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Abstract 

The safety assessment of spent nuclear fuel under permanent disposal conditions requires 

examination of the corrosion of the spent fuel waste form (UO2) inside a failed waste container. 

The objective of this research project was to develop a detailed mechanism of the UO2 corrosion 

process when exposed to groundwater. The redox conditions within a failed container in a deep 

geologic repository will be complex. The oxidant, H2O2, produced by the α-radiolysis of 

groundwater, will be the main driving force for fuel corrosion. However, the efficiency of fuel 

dissolution will be determined by the competition between UO2 corrosion and H2O2 

decomposition to the much less reactive O2. As a consequence, the corrosion of the UO2 will be 

determined by the relative importance of 3 reactions, the anodic oxidation of UO2 and H2O2 both 

of which will be coupled to the cathodic reduction of H2O2 under corrosion conditions.  

The relative importance of the two anodic reactions was studied electrochemically on 

SIMFUEL (simulated spent fuel) in HCO3
-/CO3

2- solutions. It was found that both reactions were 

suppressed by the formation of UVI surface films at low HCO3
-/CO3

2- concentrations. When the 

formation of these films was prevented at higher HCO3
-/CO3

2- concentrations both reactions 

occurred readily on the sublayer of UIV
1-2xU

V
2xO2+x. At high potentials H2O2 was directly 

oxidized on the noble metal (ε) particles in the SIMFUEL which were rendered catalytic by 

preoxidation (e.g., Pd to PdII).  

The reduction of H2O2 has been studied on a range of UO2 electrodes such as RE(III)-

doped and non-stoichiometric (UO2+x) electrodes and SIMFUEL. It was found that reduction on 

a UO2 surface proceeded through a two-step reaction sequence, the chemical oxidation of UIV to 

UV followed by the electrochemical reduction of the surface back to UIV. The rate of H2O2 

reduction decreased in the order UO2.002 ~ UO2.5 ~ SIMFUEL > Gd-UO2 ~ Dy-UO2 > UO2.1. The 
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low reduction rate on RE(III)-doped electrodes was attributed to the stabilized UO2 matrix by the 

formation of RE(III)-OV clusters. The reduction rate may be catalyzed by ɛ-particles in 

SIMFUEL electrodes. 

The coupling of these anodic and cathodic reactions was also studied under corrosion 

conditions. H2O2 was found to decompose to O2 and H2O both homogeneously and 

heterogeneously accompanied by a minimal amount of UO2 corrosion. Homogeneous 

decomposition proceeded via a peroxycarbonate (CO4
2-) intermediate while heterogeneous 

decomposition was catalyzed by the reversible UIV ⇌ UV redox transformation in a thin 

U1−2x
IV U2x

V O2+x surface layer. The rate of the heterogeneous decomposition reaction depended on 

whether UVI surface species were allowed to accumulate on the surface blocking access of H2O2 

to the catalytic surface layer. 

A series of computational analyses were performed using a model previously developed 

to describe fuel corrosion inside a failed container. The influences on fuel corrosion of fuel 

defect geometry, ɛ-particle distribution and H2O2 decomposition on UO2 corrosion rate were 

investigated. The defect geometries, in the form of pores and fractures, was found to exert only a 

minor influence on the rate of fuel corrosion rate. Similarly, changes in the number of ε-particles 

exerted only a minimal effect. Decomposition of H2O2 caused a significant decrease in fuel 

corrosion rate since the slowly reacting O2 was dominantly lost by transport out of the defects.  
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Chapter 1 

1 Introduction 

1.1 Project Motivation  

Nuclear energy represents the world’s largest energy source for electricity with minor 

emissions and has a very low environmental impact. Despite these advantages, the issue of spent 

fuel disposal is very complex, and has been the focus of much international research for decades. 

The primary high level waste form generated by nuclear energy is the spent fuel. As of June 30, 

2016, Canada had ~2.7 million used fuel bundles, sufficient to fill seven hockey rinks, from the 

ice surface to the top of the boards.[1] Due to the possibility of the release to the environment of 

long-lived radionuclides, the disposal of nuclear fuel must be carefully managed, and many 

countries are considering deep geological repositories (DGR) for permanent disposal.  

Canada's long-term plan for used nuclear fuel is the Adaptive Phased Management (APM) 

process developed by the Nuclear Waste Management Organization (NWMO) in 2005 and 

approved by the Government of Canada in 2007.[2] This approach involves interim storage until 

final disposal in the DGR. Safe disposal in a DGR is based on a multi-barrier approach 

comprised of the used fuel bundles, a carbon steel vessel with a layer of copper, a clay buffer, 

and a deep stable geological environment, as illustrated in Figure 1.1. 

While the prospects for the development of long-lived nuclear waste containers are very 

promising, it is judicious to assess the consequences of their failure which could result in 
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exposure of the spent fuel to ground water and potentially to oxidizing conditions at the fuel 

surface. This would lead to corrosion of the fuel.[3] The development of performance assessment 

models for deep geological disposal requires a fundamental understanding of the process of fuel 

corrosion which could lead to the release of harmful radionuclides to the geosphere from a failed 

container.[4]  

Figure 1.1: Illustration of the deep geological repository concept showing the fuel bundle, 

metallic canister, emplacement room, and the tunnel layout.[2] 
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1.2 Project Overview 

As the majority of radionuclides produced during in-reactor irradiation are located in the 

fuel matrix, their release rate to the environment will be controlled by the UO2 corrosion rate. 

The solubility of UO2 is extremely limited under reducing conditions (~10-15 mol.L-1),[5, 6] but 

increases by orders of magnitude under oxidizing conditions, making the dissolution rate of spent 

fuel very sensitive to redox conditions, Figure 1.2.  

At repository depths (~500 m underground), the concentration of oxidants is expected to be 

extremely low. Any O2 introduced during the repository construction and trapped on sealing will 

be consumed by corrosion of the Cu container and mineral/biological reactions in the 

surrounding clays.[7, 8] However, the radiation fields associated with the decay of fission 

products and actinides will remain significant for up to 105 years making water radiolysis a 

primary source of oxidants,[9-11] Figure 1.3. While the groundwater will be anoxic when first 

Figure 1.2: Solubility of uranium dioxide (UO2) and schoepite (UO3∙2H2O) as a function 

of pH at 25°. UT indicates the total uranium in the solution.[5] 
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contacting the fuel, the radiolysis of water can produce a number of reactive species with the 

dominant molecular products being H2O2, H2, and O2.[11, 12] H2O2 has been shown to be the 

primary radiolytic oxidant capable of driving fuel corrosion leading to the formation of the 

soluble UVI state (as UO2
2+).[4] The rate of production of radiolytic species is determined by the 

dose rate of the spent fuel. As the radiation fields decay, conditions will become less oxidizing, 

and the corrosion rate will correspondingly decrease. The corrosion rate will be influenced by the 

formation of corrosion product deposits, which can partially block the fuel corrosion process. 

However, groundwater ions, in particular HCO3
-/CO3

2-, can form uranyl complexes, which 

increase the solubility and prevent corrosion products deposition thereby accelerating the 

corrosion process.  

Figure 1.3: Alpha, beta, and gamma radiation dose rates calculated with respect to time 

for a layer of water in contact with a CANDU fuel bundle with a burn up of 220 

MWh/kgU. The details of alpha, beta and gamma radiation dose rate calculations was 

described in reference [11]. 

MWh/kgU.9 
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1.3 Basic Properties of UO2   

1.3.1 Structural Properties 

Crystalline UO2 adopts the fluorite lattice structure which can be described as a simple 

cubic O2- sublattice within a face centered cubic (fcc) lattice of U4+ ions, Figure 1.4.[14, 15] Each 

U atom is coordinated by eight neighboring O atoms, while the O atoms are surrounded by four 

U atoms. The unit cell parameter is a = 5.470 Å, with ionic radii of r
U4+ = 0.97Å and r

O2– = 1.40 

Å.[16, 17] The oxidation of UO2 involves the injection of O2- ions with the appropriate number 

of U4+ ions being oxidized to higher oxidation states (UV/UVI) in order to maintain charge 

neutrality.[14] An important feature of the fluorite lattice structure is the large and 

cubically coordinated interstitial sites which can accommodate additional O atoms up to a 

composition near UO2.33, with only a small distortion of the lattice structure. 

Figure 1.4: Fluorite crystal lattice structure of UO2. (●) U atoms; (○) O atoms; (□) 

empty lattice interstitial sites. 
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X-ray photoelectron spectroscopy and neutron diffraction studies have shown that, from 

UO2.13 to UO2.25, the incorporation of additional O atoms leads to a significant structural 

rearrangement. The displacement of interstitial oxygen atoms in the <110> direction leads to a 

movement of oxygen atoms from normal lattice sites in the <111> directions without affecting 

the U sublattice.[14, 18-22] The resulting defect structure is called a Willis cluster which 

contains two O’ atoms, two O vacancies and two O” atoms, and is referred to as a 2:2:2 cluster, 

Figure 1.5. UO2.33 has a tetragonally distorted fluorite structure and is the end of fluorite lattice 

structure range, with further oxidation causing a transformation to a more layered-like 

configuration with a significantly lower density.[18] In the composition range from U2O5 to 

Figure 1.5: Illustration of 2:2:2 cluster in UO2+x.[19] 
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U3O8, 12 distinct phases have been reported. All these intermediate uranium oxides are 

electrically conductive, whereas the end member, UO3, is an insulator.[23] 

1.3.2  Electrical Properties 

Electrochemical studies of UO2 require the solid semiconductor to conduct electric 

current. When slightly non-stoichiometric, UO2 is a p-type semiconductor, Figure 1.6, the rate-

determining step for oxidation being charge transfer to form the ionic species (UO2
2+), which can 

subsequently transfer to solution.[24] Thus, the solid-state conductivity is the major factor in 

determining the kinetics of dissolution.  

Stoichiometric UO2 is described as a Mott-Hubbard insulator,[25-27] which is 

characterized by a partially filled cationic shell with a sufficient energy bandwidth that the 

movement of electrons in the 5f level is restricted by Coulomb interactions.[28] Electronic 

Figure 1.6: Categorization of oxides according to their conductivity type and 

dissolution behavior.[23] 
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conductivity can only be activated when the normally localized electrons move to the next cation 

in a series of small thermally assisted jumps, a process known as small polaron hoping.[29-31] 

Figure 1.7 shows a schematic UO2 energy-level diagram derived from spectroscopic and 

electrochemical data.[10] The U 5f band contains two electrons per U atom for stoichiometric 

UO2 and is located between the filled valence band and the empty conduction band. The valence 

band is filled with electrons with mainly O 2p character, while the conduction band contains 

overlapping of U 7s, 6d and 5f states. For perfectly stoichiometric UO2, electronic conductivity 

requires the promotion of electrons from the U 5f level to the conduction band. The activation 

energy of ~1.1eV required makes this process unlikely to occur at room temperature.[29] UO2 

fuel is slightly oxidized during the fabrication procedure, with excess oxygen atoms present as 

O2- at interstitial sites, and an appropriate number of UIV oxidized to UV/UVI. This process 

creates holes in the narrow U 5f band, which migrate by a polaron hopping process with a low 

activation energy ~0.2 eV.[32-34] 

Replacing a small fraction of UIV ions in UO2 with lower-valent species, such as rare 

earth (REIII) elements, will lead to the formation of UV to maintain charge neutrality. This also 

creates holes in the narrow U 5f band despite the absence of interstitial O2- ions, leading to an 

increased conductivity.[35, 36] Used fuel contains significant amounts of fission products, and 

its conductivity should be enhanced compared to unirradiated fuel. 
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1.3.3  Thermodynamic Properties  

Figure 1.8 shows a potential (E)-pH diagram for the U-H2O system demonstrating the 

stable phases and solution soluble species.[37] For 6 ≤ pH ≤ 9, the anticipated range under 

disposal conditions, UO2 is stable and extremely insoluble at non-oxidizing potentials. as shown 

in Figure 1.2. At higher potentials dissolved UO2
2+ becomes the dominant species, and can be 

extensively hydrolyzed in aqueous solution yielding a range of species, (UO2)x(OH)y
2x-y. When 

complexing ions, such as carbonate and phosphate are present, uranyl complexes are formed 

Figure 1.7: Illustration of UO2 energy levels and band structure, derived from 

spectroscopic and electrochemical data.[9] 
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over a wide pH range. At low pH (<1), the unoxidized U4+ can be complexed by sulfate and 

fluoride ions leading to increased solubility.[38, 39] The overall impact of groundwater ions on 

UIV and UVI solubility is highly dependent on the nature of the complexing anion and the pH 

range. 

1.3.4  Electrochemical Properties 

Figure 1.9 shows a Cyclic Voltammogram (CV) recorded on a UO2 electrode in a slightly 

alkaline solution.[4] Various oxidation stages are indicated in the current response observed. On 

the forward scan, Figure 1.9, peak 1 arises in the potential range -0.8 to -0.4 V (vs. SCE). In this 

range, the bulk UO2 is thermodynamically stable and oxidation should not occur. It has been 

proposed that oxidation in this region can be attributed to the presence of non-stoichiometry in 

the UO2 surface, possibly within grain boundaries.[40] At low potential, the oxidation of UO2 

Figure 1.8: Potential-pH diagram for the U/H2O system at 25oC. The dissolved species 

concentration is 10-9 M.[37] 
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appears to be reversible, since 100% of the oxidation charge can be recovered when the potential 

scan is reversed for E ≤ -0.4 V.  

Peak II is attributed to the oxidation of the surface of the UO2 matrix and involves the 

corporation of O- ions into the UO2 matrix interstitial sites, to produce a UIV
(1-2x)U

V
2xO2+x layer, 

Figure 1.4. At E > -0.4 V, the oxidation of UO2 becomes irreversible, with a stoichiometry ≥ 

UO2.25 achieved around E = -0.1 V. Further oxidation causes tetragonal distortions leading to 

dissolution as uranyl ions (III).[41] On the reverse scan, peak IV is sometimes observed around 

Figure 1.9: Cyclic voltammogram recorded on a rotating UO2 disc electrode at a scan 

rate of 10 mV s-1 using IR compensation, rotation rate = 16.7 Hz, in an electrolyte solution 

of 0.1 mol L-1 NaClO4  (pH = 9.5). The Roman numbers represents the various stages of 

oxidation or reduction, and the two arrows indicate the scan direction.[4]  
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~0.1 V, which is associated with the reduction of absorbed surface species formed at anodic 

potentials. Peak V is attributed to the reduction of the oxidized surface layer formed on the 

forward scan. The significant cathodic current increase in the potential region VII is caused by 

the reduction of H2O.  

Based on a wide range of electrochemical and surface analytical experiments, the behavior 

of UO2 as a function of corrosion potential (ECORR) has been determined and is summarized in 

Figure 1.10.[42, 43] The potential ranges for the important electrochemical processes occurring 

on UO2, is shown in Figure 1.9. The anticipated potential range inside a failed container, 

calculated using a Mixed Potential Model,[44] is indicated by the arrow A. When E < -0.4 V (vs. 

SCE), UO2 exists in its stoichiometric form, and the chemical dissolution rate is extremely low 

due to the low UO2 solubility. The vertical dash line in Figure 1.10 indicates the thermodynamic 

threshold, above which UO2 oxidation becomes possible, and the UV content of the surface 

Figure 1.10: Composition and corrosion behavior of UO2 as a function of UO2 corrosion 

potential (ECORR), measured in neutral to slightly alkaline solutions.[42]  
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increases as measured by X-ray photoelectron spectroscopy and confirmed by previous 

studies.[4, 45]  

1.4 Spent Fuel 

CANDU fuel pellets are fabricated by sintering pressed compacts of fine-grained 

unenriched UO2 powder (235U = 0.71%) at ~ 1700ºC under a reducing atmosphere produced by a 

constant flow of H2 gas. A typical fuel bundle is shown in Figure 1.11.[46] During in-reactor 

irradiation the fuel undergoes a number of microstructural and compositional changes. The 

individual grains grow, and a wide range of fission products are produced distributed within the 

UO2 fuel matrix. Volatile fission products can diffuse to the tube/UO2 interface and into grain 

boundaries to form gas bubbles, as illustrated in Figure 1.12.[47-49]

 

Figure 1.11: Typical CANDU fuel bundle. (Image adapted from reference [46]) 
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Figure 1.12: (A) Scanning electron microscope images of UO2 fuel, (a) typical structure of 

unirradiated UO2; (b) irradiated at low power (< 45kW/m); (c) and (d) magnified view of 

irradiated high power fuel (> 50 kW/m), showing the growth of fission gas bubbles. (B) 

Optical images of polished and etched UO2 fuel, (a) unirradiated UO2 with sintering 

porosity; (b) irradiated UO2 at low burnup (20 MWh/kgU at 52 kW/m), noted the increase 

of UO2 grain size; (c) irradiated UO2 at high burnup (770 MWh/kgU at 52 kW/m), note the 

development of tunnels (T) and gas bubbles (B).[47-49] 

On removal of fuel from the reactor, the radioactivity level and the fuel composition are 

determined by the extent of burnup (a measure of the energy released per unit mass of the initial 

fuel, measured in gigawatt days/metric ton of heavy metal (GWd/tHM)).[49] Spent fuel 

contains > 95% UO2, the reminder being the radioactive fission products and actinides produced 

in reactor. More than 90% of the fission products and actinides formed remain close to the 

location of their formation in the UO2 matrix, while some are redistributed as a consequence of 

the high temperatures. The species formed can be categorized as follows based on their chemical 

a b 

c d 

a b 

c 
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states. Figure 1.13 summarizes the distribution of fission products and actinides in spent fuel 

after in-reactor irradiation.[50-52]  

 

(1) The gap inventory, such as C, I, Cs, comprising volatile fission products which migrate 

during reactor operation to the fuel/sheath gap due to their relatively high diffusion 

coefficients. 

(2) Fission products that are volatile which can migrate to grain boundaries in the fuel at high 

in-reactor temperatures, e.g., Xe, Kr.  

Figure 1.13: Illustration of spent fuel microstructure and the distribution of fission 

products and actinides after in-reactor irradiation. Image adapted from references 

[50] and [51]. 

(1) 

(2) 

(2) 

(3) 

(4) 
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(3) Fission products that are stable as oxides, but incompatible with UO2 matrix (Rb, Cs, Ba, 

Zn, Mo, Te, Sr, Nb), can segregate into secondary phases. They tend to have the general 

oxide composition of ABO3, and to adopt a cubic perovskite structure, with Ba, Sr and Cs 

in the A sites, Zn, Mo, U and rare earth elements in the B sites.  

(4) Fission products that are not stable as oxides (e.g., Mo, Ru, Pd) can segregate to grain 

boundaries and form intermetallic particles (Ɛ-particles). 

(5) Fission products that remain in the fuel matrix as substitutional ions such as actinides 

(Np, Pu, Am, Cm) and rare earths (La, Ce, Pr, Nd, Pm, Sm, Eu, Gd, Y). 

The radionuclides can also be grouped based on their anticipated release mechanism under 

disposal conditions. 

(1) The gap inventory (1 in Figure 1.13) would be expected to be soluble and released on 

contact with groundwater and is termed the instant release fraction. 

(2) The grain boundary inventory (2, in Figure 1.13) will depend on the chemical and 

physical properties of individual grain boundaries and could be retained for protracted 

period of exposure to groundwater. However, they are commonly assumed to be quickly 

released as part of the instant release fraction. 

(3) The release of radionuclides retained in fuel matrix would be controlled by the 

corrosion/dissolution of the fuel. 

On discharge from the reactor, the fuel is highly radioactive, but the activity level decreases 

very rapidly. For CANDU fuel, the overall radioactivity decreases to ~1% of the initial 

radioactivity in 10 years.[49] The β/γ radiation will decay to an insignificant level within a few 

hundred years. Beyond this period the radioactivity would be dominated by α-radiation, 

Fig.1.4.[11] If it is assumed that the container will protect the spent fuel from contact with 
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groundwater over the time when β/γ irradiation are still significant, α-radiation would be the key 

source of radiolytic oxidants inside a failed waste container.  

1.5 UO2 Surface Reactions 

1.5.1  Kinetics of H2O2 Reactions  

If container failure occurred while γ/β radiation fields were significant, Figure 1.3, fuel 

corrosion would be driven by both radical and molecular oxidants.[4] However, while radical 

oxidants (e.g., OH•) are highly reactive,[53] their steady-state concentrations will be low and fuel 

corrosion will be predominantly driven by molecular oxidants, such as O2 and H2O2 which will 

be present at substantially larger concentration.[53, 54] If container failure is delayed until only 

α-radiolysis is the significant source of oxidants then H2O2 will be the dominant oxidant. The 

coupling of H2O2 reduction and UO2 oxidation serves as the main driving force for corrosion. 

 H2O2 + 2e- → 2OH-  1.1 

 

 UO2 → UO2
2+ + 2e-  1.2 

 

Besides reaction 1.1, H2O2 can also undergo reduction, reaction 1.3, and the coupling 

between reaction 1.1 and 1.3 results in H2O2 decomposition to produce H2O and the alternative 

oxidant, O2, reaction 1.4. 
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 H2O2 → O2 + 2H+ + 2e-  1.3 

 

 2H2O2 → O2 + H2O  1.4 

 

The electrochemical reduction of H2O2 has been found to be markedly faster (200 times) than 

that of O2, and has been extensively studied on UO2.[4, 55, 56] This higher rate was attributed to 

the ability of H2O2 to create UIV-UV donor-acceptor states, Figure 1.14, rather than rely on their 

pre-existence as was the case for the electrochemical reduction of O2[4, 57] 

Under cathodic polarization, H2O2 reduction involves chemical oxidation of the UO2 

surface i.e., the creation of UIV-UV sites[58] 

 2UIV + H2O2 → 2UV + 2OH- 1.5 

followed by their subsequent electrochemical reduction, 

Figure 1.14: Illustration showing the electrochemical reduction of H2O2. 
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 2UV + 2e → 2UIV 1.6 

 

This reaction sequence led to large Tafel slopes (-200 to -400 mV-1) and fractional reaction 

orders as a consequence of the potential dependent surface coverage by active sites. Since 

reaction 1.5 was dependent on [H2O2] and reaction 1.6 on applied potential, the rate controlling 

reaction changed from electrochemical control at high [H2O2], when the initial chemical reaction 

was fast, to chemical control when the [H2O2] was lower and the applied potential sufficiently 

negative, as indicated in Figure 1.15.[58] The vertical dashed lines indicate the transition 

between these two rate-controlling steps. 

H2O2 reduction could be catalyzed on both REIII-doped surfaces and on noble metal (𝜀) 

particles. However, electrochemical studies detected no discernible influence of REIII doping, 

Figure 1.15: Tafel plots (transport-corrected) recorded on SIMFUEL (no noble metal 

particles) in 0.1 mol.L-1 NaCl (pH = 9.7) containing various [H2O2]; (full circle) 1.3 × 10-4 

mol.L-1; (open square) 4.0 × 10-4 mol.L-1; (x) 4.3 × 10-3 mol.L-1
. The dash lines indicate 

the transition from rate control by reaction 1.6 to rate control by reaction 1.5.[59] 
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and only a minor influence of 𝜀-particles.[58] Thus, at the low burnups achieved in spent 

CANDU fuel (~1.5 at.%), no significant influence of 𝜀-particles on H2O2 reduction in support of 

UO2 corrosion would be anticipated. This is thought to be a direct consequence of the ability of 

H2O2 to create UIV-UV states making the kinetics of reduction on the UO2 surface and on 𝜀-

particles only marginally different. 

Wu et. al. studied H2O2 oxidation on a UO2 surface at applied anodic potentials in 

solutions with a wide range of pH.[59-61] It was found that the oxidation current of H2O2 is 

independent of [H2O2] in the absence of CO3
2-/HCO3

-, when the deposition of corrosion product 

(UO3∙yH2O) would be expected. This indicates the H2O2 oxidation rate on UO2 surface is 

determined by surface composition.[61] In alkaline solution (pH = 11), H2O2 oxidation increases 

with [H2O2] even without the presence CO3
2-/HCO3

-. At a sufficiently high potential, the anodic 

current increases significantly which was attributed to H2O2 oxidation on the 𝜀-particles in the 

SIMFUEL.[59]  

Under corrosion conditions, the behaviour of H2O2 is complicated since it can both 

decompose as well as drive fuel corrosion. At sufficiently high [H2O2] in neutral to alkaline 

conditions, surface oxidation was found to be rapid with the potentially catalytic UIV
1-2xU

V
2xO2+x 

surface layer becoming covered in an insulating UVIO3.yH2O layer. When this insulating layer 

was present both UO2 corrosion and H2O2 decomposition were limited.  
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Attempts have been made to elucidate the mechanism of these surface reactions at the 

corrosion potential (ECORR).[4, 62, 63] Figure 1.16 shows the variation of ECORR as a function of 

[H2O2] in a solution not containing HCO3
-/CO3

2-. At low [H2O2], ECORR increases with [H2O2], 

but becomes independent of [H2O2] over the intermediate [H2O2] range, 10-4 to 5 × 10-4 mol.L-1. 

This suggests the dominant surface reaction is H2O2 decomposition rather than H2O2 driven UO2 

corrosion. For [H2O2] > 5 × 10-3 mol.L-1, ECORR increases linearly with [H2O2], suggesting that 

the rate of fuel corrosion increases relative to the rate of decomposition. 

Figure 1.16: Corrosion potential (ECORR) for UO2 as a function of [H2O2] in a 0.1 mol.L-1 

NaClO4, pH = 9.5.[63] 
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1.5.2  H2O2 Decomposition 

1.5.2.1  Homogenous Decomposition in Groundwater 

In a previous study, the H2O2 decomposition rate was studied in solutions and also in the 

presence of UO2 pellets, it was found that the H2O2 decomposition rate is highest in CO3
2- 

solutions compared with SO4
2- and SiO2.[64] Many studies [65-69] have suggested H2O2 

decomposes in strong alkaline (pH = 12) solution through the formation of an intermediate, 

perhydroxyl ion (HO2
-) species, which can catalyze the H2O2 decomposition process (equation 

1.7-1.8).  

 H2O2 + OH- → HO2
- + H2O 1.7 

 

 HO2
- + OH-  ⇌ O2 + H2O + 2e- 1.8 

 

Spalek et al. [67] studied H2O2 decomposition in NaOH and KOH solutions. They also suggested 

H2O2 decomposition proceeds through the formation of HO2
- in the absence of metal catalysts, 

and the H2O2 decomposition rate is dependent on the total alkalinity and [H2O2]. The proposed 

mechanism involved interactions between HO2
- and H2O2 which weaken the H-O bond and 

catalyze the decomposition reaction. 

Flanagan et al. [70] used Raman spectroscopy to demonstrate the formation of  

peroxocarbonate ions when HCO3
-/CO3

2- was present in H2O2 solutions in the pH range 7.0 to 

9.5. Navarro et al.[71] observed that the H2O2 decomposition rate in HCO3
-/CO3

2- solutions 

reaches a maximum at pH values between 11.5 and 11.7, when the solution contains mainly 

CO3
2- ions.  
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1.5.2.2 Catalyzed H2O2 Surface Reactions   

De Pablo et al.[72] measured the amount of U released to solution to be less than the 

amount of H2O2 consumed, suggesting H2O2 decomposition was also occurring. This was 

consistent with earlier studies which showed that  the H2O2 consumed in UO2 dissolution 

experiments could not all be accounted for.[61, 62]  Many of these early studies were conducted 

at high [H2O2] (> 10-4 mol.L-1) in solutions containing no HCO3
-/CO3

2-, and hence, were 

complicated by corrosion product deposition on the UO2 surface. When HCO3
-/CO3

2- was 

present, and dissolution unimpeded by deposits,[73] ~ 80% of the H2O2 was consumed by 

decomposition.[74, 75] A combination of experimental and density functional theory 

investigations[76, 77] suggested decomposition proceeded via a mechanism involving OH• 

radicals. Electrochemical studies[55] suggested the reaction was catalyzed by UIV/UV surface 

states on UO2, i.e., on the catalytic UIV
1-2xU

V
2xO2+x layer. More recent observations showed that 

H2O2 maintained a low ECORR (-0.35V) independent of [H2O2] (10-8 to 10-5 mol.L-1) as would be 

expected if decomposition was poising the potential, Figure 1.14.[78] Recent electrochemical 

studies demonstrated that decomposition did occur on a UIV
1-2xU

V
2xO2+x surface, XPS analyses 

showing that pre-oxidized UO2 accelerated the decomposition reaction.[78, 79]  

Based on experiments in which the production of OH• was monitored on UO2, doped 

UO2 and SIMFUEL it was claimed that the decomposition rate was effectively independent of 

matrix doping. Comparison of the H2O2 consumption rate to the UVI dissolution rate showed 

decomposition was the major reaction pathway, not H2O2-promoted UO2 corrosion.[74, 75] The 

dissolution yield on UO2 was 14% compared to only 0.2% on SIMFUEL, consistent with 

electrochemical observations that the UO2 lattice is stabilized by REIII-doping.[80]  
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In addition, the noble metal particles aggregated at grain boundaries can also sustain 

H2O2 decomposition. Although there are a number of studies on transition metal catalyzed H2O2 

decomposition, only a few of them focus on the 𝜀-particles in UO2 system. Nilsson et al.[75] 

suggested for a similar amount of H2O2 consumption, U dissolution rates of SIMFUEL pellets 

are significantly less compared with UO2 samples due to the catalyzed decomposition of H2O2 on 

𝜀-particles. Lousada et al.[77] have confirmed the reduction of oxidative dissolution yield for 

SIMFUEL pellets compared with that of pure UO2. 

1.5.3  O2 

 

             Figure 1.17 Schematic of the O2 reduction process on UO2.[4] 

The cathodic reduction of O2 is notoriously slow due to the need to break the O-O bond. 

On UO2, the kinetics are accelerated when the surface is oxidized to UIV
1-2xU

V
2xO2+x in aerated  

solution.[81] The reaction was found to be first order with respect to [O2] and thought to be 

initiated by O2 adsorption under Langmuir isotherm conditions involving the interaction of the π 

and/or sp2 orbitals of O2 with partially filled U5f orbitals present in UIV
1-2xU

V
2xO2+x. It was 
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claimed the catalysis was achieved by the formation of donor-acceptor sites. This catalytic 

process is illustrated in Figure 1.18.[4] 

On non-stoichiometric UO2+x electrodes, O2 reduction currents were suppressed and 

exhibited both a square root dependence on [O2] and large Tafel slopes, Figure 1.178.[82, 83] 

These results suggest the rate-determining first electron transfer was coupled with O2 adsorption 

under Temkin conditions. The O2 reduction current was also reduced by competition for UV 

surface locations in HCO3
-/CO3

2- solutions.[83] Since the reaction order with respect to [O2] and 

the Tafel slopes were apparently unaffected by HCO3
-/CO3

2-, the overall reduction mechanism 

appeared to be unaltered, although ring-disc experiments showed that H2O2 was released to 

Figure 1.18: O2 reduction currents recorded on different SIMFUEL electrodes in a 0.1 

mol.L-1 NaCl solution (pH = 9.5) sparged with O2, (○) electrode doped with only rare 

earth metals, no ɛ-particles; (▲) 1.5 at.% burn-up SIMFUEL; (□) 3 at.% SIMFUEL; (●) 

6 at.% SIMFUEL; (x) 3 at.% SIMFUEL contains only ɛ-particles, no rare earth 

metals.[83] 
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solution indicating its rapid desorption due to displacement from the donor-acceptor sites by 

HCO3
-/CO3

2-.[81, 83] 

The influence of both REIII doping and the presence of noble metal (ε) particles on the 

kinetics of O2 reduction have been studied, Figure 1.18.[43] Fission product doping (with REIII 

the major influence) had only a marginal effect on the kinetics but an increase in number and 

size of noble metal particles present in SIMFUELs (over the simulated burn-up range 1.5 at.% to 

6 at.%) systematically increased the reduction rate of O2. This is not surprising since these 

particles contain the noble metals Ru, Rh and Pd all of which have been shown to catalyze the O2 

reduction reaction. As a consequence, O2 reduction in support of fuel corrosion inside a failed 

container would be expected to occur preferentially on these particles. 

1.5.4  The Influence of HCO3
−/CO3

2- on UO2 Corrosion  

 The rate of fuel corrosion depends not only on redox conditions but also on the groundwater 

composition. In a Canadian DGR, the major groundwater species are expected to be 

Ca2+/Na+/Cl−/SO4
2− with a small amount of HCO3

-/CO3
2- (10-4 to 10-3 mol.L-1).[84] The key 

groundwater species likely to influence fuel dissolution is HCO3
-/CO3

2-, which is a strong 

complexing agent for the uranyl ion (UO2
2+), reaction 1.10. This leads to a considerable increase 

in solubility. The influence of HCO3
-/CO3

2- is very dependent on redox conditions, with reaction 

1.9 being rate-determining under less oxidizing conditions. 

 UO2 → UO2
2+ +2e− 1.9 

 UO2
2+ + 3HCO3

− → UO2(CO3)2
2− +2H+ 1.10 

 Under more oxidizing conditions, the formation of UO2CO3 occurs on the fuel surface, reaction 

1.11, and the rate of dissolution becomes controlled by the chemical dissolution reaction 1.12, 

whose rate depends on the concentration of [CO3
2−] 
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 UO2 +CO3
2− → UO2CO3 +2e− 1.11 

 UO2CO3 +CO3
2− → UO2(CO3)2

2− 1.12 

The sequence of UO2 oxidation/dissolution reactions in slight alkaline carbonate solutions also 

involves OH− ions[85] 

 UO2 + HCO3
− → (UO2HCO3)ads + e- 1.13 

 

 (UO2HCO3)ads + OH− →  (UO2CO3)ads + e- + H2O  1.14 

 

 (UO2 CO3)ads + HCO3
− → [UO2(CO3)

2]2− + H+ 1.15 

 

The influence of HCO3
-/CO3

2- has been investigated in both chemical[86-88] and 

electrochemical experiments[36, 41, 61, 62, 89]. The overall corrosion reaction in HCO3
-/CO3

2-

solutions is complicated since the anodic and cathodic reactions appear to be convoluted. UV-

Vis spectrophotometric evidence suggested dissolution can be accelerated by the formation of 

soluble uranylperoxocarbonate, UVIO2((O2)x(CO3)y
2-2x-2y,[90, 91] and EIS evidence indicated a 

similar surface intermediate, may catalyze the cathodic reaction.[89]  

1.6 Scavenging Radiolytic Oxidants 

Inside a failed container, corrosion processes will occur on both the fuel surface and the 

inner surface of the steel container with the latter process yielding the potential redox 

scavengers, Fe2+ and H2. 

1.6.1  The Influence of Fe2+ 

The influence of Fe and Fe corrosion products on fuel corrosion has been extensively 

studied[92] and showed both the corrosion and radionuclide release rates were suppressed. Since 
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there will be no contact between the steel and the fuel inside a container, the dominant 

scavenging reaction involving Fe2+ will be either the Fenton reaction for H2O2  

 Fe2+ + H2O2 → Fe3+ + OH• + OH-  1.16 

 

 Fe2+ + OH• → Fe3+ + OH- 1.17 

or its oxidation by O2  

 O2 + 4Fe2+
 + 2H2O → 4Fe3+ + 4OH- 1.18 

 

a reaction known to regulate redox conditions in natural waters.[93] 

Since the influences of Fe2+ and H2 cannot be separated in experiments with Fe, more 

direct attempts have been made to determine the influence of Fe2+ on fuel corrosion[92] both 

experimentally and via model calculations.[44, 94-96] Calculations based on experimentally 

determined rate constant[97] indicated the consumption of H2O2 by the Fenton reaction lead to 

substantial suppression of UO2 dissolution. By contrast, calculations using a mixed potential 

model[98] indicated only a minor effect of Fe2+. The difference between these two calculations is 

the presence of a corrosion product deposit in the latter, but not the former calculation.   

1.6.2  The Influence of H2 

The measured steel corrosion rates under simulated granitic conditions were found to be 

in the range 0.05 to 0.1 µm/year.[92] In sealed repositories, this would lead to H2 pressures > 5 

MPa, and dissolved concentrations in the 10 to 100 mmol.L-1 range.[99] In addition to H2 from 

steel corrosion, water radiolysis can also produce H2 inside a failed container. Suppression of 

fuel corrosion and radionuclide release in the presence of H2 has been consistently observed in 

both chemical and electrochemical experiments.[42, 100-105] A number of mechanisms have 

been either demonstrated or proposed, all of which involve activation of H2 to produce the 
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strongly reducing H• radical which can scavenge radiolytic oxidants and, hence, suppresses fuel 

corrosion.[40] 

 

Figure 1.19: The influence of the increasing number and size of 𝜺-particles in SIMFUELS 

with different degrees of simulated burnup on the corrosion potential (ECORR) and the 

degree of oxidation of the surface in H2-purged 0.1mol.L-1 KCl. The horizontal line 

indicates the potential threshold below which the corrosion of the UO2 surface will not 

occur. [43] 
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The activation of H2 on noble metal particles has been demonstrated electrochemically on 

SIMFUELs with different levels of simulated burnup, with the corrosion rate being significantly 

supressed by an increase in the number of 𝜀-particles.[42, 43, 92, 104] This was not surprising 

since noble metals are well known catalysts for the H2/H
•/H+ reaction with exchange currents in 

the range 10-4 to 10-3 A.cm-2.[106] Even for small [H2], ECORR decreases as the number and size 

of noble metal particles increases eventually reaching the thermodynamic threshold for UO2 

oxidation, Figure 1.19A. XPS analyses confirm that the extent of oxidation of the UO2 surface is 

reduced, this could be attributed to the reversible dissociation of H2 (to H• radicals) on the 𝜀-

particles which act as galvanically-coupled anodes protecting the fuel from oxidation, Figure 

1.20.[104] There is another possible way H2 can supress corrosion rate by scavenging the 

radiolytic oxidant H2O2 on both 𝜀-particles (Figure 1.21A) and the fuel surface (Figure 

1.21B).[78] Both surfaces appeared able to activate H2 (i.e., produce H•) on the SIMFUEL 

surfaces which then consumed the OH• radicals, produced by dissociation of H2O2, to produce 

H2O. The mechanism by which this occurs has not been elucidated, although there is 

Figure 1.20: Illustration showing H2 oxidation on noble metal (𝜺) particles galvanically 

coupled to the UO2 matrix and inhibiting its oxidation.[104] 
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electrochemical evidence to indicate H• can directly reduce UV states in the surface region of 

UOIV
1-2xU

V
2xO2+x.[78] 

Recent computational modelling results have shown the importance of H2 in suppressing 

the UO2 corrosion even within fractures in the fuel.[107] Liu et al. calculated that, fuel corrosion 

could be totally supressed within a wide range of defect geometries if the [H2] produced by steel 

container corrosion reaches ~5.7 µmol.L-1. Liu also found that radiolytically produced H2 could 

dominate the suppression of fuel corrosion as the depth of fractures in the fuel increases due to 

the accumulation of radiolytically produced H2 at the base of the cracks.[107] 

Figure 1.21: Schematic illustration of the possible reaction pathways for the 

consumption of H2O2 by reaction with H2 on a SIMFUEL surface: (A) on noble metal (𝜺) 

particles; and (B) by H2 oxidation on noble metal particles coupled to H2O2 on the 

galvanically coupled oxide surface.[78] 
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1.7 Thesis Goals and Outline 

The focus of this project is to develop a detailed understanding of the corrosion mechanism 

of UO2 in solutions containing the main radiolytic oxidant, H2O2. Many variables, such as 

potential, HCO3
-/CO3

2-and fission products, can influence the reactivity of H2O2. Their 

influences on the surface composition and electrical conductivity of UO2 will affect surface 

redox reaction rates and significantly alter the overall fuel corrosion rate. Electrochemical 

methods allow us to separate a corrosion reaction into two constituent half reactions and 

determine the rate dependence on potential for each half reaction. Chemical and 

surface/analytical techniques can link the electrochemical/chemical process to the surface 

compositional and structural changes on UO2 electrodes. In this project, attempts have been 

made to investigate the H2O2 decomposition, oxidation and reduction mechanisms on various 

UO2 electrodes to determine the resulting effects on fuel corrosion.  

Chapter 2 briefly reviews the principles and theory of the experimental techniques used in 

this research. 

In chapter 3, the effects of 𝜀-particles on H2O2 oxidation, studied electrochemically, are 

described. The balance between H2O2 oxidation and UO2 oxidation was investigated, and the 

oxidative dissolution of UO2 was monitored by Inductively Coupled Plasma Atomic Emission 

Spectroscopy (ICP-AES). 

In chapter 4, describes the study of H2O2 decomposition and H2O2 driven fuel corrosion 

using chemical, electrochemical and surface/solution techniques, in particular X-ray 

Photoelectron Spectroscopy (XPS) and Inductively Coupled Plasma Mass Spectroscopy (ICP-

MS). A small electrochemical cell was designed to accurately monitor H2O2 and U concentration 
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changes with time, while the corrosion potential and polarization resistance were monitored at 

the same time to determine the relative corrosion rates.  

Chapter 5 describes a study of H2O2 reduction on UO2 electrodes with different 

compositions. Six different electrodes were used to investigate the effect of rare earth dopants, 

noble metal particles and non-stoichiometry on the reaction mechanism and kinetics. Rotating 

disc electrodes (RDE) were employed to control the diffusion of bulk H2O2 to UO2 surface. The 

reduction reaction of H2O2 was studied by applying a cathodic potential to the electrodes and 

measure the corresponding current responses. 

In chapter 6, the results of a series of sensitivity analyses using a pre-developed model for 

UO2 corrosion are described. The influences of defect geometry and changes in the ε-particles 

coverage of the fuel surface were calculated.   
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Chapter 2 

2 Experimental Techniques and Details   

 
In this chapter, the principles of the experimental techniques used in this project are briefly 

reviewed. For electrochemical experiments, more detailed information on experimental 

parameters will be provided in the individual experimental sections found in subsequent 

chapters. 

2.1 UO2 Materials  

The UO2 materials used in the experiments in chapters 3 and 4 are simulated spent nuclear 

fuel (SIMFUEL) provided by Atomic Energy of Canada Limited (AECL, Chalk River, 

Canada)*. All materials were received in pellet form. For chapter 5, the three hyper-

stoichiometric UO2+x materials (x represents the average degree of the non-stoichiometry, x = 

0.002, 0.05, and 0.1) used were also fabricated at AECL. The 12.9 wt.% Dy-doped UO2 (Dy-

UO2) and 6.0 wt.% Gd-doped UO2 (Gd-UO2) specimens were provided by Cameco (Port Hope, 

Canada). 

2.1.1 SIMFUEL 

SIMFUEL is an analogue of CANDU spent nuclear fuel composed of UO2 doped with 

non-radioactive fission products to simulate the chemical and physical effects of spent fuel after 

in-reactor burnup without the associated radiation levels.[1] 

* Atomic Energy of Canada Limited is now Canadian Nuclear Laboratories 
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Two features of SIMFUEL are particularly important to this study: (i) the rare earth 

elements (REIII) (Y, Ce, Nd, La) which dissolve in the UO2 matrix and can influence the 

structure and reactivity of UO2; (ii) the noble metal (Pd, Ru, Rh) dopants, which segregate into 

noble metal (ε) particles in the UO2 matrix. Of the other elements added to SIMFUEL, Sr, Zr, 

and Ba form oxides which segregate as a separate perovskite-type phase which appears to be 

inert. The added Mo, which can be present in both metallic and oxides forms, tends to be 

incorporated into the noble metal particles.[2] The microstructure of SIMFUEL has been studied 

extensively using SEM, EDX and XPS,[1, 3, 4] and is very similar to that of a CANDU fuel 

pellet with UO2 grains ~8-15 µm in size. The noble metal particles exist as small spherical 

precipitates distributed mainly along grain boundaries. The SIMFUEL used in this project 

possessed a 3 at.% simulated burnup, which is higher than that of standard CANDU fuel (1.5 

at.% burnup). 

2.1.2  Hyper-Stoichiometric UO2+x  

Three hyper-stoichiometric UO2+x samples were studied with nominal O/U ratios of 

2.002, 2.05 and 2.1. The non-stoichiometry was achieved by annealing a disc of near-

stoichiometric UO2 in a gas mixture with controlled ratios of Ar/H2/O2 at around 1600 K. Raman 

spectroscopy, Scanning Electron Microscopy (SEM), X-ray Powder Diffraction (XRD) and 

Scanning Electrochemical Microscopy (SECM) have been used to study the microstructure, 

conductivity, and electrochemical reactivity of individual grains in these non-stoichiometric 

materials, and showed that the composition is not uniform.[2, 5-7]  



 

 

44 

 

2.1.3  Dy-UO2 and Gd-UO2  

SEM, EDX and Raman spectroscopy studies have been used to determine the composition 

and microstructure of the Dy-UO2 and Gd-UO2 materials.[8] Both materials possessed a rough 

surface morphology. EDX maps show that the doping elements, Dy and Gd, were 

homogeneously distributed. No separation of Gd (as Gd2O3) and Dy (as Dy2O3) was observed. 

2.2 Electrochemical Experimental Techniques  

2.2.1  Electrode Preparation  

All the UO2 electrodes were cut into discs, 2-3 mm in thickness, using a saw with a 

diamond blade. One surface of the electrode was then polished and electroplated with a thin layer 

of Cu to provide good electrical contact to an external measuring circuit. The electroplating cell 

is shown in Figure 2.1A and illustrated schematically in Figure 2.1B. The UO2 disc was secured 

in the end of a piece of rubber tubing and immersed in 0.1 mol.L-1 CuSO4 solution. A piece of 

Cu metal was used as the CE, and electronic grade Hg was poured into rubber tubing to facilitate 

the electric contact. A Cu wire was used to connect the Hg to the external circuit. A 10 mA 

current was applied for 5 minutes using a DC power supply (GPR-30H10D) to form a thin, 

evenly distributed, layer of Cu on the UO2 surface.  

A threaded stainless steel shaft, with a diameter similar to that of the UO2 electrode was 

then bonded to the Cu-plated UO2 surface using silver epoxy (Hysol KS0004). The disc was then 

either fixed in a RDE Teflon holder using a casting compound (Hysol EE4183) to make a 

rotating disc electrode (RDE), or the sides were coated with Amer coat (90HS, Amercoat 
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Canada) to make small non-rotating electrodes. All electrodes were polished (wet) using 1200 

SiC paper, rinsed with distilled de-ionized water before performing experiments.   

 

2.2.2  Electrochemical Cell 

Two different electrochemical cells were used in this project. Experiments with a rotating 

disc electrode (RDE) were performed in an 800 mL, three-compartment cell shown in Figure 2.2. 

The main chamber of the cell was separated from the reference and counter electrode 

compartments by dense glass frits. A Luggin capillary was used to minimize the ohmic potential 

drop caused by the solution resistance between the reference electrode (RE) and the working 

electrode (WE). A Pt foil spot welded to a Pt wire was used as the counter electrode (CE) and a 

saturated calomel electrode as RE. The second cell used was a 40 mL single-compartment cell, 

Figure 2.3. The CE was a Pt wire which was placed in a glass tube and separated from the main 

Cu wire 

Figure 2.1: (A) Image of laboratory setup, and (B) a schematic illustration of the 

electroplating of Cu onto one face of a UO2 disc electrode. 

A B 
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cell compartment by a dense glass frit, and the RE was a Ag/AgCl (Saturated KCl). The cells 

were placed in a Faraday cage while running experiments to minimize interference from external 

noise. The RDE rotation rate was controlled using an analytical rotator from Pine Instrument 

(model ASR). All the electrochemical experiments were performed with a Solartron 1287 

potentiostat controlled by CorrWare Version 2.7 software.  

2.2.3  Solutions 

All solutions were prepared with Type 1 water (resistance of 18.2 MΩ.cm), purified 

using a Millipore Milli-Q Plus unit, to remove organic and inorganic impurities, and then passed 

through a Milli-Q-plus ion exchange column. All the experiments were conducted at room 

temperature and purged with Ar (ultra-high purity, Praxair) for at least 30 minutes prior to 

experiments. Purging was then continued for the duration of an experiment. Experiments were 

conducted in a 0.1 mol.L-1 NaCl solution with the pH adjusted to 9.7 by adding a NaOH solution. 

When required, NaHCO3 and H2O2 (3% and 30%) were added in the quantities required to 

achieve the desired concentration. All chemicals were reagent grade and purchased from Fisher 

Scientific. 
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Figure 2.3: Diagram of the single-compartment electrochemical cell used in corrosion 

experiments. 

Figure 2.2: Diagram of the three-compartment electrochemical cell used in RDE 

experiments. 

.  
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2.2.4  Corrosion Potential (ECORR) Measurements 

The corrosion of UO2 in aqueous solution involves the coupling of the anodic oxidation 

of UO2 with the cathodic reduction of an available oxidant, 

 UO2 + Ox → UO2
2+ + Red 2.1 

where Ox is the oxidant and Red is the reduced form. Since the anodic and cathodic half 

reactions involve electron transfer, the reaction rate can be expressed as a corrosion current, 

iCORR. The corrosion reaction is a short circuit electrochemical reaction with both reactions 

occurring on the UO2 surface with 

 iCORR = ∑ ia = − ∑ ic  2.2 

where ia and ic are the currents for the anodic and cathodic half reactions, respectively.  

 UO2 → UO2
2+ + 2e-    (Ee)UO22+/UO2                   2.3 

 Ox + ne- → Red          (Ee)Ox/Red                       2.4 

and (Ee)UO22+/UO2 and  (Ee)Ox/Red are the equilibrium potentials for the two half-reactions(2.3 

and 2.4), given by the Nernst equation and written by convention as reduction reactions. The 

thermodynamic requirement for reaction 2.1 to be spontaneous is,  

 (Ee)UO22+/UO2 < (Ee)Ox/Red 2.5 

When each half-reaction is controlled by the rate of electron transfer, the relationship between 

current and potential can be expressed by the Butler-Volmer equation,[9]  

 
j =  jo [exp {

αF

RT
η} − exp {

(1 − α)F

RT
η}] 

                2.6 
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where jo is the exchange current density, α is the transfer coefficient, F is the Faraday constant, R 

is the gas constant, T is the temperature, and 𝜂 is the overpotential, defined as  

 𝜂 = E - Ee 2.7 

where E is the applied potential. 

At the equilibrium potential, Ee, 𝜂 = 0, and no net current flows although the equilibrium 

is considered dynamic, ja = -jc = jo. For a corrosion process, the anodic half of one reaction is 

coupled with the cathodic half of another reaction. Each half reaction, equations 2.3 and                 

2.4, can be represented kinetically by a Butler-Volmer relationship as shown in Figure 2.4.  

Since corrosion is a short-circuit reaction, the total anodic current must be equal and opposite in 

sign to the cathodic current. Figure 2.4 shows this criterion can only be met at a single potential, 

termed the corrosion potential (ECORR), which lies between the equilibrium potentials for the two 

half reactions.  

Figure 2.4: Current-potential relationships for the UO2 dissolution and oxidant 

reduction reactions indicating the corrosion potential (ECORR) at which they couple.  
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 (Ee)anodic < ECORR < (Ee)cathodic 2.8 

While the ECORR is thermodynamically restricted according to equation 2.8, its value 

provides qualitative information about the kinetics of the system, since the value of ECORR is 

determined by the shapes of the current-potential curves (Figure 2.4) for the coupled reactions. 

Providing ECORR is far from both equilibrium potentials, the UO2 oxidation and oxidant reduction 

reactions can be considered to be proceeding irreversibly.  

The currents in Figure 2.4 can be plotted as log(i) versus E to generate an Evans diagram, 

Figure 2.5, where the intersection of the two curves gives the ICORR and ECORR values. The two 

linear portions of the plots yield the Tafel regions for each half reaction with slopes of  

 
ba = 

2.303 RT

αnF
 

2.9 

and 

 
bc = 

−2.303 RT

(1 − α)nF
 

2.10 

As indicated by equation 2.6, the exchange current for the two reactions can be 

determined by extrapolating the Tafel regions back to the respective equilibrium potentials. The 

overall measurable current is given by the sum of the two half reactions and yields a modified 

Butler-Volmer relationship termed the Wagner-Traud equation 

 
i =  iCORR [exp {

αAF

RT
(E − ECORR)} − exp {

(1 − αC)F

RT
(E − ECORR)}] 

2.11 

ECORR values can not be predicted from the Ee values of the two half reactions, since they are 

determined by the shapes of the current-potential relationships, hence, by the kinetic parameters 

i, α and n. The overall rate of corrosion will be controlled by the kinetically slowest half reaction. 
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2.2.5  Rotating Disc Electrode (RDE) Technique 

An electrochemical reaction occurring at an electrode-electrolyte interface is two-

dimensional, and the reaction rate can depend on the mass transfer of reactants and/or products 

to/from the electrode surface. The rate of mass transfer of substance i is proportional to its 

concentration gradient according to Fick’s first law of diffusion[9] 

 
−Ji(x, t) =  Di

∂ci(x, t)

∂x
 

2.12 

where Ji(x, t) is the flux of species i at a distance x from the electrode surface at time t, and Di is 

the diffusion coefficient of i at x ,and  
∂ci(x,t)

∂x
 is the concentration gradient at x at time t. 

The Nernst diffusion layer approximation can be used for steady-state transport 

conditions. The flux is considered to become constant at a transition point between the bulk 

solution and diffusion layer (the region within which the concentration gradient exists), Figure 

2.6. The distance from the electrode surface to the transition point is the diffusion layer thickness 

Figure 2.5: An Evans diagram for the corrosion process on UO2. 

Ox + 2e- → Red 
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(δ). Using a rotating disc electrode, the dimensions of the diffusion layer can be controlled and 

determined using the equation  

 δ = 1.6Di
2/3
𝜈1/6ω−1/2 2.13 

where D is the diffusion coefficient (cm2.s-1), ν is the kinematic viscosity of the solution (cm-2.s-

1) and ω is the rotation rate of the RDE (rad.s-1). An increase in ω reduces the diffusion layer 

thickness, thereby increasing the flux of species i to the electrode surface.  

 

For a general electrochemical reaction, 

 
A ± ne−

k
→  Products 

2.14 

Figure 2.6: Diagram showing the steady-state concentration gradients (𝒅𝒄/𝒅𝒙) near an 

electrode/solution interface as the electrode rotation rate (𝝎) is increased; δ is the 

Nernst diffusion layer thickness. 

Diffusion layer 
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the reactant species A must diffuse from the bulk solution to the electrode surface before 

experiencing electron transfer. Assuming that A is the only reacting species, and that the reaction 

is irreversible, the current density (j) can be related to the diffusion limited current (jd) by: 

 
j =  jd

(cb − cs)

(cb)
 

2.15 

where cb is the bulk concentration of species A, cs is the electrode surface concentration and jd is 

the diffusion-limited current density given by the Levich Equation. 

 jd = nξFAcbD
2/3ν−1/6ω1/2 2.16 

where ξ is a numerical coefficient. 

The current density can also be related to the surface concentration by  

                             j = nFAkcs
m         2.17 

in which A is the electrode surface area, and m is the reaction order with respect to the reactant. 

The kinetic current (jk, the current in the absence of any mass transport contribution) can be 

defined as, 

 jk = nFAkcb
m 2.18 

when the surface concentration is the same as the bulk concentration.  

These equations can be combined to yield the current measured when the reaction is 

under mixed kinetic and diffusion control to generate the Koutećky-Levich (K-L) equation 

 
(
1

j
)
1/m

= (
1

jk
)
1/m

+ 
(j)1−1/m

Bω1/2
 

2.19 

where B is given by 

 B = nξFAcbD
2/3𝑣−1/6 2.20 
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A plot of (
1

j
)
1/m

versus ω−1/2 will yield a linear relationship which can be extrapolated to 

infinite ω to yield a value for jk. The log of jk can then be plotted as a function of applied 

potential E to yield a Tafel relationship.  

The K-L equation is rather insensitive to the value of m, the reaction order, since straight 

lines are obtained whether m = 1/2, 1 or 2. Thus, the K-L equation alone can not be used to 

determine the reaction order. An alternative method is to plot data according to the equation, 

 
log( j) = log(jk) + m ∙ log (1 −

j

jd
) 

2.21 

In order to use equation 2.21, the diffusion-limited current must be measured experimentally or 

calculated from equation 2.16 providing all the other quantities are accurately known. 

Figure 2.7: The potential-time profile used to record two cyclic voltammograms, t1: 

cathodic cleaning, t2~t5: two cyclic voltammetric scans with t2 and t4 (red solid lines) 

representing the forward scans, and t3 and t5 the reverse scans (blue solid lines). 
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2.2.6  Electrochemical Polarization Techniques  

2.2.6.1 Cyclic Voltammetry (CV) 

Dynamic polarization curves were generated by sweeping at a constant scan rate between 

two potentials. The potential profile for a typical double CV scan is shown in Figure 2.7. On a 

UO2 electrode, cathodic reduction was performed at -1.2 V vs. SCE to reduce the UV/UVI oxides 

present due to air oxidation (t1) followed by a scan up to 0.4 V. Figure 2.8 shows a schematic 

illustration of a CV recorded on UO2, showing oxidation to form surface films and dissolved 

UO2
2+ on the forward scan and the reduction of films and deposits on the reverse scan. 

Integration of the current associated with the current on the forward scan yields a measure of the 

extent of oxidation (QA). The integration of the current on the reverse scan yields an additional 

contribution to QA (the dark shaded area) and a measure of the extent of film formation (QC). 

The difference QA-QC indicates the amount of oxidized product lost to solution by dissolution. 

The charge obtained by integration of a current peak can be used to determine the amount of 

Figure 2.8: A schematic cyclic voltammogram showing the integrated area QA and QC.  
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oxidation and for reduction which occurred within a specific potential interval. The peak 

positions are an indication of the stage of oxidation and help determine the oxidation mechanism 

of the electrode material (UO2 in the present case). The positions of the peaks on the reverse scan 

indicate whether the oxidized species formed during the forward scan are retained on the 

electrode surface and available to be reduced, or lost to solution by dissolution and unavailable 

for reduction. Changing the forward scan potential limit allows the extent and degree of 

oxidation to be controlled. 

2.2.6.2 Potentiostatic Polarization  
 

Figure 2.9 shows a potential profile used in potentiostatic experiments. The electrode (UO2) was 

first cathodically cleaned for 2 minutes at -1.2 V, and then a constant potential (E) was applied to 

the sample and the current recorded as a function of time. In this project, the potential used in 

region t2 ranged from +0.15 V to +0.4 V (vs. SCE).  

Figure 2.9: The potential-time profile used in a potentiostatic polarization experiment, 

t1: cathodic reduction at -1.2 V vs. SCE for 2 minutes; t2: a period of oxidation.  
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2.2.6.3 Linear Polarization Resistance Measurements  

The polarization resistance (RP) is a measure of resistance to charge transfer at the 

electrode surface. To measure RP, a small potential perturbation over a potential range of ±10 

mV, is applied at a slow scan rate of 0.01 mV.s-1 starting at the ECORR, Figure 2.10. The slope of 

the resulting linear current-potential relationship around ECORR yields the RP value, which is 

inversely proportional to the rate of interfacial charge transfer iinterface, 

 
RP = (

∆E

∆iinterface
)
∆E→0

 
2.22 

In this study, the RP value is a measure of two simultaneous reactions, UO2 corrosion and H2O2 

decomposition, and the iinterface is given by  

                                  iinterface = iUO2 + iH2O2 2.23 

where iUO2 and iH2O2  are the currents due to the UO2 and H2O2 reactions. When positive, iinterface 

is dominated by the currents for the anodic oxidation of UO2 and H2O2, and, when negative, by 

the cathodic reduction of H2O2. 

It should be noted that the current-potential relationship plotted in Figure 2.10 is the sum 

of the current from both anodic and cathodic reactions. For a potential close to ECORR, the 

exponential relationships comprising the Wagner-Traud equation (2.11) can be linearized to 

yield the expression; 

 
iinterface = 2.303 {

babc
ba + bc

}
1

RP
 

2.24 

where ba and bc are the two Tafel slopes defined by equation 2.9 and 2.10. This expression can 

be rearranged to yield  
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RP = 2.303 {

babc
ba + bc

}
1

iinterface
 

2.25 

If the Tafel slopes are known, the measured RP can be converted to iinterface using equation 2.25. 

If these values are unknown, RP can still be used as a qualitative parameter to compare the 

interfacial rates.  

2.3 X-Ray Photoelectron Spectroscopy (XPS) 

2.3.1 Principle of XPS 

XPS was used to quantitively analyze the oxidation states of U on the surface of UO2 

electrodes before and after experiments. XPS is a surface sensitive technique that utilizes 

irradiation by a fixed low-energy X-ray to eject electrons from the core energy levels of the 

elements comprising the surface of the material, Figure 2.11. 

Figure 2.10: Schematic illustration showing the linearization of the Wagner-Traud 

relationship for a potential EOC ±10 mV. For UO2 in an H2O2 solution both UO2 

corrosion (UO2 → UO2
2+) and H2O2 decomposition occur (H2O2 → H2O + O2). 



 

 

59 

 

When the sample is irradiated with x-rays with a known energy (hv), electrons with a 

discrete binding energy (Eb) are ejected from the core levels of the elements with a kinetic 

energy of Ekin. The kinetic energy of the photoelectron is the difference between the energy of 

the x-ray and the binding energy of the electron plus the work function (∅, the minimum energy 

required to extract an electron from the surface into a vacuum), 

 Ekin = hν − (Eb + ∅) 2.26 

Since electrons excited within the sample surface have a low inelastic mean-free path, only 

electrons from a depth between 0.5 and 3 nm escape with a discrete energy, making XPS a 

surface sensitive technique. 

A valuable feature of XPS is its ability to discriminate between the different oxidation 

states and chemical environments of an element since the binding energy of the electron for that 

state will be different. Hence, each element will give rise to a characteristic set of peaks in the 

Figure 2.11: Schematic representation of the excitation of a core level (1s) electron by 

an X-ray of known energy, and the subsequent generation of a photoelectron. (Image 

source: www.ifw-dresden.de) 

∅ 
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photoelectron spectrum. The intensity of the peaks is related to the concentration of the element 

within the analyzed region. Distinct chemical oxidation states can be analyzed by obtaining high-

resolution spectra and using peak fitting programs to deconvolute the spectra and yield the 

percent composition of each state. 

Figure 2.12 shows a representative low-resolution survey photoelectron spectrum 

recorded on a freshly polished SIMFUEL UO2 electrode. The Al Kα X-ray source can generate 

several characteristic U lines, but the principal lines are the U 4f peaks since those are the most 

intense. The spectrum is a plot of the signal intensity vs. binding energy. The U 4f, U 4d and U 

5d peaks all appear as doublets, while the O 1s and C 1s peaks are singlets. This is expected 

according to spin-orbit splitting.[10]  

Additional small peaks are present in close proximity to the U 4f peaks on the high 

binding energy side and are known as satellite peaks. These satellite peaks are commonly 

interpreted as shake-up satellites, which result from charge transfer processes. The position and 

Figure 2.12: Survey spectrum of a freshly polished 3 at.% SIMFUEL electrode. The 

source of the most prominent lines is indicated on the graph. 



 

 

61 

 

shape of these satellite peaks is reproducible and commonly used to confirm the identity of the 

oxidation states present in the element. 

2.3.2 XPS Experimental Details  

All XPS spectra were collected using a Kratos Axis NOVA spectrometer with a 

monochromatic Al Kα source (1486.6 eV). The instrument work function was calibrated to give 

a binding energy of 83.96 eV for the Au 4f7/2 line for metallic Au and the spectrometer 

dispersion was adjusted to give a binding energy of 932.62 eV for the Cu 2p3/2 line of metallic 

Cu. Survey spectra were recorded for the energy range of 0-1100 eV on a surface area of 300 × 

700 µm2 with a pass energy of 160 eV. High resolution spectra were recorded over an area of 

300 × 700 µm2 using a pass energy of 20 eV. When necessary, spectra were charge-corrected by 

reference to the main line of C 1s at 285 eV. All analyses and fitting procedures were performed 

using Casa XPS software (version 2.3.14). 

The U4f peaks are the most intense and best resolved peaks in the U spectrum, and were 

used to analyze the oxidation state of U on the surface.[11-13] High-resolution scans were 

performed for the spectral region including the U 4f5/2 and U 4f7/2 peaks and their satellites, and 

the U 5f valence band region.  

The fitting procedure used to analyze the U 4f and O 1s spectral regions involved a 50% 

Gaussian and 50 % Lorentzian fitting routine with a Shirley background correction.  The 

fractions of UIV, UV and UVI were determined from the fitted U 4f spectra. The fitting procedure 

was based on published reference spectra.[14-17] The U 4f5/2 and U 4f7/2 peaks were located at ~ 

391 eV and 380 eV with the spin-orbital interaction causing a separation of 10.9 eV, Figure 2.13. 

The binding energies for UIV, UV and UVI in the U 4f7/2 peak for mixed-valent U compounds vary 

with the chemical composition of the compounds. The energy separations are relatively 
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consistent., i.e., 0.5-0.9 eV between UIV and UV and 0.8-1.1 eV between UV and UVI. The 

satellite peaks associated with the UIV, UV and UVI components are also characteristic of the U 4f 

spectrum. The reported distance between the main peak and the satellite peak is relatively 

consistent, i.e., 6-7 eV for UIV, 8-9 eV for UV
 and 4 eV and 10 eV for UVI. 

 

Figure 2.13: High-resolution XPS spectra recorded on the surface of 3 at% SIMFUEL. 
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2.4 Scanning Electron Microscopy (SEM) and Energy Dispersive X-ray 

(EDX) Spectroscopy 

2.4.1 Principles of SEM/EDX 

SEM is an instrument that uses a high energy beam of electrons rather than light to form 

images, and it can produce high-resolution images of surface morphologies with an excellent 

depth of field. The resolution of SEM is ~1 nm. The sample surface must be electrically 

conductive otherwise the electrons will charge the surface. As illustrated in Figure 2.14, the 

electron source is focused to a fine beam via magnetic scan coils and scanned across the surface 

of the sample. SEM must be carried out under high vacuum (10-6 Torr) to minimize interference 

from the molecules in air. The electrons are generated by thermionic emission from a metal 

filament, and accelerated to 0.5 to 30 keV.[18] The electrons reflected from the surface are 

Figure 2.14: Schematic illustration of a Scanning Electron Microscope. (Image source: 

http://www.purdue.edu/REM/rs/sem.htm) 
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collected, amplified and plotted as a two-dimensional image of the signal intensity. The intensity 

of the secondary electrons is mainly determined by the topography of the sample, the electrons 

can escape the surface if their energy is larger than the work function of 2-6 eV.  

The Primary electron beam generates secondary electrons and backscattered electrons. 

The secondary electrons are generated from inelastic collisions and can be produced within the 

first few nm of the surface and used to image the topography of the surface. Most secondary 

electrons come from shallow locations on the sample surface and have a high probability of 

reaching the detector, thus appearing bright in the image. Electrons from deeper locations are 

fewer and thus appear darker in the image. Backscattered electrons are electrons elastically 

scattered with no loss of kinetic energy. The image produced yields some chemical information 

since the probability of backscattering increases with the atomic number of the element. 

When the primary beam causes ejection of an electron from an inner shell of an element, an 

electron from a higher energy level can fill the vacancy in the process emitting an X-ray 

characteristic of the element from which it came. The X-ray emission signal can be sorted by 

energy in an energy dispersive X-ray detector. These distributions are characteristic of the 

elements and site specific and can be obtained by scanning a specific area to produce elemental 

images showing the spatial distribution of particular elements in the field of view.  

2.4.2 SEM/EDX Experimental Details  

SEM images were collected before and after electrochemical experiments. The samples 

were sonicated in and rinsed with Millipore water and then dried in an Ar stream prior to being 

placed in the microscope. A Hitachi S-4500 (Hitachi, Japan) field emission SEM was used at an 

electron acceleration voltage of 15 kV (or 10 kV) resulting in a spatial resolution of < 2 nm. 

Micrographs were recorded at various magnifications (100 – 5000X). 
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2.5 Raman Spectroscopy 

2.5.1 Principles of Raman Spectroscopy 

Raman spectroscopy provides information about molecular vibrations that can be used to 

identify phases. This technique focuses a monochromatic laser source onto a sample and detects 

the scattered light emitted. The majority of the scattered light is of the same frequency as that 

from the laser source and is termed Rayleigh scattering. A very small amount of the scattered 

light is scattered with a frequency different to that of the laser due to interactions between the 

incident electromagnetic wave and the vibrational energy waves of the molecules in the sample. 

The shift in wavelength of the inelastically scattered radiation provides chemical and structural 

information about the molecule being analyzed.  

Depending on the vibrational state of the molecule, Raman shifted photons can be of 

either higher or lower energy. When the energy of the scattered radiation is less than the incident 

radiation, it is called Stokes radiation and when it is higher it is called anti-Stokes radiation, 

Figure 2.15.[19] Generally, Raman spectra are plotted with respect to the laser frequency, with 

the Rayleigh band set at 0 cm-1. The band positions will lie at frequencies which yield 

information about the vibrational modes in the system.  
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2.5.2 Raman Experimental Details 

Raman Spectra were obtained using a Renishaw 2000 Laser Raman spectrometer 

(Renishaw PLC., UK) equipped with a Leica DMLM microscope. Spectra were excited using a 

He-Ne laser with a wavelength of 632.8 nm. The laser beam was focused to ~2 µm in diameter 

with a 50x uncoated objective lens on to the electrode mounted on carbon tape attached to a glass 

slide. The power of the laser beam was kept at 50% to avoid laser heating effects. The 

spectrometer was calibrated with a standard Si wafer, which has an intense Raman band at 520 

cm-1. Spectra were measured over the wavenumber range of 120 to 1400 cm-1. After the 

measurements, the Gaussian-Lorentzian peak model and a Shirley baseline correction were used 

to fit the Raman peaks. The deconvolution of the broad band at 500-700 cm-1 has been described 

in detail elsewhere. [5, 8]   

Energy 

Figure 2.15: Energy level diagram showing the states involved in a Raman signal. The 

line thickness indicated qualitatively to the signal strength from the different transitions. 
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2.6 Inductively Coupled Plasma Mass Spectroscopy (ICP-MS) and 

Inductively Coupled Plasma Atomic Emission Spectroscopy (ICP-AES) 

2.6.1 ICP-MS/ICP-AES Principles  

Both ICP-AES and ICP-MS are analytical techniques used to determine element 

concentration at trace level concentrations. Figure 2.16 shows a typical illustration of an ICP-MS 

instrument. An ICP-MS instrument combines a high-temperature ICP with a mass spectrometer. 

The solution samples are introduced into a Ar plasma, and the elemental components separated 

and detected by the mass spectrometer. The solution is nebulized in a spray chamber, with a 

radio frequency (RF) power generator used to produce an intense electromagnetic field which 

supplies energy to the induction coil. Most elements in the sample are atomized and ionized in 

the high temperature plasma (6000-7000 K) as a result of the inelastic collisions between the 

neutral Ar atoms and the charged particles. The ions are focused by electrostatic lenses as they 

enter the mass spectrometer where they are filtered under high vacuum by their mass to charge 

ratio.   

Figure 2.17 shows an illustration of the major components in an ICP-AES 

instrument.[20] The difference between ICP-MS and ICP-AES is the detector. In ICP-AES, the 

molecules in the sample break into small atoms which then lose electrons and recombine 

repeatedly in the plasma, each element gives characteristic photon wavelengths. Within the 

optical chamber, the intensities of the light at all visible wavelengths can be measured 

simultaneously by photodetectors, allowing the instrument to quickly analyze multiple elements.    

2.6.2 ICP-MS/ICP-AES Experimental Details  

In this project, the Agilent 7700x ICP-MS and the Perkin Elmer Optima 3300 Dual 24 

View ICP-AES in the Biotron Facility (The University of Western Ontario) were used. Prior to 

sample analysis, the instruments were calibrated with a series of 238U standards. The lower 
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detection limit for U is 0.02 µg.L-1 for ICP-MS and 0.01 mg.L-1 for ICP-AES. Samples from 

experiments were diluted with 2% HNO3 before injection to achieve the optimal detection range 

and to prevent precipitation. 

Figure 2.16: Schematic illustration of a typical ICP-MS instrument. (Image source: 

http://www.emdmillipore.com) 

Figure 2.17: Schematic illustration showing the major components of a typical ICP-AES 

instrument.[19]  
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2.7 UV-Vis Spectrophotometry 

2.7.1 Principles of UV-Vis Spectrophotometry  

Ultraviolet and visible (UV-Vis) absorption spectroscopy measures the attenuation of a 

beam of light passed through a sample. Absorption spectroscopy uses electromagnetic radiation 

with a wavelength between 200 nm and 800 nm and is divided into UV (200-400 nm) and visible 

ranges (400-800 nm). 

Figure 2.18 shows the arrangement of a typical UV-Vis instrument.  A beam of light generated 

from the deuterium and tungsten lamp sources is passed through a quartz cuvette which contains 

the solution. The intensity of the light beam is measured before and after passage through the 

sample, and the absorbance is calculated using the formula,  

 A = log I0/I 2.27 

where A is the absorbance of the sample, I0 is the intensity of incident beam, and I is the light 

intensity after passing though the sample. The relationship between the absorption and 

compound concentration is described by the Beer-Lambert law, 

  A = Ɛ∙c∙l 2.28 

where Ɛ is the molar absorptivity expressed in units of L.mol-1.cm-1, c is the concentration of the 

sample in mol.L-1, and l is the optical path length in cm. 

This technique is based on the ability of a molecule to absorb UV and visible light due to 

electron excitation from the outer shells to a higher energetic level. The characteristic electron 

transition takes place from the Highest Occupied Molecular Orbital (HOMO) to the Lowest 

Unoccupied Molecular Orbital (LUMO). The input energy is absorbed at different frequencies 

which are characteristic of the chemical structure of the absorbing species. An optical 
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spectrometer measures the wavelengths at which absorption occurs and yields a spectrum of 

absorbance vs. wavelength. 

2.7.2 UV-Vis Experimental Details  

All the UV-Vis measurements were performed using a diode array spectrophotometer 

(BioLogic Science Instruments). H2O2 concentrations were determined using the Ghormley tri-

iodide method in which I- is oxidized to I3
- by H2O2 in the presence of ammonium molybdate as a 

catalyst.[21, 22] The molar absorptivity of I3
- is 25,500 L.mol-1.cm-1 and the measurements were 

performed in a quartz cuvette with a 1 cm path length. The absorbance at 352 nm was measured, 

and the detection limit for H2O2 using this instrument is 3 x 10-6 mol.L-1. H2O2 analyses were 

performed immediately after sampling an experimental solution with solutions containing H2O2 

covered by commercial grade Al foil to avoid photolytic decomposition. 

 

Figure 2.18: Illustration of a diode array UV-Vis spectrophotometer. (Image source: 

http://faculty.sdmiramar.edu) 
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Chapter 3 

3 Anodic Reactions Occurring on Simulated Spent Nuclear Fuel 

(SIMFUEL) in Hydrogen Peroxide Solutions Containing 

Bicarbonate/Carbonate – The Effect of Fission Products 

3.1 Introduction 

The universally accepted concept for the disposal of high level nuclear waste, in particular 

spent nuclear fuel, is based on multiple barriers including the fuel waste form, durable metal 

containers, a clay buffer and seals around the container, and a deep geologic repository (DGR). 

[1] While such a DGR can provide acceptable assurance for long term containment it is 

necessary to consider the consequences of container failure which could lead to exposure of the 

fuel to groundwater. Since the spent fuel contains the radioactive fission and activation products, 

its behaviour in contact with groundwater provides the critical radioactivity source term in 

assessments of repository safety.[2, 3]  

The chemistry/electrochemistry of UO2 has been studied in a range of proposed repository 

conditions.[4-11] The redox condition of the groundwater contacting  the fuel after container 

failure is the key factor likely to control the fuel corrosion rate since the solubility of U is orders 

of magnitude higher for UVI than for the reduced UIV form.[12] If container failure occurs while 

significant radiation fields exist in the fuel, oxidizing conditions are expected to prevail near the 

fuel surface as a consequence of water radiolysis.[9, 13, 14]   

The radiation-induced dissolution of spent fuel has been investigated both experimentally 

and computationally,[15-19] and the key oxidant has been shown to be H2O2 produced by the 

alpha radiolysis of the ground water.[13, 20, 21] The fate of H2O2 is either to be consumed where 

it is produced at the fuel surface, or to be transported away from the fuel surface and scavenged 
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by available reducing species such as Fe2+ and H2 produced by corrosion of the steel containment 

vessel. Fuel corrosion involves the coupling of UO2 corrosion and H2O2 reduction,[22, 23] 

 

 H2O2 + 2e
− → 2OH− 3.1 

 UO2 → UO2
2+ + 2e− 3.2 

However, H2O2 can also undergo oxidation reaction 3.3, and the coupling of reaction 3.1 

and 3.3 would lead to H2O2 decomposition to produce the alternative oxidant O2, 

 H2O2 → O2 + 2H
+  + 2e− 3.3 

While an oxidant, O2, would react over two orders of magnitude more slowly with UO2 than the 

radiolytically produced H2O2.[4] As indicated in Figure 3.1, the relative importance of the two 

anodic reactions will determine the stability of UO2 in H2O2 solutions. 

Attempts have been made to determine the mechanistic balance between UO2 dissolution 

and H2O2 decomposition under open circuit (corrosion) conditions. At low [H2O2] (< 10-4 mol.L-

1) the corrosion potential (ECORR) increased from ~-0.4 V to ~-0.1 V (vs. SCE) with increasing 

ε-particles 

UIV
1-2xUV

2xO2+x 

Figure 3.1: Schematic illustration of the possible reactions of H2O2 on a UO2 surface, showing 

that the H2O2 oxidation reaction can be catalyzed by a UO2+x surface or by noble metal (ε) 

particles. 
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[H2O2], and recent studies showed that the value of the steady-state ECORR achieved was directly 

related to the extent of oxidation of the surface, as determined by X-ray photoelectron 

spectroscopy.[24] Over the intermediate [H2O2] range, 10-4 to 5 × 10-3 mol.L-1, ECORR rose 

rapidly to a final steady-state value (~0.1 V), indicating that the first stage of oxidation of the 

surface from UIVO2 to UIV
1-2xU

V
2xO2+x was rapid. At potentials in this range, both oxidative 

dissolution as UVIO2
2+ and H2O2 decomposition are possible. Based on the independence of 

ECORR on [H2O2], it was claimed that the corrosion of the surface and the decomposition of H2O2 

on the UIV
1-2xU

V
2xO2+x layer were both limited by the slow dissolution of UVI species from a UVI 

surface layer. XPS measurements confirmed the presence of UVI on the electrode in this potential 

range.  

For [H2O2] ≥ 5 × 10-3 mol.L-1, ECORR increased approximately linearly with concentration 

and coverage of the electrode by UVI species increased. Experiments in which the amount of 

dissolved UVI was measured showed that, at these higher [H2O2], dissolution was accelerated 

[25, 26], and the rate became first order with respect to [H2O2]. The increase in dissolution rate 

coupled to an apparently greater coverage by insulating and potentially blocking surface UVI 

species was taken as an indication of enhanced dissolution at locally acidified sites on the 

electrode surface.[27] How these changes influenced the rate and mechanism of H2O2 

decomposition was not investigated. A similar mechanism was proposed for the influence of α-

radiolytically produced H2O2 on UO2 corrosion and H2O2 decomposition.[13] It has also been 

claimed that, in the presence of both H2O2 and HCO3
-/CO3

2- at high concentrations, UO2 

corrosion is accelerated by the formation of a soluble peroxycarbonate complex, 

UVIO2(O2)x(CO3)y
2-2x-2y.[28, 29] 
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While the cathodic reduction of H2O2 on UO2 has been investigated, [22, 23, 26, 30, 31] 

the kinetics of H2O2 oxidation and its relative importance when accompanied by the anodic 

dissolution of UO2 has received minimal attention. Wu et al. [32] studied the anodic behavior on 

a SIMFUEL electrode in HCO3
-/CO3

2- solutions containing various concentrations of H2O2. The 

rates of both anodic reactions were found to be at least partially controlled by the chemical 

release of UVI surface species as UVIO2(CO3)x
(2-2x)+ and H2O2 oxidation appeared to be the 

dominant reaction, although a quantitative separation was not achieved. In addition, the role of 

the noble metal (ɛ) particles, known to exist in spent fuel and present in the SIMFUEL used,[33, 

34] on these anodic reactions remains unknown. 

In this study, the mechanisms of both the anodic reactions are investigated. The specific 

goals are the following: (i) to determine the mechanisms of both reactions; (ii) to determine their 

relative importance as a function of potential and carbonate concentration ([CO3]tot); and (iii) to 

elucidate the role played by noble metal (ɛ) particles in determining the relative importance of 

anodic dissolution and H2O2 decomposition.  

3.2 Experimental  

3.2.1 Electrode Materials and Preparation and Solutions 

SIMFUELs are UO2 pellets doped with non-radioactive elements to replicate the effects of 

in-reactor irradiation. [35] Two different SIMFUEL samples were used in this study: one doped 

with 11 elements (Sr, Y, Ce, Nd, La, Zr, Ba, Pd, Ru, Mo, Rh) to simulate a fuel with both a rare 

earth doped lattice and noble metal (ɛ) particles, designated (RE + ɛ), and a second one not 

containing the noble metal elements (Pd, Ru, Rh, Mo) and hence free of ɛ-particles, designated 
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RE. The SIMFUELs were fabricated and supplied by Canadian Nuclear Laboratories (Chalk 

River, Canada). 

All solutions were prepared with distilled deionized water (resistivity, ρ = 18.2 MΩ cm) 

purified using a Millipore milli-Q-plus unit to remove organic and inorganic impurities, and 

subsequently passed through a milli-Q-plus ion exchange column. Experiments were conducted 

in a 0.1 mol.L-1 NaCl solution containing 0.02 mol.L-1 H2O2 with the pH adjusted to 9.7 with 

NaOH. NaHCO3 was added to a concentration ([CO3]tot) in the range 0.01 to 0.1 mol.L-1. All 

chemicals were reagent grade and purchased from Fisher Scientific. 

3.2.2 Electrochemical Cell and Equipment  

Experiments were conducted using a three-compartment, three-electrode electrochemical 

cell. The reference electrode was a commercial saturated calomel electrode (SCE) (0.242 V vs. 

SHE) at 20 oC. The counter electrode was a Pt foil spot-welded to a Pt wire. The cell was placed 

in a Faraday cage to minimize interference from external noise. The rotation rate of the rotating 

disc electrode (RDE) was controlled using an analytical rotator from Pine Instruments (model 

ASR). All the electrochemical experiments were performed with a Solartron 1287 potentiostat 

controlled by CorrWare Version 2.7 software. The electrode resistivity (ρ (RE) = 174 ohm.cm; ρ 

(RE + ɛ) = 81 ohm.cm) was compensated using the current interrupt procedure. [36]  

3.2.3 Electrochemical Experiments   

Before each experiment, the SIMFUEL electrode was wet polished with 1200 grit SiC 

paper and rinsed with Millipore water. The working electrode was then cathodically cleaned at a 

potential of -1.2 V for 2 minutes prior to each experiment. For potentiostatic experiments, the 

working electrodes were oxidized for 10 minutes at a potential in the range of 0.1 - 0.4 V until a 
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steady state current was achieved. In dissolution experiments, the working electrode was held at 

each potential for one hour.  

In these experiments, the electrodes were oxidized for one hour either at the corrosion 

potential (ECORR) or at a positive applied potential (E) (0.2, 0.3 or 0.4 V). The amount of 

dissolved U in the solution was then measured and converted into an equivalent charge using 

Faraday’s Law, 

 m = QM/Fn 3.4 

where m is the mass reacted, Q is the electrochemical charge equivalent to the amount of U 

dissolved, F is Faraday’s constant (96485 C.mol-1), and n is the number of electrons involved in 

the dissolution reaction (2 for UIV → UVI). After anodic oxidation for one hour, the electrode was 

quickly transferred to a H2O2-free solution for cathodic stripping voltammetry (CSV) to estimate 

the amount of charge consumed in the production of surface oxidized layers. 

3.2.4 Electrode Surface and Solution Analyses  

3.2.4.1  Inductively Coupled Plasma Atomic Emission Spectroscopy (ICP-

AES) 

The concentration of U in the solution was analyzed by Inductively Coupled Plasma 

Atomic Emission Spectroscopy (ICP-AES). These analyses were performed with a Perkin Elmer 

Optima 3300 Dual 24 View ICP-AES located in the Biotron facility (Western University). The U 

emission was monitored at a wavelength of 419 nm, with a detection limit of 0.01 mg L-1. Prior 

to injection into the spectrometer, samples were mixed with 2% HNO3 to prevent U precipitation. 

The calibration standards used were 0.5, 1.0, and 5.0 mg L-1 U solutions, and a 2% HNO3 

solution was used as a blank sample. 
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3.2.4.2 Scanning Electron Microscopy (SEM) and Energy Dispersive X-ray 

Spectroscopy (EDX) 
The surface morphology of the electrode was obtained using a Hitachi S-4500 Field 

emission scanning electron microscope equipped with a Quartz XOne energy dispersive X-ray 

analyzer located at Surface Science Western (SSW). Immediately after an experiment, samples 

were rinsed with Millipore H2O and dried in an Ar stream prior to being placed in the 

microscope. The electron beam potential was maintained at 5.0-15 keV and the working distance 

was 10 mm during image collection resulting in a spatial resolution of < 2 nm. Micrographs were 

recorded at various magnifications (100 – 5000X). 

3.2.5 Raman Spectroscopy  

Raman Spectra were obtained using a Renishaw 2000 Laser Raman spectrometer 

(Renishaw PLC., UK) equipped with a Leica DMLM microscope. Spectra were excited using a 

He-Ne laser with a wavelength of 632.8 nm. The laser beam was focused to ~2 µm in diameter 

with a 50x uncoated objective lens on to the electrode mounted on carbon tape attached to a glass 

slide. The power of the laser beam was kept at 50% to avoid laser heating effects. The 

spectrometer was calibrated with a standard Si wafer, which has an intense Raman band at 520 

cm-1. Spectra were measured over the wavenumber range of 120 to 1400 cm-1. After the 

measurements, the Gaussian-Lorentzian peak model and a Shirley baseline correction were used 

to fit the Raman peaks. The deconvolution of the broad band at 500-700 cm-1 has been described 

in detail elsewhere.[37, 38]  
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3.3 Results and Discussion 

3.3.1 Cyclic Voltammetry  
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Figure 3.2: CVs recorded on the RE and RE+ε electrodes in an Ar-sparged 0.1 mol.L-1 

NaCl solution containing 0.02 mol.L-1 NaHCO3 with a pH of 9.7, (A) without H2O2; (B) 

with 0.02 mol.L-1 H2O2: the electrode rotation rate was 16.7 Hz.    

B 
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Figure 3.2 shows CVs recorded on the two electrodes in a 0.1 mol.L-1 NaCl solution 

containing 0.02 mol.L-1 of NaHCO3 (pH = 9.7). In the absence of H2O2, Figure 3.2 A, there was 

no significant difference between the two electrodes in the anodic potential region. However, the 

cathodic current increased significantly at -0.8 V on the RE + ε electrode due to the catalysis of 

H2O reduction on the noble metal (ε) particles. When H2O2 was added to the solution, Figure 3.2 

B, the anodic current was significantly enhanced and reached a maximum at 0.27 V on the RE 

electrode with the decreases at positive potential indicating the formation of corrosion products 

on the UO2 surface and the inhibition of one or both of the anodic oxidation processes. On the 

RE + ε electrode, the current was further enhanced and no peak was observed at the positive 

potential limit of the scan. This enhancement suggested a role for the ε-particles in determining 

the anodic current over the full potential range.   
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3.3.2 Characterization of Noble Metal (ε) Particles  

3.3.2.1 SEM and EDX 

 

 

Figure 3.4: EDX maps recorded on the RE+ε electrode showing the distribution of noble 

metal dopants (Ru, Pd Ru, and Mo). 

(B) (A) 

Figure 3.3: SEM images of (A) the RE + ε electrode; (B) the RE electrode. 

20 µm 

6 µm 
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Figure 3.3 shows the surface morphology of the RE + ε and RE electrodes. The RE + ε 

electrode (Figure 3.3 A) featured distinct particles mainly residing on grain boundaries and 

possessed a smaller grain size than the RE electrode. The EDX analyses, Figure 3.4, showed the 

distinct particles contained Ru, Pd, Rh and Mo, consistent with previous analyses. [35] A more 

extensive analysis of the composition of a number of ε-particles in the RE + ε electrode showed 

their composition to be Pd (40 ± 6%), Ru (29 ± 5%), Rh (14 ± 4%) and Mo (16 ± 3%). [39] 

3.3.2.2 Raman Analyses  
Figure 3.5 shows representative Raman spectra recorded on the RE and RE + ε electrode 

surfaces. These spectra exhibit a number of bands.[37] 

(i) The dominant peak at 445 cm-1 can be attributed to the fundamental U-O stretching 

mode of the fluorite lattice. 

(ii) A band at 1150 cm-1 (not shown) has been assigned as an overtone (2L-O) of the first 

order L-O phonon observed at 570-575 cm-1.[40] 

(iii) The broad band between 500 and 700 cm-1 can be attributed to UO2 lattice damage, 

due to the formation of defects caused by lattice doping. 

The band in this last region was deconvoluted into three peaks at 540 cm-1, 570 cm-1 and 640 

cm-1. The peak at 570 cm-1 was attributed to a first order phonon (as noted above) while the peak 

at 540 cm-1  was attributed to the creation of oxygen vacancies (OV) [41, 42] in response to the 

need for charge compensation due to REIII doping, a process which appears to involve the 

formation of REIII-OV clusters.  

A peak at 640 cm-1 has been commonly assigned to distortion of the anion sublattice 

associated with a vibrational mode involving clusters of interstitial O atoms in a non-

stoichiometric UO2+x lattice. Since the SIMFUELs used in these experiments were sintered and 
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reduced it was expected to be stoichiometric making this assignment of the peak at 640 cm-1 

unlikely. It has been suggested [38] this peak can be attributed to a Zr-O8 complex since ZrIV 

doping would cause a decrease in the UO2 lattice parameter, a feature that would be expected to 

lead to lattice stabilization against anodic oxidation. 

Since the peak at 445 cm-1 is characteristic of the undisturbed fluorite lattice and the 540 

cm-1 peak can be attributed to the creation of OV associated with REIII-doping, the area ratio of 

these two peaks has commonly been used as a measure of the number of such vacancies. [38] 

Figure 3.6 shows the peak areas normalized to the area of the peak at 445 cm-1. If it is accepted 

that the ratio of the 540 cm-1 and 445 cm-1 peak areas is a measure of the number of OV created 

by REIII doping then the RE electrode appeared to have a slightly higher density of OV than the 

RE + ε electrode.  
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B 

Figure 3.5: Raman spectra recorded on the freshly polished (A) RE + ε and (B) RE 

SIMFUEL electrodes. 
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3.3.3 Steady-State Currents at Various [CO3]tot   

Figure 3.7 shows the current densities recorded on both electrodes over a range of E in a 

0.1 mol.L-1 of NaCl solution containing 0.1 mol.L-1 of [CO3]tot and 0.02 mol.L-1 of H2O2. The 

current reached a steady state value rapidly on both electrodes, but slightly more rapidly on the 

RE electrode especially at the higher E.  

 

 

 

 

Figure 3.6: Comparison of Raman peak areas normalized to the area of the 445 cm-1 

peak recorded on the RE + ε and RE electrodes. 
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Figure 3.7: Current densities measured at different E for 10 minutes on (A) the RE, and 

(B) the RE+ε electrodes in an Ar-purged 0.1 mol.L-1 NaCl solution containing 0.1 mol.L-1 

[CO3]tot and 0.02 mol.L-1 H2O2: pH = 9.7; electrode rotation rate = 16.7 Hz.    

B 
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  Figure 3.8 A and B show the steady-state currents plotted against E. On the RE electrode 

the current exhibited the same dependence on E as observed voltammetrically, Figure 3.7, 

increasing over the low potential range before decreasing again at higher E. The decrease in 

current beyond the peak became less marked as [CO3]tot was increased. On the RE + ε electrode 

the current showed a similar behaviour at low E but any tendency to decrease at more positive E 

was overcome by a further current increase for E > 0.3V. 

Figure 3.8 C shows the difference between the currents (Δj) recorded on the two 

electrodes, 

        Δj = jRE + ε - jRE 

 

3.5 

Since the key difference between the two electrodes is the presence of noble metal (ε) particles in 

the RE + ε electrode, this suggested Δj could be attributed to reactions occurring on these 

particles not on the UO2 surface.  As will be demonstrated below, the second possibility, that the 

anodic reactivities of the two doped UO2 matrices are different can be ruled out. The enhanced 

currents on the RE + ε, given by Δj, Figure 3.7 C, can be divided into two distinct regions: (i) 

For E ≤ 0.3V the current difference was effectively independent of E and clearly dependent on 

[CO3]tot; (ii) For E ≥ 0.3V the current increased steeply with E but became independent of 

[CO3]tot. 
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Figure 3.8: Steady-state oxidation current densities as a function of E recorded on the 

(A) RE and (B) RE+ε electrodes in an Ar-purged 0.1 mol.L-1 NaCl solution containing 

0.02 mol.L-1 H2O2, and various [CO3]tot from 0.01 mol.L-1 to 0.1 mol.L-1, (C) calculated 

current density difference, j(RE+ ε) – jRE, determined from (A) and (B); pH = 9.7, 

electrode rotation rate = 16.7 Hz.    

B 

C 

Region 1 

Region 2 
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3.3.4 Anodic Dissolution of UO2  

The currents recorded in the potentiostatic experiments, Figure 3.7 and Figure 3.8, contain 

contributions from both UO2 and H2O2 oxidation. To separate these contributions, the electrodes 

were potentiostatically oxidized at different applied potentials for 1 hour and the  

solutions then analyzed for dissolved U. In addition, the charge consumed by the formation of 

the oxidized surface layers, UIV
1-2xU

V
2xO2+x and UVIO3.yH2O and possibly studtite (UVIO4.4H2O, 

which could form in the presence of H2O2 [19, 42-44]) was determined by cathodic stripping 

voltammetry. This charge was found to be negligible compared to the total anodic charge 

consumed and was not, therefore, taken into consideration.     

Figure 3.9 shows the amount of U dissolved was almost identical for both electrodes 

irrespective of the [CO3]tot. Despite the differences in the total amount of charge consumed, 

obtained by integration of the current over the 1 hour duration of the experiment, the data in 

Figure 3.9 shows that the extent of U dissolution was similar on the RE and RE + ε electrodes. 

This demonstrates that the extent of dissolution was uninfluenced by the presence of noble metal 

(ε) particles, and hence not responsible for the differences in anodic current, Δj (Figure 3.7 C). 

Also, this similarity in UVI release rates confirmed that the slight differences in the number of 

REIII-OV clusters indicated by the Raman analyses had minimal influence on the anodic 

reactivity of the UO2 matrix. This is consistent with previous observations on the influence of 

REIII doping on the anodic reactivity.[45]  

SEM micrographs recorded on the RE + ε electrode, Figure 3.10, showed some etching 

of the surface, possibly with some enhanced grain boundary dissolution. Although not shown, 

similar changes in surface morphology were observed on the RE electrode. 
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At ECORR, the amount of UVI dissolved was effectively independent of [CO3]tot, Figure 

3.9, indicating that the slow step in the overall dissolution process was the anodic formation of 

the UVI species from the preformed UIV/UV surface layer 

        UIVO2 → UIV
1-2xU

V
2xO2+x → (UVI)surf → UVIO2(CO3)y

(2-2y)+      3.6 

At higher E and low [CO3]tot only a marginal increase in UVI release was observed prior 

to the inhibition of release at high E (0.3V, 0.4V) when the surface became covered with a 

UVIO3∙yH2O film although the formation of studtite (UVIO4∙4H2O) was also possible in the 

presence of H2O2.[19, 42-44] This suppression of dissolution at high E on the RE electrode was 

consistent with the low currents observed at 0.3/0.4V (Figure 3.8 A) which demonstrate that the 

Figure 3.9: The amount of U dissolved at ECORR and various E values (one hour) for 

both RE and RE+ε electrodes. 
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anodic oxidation of H2O2 was also suppressed at these potentials. By contrast, the suppression of 

UVI dissolution on the RE + ε electrode under these conditions, Figure 3.9, was not accompanied 

by a decrease in current, Figure 3.8 B, confirming that the higher currents at 0.3/0.4V were due 

to an increase in the anodic oxidation of H2O2 on the noble metal (ε) particles.  

 

At higher [CO3]tot, the intermediate UIV
1-2xU

V
2xO2+x layer was considerably thinner and 

anodic dissolution proceeded more rapidly through UV/UVI surface intermediates[46]   

 UIVO2 + HCO3
-  → UVO2

 (HCO3)ads  +  e- 3.7 

 UVO2(HCO3)ads + OH-  → UVIO2(CO3)ads + H2O + e- 3.8 

Figure 3.10: SEM micrographs of the RE + ε electrode before and after anodic oxidation 

at E = 0.35 V for 1 hour in a solution of 0.1 mol.L-1 NaCl, 0.02 mol.L-1 H2O2 and 0.1 

mol.L-1  NaHCO3 with pH = 9.7: (a) and (b), the freshly polished electrode; (c) and (d) 

the surface of the electrode after anodic oxidation at 0.35 V for 1 hour. 

a b 

c d 

30 µm 6 µm 

30 µm 6 µm 
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               UVIO2(CO3)ads + HCO3
-  → UVIO2(CO3)2

2- + H+ 3.9 

At E ≤ 0.3V the amount of UVI released increased with E indicating control of the 

dissolution reaction by reaction 3.8. For E > 0.3V, the amount released became independent of E 

but exhibits a dependence on [CO3]tot consistent with a switch in rate control to the final 

chemical dissolution (reaction 3.9). It is possible that this dissolution reaction was accelerated by 

the formation of a soluble peroxycarbonate complex, UVIO2(O2)x(CO3)y
2-2x-2y. The formation of 

such a species has been shown to accelerate UO2 dissolution when H2O2 and HCO3
-/CO3

2- 

concentrations were higher than those employed in this study. [28, 29]  

Based on these analyses, the total charge consumed by anodic dissolution (QUO2) was 

calculated and compared to the total amount of anodic charge. The ratio of these charges is 

plotted in Figure 3.11 which provides a measure of the relative importance of UVI dissolution. 

On the RE electrode the ratio (i.e., the importance of dissolution) increased with E for all 

[CO3]tot, as indicated by the green arrow, Figure 3.11, with dissolution becoming the dominant 

reaction at 0.4 V despite the overall decrease in current, Figure 3.8 A, and the suppression of UVI 

release, Figure 3.9, particularly at low [CO3]tot. 

These results confirmed that the formation of UVI surface films strongly suppressed the 

anodic oxidation of H2O2. However, the dependence on [CO3]tot at both 0.3V and 0.4V, in 

particular the latter, peaked at intermediate [CO3]tot (0.02 mol.L-1) before decreasing again at 

higher concentrations, as indicated by the red arrows in Figure 3.11 A. This suggested two 

influences of HCO3
-/CO3

2-: (i) at the two low [CO3]tot an increase leads to a significant 

promotion of the importance of anodic dissolution, confirming that the increased anodic        

current can be attributed to an acceleration in the rate of the electrochemical reaction 3.8;   
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(ii) at the higher [CO3]tot (0.05 and 0.1 mol.L-1) the relative importance of the dissolution 

reaction was decreased; i.e., the relative importance of the anodic oxidation of H2O2 increased, 
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Figure 3.11: The ratio of the charge consumed by UO2 dissolution to the total 

electrochemical charge consumed calculated for (A) the RE electrode, and (B) the RE+ε 

electrode as a function of E and [CO3]tot. 
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once the surface UVI layer was rapidly dissolved and the conductive underlying UIV
1-2xU

V
2xO2+x 

layer exposed. 

Significantly different behaviour was observed on the RE + ε electrode. At low [CO3]tot 

the ratio decreased to 3.5% as E was increased to 0.4V, as indicated by the green arrow in Figure 

3.11. This decrease accompanies the overall decrease in UVI release, Figure 3.9, and the 

accompanying increase in anodic current, Figure B and C, confirming the dominance of H2O2 

oxidation under these conditions. Since the surface of the UO2 matrix remained protected by the 

UVI surface film at low [CO3]tot, these observations clearly demonstrated that the acceleration of 

H2O2 oxidation was supported on the noble metal (ε) particles. At higher [CO3]tot the relative 

importance of UVI dissolution was revived as the UVI surface film dissolved, as indicated by the 

red arrow in Figure 3.11 B. 

3.3.5 The anodic oxidation of H2O2  

The importance of H2O2 oxidation, and the influence of [CO3]tot and E on it, are 

demonstrated in Figure 3.12, which shows the anodic charge due to H2O2 oxidation (QH2O2) 

calculated by subtracting the charge due to UO2 dissolution (QUO2) from the total electrochemical 

charge. At low E (0.2V), QH2O2 increased with [CO3]tot on both electrodes. This, and the 

observation that the current for H2O2 oxidation on noble metal (ε) particles was enhanced in this 

potential region 1 (Figure 3.8 C) demonstrated that HCO3
-/CO3

2- influenced H2O2 oxidation in 

two ways: (i) as discussed above it accelerates UVI dissolution leading to the exposure of the 

conductive UIV
1-2xU

V
2xO2+x sublayer on which H2O2 oxidation could occur; (ii) it accelerated 

H2O2 oxidation on the noble metal (ε) particles in region 1 (Figure 3.8 C). 
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Figure 3.12: The anodic charge due to H2O2 oxidation (𝐐𝐇𝟐𝐎𝟐) as a function of E on 

the RE (A) and RE+ε (B) electrodes in a [NaCl] = 0.1 mol.L-1 solution containing 

[H2O2] = 0.02 mol.L-1 and various [CO3]tot.  

 

A 
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This dependence of the current and the charge for H2O2 oxidation on [CO3]tot indicated a 

carbonate-mediated oxidation of H2O2 was occurring on the noble metal (ε) particles in potential 

region 1 (Figure 3.8 C). The combination of H2O2 and HCO3
-/CO3

2- is known to form a reactive 

peroxycarbonate species,  

 HCO3
- + H2O2 → HCO4

- + H2O 3.10 

a reaction which can catalyze H2O2 decomposition and is known to enhance its reactivity.[47] 

Once formed its anodic oxidation to O2 and the regeneration of HCO3
- was rapid on the noble 

metal (ε) particles, 

                 2HCO4
- → 2HCO3

- + O2 + 2e- 

 

3.11 

On the RE electrode, the ability of HCO3
-/CO3

2- to revive H2O2 oxidation by dissolving the 

insulating UVI surface layers to expose the underlying catalytic UIV
1-2xU

VO2+x layer was clear on 

the RE electrode, QH2O2 increasing with [CO3]tot at all three potentials. 

While the value of QH2O2 also increased with [CO3]tot on the RE + ε electrode the extent 

of H2O2 oxidation was much greater at 0.4 V than on the RE electrode and the excess current, Δj, 

showed the reaction was not dependent on [CO3]tot, although it was occurring on the noble metal 

(ε) particles. This can be attributed to the direct oxidation of H2O2 on the noble metal (ε) 

particles, this reaction having been shown to be catalyzed by oxidized states on the surface of 

noble metals, [48-52] e.g., PdII on Pd, 

              Pd + 2H2O → PdII(OH)2 + H+ + 2e- 3.12 

 PdII(OH)2 + H2O2 → PdII(OH)2(H2O2)ads 3.13 

                        PdII(OH)2(H2O2)ads → Pd + O2 + 2H2O 3.14 
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3.4 Summary   

 

Figure 3.13 shows a schematic summary of the reactions occurring on the various features 

and surface states on the UO2/ε-particle surface. 

• At all potentials, including ECORR, the surface was covered by a thin conductive         

UIV
1-2xU

V
2xO2+x layer able to support both anodic dissolution of the UO2 matrix and 

anodic oxidation of H2O2. 

• The balance between these anodic reactions varied with, (i) the presence or absence of 

noble metal (ε) particles dispersed throughout the fission product-doped UO2 matrix, (ii) 

the potential applied, and (iii) the [CO3
2-]tot.  

Figure 3.13: Schematic illustration of the major reactions occurring on the RE and RE+ ɛ 

electrode surfaces in solutions containing H2O2 and CO3
2-/HCO3

-. 
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• At low [CO3]tot both anodic reactions were retarded by the growth of insulating UVI 

surface layers and the rate of the anodic oxidation of H2O2 became controlled by the rate 

of release of UVI to solution to expose the underlying conductive UIV
1-2xU

V
2xO2+x layer. 

• The dissolution of this thin UVI layer was accelerated in the presence of HCO3
-/CO3

2- 

leading to increases in rate of both anodic reactions. 

• The presence of noble metal (ε) particles did not influence the anodic dissolution of the 

UO2 matrix but offered an additional pathway for the anodic oxidation of H2O2. 

• At low potentials in the presence of HCO3
-/CO3

2-, a peroxycarbonate species, HCO4
-, was 

formed and rapidly oxidized H2O2 to O2 on the particles. 

• At high potentials H2O2 was directly oxidized on the noble metal (ε) particles which were 

rendered catalytic by their electrochemical oxidation (e.g., Pd → PdII).  
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Chapter 4 

4 Hydrogen Peroxide Decomposition on Simulated Nuclear Fuel 

Bicarbonate/Carbonate Solutions 

4.1 Introduction  

In common with the international community, the Canadian strategy for the disposal of 

high level nuclear waste is permanent disposal in a deep geologic repository (DGR). The waste 

form (spent nuclear fuel in the Canadian case) will be sealed in a Cu-coated steel container prior 

to emplacement in the DGR[1-3]. The durability of these containers is expected to be sufficient 

to avoid failure until the radiation levels within the fuel decay to innocuous levels, with corrosion  

models predicting only minimal damage [4]. However, it is judicious to examine the 

consequences of container failure when the fuel waste form could come into contact with 

groundwater. 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 radiolysis of the groundwater and the corrosion of the inner 

surface of the steel container [5, 6]. Of the radiolytic oxidants that will be formed, 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 much of the 

earlier literature reviewed [5, 9, 10]. On the corroding UO2 surface there are two competing 

anodic reactions which can couple with the cathodic reduction of H2O2: the dissolution of UIVO2 

as UVIO2
2+, and the oxidation of H2O2, the latter leading to the decomposition of H2O2,  
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                               2H2O2  →  O2  +  H2O 4.1 

Peroxide decomposition has been studied on various metal oxide surfaces and a variety of reaction 

pathways proposed. Recent studies have demonstrated that the reaction proceeds via a radical 

mechanism [11-13], 

                               (H2O2)ads  →  2(OH●)ads                                        4.2 

                               (H2O2)ads  +  (OH●)ads  →  H2O  +  (HO2
●)ads 4.3 

                               2(HO2
●)ads   →  H2O2  +  O2   4.4 

Decomposition on oxides which can sustain reversible redox transformations can be 

catalyzed by these transformations [14, 15]. On UIVO2 surfaces the balance between UIVO2 

dissolution and H2O2 decomposition varied depending on the composition of the oxide. Thus, 

while the overall reactivity remained the same, 14% of the H2O2 was consumed by dissolution on 

UIVO2 compared to ~ 2% on SIMFUEL[16] (UIVO2 doped with non-radioactive elements 

including rare earth elements to simulate in-reactor burn-up[17]). This difference has been 

attributed to differences in the redox reactivities of UIVO2 and SIMFUEL [8], although the 

presence of potentially catalytic noble metal (ε) particles in the SIMFUEL was not addressed. 

The stabilization of the UIVO2 matrix against dissolution by rare earth doping has been 

subsequently demonstrated electrochemically [18-21]. Corrosion potential (ECORR) 

measurements suggest that H2O2 decomposition may be controlled by the kinetics of the cathodic 
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reaction [22] although the behaviour on the UIVO2 surface is strongly influenced by its chemical 

composition.  

In this study we have investigated the corrosion of SIMFUEL in NaCl solutions containing 

various concentrations of HCO3
-/CO3

2- and H2O2 with a primary emphasis on determining the 

mechanisms and relative importance of UIVO2 dissolution and H2O2 decomposition. A 

combination of electrochemical, and surface and solution analytical methods have been applied.  

4.2 Experimental  

4.2.1 Materials 

The UO2 electrodes were cut from 3 at.% SIMFUEL manufactured by Atomic Energy 

Canada Limited (now Canadian Nuclear Laboratories, Chalk River, Ontario, Canada). 

SIMFUELs are UIVO2 pellets doped with 11 non-radioactive elements (Ba, Ce, La, Sr, Mo, Y, 

Zr, Rh, Pd, Ru, Nd) to replicate the chemical effects of in-reactor irradiation 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 composition of these 

particles has been described elsewhere[23, 24].  

4.2.2  Electrodes and Solutions 

Electrodes were polished on wet 1200 SiC paper and rinsed with Type I water prior to 

experiments. All solutions were prepared with Type 1 water (ρ = 18.2 Mohm.cm), purified using 

a Millipore Milli-Q Plus unit and deaereated with Ar (ultra-high purity, Praxair) for at least 1 h 
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prior to an experiment. Ar purging was then continued throughout an experiment. Experiments 

were conducted in a 0.1 mol.L-1 NaCl solution containing various NaHCO3 (0.005 to 0.05 mol.L-

1) and H2O2 (0.001 mol.L-1 to 0.02 mol.L-1) concentrations. The solution pH was adjusted to 9.7 

using 0.2 mol.L-1 NaOH solution, and measured using an Orion model 250A pH meter and an 

Orion 91-07 Triode pH/ATC probe. All chemicals were reagent grade and purchased from Fisher 

Scientific. All experiments were performed at room temperature.     

4.2.3 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 the extent of U 

dissolution. A saturated Ag/AgCl reference electrode was placed in the main compartment and a 

Pt wire counter electrode was used separated from the main cell body by a high-density glass frit. 

The cell was placed in a Faraday cage to minimize interference from external electrical noise and 

covered with Al foil to avoid photolytic decomposition of the H2O2.  All electrochemical 

experiments were performed with a Solartron 1480 Multistat controlled by CorrWare Version 

2.7 software. 

The electrode was polarized to a potential of -1.2 V (vs. saturated Ag/AgCl) for 20 s to 

cathodically remove air-formed oxides. Polarization resistances (RP) were obtained from the 

slopes of current-potential scans over the range ECORR ± 10 mV. Electrodes for X-ray 

photoelectron spectroscopic (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.  
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4.2.4 Scanning Electron Microscopy (SEM) and Energy Dispersive X-ray 

(EDX) Analyses 

The surface morphology of electrodes was observed using a Hitachi S-4500 field emission 

scanning electron microscope (SEM) equipped with a Quartz XOne energy dispersive X-ray 

(EDX) analysis system. An electron beam voltage of 20 kV was used and the working distance 

was 10 mm during image collection resulting in a spatial resolution of < 2 nm.   

4.2.5 X-ray Photoelectron Spectroscopy (XPS) 

XPS analyses were performed on a Kratos Axis NOVA spectrometer using 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 Au 4f7/2 line for metallic Au and the spectrometer 

dispersion was adjusted to give a binding energy (BE) of 932.62 eV for the Cu 2p3/2 line of 

metallic Cu. Survey scans were recorded over the energy range 0-1100 eV on an analysis area of 

300 x 700 µm2 with a pass energy of 160 eV. Spectra were charge-corrected when necessary 

using the C 1s peak set to be 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 U4f5/2 and U 

4f7/2 peaks and their satellites, using a pass energy of 20 eV with 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 [25-27]. The resolved components 

in both the U4f 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.[28-31].  
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4.2.6 Inductively-Coupled Plasma Mass Spectrometry (ICP-MS) 

Dissolved U concentrations were determined by ICP-MS with an Agilment 7700 x ICP-

MS using both “He gas” and “No gas” modes. The solutions were diluted by a factor of 1000 

using 2% HNO3 prior to analysis to minimize matrix effects. The instrument has a detection limit 

of 0.02 µg/L for U and was calibrated using a series of U standards. 

4.2.7 UV-Vis Spectrophotometry 

H2O2 concentrations were measured with an Ultra-Violet/visible (UV-Vis) 

spectrophotometer. The measurements were performed using a BioLogic Science Instrument 

MOS 450 diode array UV-vis 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.  

50 µm 10 µm 

A B 

a 

b 

Figure 4.1: 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, image B is the magnification of the red box 

highlighted area in image (A). 

 



 

 

113 

 

4.3 Results  

4.3.1 SEM/EDX Analysis 

Figure 4.1 shows the surface morphology of a freshly polished and sonicated 3 at.% 

SIMFUEL doped with noble metal (ε) particles. In Figure 4.1 A, area (a) shows the general 

surface to be rough with residual sintering voids. Locations untouched by polishing, area (b), 

show undamaged UO2 grain features. Figure 4.1 B shows the UO2 large and smooth grains with 

diameters in the range 3 to 10 µm. The small particles decorating the grain boundaries have been 

shown previously to be noble metal (ε) particles containing Mo, Pd, Ru and Rh [23, 24]. 

4.3.2 Hydrogen Peroxide Decomposition in HCO3
-/CO3

2- Solutions 

Figure 4.2:  H2O2 concentration as a function of time: [H2O2] = 0.016 mol.L-1 in both 

experiments (pH adjusted to 9.7). 
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The effect of HCO3
-/CO3

2- on the homogeneous decomposition of H2O2 is shown in Figure 

4.2. In the absence of HCO3
-/CO3

2-, the [H2O2] decreased by ~ 10% in 7 days. This decrease was 

not unexpected since H2O2 decomposition is known to occur in alkaline solution with or without 

the presence of metal catalysts.[34-38]  Littauer et al.[38] proposed that H2O2 decomposes in 

strong alkaline (pH = 12) solutions through the formation of perhydroxyl ions (HO2
-) which then 

catalyze H2O2 decomposition via reactions 4.5 and 4.6,  

 H2O2 + OH- → HO2
- + H2O 4.5 

 HO2
- + OH-  ⇌ O2 + H2O + 2e- 4.6 

This reaction can occur in the absence of metallic or oxide catalysts[36] at a rate determined by 

both the total alkalinity and [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- irrespective of any influence of 

alkalinity. Raman Spectroscopy has been used to demonstrate the formation of peroxycarbonate 

ions when HCO3
-/CO3

2- was present in H2O2 solutions in the pH range 7.0 to 9.5 [39]. The H2O2 

decomposition rate in HCO3
-/CO3

2- solutions has been shown to be a maximum at pH values 

between 11.5 and 11.7 [40], when the solution is dominated by CO3
2-. It was proposed that the 

reaction proceeded via steps 4.7 and 4.8, 

 CO3
 2- + H2O2 → CO4

2- + H2O 4.7 
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 CO4
2- + HO2

-
 → HCO3

- + H2O + O2 4.8 

At the pH of 9.7 used in our experiments, the solution would be ~ 40% CO3
2- making it 

essential to consider the homogeneous decomposition process when evaluating the influence of 

UIVO2 on the heterogeneous decomposition of H2O2.  

4.3.3 H2O2 Decomposition on SIMFUEL 

In the presence of a SIMFUEL electrode, the total decrease in [H2O2] ([H2O2]tot) can be 

attributed to both homogeneous decomposition in solution ([H2O2]sol) and consumption on the 

SIMFUEL surface ([H2O2]UO2). The latter includes both heterogeneous decomposition and 

consumption by UIVO2 corrosion. The total amount of H2O2 decomposed ([H2O2]tot) can be 

corrected for homogeneous decomposition by comparing H2O2 consumption in the presence and 

absence of a UIVO2 electrode, and is given by 

 [H2O2]UO2 = [H2O2]tot - [H2O2]sol 4.9 
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Figure 4.3: [H2O2] as a function of time in solutions containing various [H2O2] and 

[CO3]tot; Hollow circle – no SIMFUEL present; blue triangle – SIMFUEL present; Red 

circle – decrease in [H2O2] by reaction on SIMFUEL. (A) [H2O2] = 0.01 mol.L-1, [CO3]tot 

= 0.05 mol.L-1 ; (B) ) [H2O2] = 0.01 mol.L-1, [CO3]tot = 0.01 mol.L-1; (C) ) [H2O2] = 0.0005 

mol.L-1, [CO3]tot = 0.05 mol.L-1. All the solutions contained 0.1 mol.L-1 of NaCl, pH =9.7. 

C 
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In a solution containing [H2O2] = 0.01 mol.L-1 and [CO3]tot = 0.05 mol.L-1, Figure 4.3 A, 

approximately 48% of the available H2O2 was consumed. Since 14% was consumed by 

homogeneous decomposition (Δ[H2O2]sol), the majority was consumed by either decomposition 

on, or reaction with, the SIMFUEL (Δ[H2O2]UO2). When the [CO3]tot was decreased by a factor 

of 5 to 0.01 mol.L-1, only minimal homogeneous decomposition was observed, Figure 4.3 B,  

confirming the acceleration of this reaction by CO3
2-. In this solution, while reaction on the 

SIMFUEL surface was the dominant process, the overall consumption of H2O2 was decreased. A 

comparison of the results in Figure 4.3 A and B indicates a significant role for HCO3
-/CO3

2- in 

accelerating the reactions on the SIMFUEL surface. At a higher [CO3]tot, but lower [H2O2], the 

fractions of the H2O2 consumed homogeneously and heterogeneously, Figure 4.3 C, were similar 

to those observed at the same [CO3]tot and higher [H2O2], Figure 4.3 A. These results confirm the 

importance of HCO3
-/CO3

2- in both the homogeneous and heterogeneous reactions. 

4.3.4 Corrosion Potential (ECORR) and Polarization Resistance (RP) 

Measurements  

A series of corrosion experiments was conducted in 0.1 mol.L-1 NaCl containing various 

[CO3]tot and [H2O2]. ECORR was monitored over an exposure period of 24 h and a series of RP 

measurements conducted at 1 h intervals. Three examples of ECORR and RP plots (as a function of 

time) are shown in Figure 4.4. All three sets of values exhibit similar, but quantitatively 

different, behaviour. 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 remainder of the experiment.   

Since the anodic oxidation of both UO2 and H2O2 are supported by the cathodic reduction 

of H2O2, 
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 ICORR  +  IH2O2   =   ∑IA  =  -IC 4.10 

where 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 indicates an acceleration of the interfacial reaction rate over the 

first 5 h followed by a decrease as RP increases at longer times. Figure 4.4 A and B show the 

influence of changing the [CO3]tot by a factor of 5 in solutions containing the same [H2O2] (0.01 

mol.L-1). In the more concentrated HCO3
-/CO3

2- solution, Figure 4.4 A, ECORR decreased steadily 

as the H2O2 was consumed, Figure 4.3 A. This indicates that the long term increase in RP can be 

attributed to the consumption of [H2O2], but this cannot explain the initial decrease in RP. When 

the [CO3]tot was decreased, Figure 4.4 B, the decrease in ECORR and long term increase in RP are 

relatively minor indicating a considerably lower rate of H2O2 consumption, Figure 4.3 B. Despite 

the identical [H2O2], the overall rate of its consumption (RP
-1) is lower at lower [CO3]tot.   

Since we would not expect HCO3
-/CO3

2- to influence 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 indicates that the dominant effect of a decrease in 

[CO3]tot is to suppress the rate of anodic reactions. This hypothesis appears borne out by the 

values recorded at high [CO3]tot/low [H2O2], Figure 4.4 C, the ECORR/RP behaviour being similar 

to that recorded at high [CO3]tot/high [H2O2] with the exception that the RP values are 

considerably higher at the lower [H2O2].  
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Figure 4.4: 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 = 9.7). 

B 
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Figure 4.5: RP and ECORR values recorded after 16 hours of exposure: A-as a function 

of [H2O2]; B-as a function of [CO3]tot. All the solutions contain 0.1 mol.L-1 of NaCl, pH 

= 9.7.  

 

A 
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Figure 4.5 (A and B) show the changes in RP and ECORR recorded over a wider range of 

[H2O2] (A) and [CO3]tot (B). 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 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 the present observations can 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 behaviour 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 importance of the anodic dissolution of UO2. The results presented here show that if 

such a change in the importance of the individual reactions occurs at higher [H2O2], it does not 

lead to any increase in the consumption rate of H2O2. 

The influence of [CO3]tot on ECORR and the interfacial rate involves two distinct stages, 

Figure 4.5 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).    
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4.3.5 XPS Analysis of UO2 Surface Composition  

XPS spectra were recorded on SIMFUEL specimens exposed to solutions containing 0.01 

mol.L-1 H2O2 and two different [CO3]tot. Figure 4.6 shows the background corrected and fitted 

U4f7/2 peaks deconvoluted to determine the relative amounts of UIV, UV and UVI in the electrode 

surface. The exposure times were chosen to yield measurements of surface composition after the 

initial acceleration in the interfacial rate (4 h, Figure 4.4) and after an  

Figure 4.6: The Uf7/2 peak recorded on SIMFUEL surfaces (dashed line), deconvoluted 

into contributions from UIV, UV and UVI, after various exposure periods to solutions 

containing different 0.01 mol.L-1 H2O2 and HCO3
-/CO3

2- concentrations. All solutions 

contained 0.1 mol.L-1 NaCl (pH = 9.7).   



 

 

125 

 

extended exposure period (16 h, Figure 4.4) when the interfacial rate had slowed considerably 

due to the consumption of H2O2. Figure 4.7 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) are 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 increases substantially after 4h 

Figure 4.7: 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 U4f7/2 peaks in XPS spectra , 

Figure 6. 
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and even more so after 16h while the UVI content remains minor. When considered in 

conjunction with the RP values for a high [CO3]tot/high [H2O2] solution (Figure 4.4 A) these 

analyses show that an acceleration in rate (decrease in RP) accompanies this initial oxidation of 

the surface to UIV
1-2xU

V
2xO2+x and that a predominantly UIV/UV surface is sustained at longer 

times when consumption of H2O2 proceeds, 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, offering strong evidence that the decomposition reaction is catalyzed by a reversible 

UIV-UV redox transformation in the UIVO2 surface.  

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
1-2xU

V
2xO2+x layer, but 

also contained a substantial UVI content. After 16h the surface composition was totally 

dominated by UVI. When considered in conjunction with the RP values recorded in the low 

[CO3]tot/high [H2O2] solution (Figure 4.4 B) these analyses show that, while the initial formation 

of the UIV/UV layer accelerates the consumption of H2O2, it is muted and eventually suppressed 

by the accumulation of UVI surface species at longer exposure times. This would account for the 

small increase in RP accompanied by only a marginal decrease in ECORR (Figure 4.4 B).                                                                                                                                                      

4.3.6 UO2 Dissolution Experiments 

Up to this juncture, only the overall consumption of H2O2 has been measured. To 

determine the relative importance of the two reactions 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 can then be 

used to calculate the fraction of the consumed H2O2 used in UO2 corrosion. The O2 produced by 
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decomposition could also act as an oxidant for UO2, but at a rate 200 times slower than H2O2 

[41]. This slow rate, and the continuous purging of the solution with Ar, means any influence of 

O2 can be neglected. The surface films formed (UIV
1-2xU

V
2xO2+x, U

VI oxide/hydroxide/carbonate) 

will also consume negligible amounts of H2O2 since they are, at most, only a few nanometres 

thick.  

Figure 4.8 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 (35 to 100 mmol.L-1) the amount of U 

released increases over the first ~ 10 hours before reaching a plateau value indicating release has 

stopped. At lower [CO3]tot, in particular 5 and 10 mmol.L-1, U release did not plateau but 

continued unabated. At the higher [CO3]tot, the release coincides with the earlier exposure period 

Figure 4.8: 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. 
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over which RP values, Figure 4.4, decrease indicating an acceleration in H2O2 consumption as the 

surface is oxidized to UIV
1-2xU

V
2xO2+x. At the lower [CO3]tot when the U release increased, the 

rate of H2O2 consumption will be substantially lower, Figure 4.3 B and Figure 4.4 B, and the 

XPS analyses show the surface will be partially blocked by the accumulation of UVI.   

Table 4-1 shows the ratio of the amount of H2O2 causing dissolution to the total amount 

consumed corrected for that consumed by homogeneous decomposition. These fractions confirm 

that the great majority of H2O2 is consumed by decomposition with only a small fraction used to 

cause UO2 corrosion. These results are consistent with those of Nilsson et al.[16] who found only 

0.2% of the H2O2 consumed on a SIMFUEL surface caused UO2 dissolution.          
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Table 4-1: 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 hours 

(μmol) 

[H2O2]dis/[H2O2]tot  

(%) 

5  2       1.22          0.41 

10 0.44 0.15 

20  1.87 0.62 

35  0.34  0.11 

50  0.60  0.20 

65  0.44  0.15 

100 0.40 0.14 

 

4.3.7 Discussion 

In aqueous HCO3
-/CO3

2- solutions containing a SIMFUEL specimen (electrode), 

decomposition is the dominant route for H2O2 consumption. This process can proceed both 

homogeneously and heterogeneously. Under the conditions employed in the present study (pH = 

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 10 to 15% of the H2O2, depending on [CO3]tot, is decomposed homogeneously via 
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the formation of a peroxycarbonate (CO4
2-) intermediate. This reaction is strongly dependent on 

pH and would be less significant at a lower pH value. 

The dominant reaction consuming H2O2 is 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 are 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 interstitial 

ions which begin the process of destabilizing the UO2 matrix[19, 20, 42].  

On first immersion, the reduced SIMFUEL surface is oxidized to UIV
1-2xU

V
2xO2+x, a 

reaction which precedes the eventual further oxidation and dissolution as UVIO2
2+ [29, 43]. 

However, such a dissolution process is transitory with decomposition becoming the sole 

observable reaction after a few hours. The formation of this layer is 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, indicates a depolarization of the anodic dissolution reaction to 

produce UVIO2
2+ and demonstrates that the overall decomposition reaction, which proceeds via 

radical intermediates (reactions 4.2 to 4.4), is catalyzed by the reversible redox transformation 

occurring on the UIV
1-2xU

V
2xO2+x surface; i.e., reactions 4.1 and 4.2 in the schematic illustration 

in Figure 4.9. This would require that the reduction of UV to UIV (reaction 4.2, Figure 4.9) be 

more rapid than the further oxidation to UVI via the sequence of reactions leading to dissolution 

as UVIO2(CO3)y
(2-2y)+ (reaction 4.3 to 4.5, Figure 4.9). 
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The ECORR and RP measurements demonstrate that the rate of decomposition is accelerated 

by an increase in [CO3]tot except at high [CO3]tot (> 0.1 mol.L-1). The primary function of HCO3
-

/CO3
2- is to complex and dissolve surface UVI species ((UVIO2CO3)ads) formed by oxidation of 

the catalytic surface (reactions 4.4 and 4.5, Figure 4.9) preventing their accumulation on, and 

blockage of, the catalytic surface sites. It is also possible (but not shown in Figure 4.9) that 

heterogeneous decomposition involves 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) (Figure 4.5 B) the decomposition rate begins to decrease 

again with increasing [CO3]tot. This is most likely due to the more rapid formation of the surface 

adsorbed carbonate complex state in the UIV
1-2xU

V
2xO2+x surface (reactions 4.3 and 4, Figure 

4.9)[44]. This would facilitate the release of UVI, a reaction controlled by the chemical 

Figure 4.9: A schematic illustration of the reactions involving H2O2 on a UO2 surface. 
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dissolution of UVI surface species (reaction 4.5, Figure 4.9). This sequence of reactions would 

extract the UV species from the catalytic surface layer by anodic oxidation and inhibit the matrix 

reduction reaction (reaction 4.2, Figure 4.9) required to complete the decomposition process. 

When the [CO3]tot becomes too low to prevent the accumulation of UVI species on the 

catalytic surface layer, Figure 4.6. H2O2 consumption is suppressed as shown by the RP values in 

Figure 4.3 B. Under these conditions, the surface UVI species is likely to be a uranyl oxide, 

UVIO3•2H2O, or possibly studtite, UVIO4•4H2O[22]. Interestingly, when H2O2 decomposition 

becomes partially blocked in this manner, there is a slight increase in the release of soluble 

UVIO2
2+ to the solution. 

For [H2O2] ≤ 0.01 mol.L-1 and a sufficient [CO3]tot to maintain access to the catalytic layer, 

H2O2 decomposition occurs under redox buffered conditions typified by an increase in rate (RP
-1) 

with [H2O2] while ECORR remains constant, Figure 4.4 A. Similar behavior was previously 

observed on undoped UO2 [9] containing no noble metal (ɛ) particles indicating that the role of 

the ɛ-particles in H2O2 decomposition is probably minor, although this remains to be 

demonstrated. 

Under redox buffered conditions, the equilibrium potentials for the two half reactions 

exhibit a similar dependence on [H2O2] which are opposite in sign. Thus, providing both 

reactions are rapid, as would be the case on the catalytic UIV
1-2xU

V
2xO2+x layer, the rate, but not 

ECORR, would change with [H2O2], as observed. 

However, for [H2O2] ≥ 0.01 mol.L-1 the interfacial rate (the H2O2 consumption rate, but not 

necessarily the decomposition rate) becomes constant while ECORR increases. This would be 
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expected to influence the relative kinetic importance of UO2 corrosion and H2O2 decomposition 

by accelerating the sequence of reactions (3 to 5 in Figure 4.9) leading to anodic dissolution of 

the UO2 matrix while retarding the transformation of UV to UIV (reaction 2, Figure 4.9), 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. 

4.4 Summary  

-In aqueous HCO3
-/CO3

2- solutions in the presence of SIMFUEL, H2O2 consumption 

proceeds by homogenous decomposition in solution and by reaction with the SIMFEUL surface. 

- Homogenous decomposition to O2 and H2O proceeds through a peroxycarbonate (CO4
2-) 

intermediate with a rate dependent on both [CO3]tot and pH. 

- On the SIMFUEL surface, H2O2 decomposition is the dominant reaction, with only minor 

to negligible amount of UO2 corrosion occurring. The stability of the SIMFUEL surface can be 

attributed to the stabilization of the UIVO2 matrix by REIII doping. 

- Surface decomposition proceeds via a radical mechanism and is catalyzed by the 

reversible UIV ⇌ UV redox transition in a UIV
1-2xU

V
2xO2+x surface. 

- The primary function of HCO3
-/CO3

2- is to complex and dissolve UVI surface species 

which prevents their accumulation to form an insulating layer which blocks decomposition on 

the catalytic surface layer. 
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- When the surface is maintained free of UVI species, H2O2 decomposition proceeds 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 decreases due to the more rapid formation of UVI surface species which can be transferred to 

solution as UVIO2(CO3)y
(2-2y)+ by a chemical dissolution reaction. 

- The role of noble metal (ɛ) particles in the SIMFUEL on H2O2 decomposition appears to 

be minor although this remains to be conclusively demonstrated.  
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Chapter 5 

5 The Kinetics of Hydrogen Peroxide Reduction on UO2 Electrodes  

5.1 Introduction 

The prospects for the long-term containment of nuclear spent fuel are very good. However, 

it’s judicious to assume some containers will fail before the radiation fields have decayed to 

uranium ore levels. It is also reasonable to assume that the container failure leading to wetting of 

the fuel would not occur until β/γ radiation fields had become insignificant. Hence, a clear 

understanding of the influence of H2O2, the key oxidizing product of α-radiolysis, is important to 

elucidate the full mechanism of UO2 corrosion. In previous chapters, it was found that H2O2 can 

cause UO2 corrosion, but also undergo decomposition to H2O and O2. This means it will be both 

anodically oxidized and cathodically reduced. In previous chapters, the anodic oxidation and 

decomposition of H2O2 have been studied. However, the key reaction supporting both anodic 

oxidation reactions (H2O2 and UO2) is the cathodic reduction of H2O2.  

The kinetics of H2O2 reduction on UO2 surfaces has been shown to be dependent on the 

chemical state of the surface with X-ray photoelectron spectroscopy (XPS) studies showing 

reduction is blocked when insulating UVI layers are present but proceeds rapidly on surfaces 

comprised of UIV/UV sites [1, 2]. Goldik et al. [1-4] interpreted the kinetics using the mechanism 

proposed by Presnov and Trunov [5-7] for O2 reduction on transition metal oxides and adopted 

by Hocking et al. to explain O2 reduction on UO2. According to this theory electron transfer to 

adsorbed O2 molecules occurs at donor-acceptor relay (DAR) sites comprising UIV and UV 

atoms, one on the surface and the other in the sub-surface adjacent layer. The cathodic reduction 

of O2 is slow on UO2 but accelerated by oxidation of the surface to UIV
1-2xU

V
2xO2+x which 
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provides the donor-acceptor relay (DAR) sites (adjacent UIV-UV sites) which catalyze an electron 

relay process[8, 9]. The kinetics of H2O2 reduction are considerably faster than those of O2 

reduction due to the ability of H2O2 to create, rather than rely on pre-existing, DAR sites.  

On SIMFUEL surfaces, which contain noble metal (ε) particles, the kinetics of O2 

reduction is catalyzed on the particle surfaces. However, electrochemical studies indicate only a 

minor influence of ɛ-particles (6 at.% SIMFUEL) on H2O2 reduction[3], since the rate on the 

DAR sites is already high. Goldik et al. demonstrated that the kinetics of the H2O2 cathodic 

reduction reaction varied with [H2O2] and the degree of oxidation of the UO2 surface[2]. The 

presence of corrosion products suppressed the H2O2 reduction reaction by blocking the DAR 

sites (UIV/UV) with insulating UVI species[1]. The influence of carbonate on H2O2 reduction 

kinetics has also been studied on UO2 surfaces and it was proposed that carbonate can also 

coordinate with the DAR sites and inhibit the H2O2 redox reaction[4].  This is not unexpected as 

carbonate can also interfere with the O2 reduction reaction on a UO2 surface.[10, 11]  

In this chapter, an extensive electrochemical and surface analytical study was performed to 

examine the cathodic activity of different UO2 electrodes in alkaline H2O2 solutions. The primary 

goal was to determine the effects of non-stoichiometry and fission product dopants on the 

kinetics of the H2O2 reduction reaction.  

5.2 Experimental  

5.2.1 Materials  

Six different electrodes were used in this study, including 3 at.% SIMFUEL doped with 

11 elements (Sr, Y, Ce, Nd, La, Zr, Ba, Pd, Ru, Rh, Mo) to simulate in-reactor irradiation, UO2+x 

(x = 0.002, 0.05 and 0.1), 6.0 wt.% Gd2O3 (rare-earth) doped UO2 (Gd-UO2) and 12.9 wt.% 



 

 

141 

 

Dy2O3 (rare-earth) doped UO2 (Dy-UO2). The SIMFUEL and UO2+x materials were fabricated by 

Atomic Energy of Canada Limited (now Canadian Nuclear Laboratories, Chalk River, Canada), 

Dy-UO2 and Gd-UO2 were provided by Cameco (Port Hope, Canada). The non-stoichiometric 

UO2+x samples were produced  by annealing UO2 powder in a CO/CO2 atmosphere with a 

controlled composition at different temperatures and for various times according to the 

Ellingham diagram.[12, 13] The SIMFUEL, Gd-UO2 and Dy-UO2 pellets were sintered and 

reduced to produce high density stoichiometric UO2 material. Rotating disc electrodes (RDE) 

were constructed from cylindrical slices approximately 2-3 mm thick and 12 mm in diameter. 

Prior to each experiment, the electrode was wet polished with 1200 SiC paper and rinsed with 

Millipore water (18.2 MΩ.cm).  

5.2.2 Electrochemical Cell and Procedures 

A three-compartment electrochemical cell was used in all experiments. A saturated 

calomel electrode (SCE) was used as the reference. The counter electrode was a Pt mesh spot 

welded to a Pt wire. The ohmic drop between the reference electrode and working electrode 

(UO2 samples) was minimized by using a Luggin capillary. The cell was placed in a Faraday 

cage to prevent interference from external noise. The electrodes were cathodically cleaned at -1.2 

V vs. SCE for 2 minutes to reduce air-formed films. 

A Solartron 1287 potentiostat was used to apply potentials and record the current 

responses. The potential scan rate was 10 mV.s-1. Corrware software was used to control the 

instrument and analyze data. The rotation rate of the working electrode (WE) was controlled 

using an analytical rotator from Pine Instrument (model ASR). 
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5.2.3 Solution Preparation  

All solutions were prepared with deionized water with a resistance of 18.2 MΩ.cm, 

purified using a Millipore Milli-Q Plus unit, to remove organic and inorganic impurities, and 

then passed through a Milli-Q-plus ion exchange column. All experiments were conducted at 

room temperature and purged with Ar (ultra-high purity, Praxair) for at least 30 minutes prior to 

experiments. Purging was then continued throughout each experiment. Experiments were 

performed in a 0.1 mol.L-1 NaCl solution with the pH adjusted to 9.7 using NaOH solution. 

When required NaHCO3, Na2SO4 and H2O2 were added at a desired concentration. All chemicals 

were reagent grade and purchased from Fisher Scientific.  

5.2.4 X-ray Photoelectron Spectroscopy (XPS) 

XPS analyses were performed on a Kratos Axis NOVA spectrometer using 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 Au 4f7/2 line for metallic Au, and the spectrometer 

dispersion was adjusted to give a binding energy (BE) of 932.62 eV for the Cu 2p3/2 line of 

metallic Cu. Survey scans were recorded over the energy range 0-1100 eV on an analysis area of 

300 x 700 µm2 with a pass energy of 160 eV. Spectra were charge-corrected when necessary 

using the C 1s peak set to be at 285.0 eV. Spectra were analyzed using CasaXPS software 

(version 2.3.14). The procedures used to record and fit high resolution spectra have been 

described in Chapter 4.   

Other surface characterization techniques, such as scanning electron microscopy/energy-

dispersive x-ray spectroscopy (SEM/EDX), X-ray diffraction, and Raman spectroscopy, have 

been conducted on Gd-UO2, Dy-UO2 [14, 15], UO2.002, UO2.05, UO2.1[16, 17], and SIMFUEL[17, 

18]. 
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5.3 Results  

5.3.1 XPS  

The fractions of UIV, UV and UVI, obtained by deconvolution of high resolution XPS 

spectra are listed in Table 5-1. As expected for the non-stoichiometric UO2+x samples the fraction 

of UIV decreases, and those of UV and UVI increase as the degree of non-stoichiometry (x) 

increases from 0.002 to 0.05. However, a decrease in UV and UVI content was observed when x 

was increased from 0.05 to 0.1. This is not unexpected as the stoichiometry of the individual 

UO2+x grains in this material are very non-uniform making an analysis of the stoichiometry 

variable from analysis to analysis.[12] The fraction of oxidized U states (UV, UVI) in the two RE 

(III)-doped specimens (Dy-UO2, Gd-UO2) are similar. These electrodes have been extensively 

characterized using SEM, EDX and Raman Spectroscopy which show that the REIII-dopants, i.e. 

Dy and Gd, are evenly distributed within UO2 matrix.[15] The fractions of UV and UVI in the 3 

at.% SIMFUEL surface are lower than those in the Dy-UO2 and Gd-UO2 electrodes, consistent 

with a significantly lower RE(III) doping level.  
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Table 5-1: The fraction of U oxidation states (UIV, UV and UVI) on the surface of UO2 

electrodes after polishing and sonication. 

Electrodes UIV (%) UV (%) UVI (%) References 

UO2.002 93.5 1.3 5.2 
 

UO2.05 64 25 11 
 

UO2.1 75 17 8 
 

3 at.% SIMFUEL 84 9 7 
 

Dy-UO2  76 12 12 [15] 

[15] Gd-UO2 73 19 8 

 

5.3.2 The Effects of H2O2 and Diffusion  

Figure 5.1 A compares CVs recorded on the Gd-UO2 electrode in 0.1 mol.L-1 NaCl (pH = 

9.7) with and without added H2O2. The potential was scanned from a cathodic limit of -1.2 V to 

0.4 V and back. While the anodic current exhibited only a marginal increase after addition of 

0.02 mol.L-1 H2O2, as expected based on the results in Chapter 3, the cathodic current increased 

markedly. The current on the reverse scan was enhanced suggesting that the cathodic reduction 

was accelerated slightly by the anodic oxidation process at positive potentials. The current 

plateau for E < -0.8 V suggests the establishment of transport control.   

Figure 5.1 B compares the currents recorded on a static and a rotated Gd-UO2 electrode. 

The recorded currents with and without electrode rotation were very similar in the potential 

range from ~ 0V to – 0.4 V, suggesting a reaction controlled by interfacial processes.  However, 

for more negative potentials, the current became dependent on electrode rotation rate, confirming 
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a strong contribution from H2O2 transport to the electrode surface. The hysteresis in current 

between the forward and reverse scans remained at low potentials but was inverted in the 

potential range -0.4 V to 0 V.   
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Figure 5.1: CVs recorded on Gd-UO2 (A) [H2O2] = 0 mol.L-1, no electrode rotation 

(black line), [H2O2] = 0.02 mol.L-1, and no electrode rotation (red line); (B) 0.02 

mol.L-1 H2O2 with a rotation rate of 8.33 Hz (blue line) and without electrode 

rotation (red line). All solutions contained 0.1 mol.L-1 of NaCl and 0.05 mol.L-1 of 

NaHCO3, pH = 9.7, scan rate = 10 mV.s-1. 

B 
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Figure 5.2: CVs recorded on UO2 electrodes, Dy-UO2, Gd-UO2, 3 at.% SIMFUEL, 

UO2.002, UO2.05 and UO2.1, in a 0.1 mol.L-1 of NaCl solution containing 0.02 mol.L-1 of 

H2O2, and 0.05 mol.L-1 of NaHCO3 (pH = 9.7): electrode rotation rate = 8.33 Hz: scan 

rate = 10 mV.s-1. The dashed lines define regions of different behaviour on the 

forward scans.  

(1) 

 
(2) 

 

(3) 
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Figure 5.2 shows CVs recorded on all 6 UO2 electrodes over the potential range from -1.2 V to 

0.4 V. For the RE(III)-doped electrodes the cathodic current profile on the forward scan could be 

divided into distinct sections: (1) from 0 to ~ -0.4 V the current increased only slowly with 

potential; (2) from -0.4 V to -0.8 V the current was strongly dependent on potential; (3) for E < -

0.8 V the current tended towards a potential-independent plateau. On the reverse scan the current 

was slightly enhanced in region 1. Similar, but not as well defined, stages were observed for the 

three non-stoichiometric electrodes, with the current in the potential range 0 V to ~ -0.6 V 

significantly enhanced on the reverse scan, the extent of enhancement appearing to increase with 

the degree of non-stoichiometry. For the SIMFUEL electrode, little hysteresis was observed 

Figure 5.3: Cathodic currents measured at -0.4 V on UO2 electrodes on forward and 

reverse scans (from Figure 5.2). 
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between the forward and reverse scans and the current was more potential-dependent in the 

region 0 V to -0.4 V than on the other electrodes.        

The differences in behaviour of the electrodes was most marked in the potential region 0 

V to -0.5 V. This is illustrated in Figure 5.3 which shows the currents measured at -0.4 V on the 

forward and reverse scans for all electrodes. For the RE(III)-doped electrodes the currents were 

small and only marginally influenced by the scan to positive potentials indicating only a minor to 

negligible modification of the kinetics of H2O2 due to the anodic oxidation of UO2. For the three 

non-stoichiometric electrodes the current in this region were higher on the forward scan and 

significantly enhanced on the reverse scan, the UO2.1 electrode exhibiting the largest currents. 

These electrodes, while exhibiting non-uniform compositions, with some areas being more non-

stoichiometric than others, have been shown to become more anodically reactive as the degree of 

non-stoichiometry (x in UO2+x) increased [12, 19]. The large current on the forward scan for the 

SIMFUEL electrode suggested either the lightly RE(III)- doped lattice was highly reactive for 

H2O2 reduction or the ɛ-particles play a role in the reduction reaction. As for the RE(III)-doped 

electrodes there is little influence of a scan to positive potentials.    

Figure 5.4 shows CVs recorded on the Gd-UO2 and UO2.05 electrodes from an initial 

potential of -1.2 V to various positive potential limits. These plots confirmed that the hysteresis 

observed between the forward and reverse scans could be attributed to changes in the oxidized 

state of the electrode surfaces incurred as the potential limit was made more positive. Similar 

scans were performed on all the electrodes and demonstrated, as shown for the two electrodes in 

Figure 5.4, that retraceable currents were observed, providing the potential was not scanned to > 

-0.3 V; i.e., the complications due to anodic oxidation were avoided. This was consistent with 
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previous XPS analyses which showed that the threshold for observable oxidation of UO2 was 

approximately -0.4 V to -0.3 V[14, 15, 20].  

5.3.3 H2O2 Reduction  

Figure 5.5 shows CVs recorded to an anodic limit of -0.3 V on the Gd-UO2, SIMFUEL 

and UO2.1 electrodes at various electrode rotation rates. For Gd-UO2 and SIMFUEL, three 

distinct regions of behaviour were observed: (a) the current was dependent on potential and 

independent of electrode rotation rate indicating activation-controlled behaviour; (b) the current 

was dependent on both potential and electrode rotation rate indicating reduction was under 

mixed activation-diffusion control; and (c) the current was almost independent of potential but 

strongly dependent on rotation rate consistent with a transition to transport control. As indicated 

by the length of the arrows in Figure 5.5 A and Figure 5.5 B the relative importance of these 

three regions was different for the two electrodes. For the Gd-UO2 electrode, the activation-

controlled region (a) extended to much lower potentials than for the SIMFUEL; while for 

SIMFUEL regions (b) (mixed activation/diffusion control) and (c) (apparent diffusion control) 

never became clearly separated. On the UO2.1 electrode, Figure 5.5 C, only regions (a) and (b) 

were observed, with the dependence of the current on rotation rate being minor in region (b). 

 



 

 

151 

 

                                                                                                                                                                  

A 

B 

Figure 5.4: CVs recorded on (A) the Gd-UO2 electrode and (B) the UO2.05 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. 
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Figure 5.5: CVs recorded from -1.2V to -0.3V on (A) the Gd-UO2, (B) the 3 at.% 

SIMFUEL and (C) UO2.1, at various electrode rotation rates in a 0.1 mol.L-1 of NaCl 

solution (pH 9.7), [H2O2] = 0.02 mol.L-1 and [CO3]tot = 0.05 mol.L-1. 
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5.3.4 Tafel Plots 

Figure 5.6 shows Levich plots for H2O2 reduction currents recorded at -1.1 V, a potential 

in the apparently diffusion controlled region (c), Figure 5.5. However, despite the absence of a 

clear diffusion controlled region on the UO2.1 electrode, a Levich plot for UO2.1 was included in 

Figure 5.6 for comparison. The diffusion-limited cathodic current as a function of electrode 

rotation rate (ω) is given by the Levich equation [21],      

 2/16/13/2

bd  −= vDnFAcj               5.1 

where jd is
 the diffusion controlled current, n is the number of electrons transferred (n = 2), F is 

the Faraday constant (96485 C.mol-1), A is the geometric surface area of the electrode (cm2), cb is 

the bulk concentration of H2O2 (mol.L-1), D is diffusion coefficient of H2O2 (1.32 × 10−5 cm2
.s

-

1[22]), ν is the kinematic viscosity of the electrolyte (1.013 × 10−2 cm2
.s

-1 [23]) and  is a 

numerical coefficient given by[24]  

 
ξ =  

1.5553

1 + 0.2980(𝑆𝑐)−1/3 + 0.14514(𝑆𝑐)−2/3
 

 

5.2 

where Sc is the Schmidt number, Sc = ν/D.    

          While all the electrodes exhibited linear plots, comparison of the measured currents to 

those calculated from equation 5.1 showed that, on all electrodes, total diffusion control of the 

reaction was not achieved. Since the currents were almost independent of potential in this region 

this behaviour indicates they are partially controlled by a chemical reaction step. On the 

SIMFUEL, UO2.002 and UO2.05 electrodes the currents, and their dependence on electrode 

rotation rate were very similar. By contrast the currents on the two RE(III)-doped electrodes 

were significantly lower, with the currents on the heavily doped Dy-UO2 being the lowest. The 
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currents measured on the UO2.1 electrode were also very low and almost independent of rotation 

rate.  

The currents measured for potentials ≤ -0.7V; i.e., in regions (b) and (c) for most electrodes 

(Figure 5.5) exhibited mixed kinetic-diffusion control. The currents were corrected for the 

transport contribution using the Koutećky-Levich (K-L) equation, 
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where m is the reaction order, jk is the kinetic current, and B is a constant given by   

Figure 5.6: Levich plots of the current densities measured at -1.1 V for the 6  different 

UO2 electrodes in a 0.1 mol.L-1 of  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 (1.1).  
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 B = nξFAcbD
2/3𝑣−1/6       5.4 

Figure 5.7 shows an example of K-L plots of the H2O2 reduction currents recorded on the 

Dy-UO2 electrode with the assumption that the reaction order m = 1. While arbitrary, application 

of the K-L equation is known to be insensitive to the assumed reaction order. This has been 

discussed in detail previously [2]. The measured currents can be corrected for the contribution 

from diffusion by extrapolation of these plots to ω-1/2 = 0 to yield the kinetic current, jk. Figure 

5.8 A shows the log of the kinetic currents, obtained from K-L plots, plotted as a function of 

potential for all the electrodes. With the exception of the Gd-UO2 and UO2.1 electrodes, two 

regions of behaviour were observed: (1) over the potential range -0.3 V to ~ -0.9 V, log jk 

increased relatively steeply with potential; (2) for E < -0.9 V, log jk became considerably less 

potential dependent. This behaviour was similar to that previously observed for experiments 

performed on a number of SIMFUELs [3].    

Figure 5.7: Koutećky-Levich plots of currents measured on the Dy-UO2 electrode in a 0.1 

mol.L-1 NaCl solution containing 0.02 mol.L-1 of H2O2 and 0.05 mol.L-1 of [CO3]tot (pH = 

9.7). The reaction was assumed to be first order with respect to H2O2. 
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Figure 5.8: (A) Plots of the kinetic current (jk) recorded on all 6 UO2 electrodes in a 0.1 

mol.L-1 of NaCl solution contains 0.02 mol.L-1 of H2O2 and 0.05 mol.L-1 of NaHCO3 (pH 

= 9.7. The plotted lines are guides not fits. (B) Linear fits to the currents in the potential 

region -0.9V to -0.3V. 

 

(1) 
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For the non-stoichiometric electrodes, the currents measured on the UO2.002 and UO2.5 

electrodes were similar with regions 1 and 2 better defined for the UO2.05 electrode than for the 

UO2.002 electrode. On the UO2.1 electrode, the currents were substantially lower and less 

potential-dependent, and no clear transition between regions 1 and 2 was observed. Fits to the 

currents in region 1 were used to obtain Tafel slopes, Figure 5.8 B, which are summarized in 

Table 5-2. These slopes were large, particularly in the case of the UO2.1 electrode.  

 

Table 5-2: Tafel slopes measured on all 6 electrodes in a 0.1 mol.L-1 of NaCl solution 

containing 0.02 mol.L-1 H2O2, and two different [CO3]tot (pH = 9.7). The currents in the 

potential region from -0.3 V to -0.9 V were used for these calculations. 

 

  

[CO3]tot = 0.05  

mol.L-1  

[CO3]tot = 0.01 

mol.L-1 

 

Electrode Tafel slope 

mV/decade 

Tafel slope  

mV/decade 

Dy-UO2 -453 -363 

UO2.05 -450 -476 

UO2.002 -540 -461 

3 at.% 

SIMFUEL 

-490 -592 

Gd-UO2 -444 -331 

UO2.1 -877 -741 
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Figure 5.9: CV scans recorded from -1.2V to -0.3V on the UO2.1 and Dy-UO2 electrodes 

in a 0.1 mol.L-1 of NaCl containing 0.02 mol.L-1 of H2O2 (pH = 9.7) and various [CO3]tot.  

A 
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Figure 5.10: Plots of kinetic currents (jk) as a function of potential recorded on all 6 

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.   
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5.3.5 The Influence of HCO3
-/CO3

2- and SO4
2- 

Figure 5.9 shows that the reduction currents recorded on both the Dy-UO2 and UO2.1 

electrodes were significantly increased if the [CO3]tot was decreased. As best observed on the 

Dy-UO2 electrode, the suppression of the current by HCO3
-/CO3

2- was more marked at more 

negative potentials.  

Figure 5.10 shows log ik vs E plots for all the electrodes in solutions containing two 

different [CO3]tot, and the Tafel slopes, obtained by fitting the currents in the potential range -0.3 

V t0 -0.9 V (Region 1), are listed in Table 5-2. For the Re(III)-doped electrodes the currents were 

increased and the Tafel slopes decreased by a decrease in [CO]tot; i.e., the currents became more 

potential-dependent. For the Dy-UO2 electrode the transition from region 1 (-0.3 V to -0.9 V) to 

region 2 (< -0.9 V) was clearly defined at both [CO3]tot, while, for the Gd-UO2 electrode, region 

2 was poorly defined, the currents in this region being considerably higher than on the Dy-UO2 

electrode. For the SIMFUEL, the currents were decreased at higher [CO3]tot in both potential 

regions although the Tafel slope appeared to be slightly increased. Considering the large values, 

this increased Tafel slope was probably not significant. For the UO2.002 and UO2.05 electrodes the 

currents in region 1 were increased and the Tafel slopes decreased as [CO3]tot was decreased. 

However, the currents in region 2 remained unchanged. For the UO2.1 electrode the currents were 

suppressed but the transition from region 1 to region 2 was still not observed.       
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Current measurements were also made in solutions containing [SO4
2-] similar to the 

[CO3]tot used. The currents recorded for H2O2 reduction at three potentials in the -1.2 V to -0.3 V 

range, Figure 5.12 confirmed that SO4
2- exhibited an almost negligible effect on the kinetics of 

H2O2 reduction demonstrating that the influence of HCO3
-/CO3

2- was specific to this anion.   

  

 

 

Figure 5.11: H2O2 reduction currents recorded on the Dy-UO2 electrode measured in a 

0.1 mol.L-1 NaCl solution containing 0.02 mol.L-1 H2O2 (pH = 9.7) as a function of 

[SO4]tot.   



 

 

163 

 

 

Figure 5.12: Kinetic currents (jk) for H2O2 reduction on the 6 electrodes at a potential of -

0.5 V as a function of [H2O2] in a 0.1 mol.L-1 of NaCl solution (pH = 9.7). 

Figure 5.12 shows kinetic currents measured at -0.5 V on the 6 electrodes in carbonate-free 

solutions containing various [H2O2]. This potential was chosen since it was in region 1 when the 

currents were potential-dependent (i.e., in the Tafel region). Except for SIMFUEL, the reaction 

orders with respect to H2O2 were in the range 0.43 to 0.48. For SIMFUEL a slightly higher 

reaction order of 0.68 was obtained. Attempts to measure reaction orders at a potential of -1.1 V 

(i.e., in the potential range within which the current became chemically controlled) yielded 

values between 1.0 to 1.5, although currents measured on the two RE-doped electrodes were 

erratic and no meaningful values were obtained. It is possible that at the high potentials, in 

solutions unbuffered by HCO3
-/CO3

2-, the local pH at the electrode surface differed from the set 

solution value to an extent dependent on the electrode rotation rate. Goldik et al.[2] showed that 

the current for H2O2 reduction was sensitive to pH for values ≥ 12.   
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5.4 Discussion  

In previous studies on SIMFUEL Goldik et al. [1, 3, 4] adopted the kinetic analysis 

developed for H2O2 on Cu by Vazquez et al. [25] and Cere et al. [26]. The transition from a 

potential-dependent current at low cathodic overpotentials to a chemically-controlled current at 

high cathodic overpotentials was interpreted as a two step reaction involving first the chemical 

oxidation of the UO2 surface by H2O2 with a reaction rate constant of kc,  

 
2(UIV-UV) + H2O2 

kc
→ 2(UV-UV) + 2OH- 

5.5 

followed by the electrochemical regeneration of UIV-UV with a rate constant ke 

 
2(UV-UV) + 2e- 

ke
→ 2(UIV-UV)  

5.6 

Although not explicitly represented in this sequence of reactions, the availability of OV is 

required to accommodate and release O ions from interstitial sites in the UO2 fluorite lattice [32]. 

The Tafel slope for reaction 5.6 is defined by the rate constants and given by  

  
d log(−jk)

dE
= 

−αcF

2.303RT
 (

X

1−X
)  5.7 

where x = 
cbkc

ke
 , αc is the transfer coefficient for the electrochemical reaction.  

In addition, the reaction order (m) with respect to H2O2 is also related to the rates of these two 

reactions (i.e., to X) by the relationship, 

 
 𝑚 =  (

𝜕log (−𝑗𝑘)

∂log𝑐𝑏
)
𝐸

= 
1

1 + 𝑋
 

5.8 

Using 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 the chemical reaction is fast 

(cbkc ≫ ke), then X → ∞, and the reaction would be completely electrochemically controlled 
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with a Tafel slope of  
−αcF

2.303RT
 , assuming rate control by the first electron in the overall two 

electron process. Additionally, the reaction order (m) would tend to 0. Conversely, if the 

chemical reaction was slow ( cbkc ≪ ke),   X would tend to 0, the Tafel slope become extremely 

large, and the reaction order approach 1.   

The applicability of this chemical-electrochemical mechanism was clear in our results. 

When the overall reaction was under mixed chemical/electrochemical control in potential region 

1 (-0.3 V to -0.9 V), large Tafel slopes and fractional reaction orders were observed on all 

electrodes. When the potential-dependent rate constant, ke, became large in region 2 (< -0.9 V), 

the current became less dependent, and in some cases independent, on potential and the reaction 

order increased to ≥ 1, consistent with control by the chemical reaction. With the exception of 

UO2.1, all the electrodes exhibited similar behaviour, with log jk – E plots exhibiting the two 

regions of behaviour consistent with a transition from electrochemical to chemical control as the 

potential was increased. Since all the currents were measured for the same [H2O2], the 

differences in behaviour, which were subtle but distinct, reflected the differences in the rate 

constants for the chemical and electrochemical reactions.   

For the RE-doped electrodes, the absolute currents measured in region 1 were effectively 

identical but lower than for the other electrodes indicating no significant difference in the 

electron transfer rates; i.e., providing the chemical oxidation rate was not rate-determining, the 

kinetics for H2O2 reduction were similar. However, in region 2, when the electrochemical rate 

was high, the current for the Dy-UO2 electrode became almost independent of potential while 

that for the Gd-UO2 electrode continued to increase. This indicated that the chemical reaction 

step (the creation of UV sites, reaction 5.5) was more rapid on the less heavily-doped Gd-UO2. 

This was consistent with the higher availability of oxygen vacancies (OV), which are necessary 
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for the creation of the required DAR sites, in the more lightly doped electrode. Previous Raman 

spectroscopic studies have shown that RE-doping limited the availability of OVs due to the 

formation of ReIII-OV clusters [14, 15], but did not unequivocally detect a measurable difference 

in the number of OV in these two electrodes.  

For the SIMFUEL, the currents were higher than for the RE(III)-doped electrodes, Figure 

5.3,  but the Tafel slope remained large, Table 5-2. This indicated no observable change in the 

mechanism but an increase in overall reactivity. This increase persisted over both potential 

regions; i.e., was independent of the potential and, therefore, not changed as the kinetics evolved 

from electrochemical to chemical control. Possible explanations for this behaviour include; either 

(a) a more reactive UO2 matrix due to the lower RE(III) doping level, and/or (b) an additional 

H2O2 reduction reaction on the noble metal (ε) particles. Raman spectroscopy [14,15] confirms 

that this electrode had a higher number density of OV which would support a higher rate of the 

chemical step; i.e., a more reactive matrix. However, it is presently not possible to distinguish 

this effect from that of the catalyzed reduction on the particles.   

For the non-stoichiometric UO2+x electrodes the behaviour on the UO2.002 and UO2.05 

electrodes was similar with the UO2.002 exhibiting a slightly lower Tafel slope, possibly related to 

the lower conductivity of this electrode [19]. In region 2, the currents were effectively identical, 

suggesting no measurable difference in the rate of the chemical oxidation of the UO2 surface. 

The UO2.1 electrode exhibited the lowest currents for any of the electrodes and had the largest 

Tafel slope. Additionally, there is no observable transition from mixed electrochemical-chemical 

control (region 1) to chemical control (region 2). This indicated that both reactions were slow 

with the extremely large Tafel slope indicating a very slow chemical oxidation step. However, 

the inability to separate these regions could have reflected the heterogeneous non-stoichiometry 
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of this electrode. Energy dispersive X-ray and Raman spectroscopic analyses [16] showed some 

locations were close to stoichiometric while others approached, and possibly exceeded, a 

composition of UO2.25. One possibility was that the variations in non-stoichiometry in this 

electrode led to some locations rendered unreactive due to the dominance of cubooctahedral 

clusters and distortions of the fluorite lattice[16].  

The suppression of the H2O2 reduction current by an increase in [CO3]tot clearly indicated 

an influence of this anion on the reduction process since a similar suppression was not observed 

for SO4
2-. Previous studies have shown that both O2 reduction (on UO2) and H2O2 reduction (on 

SIMFUEL) were suppressed in the presence of HCO3
-/CO3

2-[4, 10, 11, 27]. For O2 reduction, the 

mechanism did not change as indicated by the similar Tafel slopes and reaction orders observed 

at different [CO3]tot but some H2O2 was released to the solution consistent with the subsequent 

H2O2 reduction step being also retarded. It was proposed that this was due to the competition for 

adsorption at DAR sites between H2O2 and HCO3
-/CO3

2- anions. [4]  

The results obtained in this study showed HCO3
-/CO3

2- suppressed the current in both 

potential regions 1 and 2 for the SIMFUEL and RE(III)-doped electrodes but only in region 1 for 

the UO2.002 and UO2.05 electrodes. This suggested that, for these two non-stoichiometric oxides, 

HCO3
-/CO3

2- suppressed the rate of the electrochemical reduction step, the reduction of UV, 

without influencing the rate of its chemical formation. This suggested the key influence of this 

anion was to stabilize the intermediate UV state on the surface of the electrode. This affinity of 

HCO3
-/CO3

2- for oxidized surface states on UO2 surfaces at negative potentials has been 

discussed in detail previously.[4, 28, 29] In H2O2 solutions it was also possible that the 

peroxycarbonate (HCO4
-) ions formed when both H2O2 and HCO3

-/CO3
2- were present in the 

solution stabilized UV by forming UO2(HCO4)ads surface species which are kinetically slow to 
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reduce and lead to a decrease in available DAR sites for H2O2 reduction[30]. Presently, it is not 

possible to distinguish between these possibilities. The absence of any influence of SO4
2- on the 

kinetics of H2O2 reduction was not surprising since XPS studies have shown SO4
2- ions had no 

observable effects on the surface composition of UO2.[28, 29, 31] 

The results in Figure 5.3 showed that the influence of anodic oxidation influenced the 

kinetics of H2O2 reduction to different degrees depending on the electrode. For the RE-doped 

electrodes the marginal influence of anodic oxidation was consistent with the known resistance 

to oxidation of these materials [16-18, 22, 32]. This could be attributed to the elimination of 

available OV by the formation of REIII-OV clusters which decreased the extent of formation of the 

UV species required in the catalytic DAR sites. Raman studies[15] showed this OV elimination 

process was slightly less effective for the Dy-UO2 electrode than the Gd-UO2 electrode which 

would account for the slightly greater effect of anodic oxidation on the latter.  

For the non-stoichiometric electrodes, the kinetics of H2O2 reduction was stimulated on 

all three electrodes as indicated by the increased currents on the reverse scans, with the catalytic 

effect increasing in the order  

UO2.002   <    UO2.05   <   UO2.1 

These electrodes, while possessing non-uniform compositions, have also been shown to exhibit 

an enhanced anodic reactivity which increased as the degree of non-stoichiometry increased [12, 

19].  As shown in this study, this increase in reactivity with degree of non-stoichiometry was not 

observed in the absence of anodic oxidation. A more detailed analysis is required if these effects 

are to be elucidated. For the SIMFUEL electrode anodic oxidation did not lead to an observable 

catalysis of the H2O2 reduction reaction. It was possible that any effect, which would be expected 



 

 

169 

 

to be quite small (as observed for the RE(III)-doped electrodes), was obscured by the currents for 

H2O2 reduction on the ε-particles.     

SEM/EDX analyses of these electrodes, coupled with current-sensing AFM 

measurements [17] showed wide variations in the distribution of non-stochiometric locations 

whose conductivity tended to increase with the degree of non-stoichiometry. For the UO2.002 

electrode, these analyses showed a generally random distribution of O interstitial ions in the 

matrix which led to lattice distortions and a slightly enhanced anodic reactivity [32]. This would 

involve the creation of the UV surface species required to catalyze the H2O2 reduction reaction 

when the potential was subsequently made negative. Similar analyses of the UO2.05 showed a 

distinct separation into conducting (non-stochiometric) and non-conducting locations. Since the 

overall anodic reactivity of this electrode was greater than that of the UO2.002 electrode the 

enhanced creation of DAR sites would account for the enhanced kinetics of the H2O2 reduction 

reaction after anodic oxidation, Figure 5.3.  

For the UO2.1 electrode there was a marked separation into conducting and non-conducting 

locations, with well-developed, anisotropically conducting ridges and enhanced grain boundary 

conductivity. On this electrode surface compositions varied from close to stoichiometric to ~ 

UO2.33 which was close to U3O7 a phase within which significant fluorite lattice distortions were 

observed.[12, 16] While scanning electrochemical microscopy (SECM) measurements showed 

larger reduction currents for the redox mediator, ferrocenemethanol, were observed on more 

highly non-stoichiometric locations it is not immediately obvious these sites would also be the 

most active sites for H2O2 reduction. The overall reactivity of this electrode was suppressed 

(compared to the UO2.002 and UO2.05 electrodes, Figure 5.8) [19]  
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5.5 Summary and Conclusions 

• The electrochemical reduction of H2O2 has been studied on a range of UO2 

electrodes including RE(III)-doped and non-stoichiometric electrodes and a 

SIMFUEL. 

• On all electrodes reduction proceeded via a sequence of two reactions, the chemical 

oxidation of the surface creating UV sites followed by the electrochemical reduction 

of the surface back to its original UIV state. 

• After correcting for transport effects, the rate of reduction decreased in the order 

UO2.002 ~ UO2.5 ~ SIMFUEL > Gd-UO2 ~ Dy-UO2 > UO2.1   

• The rate was suppressed on the RE(III)-doped electrodes by the stabilization of 

RE(III)-OV clusters which decreased the availability of the OV required during 

oxidation of UIV surface states to UV. 

• On SIMFUEL, reduction may be catalyzed on the surfaces of the noble metal (ε) 

particles present in this electrode. 

• HCO3
-/CO3

2-, in the concentration range 0.01 to 0.05 mol.L-1, suppressed the 

reduction rate by stabilizing the UV surface state required to catalyze the reduction 

reaction thereby inhibiting its reduction back to the original UIV state.     
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Chapter 6 

6 Model for UO2 Corrosion Inside a Failed Waste Container under 

Permanent Disposal Conditions – Sensitivity Analyses 

6.1 Introduction 

While containers for high level nuclear waste are designed to avoid failure after 

emplacement in a deep geologic repository (DGR), it is judicious to examine the consequences if 

failure should occur. Assuming containers fail after 1000 years of emplacement in a DGR the 

groundwater contacting the fuel would be anoxic since available oxidants will have been 

consumed by microbial reactions and the container corrosion process. Thus, the key source of 

oxidants inside a failed container would be water radiolysis caused by the α radiation fields 

associated with the spent fuel wasteform. H2O2 has been identified as the main radiolytic oxidant 

likely to cause UO2 corrosion by oxidizing UO2 to the much more soluble UO2
2+, resulting in the 

release of radionuclides from the fuel matrix.[1, 2]   

Two corrosion fronts will exist within a failed container: one on the fuel surface driven by 

radiolytic oxidants, and a second on the carbon steel surface sustained by H2O reduction to 

produce the potential redox scavengers Fe2+ and H2. These two fronts will be coupled since, for 

instance, Fe2+ and H2O2 would be expected to react via the Fenton reaction.  

Extensive studies have shown that dissolved H2 can suppress fuel corrosion,[3-10] which 

will counterbalance the tendency of H2O2 to accelerate it.[11-15] The presence of noble metal (ε) 

particles in the fuel, generated during in-reactor irradiation, can catalyze both reactions by acting 

as micro-galvanic anodes/cathodes within the UO2 matrix.[10, 15, 16] Broczkowski et al.[7] 

monitored the influence of H2 on the corrosion potential of UO2 specimens with/without ε-

particles, and showed that a lower corrosion potential was observed when ε-particles were 
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present, which is indicative of a slower corrosion process. This effect was confirmed by 

Trummer et al.[9], who showed that the dissolution of U was totally supressed by increasing the 

Pd weight percentage in UO2 samples to 3% when H2 was present. These experiments confirm 

that the activation of H2 by noble metals is the key mechanism in the inhibition of UO2 

corrosion. 

Goldik et al.[16] studied the kinetics of H2O2 reduction on SIMFUELs containing ε-

particles using electrochemical methods, and found that the kinetic activity increased with the 

number density of noble metal particles in the SIMFUELs. Trummer et. al. [9] showed the 

dissolution of U was catalyzed when Pd was present in the UO2 matrix, with the rate constant for 

oxidation of UO2 by H2O2 increasing by ~ 2 orders of magnitude.  

Over the past few years we have been developing a model for fuel corrosion inside a failed 

container[17]. Most recently, this model has been expanded from one to two dimensional to 

determine the influence of complex geometries[18] on fuel corrosion. This is necessary since the 

fuel pellets are fractured due to thermal stress during in-reactor irradiation and during the cooling 

process when the fuel is removed from the reactor. Liu et al.[19] demonstrated that the effects of 

radiolytically produced H2 ((H2)int) and H2 from steel corrosion ((H2)ext) are strongly influenced 

by the geometrical dimensions of the fracture.  

In this study, these model calculations have been extended to include a number of additional 

effects: 

(i) More complex defect shapes including pores and fractures with different dimensions; 

(ii) A non-uniform number and distribution of ε-particles within fractures in the fuel; 

(iii) The influence of O2, a H2O2 decomposition product, on the fuel corrosion rate.  
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6.2 Model Description 

As a consequence of in-reactor fission, the fuel undergoes a number of microstructural and 

compositional changes, with the key processes likely to influence the fuel reactivity being the 

doping of the UO2 lattice with rare earth (REIII) elements and the creation of noble metal (ε) 

particles. Since REIII doping increases the conductivity of the lattice [20] it can lead to galvanic 

coupling of the UO2 matrix to the noble metal particles. These particles can then act as 

microgalvanically-coupled anodes and cathodes which can control the redox conditions on the 

fuel surface and, hence, the corrosion rate of the fuel.  

The reactions presently included in the model are shown in Figure 6.1. 

(1) The production of key alpha radiolysis products, H2O2 and H2. A simplified model was 

used to calculate the [H2O2] and [H2], with other minor radiolysis products, such as OH 

and H radicals, not included.  This simplified model has been compared to a complete 

water radiolysis model.[18] Using the simplified model, the calculated concentrations of 

dissolved UO2
2+ increased by only ~20% at the base of fractures in the fuel, making its 

use a conservative approach which does not underestimate the fuel corrosion 

behaviour.[18] 

(2) UO2 oxidation and dissolution caused by H2O2 reduction on the UO2 surface (reaction 

2a)[21] and on the microgalvanically-coupled catalytic ε-particles (reaction 2b).[9] 

(3) The oxidation of H2 leading to the suppression of UO2 corrosion through different 

pathways: (i) reaction 3a - the reduction of  UVI/UV to UIV by H2 oxidation on ε-particles 

[22]; (ii) reaction 3b - the reduction of UO2
2+ to UO2 by H2 in aqueous solution[23]; 

reaction 3c - the reduction of UO2
2+ adsorbed on the UO2 surface by H2 oxidation on ε 

particles.[10]   
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(4) The consumption of the dominant oxidant, H2O2, by reaction with Fe2+ in the Fenton 

reaction (reaction 4).[24]  

(5) The catalytic recombination of the radiolytically produced H2O2 and H2 on the ε-particles 

(reaction 5). [25] 

(6) The decomposition of H2O2 to H2O and O2 catalyzed by the reversible UIV/UV redox 

transformation in the fuel surface (reaction 6). [21] 

 

The effects of corrosion product deposition (such as UO3∙2H2O), which can effectively 

block the further corrosion of UO2, are not included in the model. This simulates the likely 

groundwater scenario in which dissolved UO2
2+ species are prevented from accumulating on the 

fuel surface by complexation with carbonate/bicarbonate ions present at a sufficiently high 

concentration in the groundwater.  

Figure 6.1: Key reactions involved in the radiolytic corrosion of spent fuel inside a failed 

container.  
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In the model, the rates of these processes are described by a series of one-dimensional 

diffusion reaction equations. This model is then numerically simulated using COMSOL 

Multiphysics (commercially available software) based on the finite element method. The model 

was developed using the chemical engineering module and the dilute species transport module of 

COMSOL Multiphysics (version 4.3.0.151, COMSOL Inc.). The parameter values adopted in the 

model have been discussed elsewhere. [17-19, 26] The default values of the simulation 

parameters are listed in Table 6-1. The parameters were maintained at the default values for all 

calculations unless otherwise stated. The dose rate used in calculations was 9.03 x 105 Gy.a-1 

which corresponds to CANDU fuel with a burn-up of 220 MKW.kg.U-1 (a unit describing the 

absorption of one joule of radiation energy per kilogram of matter per year) at 1000 years after 

discharge from the reactor.[27] 
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Table 6-1: Default values of simulation parameters used in model calculations 

Parameter Value Reference 

Diffusion layer thickness 10-3 m [26] 

Radiation zone thickness  1.3 × 10-5 m [27] 

Alpha radiation dose rate 9.03 × 105 Gy.a-1 [27] 

UO2 oxidation rate constant in H2O2  1× 10-8 m.s-1 [21] 

H2O2/UO2 surface reaction rate constant on ɛ-particles 6.92 × 10-6 m.s-1 [9] 

H2/U
VI surface reaction rate constant on ɛ-particles 4 × 10-7 m.s-1 [22] 

H2/UO2
2+ bulk reaction rate constant 3.6 × 10-9 L.mol-1.s-1 [23] 

H2/H2O2 surface reaction rate constant on ɛ-particles 2.2 × 10-5 m.s-1 [25] 

Fe2+ bulk reaction rate constant  1 × 106 L.mol-1.s-1 [24] 

H2O2 homogenous decomposition rate constant 8.29 × 10-8 s-1 [28] 

H2O2 surface-catalyzed decomposition rate constant 6.14 × 10-8 m.s-1 [21] 

 

6.2.1 The Influence of ε-particle Distribution 

In previous model simulations, ε-particles were assumed to be uniformly distributed 

when simulating the radiolytic corrosion of UO2 inside a fracture in a fuel pellet.[19] However, 

fission reactions are concentrated in the outer rim of fuel pellets leading to a high density of 

fission products, including ε-particles, at these locations but a much lower density at deeper 

locations within the pellet. To simulate this situation a linear gradient of particles was assumed 

with the coverage (area density) of the particles linearly distributed between the surface and the 

interior of a pellet; i.e., the coverage by ε-particles decreases linearly as the fracture deepens,  
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 𝑠 = 0.01 + 𝑠0 × 𝑦  6.1 

where s represents the ε-particle coverage at location y (unit: m), y ≤ 0 (at the fracture mouth, y = 

0). For example, for a fracture with a depth of 6 mm, s0 = 1 m−1, the coverage on the fracture 

bottom linearly decreases to 0.4% from 1% at the fracture mouth.  

6.2.2 The Influence of Fracture Geometry 

The influence of geometry was studied by changing the defect geometry from a 2-D 

fracture to a 3-D cylindrical pore, Figure 6.2. The fracture geometry in the fuel pellet was 

specified by width (a) and depth. To build the pore model, the width was replaced by a radius 

parameter (r), where r = a/2, and a is the width. 

6.2.3 The Influence of H2O2 Decomposition to Produce the Alternative 

Oxidant, O2 

The primary radiolytic oxidant causing fuel corrosion is H2O2 since its reaction rate is 

200 x higher than the alternative oxidant, O2. However, it has been demonstrated experimentally 

that H2O2 decomposition to O2 and H2O occurs rapidly on UO2 surfaces which would make O2 

the dominant oxidant likely to cause fuel corrosion. Lousada et al.[29] suggested that the impact 

of H2O2 on oxidative UO2 dissolution decreases in the presence of fission products which can 

facilitate the H2O2 decomposition. Hence, the impact ratio of other molecular water radiolysis 

oxidants, e.g. O2, would increase. Under α-radiation induced water radiolysis, the impact of H2O2 

contributes to 65.97% of U dissolution with 99.8% of H2O2 decomposed on SIMFUEL surface. 

It was calculated that O2 has an impact ratio of 30.10% based on previously published reaction 

rate constant between O2 and UO2[1]. This study concluded that O2 is no longer negligible when 

the majority of H2O2 decomposes. The results in Chapter 4 of this thesis are consistent with the 

values of H2O2 being found to decompose.  
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A number of studies have shown that O2 reduction is catalyzed on noble metal particles; 

i.e., on SIMFUEL surfaces[9, 30, 31]. Trummer et al.[9] suggested that, in an O2-containing 

solution, an increase in Pd weight percent, indicating an enhanced fuel burn-up level, resulted in 

a higher dissolution rate of UO2. This was attributed to catalysis of O2 reduction which 

accelerated the UO2 corrosion. The experimentally determined reaction rate constant for O2 

reduction on a UO2 electrode doped with 3 wt.% Pt was determined to be 10-7 m.s-1. Reaction 

(6.2) is included in the model calculations to take into account the catalyzing effects of ɛ-

particles on O2 reduction and UO2 corrosion, 

 
1/2O2 + UO2 

𝑘_𝑂2_𝑒𝑝𝑠
→       UO3 

6.2 

where k_O2_eps = 10-7 m.s-1.[9]   

6.3 Results and Discussion 

6.3.1 Influence of Defect Geometry 

Figure 6.3 shows H2 and H2O2 concentration profiles for the pore model. Both [H2] and 

[H2O2] decrease with distance from the base of the pore as a consequence of diffusive losses as 

the pore opening is approached. At deep locations (0.5 and 1 mm from the base), there is no 

significant difference between [H2] and [H2O2], Figure 6.3 A. However, at greater distances from 

the base (≥3 mm) the [H2O2] reaches a plateau, Figure 6.3 B, and becomes independent of pore 

depth, while the [H2] increases linearly with distance from the base, Figure 6.3 A. The UO2 

corrosion rate (expressed as a flux of UO2
2+ leaving the wall of the pore at that location) 

increases with pore depth for shallow pores and then decreases for pore depths ≥ 3 mm, Figure 

6.3 C. This increase in corrosion rate as the pore deepens from 0.5 to 3 mm, can be attributed to 

the increase in [H2O2] with the accumulation of radiolytically produced H2 ([H2]rad) at the base of 
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deeper pores leading to the suppression of fuel corrosion. This calculation is supported by 

experiments performed on UO2 in irradiated water in which the accumulation of radiolytically 

produced H2 in a closed system suppressed U dissolution by a factor of one third compared to the 

accumulation in an open system.[32]  

 

 

 

Figure 6.2: The 2-D fracture (A) and 3-D pore defect (B) in a fuel pellet. 
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Figure 6.3: The influence of pore depth on (A) Concentration profiles for [H2] and 

[H2O2] : (B) enhanced concentration profile for H2O2; (C) the calculated UO2
2+ flux (UO2 

corrosion rate) in the direction normal to the wall of the pore as a function of the distance 

from the base of the pore, Pore width = 0.1 mm. Bulk [H2] = 10-8 mol.L-1; all other 

parameters have the default values (Table 6-1). 
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Similar calculations were performed for the fracture geometry, Figure 6.4 A and B show 

the same trends are obtained for both the pore and the fracture models, the corrosion rate being 

significantly suppressed by [H2] for depths ≥ 3mm. Comparison of the two sets of data shows 

corrosion rates within a pore are slightly lower than those in a fracture. 

Figure 6.5 shows the calculated critical [H2] ([H2]crit ) for a range of fracture (A) and pore 

(B) dimensions. The critical H2 concentration ([H2]crit) is the amount of H2 required from steel 

corrosion to completely inhibit fuel corrosion at all locations within a fracture or a pore. For 

wide fractures (width > 0.6 mm), [H2]crit increases as the fracture depth increases, while for 

C 

Figure 6.4: The influence of fracture depth on the concentration profiles for (A) [H2] and 

[H2O2]; (B) enhanced concentration profiles for H2O2; (C) the calculated UO2
2+ flux (UO2 

corrosion rate) in the direction normal to the wall of a fracture as a function of the distance 

from the base of a fracture: pore width = 0.1 mm, bulk [H2] = 10-8 mol.L-1, all other 

parameters have the default values (Table 6-1). 
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narrow fractures (width < 0.6 mm) it first increases then decreases as the fracture deepens 

suggesting a significant suppression of fuel corrosion by the local accumulation of radiolytic H2 

at deep locations. A similar behaviour was observed for the pore geometry, Figure 6.5 B, but 

with a slightly lower demand for H2 from steel corrosion in shallow pores compared to shallow 

fractures. For both geometries, an upper limit for [H2]crit of 5.7 μmol.L-1 is sufficient to suppress 

corrosion, irrespective of fracture/pore dimensions. This value is calculated to be ~17 times more 

than the [H2]crit required to suppress corrosion on a planer surface without defects. Thus, if the 

corrosion of the steel container can produce more than 5.7 µmol.L-1 of H2, the corrosion of 

CANDU spent fuel with a burn-up of 220 MWh.kg.U-1 could be totally suppressed.  
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Figure 6.5: Critical [H2] ([H2]crit) for two different types of defect (A: fracture, B: pore) 

with different widths and depths. The dashed line indicates an upper limit for [H2]crit. 
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The fracturing of the fuel pellets, due to thermal stress during the in-reactor irradiation 

and the cooling process after discharge from the reactor, leads to complex fracture geometries in 

the spent fuel. Previously, we investigated the influence on corrosion of fractures with a uniform 

width from the bottom to the top (Figure 6.6 left), although more complex defect geometries are 

possible (Figure 6.6, middle and right).  

Figure 6.7 compares the corrosion rates in fractures with the different geometries shown 

schematically in Figure 6.6. The resulting corrosion rates (UO2
2+ flux in the direction normal to 

the wall of fractures) are not particularly sensitive to the different geometries. The calculated 

corrosion rate for an “open” fracture (top width (0.6 mm) and bottom width (0.1 mm)) is similar 

to the rate calculated for a uniform fracture (width (0.1 mm). For a “closed” fracture (top width = 

0.1 mm and bottom width = 0.6 mm), the corrosion rate is increased in deeper fractures; i.e., by 

~20% at the depth of 5 mm, compared with the rate calculated for a uniform fracture. This can be 

attributed to the accumulation of H2O2 within the fracture, its loss by diffusion out of the fracture 

being limited. 

 

uniform width bottom width

top width

bottom width

top width

Figure 6.6: Illustration of fracture geometries.  
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Figure 6.7: The calculated flux of UO2
2+ (equivalent to the fuel corrosion rate in the 

direction normal to the wall of a fracture) as a function of the distance to the base of the 

fracture: Black line, uniform fracture, width = 0.1 mm, depth = 6 mm; red line, top 

width = 0.6 mm, bottom width = 0.1 mm, depth = 6 mm; blue line, top width = 0.1 mm, 

bottom width = 0.6 mm, depth = 6 mm. All other model parameters have the default 

values (Table 6-1). 
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6.3.2 The Effects of ε-particle Coverage and Distribution  

To simulate the enhanced burn up in the outer regions of the fuel[33], a linear variation in 

ε-particle coverage along a fracture wall was adopted (equation 6.1). The ε-particle coverage was 

assumed to decrease from the outer surface of the pellet to deep locations inside the fracture.  

  

 

Figure 6.8 shows the fuel corrosion rate increases as a function of distance from the base of a 

fracture consistent with a lower rate at deep locations due to the accumulation of radiolytic H2. 

As with other calculations, the steep decrease in rate as the mouth of the fracture is approached 

Figure 6.8: The UO2 flux profile as a function of distance to the fracture base for a variety 

of ε-particle distributions. When the slope s0 = 0, ε-particles uniformly cover 1% of the 

surface and fracture wall.  All other model parameters have the default values (Table 6-1). 
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can be attributed predominantly to the diffusive loss of H2O2 from the fracture. As the coverage 

with ε-particles deep in the fracture is decreased (i.e., s0 (equation 6.1) is increased) the corrosion 

rate at deep locations is only slightly decreased. This reflects the dual and opposite influences of 

the particles, which catalyze both the reduction of H2O2 (reaction 2b, Figure 6.1), which would 

increase the corrosion rate, and the oxidation of H2 (reactions 3a and 3c, Figure 6.1) which 

would decrease it. The lowest corrosion rate at the bottom of the fracture is observed for the 

lowest number of ε-particles. The slight decrease in rate as the number of ε-particles is decreased 

at deep locations indicates that the ε-particle effect on H2O2 reduction is slightly more important 

than its influence on H2 oxidation.     

Figure 6.9 shows the critical H2 concentration ([H2]crit) required to completely suppress 

corrosion as a function of fracture depth in a narrow (A) and a wide (B) fracture for a uniform 

distribution of ε-particles (so = 0) and for a linear decrease in ε-particle coverage (so = 1). For the 

uniform distribution, the H2 requirement decreases slightly. For a decreased number of ε-

particles at deep locations (Figure 6.9 A), the H2 requirement increases to 10 μmol.L-1 which is 

twice the maximum amount required for a linear distribution, calculated to be 5.7 μmol.L-1 

(Figure 6.5 A). This reflects the lower rates of reactions 3a and 3c (Figure 6.1) at deep locations, 

resulting in a higher demand for H2 from steel corrosion.  

For a wide fracture, the [H2]crit values are higher. As the number of ε-particles decreases 

the demand for external H2 increases insignificantly for shallow fractures. The absence of ε-

particles at the base of a deep wide fracture leads to a very significant increased demand for 

external H2. The difference in demand between narrow and wide fractures can be attributed to 

the need to suppress corrosion over a wider surface area of corroding fuel in the wide fracture.      
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B 

Figure 6.9: Critical H2 concentration ([H2]crit) as a function of fracture depth for narrow 

(A) and wide (B) fractures as the number of ε-particles changes along the fracture wall. 

Black line and dots – number of ε-particles decreases to 0% at the base of a fracture: Pink 

line and dots - uniform distribution of ε-particles: Red line and dots – number of ε-

particles decreases to 0% on the fracture bottom: Blue line and dots – number of ε-

particles decreases to 0.5% at the base of a fracture. 
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6.3.3 UO2 Corrosion by O2  

In this study, a wide range of H2O2 decomposition ratios (to the alternative oxidant O2 

and H2O) were adopted to determine the consequences of fuel corrosion by reaction with O2. The 

decomposition ratio is defined as the fraction of the radiolytically-produced H2O2 leading to UO2 

corrosion, with the remaining fraction decomposing to produce O2. The values used in 

calculations ranged from 0.14, the value measured by Pehrman and Jonsson[21] on UO2 

containing no ε-particles to 0.006, a value close to that measured on SIMFUEL in our 

experiments, Chapter 4. 

Figure 6.10 A and B show the decrease in [H2O2] and the corresponding increase in [O2] 

for this range of decomposition ratios calculated as a function of fracture depth. The higher 

concentrations at the base of the fractures reflect the lesser amounts of oxidant lost by transport 

from the fracture at deeper locations. At the base of the fracture, the [O2] increases by a factor of 

3 as the fraction of H2O2 decomposed increases from 86% (R = 0.14) to 99.5% (R = 0.005); i.e., 

R = 0.14 and 0.005, respectively, where R is the dissolution fraction. The corresponding decrease 

in [H2O2] is by a factor of 75. This difference in the changes in concentration reflects the greater 

reactivity of H2O2 compared to that of O2. As a consequence, the fuel corrosion rate decreases 

significantly as the more reactive H2O2 is converted into the 200x less reactive O2.  

This calculation neglects the catalytic effect of ε-particles on O2 reduction. When this 

effect is taken into account, the UO2 corrosion rate is insignificantly affected at a dissolution 

fraction 0.14, since H2O2 remains the dominant oxidant. However, when the very large majority 

of the H2O2 is decomposed (99.5%) the fuel corrosion rate is increased (by a factor of 2) when 

this catalytic effect is included but remains extremely low, this is consistent with previous 

studies. At locations closer to the mouth of the fracture any influence of ε-particles on the 
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kinetics of O2 reduction becomes negligible, since the majority of the O2 is transported out of the 

fracture and the suppression of corrosion by H2 from steel corrosion dominates the fuel corrosion 

rate.  

 

 

 

A 
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Figure 6.10: The [O2] (A), [H2O2] (B) profiles along the central line of a fracture for 

different dissolution fractions (R). (C) UO2 corrosion rate. All other model parameters have 

the default values (Table 6-1).  

B 
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Figure 6.11: The UO2 corrosion rate as a function of decomposition taking into account 

catalysis of O2 reduction on ε-particles. Fracture width = 1 mm; fracture depth = 5 mm, 

and the bulk [H2] = 10-7 mol.L-1. All other model parameters have the default values. 
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6.4 Summary and Conclusions 

Various defect geometries including pores and fractures with various geometries exert only 

a minor influence on the rate of fuel corrosion. These minor effects reflect slight variations in the 

amount of radiolytic H2O2 trapped within defects (pores, fractures). 

Since the in-reactor fission process occurs predominantly in the outer rim of fuel pellets 

calculations were performed in which the distribution of ε-particles was varied from the outer to 

the inner regions of a fracture. Since these particles catalyze both H2O2 reduction, which 

increases the fuel corrosion rate, and H2 oxidation, which decreases the rate, only a minor net 

effect on the overall corrosion rate is observed. This indicates that the change in number of ε-

particles has a slightly larger effect on H2O2 reduction than on H2 oxidation. When the number of 

ε-particles at deep locations is decreased the amount of H2 required to completely suppress 

corrosion at deep locations increases by a factor of 2 to 3. 

The extent of H2O2 decomposition to the considerably less reactive O2 (and H2O) causes a 

significant decrease in fuel corrosion rate since the slowly reacting O2 is dominantly lost by 

transport out of the defect. Whether or the catalytic effect of the ε-particles on O2 reduction has 

only a minimal effect on the corrosion rate.  
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Chapter 7 

7 Summary and Future Work 

7.1 Summary 

The primary goal of this thesis was to provide a detailed understanding of the mechanism of 

spent nuclear fuel corrosion inside a failed groundwater-containing container using both 

experimental and computational approaches.   

In chapter 3, the effects of noble metal (ε) particles on the two possible anodic reactions, UO2 

corrosion and H2O2 oxidation, were studied in HCO3
-/CO3

2- solutions.  It was found that the 

balance between these anodic reactions was controlled by ε-particles dispersed throughout the 

fission product-doped UO2 matrix, the potential applied, and the [CO3]tot. Both reactions were 

suppressed by the formation of UVI surface films. When the formation of these films was 

prevented at higher HCO3
-/CO3

2- concentrations both reactions occurred readily on the sublayer 

of UIV
1-2xU

V
2xO2+x. When present, noble metal (ε) particles supported H2O2 oxidation over the 

full potential range. At low potentials, the peroxycarbonate (HCO4
-) species formed was rapidly 

oxidized on the particles. At high potentials H2O2 could be directly oxidized on the noble metal 

particles rendered catalytic by preoxidation (e.g., Pd to PdII).    

In chapter 4, an attempt was made to separate H2O2 decomposition and H2O2 consumption 

due to UO2 corrosion.  It was found that in aqueous HCO3
-/CO3

2-, H2O2 consumption proceeded 

by both homogenous decomposition in solution and by heterogeneous reaction with the 

SIMFUEL surface. Homogenous decomposition to O2 and H2O proceeded through a 

peroxycarbonate (CO4
2-) intermediate in HCO3

-/CO3
2- solutions which was consistent with the 

results in chapter 3. On the SIMFUEL surface, H2O2 decomposition was the dominant reaction, 
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and only minor to negligible amounts of UO2 corrosion occurred. This was due to the stability of 

SIMFUEL 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 which blocked 

decomposition on the catalytic UIV
1-2xU

V
2xO2+x surface layer. When the surface was maintained 

free of UVI species, H2O2 decomposition proceeded under redox buffered conditions on the 

catalytic surface. The role of noble metal (ɛ) particles in the SIMFUEL matrix on H2O2 

decomposition appeared to be minor although this remains to be conclusively demonstrated.  

In chapter 5, the electrochemical reduction of H2O2 was studied on a range of UO2 electrodes 

including RE(III)-doped and non-stoichiometric electrodes, and on a SIMFUEL. On all 

electrodes reduction proceeded via a sequence of two reactions: the chemical oxidation of the 

surface created UV sites followed by the electrochemical reduction of the surface back to its 

original UIV state. After correcting for transport effects, the rate of reduction decreased in the 

order UO2.002 ~ UO2.5 ~ SIMFUEL > Gd-UO2 ~ Dy-UO2 > UO2.1. The reduction rate was 

suppressed on the RE(III)-doped electrodes by the formation of RE(III)-OV clusters within the 

UO2 matrix which decreased the availability of the OV required for UO2 oxidation. On the 

SIMFUEL electrode, reduction may be catalyzed on the surfaces of the noble metal (ε) particles 

present in this electrode. HCO3
-/CO3

2-, in the concentration range 0.01 to 0.05 mol.L-1, 

suppressed the reduction rate by stabilizing the UV surface state required to catalyze the 

reduction reaction thereby inhibiting its reduction back to the original UIV state.     

In chapter 6, the results of a series of computational analyses were presented on the effects 

of defect geometries, ɛ-particle distribution and H2O2 decomposition on the UO2 corrosion rate. 

The defect geometries in the form of pores and fractures exerted only a minor influence on the 

rate of fuel corrosion. These minor effects reflected slight variations in the amount of radiolytic 
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H2O2 trapped within defects (pores, fractures). Since the in-reactor fission process occurs 

predominantly in the outer rim of fuel pellets, calculations were performed in which the 

distribution of ε-particles was varied from the outer to inner region of a fracture. Since these 

particles catalyzed both H2O2 reduction, which increased the fuel corrosion rate, and H2 

oxidation, which decreased the rate, only a minor net effect on the overall corrosion rate was 

observed which indicated that the change in number of ε-particles had only a slight effect. When 

the number of ε-particles at deep locations was decreased the amount of H2 required to 

completely suppress corrosion at deep locations increased by a factor of 2 to 3. The extent of 

H2O2 decomposition to the considerably less reactive O2 (and H2O) caused a significant decrease 

in fuel corrosion rate since the slowly reacting O2 was dominantly lost by transport out of the 

defect. The catalytic effect of the ε-particles on O2 reduction had only a minimal effect on the 

corrosion rate.  

7.2 Future Work 

• While it has been demonstrated that H2O2 decomposition is the dominant reaction as 

opposed to UO2 corrosion, the effects of ɛ-particles and RE(III)-dopants on H2O2 

decomposition remain unclear. A series of experimental studies on SIMFUELs with 

different degrees of simulated burnup is required to elucidate this effect.  

• The relative kinetics of H2O2 reactions on ɛ-particles and RE(III)-doped UO2 electrodes 

could be investigated using a combination of Raman Spectroscopy and Scanning 

Electrochemical Microscopy. 

• The results in chapter 5 showed that the kinetics of H2O2 reduction on non-stochiometric 

UO2+x varied with x. However, the composition of these electrodes is non-uniform across 
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the surface. As a consequence, the results to date show only an average influence of non-

stoichiometry. A similar study on electrodes with a more uniform distribution of 

composition is required to elucidate the real influence of non-stoichiometry.  

• In HCO3
-/CO3

2- solutions a role of the peroxycarbonate (CO4
-) ion has been 

demonstrated. However, the importance of this ion under conditions representing the 

anticipated conditions inside a failed container has not been demonstrated. A series of 

studies as a function of [H2O2], [CO3]tot and pH is required to establish a database which 

can be used to determine, by extrapolation, the importance of this ion under failed 

container conditions.  

• Many possible influences of conditions inside a failed container remain to be 

investigated. The importance of variations in groundwater composition, the deposition of 

corrosion products and the corrosion of the steel vessel can be assessed using model 

calculations. 
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