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The electrochemical behavior of CsI in LiCl molten salt was investigated to identify its impact on the electrolytic oxide reduction of
oxide-phase spent nuclear fuels by combined electrolysis and cyclic voltammetry experiments of LiCI-CsI in comparison with
LiCl, LiCl-CsCl, and LiCI-Lil. It was found that Cs" ions were hardly involved in the cathode reaction, and reduction of Li* ions
occurred dominantly in the cathode. In contrast, incorporation of I" ions induced low-potential anode reaction compared with
the I" ion-free cases. Such additional electrochemical reaction resulted in the generation of I, and/or ICl gases, which would
increase a process burden for treating '*°I with exceptionally long lifetime. In this respect, separating CsI from spent nuclear fuel

before the electrolytic oxide reduction is recommended for the purpose of efficient waste management.

1. Introduction

Electrolytic oxide reduction (EOR) has been developed as a
technical option of oxide reduction in pyroprocessing [1-3].
Spent nuclear fuels (SNFs) in oxide forms (mainly, UO,) are
electrochemically reduced to metallic forms during the EOR
process [1-3]. Then, the metal products are electrochemi-
cally treated for the recovery of uranium and transuranic
elements [1-3]. The EOR process generally utilizes LiCl
molten salt (at 650°C) as an electrolyte [4-6]. Due to the
nature of electrochemical reactions, the EOR process can be
divided into two parts: the reduction of SNFs at the cathode
and the gas evolution at the anode. The cathode reaction can
be simply expressed as

UO, +4Li" + 4¢” — UO, +4Li(l) — U +4Li" + 20>
(1)
The anode reaction aims to remove O~ ions released
from the SNFs as a result of the cathode reaction. In a

conventional Pt anode system, O>~ ions are oxidized at the
anode to evolve O, gas to maintain the reaction homeostasis

[6].
2087 — 0,(g) +4e (2)

A C anode system has been developed to replace the
costly Pt anode [7-9]. The anode reaction becomes com-
plicated in the C anode system, in which O°~ ions can be
eliminated by various (electro)chemical pathways related to
O,, Cl,, and CO/CO, evolution [7].

Several fission products (e.g., Cs, Ba, and Sr) in SNFs are
highly soluble in LiCl molten salt, and hence, they are
thought to accumulate in the electrolyte during the EOR
process [4, 5]. They may play a role in the electrochemistry of
the EOR process, which may affect charge efficiency and,
subsequently, quality of the metal products. It was reported
that that the dissolution of Ba and Sr in the LiCl electrolyte
has little effect on the EOR process [5, 10]. In contrast,
incorporation of Cs in the electrolyte (at more than 10 wt.%
of CsCl in LiCl) was revealed to hinder the proper reduction
of UO, [5]. The literature utilized CsCl as the Cs source, and
the effect of Cs™ ions to the EOR reaction was investigated
[5]. Csl is one of the possible chemical forms of Cs in SNFs
[11]. Because the dissolution of CsI to the LiCl electrolyte
provides I ions, the impact of I" ions on the EOR reaction
needs to be identified.

Compounds of Cs, including CsI, in SNFs are expected
to be removed by high-temperature heat treatment to form
volatile phases [12, 13]. Thus, performing heat treatment is
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considered to be beneficial for the EOR process [1, 5]. On the
other hand, direct transportation of SNFs, without the heat
treatment, to the EOR reactor after physical decladding
remains a viable approach in terms of process simplicity, and
such an approach was used in research involving EOR ex-
periments conducted in the United States and in Japan [4, 5].

In this respect, it is meaningful to identify how the
dissolved CsI behaves during the EOR process, and in this
present study, the electrochemical behavior of an LiCl-CsI
system was investigated to determine the impact of Csl
accumulation in the LiCl electrolyte on the EOR process.
Graphite was employed as the C anode material because of
its wide process window to the Pt anode.

2. Materials and Methods

Electrochemical investigation was undertaken inside an Ar-
filled glove box. Several combinations of LiCl (99%, Alfa
Aesar), CsClI (99.9%, Alfa Aesar), Lil (99.95%, Alfa Aesar),
and CsI (99.9%, Alfa Aesar) were separately prepared for the
electrochemical investigation. Figure 1 shows the electro-
chemical cell used in this study. The electrochemical cell had
three electrode slots in triangular arrangement (interelec-
trode distance =32 mm). The electrodes were covered with
Al,Oj; tubes for insulation when they were introduced into
the electrochemical cell. An MgO crucible (inner diame-
ter =52mm) containing the molten salt components was
placed at the bottom of the electrochemical cell. An Ar purge
gas (100 mL min~') was introduced continuously to the
electrochemical cell to get rid of corrosive gas-phase reaction
products (e.g., Cl, and L,). The electrochemical experiments
were carried out at 650°C. The electrolysis experiment was
done using a Ni wire (diameter =2 mm, Nilaco) as cathode
and a graphite rod (diameter =3 mm, Alfa Aesar) as anode.
For the cyclic voltammetry (CV) investigation, the Ni wire
(or, the graphite rod) working electrode and the graphite rod
(or, the Ni wire) counterelectrode were used, and an ad-
ditional Ni wire was employed as a quasi-reference electrode
(QRE). The electrolysis experiment was controlled by a
power supply (E3633A, Keysight), and the CV experiment
was conducted using a potentiostat (PGSTAT362N, Auto-
lab). The electrolysis product recovered from the cathode
was dissolved into deionized water for chemical analysis.
Concentrations of Li, Cs, and I in the dissolved solution were
analyzed by inductively coupled plasma-mass spectroscopy
(iCAP Qc, Thermo Scientific), and ion chromatography
(ICFLEX 930, Metrohm) was used to identify the CI” ion
concentration in the solution. Thermodynamic calculation
was done using HSC Chemistry 9.0 software (Outotec) for
calculation of the electrolysis voltage of each species.

3. Results and Discussion

To track the electrochemical behavior of CsI in the LiCl
electrolyte briefly, the current-voltage relationship of the
LiCI-CsI molten salt (Li/Cs=Cl/I=3/1) was characterized,
as shown in Figure 2. Identical experiments were also carried
out with pure LiCl, LiCl-CsClI (Li/Cs = 3/1), and LiCl-LiI (Cl/
I=3/1) systems to clearly identify the effect of the
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Figure 1: Configuration of electrochemical cell used for the
electrochemical investigation.

introduction of Cs* and 1™ ions (Figure 2). Because the
electrode immersion depth (due to difficulty in precise
control) and the ionic transports (due to different compo-
sition) are not identical for each system, which directly
influence the electrochemical properties, the original current
data in Figure 2(a) were normalized, as shown in Figure 2(b),
for comparison. From this, the electrolysis behavior can be
categorized into two groups: the I-containing molten salts
(LiClI-CsI and LiCI-Lil) were activated at a low-voltage range
(>2.5V), while the others (LiCl and LiCl-CsCl) required a
high voltage (>3.5V) for initiating the electrochemical re-
action. It means that the existence of I” ions in the LiCl
electrolyte induces the additional electrochemical reaction
during the EOR process.

Table 1 describes the Gibbs free energy change (AG) of
the decomposition reactions of LiCl, CsI, CsCl, and Lil and
their corresponding electrolysis voltage at the reaction
temperature (650°C). The activation voltage of the I-con-
taining systems was less than that of the I-free systems,
demonstrating that the low-voltage reaction resulted from
the existence of I ions. The onset voltage of the I-containing
molten salt (Figure 2) is well matched to the electrolysis
voltage of Lil, suggesting that Li* and I” ions dominantly
participated in the electrochemical reaction at the cathode
and the anode at this condition, respectively.

Identification of the cathode reaction is a key in de-
signing the EOR process because the main reaction prod-
ucts, the reduced SNFs, are fabricated at the cathode. It is
believed that the electrochemically deposited Li metal works
as a reducing agent of the oxide SNFs. Side reactions oc-
curring at the cathode may result in decreased metal con-
version efficiency because they consume electrons. However,
it is difficult to determine whether Cs" ions contribute to the
cathode reactions from the experimental results given in
Figure 2. In this respect, constant-voltage electrolysis op-
erations were conducted at 5V using the LiCl-CsI molten
salt (LiCl/CsI = 3/1) to collect the deposition product formed
on the Ni electrode (i.e., cathode), as shown in Figure 3. The
induced current during the constant-voltage operation was
comparable with the current-voltage data in Figure 2(a).
Figure 3 shows the deposition product, a shiny silver-colored
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FiGuRre 2: Current-voltage characteristics of the LiCl, LiCl-CsI, LiCl-Lil, and LiCI-CsCl molten salts: (a) original data and (b) normalized

data.

TaBLE 1: AG values and corresponding electrolysis voltage of
decomposition reactions of LiCl, CsI, CsCl, and LiCl at 650°C.

Reaction AG (Kk]) Electrolysis voltage (V)
2LiCI(1) = 2Li(1) + Cly(g) ~ +667.411 3.46
2CsCl(1) =2Cs(1) + Cl(g)  +706.190 3.66
2LiI(1) = 2Li(1) + I,(g) +476.966 2.47
2CsI(1) =2Cs(1) + I,(g) +584.456 3.02

metal deposit. The atomic ratio of the deposit was identified
to reveal what the cathode reaction is (Table 2). It should be
noted that the atomic ratio is not highly reliable for several
reasons, including residual molten salt species on the surface
of the metal deposit, floating behavior of metal droplets of Li
(melting point =180.5°C) and Cs (melting point =28.44°C),
and evaporation of Cs metal (boiling point = 670.8°C), which
are not controllable. Nevertheless, it is remarkable that the Li
content was much higher than that of the other elements.
This suggests that Li* ions are the major cation species
participating in the cathode reaction in this system. The
detected anion species (e.g., Cl and I) from the deposit
seemed to have originated from the residual electrolyte, and
the comparison of Cl/I ratio of the deposit with that of the
electrolyte well supported this. The I/Cs ratio was greater
than in the original molten salt, claiming the loss of Cs
during the reaction. The electrochemically deposited Cs
metal might escape from the surface of the cathode electrode
(i.e., Ni wire in this case) by forming floating metal droplets
and/or the vapor phase. Consequently, the small amount of
Cs" ions in the molten salt could be involved in the elec-
trochemical reaction at the cathode.

The actual Cs content in the EOR electrolyte that treated
the SNFs was only hundreds of ppm [4], but the electrolysis
study described above was conducted at a highly con-
centrated condition to clearly distinguish the impact of Csl.
In this respect, an additional electrochemical investigation
was made with low-concentration LiCl-CsI (0.5 wt.% CsI)
molten salt. Compared with the high-concentration ex-
periment, the low-voltage electrolysis was not that dis-
tinctive in this case because of the low I” content (Figure 4).
The onset voltage of the electrochemical reaction increased
(>3.0V) with reducing CsI concentration. Figure 5 shows
the CV curves of the low-concentration LiCl-CsI molten
salt in comparison with pure LiCl. Typical Li metal de-
position characteristics were identified at the cathode below
—2.1 V vs. Ni QRE (Figures 5(a) and 5(c)) [10], as expected,
showing the negligible effect of the Cs* ion. The CV curves
obtained from the anode side, however, showed completely
different behaviors (Figures 5(b) and 5(d)), demonstrating
that the additional electrochemical reaction related to I™
ions took place. The anodic peak appeared at around +0.9 V
vs. Ni QRE (+1.3 V vs. Ni QRE for pure LiCl case), which is
+3.0V from the Li deposition potential. The potential
difference is comparable with the onset voltage in Figure 4.
The increased potential difference in this case to the high-
concentration experiment seems to be due to concentration
polarization of the I, evolution at the low I concentration
and/or evolution of ICl gases (e.g., LiCl(l)+ Lil(l)
=2Li(l) + ICI(g); electrolysis voltage = 2.87 V). The ICl gases
also can be formed by chemical reaction of I,and Cl, gases
(potential anode products) (I,(g) + Cly(g) =ICI(g); AG=-
38.231 k] at 650°C).
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F1GURre 3: Current response versus time during the constant-voltage electrolysis of the LiCl-CsI molten salt (inset: electrodes recovered after
the electrolysis).

TaBLE 2: Atomic ratio of the cathode deposit obtained by the constant-voltage electrolysis of the LiCl-CsI molten salt.

Li/Cs Cl/1 1/Cs Cl/Li
Atomic ratio 244,50 3.05 1.51 0.02
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FIGURE 4: Normalized current-voltage characteristics of the LiCl and LiCl-CsI molten salts with the different CsI concentrations.

Consequently, it is concluded that the CsI accumulation ~ '*I is a challenging fission product because of its extremely
in the LiCl electrolyte greatly affects the anode reaction of  long half-life (1.57 x10”y) and high mobility in the envi-
the EOR process. I ions are easily oxidized to form gas  ronment [14, 15]. The exhaust gas of the C anode-based EOR
phases (I, and/or ICl) as described above. Generating the process is a complex of Cl,, O,, CO, CO,, and Ar [7], and it
I-containing gas phases becomes a critical issue in the design ~ may also contain the vapor phases of LiCl(-CsI) molten salt,
of the whole EOR process, from the electrochemical reaction ~ Li metal, and Cs metal. Introduction of the I, and ICl gases
to the post-EOR treatments. With respect to final disposal, ~ should accompany complicated gas treatment systems



Science and Technology of Nuclear Installations

1.0+

0.5

0.0

Current (A)

-2.4 -2.2 -2.0 -1.8 -1.6 -1.4

Potential (V vs. Ni QRE)
()

1.0

0.5

0.0

Current (A)

-0.5

-1.0

-2.2 -2.0 -1.8 -1.6 -14

Potential (V vs. Ni QRE)
(c)

1.0 -

0.8 -

0.6 -

0.4 -

Current (A)

0.2 -

0.0 -
0.3 0.6 0.9 1.2 1.5 1.8
Potential (V vs. Ni QRE)
()

0.8 -

0.6 -

Current (A)

0.4 -

0.2 -

0.0 -

0.3 0.6 0.9 1.2 1.5 1.8
Potential (V vs. Ni QRE)

(d)

FIGURrE 5: CV investigation of the (a, b) LiCl and (c, d) LiCl-CsI molten salts for the (a, ¢) cathode and the (b, d) anode.

because '*’I, even in a very small amount, should be ef-
fectively separated from a profound amount of the com-
plicated EOR exhaust gas stream for disposal. Thus, the
transportation of CsI to the LiCl molten salt electrolyte will
require a large gas treatment system, which becomes an
additional process burden on the whole EOR process.
Meanwhile, the CsI treatment technique has been well
established as a head-end process, from volatilization to the
immobilization, as the pre-EOR process of pyroprocessing
[1, 12, 13]. Subsequently, it is considered that the removal of
CsI from SNFs before EOR processing is a better strategy in
terms of the integrated process efficiency of the EOR process
and also the whole pyroprocessing.

4. Conclusions

Comparative electrolysis experiments of LiCl, LiCI-CsI (Li/
Cs=Cl/1=3/1), LiCl-CsCl (Li/Cs=3/1), and LiCl-Lil (Cl/
I=3/1) molten salts were carried out to reveal the impact of
Csl, a component of SNFs, in the EOR electrolyte system. The

onset voltage of the electrolysis of the I-containing group
(LiCl-CsI and LiCI-Lil) (~2.5V) was lower than that of the
I-free group (LiCl and LiCl-CsCl) (~3.5V), showing that the
incorporation of I" ions induced a low-voltage reaction. On
the contrary, the electrolysis behaviors of LiCl and LiCl-CsCl
(or, LiCI-CsI and LiCl-Lil) were comparable, and it was
considered that the Cs" ion incorporation did not have a
significant effect in the electrochemical reaction. Chemical
analysis on the cathode product of the LiCl-CsI electrolysis
revealed the preferential deposition of the Li metal. These
results agreed with the CV investigation performed with the
lower CsI concentration (CsI=0.5 wt.%). In this concen-
tration, the oxidation potential of I" ions (+0.9 V vs. Ni QRE)
was lower than that of Cl™ ions (+1.3 V vs. QRE) at the anode
side, while no signal of additional reactions was found at the
cathode side. Thus, the I-containing gases (such as I, or ICI)
are expected to be generated during the EOR process when
Csl is incorporated to the LiCl electrolyte. Considering the
complexity of the exhaust gas treatment system for handling
the I-containing gases (due to long lifetime of '*I), separating



CsI from SNFs before the EOR process is regarded as a
reasonable option compared to the direct transport of SNFs to
the EOR system.
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