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a  b  s  t  r  a  c  t

The  anodic  oxidation  and  open  circuit  decomposition  of  H2O2 on  UO2+x surfaces  have  been  investigated
voltammetrically  and  using  linear  polarization  resistance  measurements  over  the  pH  range  9.5  to  12.6.
At the  lower  pH  values  both  the anodic  oxidation  and  decomposition  reactions  are  almost  completely
blocked  by  a  thin surface  layer  of UVI oxide.  At higher  pH this  layer  becomes  more  soluble  and  anodic
oxidation  occurs  on  the  sublayer  of  UIV

1–2xUV
2xO2+x, but  is  partially  controlled  by  transport  through  a

VI
eywords:
sed nuclear fuel
O2 corrosion
2O2 decomposition

permeable,  chemically  dissolving  U oxide/hydroxide  layer.  At  positive  electrode  potentials  (0.3  V vs.
saturated  calomel  electrode),  approximately  70%  of  the  anodic  current  is  consumed  by H2O2 oxidation
the  remaining  30%  going  to produce  UVIO2(OH)x

(2−x)+. At higher  pH  values,  H2O2 decomposition  occurs
on  an  unblocked  UIV

1–2xUV
2xO2+x surface  and  the  pH  dependence  of the  reaction  suggests  HO2

− is  the
electroactive  form  of peroxide

©  2014  Elsevier  Ltd. All  rights  reserved.
. Introduction

The recommended approach for the long-term management of
pent nuclear fuel in Canada is Adaptive Phased Management that
ncludes centralized containment and the isolation of the spent
uel in a deep geological repository. This approach is based on a
equence of barriers, which includes fuel bundles, durable metal
ontainers with an outer barrier of copper and an inner carbon steel
essel, a clay buffer, and a deep stable geological environment [1].
he prospects for long term containment are very promising, and
orrosion models predict only minimal corrosion damage insuffi-
ient to cause failure [2,3]. However, it is judicious to assess the
onsequences of container failure leading to exposure of the fuel
o groundwater. When the waste container fails, groundwater will
ood the container and contact the spent fuel leading to the release
f radionuclides.

The uranium dioxide fuel is very insoluble with a low dissolu-
ion rate under reducing conditions, but the solubility increases by
rders of magnitude under oxidizing conditions making the fuel

usceptible to corrosion [4]. The concentration of dissolved oxi-
ants in the groundwater contacting the fuel is expected to be very

ow, since environmental oxidants (specifically dissolved O2) will

∗ Corresponding author. Tel.: +1 519 661 2111x86366; fax: +1 519 661 3022.
E-mail address: dwshoesm@uwo.ca (D.W. Shoesmith).

1 ISE member.

ttp://dx.doi.org/10.1016/j.electacta.2014.06.002
013-4686/© 2014 Elsevier Ltd. All rights reserved.
have been consumed by container corrosion and mineral/biological
oxidation processes prior to container failure. However, the radia-
tion fields associated with the fuel will produce oxidants (e.g., OH•,
H2O2, O2) by water radiolysis and these radiolytic oxidants will
sustain oxidizing conditions leading to corrosion of the fuel and an
increase of radionuclide release rates.

Provided that the waste container isolates the fuel from ground-
water for a few hundred years, only alpha radiation fields will
remain capable of producing significant oxidant concentrations. For
alpha radiolysis, H2O2 has been demonstrated to be the key oxidant
for fuel corrosion [5–7] and extensive study of H2O2 reduction on
UO2 has been undertaken [8–12]. Goldik et al. studied the electro-
chemical kinetics and mechanism for H2O2 reduction on SIMFUEL
pellets [8,11,13,14], UO2 specimens doped with simulated fission
products to mimic  the effect of in-reactor irradiation [15]. They
showed that the cathodic reduction of H2O2 is catalyzed by the
ability of H2O2 to create its own UIV/UV donor-acceptor sites

2UIV + H2O2 → 2UV + 2OH− (1)

followed by the electrochemical regeneration of the UIV sites,

2UV + 2e− → 2UIV (2)

The H2O2 reduction rate is independent of pH between pH 4 and

9, but suppressed at more alkaline values. The reduction of H2O2
is only weakly dependent on applied potential with a fractional
reaction order with respect to H2O2, consistent with partial con-
trol by the chemical reaction (1) [11]. At low overpotentials, H2O2

dx.doi.org/10.1016/j.electacta.2014.06.002
http://www.sciencedirect.com/science/journal/00134686
http://www.elsevier.com/locate/electacta
http://crossmark.crossref.org/dialog/?doi=10.1016/j.electacta.2014.06.002&domain=pdf
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dx.doi.org/10.1016/j.electacta.2014.06.002
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eduction proceeds significantly faster on the noble metal particles
ithin the SIMFUEL than on the UO2+x lattice surface [13].

Under corrosion conditions there are two competitive anodic
eactions which can couple with the cathodic reduction of H2O2:
he oxidative dissolution of UO2 and the simultaneous oxidation of
2O2, the latter leading to H2O2 decomposition.

H2O2 → O2 + 2H2O (3)

The rates of fuel corrosion and H2O2 decomposition are deter-
ined by the fraction of each anodic reaction. Early studies on
2O2 decomposition have been reviewed [5,16]. In a UO2 disso-

ution experiment in H2O2-containing solution, de Pablo et al. [17]
easured both U release to solution and the H2O2 consumption

ate. Since more H2O2 was consumed than U released it was  cal-
ulated that H2O2 decomposition was also occurring although an
nability to account for oxidized U retained on the surface as a cor-
osion product deposit made the measurement only qualitative.
n accumulation of gas bubbles on UO2 surfaces in the presence of
2O2 has been observed suggesting that a UO2 surface can catalyze
2O2 decomposition [16,18]. Christensen et al. [19] also claimed

hat H2O2 decomposition was occurring in borax buffer solutions
pH = 8 ± 0.2) based on a discrepancy between the amount of dis-
olved U analyzed compared to the amount expected if all the
2O2 consumed had caused dissolution. Recent leaching experi-
ents [7,20,21] confirmed that only a portion of consumed H2O2
as involved in UO2 corrosion, although the exact fraction varied
ith different UO2 specimens (e.g., unirradiated UO2, doped UO2

nd SIMFUEL).
Sunder et al. [16] found the corrosion potential of UO2 (as

pposed to SIMFUEL) in H2O2-containing solutions to be indepen-
ent of [H2O2] over the range 10−5 to 10−2 mol.L−1 and attributed
his to the blockage of both decomposition and UO2 dissolution
y the presence of a UVI layer on the electrode surface. A more
omprehensive study in the presence of the �-radiolysis of water
22], to produce the oxidant H2O2, appeared to confirm this claim.
he coupled reactions of H2O2 reduction and oxidation appeared
o be buffered at pH = 9.5 and the slow rate of H2O2 decomposi-
ion was attributed to surface coverage by insulating UVI species
nly slowly released by chemical dissolution as UO2

2+ in non-
omplexing solution. Since this UVI species blocked the underlying
onducting substrate surface the rate of H2O2 decomposition was
imited by the rate of its release to solution. If this mechanism is
orrect, then decomposition is inhibited by the extent of surface
xidation under open-circuit (corrosion) conditions.

In addition, the rate of H2O2 decomposition depends on the alka-
inity of the solution. Haines and McCracken [23] reported that the
ecomposition rate in a LiOH solution (pH 10.3) was 4-5 times that

n neutral pH water. Navarro et al. [24] observed that H2O2 decom-
osed rapidly in aerated NaOH solutions with the maximum rate
eing attained in the pH range 11.5 to 11.7. Since this pH coincided
ith the first pKa value of H2O2, it was proposed that the presence

f both H2O2 and the hydroperoxide anion (HO2
−) was  necessary

or uncatalyzed decomposition according to previously suggested
echanisms [25,26]. Electrochemical studies [27,28] showed that
2O2 oxidation could proceed at lower potentials in more alkaline

olutions. While this was attributed to the involvement of protons
n the H2O2 oxidation reaction the details of the mechanism were
ot elucidated.

Here, we present a more extensive study of H2O2 oxidation and
ecomposition on UO2 by varying the solution pH, investigating the
nfluence of oxidized surface states (UV/UVI) on the electrochemi-
al oxidation of H2O2, and determining the relative decomposition
ates as a function of pH using linear polarization resistance mea-
urements.
ica Acta 137 (2014) 83–90

2. Experimental

The working electrode was  a 12-mm (in diameter) disc cut from
simulated spent fuel pellets (SIMFUEL) which were fabricated by
Atomic Energy of Canada Limited (Chalk River, Ontario). SIMFUEL
is an analogue of CANDU (CANadian Deuterium Uranium) spent
nuclear fuel made of natural UO2 doped with non-radioactive ele-
ments to replicate the chemical effects of the fission products
produced by in-reactor burn-up [29]. This material provides a prac-
tical means to study the chemical properties (corrosion behaviour
in this study) of spent fuel without the associated radiation fields.
The eleven dopants (Sr, Y, Ce, Nd, La, Zr, Ba, Pd, Ru, Mo,  Rh) can be
divided into two groups: (i) the rare earth elements (REIII) which
substitute for UIV in the UO2 lattice, thereby creating adjacent UV

atoms and increasing donor-acceptor sites for surface redox reac-
tions [30]; (ii) the noble metal dopants (Pd, Ru, Mo,  Rh) which
congregate as metallic particles in the UO2 matrix. The SIMFUEL
used in this study mimics an in-reactor burn-up of 1.5 atomic %. The
working electrode was set in resin so that only the flat front face
was exposed to solution. The procedure for electrode preparation
has been described previously [11].

All electrochemical measurements were performed in a con-
ventional three-electrode cell. Potentials were measured against a
saturated calomel reference electrode (SCE, Fisher Scientific) and
all potentials quoted in this study refer to the SCE. The counter
electrode was a Pt sheet with a surface area of 6 cm2 (99.9% pure,
Sigma-Aldrich) spot-welded to a Pt wire. The cell was placed in a
grounded Faraday cage to minimize external noise. An analytical
rotator (Pine Instruments, model ASR) was  employed to control
the rotation rate of the working electrode. A Solartron model
1287 potentiostat was used to apply potentials and record cur-
rent responses. Corrware software (Scribner Associates) was used
to control the potentiostat and analyze the data.

The working electrode was  cathodically cleaned at an applied
potential of −1.2 V for 1 min  prior to each experiment to remove
any air-formed oxides. Cyclic voltammetric and potentiodynamic
experiments were conducted at a scan rate of 10 mV.s−1. The posi-
tive potential limit of the scan was 0.4 V and the negative limit was
varied depending on the purpose of the experiment. In a dissolution
experiment, the working electrode was  kept at 0.3 V for 4 hours in
a small electrochemical cell with a volume of 50 mL.  Subsequently,
the solution concentration of U was  analyzed by inductively cou-
pled plasma atomic emission spectroscopy (ICP-AES).

All experiments were Ar-purged (Ultra high purity, Praxair) and
conducted at room temperature. Solutions were prepared using
distilled deionized water with a resistance of 18.2 M�.cm puri-
fied by Millipore milli-Q-plus units. The electrolyte was 0.1 mol.L−1

NaCl, and the solution pH was  adjusted to a value between 9.5 and
12.6 with NaOH (Caledon Chemical). Hydrogen peroxide (3% w/v,
LabChem) was  added immediately prior to experiments to obtain a
concentration between 0 and 0.02 mol.L−1. An Orion model 250A+
pH meter and Orion 91-07 Triode pH/ATC probe were used to mon-
itor the pH before and after electrochemical measurements.

3. Results and discussion

3.1. Open-circuit potential in H2O2 solution

Within the pH range 9.5 to 12.5, the open circuit potential (EOC)
was independent of [H2O2] over the range 0.004 to 0.02 mol.L−1,
Fig. 1, consistent with previous observations at pH = 9.5 [16]. Also

shown in the figure are the calculated equilibrium potentials for
the redox reactions:

H2O2 + 2e− � 2OH− (4)
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Fig. 1. Open-Circuit Potential (EOC) as a function of pH recorded on a SIMFUEL
e
l
r

a

O

w

[
i
a
a
o
b
U

w
(
o
E
a
r
t
i
b
1
a

3

i
t
i
s
r
r
s

U

a
i
f
b
≥

lectrode in solutions containing various [H2O2] (0.004∼0.02 mol.L−1). The dashed
ines indicate the equilibrium potentials for the H2O2 reduction and oxidation half
eactions calculated assuming a partial pressure for O2 of 1 atmosphere.

nd

2 + 2H+ + 2e− � H2O2 (5)

hich can couple to yield the overall decomposition, reaction (3).
As discussed previously [16,22], this independence of EOC on

H2O2] could be interpreted in one of two ways: (i) as the [H2O2]
s increased, the kinetics of both the anodic and cathodic reactions
re equally affected, leading to a condition of redox buffering (i.e.,
n increase in decomposition rate without a change in EOC); (ii) the
verall decomposition reaction is independent of [H2O2], as would
e the case if the rate were controlled by the rate of release of the
VI species from the surface to the solution.

Inspection of Fig. 1 shows two additional notable features: EOC
as closer to the equilibrium potential for the anodic half reaction

5) than the cathodic half reaction (4); and the dependence of EOC
n [H2O2] changes between pH = 10.5 and 11.0. The proximity of
OC to (Ee)anod implied that, for the decomposition reaction, the
nodic reaction was rapid and, hence, the potential-determining
eaction, while the overall reaction was controlled by the kinetics of
he cathodic half reaction. However, this presumption does not take
nto account that the decomposition reaction is effectively blocked
y a UVI surface layer. The change in slope between pH = 10.5 and
1.0 would then indicate a change in surface state leading to an
cceleration of the H2O2 oxidation reaction.

.2. Effect of pH on voltammetry

Fig. 2 shows cyclic voltammograms recorded at pH 9.5 and 12.5
n H2O2-free solutions. The various stages of oxidation and reduc-
ion generally seen [5,12] are numbered on the plot. Stage 1, which
s associated with the anodic oxidation of non-stoichiometric
urface locations, appeared to be insignificant on the stoichiomet-
ic SIMFUEL used in these experiments. The shallow shoulder in
egion 2 has been shown to be due to the anodic oxidation of the
toichiometric surface

O2 + xH2O → UIV
1−2xUV

2xO2+x + 2xH+ + 2xe− (6)

nd was slightly more prominent at pH = 12.5 compared to 9.5,

ndicating a thicker and/or more intensively oxidized layer was
ormed. The most significant difference in anodic oxidation
ehaviour between the two pHs was in region 3, for potentials

 0.1 V. In neutral solutions, the surface was further oxidized to a
Fig. 2. Voltammograms recorded on a SIMFUEL electrode at pH 9.5 and 12.6;
[NaCl] = 0.1 mol.L−1; rotation rate = 16.7 Hz; scan rate = 10 mV.s−1.

passivating UVI layer (commonly designated UO3.yH2O) and some
soluble UO2

2+. Hydrolysis of this dissolved uranyl ion then leads
to local acidification

UO2+
2 + yH2O → (UO2)(OH)(2−y)+

y + yH+ (7)

and local dissolution of the UVI surface layer

UO3 · yH2O + 2H+ → UO2+
2 + (y + 1) H2O (8)

This would account for the steep rise in current for E > 0.3 V,
leading to extensive, but localized dissolution of the UO2 surface.

In alkaline solution, UVI is over two orders of magnitude more
soluble than in neutral solution [31] and passivation was  avoided,
the current rising rapidly as extensive dissolution occurred for
E ≥ 0.1 V,

UIV
1−2xUV

2xO2+x + 3OH− → UVIO2+x(OH)(1+2x)−
3 + (2 − 2x) e− (9)

For potentials ≥ 0.2 V, the current plateau showed that anodic
dissolution was controlled by a nonelectrochemical process, most
likely the chemical dissolution of a UVI surface layer as discussed
elsewhere [12]. The constant current for potentials in the range
0.2 V to 0.4 V would then indicate that this surface UVI layer
increased in thickness with increasing potential. That this surface
layer was not passivating was confirmed on the reverse scan, a sub-
stantial anodic current being observed until the potential fell below
∼ 0.1 V. Additionally, a cathodic peak in region 4 for the reduction
of oxidized surface layers was  observed. The charge associated with
this peak is approximately the same as that for the reduction of the
oxidized layer formed at pH = 9.5, confirming that the majority of
the charge on the anodic scan at pH = 12.6 went to the production
of soluble UO2

2+.
The chemical composition of the UO2 surface at these two pH

values has been determined previously by X-ray photoelectron
spectroscopy (XPS) [12,32] and the ranges over which the com-
position changes are indicated by the arrows in Fig. 2. While the
onset of oxidation to produce UV is similar at both pH values, the
surface accumulation of UVI at the higher pH is delayed by more
extensive dissolution.
3.3. Effect of pH on H2O2 oxidation

Fig. 3 shows the anodic current recorded during anodic scans
in solutions containing 0.02 mol.L−1 H2O2 at both pH values. The
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ig. 3. Anodic current density recorded on a SIMFUEL electrode in a H2O2 solution
t  pH 9.5 and 12.6; [NaCl] = 0.1 mol.L−1; rotation rate = 25 Hz; scan rate = 10 mV.s−1.

ackground currents recorded on the forward scan in the absence of
2O2 are also shown, as dashed lines, for comparison. The oxidation

urrent at pH = 12.6 was considerably larger than that at pH = 9.5.

At pH = 9.5, the anodic current was almost independent of
lectrode rotation rate consistent with expectations for a surface
overed with a slowly dissolving insulating layer of UVI, Fig. 4(a).

ig. 4. Anodic current densities recorded on a SIMFUEL electrode at various rotation
ates; [NaCl] = 0.1 mol.L−1; [H2O2] = 0 (as background) or 0.02 mol.L−1; (a) pH = 9.5
nd (b) pH = 12.6.
Fig. 5. Koutecky-Levich plot (current density−1 versus rotation rate−1/2) derived
from Fig. 4(b) at different potentials.

At pH = 12.6, the anodic current became dependent on electrode
rotation rate, Fig. 4(b). The diffusion-limited current density, jd,
for the anodic oxidation of H2O2 to O2 can be calculated using the
expression

jd = Bω1/2 (10)

B = 0.62nF�−1/6D2/3
H2O2

CH2O2 (11)

where ω is the angular velocity of rotation, n the number of
electrons exchanged per molecule of H2O2, F the Faraday con-
stant, � the kinematic viscosity of the electrolyte, DH2O2 the H2O2
diffusion coefficient and CH2O2 the bulk H2O2 concentration in
the electrolyte. Using appropriate values (n = 2, � = 10−2 cm2.s−1,
DH2O2 = 10−5 cm2.s−1, CH2O2 = 2 × 10−5 mol.cm−3), the jd was deter-
mined to be 15.0–34.6 mA.cm−2 for the ω range used in Fig. 4(b).

The currents in Fig. 4(b) are plotted according to the first-order
Koutecky-Levich equation [33]

1
j

= 1
jk

+ 1
Bω1/2

(12)

in Fig. 5, where j is the measured current density and jk is the
kinetic current density (in absence of any mass transfer effect). The
parallel straight lines are consistent with the reaction being first
order with respect to H2O2. The kinetic currents (jk) obtained by
extrapolation of these plots to infinite rotation rate are in the range
1.0 to 2.6 mA.cm−2 over the potential range, −0.05 to 0.4 V. These
values are less than 10% of the diffusion-limited current density
(15.0–34.6 mA.cm−2), and are plotted in the Tafel form in Fig. 6. The
slope of the line (1430 mV/dec) is much higher than that expected
for an unimpeded two-electron process (60 mV/dec). Since two
anodic processes are possible in this potential range an unequivo-
cal interpretation of this plot cannot be made, but it is reasonable
to conclude that the almost potential independent current sug-
gests control of H2O2 oxidation by the presence of a permeable
insulating UVI oxide/hydroxide surface layer. The most likely con-
trolling reaction step is the transport of H2O2 through this surface
layer followed by its anodic oxidation on the underlying conductive
UIV/UV surface layer. The slight increase in current as the potential
increases, Fig. 6, suggests a change in properties of the surface film
(decreased thickness; increased dissolution rate) as the potential is
made more positive.

That the current was  suppressed by the anodic formation of an

oxidized surface layer was  confirmed by a series of dual scan exper-
iments, in which the potential was scanned from various negative
values to +0.4 V and then back to the original negative potential
limit followed by a second scan between the same two potentials.
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Fig. 6. Plot of the kinetic current density (obtained from the Koutecky-Levich anal-
ysis) as a function of potential.

Fig. 7. Anodic current density recorded for various potential scan ranges. Each color
indicates a scan from a different cathodic potential vertex as shown in the inset.
Solid lines, 1st forward scan; dashed lines, 2nd forward scan; [NaCl] = 0.1 mol.L−1;
[H2O2] = 0.02 mol.L−1; pH = 12.5.

Fig. 8. Anodic current densities recorded in solutions containing various [H2O2] (the arrows indicate an increase from 0 to 0.02 mol.L−1) at various pH (a) 9.5, (b) 11.1 and
(c)  12.5; rotation rate = 25 Hz; scan rate = 15 mV.s−1.
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dissolution of UO2 as UO2 . The total anodic charge was obtained
by integration of the measured anodic current. The difference
between these two  charges can be attributed to H2O2 oxidation.
Over this period of anodic oxidation the charge retained on the
8 L. Wu,  D.W. Shoesmith / Elec

his procedure was repeated for a sequence of increasingly nega-
ive initial potentials, as indicated in the inset to Fig. 7, although the
urrents recorded at potentials <−0.125 V are not shown for clarity.
his figure shows that the anodic current on the second scan was
uppressed until the negative limit of the potential was made suf-
ciently negative (<−0.6 V) to cathodically remove the film formed
n the first scan. This observation is consistent with the cv in Fig. 2
hich showed that the oxidized layer formed anodically in alkaline

olutions was not cathodically reduced until the potential was  in
he range −0.7 V to −0.9 V.

A series of cv scans was recorded at various [H2O2] and pH
alues, Fig. 8. At all pH values the cathodic reduction of H2O2 pro-
eeded rapidly, the current increasing exponentially with a strong
ependence on [H2O2], over the potential range 0 to −0.2 V; i.e.,
ithin region 2 in Fig. 2. In this potential region the surface com-
osition would be UIV

1–2xUV
2xO2+x with the UV content decreasing

s the potential became more negative. A detailed study of H2O2
eduction has been published elsewhere [11].

The oxidation currents were strongly dependent on the pH
alue. At pH = 9.5, the current increase when H2O2 was added
as marginal. However, in more alkaline solutions the oxidation

urrents were considerably larger than the background current
[H2O2] = 0) confirming H2O2 oxidation was becoming more sig-
ificant. At pH = 11.1 the anodic current plateau in the potential
ange 0.2 V to 0.4 V reflected the suppression of the H2O2 oxidation
eaction by the UVI surface layer. As the pH was increased further
e.g., to 12.5) the current became more dependent on [H2O2]. The
ossibility of a contribution to the current at very positive poten-
ials from H2O2 oxidation on the noble metal particles present in
IMFUEL electrodes is under investigation.

Fig. 9 shows the anodic currents recorded at 0.15 V and 0.3 V,
aken from the profiles in Fig. 8, for various pH values (9.5 to
2.5) as a function of [H2O2]. Identical behaviour was observed
ver the potential range 0.1 V to 0.3 V. At the lower end of the pH
cale the current was independent of [H2O2] except for a marginal
ependence at the lowest concentrations. As the pH was increased
bove 10.5 the current increased markedly and became increas-
ngly dependent on [H2O2]. At pH ≥ 11.6 the current approached

 first order dependence on [H2O2] providing the concentration
as not too high. A first order dependence on [H2O2] under kineti-

ally controlled oxidation (Fig. 6) on a surface covered by a partially
nsulating UVI oxide/hydroxide layer is consistent with the anodic
xidation of H2O2 occurring by transport through a permeable UVI

urface layer.
The overall increase in current with pH can be attributed to one,

r both, of two features. Fig. 10 shows the anodic current at 0.3 V
[H2O2] = 0.02 mol.L−1) plotted as a function of pH and compared to
he concentrations of H2O2 and HO2

− calculated using the accepted
Ka value of 11.6 [34] for the dissociation reaction

2O2 � HO−
2 + H+ (13)

The similarity between the anodic current and the concentration
f HO2

− indicates the latter was the electroactive form of perox-
de as previously observed for Pt [27,35]. Alternatively, since the
olubility of UVI increases by > 102 over the pH range 9.5 to 12.5
31], it is possible that the UVI surface layer became thinner and
he H2O2 oxidation less inhibited as the pH increased. Experiments
o separate the importance of these two possibilities are underway.

.4. Dissolution experiments

Since the anodic current is comprised of two contributions (the

issolution of UO2 and the oxidation of H2O2), an attempt to sep-
rate them was made by analyzing the UVI content of the solution
fter anodic oxidation at 0.3 V for 4 h. The analyzed amount of dis-
olved UO2

2+ was converted to the charge required for oxidative
Fig. 9. Anodic current densities recorded at (a) 0.30 V and (b) 0.15 V as a function
of [H2O2] for various pH values. The dashed line indicates a first order dependence
with respect to [H2O2].

2+
Fig. 10. Current density as a function of pH at 0.3 V in a solution containing
[H2O2] = 0.02 mol.L−1. The dashed curves show the concentrations of the peroxide
forms (H2O2 and HO2

−) vs. pH.
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Table  1
Distribution of charge between UO2 oxidative dissolution and H2O2 oxidationa

Charge (C) Fraction of total anodic
charge

Total anodic charge 0.0978 100%
Charge due to UO2 dissolution 0.0279 28.5%
Charge due to H O oxidation 0.0699 71.5%
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Fig. 12. Reciprocal of the polarization resistance, RP
−1, as a function of [H2O2]

−1
2 2

a SIMFUEL electrode potentiostaically oxidized at 0.3 V for 4 h in a solution of
NaCl] = 0.1 mol.L−1, [H2O2] = 0.02 mol.L−1, pH = 11.0. No rotation was applied.

lectrode surface (in the form of oxidized UVI solid) would have
een negligible compared to the total charge. As noted in Table 1
he fraction of the current going to H2O2 oxidation was 71.5%.
nspection of the cv scans in Fig. 8(b) shows that (for the same
onditions as those in the dissolution experiment: pH = 11, E = 0.3 V
nd [H2O2] = 0.02 mol.L−1) the ratio of the anodic currents in H2O2-
ree and H2O2-containing solutions is ∼ 30%, i.e., about 70% of total
urrent appears to support the oxidation of H2O2. The similarity in
he charge and current density ratios confirm that the predominant
nodic reaction at very positive potentials is H2O2 oxidation.

.5. Polarization resistance measurements

Using the plots in Fig. 4 and Fig. 8 it is possible to mea-
ure a polarization resistance (RP) by measuring the slope of the
urrent–potential plots over the range EOC ± 10 mV.  At pH = 9.5, RP
as small since, at a positive EOC of ∼ 0.1 V, the surface was  blocked

y the insulating UVI layer. At pH = 12.6, however, when the sur-
ace UVI oxide/hydroxide layer is more soluble and does not block
he surface as comprehensively, RP decreased with electrode rota-
ion rate, Fig. 11, while the value of EOC did not change, Fig. 4(b).
his combination of features indicated that the enhanced trans-
ort of H2O2 to the electrode surface promoted both the anodic
nd cathodic half reactions coupled at EOC, indicating that the
ominant reaction occurring was H2O2 decomposition; i.e., the
oupling of reactions (4) and (5). When this is the case, the term
P

−1 can be considered proportional to the H2O2 decomposition
ate.

Values of RP
−1 measured as a function of [H2O2] for a range

f pH values are shown in Fig. 12. Since two open circuit reac-
ions are possible, UO2 corrosion and H2O2 decomposition, any

easured RP value is a measure of the resistance to charge trans-

er of the sum of these two reactions. Presently, the open circuit
alance between these reactions is unknown. The analysis in
able 1 shows that ∼70% of the current goes to H2O2 decom-
osition under anodic conditions. If a similar balance between

ig. 11. Polarization resistance, Rp, plotted as a function of rotation rate recorded
n  a SIMFUEL electrode; [NaCl] = 0.1 mol.L−1; [H2O2] = 0.02 mol.L−1; pH = 12.6.
recorded on a SIMFUEL electrode at various pH values; [NaCl] = 0.1 mol.L ; rotation
rate  = 25 Hz.

dissolution and decomposition is assumed to prevail at EOC then
the reciprocal of the polarization resistance, RP

−1, can be taken
as an approximate measure of the H2O2 decomposition rate, at
least for high [H2O2]. Irrespective of these difficulties it is clear
that an increase in pH increases the dependence of the reac-
tion rate on [H2O2]. For pH ≤ 10.5, RP

−1 was very low and only
marginally dependent on [H2O2]. As the pH increased to ≥ 11.1
the value of RP

−1 increased markedly, and as observed for the
anodic currents at applied potentials (Fig. 9) achieved a first order
dependence for [H2O2] < 5 mmol.L−1. As shown in Fig. 1, EOC var-
ied from ∼ 0.1 V at pH = 9.5, when the electrode surface was
expected to be covered by a UVI surface layer (Fig. 2), to ∼−0.1 V
at pH = 12.5 when the surface composition will be relatively free of
UVI (Fig. 2) exposing the underlying UIV

1–2xUV
2xO2+x layer. These

results also suggest that the relative importance of the H2O2
decomposition reaction increases as [H2O2] increases, especially
for pH > 11.

The decomposition of H2O2 on the surfaces of various metal
oxides (usually in particulate form) has been extensively studied
[36,37], and a variety of reaction pathways have been discussed.
For oxides in which multiple oxidation states do not exist (TiO2,
ZrO2, SiO2, Al2O3), it has been demonstrated that decomposition
occurs on the oxide surface but the details of the mechanism
remain unresolved. Recently the reaction on ZrO2 was shown to
involve the formation of OH• as an intermediate species [38]. For
decomposition on oxides within which redox transformations are
possible (iron oxides being the prime example) decomposition
has been shown to involve coupling with redox transformations
(e.g. FeII ↔ FeIII) within the oxide [39,40]. Decomposition then pro-
ceeds via reactions involving these two oxidation states and radical
species such as OH• and HO2

•.
At high pH, this appears to have been the case for H2O2 decom-

position on UIV
1–2xUV

2xO2+x. Surfaces with this composition have
been shown to support reversible redox reactions [41] and would,
therefore, be expected to support H2O2 decomposition catalyzed
by the oxidation/reduction of UIV/UV sites, a process which involves
the incorporation and release of OII interstitial species [12,32,41].
In the present study, the proximity of EOC to the equilibrium
potential for the anodic reaction, Fig. 1, and its closer approach
to this value at higher pH when the catalytic UIV

1–2xUV
2xO2+x sur-

face is exposed, suggests the cathodic reaction is rate determining

and the pH dependence is determined, at least partially, by the
increase in concentration of the HO2

− which is the electroactive
species.
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0 L. Wu,  D.W. Shoesmith / Elec

. Conclusions

The electrochemical oxidation and open circuit decomposition
f H2O2 have been studied as a function of pH (9.5 to 12.6) and
H2O2] (10−4 mol.L−1 to 10−2 mol.L−1).

At pH = 9.5 the anodic oxidation is slow and appears to be
locked by the presence of an insulating UVI surface layer. As the
H is increased to > 10.5 the anodic oxidation is accelerated but
ontrolled partially by transport through a thin but chemically dis-
olving UVI oxide/hydroxide surface layer.

At positive electrode potentials, ∼ 70% of the anodic current goes
o H2O2 oxidation and the remainder to UO2 dissolution as UO2

2+

n solution of relatively high [H2O2] (0.02 mol.L−1).
At open circuit the H2O2 decomposition reaction rate appears

o be controlled by the cathodic half reaction. At low pH (≤ 10.5)
t is blocked by the presence of UVI surface states, but at higher
H appears to proceed rapidly on a UIV

1–2xUV
2xO2+x surface. The

H dependence of the rate suggests that HO2
− is the electroactive

orm of peroxide.
The independence of EOC on a range of [H2O2] in alkaline solu-

ions could be attributed to the decomposition of H2O2.
This study of the competition between the two anodic reac-

ions (H2O2 oxidation and UO2 dissolution) suggests that the
2O2 decomposition could be the primary pathway for H2O2 con-

umption, instead of the H2O2-driven UO2 corrosion, depending
n the repository conditions (e.g., surface oxidation states, H2O2
oncentration, pH values etc.). The electrochemical studies and
onclusions from this paper are consistent with the results of the
ecent chemical experiments [7,21,42]. Since H2O2, produced radi-
lytically, is the primary oxidant available to drive fuel dissolution
nside a failed nuclear waste container, its consumption by decom-
osition will significantly suppress fuel corrosion rates.
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