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Abstract

The electrochemical behavior of Ce(III)/Ce(0) couple in FLiNaK (46.5:11.5:42
mol%) melt was investigated using cyclic voltammetry, chronopotentiometry
and square wave voltammetry within the temperature range of 873-933K.
Square-wave voltammetry reveals that the reduction of Ce(III) to cerium metal
on the inert tungsten electrode is a one-step reduction, i.e. Ce(III)+3e——Ce(0).
The diffusion coefficient of Ce(III) ion in molten FLiNaK salt, determined via
cyclic voltammetry, increases with increasing temperature, and the activation
energy of Ce(III) in FLiNaK melt was calculated to be 356.87 kJ - mol—1.
SEM-EDX analysis and XRD patterns results reveal that the pulse electrolysis
is a feasible method for Ce separation in molten fluoride salt systems.
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Abstract: The electrochemical behavior of the Ce(III)/Ce(0) couple in FLiNaK
(46.5:11.5:42 mol%) melt was investigated using cyclic voltammetry, chronopo-
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tentiometry, and square wave voltammetry within the temperature range of
873-933 K. Square-wave voltammetry reveals that the reduction of Ce(III) to
cerium metal on an inert tungsten electrode occurs as a one-step process, i.e.,
Ce(III) + 3¢~ — Ce(0). The diffusion coefficient of Ce(III) ions in molten FLi-
NaK salt, determined via cyclic voltammetry, increases with temperature, and
the activation energy for Ce(III) diffusion in FLiNaK melt was calculated to be
356.87 kJ - mol~'. SEM-EDX analysis and XRD pattern results demonstrate
that pulse electrolysis is a feasible method for cerium separation in molten flu-
oride salt systems.

Keywords: Electrochemical behavior; FLiNaK salt; Ce(III)/Ce(0); Diffusion
coefficient; Electrodeposition
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1. Introduction

Thorium-uranium cycle-based molten salt reactors have gained significant at-
tention in recent years, with spent fuel processing remaining a key challenge
for researchers aiming to enhance the economic efficiency of nuclear energy
and improve environmental safety [?, ?]. The thorium-based molten salt re-
actor system (TMSR) employs fluoride salts as coolant and/or fuel solvent. In
TMSR, nuclear fuel is uniformly dissolved in a carrier salt composed of LiF and
BeF, in the form of fluorides (ThF,, UF,, or TRUF ), where TRUF refers to
transuranic fractions. This design enables the extraction or replenishment of
fuel during reactor operation, facilitating both online and offline fuel processing
and recycling. After separating uranium and residual components via fluoride
volatilization and vacuum distillation of the carrier salt, the resulting molten
salt waste (LiF-BeF,-ThF,-UF,-TRUF -FPF ) consists primarily of thorium
and fission products, where FPF denotes fission product fractions [?]. Among
these, Ce, Nd, and Sm are the three elements with the highest concentrations
of fission products in spent fuel [?, ?]. Cerium primarily exists in spent nuclear
fuel as various radioisotopes, including '44Ce, 46Ce, and *®Ce, which possess
extended half-lives (for instance, the half-life of *4Ce is 285 years). Notably,
144(Ce exhibits significant neutron absorption cross sections, which can adversely
affect the neutron economy of reactors or the operational efficiency of transmu-
tation facilities [?]. By isolating and removing radioactive cerium isotopes, the
neutron economy of the nuclear fuel cycle can be optimized, thereby significantly
mitigating the radiological risks associated with spent fuel reprocessing and fi-
nal disposal. Moreover, given that cerium coexists with plutonium isotopes and
other transuranic elements (such as americium and curium), the separation of
cerium represents a critical step in the partitioning and recovery of transuranic
elements (TRU), which is essential for fuel reuse.

Since 1959, when Murbach and Hansen proposed an electrolytic refining process
for nuclear fuel in molten chlorides [?], researchers have studied the electrolytic
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reduction and refining of Ce in chloride molten salts, finding that the diffusion
coefficient of Ce(III) in chloride molten salts is relatively high at inert electrodes
[?]. Wang et al. investigated the electrochemical, thermodynamic, and kinetic
properties of Ce(III) in LiCI-KCI molten salt on an inert tungsten electrode,
successfully extracting Ce through constant potential electrolysis and achieving
a total purity of 99.971% for metallic Ce [?]. Underpotential deposition alters
the reduction potential of metal cations on active electrodes, enabling the ex-
traction of fission products from molten salts using active electrodes. Han et
al. studied the electrochemical behavior of Ce(IIT) on Ni electrodes, revealing
that different Ce-Ni intermetallic compounds can be obtained by controlling
the applied potential [?]. In 2023, Liu et al. investigated the electrochemical
behavior of La(I1I), Ce(III), and Nd(IIT) ions in LiCl-KCI-CsCl eutectic salts,
finding that the difficulty of cathodic passification followed the sequence La(I11)
< Ce(III) < NA(III) [?]. They also observed that passivation phenomena did
not affect the equilibrium potentials of La(III), Ce(III), and Nd(III). In 2024,
Xi et al. studied the electrochemical behavior of Ce(III) and found that the dif-
fusion coefficient for Ce(III) was 0.85 x 10~° c¢cm?/s underpotential deposition;
they successfully achieved electrochemical extraction of Ce in LiCl-KCl molten
salt by forming a Ce-Zr solid solution, with a recovery rate of 94.02% within
5 hours [?]. To date, the thermodynamic properties of Ce extraction on active
electrodes (including Ni [?], Mg [?], Bi [?], Zn [?], Ga [?], and Cd [?]) have
been studied, and results show that electro-extraction products result from the
reaction Ce(III) 4+ 3¢~ + xM — CeM , forming M-metallic compounds at the
active cathode. However, limited research has been conducted on its kinetic
properties.

In recent years, research has been conducted on the fundamental properties of
fission products in different molten salt systems [?, ?]. In 2014, Nam et al. used
first-principles molecular dynamics modeling to calculate the density, bulk mod-
ulus, thermal expansion coefficient, and self-diffusion coefficient of FLiNaK and
FLiBe, finding that the obtained data matched experimental data very well
[?]. Mushnikov et al. found that in LiF-NaF-KF molten salt, the solubility of
CeF is 10 mol.% at 500°C and reaches 25 mol.% at 665°C, showing an increas-
ing trend with rising temperature [?]. However, few studies have investigated
the fundamental properties of Ce in fluoride molten salts, and existing research
primarily focuses on simulation calculations, which significantly deviate from ex-
perimental results. Researchers have suggested that based on differences in the
electrochemical and thermodynamic properties of fission products and actinides
on active electrodes in molten salts, it is possible to remove radioactive /neutron-
absorbing fission products and facilitate the disposal of radioactive waste, such
as Ce [?]. However, the accumulation of fission products such as alkali metals,
alkaline earth metals, and rare earth elements on electrodes can affect the re-
covery rate of actinides. Therefore, enhancing the dynamic and thermodynamic
research on different fission products (e.g., Ce) in the fluoride molten salt system
is of great significance for the treatment and disposal of spent fuel.

This study investigated the redox behavior of Ce(III) on a tungsten electrode

chinarxiv.org/items/chinaxiv-202504.00148 Machine Translation


https://chinarxiv.org/items/chinaxiv-202504.00148

ChinaRxiv [$X]

within the temperature range of 873 K to 933 K in the FLiNaK molten salt
system. Using cyclic voltammetry and square wave voltammetry, a one-step
reduction process of Ce(III) was observed on the tungsten electrode. The diffu-
sion coefficient and apparent standard potential of Ce(III) were systematically
measured at different temperatures, with an activation energy calculated to be
356.87 kJ - mol~!. After four stages of pulsed electrolysis, successful deposition
of Ce metal was observed on the surface of the tungsten electrode.

2.1 Materials

A 50 g sample of FLiNaK was prepared in the molar ratio of LiF:NaF:KF
(46.5:11.5:42 mol%) and mixed with CeF; at a concentration of 3 wt.%. After
thoroughly mixing the fluoride powders with a stirrer, the mixture was placed in
a 100 mL nickel crucible. All chemicals used in the experiments were purchased
from Aladdin: LiF (99.9% purity, metal basis), NaF (99.99% purity, metal
basis), KF (99.9% purity, metal basis), and CeF; (99.99% purity, metal basis).
Subsequently, the fluoride salt mixture was dried at 673 K for 12 hours to remove
excess water and oxygen, then heated to the experimental temperature and
maintained for 4 hours to reach a steady state for subsequent electrochemical
measurements. All operations were carried out in an argon-atmosphere glovebox
with water and oxygen content maintained below 1 ppm.

2.2 Measurement of the Electrochemical Properties of
Ce(II1)

All electrochemical studies were performed using a Gamry electrochemical work-
station (Gamry Interface 1010E) based on a conventional three-electrode system.
A graphite rod (¢4 mm x 150 mm, Alfa-Aesar) served as the counter electrode
(CE), a tungsten wire (p1.5 mm x 150 mm, Merson) as the working electrode
(WE), and a platinum rod (¢1.5 mm x 150 mm, Alfa-Aesar) as the reference
electrode (RE). After the FLiNaK salt was melted, the electrodes were inserted
into the molten salt to a depth of 7 mm for subsequent electrochemical measure-
ments. Transient techniques including cyclic voltammetry (CV, potential range:
0-2.0 V, scan rate: 0.1-0.6 V/s), chronopotentiometry (CP, current range: -
50 to -100 mA), and square wave voltammetry (SWV, scan rate: 0.1 V/s, fre-
quency: 10 Hz, scan range: -1.4 to -1.8 V, pulse size: 25 mV) were employed
to characterize the electrochemical properties of Ce(III) in the CeF3-FLiNaK
molten salt.

2.3 Electrolytic Deposition of Ce

The electrochemical deposition of Ce in the CeF;-FLiNaK molten salt system
was carried out using a pulsed potentiostatic electrolysis method. Each pulsed
electrolysis process consisted of four stages: (1) applying a potential more neg-
ative than the deposition potential of Ce(III) for a short duration to locally
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concentrate electroactive species on the electrode surface; (2) applying a deposi-
tion potential slightly more negative than the precipitation potential of Ce(I1I)
to facilitate Ce deposition; (3) applying a slightly positive voltage to temporar-
ily switch the cathode to an anode, allowing deposited species on the cathode
surface to redissolve; and (4) applying a stable voltage to reduce disturbances
on the electrode surface, minimizing precipitation and dissolution of Ce between
the electrode and bulk molten salt. After electrochemical deposition, samples
were removed and characterized using X-ray diffraction (XRD), scanning elec-
tron microscopy (SEM), and energy-dispersive spectroscopy (EDS).

2.4 Electrolytic Product Analysis

Following high-temperature pulse electrolysis, a significant amount of elec-
trolytic product accumulated on the working electrode surface. The working
electrode was extracted at elevated temperature and allowed to cool naturally
before collecting the cathode product. All procedures were conducted within
an argon-filled glovebox. X-ray diffraction analysis of the electrolytic products
was performed using a Bruker D8 Advance diffractometer equipped with Cu
Ka radiation (A = 1.54184 A) at 40 kV and 40 mA, with scanning parameters
set to a 2 range of 10°-80° and a scanning speed of 8°/min. The portion of the
working electrode containing electrolytic products was vertically positioned in
a vacuum-cooled setting mold for solidification. Specifically, 20.03 g of curing
agent and 40.24 g of epoxy resin were thoroughly mixed and poured into the
mold containing the electrode. After complete resin solidification within the
cylindrical mold, the sample was removed and the test surface was polished
using an MP-2A polishing machine. Subsequently, the embedded electrode
was sectioned, and the electrolytic products on the electrode surface were
examined using a GeminiSEM 500 scanning electron microscope coupled with
energy-dispersive X-ray spectroscopy (EDS).

3.1 Redox Behavior of Ce in CeF;-FLiNaK

The electrochemical behavior of Ce(III) on a tungsten electrode in CeFj5(3
wt.%)-FLiNaK molten salt at 873 K was investigated using CV curves, as shown
in Fig. 1 Figure 1: see original paper. In the CV curve of the blank salt, repre-
sented by the black dashed line, a pair of redox peaks appears around -1.766 V /-
1.996 V, corresponding to the Li(I)/Li(0) redox couple. After adding CeF; to
the FLiNaK salt, a new pair of redox peaks (b/b’ ) was observed around -1.399
V/-1.697 V, associated with the oxidation and reduction of Ce metal. These
results indicate that the reduction of Ce(III) to Ce(0) occurs in a single step.
Note that the oxidation peak ¢ at -0.894 V may originate from impurities, and
the significant rise (d) at the end of the cyclic voltammetry curve corresponds to
fluorine gas generation [?]. Impurity peaks and fluorine gas generation were also
detected in blank FLiNaK molten salt. Notably, the redox peak for Li(I)/Li(0)
exhibited a negative shift of approximately 0.1 V after CeF4 addition, as shown
in Fig. 1(b). This is likely due to the instability of the reference electrode in
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FLiNaK, which is confirmed by chronopotentiometric measurements. As pre-
sented in Fig. 1(b), a similar offset of about 0.1 V for the reference electrode
was observed through chronopotentiometry scanning.

Square wave voltammetry offers higher sensitivity for detecting redox reaction
types, and its reversibility and rapid scanning capabilities are advantageous for
studying redox kinetics and calculating the number of electrons transferred. Fig.
2 Figure 2: see original paper shows the SWV curve scanned in the low-potential
range for the CeF4(3 wt.%)-FLiNaK molten salt at a frequency of 10 Hz. From
Fig. 1(a), it is evident that signal b’ (-1.697 V) corresponds to the reduction of
Ce(III) to Ce(0). By focusing on the voltage range where SWV signal b’ appears
and performing Gaussian fitting, a half-peak width of 0.087 V was obtained, as
illustrated in Fig. 2(a). The half-peak width for Ce(III) ions can be used to
calculate the number of electrons transferred using the half-peak width formula
presented in Equation (1) below [?]:

where W, , represents the half-peak width, n is the number of electrons trans-
ferred, T is the temperature (K), F' is the Faraday constant (96485.3383 +
0.0083 C/mol), and R is the gas constant (8.314 J-mol ! - K~1). The estimated
value of n is approximately 3.02, which is close to 3, indicating that the re-
duction of Ce(III) to Ce(0) involves a one-step, three-electron transfer process,
consistent with previous research findings [?, ?, ?]. The electrode reaction for
Ce(III)/Ce(0) is described as follows:

Ce(III) + 3¢~ — Ce(0)

3.2 Diffusion Behavior of Ce(III) in FLiNaK Molten Salt
System

In electrochemical processes, the diffusion coefficient is a critical parameter be-
cause diffusion control typically represents the rate-determining step in most
electrode reactions. The diffusion rate directly affects electrolysis efficiency and
current efficiency. Therefore, this study conducted detailed measurements of
the Ce(III) diffusion coefficient in the molten salt. Fig. 2(b) shows CV curves
obtained at different scan rates ranging from 0.1 to 0.6 V/s in CeF4(3 wt.%)-
FLiNaK molten salt at 873 K. To verify reaction reversibility, the relationship
between peak potential and scan rate was plotted, as shown in Fig. 2(c). With
increasing scan rate, the reaction progressively transitioned into the diffusion-
controlled region. Concentration polarization within the molten salt became
more pronounced, leading to a gradual negative shift in the reduction potential
and a gradual positive shift in the oxidation potential. Simultaneously, the peak
redox current of Ce(III) exhibited a gradual increase. Fig. 2(d) illustrates the
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relationship between the peak current and the square root of scan rate, show-
ing a linear correlation between the peak current (/,,) and v'/2. This indicates
that the reduction of Ce(IIT)/Ce(0) is a reversible reaction controlled by diffu-
sion. For diffusion-controlled electrochemical reactions, the diffusion coefficient
of Ce(III) in molten salt can be calculated using the Berzins and Delahay (B&D)
equation, as follows [?]:

I, = O.61(nF)3/2ACO\/m

where I, is the cathodic peak current, n is the number of electrons trans-
ferred, T is the absolute temperature (K), A is the effective electrode area (cm?,
0.3297 cm?), Cj, is the initial concentration of CeFy (mol/cm?, 2.30$x107{-4}$
mol/cm?), Deey is the diffusion coefficient (cm?/s), and v is the scan rate.
Using the slope from the linear relationship between cathodic peak current and
the square root of scan rate as input to Equation (3), the diffusion coefficient
of Ce ions was determined to be 1.95$x107{-7}$ cm?/s.

Typically, due to differences in the degree of cathodic polarization at the elec-
trode, diffusion coefficients can vary significantly. In this study, two different
methods were used to calculate diffusion coeflicients. The CP test showed a
lower degree of cathodic polarization at the electrode, while the CV test exhib-
ited more severe polarization phenomena. Fig. 3(a) presents the CP curve for
the CeF4(3 wt.%)-FLiNaK molten salt system, in which the current applied
to the tungsten electrode varied from -50 to -100 mA. From Fig. 3(a), a dis-
tinct redox process can be observed near -1.67 V, corresponding to the redox
of Ce(III). The duration of the transition time (7) of the plateau is related
to the magnitude of the current applied to the working electrode, with larger
currents resulting in shorter transition times. However, the onset potential for
reduction does not change with current, indicating that the electrode reaction
is a diffusion-controlled process [?]. These results are consistent with those ob-
tained from the CV method, further corroborating the validity of the CV results.
According to the Sand equation (Equation 4 [?]), there is a linear relationship
between the applied current in the CP spectrum and 7/2 (Fig. 3(b)), which
can be used to calculate the diffusion coefficient of Ce(III):

I 0.5nF ACqe(111)v/T Doy
- v

where I represents the set current (A), 7 is the transition time, n is the number
of electrons transferred (3), F' is the Faraday constant, A is the electrode area,
and Cge(pyy is the concentration of Ce. Based on the potentiometric graph in
Fig. 3(a), the diffusion coefficient of Ce(III) at 873 K was calculated to be
2.15$x107{-6}$ cm? - s~!. This value is an order of magnitude higher than the
diffusion coefficients calculated from CV data and Equation (2) at the same tem-
perature, which is attributed to the lesser degree of electrode polarization during

chinarxiv.org/items/chinaxiv-202504.00148 Machine Translation


https://chinarxiv.org/items/chinaxiv-202504.00148

ChinaRxiv [$X]

CP measurements, consistent with observations in other molten salt systems [?].
Based on these results, the diffusion coefficient of Ce(III) in the fluoride salt
system is an order of magnitude lower compared to that in chloride salt systems
[?]. This is likely attributed to the formation of tight ion pairs (LiF —, NaF —,
and KF ~, n = 4-6) between F~ and small cations, which substantially reduces
the concentration of free ions and consequently affects the mobility of rare earth
ions. Furthermore, the high concentration and small size of F~ facilitate the de-
velopment of a highly ordered structure, thereby restricting ion jump pathways,
while the absence of effective charge shielding further contributes to elevated
migration barriers.

3.3 Diffusion Activation Energy of Ce(III) in FLiNaK
Molten Salt

The diffusion coefficients of Ce(III) at various temperatures were also inves-
tigated. Despite considerable potential variation in FLiNaK molten salt, the
impact of cathode polarization should be minimized. Nevertheless, in FLiNaK
molten salt, the Li(I)/Li(0) electrochemical window and transition time exhibit
instability with temperature variation. Hence, CV was employed to observe the
diffusion coefficient of CeF3 in FLiNaK salt within the temperature range of
893-933 K, with experimental results shown in Figs. (4-6). Table 1 presents
the diffusion coefficients of Ce(Ill) (i.e., Deemy) in FLiNaK salt at different
temperatures, calculated according to the CV curves from Figs. (4-6) and Equa-
tion (2). The data in Table 1 reveal that as temperature increases, the redox
potential of Ce(III) shifts positively and the diffusion coefficient also increases.

Fig. 4 [Figure 4: see original paper]. (a) Cyclic voltammetry curve of CeF;-
FLiNaK molten salt at 893 K (Coeqmry = 2-30 x 107* mol/cm?®, A = 0.3768
cm?); (b) Cyclic voltammetry curve of CeF4(3 wt%)-FLiNaK recorded on the
tungsten electrode at different scanning rates; (c) £, and logv curves; (d) Ratio
of the average current to v/2.

Fig. 5 [Figure 5: see original paper]. (a) Cyclic voltammetry curve of CeF;-
FLiNaK molten salt at 913 K (Cgeqmpy = 2.30 X 107* mol/cm?, A = 0.3768
cm?); (b) Cyclic voltammetry curve of CeF5(3 wt%)-FLiNaK recorded on the
tungsten electrode at different scanning rates; (c) £, and logv curves; (d) Ratio
of the average current to /2,

Fig. 6 [Figure 6: see original paper]. (a) Cyclic voltammetry curve of CeF ;-
FLiNaK molten salt at 933 K (Cgeqrpy = 2.30 X 107* mol/cm?®, A = 0.3768
cm?); (b) Cyclic voltammetry curve of CeF4(3 wt%)-FLiNaK recorded on the
tungsten electrode at different scanning rates; (c) £, and logv curves; (d) Ratio

of the average current to /2,

Table 1. Redox potential and diffusion coefficient of Ce(III) in FLiNaK salt at
different temperatures calculated from CV curves.
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Temperature Redox Potential Diffusion Coefficient
873 K -1.401V / -1.694V  1.95 x 1077 cm?/s
893 K -1.376 V / -1.664 V. 5.88 x 1077 cm?/s
913 K -1.317V / -1.556 V. 1.35 x 1076 cm?/s
933 K -1.342V / -1.607 V. 4.98 x 1075 cm?/s

The influence of temperature on diffusion processes in an electrolyte typically
follows the Arrhenius equation [?], which expresses the relationship between the
diffusion coefficient D and temperature T as follows:

E
D = Dyexp (—R%)

where E, is the activation energy for diffusion (J-mol™!), R is the gas constant,
and D, is the pre-exponential factor. The diffusion coefficient D (cm? - s71)
is related to 1/7° (K~!) in an exponential manner. The activation energy E,
for the diffusion process can be obtained from the slope of the following linear
relationship:

E(l

InD =1nD, T

Based on the experimental results in Table 1 and Equation (6), the activation

energy for diffusion of Ce(III) in the FLiNaK molten salt system was determined

to be 356.87 kJ - mol !, as shown in Fig. 7 [Figure 7: see original paper]. This

value is significantly higher than the activation energy (30.8 kJ - mol™!) in the

chloride CeF4-LiCl-KCl system [?], indicating that the FLiNaK salt system may

have stronger ionic interactions that require more energy to overcome during
diffusion.

Fig. 7. Arrhenius plot of the logarithm of the diffusion coefficient (D) of Ce in
molten FLiNaK salt versus the reciprocal of temperature (1/7').

3.4 Apparent Standard Potential

The apparent standard potential is an important thermodynamic parameter for
studying the electrochemical reactivity of ions in molten salts. It serves as an
indicator of the electrochemical properties and oxidizing or reducing ability of
a substance at a given electrode. A more positive potential indicates stronger
oxidizing ability in its oxidized state, while a more negative potential signifies
stronger reducing ability in its reduced state. Additionally, differences between
standard potentials can be used to determine whether substances can be sepa-
rated via electrolysis. However, most molten salt systems deviate from standard
conditions, resulting in a lack of available standard potential databases. Due
to the presence of nucleation overpotential, transient electrochemical techniques
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are not suitable for determining the apparent standard potential of the system.
In this study, the electromotive force measurement method was employed to
determine the apparent standard potential [?]. At different temperatures, a ca-
thodic current was applied to the tungsten electrode for 60 seconds to deposit
metallic Ce, and the open circuit potential (OCP) was recorded against a Pt
reference electrode, producing a stable plateau corresponding to the equilibrium
potential E,.

Since the standard electrode potential E° has the following relationship with
the equilibrium potential F,, and the apparent standard electrode potential E*0

[7):

RT ALn(n)
_ 10
ELn(n)/Ln(O) - ELn(n)/Ln(O) + ’fl7F In <aLn(O)

RT
— *0
Eratm)/a) = ELn(n)/Ln(O) + nF In <XLn(n)VLn(n))

where n, R, T, and F are defined as in previous equations; Eﬁn(n) /Ln(0) Fepre-
sents the standard potential; X,y and vy, represent the concentration and
activity coefficient of Ln(n) ions, respectively; and Ln metal Qpy(0) has an activ-
ity of 1. Combining formulas (7) and (8), we obtain the following relationship:

RT
_ ;%0
ELn(n)/Ln(O) - ELn(n)/Ln(O) + ﬁ In (XLH(H)WLH(“))

Typically, the equilibrium potential in molten salts can be determined by mea-
suring the OCP. At different temperatures, a negative current was continuously
applied to the tungsten electrode for 60 s, and the OCP relative to the reference
electrode was recorded. As shown in Fig. 8 [Figure 8: see original paper], each
experiment yields a potential plateau, where the plateau region corresponds to
the equilibrium potential of Ce(IIT)/Ce at different temperatures relative to the
Pt reference electrode. Subsequently, using Equation (8), the apparent stan-
dard electrode potentials of Ce(III)/Ce relative to Pt at different temperatures
were calculated, with results presented in Table 2 . Table 2 shows that as tem-
perature increases, the measured apparent standard potential shifts positively,
indicating a decreasing absolute potential value. This temperature dependence
is consistent with the Nernst equation, which states that electrode potential is
positively correlated with temperature [?].

Fig. 8. Open circuit potential obtained after applying a negative current for 60
s to CeF;-FLiNaK molten salt on a tungsten electrode.

Table 2. Apparent standard potential of Ce(III)/Ce pairs in molten FLiNaK
salt calculated from OCP results.
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Temperature E,. (vs. Ref) E* (vs. Ref)

eq
873 K -1.564 V -1.486 V
893 K -1.340 V -1.313 V
913 K -1.773 V -1.699 V
933 K -1.558 V -1.536 V

3.5 Electrolytic Separation of Ce in CeF,(5 wt.%)-FLiNaK

The above results (Section 3.1) indicate that in the CeF4(5 wt.%)-FLiNaK
molten salt system, Ce(III) can be reduced to metallic Ce through a one-step,
three-electron transfer electrochemical reaction, suggesting feasibility for Ce sep-
aration via electrolysis. To verify this feasibility, preliminary electrolysis exper-
iments were conducted. As electrolysis progresses, the concentration of the
electroactive Ce(III) ion in the molten salt system continuously decreases. Fur-
thermore, during electrolysis, molten salt can adhere to the electrode surface
along with electrolysis products, which somewhat impedes further Ce(III) de-
position. To overcome the decrease in Ce(III) concentration and reduction in
current efficiency caused by molten salt adhesion, pulsed electrochemical meth-
ods were employed. The pulsed potential electrolysis method can effectively
mitigate the impact of reactive ion concentration changes, thereby improving
current efficiency. Fig. 9 Figure 9: see original paper illustrates the voltage
cycle for the pulsed potential electrolysis method used in this study. Each pulse
cycle lasted 65 s and consisted of four stages: (1) applying a potential of -1.7 V,
which is between the reduction potential of Li* (-2.0 V vs. Pt) and the reduction
potential of Ce(III) (-1.65 V vs. Pt), for 5 s to allow Ce(III) to concentrate on
the cathode surface; (2) applying a potential of -1.67 V| slightly more negative
than the reduction potential of Ce(III), for 55 s to selectively deposit Ce; (3)
applying a positive potential of 0.3 V for 3 s to redissolve the loose layer on the
surface of the deposited phase back into the molten salt; and (4) applying zero
potential for 2 s to maintain the molten salt system in a stable state.

The electrolysis process was carried out for a total of 100 cycles, as shown in
Fig. 9(b). Throughout the electrolysis process, the current remained relatively
constant, indicating that ion concentration changes resulting from electrolysis
had no significant impact on the pulse potential electrolysis process. Since the
concentration and current density of Ce(IIT) near the electrode were relatively
stable, fluctuations in electrode potential caused by concentration polarization
were small, reducing the likelihood of side reactions and impurity deposition.

Fig. 9. (a) Experimental parameters for pulse potential electrolysis of CeF4(5
wt.%)-FLiNaK molten salt system; (b) Change in current with time during
pulse potential electrolysis of CeF3(5 wt.%)-FLiNaK molten salt system at 873
K, working electrode: tungsten, 4 mm.

CV tests were conducted on the molten salt system before and after electrolytic
separation, with results shown in Fig. 10 [Figure 10: see original paper]. After
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electrolysis, the Lit and impurity peaks shifted upward by about 62 mV, and the
corresponding oxidation-reduction peak for Ce(III) — Ce(0) was significantly
reduced, indicating that part of the Ce(III) in the molten salt was electrolytically
separated. Since peak current in CV curves is related to concentration, the
effect of electrolytic separation can be estimated by the ratio of cathodic peak
currents (I,.) corresponding to Ce(Ill) — Ce(0) measured before and after
electrolysis under identical conditions. The ratio obtained from Fig. 10 is
Ly tront/ Tpe pack = —0.06854V/ —0.02448 V = 2.80, indicating that the Ce(III)
concentration in the molten salt decreased by approximately 2.8 times after

electrolysis.

Fig. 10. Cyclic voltammetry curves before and after electrolysis in molten
FLiNaK, scan rate: 200 mV /s, temperature: 873 K. Note: a/a’ refers to Lit +
e~ = Li; b/b’ refers to Ce3™ + 3e~ = Ce; c refers to impurity; d refers to F,.

After electrolytic separation, the cathode product was identified using XRD,
with results shown in Fig. 11 [Figure 11: see original paper|. The analysis
reveals that Ce exists primarily in metallic form in the electrolysis product, with
a small amount of CeF; signal also present. Signals for LiF, KF, and NaF in the
spectrum originate from contamination during sample collection and transfer,
where molten material was exposed. KF is easily hydrated during transfer, so
KF - 2H,O0 signals also appear in the spectrum.

Fig. 11. XRD patterns of separation products after pulsed potential electrolysis
in molten FLiNaK salt.

The cross-section of the working electrode after electrolytic separation was char-
acterized using EDS. As shown in Fig. 12 [Figure 12: see original paper]|, the
protruding electrolysis products exhibit a distinct metallic luster and Ce enrich-
ment. Note that the shaded area at the bottom of the SEM image represents
the tungsten rod (i.e., working electrode). Similarly, EDS mapping spectral
analysis revealed significant Na, K, and Ce elements in the products, consistent
with XRD results. Combined with XRD and EDS findings, these results demon-
strate that pulse electrolysis is a feasible method for Ce separation in molten
fluoride salt systems.

Fig. 12. Cross-sectional SEM image and corresponding EDS maps of the work-
ing electrode after pulsed potential electrolysis in molten FLiNaK salt.

4 Conclusions

The electrochemical behavior of Ce(III) in the CeF4(3 wt.%)-FLiNaK molten
salt system was studied using cyclic voltammetry, chronopotentiometry, and
square wave voltammetry. The main findings are as follows: (1) Square-wave
voltammetry reveals that the reduction of Ce(III) to cerium metal on an in-
ert tungsten electrode is a one-step reduction, i.e., Ce(IIl) + 3¢~ — Ce(0),
representing a quasi-reversible reaction process controlled by diffusion. (2) The
diffusion coefficient of Ce(III) ions in molten FLiNaK salt, determined via cyclic

chinarxiv.org/items/chinaxiv-202504.00148 Machine Translation


https://chinarxiv.org/items/chinaxiv-202504.00148

ChinaRxiv [$X]

voltammetry, increases with temperature, and the activation energy for Ce(III)
diffusion in FLiNaK melt was calculated to be 356.87 kJ - mol~L. (3) Compared
with chloride salt systems, the high concentration of free F~ in fluoride salt
systems has a pronounced effect on the molten salt medium, readily forming
complex clusters with metal ions and affecting the diffusion coefficient. (4) The
apparent standard potential gradually shifts positively with increasing temper-
ature, with the absolute potential value becoming progressively smaller. (5)
The CeF;-FLiNaK molten salt system was electrolyzed using a four-stage pulse
potential electrolysis method for 1.8 h, resulting in a significant decrease in Ce
concentration in the molten salt. This preliminary study demonstrates that
pulse electrolysis is a feasible method for Ce separation in molten fluoride salt
systems.
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