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Abstract

The electrode reactions of the Np**/Np couple at liquid Cd and Bi electrodes were investigated by cyclic voltammetry
at 723,773 and 823 K in the LiCI-K Cl eutectic melt. It was found that the diffusion of Np>* in the salt phase was the
rate-determining step in the cathodic reaction when the concentration of NpCl; was less than about 1 wt % and the
liquid Cd or Bi phase was not saturated with Np. The redox potentials of the Np>*/Np couple at the liquid Cd electrode
at 723, 773 and 823 K were observed to be more positive than those at the Mo electrode by 0.158, 0.140 and 0.126 V,
respectively. The potential shift results from a lowering of the activity of Np in the Cd phase according to the formation
of the NpCd,; alloy at 723 K and NpCdg at 773 and 823 K. The redox potentials of the Np*"/Np couple at the liquid Bi
electrode at 723, 773 and 823 K were more positive than those at the Mo electrode by 0.427, 0.419 and 0.410 V,
respectively, which is attributable to a lowering of the activity of Np in the Bi phase due to the formation of NpBi,.

1. Introduction

Pyrochemical reprocessing of nuclear fuels using molten
salts has been developed for recovering actinides from
spent metallic and nitride fuels [1-5]. In the electrore-
fining step of the pyrochemical reprocessing, spent
metallic or nitride fuels are dissolved at the anode in a
LiCl-KCl eutectic melt, and the actinide elements are
recovered as metals at the cathode. It has been proposed
that U is selectively recovered at the solid cathode, since
the formation energy of UCI; is lower than those of the
chlorides of other actinides. Pu and the minor actinides
(MAs) are then obtained at the liquid metal cathode as a
mixture of U, Pu and MAs, due to their low activity
coefficients in the liquid metals such as Cd, Bi etc. [2, 3].
Since Cd and Bi have low melting points and the
activities of Pu and the MAs in their liquid metal phases
are very low [6], Cd and Bi are useful as typical liquid
solvents for the reductive extraction method and liquid
cathodes for the electrorefining method. Therefore,
several studies have been conducted on the distribution
behaviours of U, Pu and the MAs between the LiCl-
KClI eutectic melt and liquid Cd or Bi, and the activities
of these elements in liquid Cd or Bi phase [7-10]. The

authors have reported the redox potentials of the U*"/U
and Pu*"/Pu couples at the liquid Cd and Bi electrodes
in LiCI-K CIl melts by considering the formation energies
of intermetallic compounds [11-13]. For Np, although
the thermochemical information such as the formation
energies of intermetallic compounds and the solubilities
on Np in the liquid Cd and Bi phases has already been
reported [14-16], the information on the electrode
reaction of the Np>*/Np couple at the liquid Cd and
Bi electrodes has not yet been reported.

In the present study, the electrode reactions of the
Np**/Np couple at the surface of the liquid Cd and Bi
were investigated, then comparing them to that at a
solid Mo electrode. The differences between the redox
potential of the Np**/Np couple at the solid electrode
and those at the liquid Cd and Bi electrodes were
thermodynamically interpreted by the formation ener-
gies of the Np—Cd alloy and Np—Bi alloy.

2. Experimental details

The electrochemical cell used for the voltammetric
studies was previously shown [11]. Liquid Cd and Bi
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electrodes, used as the working electrodes, were pre-
pared as follows. Some granules of Cd (99.999%;
Soekawa Chemicals Co.) and of Bi (99.99%; Soekawa
Chemicals Co.) were placed in separate crucibles made
of high-purity aluminum nitride (99.6% AIN; Nikkato
Co.). The crucibles were immersed in the LiCI-K CIl melt
phase. A Mo wire (>99.95%; Soekawa Chemicals Co.)
of 1.0 mm diameter sheathed with a high purity alumina
tube of 1.0 mm inner diameter and 2.0 mm outer
diameter was then immersed in the liquid metal phase
to be used as a lead wire. The surface area of the liquid
metal electrode was 0.605 cm?, ignoring the distortion of
the liquid metal surface due to the surface tension and
wetting of the surface of the crucible. Before every
voltammetric scan, Np was released from the liquid Cd
and Bi phases and into the salt phase by the application
of —0.8 and —0.6 V, respectively, on the surface of the
liquid Cd and Bi phases. A Mo wire of 1.0 mm diameter
also served as a working electrode in order to compare it
with the Cd and Bi electrodes. The Mo wire was encased
in a high purity alumina tube in such a way that the
apparent surface area of 0.332 cm? was exposed to the
molten salt. A silver—silver chloride (Ag/AgCl) electrode
served as the reference electrode. The reference electrode
consisted of a closed-end porous mullite tube (50%
AlLO; + 46% SiO»; Nikkato Co.), in which the LiCl-
KCl eutectic salt containing 1.00 wt % AgCl was
placed, and an Ag wire of 1.0 mm diameter was
immersed in the salt. A carbon rod (99.998%; Tokai
Carbon Co.) of 3.0 mm diameter sheathed with a high
purity alumina tube of 3.0 mm inner diameter and
5.0 mm outer diameter was used as the counter elec-
trode. The surface area of the carbon counter electrode
in contact with the salt phase was about 6.5 cm”. The
temperature of the molten salt was controlled to £0.5 K
by a calibrated chromel-alumel thermocouple immersed
in the electrolyte. Cyclic voltammograms were obtained
using a voltammetric analyser (BAS CV-50W).

The polarographic-grade LiClI-KCl eutectic and
CdCl, salts were obtained from the Anderson Physics
Laboratory. By reacting CdCl, in the LiCI-KCI eutectic
melt with Np in the molten Cd phase at 773 K, the salt
phase containing about 20 wt % NpCl; was prepared
[17]. This salt was added to the LiCI-KCl eutectic melt
in order to adjust the concentration of NpCl; for the
cyclic voltammetry. The concentration of NpCls in the
LiCI-KClI eutectic melts was determined by ICP-AES.

The voltammetric measurements were carried out in a
glovebox with a high-purity argon gas atmosphere
(H,0, O, < 2.0 ppm).

3. Results and discussion

3.1. Electrode reaction of the Np®”/

Cd electrode

Np couple at the liquid

Cyclic voltammograms for the redox reaction of the
Np**/Np couple are shown in Figure 1. Curve 1 shows
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Fig. 1. Cyclic voltammograms for the redox reaction of the Np**/Np
couple at the liquid Cd electrode (curves 1 and 2) and at the Mo
electrode (curve 3) at 723 K. Scan=0.01 V s!; concentration of
NpCl; 0.465 wt % (curves 1 and 3), none (curve 2); apparent area of
the working electrode 0.605 cm? (curves 1 and 2), 0.322 cm? (curve 3).

the voltammogram for the redox reaction at the
interface between the LiCI-K Cl eutectic melt containing
0.465 wt % (7.00 x 10~* mole fraction) NpCl; and
liquid Cd at a scan rate of 0.01 V s~ at 723 K. Curve
2 shows the voltammogram obtained at the interface
between the LiClI-K Cl melt in the absence of NpCl; and
liquid Cd. The final rise derived from the oxidation of
Cd (Cd=Cd*" + 2¢") was observed when the potential
of the liquid Cd electrode was scanned to potentials
more positive than —0.6 V. The final descents observed
around —1.5V in curves 1 and 2 correspond to the
reduction of Li" (Li=Li" + e7); this was presumed
from the relation between the redox potential of the Li"/
Li couple and the formation energy of the Li—-Cd alloy
[18]. Here, the final rise and the final descent involve
large positive and negative currents, respectively, limit-
ing the potential window. There are cathodic and anodic
peaks in curve 1. In the region of potential scanning
between 0.01 and 0.20 Vs™', the anodic and the
cathodic peak potentials, £y and Ej, remained almost
constant. These peaks may be attributed to the redox
reaction of the Np**/Np couple, since the number of
transferred electrons was calculated to be 2.8-2.9 from
the relation between Ej and the cathodic half-peak
potential, E; /2 of the cyclic voltammograms obtained at
723 K in the region of the potential scanning rate
between 0.01 to 0.20 Vs™' (ES — ES ), = —22RT/nF)
[19]. Figure 2 shows that a plot of the cathodic peak
current against the square root of the scan rate is
approximately linear between 0.01 and 0.50 V s™'. The
cathodic peak current was proportional to the concen-
tration of NpCl; and increased with temperature, as
shown in Figure 3. The temperature dependence of the
peak current can be understood by considering the
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Fig. 2. Plot of cathodic peak current against square root of the
potential scanning rate (v) on the cyclic voltammograms for the redox
reaction of the Np>'/Np couple at the Cd electrode at 723 K.
Concentration of NpCl; 0.465 wt %; apparent area of Cd electrode
0.605 cm”.
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Fig. 3. Plot of cathodic peak current against concentration of NpCl;
(enper) on the cyclic voltammograms for the redox reaction of the
Np**/Np couple at Cd electrode at 723, 773 and 823 K. Scan rate
0.01 V s7'; apparent area of Cd electrode 0.605 cm?.

temperature dependence of the diffusion coefficient of
Np*" in the salt {723 K; (1.73 + 0.09) x 107> cm? s,
773 K; (2.48 + 0.15) x 107° cm? s™!, 823 K; (3.48 +
0.23) x 107 cm? s™'} [17]. The above characteristics
indicate that the redox reaction of the Np>*/Np couple
is almost reversible under the experimental conditions.
The redox potential can be evaluated from the half wave
potential, E;,, which is approximated by the midpoint
potential, E,,, between EY and E7 [20]. The E; ), values at
723, 773 and 823 K are —1.361 £ 0.002 V, —1.345
+ 0.002 and —1.321 = 0.002 V, respectively, as shown
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in Table 1. On the other hand, E,/ values can also be
estimated from the relation between E;, and E;,
-1.364 £ 0.002 V, -1.345 £+ 0.002 and -1.322 =+
0.002 V at 723, 773 and 823 K, respectively, and that
between E, and E;/z, —-1.362 + 0.002 V, —1.344 +
0.002 and —-1.321 £+ 0.002 V at 723, 773 and 823 K,
respectively. These values are in fair agreement with the
E,, values.

The cathodic and anodic peaks correspond to the
redox reaction of the Np>*/Np couple in the case of a
Mo working electrode in the NpCl;—LiCI-KCl system,
as shown by curve 3 in Figure 1 [17]. Table 2 shows that
the redox potentials of the Np**/Np couple at the liquid
Cd electrode at 723, 773 and 823 K appeared more
positively by about 0.158, 0.140 and 0.126 V, respec-
tively, than those at the Mo electrode. It was postulated
that the potential difference between the redox poten-
tials of the Np**/Np couple at the liquid Cd electrode
and those at the Mo electrode were attributed to a
lowering of the activity of Np in the Cd phase [6,15],
from the analogy to other cases such as the electrode
reaction of the Pu®*/Pu couple at the liquid Cd electrode
[11]. Since activitiy of Np in the Cd phase depends on
the dissolved condition and concentration of Np in the
Cd phase, the potential difference can be explained as
described below by assuming the formation of the
NpCd, (n=6, 11) alloy which is a stable intermetallic
compound among the Np—Cd system. NpCd, will be
formed in the liquid Cd phase according to Equation 1.

Np + »nCd = NpCd, (1)

The thermodynamic equilibrium constant, Knpcg, , in the
above reaction is written as Equation 2:

Knpca, = [NpCd, ]Jcq/{[Nplcq[Cd]ey (2)

where the square brackets, [ ]cq, represent the activities
of NpCd,,, Np and Cd in the liquid Cd phase, respec-
tively. On the other hand, the redox potential of the
Np**/Np couple at the solid electrode vs the Ag/AgCl
reference electrode, Ey,+ /np» Is expressed as follows:

. RT . [[Np**]
_ !
Expre e = Expre o 350 n[ Np] )
Here, E;’lp3+ )np I8 the formal potential and T is the

temperature in K. Accordingly, the redox potential of
the Np*'/Np couple at the liquid Cd electrode,
ENp /Np-cd> is described by considering Equations 2
and 3 as follows:

RT

: Kxped, INP][Cd]Ey
ENszr/prCd — ET\/Ip3+/Np + 37F n

[NPCd, ]cq

(4)

Equation 4 can be transformed into Equation 5.
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Table 1. Cathodic and anodic peak potentials, E5 and Ef, and cathodic half-peak potential, EY ,, in the cyclic voltammograms for the redox
reaction of the Np* " /Np couple at liquid Cd electrode in the LiCI-K Cl eutectic melt containing 0.333, 0.380, 0.430 and 0.465 wt % NpCl; at 723,

773 and 823 K

NpCl; conc. Temperature Ey

E3 EF

p/2
Jwt % /K /v A% A% A%
723 —-1.388 -1.336 -1.362 -1.339
0.333 773 -1.371 -1.318 —1.345 -1.321
823 —1.348 -1.294 -1.321 -1.296
723 -1.387 -1.334 —1.361 —-1.338
0.381 773 -1.369 -1.317 —1.343 -1.318
823 -1.346 -1.291 -1.319 -1.293
723 -1.389 -1.335 -1.362 —-1.341
0.430 773 -1.372 -1318 —1.345 -1.321
823 —-1.348 -1.293 -1.321 -1.295
723 -1.386 -1.334 —-1.360 -1.337
0.465 773 -1.371 -1.319 —1.345 -1.321
823 -1.349 -1.293 -1.321 -1.296

Table 2. Standard redox potentials of the Np® /Np couple in the LiCI-KCl eutectic melt containing NpCls (ENp” xp) [17], those at Cd electrode

(E Np cq)» Potential differences (AE) between E Np> /Np and EN S /Np_Cd? free energies of formation of NpCdy in Cd phase (AG) estimated from
AE Vafues free energies of formation of NpCdg (AGmej ) [6] and free energies of formation of NpCd,, (AG{'NpCd ) [6]
Temp. Ed o E s mpca AE AG AGprCd(1 AGmpCdll
/K v 1A% /V /kJ mol /kJ mol™ /kJ mol™"
723 -1.5191 -1.361 0.158 45.7 55.4 58.9
773 —1.4845 —1.345 0.140 40.5 51.3 50.8
823 —1.4474 -1.321 0.126 36.5 47.2 42.7
P g AG;\IpCd 1 No AGNpCd in the temperature region between 650 and
Np™*/Np—Cd =~ “Np**/Np — — 3F + 3 [Np™'] 758 K and AGN cd, 10 the temperature region between
nRT RT 758 and 850 K are given by the following equations,
+F] [Cdleq — F]n[NpCdn]Cd respectively [6,15]:

(5)

where AGN cq, 1s the standard Gibbs energy for the
formation oprCd (AGN cd, = —RT In Knpcg,). There-
fore, the potential dlfference AE, between Eyp+ /np—cd
and Ey»+ /Np is represented by Equation (6):

A GoNpCd,,
3F

nRT

AE = —
t3F

RT
In[Cd}cy — 5 IMNDPCA,Jcq

(6)

Since solubilities of Np in the Cd phase, [Np]cq, at 723,
773 and 823 K are 0.011, 0.022 and 0.030 in mole
fraction, respectively, most of the deposited Np should
exist as solid NpCd;; (650-758 K) or NpCdg (758-
850 K) in the vicinity of the surface of the liquid Cd
phase [6,15]. It seems reasonable to assume that
[NpCd,]cq is locally close to unity. Taking into account
the above assumptions, Equation 6 can be simplified to
Equation 7:

AGT\JpCd
3F

nRT
+—1In

A =— 3F

[Cd]cq

AGypcq, = —175900 + 161.8
x T(Jmol™', 650 — 758 K), (8)

AGypcq, = —115100 4 82.51
T(Jmol ™', 758 — 850 K) (9)

The following relation always holds between [Cd]cq and
the [Np]cq in principle:

[Cd]cq + [Nplcg =1 (10)
Since the [Np]cq values at 723, 773 and 823 K are
regarded as the solubilities of Np in the liquid Cd phase
at 723, 773 and 823 K, respectively, the [Cd]cq4 values at
723, 773 and 823 K are calculated to be 0.989, 0.978 and
0.970, respectively. When Equations 8-10 are substi-
tuted in Equation 7, the AE values at 723, 773 and
823 K are estimated to be 0.201, 0.174 and 0.159 V,
respectively. These values are 0.03-0.04 V greater than
the experimental values. When the potential differences
between the redox potentials of the Np>*/Np couple at
the Mo electrode and those at the liquid Cd electrode
are transformed into Gibbs free energies, the variation
in the free energies with temperature is similar to that
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Fig. 4. Cyclic voltammograms for the redox of the Np**/Np couple
at the Cd-coated Mo electrode at 723 K. Concentration of NpCl;
0.465 wt %; apparent area of Cd-coated Mo electrode 0.322 cm?.

evaluated using Equations 8 and 9 as noted in Table 2.
This result suggests that the potential shift almost
corresponds to the Gibbs free energy for the formation
of the intermetallic compound, NpCd,, in the liquid the
Cd phase.

3.2. Electrode reaction of the Np®*/
Cd-coated Mo electrode

Np couple at the

In order to investigate the effect of the alloy formation
on the electrode reaction, the Cd-coated Mo electrode,
which was prepared by the electrodeposition of Cd
(~0.01 C) on the surface of the Mo electrode, was used
as the working electrode. The solid line in Figure 4
shows a cyclic voltammogram for the redox of the Np**/
Np couple at the Cd-coated Mo electrode. The experi-
mental conditions were identical to those for curve 3 in
Figure 1. There are several cathodic and anodic peaks in
the voltammogram. The characteristics of the anodic
peaks, a—c, are discussed hereafter, since the cathodic
peaks due to the formation of the intermetallic com-
pounds such as NpCd;; and NpCdg were not clear in the
voltammogram. The anodic peak a is considered to
correspond to the dissolution of the Np metal based on
the comparison with curve 3 in Figure 1. The potential
difference between a and b, AE,;,, and that between a
and ¢, AE,., are compared in Figure 5 as a function of
temperature. The temperature dependence of AFE,. is
almost identical to that of AE experimentally obtained
as noted in the previous section, but the AE,. values,
which  were 0.178 = 0.005, 0.156 £ 0.005 and
0.146 £+ 0.005, respectively, at 723, 773 and 823 K are
0.10-0.15 V greater than the AE values evaluated from
the measurement of the electromotive force. Although
the AE,. values at 723, 773 and 823 K are 0.02-0.03 V
less than the AE values estimated using Equations 7-9,
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Fig. 5. Plots of potential difference between peaks a and b (AE,,)
against temperature (0) and that between peaks a and ¢ (AE,.) (@).
Concentration of NpCls in the salt 0.465 wt %.

the temperature dependence of the AFE,. values also
agrees with that of the estimated values. It is postulated
that peak ¢ results from the sum of the oxidation of
NpCde to NpCd;; (11 NpCdg=6 NpCd;;, + 5SNp* +
15¢7) and the following decomposition of NpCdi;
(NpCd;; =11Cd + Np" + 3e7) at 723 K or the de-
composition of NpCds (NpCdg=6Cd + Np™ + 3e")
at 773 and 823 K.

For anodic peak b, the following relations are derived
from the temperature dependence of the AFE,, values
(in V).

AE,, = 0.235 — 0.00020 x T (11)
The potential difference, AEyy, is transformed into the
Gibbs formation energy (in J mol™"), AG,p, as follows:

AGy, = —68000 + 58 x T (12)
The appearance of the anodic peak b indicates the
existence of NpCdy or NpCd,, other than NpCd;; and
NpCdg, is inferred from the analogy with the phase
diagram between Cd and Pu [6, 21]. During the voltam-
metric measurement, the amount of Cd adsorbed on the
Mo electrode is constant. For one Cd atom in each
reaction, the numbers of electrons involved in the
decomposition of NpCd, (3NpCds=2NpCds + Np™ +
3e”), that of NpCd, (3NpCd, =NpCde + 2Np" + 6e")
and that of the anodic reaction at peak ¢ are 0.25, 2 and
0.5, respectively. Since the accumulated coulomb num-
ber of peak b is almost equal to half that of peak e,
NpCd, is expected to be formed at the the Cd-coated
Mo electrode.

In the case of the Cd-coated Mo electrode, the above
results indicate that the analysis of the electrode reaction
at the liquid metal-coated solid electrode would be
available for the confirmation of the formation of
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Fig. 6. Cyclic voltammograms for the redox reaction of the Np**/Np
couple at the liquid Bi electrode (curves 1 and 2) and at the Mo
electrode (curve 3) at 723 K. Scan=0.01 V s™!; concentration of
NpCl; 0.465 wt % (curves 1 and 3), none (curve 2); apparent area of
working electrode 0.605 cm? (curves 1 and 2), 0.322 cm? (curve 3).

stoichiometric intermetallic compounds in the liquid
metal electrode.

3.3. Electrode reaction of the Np*>*|Np couple at the liquid
Bi electrode

Curve 1 in Figure 6 shows the voltammogram for the
redox reaction of the Np*"/Np couple in the LiCI-KCl
eutectic melt containing 0.465 wt % NpCl; at the liquid
Bi electrode at a scan rate of 0.01 V s™' at 723 K. Curve
2 is the voltammogram obtained under the same
condition but in the absence of NpCl;. The large
cathodic currents observed around —1.2 V in curves 1
and 2 must be attributable to the reduction of Li* to Li.
There are cathodic and anodic peaks, which result from
the redox reaction of the Np**/Np couple, in curve 1. In
the region of the potential scanning rate between 0.01
and 0.20 Vs, E} and E° remained almost constant.
These peaks must be attributed to the redox reaction of
the Np>*/Np couple, since the number of transferred
electrons was calculated to be 2.9 + 0.1 from the
relation between E7 and E; , in the cyclic voltammo-
grams obtained at 723, 773 and 823 K in the region of
the potential scanning rate between 0.01 to 0.20 V s™".
Figure 7 shows that a plot of the cathodic peak current
against the square root of the potential scanning rate is
approximately linear between 0.01 and 0.50 V s™'. The
cathodic peak current was proportional to the concen-
tration of NpCl; and increased with temperature, as
shown in Figure 8. In the same manner as the redox
reaction of the Np*'/Np couple at the liquid Cd
electrode, the temperature dependence of the peak
current can be understood by considering the temper-
ature dependence of the diffusion coefficient of Np** in
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Fig. 7. Plot of cathodic peak current against square root of the
potential scanning rate (v) on the cyclic voltammograms for the redox
reaction of the Np*'/Np couple at the Bi electrode at 723 K.
Concentration of NpCl; 0.465 wt %; apparent area of Bi electrode
0.605 cm?.
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Fig. 8. Plot of cathodic peak current against the concentration of
NpCl; (enpci,) on the cyclic voltammograms for the redox reaction of
the Np®*/Np couple at the Bi electrode at 723, 773 and 823 K. Scan
rate 0.01 V s™'; apparent area of Bi electrode 0.605 cm?.

the salt. The above characteristics indicate that the
redox reaction of the Np**/Np couple at the liquid Bi
electrode is also reversible under the stated experimental
conditions. By considering the relation between E| , and
E; and that between E,,, and E; ,» the Ej), values are
estimated to be —1.092 + 0.002 V, —1.066 £+ 0.005 and
—1.037 £ 0.010 V at 723, 773 and 823 K, respectively,
as shown in Table 3.

The redox potentials of the Np>*/Np couple at the
liquid Bi electrode at 723, 773 and 823 K appeared more
positive by about 0.427, 0.419 and 0.410 V, respectively,



P p’

329

Table 3. Cathodic and anodic peak potentials, ES and E2, mid-point potential, E,, and cathodic half-peak potential, E¢ b2 in the cyclic

voltammograms for the redox reaction of the Np>* /Np couple at liquid Bi electrode in the LiCl-K Cl eutectic melt containing 0.333, 0.380, 0.430

and 0.465 wt % NpCl; at 723, 773 and 823 K

NpCl; conc. Temp. Ey E} E. E;/z
Jwt % /K Y% A% A% A%
723 -1.117 —-1.064 -1.091 -1.070
0.333 773 —-1.091 —-1.040 —-1.066 —-1.041
823 —-1.065 —-1.008 —-1.037 -1.010
723 -1.119 —-1.067 —-1.093 -1.071
0.380 773 —-1.094 —-1.042 —1.068 —-1.044
823 —-1.066 —-1.005 —-1.036 —-1.009
723 -1.119 —-1.067 —-1.093 -1.071
0.430 773 —-1.090 —-1.039 —1.065 -1.042
823 —-1.063 —-1.007 —-1.035 —-1.009
723 -1.117 —-1.065 —-1.091 -1.070
0.465 773 —-1.092 —-1.040 —1.066 —-1.041
823 -1.067 —-1.007 -1.037 -1.010
Table 4. Standard redox potentials of the Np> " /Np couple in the LiCI-KCl eutectic melt containing NpCls (E ) [17], those at the Bi

electrode (E - /Np _p;)» potential differences (AE) between EN N

and E”

No /Np_pie LT€e energies of formation OF Np%lx estimated from AE

values into the ree energies (AG), and free energies for formation of NpBi, (AGprBl ) [16]

Temp. Er\/Jp“/Np EI\"p " /Np_Bi AE AG . AGprBl |
/K \% v /v /kJ mol /kJ mol™
723 —-1.5191 —-1.092 —-0.427 —-123 —-114.1
773 —1.4845 —-1.066 —-0.419 —-121 -112.6
823 —1.4474 —-1.037 —-0.410 -119 —-111.1

than those at the Mo electrode obtained from the
measurement of the electromotive force [17]. Analogous
to the electrode reaction for the Np**/Np couple at the
liquid Cd electrode, the difference between the redox
potentials of the Np®'/Np couple at the liquid Bi
electrode and those at the Mo electrode must be
attributed to the lowering of the activity of Np in the
Bi phase. Therefore, the potential difference can be
explained as below by assuming the formation of NpBi,
which is the most stable intermetallic compound in the
Np-Bi system. NpBi, will be formed in the liquid Bi
phase as Equation 13 [16]:

Np + 2Bi = NpBi, (13)
Thus, analogous with the electrode reaction of the Np**/
Np couple at the liquid Cd electrode, the redox potential

of the Np*"/Np couple at the liquid Bi electrode,
Enpi /Np—Bi» 18 described as follows:

RT | Knps [Np**][Bil3;
_ ! - pb1,
Exre b = Enpre o+ 37 TN B )

(14)

where Knppi, is the stability constant of NpBi,. The
potential difference, AE, between ENP3+ /Np—Bi and
Enp+ /np 18 then represented as Equation 15.

(15)

The standard formation energy of NpBi,, AGONpBiZ, in
the temperature region between 673 and 773 K is given
by the following equation [16]:

AGy,pi, = —136000 +30.12 x T(Jmol ') (16)

Since the solubilities of Np in the liquid Bi phase at 723,
773 and 823 K are 0.0061, 0.0106 and 0.0166, respec-
tively, the minimum [Bi]g; values at 723, 773 and 823 K
are calculated to be 0.9939, 0.9894 and 0.9834, respec-
tively, based on the following relation:

[Bi]; + [NpJp; = 1 (17)

When the AGNPB values and solubilities are substituted
in Equation 15, the AE values at 723, 773 and 823 K are
estimated to be 0.3946, 0.3894 and 0.3842 V, respec-
tively, as noted in Table 4. Although these values are
about 0.03 V lower than the experimental values previ-
ous mentioned, the temperature dependence of the AE
values agrees with that of the reported values. When the
potential differences between the redox reaction of the
Np**/Np at the Mo electrode and that at the liquid Bi
electrode are transformed into Gibbs free energies, the
free energies almost agree with the values evaluated
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using Equation 16. This result suggests that the potential
shift almost corresponds to the Gibbs free energy for the
formation of the intermetallic compound, NpBi,, in the
liquid Bi phase, analogous to the positive shift in
potential when the liquid Cd electrode was used as a
cathode.

4. Conclusion

The electrode reactions of the Np**/Np couple at the
liquid Cd and Bi electrodes were elucidated by voltam-
metry. The redox reactions of the Np**/Np couple at the
liquid Cd and Bi electrodes were almost reversible. This
is probably due to the dispersion of the Np—Cd and Np—
Bi alloys from the interface to the inner phase of the
liquid Cd and Bi electrodes, respectively, though Np
metal was deposited as Np-Cd and Np-Bi alloys at the
surface of the liquid electrodes during the reduction of
Np*". The depositon of Np at the liquid Cd and Bi
electrodes were observed at potentials more positive by
about 0.14 and 0.42 V than that at the Mo electrode.
The potential shifts almost corresponded to the Gibbs
free energies of formation for NpCd;; (723 K) and
NpCdg (773 and 823 K) in the liquid Cd phase and those
for NpBi, (723, 773 and 823 K) in the liquid Bi phase.
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