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Abstract

The electrochemical behaviour of U'! in molten salts was studied at 715 °C under argon atmosphere in a molten
equimolar NaCl-K Cl mixture containing uranium ions in oxidation state III (UCls). Three different complementary
electrochemical methods were used, namely cyclic voltammetry, chronopotentiometry and square wave voltamme-
try. These techniques provide data to explain the electroreduction mechanism. The reduction of U™ in the NaCl-
KCI mixture occurs in a single step with an exchange of three electrons, this process is controlled by the diffusion of
UM The diffusion coefficient of U(IIT) was calculated using the three electrochemical methods.

1. Introduction

Electrochemical studies on uranium in molten salts
began in the 1960s: at that time, Smirnov et al. [1] and
Boisde et al. [2] investigated the electrolysis of NaCl-
KCI mixtures containing UCl3, UCly and UO,Cl,, with
similar results. Based on their own measurements of
UCI; polarization curves, using cyclic voltammetry, they
claimed that metallic uranium is deposited on the
cathode from U3* ions as a result of a reversible single
reduction step involving the exchange of three electrons.

The potential of the U(1)/U(0) couple in molten
chloride salts has been measured by several authors; in
particular Flengas [3] found £ = —1.43V vs Ag/AgCl
(5x 1072 molmol™") in NaCl-KCI-UCl; (8.3x1073
mol mol~'). All data concerning potential measurements
have been reviewed by Partridge [4].

References [5-9] deal with the measurement of the
diffusion coefficient Dy, in various molten melts
(LiCI-KCl, LiCl-CsCl, RbCI-CsCl, NaCl-KCl, NaCl—
AICl; and LiCl-NaCl-CaCl,—BaCl,). Some disagree-
ments between these authors were noticed since the
values of Dy lie between 2.5 and 49 x 106 cm?s™".

This paper describes a study of the electrochemical
reduction of uranium ions in chloride melt. The main
aim is to identify the stages of reduction leading to
uranium metal, that is, the number of steps and the
number of electrons exchanged at each step.

2. Experimental process

Technical details on the cell used may be found
elsewhere [10]. The electrolytic bath was composed of
an equimolar mixture of NaCl and KCI as solvent and
UCly as solute. Granules of uranium metal, always kept
in excess, were placed in the crucible in order to produce
trivalent uranium according to the following reaction:

3UClL + U — 4 UCl;

Uranium tetrachloride was introduced through an air-
lock into the melt under argon. The bath was initially
dehydrated by heating the mixture of salts up to its
melting point (658 °C) under vacuum (4 x 1072 mbar).

The electrolyte was contained in a vitreous carbon
crucible placed in a graphite chamber inside a cylindrical
refractory steel chamber; this arrangement prevents the
attack of the inside wall of the chamber by molten salt
vapours [10]. The cell was closed by a water-cooled
stainless steel lid. The experiments were performed in an
inert atmosphere of grade U argon previously dehy-
drated and deoxygenated using a purification cartridge
(Air liquide).

The working and reference electrodes were 1mm
diameter wires of tungsten (dipped 1cm into the bath)
and platinum, respectively. The potential of the plati-
num wire is fixed by the Pt(i1)/Pt system [l1]. The



498

la
200 1
150 +
o 100 +
g 0+ Ia
E ! T
= / 041 508 0.4
-100 +
e -150 1
E vs ref./V

Fig. 1. Cyclic voltammogram of NaCl-KCI-UCl; (2 mass %), 0 =
700°C, S =0.492 cm?, v =200mV s~'. Working electrode W, com-
parison electrode Pt; counter electrode vitreous carbon.

auxiliary electrode was a vitreous carbon rod with a
large surface area (2 cm?).

Three electrochemical methods were used; namely,
cyclic voltammetry, chronopotentiometry and square
wave voltammetry.

3. Results and discussion

3.1. Cyclic voltammogram of the NaCI-KCI-UCl;
mixture

A typical cyclic voltammogram of the reduction of
u() in equimolar NaCl-KCl at 700 °C on a tungsten
electrode is shown in Figure 1. It exhibits one Ilc peak
and a Ic prepeak associated with anodic peaks Ila and
Ia, respectively, observed after reverse scanning.

3.2. Investigation of prepeak Ic

We observed that the presence and the position of
prepeak Ic depend both on the nature of the working
electrode and its surface state:

(1) When this electrode is silver, iron, copper, molyb-
denum or vitreous carbon, prepeak Ic is observed at
more anodic potentials than peak Ilc, whereas it is
more cathodic (postpeak) when platinum is used as
working electrode.

(i1) Prepeak Ic is no longer observed when the product
of the reaction associated with this peak is not re-
moved by anodic polarization.

(ii1) The relationship between the current density of
prepeak ipic and the uranium ion content, [U], is
reported in Figure 2. iy increases with [U] at low
concentrations and remains constant when [U] ex-
ceeds 2% weight. The shape of this curve indicates
that peak Ic obeys a Langmuir adsorption rela-
tionship. An adsorption mechanism is indicated by
consideration of the model of the formation of a
thin layer nonlimited by the mass transfer on the
electrode; this model [12] predicts that Equation 1 is

verified, in the increasing part of the
ipie/ /v = f([U)) relationship:

iplc_nzelCo (1)
v 4RT

where [ is the thickness of the layer and C; the
concentration of the electroactive species. The data
reported in Table 1 obey Equation 1. Furthermore
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Fig. 2. ip1e against [U] , 0 = 690 °C. Working electrode W, comparison

electrode Pt.



Table 1. Different values of the ratio ip/v of the prepeak Ic for
different scan rates v

ipie/A cm™> vVs! (ipic/v)/A's viem™
0.100 0.6 0.163
0.115 0.7 0.165
0.132 0.8 0.165
0.137 0.9 0.152
0.166 1 0.166

0 = 690°C, working electrode W.

the average value of iyic/v allows the thickness of the
layer to be calculated as / = 4 um.

Reverse chronopotentiometric runs (shown in
Figure 3) confirm the formation of an insoluble com-
pound on the electrode, since the anodic transition time
11, 1s found to be equal to the cathodic transition time
Tie. The number of electrons in this step can be
calculated by using Equation [2] in the cathodic part
of Figure 3 [13]:

E="0 () @

The slope of the straight line E = f[In(t, —¢)/#] in
Figure 4 leads to n = 2.3 (=2).

Thus, it can be concluded that peak Ic is associated
with adsorption

UM 42 — U!

leading to the formation of a monovalent and insoluble
compound of uranium adsorbed on the electrode. Note
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Fig. 4. E against In((tc —7)/7) of UCl; in NaCl-KCl, i=
35.5mAcm~2, 0 = 715°C. Working electrode W; comparison elec-
trode Pt.

that in other chloride media, Martinot observed the
formation of uranium subhalide with higher valency [14].

3.3. Analysis of peak Ilc

Reverse chronopotentiometric measurements, Figure 5,
showed that the ratio 7yc/71. equals one (Table 2),
which is characteristic of the formation of an insoluble
product.

3.3.1. Determination of the number of electrons
exchanged in peak Ilc.

For this purpose the numerical results from cyclic
voltammetry, chronopotentiometry and square wave
voltammetry were combined.
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Fig. 3. Reversal chronopotentiogram of UCl; in NaCl-KCl, i = 35.5mA cm~2, § = 715°C. Working electrode W; comparison electrode Pt.
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Fig. 5. Reversal chronopotentiogram of UCl; in NaCI-KCl, i = 169 mA cm~2, 0 = 715°C , [U] = 1.5 mass %. Working electrode W.

Table 2. Different values of the ratio tyc/t1, of the peak Ilc for
different current densities 7

as shown in Figure 6. It can be concluded that this step is
controlled by the diffusion of the electroactive species at
the electrode surface. Due to the reversibility of the U™/

i/mA cm™ Tiie/$ Ti1a/$ Tiie/Tita i
I 1 11/Tu u° system [1, 2], confirmed by the low potential

845 0.74 0.74 1 i i

bl o7 03 07 difference between the direct and reverse curves, we can

oes 016 017 0.94 use the Randles—Sevick equation [15]:

-281.7 0.11 0.11 1

(a) Cyclic voltammetry and chronopotentiometry
The peak current i,y is found to change linearly with the
square root of scanning rate v on the tungsten electrode

. — 0.61 (nF)*(RT) 2DV, (3)

Vo

where n is the number of electrons involved in the
reaction, F is the faradaic constant, R is the gas constant
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Fig. 6. Current of peak Ilc against the square root of the scan rate v, § = 715°C, [U]= 1.5 mass %. Working electrode W (0.5 cm?); comparison
electrode Pt.



(8.314 J mol~! K1), T is the temperature in kelvin and
Cy is the bulk concentration of the electroactive species
(mol cm ™).

Furthermore, additional results were obtained from
chronopotentiometric runs, as seen in Figure 7, the
product i/t does not depend on i; thus, the Sand
equation is verified [16]:

ivT = 0.5 1'/2nFCyD'/? (4)

Combining Equations 1 and 2 gives (ipic/\/0)/iv/T =
K+/n with K =41.95/y/T and allows the number of
electrons to be calculated. As seen in Table 3, three
electrons are exchanged at various temperatures be-
tween 680 °C and 716 °C.

(b) Square wave voltammetry

This result is confirmed by square wave voltammetry. In

Figure 8, we observed the square wave voltammogram

of a solution of UClj;, plotted in the cathodic potential

range (from —0.4 to —1 V). According to [17], in the case
of a single step, the signal must be Gaussian shaped. In

Figure §, the observed peak is asymmetric; this may be

attributed to the following:

(1) The nucleation overpotential which delays the rise
of the current [18].

(i1) The compactness of the film formed by adsorbed
species renders the reduction more difficult. Addi-
tional energy is required to overcome this barrier
[19].

Thus, the shape of this peak may be due to a

‘deblocking’ effect.
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Fig. 7. iy/7 against i, 0 = 715°C, [U] = 1.5mass %. Working elec-
trode W; comparison electrode Pt.

Table 3. Number of electrons exchanged, n, at different temperatures
calculated by combining cyclic voltammetry and chronopotentiometry

0/°C i/\/o/Acm ™22 V12 it'?/Aecm2s!? n

716 0.39 0.17 2.97
700 0.3 0.13 2.97
630 0.26 0.11 3.02

In a previous article we showed that square wave
voltammetry is valid for the analysis of reversible system
with the formation of a solid phase on condition that the
current density of the peak, di, is linear with the frequency
of the waveform signal [20]. The relationship is [21]:

_1-T [pf
5l—nFCol+r — (5)
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Fig. 8. S. W. Voltammogram of NaCI-KCI-UC]l; [U]= 1.5 mass %, 6 = 715 °C, frequency 16 Hz. Working electrode W; comparison electrode Pt.
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Fig. 9. Reduction peak differential current density for Ul species against square wave frequency in square wave voltammetry, § = 715°C,

[U] = 1.5mass %. Working electrode W; comparison electrode Pt.

with I' = exp(nFAE/2RT). AE is the amplitude of the
square wave potential.

Figure 9 shows that this relation holds for frequencies
less than 25 Hz. The signal was deconvoluted by taking
into account the second part of the peak (Figure 10).
The measured midpeak width at midheight (#;,,/2)
must obey the following equation [10, 15] on condition
that the potential pulses are low:

Wi 3.52RT
MY 6
2 2nF (6)
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Fig. 10. Deconvolution of the voltamogram in Fig. 6. Key: (<)
experimental points; ( ) model.

The best agreement between the model and the experi-
mental points (Figure 10) is obtained when n, the
number of exchanged electrons, is 3.

Now, it is possible to conclude that peak Ilc is
associated with the reduction of U(III) to uranium metal
in a single step with an exchange of three electrons, since
all the electrochemical methods used to analyse this step
are in agreement on this point.

3.4. Determination of the diffusion coefficient of U(111)

A series of cyclic voltammograms was obtained at several
temperatures in order to calculate the diffusion coeffi-
cient of U(111), D, at each value of T, using Equation 3.
The plot of log D against 1/7 is shown in Figure 11. The
slope of the straight line and the value of D on the y axis
allows the following equation to be proposed:

D = 0.022 exp (ﬁ)
1

where 7T is in K and D in cm~ s7'.
The expression for D can be verified using the other
electrochemical methods:
(1) by chronopotentiometric measurement, in Table 4
following Sand’s equation (Equation 4).

(ii) by square wave voltammetry, by plotting the cur-
rent peak versus +/f, (Figure 9 and Equation 5).
The values of the diffusion coefficient D given by the
three methods at = 715 °C are reported in Table 5 and

they show good agreement.

2
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Fig. 11. Linear relation between log D and 1/7. Working electrode W;
comparison electrode Pt.

Table 4. Value of the diffusion coefficient of U(Il) calculated by
chronopotentiometry

C/molcm™ i'?/C/A cm s mol™! Djem?s™!
9.0 x 1073 1.9 x 10° 5.6%107°
8.0 x 107° 1.75 x 10° 47 %107
6.8 x107° 1.9 x 10° 5.6%x107°
0 = 716°C.

Table 5. Values of the diffusion coefficient of U(ii1) in NaCIl-KCl at
715°C obtained with three different methods

Method used  Cyclic Chronopotentiometry Square wave
voltammetry voltammetry

Djem?s™! 58x107°  5.6x107° 53%x107°

0 = 715°C

4. Conclusion

This paper gives preliminary results on the electrochem-
ical mechanism followed by trivalent uranium ions
leading to cathodically-deposited uranium crystals.

We observed that the cathodic polarization of U™
promotes two competitive reactions over the same
potential range: (i) electrodeposition of uranium, (ii)
formation of a subhalide compound of uranium (U').
Metallic uranium is obtained in a single step reduction:
UM 4 3¢~ — U which is reversible and controlled by
the mass transport of the electrolyte; the values of the
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diffusion coefficient of U™ measured by different
electrochemical techniques were very similar.

The competitive reaction, observed in the cyclic
voltammograms either as a ‘prepeak’ or a ‘postpeak’,
depending on the cathode material, is irreversible and
leads to a surface compound, U' which is insoluble and
probably adsorbed on the cathode. This reaction is not
controlled by the diffusion of the electrolyte; therefore,
high concentrations of U™ would minimise its impor-
tance, compared to uranium formation.
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