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Abstract

The electrochemical behaviour of the Np**/Np couple in the LiCI-KCI eutectic salt was investigated by
electromotive force measurements, cyclic voltammetry and chronopotentiometry in the temperature region between
723 and 823 K. The standard redox potential of the Np**/Np couple vs Ag/AgCl (1.00 wt %) was measured and
given by the equation, £ 5, \ = —2.0298 4 0.000706 T, where Eis in V and T'in K. The electrode reaction of the
Np**/Np couple was almost reversible under the conditions studied. The diffusion coefficient of Np3*, D+, in
the LiCI-KCl eutectic melts between 723 and 823 K was represented by the equation, Dype =222 %
10— 6.88x 107° T + 5.60 x 1072 72 cm? s™'. The adsorption and desorption peaks of Np at the Mo working
electrode caused by underpotential deposition were also observed in the cyclic voltammograms, and the work

function of Np was evaluated as 3.04 eV by peak analysis of the cyclic voltammograms.

1. Introduction

Pyrochemical reprocessing of nuclear fuels using molten
salt as a solvent shows promise for advanced nuclear
engineering because of its compactness, economy, radi-
ation resistance and compatibility with nonproliferation
[1]. In the electrorefining process, which is a key step in
pyrochemical reprocessing, spent fuels are anodically
dissolved in LiCl-KCl eutectic melt, and U, Pu and
minor actinides (MAs; Np, Am, Cm etc.) are recovered
together at a cathode [2, 3]. There is little electrochemi-
cal data on MAs in LiCI-KCI eutectic melt, although
MAs need to be recovered from high level wastes in
order to develop the transmutation technology of long-
lived MAs.

For Np, which is one of the long-lived MAs, the
electrode reaction of the Np**/Np redox couple in
LiCI-KCl eutectic melts has been investigated by
several authors [4-8]. Martinot et al. [4-6] reported
that the standard potentials of the Np3*/Np couple vs
Cl,/CI™ (reference electrode) were —2.378, —2.342,
—2.315 and —2.281 V at 673, 723, 773 and 823 K,
respectively, and that the electrode reaction of the
Np*t/Np couple was nearly reversible. On the other
hand, the redox standard potentials of the Np**/Np
couple vs CI,/CI™ (reference electrode), which were

measured by Roy etal. [7], were —2.845, —2.827,
—2.808 and —2.775V at 673, 698, 723 and 773 K,
respectively. Krueger et al. [8] reported that these
standard redox potentials at 673, 723 and 773 K were
—2.725, =2.697 and —2.660 V, respectively. There is
therefore a gap among the reported values of the
standard redox potential of the Np**/Np couple.

From the analysis of the chronopotentiogram, Mar-
tinot and Duyckaerts [6, 8] reported that the diffusion
coefficient of Np3* in LiCI-KCl eutectic melt increased
from 4.6 x 107° to 26.9 x 10~® cm® s™! with an increase
in temperature from 673 to 923 K. Martinot et al. [6, 9,
10] reported that the diffusion coefficients of U3* and
Pu** in LiCI-KCI eutectic melt were nearly equal to
those of Np>*. However, the diffusion coefficients of U3+
in NaCl-KCl eutectic melt, which obtained by Serrano
and Taxil [11], and those of Pu** in LiCI-KCI eutectic
melt, which reported by Leseur [12] and Nissen [13], are
several times larger than those by Martinot et al.

In the present work cyclic voltammograms of the
Np**/Np couple in the LiCI-KCI eutectic salt were
obtained, and the redox potentials of the Np**/Np
couple and the diffusion coefficients of Np>* in the
LiCI-KCl eutectic melt were evaluated by potentio-
metric methods in the temperature range 723 to
823 K.
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2. Experimental details

The electrochemical cell used for the voltammetric
studies was described previously [14]. An Mo wire
of 1.0 mm in diameter served as a working electrode.
The Mo wire was encased in a high-purity alumina tube
in such a way that an apparent surface area of 0.322
cm’® was exposed to the molten salt. A silver—silver
chloride (Ag/AgCl) electrode used as a reference elect-
rode consists of a closed-end mullite tube (50%
AlLO3 + 46% SiO,; Nikkato Co.) in which LiCI-KCl
eutectic salt containing 1.00 wt % AgCl was placed and
an Ag wire of 1 mm in diameter was immersed in the
salt. A glassy carbon (99.998% GC; Tokai Carbon Co.,
Ltd) rod of 3.0 mm in diameter and 15 mm length was
used as a counter electrode. The temperature of the
molten salt was measured to +0.5 K by a calibrated
chromel-alumel thermocouple immersed in the electro-
lyte. Cyclic voltammograms were measured using a
voltammetric analyzer BAS CV-50W. Electromotive
force measurements and chronopotentiograms were
recorded using a potentiostat/galvanostat HA-501
(Hokuto Denko Co.), a function generator HB-104
(Hokuto Denko Co.) and a X-t recorder 3023 (Yokog-
awa Electric Co.).

Polarographic-grade LiCI-KClI eutectic was obtained
from the Anderson Physics Laboratory. Mo (>99.95%)
was available from Soekawa Chemicals Co. Neptunium
trichloride was prepared by the chlorination of NpPt;
with CdCl, (>99.99%; Anderson Physics Laboratory)
in the LiCI-KCI/Cd system at 773 K, which produced
yellow salts containing about 20 wt % NpCl; [15].
NpPt; was synthesized by heating the mixture of
NpN, which was prepared by carbothermic reduction
of NpO, [16], and Pt powders (>99.95%; Rare Metallic
Co.) in Ar gas (>99.999%) stream at 1073 K for
21.6 ks. In the carbothermic reduction, the mixture of
NpO, and graphite powder with a C/NpO, molar ratio
of 2.5 was heated at first in N, gas stream at 1823 K and
then in 92% N»,—8% H, mixed gas stream at 1823 K.
Salt containing about 20 wt % NpCl; obtained in the
above-mentioned procedure was diluted by the addition
of the LiClI-KCI eutectic melt in order to obtain the
adequate concentration of NpCl; for the electrochem-
ical measurement. The concentration of NpCl; in the
LiCI-KCI eutectic melts was determined by ICP-AES.

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

3. Results and discussion

3.1. Redox reaction of Np>*|Np couple at the solid
electrode

Figure 1 indicates a typical cyclic voltammogram ob-
tained with 0.333 wt % NpCl; in LiCI-KCI eutectic salt
at the Mo eclectrode at 723 K with a potential scanning
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Fig. 1. Cyclic voltammogram for redox reaction of the Np**/Np
couple at the Mo electrode at 773 K. Potential scanning rate =
0.01 V s™!; NpCl; concentration 0.333 wt %; apparent area of Mo
electrode 0.322 cm”.

rate of 0.01 V s™'. Two cathodic (c1, ¢2) and two anodic
(al, a2) current waves were observed in the cyclic
voltammogram. An approximately linear relationship
exists between the cathodic peak current cl and the
square root of the potential scanning rate, v, in the
region between 0.01 and 0.05 V s™', though the cathodic
peak increased nonlinearly with v in the region of
potential scanning rate above 0.1 Vs!, as shown in
Figure 2. This nonlinearity might be caused by adsorp-
tion of Np metal and overpotential deposition owing to
nucleation and crystallization of deposited Np metal.
The peak height of cl in the voltammograms with 0.333,
0.381, 0.430 and 0.465 wt % NpCl; was approximately
proportional to the concentration of NpCls, as shown in
Figure 3. The peak height of ¢l was approximately
proportional to the concentration of NpCl;. The num-
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Fig. 2. Plot of cathodic peak current against square root of potential
scanning rate (v) on cyclic voltammograms for redox reaction of the
Np>*/Np couple at the Mo electrode at 723, 773 and 823 K. NpCls
concentration 0.333 wt %; apparent area of Mo electrode 0.322 cm?.
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Fig. 3. Plot of cathodic peak current against NpCl; concentration
(enpct) on cyclic voltammograms for the redox reaction of the Np3+/
Np couple at the Mo electrode at 723, 773 and 823 K. Potential
scanning rate 0.01 V s™'; apparent area of Mo electrode 0.322 cm?.

ber of the transferred electrons, n, was evaluated to be
3.0 & 0.1 from the slope analysis of the relation between
the concentration of NpCl; and the equilibrium poten-
tials obtained by the measurement of electromotive
force as shown in Figure 4 [17]. By considering the
above characteristics, the cathodic and the anodic peaks
(cl and al) correspond to a redox couple given by
Equation 1.

Np’* +3e” = Np (1)

The peak heights of ¢l at 823 K were about 1.35 times
larger than those at 723 K. This temperature depen-
dence might be compatible with the fact that the redox
reaction is controlled by diffusion, because the diffusion
coefficient of Np3* in LiCl-KClI eutectic at 823 K is
about 1.9 times larger than that at 723 K, as presented
subsequently.

The potential differences, AE:_,1p, between the
potential of the cathodic peak cl, Ep, and that of
the anodic peak al, E, p, were about twice as large as
those evaluated theoretically from following relation;
AEci_q1p =2.2 RT/nF, where R is gas constant, T
temperature, and F Faraday’s constant [17]. However,
the potential differences, AE;;p_p/;, between the half
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Fig. 4. Equilibrium potentials of the redox reaction of the Np**/Np
couple as a function of natural logarithms of NpCl; concentration
(In enpcyy)- Lines drawn by least-squares method with theoretical slope
of RT/3F.

peak potential of peak cl, E¢j p/>, and E¢; p were 0.010-
0.015 V smaller than those evaluated theoretically. E¢; p
was shifted slightly in the negative direction with an
increase in potential scanning rate, but E,; p was almost
constant. These characteristics indicate that the influ-
ence of overpotential owing to nucleation and crystal-
lization of deposited Np metal cannot be neglected [18],
though the anodic reaction is rapid. Accordingly,
potentiometric methods such as the measurement of
electromotive force and chronopotentiometry were ap-
plied in order to take accurate values of the redox
potential of the Np3*/Np couple as below.

The redox potentials of the Np**/Np couple, Enp /Nps

in the LiCI-KCl melt containing 0.333, 0.381, 0.430 and
0.465 wt % NpCl; at 723, 748, 773, 798 and 823 K,
which were obtained by the measurement of electromo-
tive force, are shown in Figure 4. In the Figure, the
standard potentials, E;pH N’ for 723, 748, 773, 798 and

823 K, as presented in Table 1, could be obtained by
extrapolation of the linear E vs In cpyc, plot to the

intercept. Since a plot of ENp3+ /Np against 7 is found to

be linear, as shown in Figure 5, the standard potential vs.
the Ag/AgCl electrode may be expressed in the temper-
ature range between 723 and 823 K by Equation (2).

Table 1. Standard potentials, E°, for the Np**/Np redox couple in LiCI-KClI eutectic salt

Temp. E°/V AG /kJ mol™ E°/V
/K electrochem.
vs Ag/AgCl vs Cl,/CI™ Martinot et al. Roy et al. Krueger et al.
673 —2.378 —2.725 —2.725
698 -2.714 -2.715
723 —1.5191 —2.7155 —786.03 —2.342 —2.698 —2.697
748 —1.5017 —2.7027 —782.30
773 —1.4845 —2.6900 —778.63 —2.315 —2.668 —2.660
798 —1.4672 —2.6771 —774.91
823 —1.4474 —2.6619 —770.50 —2.281
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Fig. 5. Standard free energies of formation of NpCl; in the salt as a
function of temperature.

EO

Yo np = —2:0298 +0.000706 T(V vs Ag/AgCl)

)

where T is in K. The standard redox potential of the
Np**t/Np couple in the present result agrees with the
literature values reported by Roy et al. [7] and Krueger
et al. [8], but the present data differ from Martinot’s
results [4-6].

By using the data of Yang and Hudson [19] at low
AgCl concentrations in the LiCI-KCl eutectic melt,

E;Ip3+ /np €A1 be converted into the standard potential of

the Np3*/Np couple vs Cl,/Cl™ electrode, E;p3+ Np (Cly/
CI7), as shown in Table 1. The standard free energy of
formation of NpCl; in the LiCl-KCI eutectic melt,
AfG]O\IpC13 (LiCI-K(Cl), is obtained from the expression;

AtGiypy, (LICHKCI) = nFES, . (Cl/CI7) (3)

”H/N

Therefore, AfGIO\TpCl} (LiCI-KCl) is expressed by the
following equation (with 7 in K);

ArGRipcy, (LICI-KC1) = —646.1 +0.027 T (kJ mol ")

(4)

The standard free energy of formation of the solid
NpCls, AfGNpC1 , has been reported [20], and AfGNpClx
values (in kJ mol™") values in the temperature region
from 298.15 to 1000 K can be represented by the
following equation:

—907.586 —1.20 x 107' T
—9.16 x 10717 (5)

° j—
AfGNpCL; -

The difference between A¢GYc, and AfGYq, (LiCl-
KCI) can be attributed to both the lattice formation
energy of solid NpCl; and the solvation energy of NpCl;
in the LiCl-KCl eutectic melt, which contains the
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Fig. 6. Chronopotentiograms for the redox reaction of the Np>* /Np
couple at the Mo electrode at 723, 748, 773, 798 and 823 K. Applied
currents 0.005 A; NpCl; concentration in the salt 0.333 wt %;
apparent area of the Mo electrode 0.322 cm?.

formation energy of complex ions such as [NpClg]*~
[7, 12].

3.2. Diffusion of Np>* in LiCI-KCI eutectic melt

The chronopotentiograms were obtained by applying
0.005 A between the Mo working electrode and the
GC counter electrode in the cell system containing
0.333, 0.381, 0.430 and 0.465 wt % NpCls, respectively.
Figure 6 shows typical chronopotentiograms which
were observed at 0.333 wt % NpCl; in the temperature
region between 723 and 823 K. Transition times, 7 in s,
are noted in Table 2. There exists the relationship
expressed by Sand’s formula [17];

=0.5nFn'/?C zalDl/2 (6)

where C, is bulk concentration of the Np>* (mol cm™),
io is the current density (A cm™2) and Dy+ the diffusion
coefficient of the Np** in LiCI-KCI melt (cm?®s™"). In
the present case, Cy values may be evaluated from the
concentrations of NpCl; and the densities of the LiCl-
KCI eutectic melt [22], therefore 0.333, 0.381, 0.430 and
0.465 wt % could be rewritten as 5.31 x 107> — 5.13 x
1078 T, 6.07x107° -5.86x 1078 T, 6.86 x 107> —6.62 x
108 7 and 7.42x107°—7.17x 1078 T, respectively.
Consequently, DNP3+ values at 723, 748, 773, 798 and
823 K are (1.73£0.09)x 107>, (2.0740.10) x 107>,
(2.4840.15) x 107, (2.96+0.19)x 1075 and (3.48+
0.23) x 107> cm? 7', respectively, as shown in Table 2.
On the other hand, Dy- values at 723, 773 and 823 K
obtained by substituting the current density of the
cathodic peak, iy, in the cyclic voltammograms at
0.010 V s~! into Equation 7:

ipg = —0.446 0’ 2F2RTVPTTICoD 2 12 (7



Table 2. Transient times (1) and diffusion coefficients of Np** in the
LiCI-KClI eutectic melt (DNP3—)
i =0.005 A, electrode area 0.322 cm?.

Cnpcl, Temp. 7t DNp3+/105 cm? s
wt % /K /s
Chronopoten- Cyclic
tiometry voltammetry
0.333 723 1.20 + 0.05 1.71 £+ 0.07 1.69 + 0.08
748 1.44 + 0.05 2.09 + 0.07
773 1.70 + 0.07 2.50 + 0.10 2.61 + 0.13
798 1.98 + 0.09 2.96 + 0.13
823 2.31 £ 0.12 3.51 £ 0.18 3.84 £ 0.20
0.381 723 1.60 + 0.06 1.75 + 0.07 1.73 + 0.09
748 1.90 + 0.08 2.11 + 0.09
773 2.25 + 0.10 2.54 + 0.11 2.51 £ 0.13
798 2.61 £ 0.13 2.99 + 0.15
823 2.95 + 0.15 3.44 £+ 0.18 3.61 £ 0.18
0.430 723 2.05 + 0.09 1.75 + 0.08 1.72 + 0.09
748 2.40 + 0.11 2.08 £+ 0.10
773 2.80 £ 0.15 247 + 0.13 2.51 +£ 0.13
798 3.26 £ 0.20 2.92 £ 0.18
823 3.81 £ 0.23 3.47 £ 0.21 3.44 £ 0.17
0.465 723 2.35 £ 0.10 1.71 £ 0.07 1.74 £ 0.09
748 2.70 £ 0.13 2.00 £+ 0.10
773 3.21 £ 0.20 242 + 0.15 2.54 + 0.13
798 3.85 £ 0.25 2.95 + 0.19
823 4.50 + 0.30 3.50 £ 0.23 3.76 £ 0.19

where v is potential scanning rate in V s~'. These values
at 723, 773 and 823 K were evaluated as (1.72 £ 0.03) x
1073, (2.5340.08) x 10~ and (3.66 £0.20) x 1073
cm? s, respectively, and agree very closely with those
obtained from the chronopotentiometry. These results
are about 2.5 times larger than the Dy,+ values
obtained by Martinot [4-6]. However, Dyy+ values in
the present work are in good agreement with the
diffusion coefficients of U3t and Pu®*, which were
obtained by Serrano and Taxil [11], Leseur [12] and
Nissen [13], respectively. Accordingly, it is thought that
the present values are of a reasonable magnitude.
When Dy« values (incm® s™') at 723,748,773, 798 and
823 K are plotted as a function of temperature, a curved
line is obtained, as shown in Figure 7. The following
equation was obtained from an analysis of the curved line:

Dy = 222x107° —6.88 x 107° T
+5.60 x 10712 12 (8)

3.3. Underpotential deposition of Np metal at solid
electrode

The cathodic and anodic peak currents, c2 and a2,
increased as the potential scanning rate increased. These
peaks were not dependent on the concentration of
NpCl;. Though the accumulated amount of charge of c2
or a2 is about 10 times larger than the estimated value of
monolayer adsorption or desorption of Np at the
surface of Mo electrode, the cathodic ¢2 and the anodic
a2 peaks might be caused by adsorption and desorption
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Fig. 7. Diffusion coefficients of Np>* (Dnp+) in the salt phase as a
function of temperature.

of Np metal on Mo electrode taking into account the
above voltammetric behaviors. The behaviour is gener-
ally called underpotential deposition. The potentials
of the cathodic peak c2, Enp, in Figure 1 were
—1.490 + 0.020, —1.430 4+ 0.020 and —1.370 £ 0.020 V,
respectively, and those of a2, E,p, —0.890 £0.010,
—0.860 £0.010 and —0.830£0.010 V. Since the c2
peaks were broad and E.;p was shifted to the negative
direction with the increase of potential scanning rate, the
c2 peaks might be influenced considerably by reaction
and crystallization overpotentials [18]. Therefore, the
formation energy of a Np—-Mo metallic compound at the
surface of the Mo electrode can be described by use of
the potential differences between Epp and Eyg)np
which were obtained at the same conditions. The
potential differences between Eqpp and Ey+ y, at 723,
773 and 823 K were 0.756 £ 0.010, 0.755 £ 0.010 and
0.755+£0.010 V, respectively, and they were almost
independent of temperature under the present experi-
mental condition. The underpotential deposition of Np
at the surface of the Mo electrode can be correlated to
the work functions of electrode material (Mo), ¢y, and
deposition metal (Np), ¢, [23].

AEupq = 0.5 X (dmo — Pnp) )

where AE,pq is potential difference between E,p and
in V. Since ¢y, is 4.55eV [24], ¢y, is
evaluated at 3.04 V. This value agrees with ¢y, esti-
mated (3.3 eV) by substituting the electron negativity of
Np (1.1) into Equation 10 [25]:

ENP3+/N

xm = 0.5 ¢y, — 0.55 (10)
where xy is Pauling’s electronegativity [26]. The poten-
tial region where the absorption and the desorption
peaks appear can be predicted by considering work
functions of substrate and deposited materials. When
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the molten salt contains plural elements, the effect of
codeposition on separation may be predictable.

4. Conclusion

It is found from voltammetric analysis that the electrode
reaction of the Np**/Np couple is almost reversible
under the present experimental conditions. The standard
redox potential of the Np>*/Np couple obtained by the
measurement of electromotive force agrees with the
literature values reported by Roy et al. [§] and Krueger
et al. [9]. However, the diffusion coefficients of Np** at
723,773 and 823 K are about 2.5 times larger than those
obtained by Martinot [6, 9, 10], but the diffusion
coefficients of Np>* are in good agreement with litera-
ture values of U3* and Pu®" which are reported by
Serrano and Taxil [11], Leseur [12] and Nissen [13],
respectively. The work function of Np can be evaluated
as 3.04 eV by peak analysis of cyclic voltammogram.
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