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Abstract

Electrochemical oxidation of silver and rhenium electrodes in molten LiF–NaF–KF eutectic at 600 �C was inves-
tigated by cyclic and convolutional voltammetry. Simulated Cyclic voltammograms were calculated to reinforce
understanding of the reaction mechanism. A theoretical relationship was proposed to determine standard potentials
from voltammograms of metallic electrodes having an oxidation process governed by Butler–Volmer kinetics. The
reversibility of silver oxidation was established and the number of exchanged electrons and the standard potential of
the Ag/Ag(I) couple were determined. The rhenium electrode oxidation process was shown to be quasi-reversible
and the Re/Re(x) standard potential was estimated.

1. Introduction

The electrodeposition of refractory metals is often
carried out using the molten eutectic LiF–NaF–KF
solvent because of its large electrochemical window,
which is limited cathodically by the reduction of
potassium ions and anodically by the oxidation of
metals used as working electrode [1]. Many authors
have been interested in the oxidation of metallic
electrodes either to study the thermodynamics or the
kinetics of the process or to generate an in situ redox
couple for use as an internal reference system. In fused
LiF–NaF–KF eutectic, the anodic behaviour of cop-
per, iron and nickel electrodes has been studied by
several authors [2–4] using cyclic and convolutional
voltammetry. In molten NaCl–KCl the anodic oxida-
tion of platinum was investigated by cyclic voltamme-
try [5]. Later, the electrochemical behaviour of sodium,
nickel, molybdenum and iron in molten NaF was
studied using convolutional voltammetry and galvano-
static pulses [6]. A silver electrode is often used as
working electrode for electrochemical studies in molten
salts [7, 8].
In previous work, we studied the electrochemical

reduction of KReO4 [7, 9] solutions. The reduction of
perrhenate ions occurred in two steps corresponding
respectively to the exchange of one and two electrons
and both yielding soluble species. The first step was
assumed to be reversible and the second irreversible.
We suggested that metallic rhenium was produced by

disproportionation of a soluble species. Solutions of
rhenium hexafluoride were cathodically reduced via a
single irreversible charge transfer step.
In this investigation we studied the anodic dissolution

of rhenium metal in molten LiF–NaF–KF eutectic at
600 �C. Cyclic voltammograms were calculated and we
used the silver system, which is reversible, as a model
system to validate the simulation. We were interested in
the determination of the corresponding rhenium stan-
dard potential and of the number of electrons exchanged
by the anodic reaction. We developed a theoretical
relationship for the determination of the standard
potential of Me/Me(X) couples from voltammetric
curves.

2. Experimental

The measurements were carried out in an airtight
stainless steel cell. The electrolyte was the eutectic
mixture LiF–NaF–KF (46.5–11.5–42 mol%). It was
introduced to a graphite crucible placed in the cell and
purified as described previously [7]. A three electrode-
system was used. The working electrode was either a
silver wire or a rhenium wire of, 1 and 0.5 mm diameter,
respectively. The counter electrode was the graphite
crucible and a platinum wire was used as a comparison
electrode. All potentials were referred to the equilibrium
potential of the K/K+ couple corresponding to the
cathodic limit of the solvent.
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3. Results and discussion

3.1. Phenomenological analysis

The reduction of potassium ions and the oxidation of
fluoride ions limit the theoretical potential range of the
LiF–NaF–KF eutectic. Hence, the width of the potential
range, calculated from the free enthalpy of formation of
KF at 600 �C [10] is 4.96 V. Typical voltammograms,
obtained on silver and rhenium electrodes, are shown in
Figure 1. The anodic dissolution potential sampled at
10 mA cm)2 is 2.76 V on silver and 2.74 V on rhenium.
These values represent the effective experimental elec-
trochemical window of the solvent, which is narrower
than the theoretical (4.96 V), because the anodic limit is
in fact due to oxidation of the metallic electrodes.
Comparison with the values obtained under the same
conditions on iron (E = 1.36 V) [4], nickel
(E = 1.85 V) [4] and copper (E = 2.28 V) [2], indicates
that silver and rhenium are the most noble materials in
this media.
The shapes of the anodic parts of the volta-

mmogramms of Figure 1 are markedly different. Five
simulated voltammogramms corresponding to various
values of the electron transfer kinetic parameters are
presented in Figure 2. The calculation was based on
general Butler–Volmer kinetics and the Nicholson and
Shain technique [11, 12], as indicated in Appendix A.
Calculated voltammogramms showed that a decrease in
reversibility leads to a shift of the reverse cathodic peak
towards negative potentials. The degree of reversibility
increases when the dimensionless kinetic constant
x ¼ ðpnFm=RTDnþ

M Þ
1=2=k0, decreases. The experimental

curves show the reversible character of the silver
electrode and indicate the irreversibility of the rhenium
system.

3.2. Silver oxidation

3.2.1. LSV analysis
Some studies, related to the establishment and analysis
of theoretical voltammograms of reversible insoluble-
soluble systems M,Mnþ þ ne, have been published
[13–15]. Teherani et al. [15] have shown that for a
reversible M/Mn+ system, the anodic oxidation voltam-
mograms verify the following characteristics:

dE=d lnðIÞ ¼ RT=nF ð1Þ

EI¼0 � Ep ¼ 0:96 RT=nF ð2Þ

Ek � EI¼0 ¼ 0:409 RT=nF ð3Þ

Ip=Ik ¼ �0:196 ð4Þ

whereE = electrode potential,Ek = switchingpotential
(the potential at time k corresponding to the instant of the
reverse of potential scan from anodic scan to cathodic
scan), EI=0 = potential at zero current, Ep = cathodic
peak potential, I = current, Ip = cathodic peak current,
Ik = current at switching potential.
In such conditions, the number of electrons

exchanged, n, can therefore be calculated from relations
1, 2 or 3. Furthermore, to estimate the standard
potential, Berghoute et al. [5] derived the following
equation:

E0 ¼ E� ðRT=nFÞ lnðði=ðnFÞ3=2ÞðRT=mDnþ
M Þ

1=2Þ ð5Þ

where i is the current density and m is the scan rate.
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Fig. 1. Voltammograms obtained on silver (a) and rhenium (b) elec-

trodes in the molten LiF–NaF–KF eutectic, T = 600 �C,
v = 0.5 V s)1 (on silver), v = 1 V s)1 (on rhenium).
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M Þ
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The anodic part of a voltammogram related to the
oxidation of a silver electrode is shown in Figure 3
together with its logarithmic analysis. The shape of the
voltammogram, especially the position of the cathodic
peak which is very close to the oxidation potential of
silver, indicates that the Ag/Ag(I) couple is reversible.
Furthermore the theoretical values of dE=d lnðIÞ and
EI=0)Ep, (Equations (1) and (2)) are close to the
experimental ones deduced from Figure 3, reported in
Table 1. These results show that the number of electrons
exchanged is one. The difference between theoretical and
experimental values can be attributed to the ohmic drop.
E0
Ag=Agþ was calculated using Equation (5). The value

10)5 cm2 s)1 for D(Ag)
+ was used in the calculation in the

absence of published data, considering the experimental
value D(Ag)

+ = 1.0� 10)5 cm2 s)1 in molten eutectic
LiCl–KCl at the same temperature [16]. The application
of relation (5) to different sets of values (E, i), obtained
from the forward part of the voltammogram in
Figure 3, yields the value E0 =3.617±0.002 V taking
n = 1 (Table 2).

3.2.2. Semi-integral analysis
To overcome the effect of ohmic drop other authors [4,
6] used the semi-integration technique or convolutional
voltammetry [17–19] for the estimation of n and E0. In
the case of the oxidation of an insoluble species to a
soluble species with diffusion-controlled mass transfer,
the surface concentration of the oxidized species CM

n+ (0,
t) is linked to the semi-integral of the current, m, by

Cnþ
M ð0; tÞ ¼ þm=nF

p
Dn

M ð6Þ

If the process is reversible, with the initial concentra-
tion C�

Mnþ ¼ 0, the Nernst equation becomes:

E ¼ E0 � ðRT=nFÞ lnðnFpDnþ
M Þ þ ðRT=nFÞ lnðmÞ

ð7Þ

This expression shows that the forward and backward
convoluted curves are superposed. Their logarithmic
analysis yields the determination of the number of
exchanged electrons n. Provided that DM

n+ is known, the
standard potential E0can also be determined.
We used the algorithm developed by Oldham [20] to

obtain the semi-integral curves and the corresponding
logarithmic analysis. The convoluted voltammogram of
Figure 3 and its logarithmic analysis are reported in
Figure 4. The good superposition of forward and
backward curves demonstrates the reversibility of the
electron exchange. The slope of the logarithmic plot
yields the numerical value n = 0.9.
Taking n as equal to unity, Equation (7) yields:

E0 ¼ Eðm¼1Þ þ ðRT=FÞ lnðF
p
Dnþ

M Þ ð8Þ

Considering the experimental value of E extrapolated
to m = 1 (Figure 4), E(m=1) = 3.218 V, gives:

E0 ¼ 4:079þ 0:0375 lnðDþAgþÞ ð9Þ

Table 1. Comparison between theoretical values calculated from the

relations (1) and (2), and experimental values obtained from Figure 3

Relationship Theoretical

value

Experimental

value

Number of

electrons, n

dE/dln(I) 0.075/n 0.089 0.84

EI¼0 � Ep 0.072/n 0.082 0.88

Table 2. Standard potential calculated from relation (5) for different

sets of values (E, i) obtained from the forward part of voltammogram

in Figure 3

E, V 2.839 2.871 2.896

i/A cm)2 25.71� 10)3 39.84� 10)3 52.78� 10)3

E0/V (n = 1) 3.616 3.615 3.619
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Fig. 4. (a) Semi-integral of voltammogram represented in Fig-

ure 3(b) Logarithmic analysis related to the forward part of semi-

integral (a).
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Fig. 3. (a) Voltammogram obtained on silver electrode in the anodic

limit region deduced from Figure 1(a). (b) Logarithmic analysis of

the current density related to the forward part of voltammogramm

(a).
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Thus, taking DAg+ as equal to 10)5 cm2 s)1 yields the
value E0 = 3.647 V

3.2.3. Simulation of the voltammograms
Experimental results obtained by semi-integration and
LSV are almost similar. Nevertheless, the numerical
values of n, E0, D, used for the simulation were those
obtained from the convoluted curves, which can be
corrected for the effect of ohmic drop. A satisfactory
match of the experimental and simulated curves is
obtained. The effect of the arbitrary choice of
D = 10)5 cm2 s)1 on the match of experimental and
simulated curves was analysed through the effect of the
value of E0. It was observed that a slight change in the
values of E0 by +13 mV (E0 = 3.660 V) or ) 16 mV
(E0 = 3.631 V) gave the best match of the experimental
and simulated curves. The experimental and simulated
curves corresponding to E0 = 3.631 V are shown in
Figure 5.

3.3. Rhenium oxidation

3.3.1. Theoretical study
In the case of a quasi-reversible electron exchange
process controlled by diffusion, the following relation
can be obtained from the Butler–Volmer equation [21]:

E ¼ E0 þ ðRT=ððaþ bÞnFÞÞ lnðCOð0; tÞ=CRð0; tÞÞ
ð10Þ

where E is the electrode potential along the linear sweep
voltammetry curve, and with a is the cathodic charge
transfer coefficient, b the anodic charge transfer coeffi-
cient, CO(0, t) the surface concentration of oxidized

species, CR(0, t) the surface concentration of reduced
species.
As far as the oxidation of a metal is concerned the

surface concentration of the oxidized species CM
n+(0, t)

and the semi-integral of the current, m, are linked by
Equation (10). Thus Equation (10) becomes:

E ¼ E0 þ ðRT=ððaþ bÞnFÞÞ lnðm=ðnFpDnþ
M ÞÞ ð11Þ

The potential at zero current along the reverse
potential scan, EI=0, is given by

EI¼0 ¼ E0 þ ðRT=ððaþ bÞnFÞÞ lnðmI¼0=ðnF
p
Dnþ

M ÞÞ
ð12Þ

with mI=0 the semi-integral at zero current.
Table 3 shows the details of calculation around the

zero current point (EI=0, I = 0) using a calculated
voltammogram obtained with these different parame-
ters:

x = 106, a = 0.35, b = 0.25, n = 2, E0 = 2.70 V ,
D = 1.0� 10)5 cm2 s)1, T = 873 K, m = 0.5 V s)1.
Table 3 shows that Equation (7), related to the

reversible system, gives a value of E0 = 2.44 V, which
is very different from the value of 2.70 V used for
calculation. However, Equation (12) gives the accurate
value. Consequently, we consider that only Equation
(12) can be used to calculate standard potential for
quasi-reversible metallic systems.

3.3.2. Determination of the standard electrode potential
of the Re/Re(X) couple
The direct and reverse anodic part of the voltammogram
presented in Figure 1b are shown in Figure 6, together
with their semi-integral analysis, while a Tafel represen-
tation of the polarization curve is shown in Figure 7.
The large hysteresis observed between the direct and
reverse scans of the semi-integral curves shown the
irreversibility of the electron exchange process. This
result allows the determination of the Re/Re(x) standard
electrode potential using relation (12). The values
EI=0 = 2.657 V and mI=0 = 0.177 A cm)2 s)1/2 are
picked up from the curves in Figure 6, while the slopes
of the Tafel plots (Figure 7) are used to determine the
values of an and bn:

an ¼ 1:93� 0:10

bn ¼ 0:74� 0:05

Since literature values for diffusion of rhenium species
in the molten LiF–NaF–KF eutectic only concern
Re(VI) (DRe(VI) = 0.8� 10)5 cm2 s)1 at 600 �C [9], the
latter species is first considered, the number of electron
exchanged is assumed to be 6. The application of
Equation (12) using the set of values given in this section
for EI=0, mI=0, an, bn, DRe(x), and n, yields E0 =
2.914 V.
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Fig. 5. (a) Experimental voltammogram obtained on silver electrode;

T = 873.15 K, v = 0.5 V s1. (b) Theoretical voltammogram calcu-

lated with the following parameters: n = 1, E0 = 3.631 V, T =

873.15 K, v = 0.5 V s)1.
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An error as large as DE0 = 0.04 V on the value of the
Re/Re(x) standard electrode potential can be estimated
from the uncertainty of the n and DRe(x) values used in
the calculation, and also from the error in the determi-
nation of an.

4. Conclusion

The electrochemical behaviour of silver and rhenium
electrodes in molten LiF–NaF–KF at 600 �C was
studied by cyclic and convolutional voltammetry. The
results confirmed that the kinetics of the silver anodic

oxidation is a reversible process. The calculated number
of electrons exchanged, n, and the standard potential E0

of the silver couple were n = 1 and E0 = 4.079 +
0.0375 lnðDÞ V/(K/K+).
In the case of the rhenium electrode the anodic

oxidation process was shown to be governed by Butler–
Volmer kinetics. An equation for the calculation of the
standard potential for such systems was derived and
applied to estimate the standard potential of the
rhenium couple, E0 = 2.914±0.04 V/(K/K+).

Table 3. Values of current density (i), semi-integral of current density (m) and standard potential (E0) in the potential region (E) of zero cur-

rent point

E/V i/A cm)2 m/A cm)2 s)1/2 E0
7/V E0

12/V

2.079487 3.190369E) 6 2.264709E) 2 2.463194 2.718998

2.077607 2.873121E) 6 2.262473E) 2 2.461351 2.717180

2.075726 2.558324E) 6 2.260244E) 2 2.459507 2.715361

2.073846 2.245902E) 6 2.258022E) 2 2.457664 2.713543

2.071966 1.935775E) 6 2.255806E) 2 2.455821 2.711724

2.070085 1.627868E) 6 2.253597E) 2 2.453977 2.709905

2.068205 1.322105E) 6 2.251395E) 2 2.452134 2.708086

2.066325 1.018411E) 6 2.249199E) 2 2.45029 2.706267

2.064444 7.167106E) 7 2.247009E) 2 2.448446 2.704447

2.062564 4.169322E) 7 2.244827E) 2 2.446602 2.702628

2.060684 1.190026E) 7 0.0224265 2.444759 2.700809

2.058803 ) 1.771496E) 7 0.0224048 2.442914 2.698989

2.056923 ) 4.715954E) 7 2.238317E) 2 2.441071 2.697169

2.055043 ) 7.644049E) 7 0.0223616 2.439227 2.695349

2.053162 ) 1.055647E) 6 2.234009E) 2 2.437382 2.693529

2.051282 ) 1.345392E) 6 2.231864E) 2 2.435538 2.691709

2.049401 ) 1.633706E) 6 2.229726E) 2 2.433693 2.689888

2.047521 ) 1.920657E) 6 2.227594E) 2 2.431849 2.688068

2.045641 ) 2.206311E) 6 2.225468E) 2 2.430005 2.686248

2.043760 ) 2.490735E) 6 2.223348E) 2 2.42816 2.684427

2.041880 ) 2.773994E) 6 2.221235E) 2 2.426316 2.682606

2.040000 ) 3.056153E) 6 2.219127E) 2 2.424471 2.680786

E0
7 and E0

12 are the standard potentials calculated by Equations (7) and (12) respectively.
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Fig. 6. (a) Voltammogram obtained on rhenium electrode in the

anodic limit region deduced from Figure 1(a). (b) Semi-integral anal-

ysis.
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Appendix A

Metal dissolution under quasi-reversible charge transfer
process can be represented by the equation:

M,Mnþ þ ne�

The current change is given by Butler–Volmer equa-
tion:

IðtÞ ¼ nFAk

�
CMð0; tÞ � exp

bnF E� E0
� �
RT

( )

� CMnþð0; tÞ � exp
�anF½ � E� E0

� �
RT

( )� ðA1Þ

CM and CM
n+ are respectively the concentration of the

metal and the corresponding cations. a and b are
cathodic and anodic transfer coefficients respectively.
By assuming planar semi-infinite diffusion of the

metallic cations, after solving Fick’s second law, we set:

Cnþ
M ð0; tÞ ¼

1

nFA
ffiffiffiffiffiffiffiffiffi
Dnþ

M

p � 1ffiffiffi
p
p
Z t

0

IðsÞffiffiffiffiffiffiffiffiffiffi
t� s
p � ds ðA2Þ

For linear sweep voltammetry the electrode potential is
given by

E ¼ Ei þ v � t for first anodic scan; 0<t � k ðA3Þ

E ¼ Ei þ 2vk� v � t for reversed cathodic scan; tk

ðA4Þ

Ei is the initial potential while k and v are respectively
the reversal potential time and the scan rate.
By combination of Equations (2–4), we established

the general equation for the current:

IðtÞ ¼ nFAðpDÞ1=2ðnFv=RTÞ1=2wðatÞ ðA5Þ

where w(at) is given by the following integral:

Zat

0

wðZÞffiffiffiffiffiffiffiffiffiffiffiffiffiffi
at� Z
p dZ ¼ ½hSðatÞ�ðaþbÞ � wðatÞx½hSðatÞ�b

ðA6Þ

with

h ¼ expðnF=RTðEi � E0ÞÞ

a ¼ nFv=RT

SðtÞ ¼ expðatÞ for 0<t � k

SðtÞ ¼ expð2ak� atÞ for tk

x ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
pDMnþa
p

ko

We used the technique developed by Nicholson and
Shain [11] to obtain numerical calculation of w(at). The
values of current can then be obtained for a given set of
values of a, b, x and switching potential Ek. The
voltammograms corresponding to different values of x
and consequently to different rate of charge transfer are
presented in Figure 2.
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