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Abstract

A secondary phase has been observed to nucleate on the surface of UO2 in a solution with uranium concentration values of ~10-9 mol/l. The UO2 was in the form of a 100 nm single crystalline film of UO2 epitaxially deposited on the (001) surface of a single crystalline silicon substrate. An extended (140 days) dissolution experiment with UO2 in contact with a solution in deoxygenated, deionised water, under an Ar atmosphere (~0.1 O2 ppm) at ambient temperature (~25 °C) suggests that uranium dioxide should dissolve and precipitate while remaining in the U4+ oxidation state to enable nucleation of a low solubility secondary phase. A mechanism for the anoxic dissolution of UO2 in deionised water is proposed that involves U4+ dissolution at defect sites that subsequently nucleate and precipitate in a less defective form.
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1. Introduction

The relative abundance of uranium as an energy resource, the associated risks of nuclear proliferation and the costs of spent fuel reprocessing have swayed policy-makers worldwide towards direct disposal being the rational method to manage spent nuclear fuel by emplacing it in deep underground geological repositories [1]. The evaluation of such a repository is a multi-faceted problem; of which safety is paramount. An important safety parameter is the projected radionuclide release rates from the spent fuel in the case of groundwater intrusion upon containment failure [2, 3]. Extensive work had been devoted to the analysis of the different aspects of spent nuclear fuel dissolution under geological disposal conditions [1-9]. In this work, we hope to advance the existing knowledge by proposing a hypothesis that is capable of addressing some disagreements in the existing literature.
For example, in the literature, there is no conclusive agreement on UO2 dissolution under anoxic conditions. Ulrich et al. [10] initially suggested that anoxic dissolution of UO2 proceeds via Eq. 1:
 						   		(1).
They also claimed that oxidation of the UO2 surface to 7–10% U(VI) and ~20% U(V) takes place under reducing dissolution conditions (5 vol% H2, 95 vol% N2 atmosphere) based on an XPS analysis of leached UO2 samples that initially consisted of solely U(IV) in the bulk and on the surface. As a result, a sequential oxidation mechanism of U(IV) to U(V) to U(VI) by water molecules was invoked, which is similar to the one proposed by Shoesmith and Sunder [3] for UO2 dissolution below the oxidative threshold potential  (–100 mV versus saturated calomel electrode on the UO2 surface, as described by Eqs. 3 and 4 in Ref. [3]):
						(2),
				(3).
However, no detectable U(VI) was observed in the sample solutions using a kinetic phosphorescence analyser (KPA), although U(VI)  should be some orders of magnitude more soluble than U(IV), and it was concluded that the anoxic UO2 dissolution was primarily driven by hydrolysis of U(IV) and not by oxidation to U(VI) [10]. It is possible to suggest that although the sample transfer occurred with minimal exposure to oxygen in the work by Ulrich et al. [10], that short exposure was enough to induce surface oxidation, which led to the observed U(V) and U(VI) at the surface. In addition, Ollila et al. [4] reported that after anoxic (N2 atmosphere) dissolution of UO2 in deionised water, the uranium oxidation state in the solution was U6+ as determined by anion exchange methods in an HCl medium in an inert atmosphere glove box (N2). However, no information on the characterisation of the UO2 samples in contact with the solution was given.
Previous work by Popel et al. [8, 9] on the dissolution of thin film and bulk UO2 samples under anoxic conditions in deionised water revealed the formation of secondary phases. This observation is not consistent with the idea that UO2 dissolves via oxidation to U6+ in the solution, as U6+ has orders of magnitude higher solubility limits [2] (~10-6 mol/l) than the U concentration values observed in the solutions (~10-9 mol/l), which implies that no secondary phase formation should take place. To clarify this issue, and to increase our sensitivity to changes occurring at the dissolving surface, a high-quality single-crystalline thin film (~100 nm) of UO2 deposited on a (001) silicon single crystal substrate has been subjected to an extended anoxic dissolution test in deoxygenated deionised water under anoxic Ar (0.1 O2 ppm) atmosphere at ambient temperature (~25 °C).

2. Experimental section

2.1. Sample production 

The thin film of UO2 was produced by direct current reactive sputtering onto a single crystal Si substrate with (001) orientation using a Labstation machine at the JRC Karlsruhe. The substrate was cleaned before the film deposition with ethanol and heated to ~600 °C under pO2 of 2 × 10-6 mbar for 40–60 min. A natural uranium metal target was used as a source of uranium with Ar used as the sputtering gas at a pAr set to 5 × 10-3 mbar and O2 used as the reactive gas at a pO2 set to 7 × 10-6 mbar. The Si substrate was maintained at a temperature close to 600 °C. The film was deposited for 30 minutes with deposition conditions which should give film thickness in the range from 90 to 270 nm.



2.2. Sample characterisation

The thin film sample was analysed before and after the dissolution experiment by scanning electron microscopy (SEM), energy dispersive X-ray (EDX) analysis, X‑ray diffraction (XRD), and electron backscatter diffraction (EBSD) techniques. A FEI Quanta650F instrument operating under high vacuum was used: at 5 kV, spot size 3 and a 30μm aperture to acquire SEM images; at 20 kV, spot size 4 and a 30μm aperture to collect EDX spectra with a Bruker 6|30 XFlash EDX detector; at 20 kV, spot size 5.5 and a 100 μm aperture to collect EBSD data with a Bruker e-FlashHD detector. A D8 Bruker diffractometer equipped with a primary Ge monochromator for Cu Kα1 and a Sol-X solid state detector operating in Bragg-Brentano geometry was used to collect XRD data in the 2θ range of 20 to 130º (kV × mA: 40 × 40; step size: 0.02º; time per step: 10 seconds).

2.3. Dissolution experiment 

The thin film sample has been annealed at 800 °C with a reducing mixture of 5% H2 in 95% Ar for two hours, taking one hour to heat up and three hours to cool down, in a furnace attached to a glove box with an Ar atmoshphere (0.1 O2 ppm) and was transferred in a doubly sealed container to another anoxic glove box, where the dissolution experiment took place, under an Ar atmosphere. The dissolution experiment was conducted in a glove box under Ar atmosphere with the level of oxygen at 0.1 ppm. Deionised Milli-Q water (18.2 MΩ/cm) was bubbled with Ar to reduce the amount of dissolved oxygen. The thin film sample was prewashed by placing it into a plastic bottle containing 20 ml of the deionised water for 12 hours. Then, the sample was rinsed with the deionised water and placed into a polytetrafluoroethylene (PTFE) dissolution vessel containing 20 ml of the deionised water and two blank Si substrates (to detect any U precipitation/nucleation from the solution). Static batch replenishment tests were run where ~1 ml of the solution sample was taken out into a vial at various intervals and ~1 ml of the deionised water was replenished. One vessel, filled with 20 ml of the deionised water and two blank Si substrates, was used as a control blank. All vessels were tightly closed to prevent water evaporation. The amount of the solution transferred from the dissolution vessels into the vials was monitored by weighting empty and filled vials. The dissolution experiment was performed at an ambient temperature of ~25 °C for 140 days.
The sampled solutions were acidified with 1 ml of 1 wt% HNO3 and uranium concentrations were measured by a Perkin Elmer NexION 350D ICP-MS outside of the glove box. The regular analysis of the 0.1 ppb (mass basis) U quality control standard showed a maximum error in U concentration of 2%. The measured uranium concentration for the blank runs was accepted as 3 × 10-10 mol/l. Hence, a measurement error of 3 × 10-10 mol/l, has been applied to the measured U concentrations.

3. Results and discussion

Secondary and backscattered electron microscopy revealed that most of the surface of the as-produced UO2 thin film sample was very flat and homogeneous. However, some occasional cracks and particulate contamination (not shown) can be detected. Similar samples with very low surface roughness and contamination were obtained previously for UO2 and CeO2 thin films [11-13]. X‑ray diffraction of this film, shown in Fig. 1, and electron backscatter diffraction, not shown, indicated that the deposited UO2 film is a single crystal in the (001) crystallographic orientation.
[image: ]
[bookmark: _Ref506472882]Fig. 1. An XRD diffractogram for the UO2 thin film grown on a silicon substrate. Note, only 200, 400, and 600 UO2 reflections corresponding to the (001) crystallographic orientation are present.

[bookmark: _GoBack]The single crystal UO2 thin film was subjected to a 140 day dissolution experiment. This resulted in the U concentration values in the range of 1.2–3.0 × 10‑9 (±3 × 10-10) mol/l, which is consistent with our previous observations [8, 9] and to that of Ollila et al. [4] (6–9 × 10-9 mol/l). Although we could not find the initial dissolution rate for UO2 reported under exactly similar conditions in the literature, the estimated initial dissolution rate for UO2 in this work of 4 × 10-11 mol/(m2 s) (based on the interval between 0 and 2 hours, geometric surface area, dissolved uranium concentration and solution volume) is within the range reported in the literature (9 × 10−12–2 × 10−10 mol/(m2 s)) for anoxic/reducing dissolution of UO2 [4, 10]. The presence of a maximum in the U-dissolution curve, shown in Fig. 2, indicates that a nucleation or a precipitation process involving uranium containing secondary phases is likely to take place. Indeed, scanning electron microscopy, shown in Fig. 3, revealed that circular (d = 20–100 nm) secondary phase formations preferentially nucleated in the film cracks. The backscattered electron image in Fig. 3b shows that the nucleated phases have almost the same contrast as the rest of the film, which implies similarity in composition. The size of the individual grains did not allow a reliable EDX analysis to be carried out to obtain compositional information on the nucleated grains. We infer that the small dark regions in Fig. 3 correspond to pits resulting from the dissolution of UO2 at ‘energetically reactive sites’ [14] such as point defects, dislocations terminating at the surface, and so forth. X-ray diffraction analysis in standard Bragg-Brentano geometry did not reveal any signal from the secondary phases, most likely due to the low amount present at the surface.
[image: ]
[bookmark: _Ref506474457]Fig. 2. A plot of uranium concentration as a function of dissolution time for a UO2 thin film sample on the Si substrate: a) over 59 days; b) over the first 72 hours to clarify the initial part of the plot.  Error bars represent the accepted U concentration in the blank vessel of 3 × 10-10 mol/l.
[image: ]
[bookmark: _Ref506391420]Fig. 3. Secondary (a) and backscattered electron (b) micrographs showing nucleated secondary phases at a junction point of the film cracks.

Neck and Kim [15] proposed that for actinides in neutral and alkaline solutions, where An(OH)4(aq) are the predominant aqueous species, the solubilities of AnO2(cr) become equal to those of the amorphous solids. Hence, a conclusion was drawn that the crystalline dioxides are covered by amorphous hydroxide layers. However, EBSD analysis, which is a surface sensitive technique (~5 nm for UO2) did not show any amorphisation or crystallographic alteration of the UO2 film surface after the dissolution experiment.
We suggest that anoxic dissolution of UO2 in deionised water happens via dissolution of U4+ at defective reactive sites [14, 16] with subsequent precipitation in a less defective form at nucleation sites:
		(4).

4. Conclusions

Nucleation of uranium containing secondary phases was observed on the surface of a single-crystalline thin film of UO2 following 140 days in deoxygenated deionised water under Ar atmosphere (0.1 O2 ppm) at an ambient temperature (~25 ˚C). The corresponding uranium concentration in the solution was ~10-9 mol/l which is consistent with U4+ dissolution, and U4+ being present in the solution in contact with the sample, which then saturates and precipitates a low solubility secondary phase at nucleation sites. No amorphisation of the UO2 film was detected by EBSD analysis after the dissolution experiment.
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