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a b s t r a c t

The direct electrochemical reduction of UO2 solid pellets was carried out in LiF–CaF2 (+2 mass.% Li2O) at

850 °C. An inert gold anode was used instead of the usual reactive sacrificial carbon anode. In this case,

oxidation of oxide ions present in the melt yields O2 gas evolution on the anode. Electrochemical charac-

terisations of UO2 pellets were performed by linear sweep voltammetry at 10 mV/s and reduction waves

associated to oxide direct reduction were observed at a potential 150 mV more positive in comparison to

the solvent reduction. Subsequent, galvanostatic electrolyses runs were carried out and products were

characterised by SEM-EDX, EPMA/WDS, XRD and microhardness measurements. In one of the runs, ura-

nium oxide was partially reduced and three phases were observed: nonreduced UO2 in the centre, pure

metallic uranium on the external layer and an intermediate phase representing the initial stage of reduc-

tion taking place at the grain boundaries. In another run, the UO2 sample was fully reduced. Due to oxy-

gen removal, the U matrix had a typical coral-like structure which is characteristic of the pattern

observed after the electroreduction of solid oxides.

1. Introduction

Advanced nuclear fuel cycles are under development worldwide

in order to minimise the amount of high radiotoxic waste gener-

ated by nuclear power plants operation. New technologies have

to be economically competitive, environmentally safe and resistant

to proliferation. Within most of the developed future fuel cycles,

recycling of actinides (Cm, Pu, Am, Np) from spent nuclear fuel is

required due to their significant impact on its radiotoxicity and

pyrochemical methods represent one of the promising options to

fulfil this task.

Several options are based on an electrorefining stage for the

pyrochemical treatment of nuclear spent fuel. In the process being

developed in the ITU/JRC [1], all actinides are group-selectively

recovered in a form of actinide–aluminium (An–Al) alloys by an

electrorefining process in molten LiCl–KCl using solid aluminium

cathodes. In Japan, pyrometallurgical processing technology for

spent metallic fuel is studied in LiCl–KCl where U and Pu are recov-

ered on a liquid Cd cathode, leaving the fission products in the salt

[2]. Parallel developments in Argonne National Laboratory (US) and

in Korea aim at an actinide-fission products separation by elect-

rorefining onto first a solid cathode to recover the U and then onto

a liquid Cd cathode for the transuranium elements recovery [3,4].

All these pyrochemical separation processes by electrorefining

have in common a starting material made of metallic fuel. Indeed,

oxide fuels are not suitable for the electrorefining process, since

these ceramics are mostly insoluble in molten salts. Therefore, a

preliminary step is required to convert oxide into metal which

can be easily dissolved in molten salts by anodic dissolution.

The lithium reduction process has been developed for the pyro-

chemical recycling of oxide fuels using lithium metal as a reduc-

tant to convert actinide oxides into metal. For instance, Usami

et al. [5] successfully applied this technique to AmO2 in LiCl–Li2O

at 650 °C and have shown that more than 99.9% of Am was recov-

ered into a solid Am phase. This technology was also employed for

UO2 and PuO2 with 3% of Am at 650 °C [6] leaving particles of UO2

totally reduced. For Pu samples, small amounts of Pu and Am were

detected in the salts. Moreover, AmO2 reduction was only efficient

for low Li2O concentration (<1.6 mass.% Li2O). Thus an additional

step is needed to control and decrease Li2O concentration as it

accumulates in the salt during the process.

To avoid these problems, a more efficient process has been elab-

orated based on a direct electrochemical reduction of oxide. This

pyroprocess has been developed by Chen et al. [7], who first dem-

onstrated the direct electroreduction of TiO2 into Ti at 950 °C in

molten CaCl2. This innovative method is called the FFC Cambridge

process (Fray–Farthing–Chen). The overall reaction is on one side
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the electroreduction of a solid oxide, MO2, into metal, M, at the

cathode (Eq. (1)) and on the other side the evolution of CO and

CO2 at the anode (Eq. (2) and (3)). The oxide ions released at the

cathode are transported through the support electrolyte and oxi-

dised at a carbon anode:

MO2ðsÞ þ 4eÿ ¼ Mðs; lÞ þ 2O2ÿðsaltÞ ð1Þ

O2ÿðsaltÞ þ CðsÞ ¼ COðgÞ þ 2eÿ ð2Þ

2O2ÿðsaltÞ þ CðsÞ ¼ CO2ðgÞ þ 4eÿ ð3Þ

As O2ÿ ions produced at the cathode are simultaneously con-

sumed at the anode, the oxide ions concentration remains constant

in the molten salt, preventing accumulation during the experi-

ment. Moreover, the troublesome handling of Li metal (which is

highly reactive with water and oxygen) encountered in the lithium

reduction process is avoided.

On top of multiple applications to the preparation of various

metals (Ti [8], Nb [9], Si [10]. . .), the FFC process is also studied

in the framework of nuclear spent fuel reprocessing. The electrore-

duction of UO2 and MOX (UO2–PuO2) have been studied in molten

LiCl and CaCl2 solvents [11–13].

However, one of the major troubles with the FFC process is the

use of a reactive carbon anode where CO2 gas is released. The final

product often contains carbides, due to the reduction of carbonates

CO2ÿ
3 , formed by the reaction of the CO2(g) with O2ÿ dissolved in

the salt [14–16].

An inert Pt anode is sometimes used, but Pt dissolution into

Pt(II) ions at low O2ÿ content or its corrosion at higher oxide con-

centration, through Li2PtO3 formation, has been reported by sev-

eral authors [12,17].

In this work, a different category of electrolyte was tested, i.e.

the molten fluorides, with the advantage of using an inert gold an-

ode on which oxygen ions are oxidised into O2 [18,19]:

2O2ÿ ¼ O2ðgÞ þ 4eÿ ð4Þ

This anodic reaction prevents the carbides formation at the

cathode and the corrosion of the anode material.

The first part of the work was focused on the electrochemical

characterisation of the UO2 samples in fluoride salts by linear

sweep voltammetry. Galvanostatic electrolyses have been per-

formed on single pellets of about 200–300 mg and the reaction

products have been characterised by SEM-EDX, EPMA/WDS,

microhardness and XRD.

2. Experimental

The cell used consisted of a vitreous carbon crucible placed in a

cylindrical vessel made of refractory steel (SS 310L). The inner part

of the walls was protected against fluoride vapours by a graphite

liner. Experiments were performed under an inert argon (U grade)

atmosphere. The experimental set-up is described in detail in a

previous paper [20].

The electrolyte (200 g) consisted of the eutectic LiF–CaF2 (SDS

99.99%) dehydrated by heating under vacuum (3 � 10ÿ2 bar) from

room temperature up to the melting point for 72 h. Lithium oxide

(Li2O) powder (Cerac 99.5%) was used to provide oxide ions into

the bath.

UO2 was used in the form of sintered pellets (densification 95%).

The oxide pellets, attached with a molybdenum mesh and con-

nected to the current lead by a molybdenum wire, were used as

working electrodes. The auxiliary electrode was a gold spiral with

a large surface area (S = 3.6 cm2) and all potentials were referred to

a platinum wire (0.5 mm diameter), acting as a quasi-reference

electrode Pt/PtOx/O
2ÿ [21]. Although this electrode is sensitive to

oxide concentration in the bath, its potential remains stable for

high oxide concentration (>1 wt%).

The electrochemical experiments were performed with an

Autolab PGSTAT 30 potentiostat/galvanostat. After resin embed-

ding and polishing, the cathode bulk was examined with a Scan-

ning Electron Microscope (ZEISS Supra55) equipped with an EDX

probe (Oxford SDD X-Max), X-ray Diffraction (Bruker D8) and Elec-

tron Probe Micro Analysis combined with Wavelength Dispersive

Spectrometer (CAMECA SX 100). Microhardness was used to iden-

tify UO2 or metallic uranium (Schimadzu HMV-2000).

3. Results and discussion

3.1. Solvent selection

In order to perform the direct reduction of the uranium oxide,

the solvent selection is primordial as the uranium formation must

occur at a potential more positive than that of the alkaline deposi-

tion. The Gibbs energy of the reaction (DrG°) between the metallic

oxide UO2 and the alkaline metal (Ca, Na or Li), according to

Eq. (5), provides a good indication on the reduction potential of

the oxide:

UO2 þ Alkaline ðCa; Li;NaÞ ¼ Uþ Alkaline oxide ð5Þ

If DrG° of the reaction is negative, the reduction of the oxide

occurs at a potential more positive than the solvent alkaline depo-

sition and the direct reduction is then achievable from a thermody-

namical point of view. Calculations have been performed using

compiled thermodynamic data [22]. When the alkaline is Li, the

Gibbs energy of reaction (5) is negative: DrG°(750 °C) = ÿ17,382

J molÿ1 and DrG°(850 °C) = ÿ6,682 J molÿ1. Conversely, when the

alkaline is Na, the Gibbs energy of reaction (5) is strongly positive:

DrG°(750 °C) = 354,079 J molÿ1 andDrG°(850 °C) = 363 864 J molÿ1.

According to these thermochemical considerations, the direct

electroreduction of UO2 has been investigated in the eutectic

LiF–CaF2 at 850 °C. Oxide ions were introduced in the bath using

Li2O additions at a concentration of 2 wt%, which is lower than

its solubility limit in LiF–CaF2 [23].

3.2. Influence of oxide ions

3.2.1. Cathode reactions

Fig. 1 presents linear sweep voltammograms at 10 mV/s on a

Mo wire and on a Mo mesh performed in LiF–CaF2 with and with-

out oxide ions. In the linear voltammograms plotted in the pure

fluoride salt on Mo wire without Li2O addition (black curve), no

Fig. 1. Linear sweep voltammograms on Mo in LiF–CaF2 at 10 mV/s; black: Mo wire

without Li2O, light grey: Mo wire with 2 mass.% Li2O, dark grey: Mo mesh with

2 mass.% Li2O.



reduction current is observed between 0 and ÿ1.5 V/Pt, and metal-

lic lithium deposition occurs at ÿ1.6 V/Pt. In Li2O containing sol-

vent, an additional current is observed at around ÿ0.8 V/Pt, both

on Mo wire (light grey) and mesh (dark grey). As presented in

Fig. 1, the recorded current increases with increasing Mo surface.

Experimental observations show that this additional current is ob-

served on fresh Mo electrodes in presence of Li2O; however, no

spontaneous reaction has been yet categorically identified. In order

to clean the surface of fresh Mo electrodes, linear sweep voltam-

metries in the cathodic side have been systematically performed

until the complete disappearance of the cathodic current.

3.2.2. Anode reactions

The expected anodic reactions on a gold electrode in fluoride

media in the presence of oxide ions are either the anodic dissolu-

tion of gold or the oxygen gas formation. To avoid the consumption

of the Au electrode, the Li2O concentration in the melt has to be

controlled and maintained to a sufficient level. Linear sweep vol-

tammetries plotted on Au at 10 mV/s for two different concentra-

tions of oxide ions are presented in Fig. 2.

At low oxide concentrations (0.5 mass.% Li2O), a current plateau

caused by the diffusion limitation of O2ÿ ions is observed at

around 2.8 V/Pt, with an intensity of 150 mA. At potentials higher

than 3.3 V, the Au electrode is oxidised. An increase of oxide con-

centration (2 mass.% Li2O) allows a much higher current density

(>0.7 A/cm2) for the O2 evolution reaction to be reached, thus

preventing the anodic dissolution of the gold electrode. Based on

these results, attention was paid to work in LiF–CaF2 with 2 mass.%

Li2O.

3.3. Electrochemical reduction of uranium oxide pellets

3.3.1. Electrochemical characterisation by linear sweep voltammetry

Fig. 3 shows the linear voltammetries obtained at 10 mV/s on

UO2 sample. It can be noticed that a lower OCP value is measured

on UO2 in Mo mesh than on Mo alone. Indeed, to obtain a clean Mo

surface, a few linear voltammetries were plotted as explained in

Section 3.2.1. Meanwhile, the reduction of UO2 most probably

started, explaining why the OCP value decreased: instead of having

a potential imposed by a Mo couple, the rest potential is then dri-

ven by a U redox system.

As shown in Fig. 3, an additional reduction current peak is ob-

served before the solvent deposition at around ÿ1.45 V/Pt and is

attributed to the direct electrochemical reduction of UO2 in fluo-

ride salts, which is in good adequation with the previous thermo-

dynamic analysis.

3.3.2. Galvanostatic electrolysis of uranium oxide

Direct reduction experiments have been conducted in constant-

current mode, for different intensity and duration. One of the rea-

son of not using a constant-potential mode is that, during the

electrolyses, the oxide pellets were gradually reduced into metal,

leading to a significant increase of their electronic conductivity

and thus a decrease of the ohmic drop in the circuit. Moreover,

no stable reference electrode is currently available in fluoride salts,

inhibiting the possibility of an accurate control of the cathodic po-

tential during the course of the electrolyses.

Five reduction tests were carried out in LiF–CaF2 containing

2 mass.% Li2O at 850 °C; the applied cathodic current was increased

between each test. The results concerning the two most interesting

runs are presented in this section. The first noticeable UO2 reduc-

tion experiment was performed during 8000 s at ÿ150 mA, this

current value being lower than the maximum current observed

to avoid metallic lithium deposition. These conditions correspond

to 200% of the coulombs theoretically calculated from the oxide

pellet initial weight. The cross section was observed by SEM and

is presented in Fig. 4.

Three different zones are clearly observed. The internal zone (1)

corresponds to the bulk part of the initial material; it has a typical

microhardness of 684 HV, close to 640 HV for UO2 [24], meaning

that the sample is not fully reduced. A focus on zones (2) and (3)

is shown in Fig. 5. Compared to the initial material, the intermedi-

ate zone (2) surface is cracked. At the grain boundaries, fluoride

salts are detected by SEM-EDX. Shiny metallic particles are also ob-

served and EPMA-WDS analysis indicated that they are made of U

metal. Thus, the initial stage of reduction is observed at the grain

O2- O2

Au AuIII

Fig. 2. Linear sweep voltammograms on Au electrode in LiF–CaF2 at 10 mV/s at

850 °C; the black curve is plotted for 0.5 mass.% Li2O and the grey curve for 2 mass.%

Li2O.
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Fig. 3. Linear sweep voltammograms (after Mo cleaning) in LiF–CaF2–Li2O

(2 mass.% Li2O) at 10 mV/s and 850 °C; the black curve is plotted on UO2 sample

and the grey curve is the solvent reduction on Mo mesh.
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Fig. 4. SEM observation of UO2 pellet cross section after electrolysis (I = ÿ0.15 A

and t = 8000 s) at 850 °C in LiF–CaF2–Li2O (2 mass.% Li2O).



boundary in this partially reduced region with uranium metallic

grains. Kurata et al. [11] have already observed that the grain

boundary is reduced prior to the bulk due to a better diffusion

along itself.

The external layer of the pellet (3) has a typical coral-like

structure due to oxygen removal. It is composed of uranium metal

as proved in EDX analysis and microhardness measurements

(282 HV compared to 280–289 HV for metallic uranium [25]).

These observations show that the direct reduction took place

progressively in the pellet starting from the outside.

Progression of the oxide pellet reduction is presented in Fig. 6

where three zones are observed as previously: 1-UO2, 2-UO2ÿx,

3-U metal. The reduction mechanism is then the following: as me-

tal is being produced, it extends the point of contact to further

oxide grains, which can be successively reduced. This test demon-

strates that U was obtained with uranium oxide as starting

material.

Another run realised with a higher current (I = ÿ0.3 A during

7200 s) allowed to prove that the full reduction of UO2 is achiev-

able in fluoride salts. The polished cross section is presented in

Fig. 7.

On the left part of the picture, the product after electrolysis has

a very porous surface, specific of the direct electrochemical reduc-

tion, suggesting that the pellet is completely reduced. On the right

part is shown the 3D structure: uranium metal forms a continuous

network where gaps are formed by oxygen removal and uranium

rearrangement.

XRD analysis of the final product reveals the presence of the fol-

lowing phases: uranium metal, uranium dioxide, uranium oxide

hydrate, lithium fluoride, calcium fluoride and calcium oxide. Lith-

ium and calcium compounds come from the solvent while uranium

oxide and hydrate might be formed by spontaneous native oxida-

tion of uranium metal due to air exposure [26]. The thickness of

this oxide layer was evaluated to be around 30 nm by EPMA-

WDS, using the specific software X-Film. After polishing the sam-

ple and thus removing the surface oxide layer, another XRD mea-

surement was performed. The spectrum is presented in Fig. 8

and only CaO, LiF, CaF2 and U metal were detected, proving the

complete conversion of the pellet into uranium metal. It should

be pointed out that no carbide or any mixed U–Ca–Li–F compound

was detected in the sample.

The electrode potential versus time during the galvanostatic

electrolysis is plotted in Fig. 9, where a sharp decrease of the po-

tential to ÿ2.0 V/Pt is first observed at the beginning of the elec-

trolysis. Then, the potential remains constant at this value for

1000 s, meaning that there is no sensitive change in the sample

conductivity: we assume that uranium oxides still cover the sam-

ple surface. Then, an increase of the potential is observed to reach a

stable value of ÿ1.8 V/Pt. As the reduction process takes place from

2 310 µm 20 µm

Fig. 5. Focus on zones (2) and (3) observed by SEM of UO2 pellet after electrolysis

(I = ÿ0.15 A and t = 8000 s) at 850 °C in LiF–CaF2–Li2O (2 mass.% Li2O).
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3

Fig. 6. UO2 reduction mechanism observed by SEM on a pellet cross section after

electrolysis (I = ÿ0.15 A and t = 8000 s) at 850 °C in LiF–CaF2–Li2O (2 mass.% Li2O).

Fig. 7. SEM observation of UO2 pellet cross section after electrolysis (I = ÿ0.3 A and

t = 7200 s) at 850 °C in LiF–CaF2–Li2O (2 mass.% Li2O).

Fig. 8. R-ray spectrum of an electroreduced UO2 pellet (I = ÿ0.3 A and t = 7200 s) at

850 °C in LiF–CaF2–Li2O (2 mass.% Li2O) after polishing.
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Fig. 9. UO2 pellet potential during galvanostatic electrolysis versus time at 850 °C

in LiF–CaF2–Li2O (2 mass.% Li2O): I = ÿ0.3 A and t = 7200 s.



the outside of the pellet, U metal is firstly obtained at the sample

surface, leading to an increase of its conductivity. When the surface

is fully reduced into metallic uranium at 2000 s, a constant poten-

tial is achieved.

Finally, it can be noted that the experimental electric charge is

four times higher than the required theoretical one. If the solvent

reduction potential and the electrode potential during the electro-

chemical reduction are compared, it appears that Li metal was

formed during the entire process. Combined to the direct electro-

chemical reduction, it is likely that the indirect reduction of UO2

by metallic Li took place:

UO2 þ 4Li ¼ Uþ 2Li2O ð6Þ

A significant amount of the intensity is then used for Li deposi-

tion and yields to a very low current efficiency. To avoid the sol-

vent reduction, the current should be stepwise decreased during

the experiment when the potential reaches the Li+/Li reduction

potential.

4. Conclusions

For the first time, fluoride salts have been tested in this work in-

stead of the usual chloride molten salts (CaCl2 or LiCl) in order to

evaluate their potentialities as electrolytes for the direct electro-

chemical reduction of UO2. An inert oxygen-evolving gold elec-

trode was used as an anode, instead of the commonly used

carbon anode which produces CO2 and leads to the formation of

carbides in the reduced cathodic product. The gold anode wasn’t

attacked as no weight loss was observed (the same gold spiral

was used for all runs), validating its use for direct reduction exper-

iments. A complete conversion into metal was achieved at 850 °C

and XRD analysis did not reveal the presence of any carbide phase.

Moreover, partially reduced sample indicates the presence of

metallic uranium at the grain boundary, showing that the reduc-

tion process took place progressively in the pellet starting from

the outside. These results call for more investigations on the use

of fluoride mixtures as electrolytes for the direct reduction process.
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