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Abstract

The electrochemical behaviour of some rare earths ions (REs) – from the light to heavy lanthanides (i.e. Ce, La, Pr, Gd,
Er, Ho) and Y – were investigated in the eutectic LiCl–KCl at different substrates: (i) liquid metals Cd and Bi, (ii) alumi-
nium, and (iii) tungsten. The electrode reaction of the RE(III)/RE couples at the Cd and Bi pool electrodes was elucidated
by cyclic voltammetry. The differences between the equilibrium potential adopted by a RE electrode and the Er

1=2 observed
with the same RE(III) solution at the liquid electrodes were consistent with the activity coefficients of RE in the liquid
metal phase. The relative partial molar Gibbs energies and activities of RE in the RE–Cd and RE–Bi intermetallic com-
pounds could be estimated by the analysis of the open circuit chronopotentiograms using Cd and Bi coated tungsten elec-
trodes. The Gibbs energies of formation of different intermetallic compounds, as well as their molar entropies and
enthalpies of formation were also calculated from the temperature dependence of the emf. The redox potential of the
RE(III)/RE couples at the Al electrode was observed at more positive potentials than that at the inert electrode (W). This
potential shift was explained by a lowering of the activity of the REs in the Al phases due to the formation of intermetallic
compounds. Electromotive force measurements for various intermetallic compounds in two-phase coexisting states were
carried out. The activities and relative partial molar Gibbs energies of REs were also obtained. Moreover, the molar entro-
pies and enthalpies of the aluminium-rich alloys were also calculated from the temperature dependence of the emf
measurements.
� 2006 Elsevier B.V. All rights reserved.
1. Introduction

Partitioning and transmutation (P&T) of minor
actinides (MAs) and long-lived fission products
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(LLFP) arising out of the back-end of the fuel cycle
would be one of the key-steps in any future sustain-
able nuclear fuel cycle. Pyrochemical separation
methods would form a critical stage of P&T by
recovering long-lived elements and thus reducing
the radiotoxicity and volume of the nuclear wastes
[1]. To this end, research and development is needed
for molten salt electrorefining, electrolysis, as well as
.
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Fig. 1. Cyclic voltammograms for the reduction of a GdCl3
(9.0841 · 10�5 mol cm�3) solution at a Cd pool electrode
(0.5 cm2) (curves 1–3) and at a W electrode (curve 4) at 723 K
and 70 mV/s. Curve (1): carried out in the absence of GdCl3.
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reductive extraction process that are foreseen as
partitioning methods for irradiated nuclear fuel
such as oxide, metal and nitride fuel and high level
liquid wastes [1–3].

MAs are well known to yield easily alloys with
more noble elements. The deposition in an alloyed
form of MAs proceeds at sensible more anodic
potentials, so that their separation from other reac-
tive elements could become easier. Then, electrolysis
using Cd, Bi or Al cathodes, as well as liquid–liquid
reductive extraction between molten chlorides and
liquid metals, deserve an examination as possible
techniques for the separation of actinides, An, from
lanthanides, Ln, the most difficult fission products
to separate due to their similar chemical properties
[4–10].

Since the operation conditions significantly influ-
ences the feasibility of pyrometallurgical reprocess-
ing, it is of crucial importance the knowledge of
the electrochemical behaviour of An and Ln on
different substrates, with and without alloy forma-
tion, for the understanding of the process, in defin-
ing efficiency of recovery and the design of the
separation cell.

This work is concerned with the electrochemis-
try of different REs, from the light to heavy lan-
thanides and yttrium, which are the most difficult
fission products to separate from An due to their
similar properties. The study has been carried out
in the eutectic LiCl–KCl at temperatures between
653 and 823 K using W, Cd, Bi and Al as
substrates.

2. Experimental

Technical details about the cell used and the puri-
fication of the eutectic LiCl–KCl, may be found
elsewhere [8,9]. Solutions of RE(III) were prepared
by direct additions of solid RECl3. In order to avoid
RE–O combination, the solution is treated by bub-
bling HCl just before the experimental determina-
tion. All the experiments were performed under
argon atmosphere.

Electrochemical measurements were performed
using a PAR EG&G Model 273A potentiostat/
galvanostat controlled with the PAR EG&G
M270 software package. Simulated voltammo-
grams were recorded with M271 COOL kinetic
analysis software. Potentiostatic electrolysis was
conducted using an AMEL Model 550 potentio-
stat/galvanostat provided with an AMEL Model
721 integrator.
Different working electrodes have been used: (i)
liquid electrodes (i.e. Cd and Bi pools and Cd and
Bi film electrodes ‘CdFE’ and ‘BiFE’), already
described in [8,9], (ii) aluminium wires of 1.0 mm
in diameter and 1.0 mm thick aluminium foils
and (iii) tungsten wires of 1.0 mm in diameter.
Along the experiments with the Cd and Bi pool
electrodes and the Al foil a graphite rood of
6.0 mm in diameter was used as counter electrode
to ensure uniform current line distribution. For
the other experiments a tungsten wire of 1.0 mm
in diameter was used. The reference electrode was
the classical AgjAgCl (0.75 mol kg�1) contained
in an end closed Pyrex tube. All the potentials
are referred to this.

Auxiliary techniques such as ICP-AES, SEM,
EDX and X-ray diffraction were used.
3. Results and discussion

3.1. Electrode reactions of RE(III)/RE system

on Cd or Bi pool electrodes

Fig. 1 shows a representative example of the cyc-
lic voltammograms obtained with RECl3 solutions
on the liquid Cd or Bi pool electrodes. Curve (1),
dotted line, shows the electrochemical spectra
obtained at the interface between the LiCl–KCl melt
and liquid M (M = Cd or Bi) in the absence of
RECl3. The final rises of the voltammograms corre-
spond to the oxidation of the electrode material,
and the final descent to the reduction of Li(I) at
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the M pool electrode [10]. Curve (2), shows the vol-
tammogram for the redox reaction of RE(III) on
the liquid metal. In order to avoid lithium deposi-
tion contribution, the current of curve (1) is sub-
tracted from that of curve (2) as background
current at the same potential, making it possible
to obtain the curve (3). This background correction
was made in all measurements.

Curve labelled (4) in Fig. 1, shows the cyclic vol-
tammogram obtained with a LiCl–KCl–RECl3 solu-
tion at a W electrode. The tungsten electrode was
used as a reference to compare the liquid substrates
because no alloys exist for the W–RE binary systems.

If the substrate is an inert material, the reaction
scheme proceeds as a deposition and dissolution
mechanism:

REðIIIÞ þ 3e$ REð0Þ: ð1Þ

On the contrary, at the liquid pool electrode, the
voltammograms consist of a single cathodic wave
A associated with an anodic wave A 0 at potential
values less cathodic than those obtained at the inert
electrode and with the expected shape of a soluble–
soluble exchange.

3.1.1. Analysis of the voltammograms obtained

with a LiCl–KCl–RECl3 solution using a Cd or Bi

pool electrodes

As an example of the cyclic voltammograms
obtained with the reported RECl3 solutions, Fig. 2
shows the voltammograms obtained with a Gd(III)
solution at different sweep rates, after correction of
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Fig. 2. Cyclic voltammograms of a GdCl3 (9.0841 ·
10�5 mol cm�3) solution at 723 K at a Cd pool electrode after
subtraction of the current background. Sweep rates: (1) 10, (2) 20,
(3) 30, (4) 50, (5) 70, (6) 100 and (7) 200 mV s�1.
the current background, when we used Cd pool elec-
trodes. To enable the comparison of the experimen-
tal results with the predictions of the theory an
essential condition, is to maintain the concentration
of RE in the Cd or Bi interphase below its solubility
in the liquid metal [11]. If the amount of deposited
RE exceeds its solubility, the electrode loses its
homogeneity, separate solid phases would form
and the voltammetric response would become less
accurate and reproducible.

The main characteristics of the voltammograms in
Fig. 2 are the following: (i) the cathodic and anodic
peak currents increase with the square root of the
sweep rate – the regression analysis of the data give
a R2 of 0.989 and 0.988 which indicate a positive cor-
relation of the values, and the residual analysis show
that this correlation is compatible with a linear model
– indicating that during the electrodepositon/reoxi-
dation processes we encounter mass transport con-
trolled by diffusion. (ii) Despite that the oxidized
RE(III) and reduced RE species are moving in two
different media of different properties, the ratio of
the anodic and cathodic peak currents, Ipa

=Ipc
,

remained close to unity, irrespective of the sweep
rate. (iii) After correction of the ohmic drop, the
cathodic and anodic peak potential values, Ec

p and
Ea

p, do not change with increasing sweep rate for val-
ues comprised between 10 and 100 mV/s, whereas for
higher sweep rates a slightly shift towards more
cathodic and anodic values, respectively, is observed.

Taken into account the previous considerations,
it is possible to calculate the reversible half-wave
potential from the cyclic voltammograms obtained
at sweep rates lower than 100 mV/s (i.e. reversible
conditions) by means of Eq. (2) [11,12]:

E1=2 ¼
Epa
þ Epc

2
ð2Þ

or by simulation of the experimental curves
[8,9,13,14] by the M271 COOl kinetic analysis soft-
ware 1.10. The simulation method is based upon
non-linear simplex optimization of the parameters
in a normalized space derived from linear regression
of the measured current on a calculated dimension-
less current function [13,14]. A representative exam-
ple of this simulation is shown in Fig. 3.

3.1.2. Estimation of the activity coefficients, partial

molar enthalpy of mixing and partial molar excess

entropy of RE in liquid Cd and Bi

According to Kurata et al. [15], it is possible to
evaluate the excess Gibbs energy change of RE in
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liquid M, DGexc (RE in M), and hence the activity
coefficient of RE in liquid M, cRE in M, by measuring
the electromotive force of the cell:

REð0ÞjREðIIIÞ in LiCl–KCljRE ðin MÞ ð3Þ

using Eq. (4):

DGexcðRE in MÞ ¼ RT ln cRE in M

¼ �3F DE � RT ln xRE in M: ð4Þ

Considering the particular situation in which the
concentration of RE(III) in solution is equal to
the concentration of RE, in the metal phase, both
concentrations expressed in mol cm�3, the calcu-
lated reversible half-wave potential represents the
equilibrium potential adopted by the liquid metal
electrode

Eeq
RE in M ¼ Er

1=2 � ðRT=3F Þ

� lnðDRE in M=DREðIIIÞ in LiCl–KClÞ1=2

þ RT =3F ln½CREðIIIÞ in LiCl–KCl=CRE in M�
ffi Er

1=2: ð5Þ

Therefore, DE, can be evaluated by means of Eq. (6)

DE ¼ Eeq
RE in M � Eeq

RE ¼ Er
1=2 � Eeq

RE: ð6Þ

Mol fraction of RE in the liquid metal, xRE in M, in
Eq. (4), has been calculated from CRE in M, expressed
in mol/cm3 by means of Eq. (7):

xRE in M ¼ CRE in MMM=ðqM þ CRE in MMMÞ ð7Þ

being qM the specific mass of the liquid M metal,
MM the atomic mass of M(Cd or Bi), and CRE in M,
the RE concentration in the M liquid metal ex-
pressed in mol/cm3.

Finally, DGexc (RE in M), can be evaluated by
means of Eq. (8)

DGexcðRE in MÞ ¼ RT ln cRE in M

¼ �3F ðEr
1=2 � Eeq

REÞ
� RT lnðCRE in MMM

=ðqM þ CRE in MMMÞÞ
¼ �3F ðEr

1=2 � Eeq
REÞ

� RT lnðCREðIIIÞ in LiCl–KClMM

=ðqM þ CREðIIIÞ in LiCl–KClMMÞÞ:
ð8Þ

Along the experiments, the Eeq
RE was measured with

a tungsten electrode covered with an electrodeposit
of RE obtained under potentiostatic electrolysis as
it was done elsewhere [8,9].

Fig. 4 shows, as an example, the relationship
between the inverse temperature and the logarithm
of the activity coefficients of Gd and Ce in Cd and
La in Bi using the methodology proposed in this
work, and the values taken from the literature
[15–21].

The partial molar enthalpy of mixing and the
partial molar excess entropy, which are useful for
estimating the variation in the separation factor
with increasing temperature, were calculated from
the estimated molar excess Gibbs energy of the
solute RE by means of Eq. (9):

DGexc
RE ¼ RT ln c#

RE ¼ DHmix
RE � TDSexc

RE ð9Þ
some results are gathered in Table 1.
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The good agreement between the results obtained
by means of this methodology, with those taken
from the literature, point out that it is possible to
use electrochemical techniques, as a fast alternative
approach, to estimate thermodynamic data.
3.2. Electrode reaction of the RE(III)/RE system

at film electrodes

The phase diagrams of the RE–Cd and RE–Bi
systems reported in the literature [22] show the pres-
ence of different intermetallic compounds. The
alloying process can conveniently be studied by elec-
trochemical techniques [8,9,23–25], for which Cd
and Bi coated tungsten electrodes were used as
working electrodes.
32
3.2.1. Results obtained by cyclic voltammetry

In Fig. 5 we have represented examples of cyclic
voltammograms obtained with a LaCl3 solution at a
Cd film electrode. The voltammograms are more
complex than those obtained at the pool electrode,
and consist on a number of cathodic and anodic
peaks corresponding to the formation–oxidation
of different intermetallic compounds, mainly due
to the different energies of formation of these phases
rendering different formation–oxidation potentials.

The most important difference between the pools
and the film electrodes is the smaller volume of the
Table 1
Partial molar enthalpy of mixing and partial molar excess
entropy of solutes

Solvent Solute DHmix DSexc References

Cd Pr �172.0 �73.8 This work
Pr �178.2 �82.9 [16]
Pr �189.9 �99.2 [17]
Ce �195.4 �101.7 This work
Ce �178.7 �79.3 [16]
Ce �193.0 �99.0 [17]
Gd �149.1 �71.2 This work
Gd �134.8 �56.9 [16]
Er �128.18 �75.5 This work

Bi Pr �227.1 �51.9 This work
Pr �207.8 �23.6 [15]
Pr �228.6 �55.7 [18]
Pr �237.4 �63.3 [19]
Ce �216.9 �30.8 This work
Ce �209.8 �23.4 [15]
Ce �218.3 �38.9 [20]
La �222.4 �31.8 This work
La �219.8 �27.3 [15]
La �209.8 �14.9 [21]
latter. As a result of this the concentration of RE in
the liquid film electrode becomes much greater than
the concentration of RE(III) in LiCl–KCl. The dif-
fusion layer is larger in the liquid metal pool that in
the film electrode, hence the film offers a limited or
finite layer for the diffusion of metals and the semi-
infinite diffusion model is no longer valid, moreover
due to the small amount of M (Cd or Bi) in the film
it might be formed distinct non-homogeneous
phases during deposition.
3.2.2. Results obtained by open circuit

chronopotentiometry

Open-circuit chronopotentiometry was carried
out to investigate the alloy formation. The measure-
ments were conducted as follows: (i) firstly, either RE
metal is electrodeposited at a freshly formed Cd or Bi
film electrode, or RE and the liquid Cd or Bi metal are
both deposited, forming an intermetallic compound
at a W electrode by potentiostatic electrolysis for a
short period, (ii) afterwards, a transient curve of the
open circuit potential was measured.

The equilibrium potentials measured by reference
to the AgjAgCl couple were converted to the
electromotive forces (emf) against RE(0), which
was prepared by electrodepositing RE metal on a
pure W wire, making it possible to estimate the
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Gibbs energies of formation of the intermetallic
compounds [8,9,23–25].

Fig. 6 shows an example of the open circuit
potential transient curves for a CdFE after deposit-
ing La metal by potentiostatic electrolysis at 693 K.
Since the deposited RE metal reacts with the Cd and
diffuses into the bulk of the film thickness, the elec-
trode potential gradually shifts to more positive val-
ues. During this process, several potential plateaux
are observed, which corresponds to a two phase
coexisting state.

The emf corresponding to a chemical composi-
tion of the alloy is related to the activity of RE,
aRE, by the expression:

emf ¼ �ðRT =3F Þ ln aRE in M: ð10Þ

When the electrode surface is composed of a mixture
of alloys of definite compositions REx1

M and
REx2

M, the activity of RE is fixed by the equilibrium:

REx1
Mþ ðx2 � x1ÞRE$ REx2M ð11Þ
Table 2
Thermodynamic properties of La for La–Cd intermetallic compounds

T/K E/V vs. La(III)/La DG

In the two-phase coexisting state between LaCd and LaCd2

693 0.130 ± 0.007 �
723 0.108 ± 0.003 �
748 0.096 ± 0.012 �
773 0.095 ± 0.005 �
823 0.085 ± 0.005 �

In the two-phase coexisting state between LaCd2 and La13Cd58

693 0.250 ± 0.004 �
723 0.238 ± 0.004 �
748 0.217 ± 0.005 �
773 0.209 ± 0.006 �
823 0.204 ± 0.013 �

In the two-phase coexisting state between La13Cd58 and La2Cd17

693 0.459 ± 0.021 �1
723 0.444 ± 0.009 �1
748 0.425 ± 0.010 �1
773 0.423 ± 0.004 �1
823 0.411 ± 0.010 �1

In the two-phase coexisting state between La2Cd17 and LaCd11

693 0.555 ± 0.019 �1
723 0.541 ± 0.020 �1
748 0.533 ± 0.015 �1
773 0.512 ± 0.012 �1
823 0.478 ± 0.010 �1

In the two-phase coexisting state between LaCd11 and Cd

693 0.587 ± 0.027 �1
723 0.569 ± 0.014 �1
748 0.560 ± 0.014 �1
773 0.534 ± 0.004 �1
823 0.508 ± 0.014 �1
and so the emf has a constant value during the
complete transformation of the definite alloy
in two-phase coexisting states at various temperatures

La=kJ ðmol LaÞ�1 aLa

37.6 ± 2.0 [1.53 ± 0.5] · 10�3

31.2 ± 0.7 [5.65 ± 0.7] · 10�3

27.8 ± 3.5 [1.15 ± 0.5] · 10�2

27.5 ± 1.4 [1.41 ± 0.3] · 10�2

24.6 ± 1.4 [2.79 ± 0.6] · 10�2

72.4 ± 1.2 [3.60 ± 0.7] · 10�6

68.8 ± 1.0 [1.10 ± 0.2] · 10�5

62.8 ± 1.4 [4.14 ± 0.9] · 10�5

60.4 ± 1.8 [8.58 ± 2.6] · 10�5

59.0 ± 3.8 [2.04 ± 1.1] · 10�4

32.8 ± 6.2 [1.49 ± 1.2] · 10�10

28.5 ± 2.7 [5.71 ± 2.2] · 10�10

23.0 ± 2.9 [2.60 ± 1.0] · 10�9

22.6 ± 1.2 [5.37 ± 0.9] · 10�9

18.9 ± 2.9 [3.11 ± 1.2] · 10�8

60.7 ± 5.5 [7.94 ± 4.9] · 10�13

56.6 ± 5.8 [4.95 ± 3.1] · 10�12

54.3 ± 4.3 [1.71 ± 0.9] · 10�11

48.2 ± 3.5 [9.83 ± 4.2] · 10�11

38.4 ± 2.9 [1.68 ± 0.6] · 10�9

69.9 ± 7.7 [3.48 ± 4.6] · 10�13

64.7 ± 4.0 [1.65 ± 1.6] · 10�12

62.1 ± 4.1 [4.88 ± 2.3] · 10�12

54.7 ± 1.0 [3.62 ± 0.6] · 10�11

47.0 ± 4.1 [5.48 ± 2.8] · 10�10



Table 3
Gibbs energies of formation for La–Cd intermetallic compounds

Reaction of alloy formation Equation T/K DG0
f =kJ mol�1

La + 11Cd M LaCd11 DG0
f ;LaCd11

¼ �3F DEI 693 �169.9 ± 7.7
723 �164.7 ± 4.0
748 �162.1 ± 4.1
773 �154.7 ± 1.0
823 �147.0 ± 4.1

La + 8.5Cd M LaCd8.5 DG0
f ;LaCd8:5

¼ 2:5
11

8:5
2:5 DG0

f ;LaCd11
� 3F DEII

h i
693 �167.8 ± 1.3
723 �162.9 ± 1.3
748 �160.3 ± 1.0
773 �153.2 ± 0.8
823 �145.0 ± 0.7

La + 4.46Cd M LaCd4.46 DG0
f ;LaCd4:46

¼ 4:04
8:5

4:46
4:04 DG0

f ;LaCd8:5
� 3F DEIII

h i
693 �151.2 ± 2.9
723 �146.5 ± 1.2
748 �142.6 ± 1.4
773 �138.6 ± 0.6
823 �132.6 ± 1.4

La + 2Cd M LaCd2 DG0
f ;LaCd2

¼ 1:23
2:23

1
1:23 DG0

f ;LaCd4:46
� 3F DEIV

h i
693 �107.7 ± 0.7
723 �103.6 ± 0.6
748 �98.6 ± 0.8
773 �95.5 ± 1.0
823 �92.0 ± 2.1

La + Cd M LaCd DG0
f ;LaCd ¼ 1

2 DG0
f ;LaCd2

� 3F DEV

h i
693 �72.7 ± 1.0
723 �67.4 ± 0.4
748 �63.2 ± 1.7
773 �61.5 ± 0.7
823 �58.3 ± 0.7
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REx1
M into the definite alloy REx2

M. For the exact
composition of a definite alloy, REx2

M for example,
we observe a variation of the emf from the value of
the two phase plateaux corresponding to the mix-
ture of REx1

M and REx2
M to the value of the two

phase plateau of REx2
M and REx3

M mixture.
The standard Gibbs energies of formation DG0

f of
an alloy of composition REx2

M is related to that of
a REx1 alloy by

DG0
f ðREx2

MÞ ¼ �3F
Z x2

x1

KEðxÞdxþ DG0
f ðREx1

MÞ:

ð12Þ
Table 4
Enthalpies and entropies of formation of cadmium and bismuth
rich alloys in RE–Cd and RE–Bi systems

Compound DH 0
f =kJ mol�1 DS0

f =J mol�1 K�1

PrCd11 [8] �291.8 ± 13.5 �192.3 ± 18.0
CeCd11 �275.4 ± 33.2 �163.4 ± 45.5
LaCd11 �294.0 ± 21.5 �179.2 ± 20.5
GdCd6 �205.7 ± 11.6 �110.4 ± 15.6
ErCd6 �146.5 ± 3.6 �49.0 ± 4.7
CeBi2 [9] �274.0 ± 2.9 �71.4 ± 3.8
PrBi2 [8] �257.7 ± 11.3 �46.3 ± 15.1
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Fig. 7. Cyclic voltammograms for the reduction of a CeCl3
solution at an Al electrode (black lines) and at a W electrode
(grey line) at 723 K. Scan rate: 0.1 V s�1.
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The results obtained in the case of La–Cd com-
pounds are gathered in Tables 2 and 3.

The enthalpies and entropies of formation of the
intermetallic compounds have been calculated from
the variation of the energy of formation of the differ-
ent intermetallic compounds with the temperature.
The results for the Cd and Bi rich alloys in the
RE–Cd and RE–Bi systems are gathered in Table 4.

3.3. Electrode reactions of RE(III)/RE system

at an Al electrode

3.3.1. Results obtained by cyclic voltammetry

In Fig. 7 we have compared the cyclic voltammo-
grams obtained at a W and Al electrodes in the case
Fig. 8. Cross-sectional SEM image of a Ce–Al film formed by poten
corresponding to points (1), (2) and (3).
of gadolinium, as an example of RE metal electro-
deposition. For the Al electrode, a cathodic peak
A is observed at a potential more positive than
those for RE metal deposition onto W, due to a
lowering of activity of the deposited metal in the
Al phase. Therefore, the cathodic peak A is thought
to be caused by the formation of a RE–Al alloy.
When the scanning direction is reversed, an anodic
peak A 0 is observed previously to the Al oxidation,
which corresponds to the RE oxidation from the
RE–Al alloy.

Based on the previous results, potentiostatic elec-
trolysis of a solution of RECl3 using an aluminium
foil was conducted at a potential value more posi-
tive than the pure RE metal deposition potential,
tiostatic electrolysis at �1.9 V vs. AgjAgCl, and EDX analysis
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using an aluminium foil as working electrode. After
the electrolysis, the samples were washed by anhy-
drous ethylene glycol (Aldrich 99.8%) and stored
inside the glove box until their analysis. The surface
of the samples were analysed by XRD and EDX,
and the surface morphology of the deposits was
observed by scanning electron microscopy (SEM).
Some examples are shown in Figs. 8 and 9.

3.3.2. Analysis of the open circuit

chronopotentiograms
Open circuit chronopotentiometry was also car-

ried out to investigate the thermodynamics of the
aluminium rich alloys in the RE–Al system. The
measurements were conducted in a similar way than
Fig. 9. SEM micrographs of Al cathode covered by ErAl3deposit: (a) a
KCl.
in the case of the Cd and Bi film electrodes, (i) a
constant potential was applied at the aluminium
electrode, (ii) then a transient curve of the open cir-
cuit potential was recorded (Fig. 10). During this
process, a potential plateau is observed when a com-
position of the electrode surface is within a range of
two phase coexisting state.

The equilibrium potentials of the potential pla-
teaux were converted to electromotive forces (emf)
against RE(0), which allows us to estimate the
Gibbs energies of formation of the intermetallic
compounds and the activity of the REs in the inter-
metallic compounds. The molar entropies and
enthalpies of formation of the aluminium rich alloys
are gathered in Table 5.
nd (b) details, (c) X-ray diffraction analysis: (h) Al3Er, (n) Al, (*)
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Fig. 10. Open circuit transient curve for an Al electrode after
electrodepositing Ce at �2.0 V vs. AgjAgCl for 5 s at 723 K.

Table 5
Enthalpies and entropies of formation of aluminium rich alloys in
RE–Al systems

Compound DH 0
f =kJ mol�1 DS0

f =J mol�1 K�1

Al11Pr3 [26] �212.3 �45.2
Al11Ce3 �208.5 �38.8
Al11La3 �205.2 �34.5
Al3Gd [28] �193.82 �43.9
Al3Y �187.7 �40.2
Al3Er [27] �176.4 �29.9
Al3Ho �191.4 �49.8
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4. Conclusions

The electrode reaction of the RE(III)/RE couples
at the liquid Cd and Bi electrodes were elucidated by
electrochemical techniques. The redox potential of
the RE(III)/RE couples at the liquid electrode were
observed at more positive potential values than
those at an inert electrode (W). This potential shift
was thermodynamically explained by a lowering of
activity of REs in the metal phase due to the forma-
tion of intermetallic compounds. The values of the
reversible half wave potential, Er

1=2, have been
obtained by simulation of the cyclic voltammo-
grams at the liquid pool electrodes.

Because of the ease of application of cyclic
voltammetry, it was suggested as a general method
to obtain approximate values of the excess Gibbs
energy change of REs in the liquid metals, and
hence of the activity coefficients, cRE in M, the partial
molar enthalpy of mixing and the partial molar
excess entropy. The estimated values were obtained
from comparison between the equilibrium potential
adopted by a RE electrode immersed in a solution
containing RE(III) ions, and the calculated Er

1=2 of
the system RE(III)/RE–M in the experiments con-
ducted with the same RE(III) solution. The results
obtained along this study are in good agreement
with those of the literature [15–21].

Cyclic voltammetry and open circuit chronopo-
tentiometry measurements using Cd and Bi film
electrodes were also conducted. Due to the small
volume of the film electrodes, the electroreduction
of RE(III) on film electrodes proceeds via the
formation of distinct non-homogeneous phases.

Electromotive force, emf, measurements for var-
ious intermetallic compounds in two-phase coexis-
ting states were carried out in the temperature
range of 673–823 K. The activities and relative par-
tial molar Gibbs energies of REs were obtained
from the measured emf values for different interme-
tallic compounds. The molar entropies and enthal-
pies of formation for the RE–Cd and RE–Bi
intermetallic compounds were also calculated from
the temperature dependence of the emf values.

Cyclic voltammetry and open circuit chronopo-
tentiometry measurements have proven that REs
forms alloys with solid Al electrodes. The electrore-
duction of RE(III) ions on Al proceeds via the for-
mation of a stable RE–Al alloy.

emf measurements for the RE–Al intermetallic
compounds coexisting in two-phase states were car-
ried out at temperatures comprised between 673 and
823 K. The activity of REs, in the Al phase, as well
as the standard Gibbs energy of formation, enthal-
pies and entropies of the aluminium rich alloys were
estimated from these measurements.
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