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The electrochemcal behavior of Ba2+ on several liquid metal electrodes (AI, Bi, Cd, Pb, Sn 
and Zn) in a NaCl-KCl equimolar solvent at 1000 K has been investigated by means of cyclic 
voltammetry and chronopotentiometry. The kinetic parameters and the diffusion coefficient for 
Ba2+ were determined by cyclic voltammetry with conventional, semi-integral, semi-differential 
methods and chronopotentiometry. It was revealed that on a liquid Pb electrode in the NaCl-
KC1 system at 1000 K the quasi-reversible cathodic reaction Ba2+ + 2e~ + Pb —> BaPb takes 
place. In addition, the kinetic parameters and the diffusion coefficient agree well with the values 
determined by various electroanalyses. The possibility of alloy formation between Ba and Sn was 
also demonstrated in this paper. 
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1. Introduction 

The electrochemical behavior of Ba2+ at liquid 
metallic cathodes in molten chloride systems is worth 
investigating because of its importance in nuclear en-
gineering. For the Integral Fast Reactor (IFR) concept 
of Argonne National Laboratory [1 - 3] we have made 
proposals. The IFR concept contains a sophisticated 
idea of pyrochemical reprocessing in the nuclear fuel 
cycle. It is convenient to recover fission products like 
alkali and alkaline-earth elements in the salt phase 
in order to use the salt bath repeatedly. However, it 
is difficult to recover these elements from the salt 
bath because of their more negative reduction poten-
tials [4] than those of the components of the solvent. 
Our laboratory has already examined the alloy for-
mation reaction for Eu2+, Sr2"1" [5] and Cs+ [6] on the 
liquid Pb electrode in chloride and fluoride systems. 
We have demonstrated that the alloy formation reac-
tion for EU2+ and Sr2"*" is a quasi-reversible reaction 
at 1073 K. For Ba2+ [7] we have reported that the 
order of the thermodynamic characteristics and ac-
tivity coefficients for various cathodes is consistent 
with the tendency of the selectivity in our results be-

cause the partial molar excess Gibbs energy and the 
activity coefficient correspond to the miscibility of 
Ba in each liquid metal. Although the diffusion coef-
ficients of alkaline-earth elements on liquid metallic 
electrodes were determined by electrochemical mea-
surements [8], the electrochemical behavior of Ba2+ 

on other liquid metallic cathodes was not revealed. 
We therefore selected AI, Bi, Cd, Pb, Sn and Zn as 
liquid metallic cathodes. 

2. Experimental 

(a) Melt Preparation 

The chloride reagents were NaCl (Wako Chem. 
Ind. Ltd.: > 99.5%), KCl (Kanto Chem. Ind. Ltd.: > 
99.5%) and BaCl2 (Wako Chem. Ind. Ltd.: > 99.5%). 
Equal molar amounts of finely crushed NaCl and KCl 
and introduced in a quartz cell. The mixture was de-
hydrated by heating under vacuum at 973 K for about 
7 h and then melted at 1073 K. The solute was also 
introduced in a quartz cell and dehydrated by heat-
ing under vacuum at about 673 K for about 24 h. 
The metal reagents used as liquid electrodes were Al 
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Fig. 1. The furnace cell assembly used in electrochem-
ical measurements A: Silicon stopper, B: Stainless steel 
cell, C: Tungsten wire (lead to crucible), D: Quartz tube 
(covering the liquid electrode), E: Liquid metallic working 
electrode (AI, Bi, Cd, Pb, Sn and Zn), F: Graphite cru-
cible (counter electrode), G: Cooling water, H: Quartz tube 
(covering thermocouple), I: Thermocouple, J: Quartz tube 
(covering tungsten wire), K: 6mm 0 hole, L: Tungsten wire 
(lead to liquid metal), M: Pt wire (quasi-reference elec-
trode), N: Molten salt (NaCl-KCl equimolar mixture), O: Ar 
gas outlet, P: Ar gas inlet. 

(Wako Chem. Ind. Ltd.: > 99.9%), Bi (Nilaco Co.: > 
99.999%), Cd (Wako Chem. Ind. Ltd.: > 99.9%), Pb 
(Wako Chem. Ind. Ltd.: > 99.9%), Sn (Wako Chem. 
Ind. Ltd.: > 99.9%) and Zn (Kanto Chem. Co.: > 
99.9%). 

(b) Electrodes and Electrical Devices 

The furnace cell assembly is shown in Figure 1. The 
quasi-reference electrode was a Pt wire (1.5 mm0, Ni-
laco Co.: > 99.98%). Platinum makes no alloy with 
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Ba and alkali metals. Platinum exhibits high electro-
chemical stability and its practical oxidation potential 
was close to the value at which chlorine gas evolves. 
The electrode was rinsed in a IN HCl solution and 
degreased with acetone before experiments. Before 
the electrochemical experiments, pre-electrolysis was 
carried out with a graphite electrode under a constant 
current then quitted before the deposition of the bath. 
A graphite crucible (MS-G, Tokai Carbon: > 99.9%) 
was used as a counter electrode. A tungsten lead wire 
was connected to this crucible with ceramic binder. 
Six different liquid electrodes (Al: m. p. 933.4 K, Bi: 
m.p. 544.3 K, Cd: m.p. 593.9 K, Pb: m.p. 600.5 K, 
Sn: m. p. 504.97 K and Zn: m. p. 692.6 K) were used 
as working electrodes. They were prepared as fol-
lows. About 5 g of the metal which were introduced 
in the quartz tube (7.5 mm inside diameter) which 
had a hole of 6 mm diameter about 2.5 cm above 
its bottom. A tungsten lead wire was almost covered 
by the quartz (2.5 mm inside diameter) and only the 
bottom edge of the tungsten wire was immersed into 
the liquid metals covered by the quartz tube to pre-
vent detection of the reaction on the tungsten wire 
in the melt bath. This liquid electrode was kept over 
the melt during pre-electrolysis. After the pre-electro-
lysis, this electrode was immersed into the bath. Then 
we carried out the electrochemical measurement with 
a potentio/galvanostat (Type 2001, Toho Tech.). 

3. Results and Discussion 

The cyclic voltammogram and chronopoten-
tiogram of Ba2+ were made on a liquid metallic cath-
ode in order to obtain the kinetic parameters and dif-
fusion coefficients by conventional, semi-integral and 
semi-differential methods. The derived properties are 
compared with each other as follows. 

(a) Conventional Electroanalysis of a Series of 
Voltammograms 

Typical cyclic voltammograms for Ba2+ and no 
Ba2+ on a liquid Pb cathode are shown in Figs. 2 and 3, 
respectively. In Fig. 2 there are three cathodic peaks. 
Peak 1 at around 0 V corresponds to the reduction of 
Pb2+/Pb, brought about by the anodic dissolution. Ad-
ditionally, it is conjectured that peak 2 indicates the 
alloy formation reaction between Ba and Pb, since 
Fig. 3 which shows no peak except for the reduction 
of Pb2+/Pb. 
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Fig. 2. Cyclic voltammogram for BaCl2 on a liquid Pb 
electrode in the NaCl-KCl equimolar mixture at 1000 K. 
Sweep rates: run (1) 0.2 V/s, run (2) 0.1 V/s, run (3) 0.05 V/s, 
run (4) 0.01 V/s. 
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Fig. 3. Cyclic voltammogram for the NaCl-KCl system on 
a liquid Pb cathode at 1000 K, sweep rate: 0.1 V/s. 

Probably we are dealing with an irreversible sys-
tem rather than a reversible one because the ca-
thodic peak potential is slightly shifted to the neg-
ative side on increasing the sweep rate, and the ohmic 
drop is large. Therefore we applied for peak 2 in 
Fig. 2 the relation for conventional electroanalysis of 

Table 1. The kinetic parameters and the diffusion coefficient 
for Ba2+ on the liquid Pb electrode in the NaCl-KCl system 
at 1000 K from the various electroanalysis. 

Qtij * k° x 106 (m/s) ** DxlO9 (m2/s) * Method 

0.86±0.04 — 1.3±0.2 CV (conventional) 
0.92±0.03 1.7±0.5 1.1 ±0.3 CV (semi-integral) 
0.84±0.04 — 1.2±0.3 CV (semi-different.) 
0.87±0.06 2.2±0.4 1.0±0.2 CP 

1.08±0.16 CP [8] 

* The errors of an a and D are due to the potential and current in 
CV and CP. ** The error of k° is due to the least square method. 

u 
cu 

Sweep rate v m N m • s"1/2 

Fig. 4. Relationship between the square root of sweep rate 
and peak current. 

a voltammogram [9], 

. anaF 
In 2n = (Ep - £1/2) 

1.0 

RT 

+ ln(0.227 x 10~3 x NaFAC*k), 

(1) 

where ip is the peak current, Ep the peak potential, 
E{i2 the half wave potential, a a transfer coefficient, 
k° is the standard rate constant, F the Faraday con-
stant, a the surface area of the working electrode and 
C* the bulk concentration. According to (1), a n a 

is calculated from the slope of the plot of lnip vs. 
Ep — E\/2- In addition, we determined the diffusion 
coefficient D by the relation [9] 

zp = 0.4958 x \ 0 - 3 n & F A C * D l / 2 v l / 2 ^ £ - U \ (2) 
RT 
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Fig. 5. Semi-integral curve plotted for BaCl2 on a liquid 
Pb cathode in the NaCl-KCl system at 1000 K. Sweep rate: 
0.05 V/s. 

where u is the sweep rate. The resultant value is listed 
in Table 1. For the observed cathodic peak, we as-
sumed that na = 2 electrons are transferred. We plot-
ted the variations of the peak currents vs. the square 
root of the sweep rates from 0.01 to 0.2 V/s in Figure 4. 
The peak currents were found to be almost propor-
tional to the square root of the sweep rates. Therefore 
it is concluded that the overall reaction is controlled 
by diffusion. The other conventional electroanalysis, 
as for the width between the reduction peak and the 
oxidation peak, could not be applied to peak 2 because 
there is no anodic peak corresponding to the reduction 
peak, as shown in Figure 2. Therefore we determined 
the kinetic parameters by applying semi-integral and 
semi-differential electroanalysis aa discussed in the 
following. 

(b) Semi-integral and Semi-differential Electro-
analysis of the Cathodic Voltammogram 

As mentioned, we calculated the kinetic parame-
ters by considering an irreversible system. A typical 
semi-integral curve (Fig. 5) obtained from a linear 
sweep voltammetric experiment with v = 0.05 V/s 
(Fig. 2, run 3) yields a semi-integral limiting current, 
m* =0.815 A s1 / 2 for the liquid Pb electrode. The 
occurrence of a plateau in the region of the cathodic 
potential proves that the rate of transfer is limited by 
diffusion; the plateau height is given by [10 - 13]. 

Fig. 6. Logarithmic analysis of the semi-integral of the curve 
plotted for BaCl2 on the liquid Pb electrode in the NaCl-KCl 
system at 1000 K. 

m* = na FACVD, (3) 

Assuming that the number of electron transferred 
is 2, this equation enables us to calculate the diffusion 
coefficient of Ba2+ in this melt. The calculated diffu-
sion coefficients are listed in Table 1. In addition, by 
adopting the equation 

E = E° + 
RT 

In 
k° RT 

an^F Dx!2 an*F 
in m * - m ( t ) (4) 

m 

to the alloy formation peak as irreversible system, 
we evaluated the kinetic parameters. In (4) E is the 
apparent standard potential, E° the equilibrium po-
tential of alloy formation, m a semi-integral value 
calculated from the current as a function of time t, 
and i the current. According to (4), a plot of E vs. 
ln{(m* - m(t))/i(t)} gives a straight line having a 
slope of RT/anaF. A typical example is shown in 
Fig. 6 with 0.05 V/s. The calculated kinetic parame-
ters are also listed in Table 1. 

In semi-differential electroanalysis which provides 
a clearer peak than the conventional cyclic voltam-
mogram, the kinetic parameters can be obtained from 
the equations (5a) for the peak width Wp and (5b) for 
the peak height ep [14 - 16]. 

2.94 RT 
anaF 

(5a) 
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/ 0 

i 1 
|iH-747346ê l 
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Fig. 9. Logarithmic analysis of the chronopotentiogram for 

Fig. 7. Semi-differential curve plotted for BaCl2 on a liquid BaCl2 on the liquid Pb electrode in the NaCl-KCl system at 
Pb cathode in the NaCl-KCl system at 1000 K, sweep rate: 1000 K. 
0.1 V/s. 
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Fig. 8. Chronopotentiogram for BaCl2 on the liquid Pb elec-
trode in the NaCl-KCl system at 1000 K, cathodic current 
density;-0.6 x 104A/m2. 

e n = 
an\F2 AvC* \fD 

3.367 RT 
(5b) 

a" c/3 " 

Fig. 
tion 

Reverse of current density i'dX 10 m /A 
10. Relationship between the square root of the transi-
time and the reverse of the current density. 

(c) General Features and Characterization of the 
Chronopotentiometric Electroanalysis 

A typical semi-differential curve obtained from the All these features for Ba can also be depicted 
semi-integral curve is shown in Figure 7. The ob- on the chronopotentiogram of Figure 8. A series of 
served peak width Wp = 0.548 V gives the kinetic chronopotentiograms on a liquid Pb electrode for var-
parameter cma = 0.84. The diffusion coefficient ob- ious current densities has also been examined. Using 
tained by (5b) is listed in Table 1. the equation 
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E = E°+ 
RT 

ln 
2 

cxn^F (7T.D)1/2 anaF 
+ J ? ? L l n ( T l / 2 _ t l / 2 ) ) ( 6 ) 

a n a was calculated from the slope of E vs. 
ln (r1 /2 — t1/2) plots, as shown in Figure 9. This 
method yields cma = 0.87, which is reasonably simi-
lar to its values determined by cyclic voltammogram, 
as shown in Table E The diffusion coefficients of 
Ba2+ in this melt, calculated from Sand's law [17] 
and the standard rate constant, which is extrapo-
lated to l n ^ 1 / 2 — t1//2) = 0, are summarized in Ta-
ble 1. The kinetic parameters and diffusion coeffi-
cients agree well with the values determined from 
the various electroanalyses. The diffusion coefficient 
is also in reasonable agreement with the value of 
1.08±0.16x 10~9 m2/s reported by Volkovich [8], 

The chronopotentiometric determinations showed 
that the Sand product was constant, i. e., the square 
root of the transition time was found to be almost 
proportional to the reverse of the current density in 
Figure 10. Therefore it is concluded that the overall 
reaction is controlled by diffusion. 

(d) Cathodic Behavior ofBa2+ in the Molten 
NaCl-KCl System 

For liquid AI, Bi, Cd, and Zn electrodes there were 
found no alloy formation peaks and plateaus in the re-
duction part of cyclic voltammograms and chronopo-
tentiograms. However, in the case of liquid Pb and 
Sn electrodes, we observed several cathodic peaks in 
voltammograms, as shown in Figs. 2 and 11, respec-
tively. A typical cyclic voltammogram for no Ba2+ on 
a liquid Sn cathode is shown in Figure 12. The second 
cathodic peak around -1.5 V at 0.05 V/s in Fig. 2 was 
observed, and it was somewhat irreversible since the 
peak positions depend on the sweep rates. The ca-
thodic limit around -2.0 V corresponds to the deposi-
tion of solvent, i. e., the reduction of Na+/Na. Accord-
ing to the Ba-Pb phase diagram [18] in this condition 
at 1000 K, the second peak can be attributed to the 
reduction of Ba2+, and this alloy formation reaction 
is considered to be the reaction 

Ba2+ + 2e~ + Pb BaPb. 

The Nernst equation for reaction (7) gives 

a Ba2+ 

^ B a 2 + / B a ~ ^ B a ( P b ) 
RT , 

+ — - ln 
2 b aßa(Pb) 

( 7 ) 

(8) 

Potential E/V(ys. Pt Q.R.E) 

Fig. 11. Cyclic voltammogram for BaCl2 on liquid Sn elec-
trode in the NaCl-KCl equimolar mixture at 1000 K, sweep 
rates: run (1) 0.4 V/s, run (2) 0.2 V/s, run (3) 0.1 V/s, run 
(4) 0.05 V/s. 

where £Ba2+/Ba is the apparent standard potential of 

-1.0 

Potential EN (vs. Pt Q.R.E) 

Fig. 12. Cyclic voltammogram for the NaCl-KCl system on 
a liquid Sn cathode at 1000 K, sweep rate: 0.1 V/s. 

Ba, £Ba(Pb) equilibrium potential of Ba-Pb alloy, 
a B a 2 + the activity of Ba in the melt, and a B a ( P b ) the ac-
tivity of the Ba-Pb alloy. It is possible to shift £ B a 2 + / B a 

to more positive values by decreasing the activity of 
the deposited metal in (8). 
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Fig. 13. Chronopotentiogram for BaCl2 on the liquid Sn 
electrode in the NaCl-KCl system at 1000 K, cathodic cur-
rent density; -0 .6x 104A/m . 

The chronopotentiogram of BaCl2 in NaCl-KCl 
shows that the plateau around -0.5 V corresponds 
to the deposition of Pb, and the peak around -1.5 V 
corresponds to the alloy formation of Ba on a liquid 
Pb cathode, followed by the deposition of solvent Na 
around -2.8 V, as shown in Figure 8. On the other 
hand, in case of a liquid Sn electrode, there are sev-
eral cathodic plateaus in the chronopotentiongrams, 
as shown in Figure 13. The peak 1 in Fig. 12 and the 
plateau 1 in Fig. 13 correspond to the reduction of 
Sn2+. Fom the phase diagram at [19 - 22], we could 
not confirm the formation of an alloy between Ba and 
Sn because the phase diagram is not well defined at 
this temperature. However, it is conjectured by com-
parison with Figs. 11 and 12 that the decomposition 
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