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The electrochemical reduction of hydrogen peroxide has been studied in

sodium chloride solutions containing various anions (bicarbonate/carbonate,

sulphate) on Gd-UO2, Dy-UO2 and a SIMFUEL (UO2 doped to simulate spent

nuclear fuel). The reaction was observed to proceed via the chemical oxidation

of the surface to produce UV followed by its subsequent electrochemical

reduction. The reaction was faster on the SIMFUEL surface due to the

availability of the oxygen vacancies required to incorporate the OII ions

necessary to maintain charge balance. Bicarbonate/carbonate, but not

sulphate, was found to suppress peroxide reduction. This could be caused

either by peroxide decomposition in solution or by the catalysis of peroxide

reformation via the reaction of surface hydroxyl radicals with bicarbonate/

carbonate to form carbonate radicals which subsequently decompose by

reaction with water. The noble metal particles present in the SIMFUEL

appear to play only a minor role in the reduction process.
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1 Introduction

The prospects for the long-term containment of spent nuclear fuel in a deep

geologic repository are very good (Kwong, 2011; Hall and Keech, 2017; Hall et al.,

2021). However, it is judicious to assume some containers may fail before radiation

fields have decayed to innocuous levels. It is also reasonable to assume that container

failure leading to contact of the fuel with groundwater will not occur until β/γ radiation
fields are negligible (a few hundred years) and only α-radiation fields remain

significant (Badley and Shoesmith, 2022). Hence, a clear understanding of the

influence of H2O2, the key oxidant produced by the α-radiolysis of H2O, on fuel

corrosion and radionuclide release is important to elucidate the full mechanism of UO2

corrosion. The influence of H2O2 on UO2 corrosion has been extensively studied and

reviewed, with H2O2 shown to both cause corrosion and undergo decomposition

(Sunder et al., 2004; Nilsson and Jonsson, 2011; Eriksen et al., 2012; Lousada et al.,

2013; Wu and Shoesmith, 2014; Liu et al., 2018; Zhu et al., 2020). This means it will be
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both anodically oxidized and cathodically reduced on the UO2

surface with its cathodic reduction being the key reaction

supporting both dissolution and decomposition by

disproportionation.

The kinetics of reduction processes on UO2 surfaces have

been shown to be dependent on the chemical state of the

surface, with electrochemical and X-ray photoelectron

spectroscopy (XPS) studies demonstrating that reduction is

blocked when an insulating UVI oxide layer is present but

proceeds rapidly on UIV/UV surfaces (Goldik et al., 2004;

Goldik et al., 2005). Goldik et al. (2004), Goldik et al. (2005),

Goldik et al. (2006a). Goldik et al. (2006b) interpreted the

kinetics for O2 reduction using the mechanism proposed by

Trunov and Presnov (1975a), Trunov and Presnov (1975b)

on transition metal oxides and adopted by Hocking et al.

(1991); Hocking et al. (1994) to explain the kinetics of O2

reduction on UO2. According to this mechanism, electron

transfer to adsorbed O2 molecules occurs at donor-acceptor

relay (DAR) sites comprising UIV and UV in adjacent

locations. The cathodic reduction of O2 is slow on UO2

but accelerated by oxidation of the surface to U1–2x
IV U2x

V O2+x

which provides the DAR sites to catalyze the electron relay

process (Hocking et al., 1991; Hocking et al., 1994).

The kinetics of H2O2 reduction on UO2 are considerably faster

than those of O2, since H2O2 can chemically create, rather than rely

on existing, DAR sites, a process accompanied by the incorporation

of an oxygen interstitial (OI) into an oxygen vacancy (OV),

2UIV +H2O2 + OV → 2UV + OI +H2O (1)

These sites are subsequently electrochemically destroyed by

electron transfer with the OI released (Hocking et al., 1991;

Goldik et al., 2006b).

2UV + 2e− + OI + 2H+ → 2UIV + OV +H2O (2)

On SIMFUEL surfaces (UO2 doped with rare earths (REIII) and

containing noble metal (ε) particles (Pd, Ru, Rh,Mo)), the kinetics of

O2 reduction are catalyzed on the particle surfaces, leading to a

notable increase in the overall reduction rate. However,

electrochemical studies suggest only a minor influence of ε-
particles on H2O2 reduction (Goldik et al., 2006a), since the rate

on the DAR sites on the UO2 surface is already high. Goldik et al.

(2005) demonstrated that the kinetics of H2O2 reduction varied with

the [H2O2] and the degree of oxidation of the UO2 surface. The

formation of an insulating UVI surface species suppressed the

reduction by blocking DAR sites (Goldik et al., 2004).

The presence of REIII dopants in UO2 has been shown to

stabilize the UO2 matrix with charge balance maintained by

the creation of REIII-OV and UV sites (Razdan and Shoesmith,

2014; Liu et al., 2017a; Liu et al., 2017b). This study

investigates the influence of REIII doping on the kinetics of

H2O2 reduction using a combination of electrochemical

techniques and Raman spectroscopy.

2 Experimental

2.1 Materials

Thematerials used in this study were a 3 at% SIMFUEL (UO2

doped with Sr, Y, Ce, Nd, La, Zr, Ba, Pd, Ru, Rh, and Mo to

simulate in-reactor irradiation), 6.0 wt% Gd2O3 in UO2 (Gd-

UO2) and 12.9 wt%Dy2O3 in UO2 (Dy-UO2). The SIMFUEL and

Dy-UO2 were fabricated by Canadian Nuclear Laboratories

(Chalk River, Ontario, Canada) and the Gd-UO2 supplied by

Cameco (Port Hope, Ontario, Canada). Rotating disc electrodes,

approximately 2–3 mm thick and 12 mm in diameter, were cut

from pellets and fabricated into electrodes using our previously

described procedures (Santos et al., 2004). The resistivity values

of the materials were: Gd-UO2 (50Ω cm), Dy-UO2 (55Ω cm)

and SIMFUEL (82Ω cm).

2.2 Electrochemical cell and procedures

A three compartment electrochemical cell was used in all

experiments. A saturated calomel electrode (SCE) was used as the

reference electrode, with a Pt mesh counter electrode spot welded

to a Pt wire. The cell was placed inside a Faraday cage to prevent

interference from external noise. Prior to each experiment,

electrodes were wet-polished with 1200 SiC paper, rinsed with

Type I H2O and cathodically cleaned at a potential (E) of −1.2 V

(vs. SCE) for 2 min to reduce any air-formed oxide film.

A Solartron model 1287 potentiostat was used to apply

potentials and record current responses. A potential scan rate

of 10 mV s−1 was used in cyclic voltametric (CV) experiments

with the current interrupt procedure adopted to compensate for

electrode resistance (Britz and Brocke, 1975). Corrware (Scribner

Associates) software was used to control instrumentation and

analyze data. The rotation rate of the working electrode (WE)

was controlled using an analytical model ASR rotator from Pine

Instruments.

2.3 Solutions

All solutions were prepared with Type I H2O with a

resistivity of 18.2 MΩ cm, purified using a Millipore Milli-Q

ion exchange column. Experiments were conducted at room

temperature in solutions sparged with Ar [ultra high purity

(Praxair)] for at least 30 min prior to each experiment, with

sparging continued throughout each experiment. Experiments

were performed in a 0.1 mol.L−1 NaCl solution, with the final

pH adjusted to 9.7 using NaOH solution. When required,

Na2CO3, Na2SO4 and H2O2 were added at the desired

concentrations. All chemicals were reagent grade and

purchased from Fisher Scientific.
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2.4 Analytical procedures

X-ray photoelectron spectroscopy (XPS) was performed

using a Kratos Axis NOVA spectrometer with a

monochromatic Al Kα X-ray source (1486.6 eV). The

instrument work function was calibrated to give a binding

energy of 83.96 eV for the 4f7/2 line for metallic Au, and the

spectrometer dispersion was adjusted to give a binding energy

(BE) of 932.62 eV for the 2p3/2 line of metallic Cu. Survey scans

were recorded over the energy range 0–1100 eV on an analysis

area of 300 × 700 μm2 with a pass energy of 160 eV. High

resolution spectra were recorded at a pass energy of 20 eV

with a step size of 0.05 eV. The C 1s peak at 285.0 eV was

used as a standard, when required, to correct for surface charging.

Spectra were analyzed using CasaXPS software (version 2.3.14).

The fractions of UIV/UV/UVI in the electrode surfaces were

obtained by deconvolution of the high resolution XPS spectra

using curve fitting procedures and BEs described elsewhere (Ilton

et al., 2007; Schindler et al., 2009; Razdan et al., 2012).

Surface characterization of the electrodes using scanning

electron microscopy, energy dispersive X-ray spectroscopy,

X-ray diffraction and Raman spectroscopy have been

published previously (He et al., 2007; He et al., 2012; Razdan

et al., 2014; Razdan and Shoesmith, 2014). These analyses

demonstrate that the REIII dopants were uniformly distributed

in the UO2 matrix, not present as separate phases, with the noble

metal (ε) particles predominantly, but not exclusively, located on

grain boundaries (Zhu et al., 2019).

3 Results

Figure 1 shows the fractions of UIV/UV/UVI, obtained from

XPS analyses, in the surfaces of the three electrodes. As expected,

the UV content increases with the extent of REIII doping from the

lightly doped SIMFUEL to the heavily doped Dy-UO2. The small

fractions of UVI present on all surfaces can be attributed to the

presence of a thin air-formed layer since the electrodes were not

subjected to cathodic reduction prior to recording the spectra.

While XPS gives an indication of surface composition, Raman

FIGURE 1
The fraction of U oxidation states on the surface of SIMFUEL,
Gd-UO2 and Dy-UO2 after polishing and sonication.

FIGURE 2
The area ratio of the Raman peaks recorded at 445 cm−1 and
540 cm−1 for the three materials (Nicol and Needes, 1973; Ofori,
2008).

FIGURE 3
The current density (j) as a function of applied potential (E)
recorded in a CV on Dy-UO2 in a 0.1 mol.L−1 NaCl solution
containing 0.02 mol.L−1 of H2O2, and 0.05 mol.L−1 of NaHCO3

(pH = 9.7), electrode rotation rate (ω) = 8.33 Hz, and scan
rate = 10 mV s−1. The red arrows indicate the scan direction; the
dashed lines and horizontal arrow show the region −0.6 V
to −0.9 V, within which oxide films are reduced.
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spectroscopy is a better indicator of the properties of the oxide

matrix. Figure 2 shows the area ratio between the T2g Raman

peak (445 cm−1) and the peak at 540 cm−1 calculated from the

Raman spectroscopy measurements of Razdan and Shoesmith

(2014). Since the T2g peak is attributed to the fundamental U-O

stretch, it is characteristic of the undisturbed UO2 fluorite lattice,

while the peak at 540 cm−1 is a measure of the REIII-OV clustering,

a process which would be expected to limit the availability of the

OV required for reaction 1 (He and Shoesmith, 2010).

Figure 3 shows a CV recorded on the Dy-UO2 electrode over

the potential range from –1.2 V to 0.4 V (vs. SCE) in a NaCl

solution containing both H2O2 and HCO3
−/CO3

2−. On the

positive-going scan, a minor oxidation process is observed for

E ≥ 0.1 V (vs. SCE), leading to a slight enhancement of the

cathodic current on the negative-going scan in the E range from

0 V to −0.5 V (vs. SCE). In the absence of H2O2, a voltametric

scan over the same potential range yielded a similar minor

oxidation on the positive-going scan, leading to a shallow

reduction peak between −0.6 V and −0.9 V (the potential

range indicated by the horizontal arrow in Figure 3). Similar

differences (not shown) were observed between the positive- and

negative-going scans on the Gd-UO2 and SIMFUEL electrodes,

with the currents on both the positive- and negative-going scans

being significantly higher for the SIMFUEL, as shown for E =

–0.4 V (vs. SCE) in Figure 4. Since the SIMFUEL contains ε-
particles, there is a possibility they could act as catalytic locations

for H2O2 reduction. However, a previous study on a series of

SIMFUELs suggested that, while this was the case, the effect was

small (Goldik et al., 2006a).

Slightly enhanced currents on the negative-going scan

recorded in H2O2-containing solutions have tentatively been

assigned to the reduction of anodically-formed

peroxycarbonate species (UVO2(HCO3) (H2O2)), which appear

to catalyze H2O2 reduction (Goldik et al., 2006b), and possibly

FIGURE 4
Cathodic currents recorded at −0.4 V in CVs performed on
the three electrodes on the positive (forward)- and negative
(reverse)-going scans.

FIGURE 5
CVs recorded on the Gd-UO2 electrode from −1.2 V to
different positive potential limits in a solution containing
0.1 mol.L−1 of NaCl, 0.05 mol.L−1 NaHCO3 and 0.02 mol.L−1 of
H2O2 (pH= 9.7), electrode rotation rate = 8.33 Hz. The curves
are offset by 5 mA cm−2 for clarity with the zero current point
indicated for the scan to 0 V.

FIGURE 6
Levich plots of the current densities measured at −1.1 V for
the three different UO2 electrodes in a 0.1 mol.L−1 NaCl solution
containing 0.02 mol.L−1 of H2O2 and 0.05 mol.L−1 of NaHCO3

(pH = 9.7). The theoretical curve was calculated for this
[H2O2] using the Levich equation Santos et al., 2006.
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also to the reduction of UVI peroxycarbonate species

(UVIO2(O2)x(CO3)y2−2x−2y) which would be expected at the

[H2O2] and [CO3]tot ([CO3]tot = [HCO3
−] + [CO3

2−]) involved

in this study (Zhu et al., 2019). On occasion, currents on the

negative-going scan were lower than those recorded on the

positive-going scan, a feature attributable to the need to

reduce anodically formed insulating UVI layers (UVIO3.2H2O/

UO2CO3/U
VIO4.4H2O) (Zhu et al., 2019) in the potential region

indicated by the horizontal arrow in Figure 3. Figure 5 shows CVs

recorded on the Gd-UO2 electrode in voltametric scans from E =

–1.2 V (vs. SCE) to various more positive potential limits,

showing that these anodic complications can be minimized if

this limit is restricted to < 0 V (vs. SCE). Similar results (not

shown) were observed on the other two materials.

Figure 6 shows H2O2 reduction current densities, obtained

from CVs, recorded as a function of electrode rotation rate (ω) at
E = −1.1V, a potential in the apparently transport-controlled

region (E ≤ −1.0 V (vs. SCE), Figure 5). Also shown is the

diffusion-limited current calculated using the Levich equation

(Santos et al., 2006) with a diffusion coefficient (D) for H2O2 =

1.32 × 10−5 cm2 s−1 Trunov and Presnov (1975a) and a kinematic

viscosity for the electrolyte of 1.013 × 10−2 cm2 s−1 (Lide, 2005).

While the currents are all linearly dependent on ω1/2, as expected

according to the Levich relationship, they are lower than the

calculated diffusion-limited current, demonstrating that total

diffusion control was unattainable on all three materials. Also

noteworthy are the relative values of the currents, which decrease

with the level of REIII-doping (SIMFUEL > Gd-UO2 > Dy-UO2).

Currents for H2O2 reduction were measured as a function of

potential and electrode rotation rate (ω). Using the Koutecky-

Levich approach (Bard and Faulkner, 2000) and assuming a

reaction order of 1 (the efficacy of choosing such a value is

discussed in reference 13), currents were corrected for the

influence of transport and the change in pH due to

OH−production at the electrode surface to yield the kinetic

currents plotted in the Tafel format in Figure 7. Two distinct

regions of linear behaviour were observed, suggesting a change in

the rate-determining reaction from the electrochemical

reduction of the UV intermediate in region 1 (Figure 7)

(reaction 2) to the chemical formation of UV in potential

region 2 (Figure 7) (reaction 1). In region 1 the currents

observed for Dy-UO2 and Gd-UO2 are effectively the same,

while the currents for the SIMFUEL are significantly higher.

The order of reactivity of the electrodes in region 1 (SIMFUEL >
Gd-UO2 ~ Dy-UO2) is the same as observed for their

susceptibility to anodic dissolution at more positive potentials

(Liu et al., 2017a). The similar Tafel slopes indicate that the

mechanism of reduction is the same on all three materials. The

transition between regions 1 and 2 was observed for all three

materials and occurred over the potential range within which

surface oxides become unstable and electrochemically reduced

(as indicated by the horizontal arrow in Figure 3).

Reaction orders in region 1 (Figure 7), measured over the

range 0.01 ≤ [H2O2] ≤ 0.2 mol/L−1 in the absence of HCO3
−/

CO3
2− to avoid the complications discussed below, yielded values

in the range 0.43–0.7 for the three materials. Attempts tomeasure

reaction orders in region 2 were complicated by erratic currents

attributable to the use of the current interrupt procedure, but

yielded values in the range 1–1.5.

Figure 8 shows kinetic currents recorded for all three

electrodes for two [CO3]tot (three for Dy-UO2) showing that

an increase in [CO3]tot caused both a decrease in current and an

increase in Tafel slope (as indicated in the figures) for all three

materials. For Gd-UO2 and Dy-UO2, the Tafel slopes were

effectively the same and increased slightly as [CO3]tot was

increased. For both electrodes, but especially the Dy-UO2, the

influence of [CO3]tot is minor at less negative potentials and

increases as the potential is made more negative, indicating that

when the electrochemical reaction 2 is slow compared to the

chemical reaction 1, HCO3
−/CO3

2− exerts only a minor influence

on the overall reaction kinetics. For the SIMFUEL, the Tafel

slopes were significantly higher, especially at the lower

concentration. The transition from potential region 1

(E ≥ −0.9 V) to potential region 2 (E ≤ −0.9 V) was clear for

the SIMFUEL and Dy-UO2 electrodes but only poorly defined for

the Gd-UO2 electrode. The inclusion of data for a third higher

[CO3]tot on Dy-UO2 confirmed that the influence of HCO3
−/

CO3
2− was most marked in region 2.

Experiments in solutions containing SO4
2− (not shown)

rather than HCO3
−/CO3

2− showed no significant effect of this

anion on H2O2 reduction currents, confirming that the

suppression of the H2O2 reduction current was specific to

HCO3
−/CO3

2−. This absence of an influence is not surprising

since, unlike HCO3
−/CO3

2−, SO4
2− is not a strong complexant for

FIGURE 7
Plots of the kinetic current (jk) recorded on all three UO2

electrodes in a 0.1 mol.L−1 NaCl solution containing 0.02 mol.L−1

of H2O2 and 0.05 mol.L−1 of NaHCO3 (pH = 9.7).

Frontiers in Materials frontiersin.org05

Zhu et al. 10.3389/fmats.2022.1038310

https://www.frontiersin.org/journals/materials
https://www.frontiersin.org
https://doi.org/10.3389/fmats.2022.1038310


soluble U species (Grenthe et al., 1992) and its influence on the

electrochemistry of UO2 has been shown to be limited to acidic

solutions (Nicol and Needes, 1973; Ofori, 2008).

4 Discussion

Previously, we adopted the kinetic analysis developed for

the reduction of H2O2 on Cu (Vazquez et al., 1994; Ceré et al.,

1999) to interpret the kinetics of its reduction on UO2 (Goldik

et al., 2006a). According to this analysis, the transition from a

potential-dependent current at low cathodic overpotentials to

a chemically-controlled current at high overpotentials can be

attributed to the reaction scheme (1) and (2), involving

chemical oxidation of the UO2 surface to produce a UV

intermediate, followed by its electrochemical reduction. The

formation of UV is known to proceed via the initial formation

of surface OHC radicals (Barreiro Fidalgo et al., 2018; Maier

et al., 2020),

H2O2 → 2(OH·)ads (3)
UIV + (OH·)ads → UV + OH− (4)

The formation of a UV surface state is also the first step in the

anodic oxidation/dissolution of UO2, a reaction also involving

the incorporation of OII into interstitial oxygen vacancy (OV)

sites in the UO2 matrix to produce a thin U1–2x
IV U2x

V O2+x surface

layer (Goldik et al., 2004).

The involvement of OVs can also explain the order of H2O2

reduction currents as demonstrated by Raman spectroscopy,

Figure 2. Using the peak ratio as a measure of OV content, it

is clear that their availability, and hence ability to support

reaction 1, is in the order observed for H2O2 reduction currents,

SIMFUEL>Gd − UO2 ~ Dy − UO2

The similarity in reduction currents for Gd-UO2 and Dy-

UO2, despite the major differences in doping level, suggest that

there may be a limit to the impact of REIII doping on the kinetics

of H2O2 reduction. An identical similarity was observed in their

resistance to anodic dissolution (Liu et al., 2017b). The ability of

UO2 to function catalytically in this manner is similar to the well-

recognized behaviour of CeO2, which also possesses a fluorite

lattice containing OV and can be readily oxidized and reduced

between CeIII and CeIV. Both oxides possess the ability to

incorporate and release O as indicated in reactions 1 and 2.

FIGURE 8
Plots of kinetic currents (jk) as a function of potential recorded on all three electrodes in a 0.1 mol.L−1 NaCl solution containing 0.02 mol.L−1 of
H2O2 (pH = 9.7) and two different [CO3]tot (three for Dy-UO2). The Tafel slopes indicated on the plots were calculated over the potential region
from −0.3 V to −0.9 V.
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According to our previous studies (Goldik et al., 2005; Goldik

et al., 2006a; Goldik et al., 2006b), the kinetic balance between

reactions 1 and 2 determines both the Tafel slope and the

reaction order with respect to H2O2, both of which are

defined by the rate constants for these reactions (Vazquez

et al., 1994; Ceré et al., 1999). The Tafel slope for reaction 2 is

given by

d log(−jk)
dE

� −αcF
2.303RT

( X
1 − X

) (5)

and the reaction order (m) by

m � 1
1 +X

(6)
with

X � kc[H2O2]
ke

(7)

and kc and ke are the rate constants for reactions 1 and 2,

respectively.

Based on these relationships, the large Tafel slopes and

fractional reaction orders can be explained in terms of the

relative rates of these two reactions. If the rate of reaction 1,

the formation of the intermediate UV state, was slow (kc
[H2O2] << ke), the overall reaction would be chemically

controlled: X would become small, the reaction order (m)

approach 1, and the Tafel slope become very large. If the rate

of reaction 2, the electrochemical reduction of the UV

intermediate, was slow (kc[H2O2] >> ke), the overall reaction

would be electrochemically controlled and X would tend to∞, m

to 0, and the Tafel slope would approach the value of 120 mV/

decade, as expected for a one-electron-transfer-controlled

process.

The plots in Figure 7 are consistent with such an analysis.

In region 1, the large Tafel slopes and fractional reaction

orders are consistent with an overall reaction under mixed

chemical/electrochemical control. All three materials exhibit

similar values, with the only significant difference being the

higher currents measured on the SIMFUEL, attributed

(above) to the higher availability of OV. In region 2, the

switch to an almost potential-independent current and a

reaction order in the region of 1 confirms that the overall

reaction becomes chemically controlled at large negative

potentials, when the electrochemical reaction would be

rapid. The order of the current values changes, with that

for the heavily doped Dy-UO2 being less than the

approximately equal values observed for Gd-UO2 and

SIMFUEL.

The absence of any influence of SO4
2–, but a clear

influence of HCO3
−/CO3

2−, on the H2O2 reduction current

indicates a direct involvement of the latter anion in the

surface reduction process. A possibility is that the

suppressed current on all three materials can be explained

by the well documented ability of HCO3
−/CO3

2− to form

peroxycarbonates which catalyze H2O2 decomposition in

slightly alkaline solutions (Richardson et al., 2000)

HCO−
3 +H2O2 → HCO−

4 +H2O (8)
HCO−

4 +HO−
2 → HCO−

3 + O2 + OH− (9)

HCO4
− has been shown to be a kinetically more rapid oxidant

than H2O2 for various species (Richardson et al., 2000; Regino

and Richardson, 2007), and could be so for UO2, providing only

minor consumption by decomposition on the time scale of our

experiments. This would lead to an increase in the rate of reaction

1 and the overall reaction, a possible extension of region 1 to

more negative potentials, and a decrease in the Tafel slope. The

observation that Tafel slopes increase when the [CO3]tot is

increased does not support this argument.

SinceHCO3
−/CO3

2– is a strong complexant for oxidized states of

U, both as surface species(UV/UVI) (Keech et al., 2011) and as soluble

species (UVIO2(CO3)x
(2−2x)+) (Mühr-Ebert et al., 2019; Grenthe and

Gaona, 2020), it would be expected to accelerate the formation of UV

via reaction 1 and to stabilize it against subsequent electrochemical

reduction by reaction 2. Such a process could lead to a suppression of

the overall current, as observed, but not to an increased Tafel slope

indicative of a slower chemical reaction relative to the rate of the

electrochemical reaction.

Since the reaction of H2O2 proceeds through radical surface

intermediates (reactions 3 and 4) and HCO3
−/CO3

2− has been

shown to form radical species via reaction with radiolytically-

produced COH (Haygarth et al., 2010),

·OH + CO2−
3 → ·CO−

3 + OH− (10)
·OH +HCO−

3 → ·CO−
3 +H2O (11)

it is likely that such carbonate radicals are formed on the UO2

surface and recombine to reform H2O2,

2·CO−
3 + 2H2O → 2CO2 + 2H2O2 + 2OH− (12)

with CO2 rapidly hydrolyzing to HCO3
− at the pH employed in

our study. Alternative pathways for this radical decay process

have been demonstrated in radiolytic studies (Richardson et al.,

2000; Barreiro Fidalgo et al., 2018; Maier et al., 2020). While

speculative, some support for such a reformation of H2O2 is

provided in studies of the electrochemical reduction of O2 on

UO2 (Nicol and Needes, 1973; Ofori, 2008), a reaction which can

proceed via the formation of H2O2 as an intermediate:

O2 + 2H2O + 2e− → (H2O2)ads + 2OH− (13)
(H2O2)ads + 2e− → 2OH− (14)

In the absence of HCO3
−/CO3

2−, this reaction proceeds

efficiently with the release to solution of only minimal

amounts of H2O2. In the presence of HCO3
−/CO3

2−

measurable amounts of H2O2 are released to solution,

consistent with its partial stabilization in the presence of these

anions.
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The influence of [CO3]tot on H2O2 reduction on the SIMFUEL

is somewhat different from that observed on the other twomaterials,

especially at low negative potentials in region 1. According to the

reaction scheme proposed, this would suggest a very marked

influence of HCO3
−/CO3

2− in reducing the rate of reaction

2 relative to reaction 1 by stabilizing the chemically formed UV

state. However, an increased Tafel slope, as observed (Figure 7),

suggests the opposite. Previous studies on a series of SIMFUELs

(Santos et al., 2006) indicate a small influence of ε-particles on H2O2

reduction currents at less negative potentials (lower cathodic

overpotentials). Thus, a possibility for the enhanced influence of

HCO3
−/CO3

2− in this potential range is that the formation of COH

leading to CCO3
− formation is accelerated on these particles. This

could then either lead to reformation of H2O2 (reaction 12) or to its

decomposition (reactions 8 and 9). As chemical processes, these

reactions would not generate electrochemical current but would

reduce the fraction of H2O2 undergoing current-generating

electrochemical reduction. The decomposition of H2O2 on noble

metals is well characterized (McKee, 1969; Serra-Maia et al., 2018).

Presently this suite of reactions cannot be separated, leaving

it possible that the overall process is a complex mix of them all.

5 Summary

The kinetics of H2O2 reduction have been studied on REIII-

doped UO2 specimens and a SIMFUEL, more lightly REIII-doped

but also containing noble metal particles. Reduction was shown

to proceed via the chemical formation followed by

electrochemical reduction of UV sites in the UO2 surface, with

the rate dependent on the availability of OV in the UO2 matrix.

This availability was significantly greater for the SIMFUEL,

leading to more rapid H2O2 reduction. Also, on the

SIMFUEL, the reduction may be slightly enhanced on the

noble metal particles.

In the presence of HCO3
−/CO3

2−, the process is complicated,

possibly by the anions ability to cause H2O2 decomposition and

to react with COH radicals, formed by H2O2 on the surface to

yieldCCO3
−. These radicals appear to catalyze the reformation of

H2O2 thereby reducing the extent of its electrochemical

reduction.
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