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Abstract: Electrochemical behavior of Ce(lll) and underpotential deposition of Al-Ce alloys were investigated at an Al active
electrode in LiCI-KCI-CeCl; melts. Compared with the cyclic voltammetry curves on a Mo electrode, the redox potential of
Ce(llI)/Ce at the Al electrode is more positive; there are two new plateaus between the deposition plateau of Al and Ce metal by
open circuit chronopotentiometry, which means two kinds of intermetallic compounds. All above show Ce(l1l) forms intermetallic
compound by underpotential deposition electrochemically. Furthermore, it is also confirmed by Al-Ce alloys, which are obtained at
the Al active electrode in LiCI-KCI-CeCl; melts after potentiostatic deposition under the same condition. The formation of AlCe and
AlCe; is illuminated by X-ray diffraction (XRD). The reasons of AlCe and AlCe; formation were explained by XRD and phase
diagram of Al-Ce. The standard Gibbs free energies of AlCe and AlCe; formation were calculated by XRD and open circuit
chronopotentiometry. The analysis of scanning electron microscopy (SEM) and energy dispersive spectrometry (EDS) reveals that
cerium exists at the surface of Al electrode to form an Al-Ce alloys layer, which is about 28 pum in thickness, and evenly coated the

Al electrode.

Key words: LiCI-KCI melts; underpotential deposition; Al electrode; Al-Ce alloy

Compared with a traditional method of separation
actinides (An) by hydrometallurgical process from fission
products (FPs), pyrochemical reprocessing has been
considered as a promising alternative due to its
compactness, criticality control benefits, resistance to
radiation effects, compatibility with advanced fuel types,
and the ability to produce low purity products to prevent
nuclear proliferation!*®]. Because An and lanthanides (Ln)
have similar chemical properties, it is an essential and
challenging issue to efficient separation of An over Ln in
Fps[®l,

Since the operation conditions influence the efficiency of
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reprocess and the structure of the separation cell, it is
important to know the electrochemical behaviors of An and
Ln on different electrodes for the understanding of the
process. We use aluminum to recover An group metals
according to the thermodynamic calculations to separate An
from Ln efficiently ™' The An have already been
separated selectively by electrolysis on solid Al active
cathodes in the LiCI-KCI melts, and formed An-Al alloys at
the same time 4],

In previous experiments, R. Malmbeck and co-workers
have succeed in electrodeposition of U-Al alloys™, Pu-Al
alloys™, U-Pu-Al alloys™, and An-Al alloys™® on solid
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Al cathodes in the LiCI-KCl melts. While, Y. Castrillejo
and co-workers have succeed in extracting Pr, Dy, Gd, Er,
Ho, Eu, Lu, Tm, Yb and Sm on the Al electrodes from
molten chlorides in the form of Al-Ln alloys™".

Cerium is not only a typical element of the FPs, but also
a surrogate for studying the behavior of uranium in molten
salts 81 Therefore, it is essential to study the
electrochemical property of Ce(lll) in LiCI-KCI melts. On
an inert electrode, several prior investigations have been
conducted on the thermodynamic properties, Kkinetic
reaction parameters and electrochemical behavior of CeCl,
in molten LiCI-KCl melts, such as the structure®
diffusion coefficient’®*??, the standard potential®® 2 and
rate constant!*® %" %81 Compared with these data on an inert
electrode, there are only a few reports on an Al cathode. Y.
Castrillejo et al. reported the electrodeposition of Al-Ce
alloys on Al cathode without XRD pattern analysis %
Furthermore, Ce can form intermetallic compound such as
Al-Ce alloy with Al according to Al-Ce phase diagram 3%,

On the basis of these backgrounds, we propose to
investigate the electrochemical behavior of Ce(lll) by
cyclic voltammetry and open circuit chronopotentiometry,
and the formation of Al-Ce alloys on Al cathode in
LiCI-KCI melts. The results will help us to further study the
cerium extraction from molten salts via electroreduction.

1 Experiment

The LiClI (99.0%) and KCI (99.5%) mixture with
composition LiCl:KCI=58.8:41.2 (mol%) were melted in an
alumina crucible (Volume=150 cm?®) and then dried by an
electric tubular heater. The temperature of the mixture was
measured with a nickel-chromium thermocouple which had
an alumina scabbard. Water and metal ion impurities were
removed by drying and pre-electrolysis. Anhydrous CeCl;
(=99.0%) powder was introduced into the bath in order to
provide cerium ions. All experiments were carried out
under a nitrogen atmosphere.

All electrochemical measurements were implemented by
an Im6eX electrochemical workstation (Zahner Co., Ltd.)
with a THALES 3.08 software package. The reference
electrode was manufactured by immersing a silver wire
(d=0.5 mm) into a quartz tube which contained a solution of
AgCl (1 wt%) in LiCI-KCI (58.8:41.2, mol%) melts. The
working electrode was Mo wire (d = 1 mm, 99.99% purity)
or Al (99.99% purity), which was polished thoroughly using

SiC paper, and then placed in ethanol to clean by ultrasound.

A spectrally pure graphite rod (d = 6 mm) was used as the
counter electrode which was polished as the method
mentioned before use. The active electrode surface was
determined by measuring the immersion depth of the
electrode in the melts at each time.

2 Results and Discussion

2.1 Cyclic voltammetry

Cyclic voltammogram (CV) of LiCI-KCI-CeCl; melts at
the Mo (curve 1, dotted line) and Al (curve 2, solid line)
electrode is shown in Fig.1. The different electrochemical
signals obtained at Al and Mo electrode are obvious. At the
Al electrode, there are three cathodic peaks marked as A,,
B, and C,. The peaks C,/C, correspond to the Al
oxidation/reduction, which have been pointed out by Wei ¥,
The reduction potential value of Li* (peak B,) is more
positive at the Al electrode than that at the Mo electrode
(peak B,), which has also been observed by Castrillejo .

The electrodeposition peak of Ce(lll) on Al and Mo
electrode is A, and Ay, respectively. The onset potential
value of A, is -1.25V, which is more positive than the
potential of A; (-1.78V). It is likely to be caused by the
underpotential deposition (UPD) of cerium on aluminum
substrate. During this process, AlCe, alloys are formed
according to Al-Ce phase diagram % as the following
reaction (1):

xCe(lll)+Al+3xe — AlCe, (1)
During the reverse scan, an anodic peak A, which
corresponds to Ce dissolution from the AlCe, is observed.
2.2 Open circuit chronopotentiometry

An EMF measurement was as follows: first, electro-
deposition of Ce metal at the Al electrode by constant
potential electrolysis was at —2.20 V (vs. Ag/AgCl) for 10 s.
After that, a transient curve where the open-circuit potential
was recorded versus time on Al electrode at 843K is shown
in Fig.2. At the beginning, the potential stays at around
—2.08 V (plateau 1), which is generated by pre-deposited Li
metal on the electrode. Then, 4 potential plateaus (plateaus
2~5) are observed at -1.91, -1.29, -1.14 and -0.95 V,
respectively. Among them, the plateaus 2 and 5 are
interpreted as the pre-deposited Ce and Al metals,
respectively. Since the deposited Ce metal reacts with Al

-2.4 -2.0 -1.6 -1.2 -0.8

E/V (vs Ag/AgCl)

Fig.l  Curves of the LiCI-KCl melts containing 0.96x10*
mol ¢m™ CeCl; on a molybdenum electrode (S = 0.944
cm?) (dotted curve) and on an Al electrode (S = 2.3 cm?)
(solid curve) at 843 K with a scan rate of 0.1 V 5™
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Fig.2 Open circuit transient curve for the Al electrode after electro-
depositing at -2.20 V vs. Ag/AgCI for 10 s at 843 K

and diffuses into Al electrode, the electrode potential
gradually shifts to more positive values. During this process,
a potential plateau should be observed when the
composition of the electrode surface is within a range of
two-phase coexisting state ®***1. Therefore, the plateaus 3
and 4 (at about -1.29 and -1.14 V, respectively) correspond
to the mixture of two different AlCe, alloys.

2.3 Underpotential deposition of Al-Ce alloys at an

Al electrode

Based on the results of CV and open-circuit potential,
potentiostatic electrolysis was carried out in LiCI-KCI-
CeCl; melts on an Al electrode at 843 K for 1 h at —1.60 V
versus Ag/AgCIl. Fig.3 shows the XRD pattern of this
sample. At this potential, except for Al (PDF#65-2869),
two other peaks are observed as AlCe; (PDF#65-1825) and
AlCe (PDF#29-0011). At this electrolytic potential, Ce
cannot be electrodeposited but Al-Ce alloys can form on the
electrode. Once again it confirms that Ce(lll) can be
reduced by UPD.

According to the phase diagram B of Al-Ce, except for
AlCe; and AlCe, the formation temperatures of other Al-Ce
alloys are higher than the experimental temperature.
Therefore, only two kinds of AlCe; and AlCe alloys are
obtained under this experimental condition.

The results of XRD patterns accord with open circuit
transient curve. The potential plateaus could be considered
to correspond to the following two-phase composition and
reactions:

Plateau 4 (Al + AlCe):

Al + Ce(lll) + 3e—>AlCe (AE; = 770 mV)

Plateau 3 (AlCe + AlCe,):

%AICe + Ce(lll) + 3e—>%AICe3 (AE;=620 mV)

The formation reactions of AlCe and AlCe; are described as
the following reactions (2) and (3). Therefore, the standard
Gibbs free energies of AlCe and AlCe; alloys at 843 K can
be calculated.
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Fig.3 XRD patterns of deposits obtained under potentiostatic
electrolysis (-1.60V vs. Ag/AgCI) at 843 K for 1 h

Al + Ce — AlCe

AG{ ey =-3F A, (2)
Al + 3Ce— AlCey

AGf pice,) = 203 AG{ picey -3F AE,) 3)

where, F is faraday constant, then the AGfc, and AG{ e,
are —222.88 kJ mol™ and -581.89 kJ mol™ by open circuit
chronopotentiometry, respectively.

According to the data ®! of standard heat and standard
entropy at 298 K, the calculated standard Gibbs energies of
reactions (2) and (3) at 843 K are calculated to be -155.08
and —287.18 kJ mol™, respectively, which are smaller than
the experimental values. However, based on our knowledge,
standard Gibbs free energies of AlCe and AlCe; alloys have
not been calculated by experimental method so far.

The cross-sections of Al-Ce alloys after potentiostatic
electrolysis at 843 K for 1 h are presented in Fig.4. A layer
of about 28 um in thickness is evenly coated on Al electrode.
EDS mapping analysis of element Ce and Al are show in
Fig.5b and 5c. From the mapping analysis of elements, we
can observe that the element cerium mainly disperses
homogenously along the surface of the electrode.

a8\l Xiod 1050

Fig.4 SEM image for Al-Ce alloy by potentiostatic electrolysis
(1.6 V vs. Ag/AgCl) at 843 Kfor1 h
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Fig.6
Ag/AgCl) at 843 Kfor 1 h

Fig.6 shows EDS results corresponding to Fig.5a. The
areas labeled as 002 and 003 taken from the white zone (the
layer) and black zone (the resin), respectively, indicate that
the deposit is composed of cerium and aluminum elements.
Therefore, the sample prepared by potentiostatic
electrolysis is AlCe, alloys. According to the EDS results,
the layer dissolves more Ce (82.98 wt% at area 002) than
the resin does (0.27 wt% at area 003). Based on the binary
phase diagram of Al-Ce system, Ce, as a surface active
element, reacts with Al to form different intermetallic
compounds ™. During the solidification process, Al-Ce
compounds mainly distribute at the surface of the Al
electrode.

3 Conclusions

1) The underpotential deposition of Al-Ce Alloys at an
Al electrode from LiCI-KCI-CeCl; melts can be elucidated
by electrochemical methods. The redox potential of the
Ce(ll)/Ce on Al active electrode has more positive
potential values than those on an Mo electrode. The
phenomenon is thermodynamically explained by lowering
of cerium activity in the metal phase due to the formation of
intermetallic compounds.

2) The Al-Ce alloys are prepared in LiCI-KCI-CeCl,

Intensity/cps

SEM image (a) and EDS mapping analyses of element Ce (b) and element Al (c) for Al-Ce alloy by potentiostatic electrolysis (—1.6
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EDS spectra of area 002 (a) and area 003 (b) corresponding to Fig.5a for Al-Ce alloy by potentiostatic electrolysis (=1.6 V vs.

melts at 843 K by constant potential electrolysis on an Al
electrode. XRD illuminates that AlCe and AlCe; are formed.
The reasons of formation AlICe and AlCe; alloys can be
explained by XRD and phase diagram of Al-Ce. The
standard Gibbs free energies of formation AlCe and AlCe;
alloys can be calculated by open circuit
chronopotentiometry.

3) The cerium exists at the surface of Al electrode to
form a thickness uniform Al-Ce alloy layer, and the layer of
about 28 pum in thickness is evenly coated on Al electrode.
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