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Since zirconium is considered an electrochemically active species under practical conditions of the elect-
rorefining process, it is crucial to understand the electrochemical behavior of zirconium in LiCl–KCl melts
containing actinide ions. In this study, the electrochemical codeposition of uranium and zirconium on a
solid cathode was performed. It was found that the d-(U, Zr) phase, which is the only intermediate phase
of the uranium–zirconium binary alloy system, was deposited on a tantalum substrate by potentiostatic
electrolysis at �1.60 V (vs. Ag+/Ag) in LiCl–KCl melts containing 0.13 in mol% UCl3 and 0.23 in mol% ZrCl4

at 773 K. To our knowledge, this is the first report on the electrochemical formation of the d-(U, Zr) phase.
The relative partial molar properties of uranium in the d-(U, Zr) phase were evaluated by measuring the
open-circuit-potentials of the electrochemically prepared d-phase electrode.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction

The metallic fuel cycle consisting of metallic fuel loaded in fast
breeder reactor, pyrochemical reprocessing and fuel fabrication by
injection casting is one of the most promising nuclear fuel cycles
for the next generation because it is expected to be highly resistant
against nuclear proliferation and to be economically competitive
[1,2]. The major step in pyrochemical reprocessing is the electrore-
fining process. Fig. 1 illustrates the overall concept of the electrore-
fining process. Eutectic LiCl–KCl melts are used as the electrolyte at
773 K. Cut and chopped spent metallic fuels (U–Zr or U–Pu–Zr) are
placed in metallic anode baskets and immersed in the eutectic
LiCl–KCl melt containing actinide ions. Actinides in the fuel
dissolve anodically in the melts and are recovered as a cathodic
deposit.

Zirconium is a constituent of the metallic fuel and is generally
present at up to 10 wt.%. The standard potential of Zr4+/Zr is re-
ported to be more positive than those of actinides such as U3+/U,
Pu3+/Pu, Np3+/Np and Am2+/Am in LiCl–KCl melts [3–7]. This
means that zirconium theoretically remains in the anode basket
with noble metal fission products and the cladding during elec-
trolysis as far as anodic potential is kept more negative than the
dissolution potential of zirconium. On the other hand, the prac-
tical operation for the electrorefining process requires both the
anodic dissolution of actinides with a high current density and
a high dissolution ratio of actinides (e.g., U: >99.5%, Pu:
>99.9%, minor actinides: >99.9%) at the end of electrolysis. In
such a practical case, anodic potential should be kept much
ll rights reserved.

: +81 3 3480 7956.
urakami).
more positive than the dissolution potential of actinides and
even zirconium. Thus, a portion of zirconium is also oxidized
to form zirconium ion in the melts during electrolysis [8–12],
and the formed zirconium ion is reduced on the solid cathode
together with uranium. According to the phase diagram of the
uranium–zirconium binary system, the a-uranium, a-zirconium,
and d-(U, Zr) phases exist at 773 K [13]. The d-(U, Zr) phase is
a nonstoichiometric alloy. Since the solubilities of uranium and
zirconium are less than 0.5 at.% in a-zirconium and a-uranium,
respectively, the d-(U, Zr) phase is expected to form as the only
intermediate phase during the codeposition of uranium and zir-
conium. Although several researches on the electrochemical
behavior of uranium and zirconium in LiCl–KCl melts containing
respective ion have been reported [14–18], no details have been
given yet in LiCl–KCl melts containing both uranium and zirco-
nium ions to elucidate electrochemical formation of the d-(U,
Zr) phase. Meanwhile, thermodynamic evaluations such as CALP-
HAD method have been performed for the uranium–zirconium
and uranium–plutonium–zirconium systems to understand phase
transitions in metallic fuel under irradiation [19–21]. Phase
boundary data and thermodynamic properties are used in such
thermodynamic evaluations. In particular, chemical activity data
in the d-(U, Zr) phase are necessary to improve the accuracy of
the evaluations. However, there have been no reliable experi-
mental values reported with respect to the d-(U, Zr) phase yet.

In this study, therefore, several electrochemical measurements
(i.e., cyclic voltammetry, potentiostatic electrolysis and open-cir-
cuit-potential measurement) were performed in LiCl–KCl melts
containing uranium and zirconium ions to investigate the electro-
chemical formation and thermodynamic properties of the d-(U, Zr)
phase.

http://dx.doi.org/10.1016/j.jnucmat.2009.08.016
mailto:m-tsuyo@criepi.denken.or.jp
http://www.sciencedirect.com/science/journal/00223115
http://www.elsevier.com/locate/jnucmat


Fig. 1. Representation of principle of electrorefining process.
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2. Experimental

Fig. 2 shows the experimental apparatus used in this study. All
the experiments were conducted in a purified argon glove box un-
der atmospheric pressure. The concentrations of moisture and oxy-
gen in the glove box were controlled to be less than 1 ppm. A high-
purity LiCl–KCl eutectic reagent (99.99% purity, LiCl:KCl =
58.8:41.2 in mol%, m.p. 625 K) purchased from Anderson Physics
Laboratory (APL) was melted in an alumina crucible (/50 mm,
SSA-S, Nikkato Co., Ltd.) and used as the electrolyte at 773 K. In or-
der to prepare LiCl–KCl–UCl3 melts, CdCl2 (99.999% purity, APL)
was added to LiCl–KCl melts in which a uranium metal was im-
mersed. UCl3 was formed chemically in the melts according to

Uþ 3=2CdCl2 ! UCl3 þ 3=2Cd: ð1Þ

In the same way, LiCl–KCl–UCl3–ZrCl4 melts were prepared by
adding CdCl2 to LiCl–KCl–UCl3 melts in which a zirconium metal
was immersed and reacted as,

Zrþ 2CdCl2 ! ZrCl4 þ 2Cd: ð2Þ

A previous research showed that the average valence of zirconium
ion at 773 K was 3.98, which was calculated from the weight loss
Fig. 2. Schematic drawing of experimental apparatus. (a) Thermocouple, (b)
counter electrode (zirconium plate), (c) reference electrode (Ag+/Ag), (d) working
electrode (tantalum wire), (e) working electrode (tantalum or zirconium plate), (f)
Al2O3 crucible and (g) electrolyte (eutectic LiCl–KCl melts containing UCl3 or both
UCl3 and ZrCl4).
of the zirconium anode after the galvanostatic anodic dissolution
of zirconium [14]. This suggests that the main zirconium ion species
is considered to be Zr4+ in this study as well as in the previous
research.

A tantalum wire (/1 mm, 99.95% purity, Rare Metallic Co., Ltd.)
was used as the working electrode for cyclic voltammetry, and a
tantalum plate (5 mm � 10 mm � 1 mm, 99.95% purity, Rare
Metallic Co., Ltd.) or a zirconium plate (5 mm � 10 mm � 1 mm,
99.95% purity, Rare Metallic Co., Ltd.) was used as the working
electrode for potentiostatic electrolysis. Tantalum was selected as
the electrode material because it is inert to uranium and zirco-
nium. The counter electrode was a zirconium plate (5 mm �
15 mm � 1 mm) for cyclic voltammetry and potentiostatic elec-
trolysis. The reference electrode was Ag/AgCl electrode consisting
of a silver wire immersed in LiCl–KCl eutectic melts containing
1.0 wt.% AgCl (99.9% purity, APL), which was placed in a Pyrex tube
with a thin bottom to maintain electrical contact with the electro-
lyte. A thin Pyrex glass works as an ion conducting membrane [22].
Electrochemical measurements were performed using model 273
potentiostat/galvanostat of EG&G Princeton Applied Research and
EG&G M270 computer software.

The sample melts were analyzed by inductively coupled plas-
ma-atomic emission spectrometry (ICP-AES) to measure the con-
centrations of UCl3 and ZrCl4 in the melts. Deposits were pulled
out of the furnace immediately after electrolysis for quick cooling
and rinsed with distilled water to remove residual salts. Then they
were analyzed by X-ray diffraction measurement (XRD) and scan-
ning electron microscopy–energy dispersive spectroscopy (SEM–
EDS).
3. Results and discussion

3.1. Cyclic voltammetry

Cyclic voltammetry using a tantalum wire was conducted in
LiCl–KCl melts (Fig. 3a) and LiCl–KCl melts containing 0.13 in
mol% UCl3 (Fig. 3b). In cyclic voltammogram (a), only a couple of
cathodic and anodic peaks is observed at approximately �2.44 V
(vs. Ag+/Ag), which is ascribed to lithium metal deposition and
its dissolution, respectively. This shows that the amount of impu-
rities in the melts such as water is negligible. In cyclic voltammo-
gram (b), a sharp cathodic peak and a corresponding anodic peak
are observed at approximately �1.45 V. The cathodic and anodic
peaks are ascribed to the reduction of U3+ to uranium metal (reac-
tion 3) and the dissolution of deposited uranium metal (reaction 4),
respectively [15–18].
Fig. 3. Cyclic voltammograms using tantalum wire measured in (a) LiCl–KCl melts
and (b) LiCl–KCl–UCl3(0.13 in mol%) melts. The scan rate was 50 mV s�1.
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U3þ þ 3e� ! U; ð3Þ
U! U3þ þ 3e� ð4Þ

Another couple of the cathodic current increasing from approxi-
mately �1.3 V and the small anodic current peak at �1.15 V is also
observed. Several studies have also shown the similar cathodic and
anodic current couple other than that for U3+/U using several types
of working electrodes (i.e., molybdenum, tungsten and carbon) in
LiCl–KCl–UCl3 melts or NaCl–KCl–UCl3 melts [15–18]. According
to these studies, it might be related to the monolayer adsorption
and desorption of uranium or to the redox reaction between ad-
sorbed U3+ and uranium sub-chloride.

Cyclic voltammetry using a tantalum wire was then performed
in LiCl–KCl melts containing both UCl3(0.13 in mol%) and
ZrCl4(0.24 in mol%). The result is given in Fig. 4. In comparison with
Fig. 3b, a couple of large cathodic (peak A) and anodic (peak A0)
peaks appears at approximately �1.0 V, which is due to the exis-
tence of ZrCl4 in the melt. According to a previous research [14],
peak A at �1.10 V is ascribed to zirconium metal deposition,

Zr4þ þ 4e� ! Zr; ð5Þ

and peak A0 at approximately �0.90 V corresponds to the following
series of oxidation reactions

Zr! Zr4þ þ 4e�; ð6Þ
Zr! Zr2þ þ 2e�; ð7Þ
Zr2þ ! Zr4þ þ 2e�: ð8Þ

The reduction of Zr4+ to Zr2+ might be shown as cathodic current
increasing gradually from the rest potential (�0.95 V) in a shoulder
of peak A [14].

Zr4þ þ 2e� ! Zr2þ: ð9Þ

At around the uranium metal deposition potential, a broad cathodic
peak (peak B) and a small anodic peak (peak B0) are observed, while
the sharp anodic peak, which is observed in the cyclic voltammo-
gram in Fig. 3b and is ascribed to uranium metal dissolution, disap-
pears. During the cathodic scan in the potential region more
negative than the zirconium metal deposition potential, the surface
of the working electrode should be covered with zirconium metal
deposited according to reaction 5. Therefore, the cathodic reaction
at peak B is speculated to be related to the reduction of U3+ occur-
ring mainly on an electrodeposited zirconium metal. The cathodic
current relating to peak B in Fig. 4 increases from a potential slightly
more positive than that of uranium metal deposition in the melts
containing only UCl3 shown in Fig. 3b. This implies that uranium
Fig. 4. Cyclic voltammogram using tantalum wire measured in LiCl–KCl–UCl3(0.13
in mol%)–ZrCl4(0.23 in mol%) melts. The scan rate was 50 mV s�1.
becomes stabilized on the zirconium surface to form the d-(U, Zr)
phase electrochemically according to

U3þ þ xZrþ 3e� ! d-ðU;ZrÞ: ð10Þ

The broadening of peak B is consistent with the wide nonstoi-
chiometric composition range of the d-(U, Zr) phase. The small ano-
dic peak (peak B0) at approximately �1.35 V seems to correspond
to peak B and to be ascribed to the oxidation of the d-(U, Zr) phase,

d-ðU; ZrÞ ! U3þ þ xZrþ 3e�: ð11Þ
3.2. Potentiostatic electrolysis at �1.30 V and �1.60 V

In order to confirm the d-(U, Zr) phase formation, potentiostatic
electrolysis was conducted at �1.30 V and �1.60 V in LiCl–KCl–
UCl3(0.13 in mol%)–ZrCl4(0.23 in mol%) melts using a tantalum
plate as the working electrode. In the case of potentiostatic elec-
trolysis at �1.30 V for 3 h, cathodic current increased gradually
from �10 to �30 mA cm�2 during the electrolysis, implying the
continuous increase in electrode surface area. After the electrolysis,
black powdery deposits on the substrate were obtained. They
poorly adhered to the substrate. Fig. 5a shows the XRD pattern of
the deposits. All peaks of the XRD pattern, except the small peak
due to the electrolyte component of KCl, are ascribed to zirconium
metal. This means that only zirconium metal is deposited by
potentiostatic electrolysis at �1.30 V according to reaction 5.

Fig. 6 shows the cathodic current change with respect to the
duration of the potentiostatic electrolysis at �1.60 V. Cathodic cur-
rent continuously increased from approximately �170 to
�240 mA cm�2. This indicates the increase in electrode surface
area during the electrolysis. After the electrolysis, black paste-like
deposits on the tantalum substrate were obtained. The adhesion of
the deposits to the substrate was found to be poor. The result of the
XRD analysis of the deposits (Fig. 5b) shows that two-phases exist
in the deposits; the d-(U, Zr) phase and zirconium metal. Since
there are no peaks in the XRD pattern ascribed to uranium metal,
it is implied that the cathodic current peak corresponding to ura-
nium metal deposition might not overlap with peak B in cyclic vol-
tammogram in Fig. 4.

Fig. 7 shows a SEM image of the deposits obtained after the
potentiostatic electrolysis at �1.60 V. It is found that the deposits
grow dendritically, which causes the continuous cathodic current
increase shown in Fig. 6. Uranium concentration was analyzed at
Fig. 5. XRD patterns of deposits obtained (a) after potentiostatic electrolysis at
�1.30 V using the tantalum substrate in LiCl–KCl–UCl3(0.13 in mol%)–ZrCl4(0.23 in
mol%) melts, (b) after potentiostatic electrolysis at �1.60 V using tantalum
substrate in LiCl–KCl–UCl3(0.13 in mol%)–ZrCl4(0.23 in mol%) melts and (c) after
potentiostatic electrolysis at �1.60 V using the zirconium substrate in LiCl–KCl–
UCl3(0.13 in mol%)–ZrCl4(0.05 in mol%) melts.



Fig. 6. Current–time curve for potentiostatic electrolysis at �1.60 V in LiCl–KCl–
UCl3(0.13 in mol%)–ZrCl4(0.23 in mol%) melts.

Fig. 7. SEM image and EDS analysis results of deposits obtained after potentiostatic
electrolysis at �1.60 V in LiCl–KCl–UCl3(0.13 in mol%)–ZrCl4(0.23 in mol%) melts.

Fig. 8. Temperature dependence of open-circuit-potentials of the d-phase electrode
measured with increasing and decreasing temperature; potentials are represented
by solid and hollow circles, respectively.
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several points of the dendrite by EDS point analysis. As shown in
Fig. 7, the uranium concentrations range from 12.7 to 35.2 at.% U.
According to the phase diagram of the uranium–zirconium binary
system, the nonstoichiometric composition range of the d-(U, Zr)
phase is 22–34 at.% U, although the boundary between the d-(U,
Zr) single-phase and (d-(U, Zr) + a-zirconium) two-phase region
has not been determined clearly as shown in the dotted line in
the phase diagram [13]. These imply that the dendrite deposits
are composed of the d-(U, Zr) phase and a-zirconium, which agrees
with the XRD results in Fig. 5b. Putting together the results of
potentiostatic electrolysis at �1.30 V and �1.60 V, it is concluded
that the broad peak B in the cyclic voltammogram in Fig. 4 corre-
sponds to the d-(U, Zr) phase formation.

3.3. Thermodynamic properties of the d-(U, Zr) phase

As mentioned above, it is possible to form an electrode consist-
ing of the d-(U, Zr) phase and a-zirconium by potentiostatic elec-
trolysis at �1.60 V in LiCl–KCl melts containing both uranium
and zirconium ions. In this section, the thermodynamic properties
of the d-(U, Zr) phase coexisting with a-zirconium are evaluated by
measuring the open-circuit-potential of the electrochemically pre-
pared d-phase electrode.

Firstly, the d-phase electrode was prepared by potentiostatic
electrolysis at �1.60 V in LiCl–KCl–UCl3(0.13 in mol%)–ZrCl4(0.05
in mol%) melts using a zirconium plate as the working electrode.
Fig. 5c shows the XRD pattern indicating that the surface of the
prepared d-phase electrode consists of the d-(U, Zr) and a-zirco-
nium phases. Then, the open-circuit-potential of the d-phase elec-
trode was measured in another melt, LiCl–KCl–UCl3(0.024 in mol%)
melts, to obtain the chemical activity of uranium in the d-(U, Zr)
phase. The reference electrode was the U3+/U electrode prepared
by electrodepositing uranium metal on a tantalum wire in the
same melt. The potential was measured with increasing and
decreasing temperature in the range from 700 to 839 K with an
accuracy of ±0.005 mV. It is assumed that the d-(U, Zr) phase and
a-zirconium in the electrode would reach equilibrium at each
temperature.

The potentials of the d-phase electrode measured with increas-
ing and decreasing temperature are plotted against temperature in
Fig. 8; the potentials are represented by solid and hollow circles,
respectively. As shown in Fig. 8, the potentials decreased almost
linearly from 5.71 mV (vs. U3+/U) to 1.82 mV with an increase in
temperature. The open-circuit-potential (E vs. U3+/U) is expressed
as

E ¼ RT
3F

ln
1
aU
; ð12Þ

where F is the Faraday constant, R is the gas constant, T is the abso-
lute temperature, and aU is the activity of uranium in the d-(U, Zr)
phase in equilibrium with a-zirconium. The activity of uranium
and the relative partial molar properties of uranium in the d-(U,
Zr) phase; Gibbs energy (D�GU), entropy (D�SU), enthalpy (D�GU), are
related to the open-circuit-potential of the d-phase electrode (E)
by the following equations. The reference state of these values is de-
fined as a-uranium at each temperature.

aU ¼ exp
D�GU

RT

� �
; ð13Þ

D�GU ¼ �3FE; ð14Þ

D�SU ¼ 3F
dE
dT

; ð15Þ

D�HU ¼ D�GU þ TD�SU: ð16Þ

Table 1 summarizes the activity of uranium and the relative
partial molar properties of uranium in the d-(U, Zr) phase. D�SU

and D�HU are calculated from the slope of the regression line in
Fig. 8. Fig. 9 shows the activity obtained experimentally in this
study together with the simulated values obtained by Ogawa and
Iwai [19] and Kurata et al. [20]. Note that differences lie between
them. The simulated values in Ref. [19] are in almost the same



Table 1
Relative partial molar properties (i.e., Gibbs energy, enthalpy and entropy) of uranium and uranium activity in the d-(U, Zr) phase with open-circuit-potentials of the d-phase
electrode. The reference state is a-uranium at each temperature.

T (K) E (mV vs. U3+/U) D�GU (kJ mol�1U) aU D�SU (J K�1 mol�1U) D�HU (kJ mol�1U)

700 5.71 �1.65 0.753
744 4.51 �1.31 0.810
758 3.71 �1.07 0.843
775 3.46 �1.00 0.856 �8.56 �7.62
801 2.23 �0.645 0.908
839 1.82 �0.527 0.927

Fig. 9. Temperature dependence of activity of uranium in the d-(U, Zr) phase.
Experimental values obtained in this study (d), simulated values obtained by
Ogawa and Iwai [19] (dotted line) and Kurata et al. [20] (solid line). The reference
state of uranium activity is a-uranium at each temperature.

T. Murakami et al. / Journal of Nuclear Materials 394 (2009) 131–135 135
range as the present data points. However, they decrease with
temperature, while the present ones increase. The simulated val-
ues in Ref. [20], in contrast, have the same temperature depen-
dence but are smaller than the present data points. By using
present values, the thermodynamic evaluation is expected to be
improved. One of the authors is revising the interaction parameters
of his thermodynamic modeling for the uranium–zirconium sys-
tem, which will be reported in the future [23].
4. Conclusions

Electrochemical measurements by cyclic voltammetry, poten-
tiostatic electrolysis and open-circuit-potential measurement were
performed in LiCl–KCl melts containing uranium and zirconium
ions. In the cyclic voltammogram measured in LiCl–KCl melts con-
taining 0.13 in mol% UCl3 and 0.24 in mol% ZrCl4, a cathodic peak at
approximately �1.10 V (vs. Ag+/Ag), which was ascribed to zirco-
nium metal deposition, and a broad cathodic peak at �1.41 to
�1.55 V were observed. Since the current of the broad cathodic
peak increased from a potential slightly more positive than that
of uranium metal deposition in the melts containing only UCl3, it
was speculated that uranium was stabilized on the previously elec-
trodeposited zirconium metal by electrochemically forming the d-
(U, Zr) phase, which is the only intermediate phase in the ura-
nium–zirconium binary alloy system. Potentiostatic electrolysis
at �1.60 V was conducted in LiCl–KCl–UCl3(0.13 in mol%)–
ZrCl4(0.23 in mol%) melts. XRD analysis and SEM–EDS of the ob-
tained deposits confirmed that the d-(U, Zr) phase was formed with
a-zirconium by the electrolysis. The open-circuit-potential of the
d-(U, Zr) phase coexisting with a-zirconium was measured in
LiCl–KCl–UCl3(0.024 in mol%) melts with reference to the U3+/U
electrode at 700–839 K. From the measured potentials, the relative
partial molar properties of uranium in the d-(U, Zr) phase were
evaluated. By using the thermodynamic properties of the d-(U,
Zr) phase obtained in this study, it is strongly expected that the
thermodynamic evaluation of metallic fuels will be revised in the
future.
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