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Electrochemical behavior of La(Ill) was studied on liquid Bi electrode.
Thermodynamic properties of five La-Bi intermetallic compounds and LizBi were
calculated from emf measurements.
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www.rsc.org/ Electrochemical behavior of La(Ill) was studied on liquid Bi electrodes (i.e Bi pool and Bi coated W electrodes)

LiCI-KCl melts using cyclic voltammetry, square wave voltammetry, chronopotentiometry and open circri*
chronopotentiometry. In both the electrodes, the electrochemical reduction of La (III) was observed at more positive
potential values than that on an inert W electrode, due to the lowering of the activity of La in liquid Bi phase. Cycli~
voltammetry, using a Bi pool electrode, suggests that the reduction of La(III) to La i1iquia 5i Was a quasi-reversible anc
diffusion controlled process. The diffusion coefficient of La in liquid Bi metal was measured by chronopotentiometry
at 773 K and was evaluated by Sutherland-Einstein equation, respectively. Both the values of diffusion coefficient
were of in the same order of magnitude. From cyclic voltammogram and square wave voltammogram obtained on *
coated W electrode, five couples of cathodic peaks were observed at more positive potential than that for La metal on
an inert electrode due to the formation of five La-Bi intermetallic compounds. Thermodynamic properties such as
activities and relative partial molar Gibbs energies of M (M=La, Li) in the M-Bi alloys as well as Gibbs energies of
formation for M-Bi (M=La, Li) intermetallic compounds, LaBi, LaBi, LasBis, LasBis, La:Bi and Li3Bi were calculated
from the open circuit potential measurement. La-Bi and La-Li-Bi alloys were produced on liquid Bi pool electrodes by
galvanostatic and potentiostatic electrolysis, and characterized by X-ray diffraction (XRD) and scanning electronic
microscopy (SEM). The results indicated that La-Bi alloys were comprised of LaBiz, LaBi and La2Bi phases, and LaBiz,
LaBi and Li3Bi phases existed in La-Li-Bi alloys.

electrodes are in the order: Sb>Bi>Pb>Sn>Ga>Mo and
Ga<Sn<Pb<Sb<Bi<Mo, respectively, by linear sweep voltammetry
techniques. Murakami and Koyama11 evaluated the diffusior
coefficients of rare-earths (La, Pr, Nd, Gd, Y and Sc) in liquid Cd
metal from the results of The

Introduction

Pyrometallurgical process is one of the most promising options
for the reprocessing of advanced nuclear fuels and transmutation

blankets which have high burn up potential and expected to have a
high Pu and minor actinide contents.”™ Electrorefinings'8 and liquid-
liqguid metal reductive extraction®® are the most developed
pyrochemical techniques intended for separation of actinides from
fission products in molten salt media. Since the use of liquid metal
electrodes has many advantages, such as complete physical
separation between the electrolyte and the produced metal,
constant surface area of the electrode, and easier coalescence of
microdrops and metallic fog, the studies on liquid metals as working
electrode are being extensively used to nuclear applications for
pyrochemical reprocessing of irradiated nuclear fuels.”®** Gibilaro
etal’® investigated the electrochemical properties of various liquid
metallic electrodes (Bi, Sb, Sn, Pb, Ga) in LiF-NaF and LiF-CaF, melts.
They found the reactivity and nobility scale of liquid metallic
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chronopotentiometry.
electrochemical behavior of Ce(III)n, Pr(III)13, Nd(III)14, Tb(III)15,
U(III)16'17, Pu(III)17’18 and Np(III)19 were investigated on a liquid Cd
electrode in molten LiCI-KCl eutectic. Castrillejo et al.®*® evaluated
the thermodynamic properties of the formation for the Th-Cd and
Pr-Cd intermetallic compounds by emf measurements.
Vandarkuzhali et al.** studied the apparent standard electrode
potentials of Nd(l11)/Nd for different temperatures in the range 698-
773K. The formation of intermetallic, Cd;;Nd, was studied from
open circuit potential measurement on a Cd film electrode. Kato et
al.® investigated the separation behavior of actinides from rare-
earths in molten salt electrorefining using saturated liquid cadmiur-
cathode. The separation factors were calculated, and the values ot
separation factors were 0.011, 0.044, 0.064, and 0.064 for La, Ce, Pr,
and Nd, respectively. Castrillejo et al. 132 explored the electror _
reactions of LiCl-KCI-PrCl; and LiCI-KCI-CeCl; solutions at the surfa. ~
of liquid Bi electrode by electrochemical techniques. Emf
measurements on various intermetallic compounds in two-pha e
coexisting states were carried out. The thermodynamic properties
of formation for intermetallic compounds of Pr-Bi and Ce-Bi we e
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22 studied the electrochemical

calculated, respectively. Shirai et al.™
behaviors of Pu(lll)/Pu and Np(lll)/Np couples at the interface
between the LiCI-KClI and liquid Bi metal. The electrochemical
behavior of the Th(IV)/Th system was examined in molten LiF-CaF,
medium 2 and LiCI-KC| eutectic > on a liquid Bi film electrode, and
the Bi-Th alloys were obtained. To the best of our knowledge,
fundamental studies on the mechanism of electrode reaction and
thermochemical data are not much reported on liquid Bi electrode.

Lanthanum, as the first element in the lanthanide series, having
the closest ionic radius to U (Ill) among lanthanides, is a typical
fission product and difficult to be separated from actinides.
Therefore, it has been extensively studied on different cathodes,
such as WZS'ZS, Mozg’go, AIZS, cd 3 and Bi film*? electrodes in
molten salts. Serp et al® studied the electroseparation of
plutonium from lanthanum using a Bi film electrode in LiCI-KCl
eutectic at 733 K. The reduction potentials of Pu(lll) and La(lll) ions
were measured on a Bi thin film electrode using cyclic voltammetry.
They found that the difference between the peak potentials for the
formation of PuBi, and LaBi, was approximately 100 mV and Pu
could be efficiently deposited and separated from lanthanum.

However, there is sparse information about the electrochemical
behaviors of La on liquid electrodes. In order to better understand
the electrochemical reactions of La(lll) on liquid electrodes, further
acquisition of basic electrochemical and thermodynamic data on La
in LiCI-KCl system is needed. Therefore, in the present paper, we
explored the electrochemical behavior of La(lll) on a liquid Bi pool
electrode and a Bi coated W electrode, the diffusion coefficients of
La in liquid Bi metal, as well as the thermodynamic properties of La-
Bi and Li-Bi intermetallic compounds were determined by means of
electrochemical techniques.

Experimental
Preparation and purification of the melts

The eutectic mixture of LiCI-KCl (45.8:54.2 mass, analytical grade)
was first dried under vacuum for more than 72 h at 473 K to remove
excess water and then melted in an alumina crucible placed in a
quartz cell located in an electric furnace. Other impurities in the
melts were removed by pre-electrolysis at -2.0 V (vs Ag/AgCl) for 3
h. La (lll) ions were introduced into the bath in the form of
dehydrated LaCl; powder (analytical grade). Since Ln ions are very
sensitive to 07 ions, in order to avoid the oxidation of La (lll), HCI
was bubbled to the melts to purify the melts and then argon was
bubbled to remove the excess HCI.> The temperature of the melts
was measured with a nickel chromium-nickel aluminum
thermocouple sheathed by an alumina tube. All experiments were
performed under an argon atmosphere.

Electrochemical apparatus and electrodes

All electrochemical measurements were performed using an
Autolab PGSTAT 302N (Metrohm, Ltd.) with Nova 1.8 software
where techniques of cyclic voltammetry (CV), square wave
voltammetry (SWV), chronopotentiometry (CP) and open circuit
chronopotentiometry (OCP) were employed. A silver wire (d=1 mm)
dipped into a solution of AgCl (1 wt %) in the LiCI-KCl melts
contained in a Pyrex tube was used as the reference electrode. All
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potentials were referred to this Ag/AgCl couple. Different working
electrodes have been used: (i) Bi pool electrode, (ii) liquid
electrode containing La, (iii) tungsten wire (d = 1 mm, 99.99 %) in
order to compare the results with the liquid electrode. A spectral
pure graphite rod (d = 6 mm) was used as the counter electrode.

The liquid Bi pool electrode (shown in Fig. 1) was prepared by
placing some granules of Bi (99.999%) in a J shaped Pyrex tube,
which was immersed in the LiCI-KCl melts. Contact was established
by using a W wire (d = 1 mm, 99.99 %) immersed in the liquid Bi
phase through the Pyrex tube.

The liquid Bi electrode containing La was prepared by
potentiostatic electrolysis. The concentration of La in liquid Bi phase
(CL) was kept lower than its solubility. Assuming that the current
efficiency of reaction on a liquid Bi pool electrode would be 100 %,
C., could be calculated. The C, values measured by inductively
coupled plasma-atomic emission spectrometer (ICP-AES) after
experiments, agreed well with the values calculated under t..
above assumption. Thus the assumption was considered to '
appropriate.

Molten salts electrolysis and characterization of deposits

The deposits were prepared by potentiostatic and galvanostatic
electrolysis, respectively. After electrolysis, the alloy samples were
washed in hexane (99.8 %) in an ultrasonic bath to remove salts ar -
stored in a glove box for analysis. These deposits were analyzed by
X-ray diffraction (XRD, X' Pert Pro; Philips Co., Ltd.) using Cu Ka
radiation at 40 kV and 40 mA. The specimen was mounted in
thermosetting resins using a metallographic mounting press and
then mechanically polished. And then, the microstructure was
measured using scanning electronic microscopy (SEM, JSM-6480A;
JEOL Co., Ltd.).

Results and discussion

The electrochemical behavior of La(lll) on a liquid Bi pool
electrode in LiCI-KCI melts

Cyclic Voltammetry. If the amount of La deposited exceeds its
solubility in liquid Bi, solid phases would separate which results in
that electrode losing its homogeneity and the voltammetric
response would become less accurate. Therefore, it is very
important to control the electrode surface and the La(lll)
concentration in the melts.

W wire (¢=1 mm)

<1 shaped Pyrex tube

Electrode area
A

@l.iquid Bi

Fig. 1 The sketch of liquid Bi pool electrode

This journal is © The Royal Society of Chemistry 20xx
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Fig. 2 presents the cyclic voltammograms obtained in LiCI-KCI
melts on a W electrode and a liquid Bi pool electrode before and
after the addition of (5.2x10°mol cm™) LaCl;, respectively. In curve
a (black line), one couple of cathodic/anodic signals is observed at
approximately -2.40/-2.22 V (vs Ag/AgCl). In such a negative
potential, only metal cation/metal can obtain/lose electron in LiCl-
KCl melts. Thus, the cathodic /anodic signals, A/A’, correspond to
the reduction of Li (1) and the re-oxidation of Li metal, respectively.

Curve b (red line) shows the cyclic voltammograms of LaCl;
(5.2><10'5mol cm'3) in LiCI-KCI melts on a W electrode at 773 K. The
signals B/B’, at -2.04/-1.98 V, correspond to the deposition of La(lll)
and dissolution of La, respectively, which are consistent with those
obtained by Tang and Pesic. 30

La(lll) +3e” —» La (2)

The typical cyclic voltammograms of LiCI-KCI melts on a liquid Bi
electrode is presented in curve c (green line). Compared with curve
a (black line), two new pairs of reduction/oxidation peaks are
observed. Except the E’ corresponding to the anodic dissolution of
liquid Bi electrode, the signals C/C’, at -1.40/-1.31 V, should be
attributed to the deposition of Bi-Li alloy and subsequent
dissolution of deposits. 2

Li() +& — Li ;,uquae (2)

After the addition of LaCl; in LiCI-KCl melts, the typical cyclic
voltammograms obtained on a liquid Bi electrode is presented in
curve d (blue line). The voltammograms consist of a single cathodic
wave D, at -1.13 V, associated with an anodic wave D’, at -0.98 V, at
potential values less cathodic than those obtained on an inert W
electrode, due to a lowering of the activity of the dissolved La in
liquid Bi phase as described in Eq. (4).

La(ll) + 3" — Lay, jquiasi (3)
a .

E:EI(_Ja(III)/La-‘-:Ei-rlr| L hmets (4)
aLa\ in liquid Bi

The shape of the voltammograms is that expected for a soluble-
soluble exchange. The results also suggest that the solubility of La in

0.2

A E
r - a
0.1 b
| o .
0.0+ \//\ -
B

c
0.1+ a: LiCI-KCI melts on W electrode
A b: LiCI-KCI-LaCl, melts on W electrode

I/A

c: LiCI-KCI melts on liquid Bi electrode
d: LiCI-KCI-LaCI3 melts on liquid Bi electrode
" 1 " 1 " 1 L 1 L

02—
2.0

-1.5 -1.0 -0.5 0.0 0.5
E/IV vs Ag/AgCl

Fig. 2 Cyclic voltammograms obtained in LiCI-KCI melts on a W
(curve a) and a Bi pool electrodes (curve c) before (curve b) and
after (curve d) the addition of LaCls (5.2x10mol cm’3) at 773 K.

Scan rate: 0.1V s; Electrode area: SW:0.314cm2; Sgi=0.2 cm’,

This journal is © The Royal Society of Chemistry 20xx

the liquid Bi metal has not been achieved in the potential region
below -1.2 V. A similar conclusion has been reported by Castrille; -
et al.® in the case of Ce(Ill) electroreduction in liquid Bi metal.

Fig. 3 shows a series of the voltammograms obtained in LiCI-KCI-
LaCl; melts on a Bi pool electrode, without formation ' if
intermetallic compounds, at different scan rates. Furthermore, a
further analysis of the recorded voltammograms is based on the
measurement of the variation of peak currents and peak potentials
with scan rates. Fig. 4a presents the linear relationship between the
reduction peak current and the square root of the scan rate. The
straight line through the origin proved that the reduction process is
limited by mass transport both in the salt and the metallic phase.
The reversibility of the system is examined by plotting the influence
of the scan rate on the peak potential as presented in the Fig. 4b. At
scan rate lower than 0.03 V s'l, the peak potential, Ep, is constant
and independent of the scan potential rate. Whereas for higher
scan rates, the values of the anodic and cathodic peak potentic..
shift slightly towards positive and negative ones. These resu' .
indicate that the reduction of La (Ill) on a liquid Bi electrode is
quasi-reversible above 0.03 V s™ scan rate.

Chronopotentiometry. Chronopotentiometry was carried out at
various anodic currents using the prepared liquid Bi electrode to
evaluate the diffusion coefficient of La in liquid Bi metal. Since the
formation of intermetallic compounds (i.e. La-Bi and Li-7
intermetallic compounds) should lead to the morphology change of
the liquid Bi metal surface, potentiostatic electrolysis was
performed at -1.20 V for 2.5 h to prepare a liquid Bi electrode
containing La. Fig. 5 displays the chronopotentiograms obtained on
the prepared liquid Bi electrode at 773 K. In each
chronopotentiogram, there is one potential plateau at around -0.97
V corresponding to the oxidation of La dissolved in liquid Bi meta!
(Eq. (3)). After the concentration of La near the surface of the liquid
Bi electrode reached zero at t =t (transition time), the potent’ .
changed steeply toward the Bi metal dissolution potential (the
standard electrode potential of Bi(lll)/Bi is about 0.22 V in LiCI-KCI
melts at 773 K). The chronopotentiometry was terminated before
the potential would reach the Bi metal dissolution potential to
avoid the loss of liquid Bi metal. Transition time (t) for each
chronopotentiogram was evaluated and these values are listed in
Table 1 together with the electrolysis conditions. In order to
confirm that T was given by the diffusion limit of solute La in liquid
metal Bi not by the diffusion limit of La(lll) in LiCI-KCl melts, in this
study, chronopotentiometry was performed
concentration of La(lll) in LiCI-KCl melts and at several C,. The

at a constant

Table 1 Experimental conditions of chronopotentiometry and

evaluated transition time (s) for La at 773 K.

Applied current/A Cx10*/ mol cm? /s

0.03 7.584 13.114
0.031 7.545 10.856
0.032 7.511 10.03
0.034 7.479 9.55
0.036 7.447 6.75

J. Name., 2013, 00, 1-3 | 3
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Fig. 3 Cyclic voltammograms obtained in LiCI-KCl-LaCl; (5.2x10°

*mol cm'3) melts on a liquid Bi pool electrode (5=0.2 cmz) at
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linear dependence of the 2 on the concentration of La in liquid Bi
metal (C.,) divided by the applied current (/) was confirmed that -
was given by the diffusion limit of solute La in liquid Bi (Fig. 5b).
Then the diffusion coefficient, D, can be calculated by applying Eq.
(5): 11,34

|27 nFsc,,D,,"?n"?

2 (5)

Where | denotes the applied current (A), T represents the
transition time (s), D, designates the diffusion coefficient of La in
liquid Bi metal (cm2 s'l), S is the apparent electrode area and C,
corresponds to the initial concentrations of solute La in liquid metal
(mol cm'3). Therefore, the value of D, was calculated to be 1.81x10°
*em’st at 773 K.

We also estimated the diffusion coefficient of La in liquid Bi

metal, according to Sutherland-Einstein equation:35

different scan rates at 773 K. |
a |
02F 03 ——36mA |
. a ——34 mA
_ r ——32mA |
——31mA |
0.1} 31) 0.6 ——30mA [
RS < |
< 00fl ” 091
R LTI = |
~ 1, '\.\.\H |
2 |
0.1+ 1.2+ '
|
_02 1 1 1 1 _1.5 L L L | I
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AL t/s ‘
-0.9 [ b
b I
40+ |
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log(v/V s
g( ) Fig. 5(a) Chronopotentiograms using a liquid Bi electrodr
. o . . containing La in LiCl-KCI-LaCl; (5.2x10°mol cm®) melts at773 |
Fig. 4(a) Variation of the cathodic and anodic peak currents The applied current: 30 mA, 31 mA, 32 mA, 34 mA, and 36 mA. i
with the square root of the scan rates; (b) Variation of the Sgi=0.2 cm’; (b) Plots for square root of transition time (',
cathodic and anodic peak potentials with the logarithm of the against the concentration of La in liquid Bi metal (C,) divide. |
h li 1).
scan rates on a liquid Bi pool electrode at 773 K. by the applied current (1
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D =KT /4zry (6)

Where k denotes the Boltzmann constant (1.38><10'23 J K'l), r
represents solute radius (rLa=1.877><10'8 cm), n designates the
viscosity of the alloy (Pa s). Because the concentration of La in liquid
Bi (C,) is very low (lower than its solubility), the viscosity of Bi was
substituted for that of La-Bi alloy. The viscosity of Bi was calculated
by Eq. (7):*°

775 =4.458 %108/ (7)

Combining Eq. (6) and (7), the value of diffusion coefficient of La
(Dw) in liquid Bi was calculated to be 3.72x10™ cm® s™ which is in
the same order of magnitude to that obtained by
chronopotentiometry.

Electrochemical behavior of La (llIl) on a Bi coated W electrode in
LiCI-KCI-LaCl; melts

According to the La-Bi binary phase diagram,37 there are five La-
Bi intermetallic compounds, LaBi,, LaBi, La,Bis, LasBi3 and La,Bi in
the La-Bi system. In order to obtain thermodynamic information
concerning formation process of La-Bi intermetallic compounds, the
electrochemical behavior of La(lll) on a W electrode coated with a
thin film of Bi has been studied by cyclic voltammetry, square wave
voltammetry, and open circuit chronopotentiometry.

Cyclic voltammetry. Comparison of the cyclic voltammograms
obtained in LiCI-KCI-BiCl; before and after the addition of LaCl; is
displayed in Fig. 6a. In the LiCI-KCI-BiCl; melts, except for the peaks
A/A', corresponding to the reduction/re-oxidation of Li, two pairs of
peaks, C/C’ and E/E’, are observed. Cathodic peak E at around 0.18
V and its corresponding anodic peak E’ at about 0.22 V should be
ascribed to the deposition/dissolution of Bi metal, respectively. The
results are consistence with those obtained in Fig. 1. Signals C/C’,
between signals of A/A" and E/E’, correspond to the formation of a
Li-Bi intermetallic by under-potential deposition of Li on the pre-
deposition Bi which already covered the W electrode, i.e. Bi coated
W electrode.

After the addition of LaCl; (8.67x10” mol cm™) in LiCI-KCI-BiCl,
melts (red line in Fig. 6a), the voltammogram is more complex than
that obtained on a liquid Bi pool electrode. In addition to the peaks
A/A', C/C" and E/E', peaks B/B’ can be ascribed to the reduction of
La(lll) to metal and its subsequent re-oxidation, respectively,
according to the above results of LiCl-KCl-LaCl; melts on a W
electrode (red line in Fig. 2). Between the peaks B/B’ and E/E’, a
series of redox couples are ascribed to the formation/ dissolution of
different intermetallic compounds. In order to associate the
dissolution anodic peaks with their corresponding cathodic
formation, the voltammograms were registered at different
inversion cathodic potentials, and the results are shown in Fig. 6b.
Five new anodic peaks, I', Il', IIl', IV' and V' observed correspond to
the formation of five La-Bi intermetallic compounds, respectively.
Since reduction peak potentials of I, I, and Ill are very close, the
three cathodic peaks overlap each other. We can’t distinguish the
three cathodic peaks, respectively.

Square wave voltammetry. In order to distinguish the three
cathodic peaks, I, Il and Ill, a more sensitive technique, namely,

This journal is © The Royal Society of Chemistry 20xx
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Fig. 6 (a) Cyclic voltammograms obtained on a W electrode in
LiCI-KCI-BiCl; (3.37 x10°mol cm'3) melts before (black line)
and after (red line) the addition of LaCl;(8.67 x10°mol cm'3);
(b) Cyclic voltammograms obtained in LiCI-KCl-LaCl; (8.67 x10°
*mol cm'3)-BiCI3(3.37 x10°® mol cm'3) melts at different
terminal potentials at773 K. Starting potential: 0.4 V; Scan
rate: 0.1V s™; $y=0.314 cm’.

0.0
0.1+
Formation of La-Bi compounds
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Fig. 7 Square wave voltammogram obtained in LiCI-KCI-LaCl3
(8.67 x10°mol cm'3)-BiCI3 (3.37 x10°mol cm'3) meltsona W
electrode at 773 K. Potential step: 1 mV; frequency: 20Hz;
Sw=0.314 cm’.
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the
electrochemical behavior of La(lll) on a Bi coated W electrode. Fig. 7
shows square wave voltammograms of La(lll) in LiCI-KCI melts on a

square wave voltammetry was employed to study

Bi coated W electrode at a step potential of 1 mV and frequency of
20 Hz at 773 K. Nine obvious peaks are observed. According to the
reduction potentials of La and Li on a Bi coated W electrode in Fig. 6,
the attribution of nine peaks could be confirmed. In addition to
peaks A, B, and E, corresponding to the reactions of Li(l)/Li,
La(Il1)/La and Bi(lll)/Bi, respectively, the cathodic signal C, at about -
1.80 V, is ascribed to the formation of Li-Bi alloy compound. The
five peaks I, II, lll, IV and V, identified at -1.14 V, -1.21 V, -1.30 V, -
1.38 Vand -1.69 V, correspond to the formation of five different La-
Bi intermetallic compounds, respectively. Using square wave
voltammometry, we can confirm the peak potentials of cathodic
peaks I, Il and Ill in Fig. 6(b).

Open circuit chronopotentiometry. -Thermodynamic properties of
La-Bi intermetallic compounds

Adopting open circuit chronopotentiometry, as an appropriate
electrochemical technique for the study of underlying alloys
formation and dissolution, a thin layer specimen was prepared by
cathodic deposition on a W electrode for short periods in the melts.
The open-circuit potential of the electrode was registered vs time
(as shown in Fig. 8). During this process, potential plateaus are
associated with the state where two phases coexist at the electrode
surface. Curve a (red curve) in Fig. 8 shows an open circuit
chronopotentiogram obtained in the LiCl-KCI-BiCl; (3.37 x10"® mol
cm'3) melts on a W electrode while applying a deposition potential
of -2.50 V for 60 s. In the beginning, the potential stays at around -
2.35 V (plateau A), which is interpreted due to the presence of
deposited Li metal on the electrode and related to the Li(l)/Li(0)
redox couple. After that, plateau C is correlated with the formation

Bi/Bi(1II) . E
0.0F f
O .05}
)
<
S 10k
< .
I L A
>
> 1.5+
—~
a ILa/La(In)
20k
FA Li/Li(T)
25 . 1 N 1 N L N 1
0 200 400 600 800
t/'s

Fig. 8 Open circuit chronopotentiograms for a W electrode
after applying a deposition potential of -2.5 V for 60 s at
723 K, (a) in LiCI-KCI-BiCls, (b) in LiCI-KCI-LaCl; melts and (c)
in LiCI-KCI-LaCl5-BiCl; melts.
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of Li-Bi alloy. According to the below electrolysis results, the Li-Bi
intermetallic compound is LisBi characterized by XRD. The re*
potential at 0.20 V is associated with the Bi(lll)/Bi(0) system. Curve
b (black curve) presents an open circuit chronopotentiogram
obtained in the LiCI-KCI-LaCl; (8.67 x10° mol cm'3) melts on a 'V
electrode with applying a deposition potential of -2.50 V for 60 s.
Except for the plateau A, a new plateau B observed, is ascribed to
the La(lll)/La(0) redox couple. Curve c (blue curve) illustrates the
open circuit chronopotentiogram carried out in the LiCl-KCl-LaCl;
(8.67 x10° mol cm'3)—BiCI3 (3.37 x10° mol cm'3) melts after affording
a deposition potential of -2.5 V for 60 s. In curve c, five new
plateaus, I, I, I, IV and V, are observed, corresponding to the two
phases coexisting of five different La-Bi intermetallic compounds;,
respectively.

The equilibrium potentials measured with reference to the
Ag/AgCl couple were converted to the electromotive forces (emf)
against M(0) (M=La, Li), making it possible to estimate the standa. =
molar Gibbs of formation for M-Bi (M=La,
intermetallics.

Therefore the plateaus (in Fig. 8) could be considered *-
correspond to the following reactions:

energies
12,13,21,38

Plateau A: Li(l)+e" <> Li (8)
Plateau B: La(lll)+3e” <> La (9)
Plateau C: Li(l)+e + %Bi <> LiBi,, (10)
Plateau E: Bi(lll)+3e” <> Bi (11)
Plateau I: La(lll)+3e +2Bi <> LaBi, (12)
Plateau II: La(lll)+3e +LaBi, <> 2LaBi (13)
Plateau Ill: La(lll)+3e + 3LaBi <> La,Bi, (14)
Plateau IV: La(lll)+3e + La,Bi, <> LaBi, (15°
Plateau V: La(lll)+3¢ + La.Bi, «<>3La,Bi (16)

The emf corresponding to the chemical composition of M-B
(M=La, Li) alloys is related to the activity of M (M=La, Li), by the
expression:

RT
3F

where @,, is the activity of M (M=La, Li) in the M-Bi intermetallic
compounds, taking pure M (M=La, Li) as the standard state.

The relative partial molar Gibbs free energies of La in the La-Bi
intermetallic compounds, were also calculated from the obtained
emf, AE vs (La(lll)/La)/V, by the following equations:

emf =AE=-

In a,, (17)

AGL.=-3FAE=RTIna,, (18!

AG.. is the relative partial molar Gibbs energy of La in the La-Bi
intermetallic compound.

The values obtained at different temperatures are given in Table
2 and Table 3. The a; in the two-phase coexisting states between
Li3Bi and Li was found to be in the order of 10° to 10™ as shown " .
Table 2. They are larger than the activities of La in La-Bi alloys »
Table 3.

And the standard Gibbs energy of formation of LisBi, AG{(Li,E )
can be calculated from the emf by the relation:

This journal is © The Royal Society of Chemistry 20xx
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Table 2 Thermodynamic properties of Li in the two-phase coexisting states between Li;Bi and Bi at different temperatures.
T(K) E(V) vs Li(I)/Li AG? (Li,Bi)/kJ mol* ay AG?(T)/kJ mol™
723 0.584+0.003 -169.07+0.87 8.48x10” -225.33+0.077T
748 0.578+0.005 -167.33+1.45 1.27x10™
773 0.572+0.004 -165.59+1.16 1.86x10™
798 0.565+0.003 -163.57+0.87 2.70x10" -255.40+0.059T%°
823 0.557+0.004 -161.25+1.16 3.88x10™

L The possible reasons are attributed to the different experimental
AG?! (Li Bi)=—3FAE (19)
f 3 - l

The temperature dependence of the emf is measured, and the
variation of the Gibbs energy of formation of Li;Bi with the
temperature (AGP(T) ) is also presented in Table 2. Weppner and
Huggin539 determined the Gibbs energy of formation of Li-Bi
intermetallic compounds in the temperature range between 628 K
and 873 K by emf method. Compared with their data, our
experimental data are different, with a relative deviation of 11%.

condition.

The standard molar Gibbs energies of formation AG® for La-Bi
intermetallic compound are calculated by the equation listed in
Table 4. Morisson and Petot™ determined the thermodynamic
properties of LaBi, in CaF,-LaF; melts in the temperature range of
823-1023 K using emf measurements. The value of Gibbs energy
formation for LaBi,at 823 K is very close to our experiment resu'*
The linear dependence of the energy of formation, of the different

Table 3 Thermodynamic properties of La for La-Bi intermetallic compounds in two-phase coexisting states at various temperatures.
T/K Eeq/V vs Ag/AgCl AE/V vs La(lll)/La AGuLa /1K) (mol La)™ ai,
Plateau (La)
723 -1.968+0.003
748 -1.961+0.003
773 -1.9504£0.002
798 -1.939+0.002
823 -1.921+0.001
Plateau |
723 -1.12240.003 0.846%0.006 -244.92+1.74 2.03x1078
748 -1.118+0.002 0.843+0.005 -244.05+£1.45 9.08x10™®
773 -1.109+0.002 0.841+0.004 -243.47+1.16 3.54x10™"
798 -1.102+0.003 0.837+0.005 -242.31+1.45 1.38x10*°
823 -1.09940.001 0.822+0.002 -237.97+0.58 7.86x107°
Plateau Il
723 -1.188+0.005 0.78+0.008 -225.81+2.32 4.83x10™"
748 -1.182+0.004 0.779+0.007 -225.52+2.03 1.79x10°*®
773 -1.176+0.006 0.77440.008 -223.49+2.32 7.86x107°
798 -1.17140.003 0.768+0.005 -221.47+£1.45 3.17x10™°
823 -1.164+0.004 0.75740.005 -219.15£1.45 1.23x10™
Plateau Ill
723 -1.240+0.001 0.728+0.004 -210.76%1.16 5.94x10*°
748 -1.23440.003 0.72740.006 -210.47+1.74 2.01x10™°
773 -1.2314+0.002 0.71940.004 -208.15+£1.16 8.57x10™°
798 -1.226+0.004 0.713+0.006 -206.411.74 3.08x10™
823 -1.216+0.006 0.705+0.007 -204.10+2.03 1.11x10™
Plateau IV
723 -1.28440.006 0.684+0.009 -198.02+2.61 4.95x10™°
748 -1.278+0.004 0.683+0.007 -197.73+2.03 1.56x10™
773 -1.269+0.005 0.681+0.007 -197.15+2.03 5.24x10™
798 -1.261+0.006 0.678+0.008 -196.28+2.32 1.10x107
823 -1.247+0.007 0.674+0.008 -195.12+2.32 4.11x10™
Plateau V
723 -1.656+0.001 0.312+0.004 -90.32+1.16 2.97x107
748 -1.650+£0.003 0.311+0.006 -90.04+1.74 5.15x107
773 -1.644+0.002 0.306%0.004 -88.59+1.16 1.04x10°
798 -1.642+0.002 0.297+0.004 -85.9811.16 2.35x10°
823 -1.639+0.002 0.282+0.003 -81.68+0.87 6.33x10°
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Table 4 Standard molar Gibbs energies of formation for La-Bi intermetallic compounds |
Intermetallic Equation T /K AGS/kJ mol™* AGS(TYkImol* |
compound [
LaBi, AG®(LaBi,) =—3F AE, 723 -244.92+1.74 -269.22+0.033T |
748 -244.05+1.45 |
773 -243.47%1.16
798 -242.31#1.45 |
823 -237.9740.58 :
-236.29 %
LaBi AG?(LaBi):E[AG?(LaBiZ)—SFAEz] 723 -235.3612.03 -269.55+0.047T |
2 748 -234.79+1.74 [
773 -233.48+1.74 |
798 -231.89+1.45 [
823 -228.5611.01 |
LayBi3 AG®(La,Bi;) =[ 3AGS(LaBi) -3F AE, | 723 -916.85+7.24 -1065.20+0.20T
748 -915.11+6.95 |
773 -908.60+6.37 I
798 -902.0816.08 |
823 -889.7815.07
LasBi; AG®(La,Bi,) = AG?(La,Bi,) - 3FAE, 723 -1114.87+9.84 -1280.12+0.23T
748 -1112.84+8.97 |
773 -1105.75+8.40 |
798 -1098.37+8.40
823 -1084.90+7.38 |
. ) + )
La,Bi AGS (La, Bi) =%[AG?(LaSBi3)—3FAE5] ;i: _28(1);2;2655; 470.96+0.094T |
773 -398.11+3.18 !
798 -394.78%3.19
823 -388.8612.75
L
intermetallic compounds, with the temperatures, was also '
presented in Table 4. :
|
Galvanostatic and potentiostatic electrolysis and characterization :
of the deposits
To confirm the underpotential deposition of La on liquid Bi,
galvanostatic and potentiostatic electrolysis were carried out on a :
Bi coated W electrode in the LiCl-KCI-LaCl;-BiCl; melts. The La-Bi {
alloys prepared were always residue-shaped in moten salts whether |
at low or high temperature, we could not collect the La-Bi alloys. |
Therefore, galvanostatic and potentiostatic electrolysis were |
executed on a liquid Bi pool electrode in the LiCl-KCI-LaCl; melts. Fig. 7500 |
9 shows SEM image and XRD pattern of alloy sample obtained by b @ m -LaBi, |
galvanostatic electrolysis (-0.1 A) for 8 h in LiCl-KCl-LaCl (3.7x10™ 6000 L : -?Bl;' |
mol cm™®) melts on a liquid Bi pool electrode. The XRD pattern ® :B:“ ' '
shows that the sample is comprised of LaBi,, LaBi, LisBi and Bi 3: 4500 1 !
phases. Fig. 10 shows XRD pattern of alloy samples obtained by E"
potentiostatic electrolysis at -1.4 V in LiCl-KCl-LaCls (3.7x10" mol ‘B :
cm™) melts on a liquid Bi pool electrode for 4 h and 6 h, respectively. § 3000 |
The XRD patterns show the formation of different La-Bi = '
intermetallic compounds. La-rich compound, La,Bi, can be obtained 1500
by potentiostatic electrolysis with increasing the electrolysis time,
but intermetallic compounds, La,Bi; and LasBis, do not produced 020 30 40 50 60 70
under our experimental conditions. 26/deg. I
Fig. 9 SEM image (a) and XRD patterns (b) of the sampl
. obtained by galvanostatic electrolysis for 8 h at -0.1 Aon a |
Conclusion liquid Bi pool electrode (S=1.53 cm®) at 773 K. |
8 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx
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Fig. 10 XRD patterns of the samples obtained by

potentiostatic electrolysis for 4h (a) and 6h (b) at -1.4 V in
LiCI-KCI-LaCl3 (3.7><10'4 mol cm'3) melts on a liquid Bi pool
electrode (5=1.53 cmz) at 773 K.

The electrochemical behavior of La (lll) was investigated in LiCl-
KCl-LaCl; melts using a series of electrochemical techniques on
liquid Bi electrodes (i.e. Bi pool and Bi coated W electrodes) at 773
K. The redox potentials of the La(lll)/La couple on a liquid Bi
electrode were observed at more positive potential values than that
on an inert W electrode. This potential shift was due to a lowering
of activity of La in liquid Bi phase caused by the formation of La-Bi
intermetallic compounds. The diffusion coefficient of La in liquid Bi
phase was measured by chronopotentiometry and was found to be
1.81x10° cm’s™.

Electromotive measurements for different
intermetallic compounds in two-phase coexisting states were
carried out in the temperature range of 723-823 K. The activities of
M (M=La, Li) in the M-Bi intermetallic compounds as well as the
Gibbs energy of formation for M-Bi (M=La, Li) intermetallic

force, emf,

compounds, LaBi,, LaBi, La,Bi3, LasBis, La,Bi, and LizBi were obtained.

The linear dependence of the standard molar Gibbs energies of
formation of M-Bi (M=La, Li) intermetallic compounds with
temperature was presented.

La-Bi and La-Li-Bi alloys were directly fabricated by potentiostatic
and galvanostatic electrolysis on a liquid Bi pool electrode in LiCl-
KCl-LaCl; melts at 773 K. LaBi,, LaBi and La,Bi phases, characterized
by XRD, in bulk La-Bi alloys which were obtained by potentiostatic
electrolysis. During the process of galvanostatic electrolysis, La-Li-Bi
alloys obtained were comprised of LaBi,, LaBi and Li3Bi phases.
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