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Abstract

The electrochemical nucleation of uranium in molten salts on vitreous carbon was studied using chronoampe-
rometry. It is shown that, whatever the applied overpotential and the temperature of the melt, the nucleation of
uranium is instantaneous, three-dimensional and controlled by hemispherical di�usion. The di�usion coe�cient of
UIII is calculated. The value obtained by chronoamperometry is in good agreement with that obtained by cyclic
voltammetry in previous studies [1].

1. Introduction

It is now clearly established that uranium metal can be
prepared by electrochemical reduction of UCl3 in a
NaCl±KCl mixture in a single step process [1]:

UIII � 3eÿ ! U0 �1�

The objective of this work is to investigate the nucle-
ation and crystal growth phenomena. For this purpose
we use transient techniques at low concentrations of the
electroactive species, whereas Martinot and Lopes [2].
chose steady state methods for the investigation of these
phenomena for actinide and lanthanide electrodeposi-
tion. Our experimental results, obtained with chrono-
amperometry, are compared with the corresponding
theoretical models [3±5]. The in¯uence of the overpo-

tential and the temperature on the nucleation mode is
also considered.

2. Experimental process

Technical details on the cell used in this work can be
found elsewhere [1, 6]. The melt was composed of an
equimolar mixture of NaCl and KCl as solvent and UIII

uranium ions as solute. The working and auxiliary
electrodes were vitreous carbon rods (3 mm dia.). The
surface area of the working and auxiliary electrodes
were 1 cm2 and 2 cm2, respectively. The reference
electrode was a 1 mm diameter platinum wire and its
potential was ®xed by the Pt(II)/Pt system [7].
The nucleation of uranium was demonstrated by

cyclic voltammetry but the quantitative investigation of

List of symbols

A nucleation rate constant per site (sÿ1)
C bulk concentration of the electroactive species
D� di�usion coe�cient of the electroactive

species � (cm2 sÿ1)
F Faraday constant (96 500 C molÿ1)
I current (mA)

M molar weight (g molÿ1)
n number of exchanged electrons
N density of nuclei created (cmÿ2)
N0 total number of favorable sites (cmÿ2)
S surface area of the working electrode (cm2)

Greek symbols
q density (g cmÿ3)
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the process was performed by chronoamperometry on a
vitreous carbon working electrode.

3. Results and discussion

3.1. Cyclic voltammetry

A typical cyclic voltammogram of NaCl±KCl±UCl3(0.4
mass%) on a vitreous carbon electrode is shown in
Figure 1. The cathodic part of this voltammogram
presents a `crossover' of the direct and the reverse
scanning curve. The beginning of uranium metal for-
mation, which is characterized by the rise in the cathodic
current (Figure 1), is delayed. Indeed, a certain initiation
overvoltage is required for the formation of the ®rst
nuclei of the new phase [8].
Furthermore, the reoxidation part exhibits a sharp

decrease in current after the peak which is typical of a
stripping e�ect due to the depletion of the metal
deposited during the forward scan [9]. These features
are characteristic of metal deposition associated with a
nucleation process.

3.2. Chronoamperometry

Chronoamperometry is a method widely used to study
nucleation phenomena in aqueous or molten media
[6, 9±13]. Current transients for various potential pulses
are shown in Figure 2. Their shape is associated with the
nucleation and growth of a metal covering a foreign
substrate [9]. The curves have three parts (I, II and III).

The initial regime of each transient is characterised by a
sharp decrease in current which corresponds, after
charging of the double layer, to the formation of the
®rst nuclei on the electrode (part I). This is followed by
an increase in the current due to an increase in the
electroactive area associated with crystal growth on the
electrode (part II). This rise in current culminates in a
broad maximum, Im, the position of which on the time
axis, tm, depends upon the magnitude of the potential
step. Finally, in part III, the slow decrease in current

Fig. 1. Cyclic voltammogram illustrating the `nucleation crossover

e�ect' on the return sweep for deposition of uranium on vitreous

carbon electrode with 0.4% mass of uranium; h � 680 �C; scanning
potential rate 200 mV sÿ1.

Fig. 2. Potentiostatic current±time transients of NaCl±KCl±UCl3 at various cathodic overpotentials with 0.4% mass of uranium on a vitreous

carbon cathode at 670 �C.
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corresponds to the limitation of the reaction process by
semi-in®nite linear di�usion of the U(III) ions. The
current time characteristic follows a linear relationship
between I and

��
t
p

expressed by Cottrell's law [14].
The rising part (part II) of the chronoamperograms,

characteristic of nucleation processes, was analysed and
compared to models developed [5, 11] to describe two
nucleation modes: (i) instantaneous nucleation in which
all the uranium nuclei are created at the same moment at
the beginning of the electrolysis; and (ii) progressive
nucleation in which new crystals are continuously
created throughout electrolysis.
According to [5, 11], the relationship between current,

i, and time, t, at the beginning of the potential pulse, is
given by an equation of the following type:

i � at x �2�

The exponent x depends on: (i) the type of nucleation
(instantaneous or progressive), (ii) the geometry of the
nuclei (e.g., hemisphere, cone, needle, disc), and (iii) the
growth conditions (growth controlled by di�usion or by
the kinetics of the electrochemical reaction). The various
models, with corresponding values of a and x, were
presented by Allongue et Souteyrand [11].
The best coincidence between our experimental data

and the model in Equation 1 was obtained for x = 1/2.
The proportionality between i and t1=2 is shown in
Figure 3 for various overvoltages. Thus, the nucleation
is instantaneous, three-dimensional and the growth of

the crystals is controlled by hemispherical or linear
di�usion [11]. This conclusion is corroborated by
scanning electron micrography of a covering of uranium
on a vitreous carbon cathode after a short electrolysis
time. In this micrograph (Figure 4), the size of the nuclei
is uniform. They belong to a single generation of nuclei.
Furthermore, it can be seen that the nuclei are hemi-
spherical.
Scharifker and Hills [5]. developed nondimensional

model adapted for this situation, that is, three-dimen-
sional nucleation and di�usion controlled growth of
crystals.
According to this model, with instantaneous nucle-

ation, the ratio I=Im is correlated to t=tm by the
following equation:

I
Im

� �2

� 1:9542

t=tm
1ÿ exp ÿ1:2564 t

tm

� �� �� �2

�3�

where

tm � 1:2564

N0pkD
�4�

k � 8pC0M
q

� �1=2

Im � ÿ0:6382 nFDC0S�kN0�1=2 �5�

and

Fig. 3. Plots of i=t1=2 constructed from the rising portion of the curves shown in Figure 2 at various overvoltages: (() 250, (}) 320, (4) 380, ()

450 and (�) 470 mV.
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I2mtm � 0:1629 �nFSC0�2D �6�

Adapted to progressive nucleation the equations are

I
Im

� �2

� 1:2254

t=tm
1ÿ exp ÿ2:3367 t

tm

� �2
 !( )2

�7�

tm � 4:6733

AN0pk0D

� �1=2

�8�

k0 � 4

3

8pC0M
q

� �
Im � ÿ0:4615 nFSD3=4C0�k0AN0�1=4 �9�

and

I2mtm � 0:2598 �nFSC0�2D �10�

Figure 5 allows the experimental curves I=Im� �2� t=tm� �
deduced from the chronoamperograms obtained at
various overvoltages, to be compared to the theoretical
curves corresponding to both modes of nucleation:
Equations 3 and 7, respectively . The experimental data
support Equation 3, that is, the instantaneous nucle-
ation model, whatever the overvoltage. As shown in
Figure 6, the experimental data always ®t the model in
the 670±715 �C temperature range. Thus, the nucleation
mode of uranium is not in¯uenced by temperature in
this range.
Consequently, it can be concluded that nucleation of

uranium follows the spontaneous nucleation model and
crystal growth is limited by hemispherical di�usion
whatever the overvoltage and the temperature of themelt.
Moreover, using the Im and tm values deduced from

the chronoamperograms reported in Figure 2, the di�u-
sion coe�cient of the electroactive species can be calcu-
lated. According to Equation 6, the product I2mtm is not
expected to depend on the potential of the pulse. This is,
indeed, veri®ed experimentally, as shown in Table 1.
Using the average value of I2mtm �6� 10ÿ4 A2 s cmÿ4�, we
®nd

DU�III� � 4:9� 10ÿ5 cm2 sÿ1

at 670 �C. This value is in good agreement with that
obtained by cyclic voltammetry DU�III� � 4:4�
10ÿ5 cm2 sÿ1 at 670 �C) [1].

Fig. 4. Scanning electron micrograph (�680) of uranium deposit on

vitreous carbon at 670 �C; g � 320 mV.

Fig. 5. Comparison of the dimensionless experimental data derived from the current±time transients with the theoretical models for

instantaneous (i) and progressive nucleation (ii) at di�erent overvoltages: () 250, (�) 300, (4) 320 and (() 360 mV.
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3.3. Determining the number of nuclei

In the case of instantaneous nucleation and growth
under hemispherical di�usion, the current transient
obeys the following equation [11]:

i � ÿnF p�2C0D�3=2
�����
M
p

q1=2
Nt1=2 �10�

Equation 10 allows the number of nuclei for di�erent
overvoltages and temperatures to be calculated. Con-
cerning the chronoamperograms obtained on vitreous
carbon, Table 2 shows that the density of the nuclei
increases signi®cantly for increasing overvoltages. As
expected, the number of nuclei increases signi®cantly as
the temperature increases (see Table 3).

4. Conclusion

It can be concluded that uranium nuclei are created
instantaneously by the application of a potential pulse
and that their growth is three-dimensional and limited
by the di�usion of the uranium ions on an inert
substrate; their shape is hemispherical. We have also
highlighted that increase in both current density and
temperature enhances the initial number of nuclei.
The literature [15±18] reports that uranium coatings in

molten salts are very dendritic. If a smooth coating
structure is required, experimental conditions must be
adopted that favor the creation of a great number of
nuclei and control the size of crystals. Thus the above
conclusions are of great importance for the production
of smooth coatings.
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