spectrometry (ICP-MS). The hydrogen peroxide
was found to decompose to oxygen and water both homogeneously and heterogeneously, accompanied
by a minimal amount of corrosion of UO2. Homogeneous decomposition proceeded via a peroxycar-
bonate (CO4

2-) intermediate while heterogeneous decomposition was catalyzed by the reversible UIV#UV

redox transformation in a thin UIV
1�2xU

V
2xO2þx surface layer. The rate of the heterogeneous decomposition

reaction depended on whether UVI surface species ((UVIO2CO3)ads, UVIO3�yH2O) were allowed to accu-
mulate on the surface, blocking access of hydrogen peroxide to the catalytic surface layer.
© 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

In common with that of the international community, the Ca-
nadian strategy for the disposal of high-level nuclear waste is
permanent disposal in a deep geologic repository (DGR), with the
nuclear fuel waste sealed in a Cu-coated steel container [1e3].
These containers are expected to avoid failure until the fuel radia-
tion levels have decayed to innocuous levels [4]. However, to
develop robust performance assessment models for a DGR, it is
necessary to examine the consequences of container failure, when
the used fuel could come into contact with groundwater, poten-
tially leading to the release of radionuclides from the fuel matrix.
Although the groundwater entering the container would be anoxic,
the redox conditions within the container, which will control the
rate of release of most radionuclides from the fuel, will be
controlled by the products of groundwater radiolysis and corrosion
of the inner surface of the steel container [5,6]. Of the radiolytic
oxidants, H2O2 is expected to have the dominant influence on fuel
corrosion [7,8].

The influence of H2O2 on UO2 corrosion has been extensively
studied and reviewed [5,9,10]. On the UO2 surface two competing
, The University of Western
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anodic reactions which can couple with the cathodic reduction of
H2O2 are the oxidative dissolution of UIVO2 as UVIO2

2þ and the
oxidation of H2O2, the latter leading to the net decomposition of
H2O2:

2H2O2 / O2 þ 2H2O 1

Peroxide decomposition has been studied on various metal
oxides [5], and a number of reaction sequences proposed. Recent
studies claim that decomposition proceeds via a radical mechanism
[11e13]:

(H2O2)ads / 2(OH�)ads 2

(H2O2)ads þ (OH�)ads / H2O þ (HO2�)ads 3

2(HO2�)ads / H2O2 þ O2 4

Decomposition on oxides can be catalyzed by reversible redox
transformations [14,15]. On UIVO2 surfaces, the balance between
UIVO2 dissolution and H2O2 decomposition varied depending on the
surface composition of the oxide. Thus, 14% of the H2O2 was
consumed by dissolution on UIVO2 surfaces, compared to ~2% on
SIMFUEL [16] (UIVO2 doped with non-radioactive elements,
including rare earth elements, to simulate in-reactor burn-up [17]).
nder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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This difference has been attributed to differences in the redox re-
activities of these two oxides [8], although the presence of poten-
tially catalytic noble metal (ε) particles in the SIMFUEL was not
addressed. The stabilization of the UIVO2 matrix against dissolution,
by the rare earth doping present in SIMFUEL, has been demon-
strated electrochemically [18e21]. Corrosion potential (ECORR)
measurements indicate that the decomposition of H2O2 may be
controlled by the kinetics of the H2O2 reduction [22].

In this study we have investigated the reactions of, and on,
SIMFUEL in NaCl solutions containing various concentrations of
HCO3

�/CO3
2- and H2O2. The primary emphasis is on determining the

mechanisms and relative importance of UIVO2 dissolution and H2O2
decomposition. A combination of electrochemical, and surface and
solution analytical methods such as X-ray photoelectron spectros-
copy (XPS), scanning electron microscopy (SEM), energy dispersive
X-ray analysis (EDX), inductively coupled plasma mass spectrom-
etry (ICP-MS) and UVevis spectrophotometry, have been applied.

2. Experimental

2.1. Materials

The UO2 electrodes were cut from 3 at.% SIMFUEL manufactured
by Atomic Energy Canada Limited (now Canadian Nuclear Labora-
tories, Chalk River, Ontario, Canada). SIMFUELs are UIVO2 pellets
dopedwith 11 non-radioactive elements (Ba, Ce, La, Sr, Mo, Y, Zr, Rh,
Pd, Ru, Nd) to replicate the chemical effects of in-reactor irradia-
tion, and have been well characterized and studied [17]. These
dopants are categorized into two groups: (1) elements which are
distributed throughout the UIVO2 matrix and can influence the
structure and electrical conductivity; and (2) elements (Pd, Ru, Rh,
Mo) which segregate as noble metal (ε) particles and are generally
distributed along grain boundaries. The distribution and composi-
tion of these particles has been described elsewhere [23,24].

2.2. Electrodes and solutions

Electrodes were polished onwet 1200 SiC paper and rinsed with
Type I water prior to experiments. All solutions were prepared with
Type I water (r ¼ 18.2 MU cm), purified using a Millipore Milli-Q
Plus unit and deaereated by Ar (ultra-high purity, Praxair)
sparging (>1 h) prior to each experiment. Sparging was then
continued throughout each experiment. Experiments were per-
formed in a 0.1 mol L�1 NaCl solution containing NaHCO3
(0.005e0.05 mol L�1) and H2O2 (0.001 mol L�1 to 0.02 mol L�1),
with the pH adjusted to 9.7 using 0.2 mol L�1 NaOH solution, and
measured using an Orionmodel 250A pHmeter and an Orion 91-07
Triode pH/ATC probe. All chemicals were reagent grade and pur-
chased from Fisher Scientific. All experiments were performed at
room temperature.

2.3. Electrochemical cell and procedures

A one-compartment 40 mL cell was used to minimize the UO2
surface area to solution volume ratio, enabling more accurate
measurements of H2O2 consumption and U dissolution. Potentials
were measured against a saturated Ag/AgCl reference electrode
placed in the main cell compartment. A Pt wire counter electrode
was used, separated from themain cell body by a high-density glass
frit. Experiments were performed in a Faraday cage to minimize
interference from external electrical noise, and the cell was covered
with Al foil to avoid photolytic decomposition of the H2O2. All
electrochemical experiments were performed using a Solartron
1480 Multistat controlled by CorrWare Version 2.7 software.

Prior to each experiment, the electrode was polarized to �1.2 V
(vs. saturated Ag/AgCl) for 20 s to cathodically reduce air-formed
oxides. Polarization resistances (RP) were obtained from the
slopes of current-potential scans over the range ECORR ± 10 mV.
Electrodes for XPS analyses were removed from the cell, rinsed
with Type 1 water, dried in an Ar stream, and immediately sealed in
an evacuated plastic box for rapid transfer to the spectrometer.

2.4. SEM and EDX

The surface morphology of electrodes was observed using a
Hitachi S-4500 field emission SEM equipped with a Quartz XOne
EDX analysis system. An electron beamvoltage of 20 kVwas used at
a working distance of 10 mm during image collection, resulting in a
spatial resolution of <2 nm.

2.5. XPS

XPS analyses were performed using a Kratos Axis NOVA spec-
trometer with a monochromatic Al Ka X-ray source (1486.6 eV). The
instrument work functionwas calibrated to give a BE of 83.96 eV for
the Au 4f7/2 line for metallic Au and the spectrometer dispersion
was adjusted to give a BE of 932.62 eV for the Cu 2p3/2 line of
metallic Cu. Survey scans were recorded over the energy range
0e1100 eV on an analysis area of 300� 700 mm2 with a pass energy
of 160 eV. When necessary, spectra were charge-corrected using
the C 1s peak set at 285.0 eV. Spectra were analyzed using CasaXPS
software (version 2.3.14).

High resolution scans were performed for the spectral region
including the U 4f5/2 and U 4f7/2 peaks and their satellites, using a
pass energy of 20 eV and a step size of 0.05 eV. All spectra were
fitted using a 50% Gaussian and 50% Lorentzian routine with a
Shirley background correction. The 4f peaks were used to quantify
the U oxidation states (UIV, UV, UVI) using curve-fitting procedures
and binding energies discussed elsewhere [25e27]. The resolved
components in both the U 4f peaks and the associated satellite
structures were used to calculate the total proportions of each
oxidation state. The positions and shapes of the satellite structures
were used to confirm the validity of the analyses, as described in
published literature [28e31].

2.6. ICP-MS

Dissolved U concentrations were determined by ICP-MS with an
Agilent 7700 x ICP-MS using both “He gas” and “No gas” modes.
Solutions were diluted by a factor of 1000 using 2% HNO3 prior to
analysis to minimize matrix effects. The detection limit was
0.02 mg/L for U and the system was calibrated using a series of U
standards.

2.7. UVevis spectrophotometry

H2O2 concentrations were measured with a BioLogic Science
Instrument MOS 450 diode array UVevis Spectrophotometer using
the Ghormley tri-iodide method [32,33]. The absorbance at 352 nm
was measured with a detection limit for H2O2 of 3 x 10�6 mol L�1.
Analyses were performed immediately after sampling, with the vial
containing the extracted solution covered with Al foil.

3. Results

3.1. SEM/EDX analysis

Fig. 1 shows the surface morphology of a freshly polished and
sonicated 3 at.% SIMFUEL with noble metal (ε) particles. In Fig. 1(A),
area (a) shows the general surface to be rough with residual



Fig. 1. SEM images of a 3 at.% SIMFUEL specimen. A: (a) the polished surface; (b) smooth, large UO2 grains, untouched by the polishing procedure: B: showing the presence of
ε-particles on the grain boundaries (highlighted in red to emphasize their locations): image B is the magnification of the area within the red box in image (A).
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sintering voids. Locations untouched by polishing, area (b), show
undamaged UO2 grain features. Fig. 1(B) shows that the UO2 con-
sists of large and smooth grains with diameters in the range
3e10 mm. The small particles decorating the grain boundaries,
highlighted in red, have been shown previously to be noble metal
(ε) particles containing Mo, Pd, Ru and Rh [23,24].
3.2. Hydrogen peroxide decomposition in HCO3
�/CO3

2- solutions

The effect of HCO3
�/CO3

2- on the homogeneous decomposition of
H2O2 is shown in Fig. 2. In the absence of HCO3

�/CO3
2-, the [H2O2]

decreased by ~ 10% in 7 days, consistent with published data
showing that H2O2 decomposition occurs in alkaline solutions with
or without the presence of metal catalysts [34e38]. Littauer et al.
[38] proposed that decomposition in alkaline (pH ¼ 12) solutions
occurs via the formation of perhydroxyl ions (HO2

�), which then
catalyze H2O2 decomposition via reactions 5 and 6:

H2O2 þ OH� / HO2
� þ H2O 5

HO2
� þ OH� # O2 þ H2O þ 2e� 6

In the absence of metallic or oxide catalysts[36], the rate of
decomposition is determined by both the total alkalinity and
Fig. 2. H2O2 concentration as a function of time: [H2O2] ¼ 0.016 mol L�1 in both ex-
periments (pH adjusted to 9.7).
[H2O2].
In the HCO3

�/CO3
2- solution, the [H2O2] decreased markedly over

the 168-h duration of the experiment, demonstrating a catalytic
influence of HCO3

�/CO3
2- aside from any influence of alkalinity.

Raman spectroscopy has been used to demonstrate the formation
of peroxycarbonate ions when HCO3

�/CO3
2- is present in H2O2 so-

lutions in the pH range 7.0e9.5 [39]. The H2O2 decomposition rate
in HCO3

�/CO3
2- solutions achieves a maximum at pH values between

11.5 and 11.7 [40], when the solution carbonate is dominantly in the
form of CO3

2-. It was proposed that the reaction proceeded via steps
7 and 8:

CO3
2- þ H2O2 / CO4

2- þ H2O 7

CO4
2- þ HO2

� / HCO3
� þ H2O þ O2 8

At the pH of 9.7 used in our experiments, the solution carbonate
would have been ~40% in the form of CO3

2-, making it essential to
consider the homogeneous decomposition process when evalu-
ating the influence of UIVO2 on the heterogeneous decomposition of
H2O2.
3.3. H2O2 decomposition on SIMFUEL

In the presence of SIMFUEL, the total decrease in [H2O2] (D
[H2O2]tot) can be attributed to a combination of both homogeneous
decomposition in solution (D[H2O2]sol) and reactions on the SIM-
FUEL surface (D[H2O2]UO2). These latter reactions include both
heterogeneous decomposition and consumption by UIVO2 corro-
sion. The total amount decomposed (D[H2O2]tot) can be corrected
for homogeneous decomposition by comparing H2O2 consumption
in the presence and absence of a SIMFUEL electrode, and is given
by:

D[H2O2]UO2 ¼ D[H2O2]tot - D[H2O2]sol 9

In a solution containing [H2O2] ¼ 0.01 mol L�1 and
[CO3]tot¼ 0.05mol L�1, Fig. 3(A), approximately 48% of the available
H2O2 was consumed, with 14% consumed by homogeneous
decomposition (D[H2O2]sol), and the majority by either decompo-
sition on, or reactionwith, the SIMFUEL (D[H2O2]UO2). Reducing the
[CO3]tot by a factor of 5 to 0.01 mol L�1 almost eliminated homo-
geneous decomposition, Fig. 3(B), confirming the dependence of
this reaction on [CO3

2-]. In this solution, while reaction on the
SIMFUEL surface was the dominant process, the overall consump-
tion of H2O2 was decreased. A comparison of the results in Fig. 3A
and B indicates a significant role for HCO3

�/CO3
2- in accelerating the



Fig. 3. [H2O2] as a function of time in solutions containing various [H2O2] and [CO3]tot;
Hollow circle e no SIMFUEL present; blue triangle e SIMFUEL present; Red circle e

decrease in [H2O2] by reaction on SIMFUEL. (A) [H2O2] ¼ 0.01 mol L�1,
[CO3]tot ¼ 0.05 mol L�1; (B)) [H2O2] ¼ 0.01 mol L�1, [CO3]tot ¼ 0.01 mol L�1; (C))
[H2O2] ¼ 0.0005 mol L�1, [CO3]tot ¼ 0.05 mol L�1. All the solutions contained
0.1 mol L�1 of NaCl, pH ¼ 9.7. (For interpretation of the references to colour in this
figure legend, the reader is referred to the Web version of this article.)
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reactions on the SIMFUEL surface. At a higher [CO3]tot, but lower
[H2O2], the fractions of the H2O2 consumed homogeneously and
heterogeneously, Fig. 3(C), were similar to those observed at the
same [CO3]tot and higher [H2O2], Fig. 3(A). These results confirm the
importance of HCO3

�/CO3
2- in both the homogeneous and hetero-

geneous reactions.

3.4. ECORR and RP Measurements

In a series of experiments conducted in 0.1 mol L�1 NaCl con-
taining various [CO3]tot and [H2O2], the ECORR was monitored over
an exposure period of 24 h, and a series of RP measurements per-
formed at 1-h intervals. Three examples of the change in ECORR and
RP with time are shown in Fig. 4. In all three experiments, ECORR
rapidly increased to ~0.15 V (not observable on the plots) before
decaying to less positive values, while RP values decreased over
approximately the first 5 h before increasing steadily over the
remaining exposure period.

The anodic oxidation of both UO2 and H2O2 is supported by the
cathodic reduction of H2O2,

ICORR þ IH2O2 ¼ P
IA ¼ ICw 10

here ICORR is the current due to UIVO2 dissolution and IH2O2 that due
to the anodic oxidation of H2O2. However, since RP

�1 is proportional
to the total interfacial charge transfer rate, it does not distinguish
between the relative rates of the two reactions.

The initial decrease in RP indicated an acceleration of the
interfacial reaction rate over the first ~5 h. A decrease in ECORR,
Fig. 4(A, B, C), coupled with a decrease in RP indicates an acceler-
ation of one or both the anodic reactions. Fig. 5 shows a plot of
DECORR/DRP as a function of [H2O2] in a solution containing
0.05 mol L�1 [CO3]tot, where D indicates the change in these two
parameters over the initial exposure period of 1e5 h. Since RP
values were measured over a small potential range, within which
the current varies linearly with applied potential, DECORR/DRP is
proportional to the total interfacial current, ICORR þ IH2O2. The in-
crease in this parameter with [H2O2] demonstrates that the rate of
the overall anodic reaction increases as [H2O2] increases. Although
limited to [H2O2] < 0.02 mol L�1, this rate parameter continues to
increasewith [H2O2], but the small changes in RPmake the values of
DRP unreliable.

At longer exposure times, the decrease in ECORR, coupled with an
increase in RP, Fig. 4, indicates a change in the reaction controlling
the interfacial kinetics to the cathodic reduction of H2O2. This can
be attributed to the consumption of H2O2, as demonstrated in Fig. 3.

Comparison of Fig. 4(A) and (B) shows the influence of changing
the [CO3]tot by a factor of 5 in solutions containing the same [H2O2]
(0.01mol L�1). In the more concentrated HCO3

�/CO3
2-, Fig. 4(A), ECORR

decreases steadily as H2O2 is consumed, Fig. 3(A). At the lower
[CO3]tot, Fig. 4(B), the decrease in ECORR and long-term increase in RP
are relatively small, consistent with a lower rate of H2O2 con-
sumption, Fig. 3(B). Despite the identical [H2O2], the overall rate of
its consumption (RP�1) was lower at lower [CO3]tot.

Since we would not expect HCO3
�/CO3

2- to have any major in-
fluence on the rate of H2O2 decomposition on noble metal particles,
the difference in H2O2 consumption rate can be attributed to the
influence of HCO3

�/CO3
2- on the rate of the processes occurring on

the UIVO2 surface. Lower ECORR values, coupled with increased
interfacial rates (f RP

�1), indicated that the dominant effect of an
increase in [CO3]tot was to accelerate the rate of one or both of the
anodic reactions. This hypothesis appears to be borne out by the
values recorded at high [CO3]tot/low [H2O2], Fig. 4(C), the ECORR/RP
behavior being similar to that recorded at high [CO3]tot/high [H2O2],
with the exception that that RP values are considerably higher at the



Fig. 4. Corrosion potential (ECORR) and polarization resistance (RP) measurements as a
function of time in solutions containing different [H2O2] and [CO3]tot. The curves show
ECORR (black line) and the connected squares show the RP values measured every hour.
All the solutions contain 0.1 mol L�1 of NaCl (pH ¼ 9.7).

Fig. 5. The ratio of the ECORR over RP value change within 5 h in solutions containing
0.1 mol L�1 NaCl, 0.05 mol L�1 NaHCO3, various concentrations of H2O2, and pH ¼ 9.7.

Fig. 6. RP and ECORR values recorded after 16 h of exposure: A-as a function of [H2O2];
B-as a function of [CO3]tot. All the solutions contained 0.1 mol L�1 of NaCl, pH ¼ 9.7.
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lower [H2O2].
Fig. 6(A and B) show the changes in RP and ECORR recorded over a

wider range of [H2O2] (A) and [CO3]tot (B), with the values recorded
after 16 h, when the initial acceleration in the rate is complete and
before the H2O2 becomes too extensively depleted. The interfacial
reaction rate (RP�1), the rate of H2O2 consumption, increases rapidly
with increasing [H2O2] at low [H2O2], while ECORR remains
effectively constant. At higher [H2O2], the rate approaches a
concentration-independent value, while ECORR increases markedly.
Since these experiments were conducted in a solution containing
0.05 mol L�1 HCO3

�/CO3
2-, the electrode surface should be relatively
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free of UVI species (see below), allowing H2O2 consumption to
proceed uninhibited.

Similar changes in ECORR with [H2O2] were observed previously
on an undoped UO2 not containing noble metal (ε) particles [9],
suggesting that the present observations could be attributed to
reactions occurring predominantly on the UO2 surface, not on the
noble metal (ε) particles. Although no rates were measured in this
previous study, it was proposed that the behavior at low [H2O2],
when ECORR was independent of [H2O2], could be attributed to the
dominance of H2O2 decomposition over UO2 corrosion, with the
increase in ECORR at higher [H2O2] indicating an increased impor-
tance of the anodic dissolution of UO2. The results presented here
show that if such a change in the importance of the individual re-
actions occurred at higher [H2O2], it did not lead to any increase in
the consumption rate of H2O2.

The influence of [CO3]tot on ECORR and the interfacial rate in-
volves two distinct stages, Fig. 6(B). While ECORR decreases over the
full concentration range investigated, the consumption rate first
increases with [CO3]tot (for concentrations � 0.1 mol L�1) before
decreasing again at higher [CO3]tot (as indicated by the arrows in
the figure).
3.5. XPS analysis of UO2 surface composition

Previous studies have shown that the extent of oxidation of a
UO2 surface during corrosion is confined to the top few nanometres
[5,9,18e20]. Consequently, XPS spectra were recorded on SIMFUEL
specimens exposed to solutions containing 0.01 mol L�1 H2O2 and
two different [CO3]tot. Fig. 7 shows the background-corrected and
fitted U 4f7/2 peaks, deconvoluted to determine the relative
amounts of UIV, UV and UVI in the electrode surface. The exposure
Fig. 7. The U 4f7/2 peak recorded on SIMFUEL surfaces (dashed line), deconvoluted into cont
different 0.01 mol L�1 H2O2 and HCO3

�/CO3
2- concentrations. All solutions contained 0.1 mo
times were chosen to yield measurements of surface composition
after the initial acceleration in the interfacial rate (4 h, Fig. 4) and
after an extended exposure period (16 h, Fig. 4), when the inter-
facial rate had slowed due to the consumption of H2O2. Fig. 8
compares the fractions of the individual oxidation states
(expressed as percentages) in the exposed electrode surfaces to
values measured on a freshly polished, electrochemically reduced
surface.

For the freshly polished and reduced electrode, only minor
amounts of oxidized states (UV and UVI) were present, as expected
after this treatment. After exposure to the more concentrated
HCO3

�/CO3
2- solution (0.05 mol L�1), the UV content of the surface

increased substantially after 4 h, and even more so after 16 h, while
the UVI content remainedminor, i.e., this increase in UV content is at
the expense of UIV. When considered in conjunction with the RP
values for a high [CO3]tot/high [H2O2] solution (Fig. 4(A)), these
analyses showed that an increase in rate (decrease in RP) accom-
panied this initial oxidation of the surface to UIV

1-2xUV
2xO2þx, and

that a predominantly UIV/UV surface is sustained at longer times
when consumption of H2O2 proceeded, as indicated by the increase
in RP. These results confirm that the optimum surface composition
to support H2O2 decomposition is a mixed UIV/UV surface. This of-
fers strong evidence that the decomposition reaction is catalyzed
by a reversible UIV-UV redox transformation in the UIVO2 surface,
with the dependence of RP on ECORR in the exposure period from 1 h
to 5 h indicating that this leads to an acceleration of the overall
anodic reaction, but without indicating which of the two possible
anodic reactions might be influenced most.

When the [CO3]tot was reduced by an order of magnitude, the
surface after 4 h again exhibited a significant UV content, consistent
with the formation of the UIV

1-2xUV
2xO2þx layer, but also contained
ributions from UIV, UV and UVI, after various periods of exposure to solutions containing
l L�1 NaCl (pH ¼ 9.7).



Fig. 8. Percentage of U oxidation states in the SIMFUEL surface after exposure to a 0.01 mol L�1 H2O2 solution, obtained by deconvolution of the U 4f7/2 peaks in the XPS spectra,
Fig. 7.
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a substantial UVI content. After 16 h, the surface composition was
totally dominated by UVI. When considered in conjunctionwith the
RP values recorded in the low [CO3]tot/high [H2O2] solution
(Fig. 4(B)), these analyses showed that, while the initial formation
of the UIV/UV layer accelerated the consumption of H2O2, it was
muted and eventually suppressed by the accumulation of UVI sur-
face species at longer exposure times. This would account for the
small increase in RP accompanied by only a marginal decrease in
ECORR (Fig. 4(B)).
Fig. 9. The amount of dissolved U measured as a function of time in 0.01 mol L�1 H2O2

solutions containing different [CO3]tot, as a function of time.

Table 1
The amount U dissolved in different [CO3]tot solutions and the calculated fraction of
H2O2 used to oxidize U ([H2O2]dis) over the total [H2O2] ([H2O2]tot).

[CO3]tot (mmol.L�1) U dissolved in 24 h (mmol) [H2O2]dis/[H2O2]UO2 (%)

5 1.2 3.1
20 1.8 4.1
35 0.34 0.23
50 0.6 0.76
65 0.44 2.0
100 0.4 0.3
3.6. UO2 dissolution experiments

Up to this juncture, only the overall consumption of H2O2 was
measured. To determine the relative importance of the two re-
actions responsible for H2O2 consumption, a series of experiments
was conducted, over an exposure period of 24 h, to determine the
amount of dissolved U and the total amount of H2O2 consumed. The
analyzed amount of U was then used to calculate the fraction of the
consumed H2O2 used in UO2 corrosion. The O2 produced by
decomposition could also have acted as an oxidant for UO2, but at a
rate 200 times slower than H2O2 [41]. This low rate, and the
continuous sparging of the solution with Ar, meant that any influ-
ence of O2 could be neglected. The surface films formed (UIV

1-

2xUV
2xO2þx, UVI oxide/hydroxide/carbonate) would also have

consumed negligible amounts of H2O2 in their formation since they
were, at most, only a few nanometres thick.

Fig. 9 shows the influence of [CO3]tot on U dissolution over a 24 h
exposure period in a solution containing 0.01 mol L�1 H2O2. At high
[CO3]tot (35e100 mmol L�1), the amount of U released increased
over the first ~ 10 h, before the release stopped. At lower [CO3]tot, U
release, while somewhat erratic, tended to continue unabated. At
the higher [CO3]tot, the duration of the short-term release coincided
with the exposure period over which RP values decreased, indi-
cating an acceleration in H2O2 consumption as the surface was
oxidized to the UIV

1-2xUV
2xO2þx catalytic composition. At the lower

[CO3]tot, when the U release was sustained, the rate of H2O2 con-
sumption was substantially lower, Figs. 3(B) and 4(B), and the XPS
analyses show that the surface became partially blocked by the
accumulation of UVI.
Table 1 shows the ratio of the amount of H2O2 causing disso-
lution to the total amount consumed, corrected for that consumed
by homogeneous decomposition. These fractions confirm that the
great majority of H2O2 was consumed by decomposition, with only
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a small fraction used to cause UO2 corrosion. These results were
consistent with those of Nilsson et al. [16], who found that only
0.2% of the H2O2 consumed on a SIMFUEL surface caused UO2
dissolution.

4. Discussion

In aqueous HCO3
�/CO3

2- solutions containing a SIMFUEL spec-
imen (electrode), decomposition was the dominant route for H2O2
consumption. This process proceeded both homogeneously and
heterogeneously. Under the conditions employed in the present
study (pH ¼ 9.7, 0.005 mol L�1 � [CO3]tot � 0.2 mol L�1;
0.001 mol L�1 � [H2O2] � 0.02 mol L�1), approximately 10e15% of
the H2O2, depending on [CO3]tot, was decomposed homogeneously
via the formation of a peroxycarbonate (CO4

2-) intermediate (re-
actions 7 and 8). These reactions are strongly dependent on pH and
would be less significant at a lower pH value.

The dominant reaction consuming H2O2 was its catalytic
decomposition on the SIMFUEL surface, only a small fraction (<4%,
depending on [CO3]tot) being consumed by UO2 corrosion for a
[H2O2] of 0.01 mol L�1. These values were consistent with those
measured by Nilsson et al. [16] and considerably lower than the 14%
measured on undoped UO2 containing no noble metal particles.
This difference has been shown to be due to the rare earth (REIII)
doping of the UO2 lattice, which leads to the formation of REIII-OV
clusters and a reduction in the availability of the oxygen vacancies
(OV) required to accommodate the incorporation of the O intersti-
tial ions which begin the process of destabilizing the UO2 matrix
[19,20,42].

On first immersion, the reduced SIMFUEL surface was oxidized
to UIV

1-2xUV
2xO2þx, at a rate determined by the [H2O2]. This reaction

preceded the eventual further oxidation and dissolution as UVIO2
2þ

[29,43]. However, such a dissolution process was transitory, with
decomposition becoming the sole observable reaction after a few
hours. The formation of this layer was accompanied by a decrease
in ECORR and an increase in the H2O2 decomposition rate. This
combination, and the switching off of the U release to solution,
indicated a depolarization of the anodic dissolution reaction to
produce UVIO2

2þ and demonstrated that the overall decomposition
reaction, which proceeds via radical intermediates (reactions 2 to
4), was catalyzed by the reversible redox transformation occurring
on the UIV

1-2xUV
2xO2þx surface; i.e., reactions 1 and 2 in the sche-

matic illustration in Fig. 10. This would require that the reduction of
Fig. 10. A schematic illustration of the reac
UV to UIV (reaction 2, Fig. 10) was more rapid than its further
oxidation to UVI via the sequence of reactions leading to dissolution
as UVIO2(CO3)y(2�2y)þ (reactions 3 to 5, Fig. 10).

The ECORR and RP measurements demonstrated that the rate of
decomposition was accelerated by an increase in [CO3]tot, except at
high [CO3]tot (>0.1 mol L�1). The primary function of HCO3

�/CO3
2-

was to complex and dissolve surface UVI species ((UVIO2CO3)ads)
formed by oxidation of the catalytic surface (reactions 4 and
5,Fig. 10), preventing their accumulation on, and blockage of, the
catalytic surface sites. It was also possible (but not shown in Fig. 10)
that heterogeneous decomposition involved the peroxycarbonate
species (CO4

2-) formed in the solution, which has been shown to be
readily oxidizable on SIMFUEL surfaces.

At high [CO3]tot (>0.1 mol L�1) (Fig. 6(B)), the decrease in
decomposition rate with increasing [CO3]tot was most likely due to
the more rapid formation of the surface-adsorbed carbonate com-
plex state on the UIV

1-2xUV
2xO2þx surface (reactions 3 and 4, Fig. 10)

[44]. This would facilitate the release of UVI, a reaction controlled by
the chemical dissolution of UVI surface species (reaction 5, Fig. 10).
This sequence of reactions would have extracted the UV species
from the catalytic surface layer by anodic oxidation and inhibited
the matrix reduction reaction (reaction 2, Fig. 10) required to
complete the decomposition process.

When the [CO3]tot became too low to prevent the accumulation
of UVI species on the catalytic surface layer, Fig. 7, H2O2 consump-
tion was suppressed, as shown by the RP values in Fig. 6(B). Under
these conditions, the surface UVI species was likely to be a uranyl
oxide, UVIO3$2H2O, or possibly studtite, UVIO4$4H2O [22]. Inter-
estingly, when H2O2 decomposition became partially blocked in
this manner, there was a slight increase in the release of soluble
UVIO2

2þ to the solution, Fig. 9.
For [H2O2] � 0.01 mol L�1 and a sufficient [CO3]tot to maintain

access to the catalytic layer, H2O2 decomposition occurred under
redox buffered conditions typified by an increase in rate (RP�1) with
[H2O2], while ECORR remained constant, Fig. 6(A). Similar behavior
was previously observed on undoped UO2 [9] containing no noble
metal (e) particles, indicating that the role of the e-particles in H2O2
decomposition was probably minor, although this remains to be
demonstrated.

Under redox buffered conditions, the equilibrium potentials for
the two half-reactions exhibit dependences on [H2O2] which are
similar but opposite in sign. Thus, provided both reactions were
rapid, as would be the case on the catalytic UIV

1-2xUV
2xO2þx layer,
tions involving H2O2 on a UO2 surface.
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the rate, but not ECORR, would change with [H2O2], as observed.
However, for [H2O2]� 0.01mol L�1 the interfacial rate (the H2O2

consumption rate, but not necessarily the decomposition rate)
became constant, while ECORR increased. This would be expected to
influence the relative kinetic importance of UO2 corrosion and H2O2
decomposition by accelerating the sequence of reactions (3e5 in
Fig. 10) leading to anodic dissolution of the UO2 matrix, while
retarding the transformation of UV to UIV (reaction 2, Fig. 10), the
redox reaction catalyzing the decomposition cathodic half-
reaction. This claim is consistent with our electrochemical results
[24], which demonstrated that an increase in potential led to a
much larger fraction of the anodic current (up to 40%) going to the
anodic dissolution reaction.
5. Summary

- In aqueous HCO3
�/CO3

2- solutions in the presence of SIMFUEL,
H2O2 consumption proceeded by homogenous decomposition
in solution and by reaction with the SIMFUEL surface.

- Homogenous decomposition to O2 and H2O proceeded through
a peroxycarbonate (CO4

2-) intermediate, with a rate dependent
on both [CO3]tot and pH.

- On the SIMFUEL surface, H2O2 decompositionwas the dominant
reaction, with only minor to negligible amounts of UO2 corro-
sion occurring. The stability of the SIMFUEL surface could be
attributed to the stabilization of the UIVO2 matrix by REIII

doping.
- Surface decomposition proceeded via a radical mechanism and
was catalyzed by the reversible UIV # UV redox transition on a
UIV

1-2xUV
2xO2þx surface.

- The primary function of HCO3
�/CO3

2- was to complex and dissolve
UVI surface species, which prevented their accumulation to form
an insulating layer that blocked decomposition on the catalytic
surface layer.

- When the surface was maintained free of UVI species, H2O2
decomposition proceeded under redox buffered conditions on
the catalytic surface.

- At high [CO3]tot (�0.1 mol L�1) and/or high [H2O2]
(�0.1 mol L�1), the decomposition rate decreased, due to the
more rapid formation of UVI surface species that could be
transferred to solution as UVIO2(CO3)y(2�2y)þ by a chemical
dissolution reaction.

- The role of noble metal (e) particles in the SIMFUEL on H2O2
decomposition appears to be minor, although this remains to be
conclusively demonstrated.
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