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a b s t r a c t
The transformation of Eu(III) to Eu(II) was conﬁrmed in a ﬂuoride eutectic, LiF-NaF-KF (46.5-11.5-42.0
mol%, FLiNaK) molten salt during a treatment of high temperature as high as 1023 K. The coexistence
of Eu(III)-Eu(II) was characterized by X-ray photoelectron spectroscopy (XPS) and voltammetry method,
and their concentrations were measured. The electrochemical behavior of Eu(III) and Eu(II) in the ﬂuoride
salt was investigated. The mechanism of the electrode reaction was determined using cyclic voltammetry
(CV) and square wave voltammetry (SWV). The results indicated a one-electron exchange process, corresponding to the reduction of Eu(III) to Eu(II) and the oxidation of Eu(II) to Eu(III). This process is reversible
and diffusion-controlled. The diffusion coefﬁcients (D) of Eu(III) and Eu(II) were determined using the conventional CV by changing the scanning rate and a modiﬁed method by changing the area of the working
electrode successively. The values obtained by these two different methods were consistent. The temperature dependence of diffusion coefﬁcient was investigated, and the activation energies of diffusion
process were calculated to be 38.9 ± 4.6 kJ mol-1 for Eu(III) and 34.7 ± 1.6 kJ mol-1 for Eu(II), respectively.
© 2014 Elsevier Ltd. All rights reserved.

1. Introduction
The pyroprocessing technology has attracted substantial attention in the past decades. As an alternative method for the treatment
of spent nuclear fuel in molten salts, it relates not only to the closed
fuel cycle for the Gen-IV reactors for improving the utilization of
nuclear fuel, but also to partitioning and transmutation (P&T) processes for reducing the volume of high level waste (HLW) [1–3].
However, the development of this technology has been halted by
the lack of fundamental data of target elements (e.g., lanthanides,
Lns, and actinides, Ans) in a given molten salt medium. Unlike in
the aqueous system, the physicochemical properties of such elements in molten salts would change along with the constitution
of the media. The acquisition of the valid physicochemical data for
Lns and Ans in various molten salts is important for the research
and development (R&D) of pyroprocessing. For example, the
volatile properties of a compound are crucial to the volatile-based
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technique, and the electrochemical data of some ions are signiﬁcant
for the electro-separation technique.
Electrochemical methods, such as the electroreﬁning treatment
developed by Argonne National Laboratory (U.S.A.) and the electrowinning technique developed by Research Institute of Atomic
Reactor (Russia), are promising options for spent fuel treatment and
both techniques have been demonstrated in engineering scale [4,5].
During the fundamental research of these techniques, a lot of literatures had been published regarding the electrochemical behavior
of some ﬁssion product (FP) elements in chloride-based (e.g., LiClKCl and LiCl-CsCl) [6,7] and a very few of papers were concerning in
the system of ﬂuoride-based molten salts (e.g., LiF-CaF2 , LiF-BeF2 ,
and LiF-NaF-KF) [8–11].
Europium (Eu) is a typical FP element and the investigation
of its electrochemical behavior will be helpful for understanding the properties of FPs. The electrochemical behavior of Eu in
molten media have been reported in some literatures previously.
Kuznetsov and Gaune-Escard have studied the electrochemistry
behavior of EuCl3 in the alkali chloride melts at the temperature range of 973K to 1173 K, and they found that the diffusion
coefﬁcients (D) of Eu(III) and Eu(II) have the relationship with
the oxidation state inversely, while the activation energy of the
diffusion process exhibited inclination to the oxidation state [7,12].
At a scanning rate less than 0.1 V s-1 , the redox process Eu(III) to

W. Huang et al. / Electrochimica Acta 147 (2014) 114–120

115

Fig. 1. Sketch of the experimental set-up.

Eu(II) is reversible and controlled by diffusion, but a mixed diffusion and electron–transfer controlled process has been observed
at 0.1-0.3 V s-1 . While at above 0.5 V s-1 , the redox process exhibited an electron–transfer controlled process [13]. Similar behavior
was also observed by Schroll et al. [14]. However, Bermejo et al.
reported that, at a scanning rate of less than 0.6 V s-1 , Eu(III) was
reduced to Eu(II) on a vitreous carbon cathode in a single step as
a reversible reaction in the temperature range of 673 K to 823 K
in LiCl-KCl molten salt [15]. The difference in the electrochemical behavior may be caused by the experimental temperature, but
more likely by the diffusion property in different media.
Massot et al. examined the electrochemical properties of the
Eu(III)-Eu(II) system in the LiF–CaF2 eutectic salt. It was clear that
only the ﬁrst step of the electrochemical reduction process of Eu(III)
[Eu(III)→Eu(II)] was diffusion-controlled on a molybdenum electrode. It was also observed that EuF3 was partly decomposed into
EuF2 at high temperatures (1073–1143 K) [16]. As a result, the coexistence of Eu(III) and Eu(II) in molten salt system might increase the
uncertainty of their concentration in molten salt, and signiﬁcantly
cause the deviation during the investigation of the electrochemical
behavior. Therefore, the electrochemical behavior of Eu element in
different systems of molten salts would still vary.
FLiNaK eutectic is one of suitable electrolytes of the electrochemical investigation with low melting point (727 K) and some
other attractive physicochemical properties [17]. In most cases, it
was adopted as the simulated eutectic salt of the molten salt reactor coolant, LiF-BeF2 , due to its comparable melting point. In this
paper, we have studied the electrochemical properties of Eu(III) in
FLiNaK, and aimed to measure the valid fundamental electrochemical data of Eu in this medium. The XPS and SWV methods were used
to characterize the presence of Eu(II). The concentrations of Eu(III)
and Eu(II) were determined by both methods. The D of Eu(III) and
Eu(II) were determined using conventional and modiﬁed voltammetric methods. The activation energy of the diffusion processes
were also measured by evaluating the temperature dependence of
D.

99.95%) and Nickel (Ni, 99.99%) wires with 1 mm diameter used
as electrodes were purchased from Sinopharm Chemical Reagent
Co., Ltd. Graphite crucibles, used as the electrochemical vessels,
and graphite plates, which were used as the auxiliary electrodes,
were manufactured from high purity grade (EllorR DS-4) graphite
by Mersen Company.

2. Experimental

2.3. Electrodes

2.1. Reagents and materials

Three-electrodes were utilized in all electrochemical experiments. The working electrode was a platinum wire (1 mm in
diameter), and the auxiliary electrode was a graphite plate
(1 × 5 cm). A standard reference system (Ni2+ /Ni) was used as the
reference electrode.
The Ni2+ /Ni reference electrode was initially developed in Oak
Ridge National Laboratory (ORNL, U.S.A) during the 1960s [18].

High grade anhydrous ﬂuorides (LiF, NaF, and KF, >99.95%) were
purchased from Sigma-Aldrich Co., Ltd. EuF3 and NiF2 (>99.99%),
which were used to prepare EuF3 -FLiNaK melt and fabricate the
inner electrolyte of NiF2 -FLiNaK for the reference electrode, respectively, were purchased from Sigma-Aldrich Co., Ltd. Platinum (Pt,

2.2. Experimental set-up
The experimental set-up for the electrochemical experiments
is schematically shown in Fig. 1. The set-up is composed by a
glove box, an electrical-resistance furnace with a Hastelloy C-276
vessel, and an off-gas treatment unit. The Hastelloy C-276 vessel is the chamber containing the graphite crucible, in which the
melts are prepared for electrochemical experiments. The glove box
ﬁlled with argon gas provided an atmosphere with the O2 and
H2 O concentration of less than 1 ppm. The melts were heated by
a programmable-controlled furnace in the vessel with a speciﬁed
temperature deviation of about 1 K.
FLiNaK eutectic was prepared prior to the addition of EuF3 . The
mixed powders of LiF, NaF and KF were weighed according to the
ratio of 46.5-11.5-42.0 mol%, and the resulting mixture was placed
in graphite crucible. The crucible was then loaded into a furnace
vessel, and the salts were treated as follows: after the vessel was
sealed and the ﬂuorides were isolated from the atmosphere of glove
box, the furnace was heated to 623 K in 2 h. The furnace temperature was then held at 623 K for 3 h while purging Ar gas into the
vessel to dehydrate the trace moisture. The temperature was subsequently increased to 1023 K and was kept for 3 h to completely
melt the eutectic. Finally, the prepared eutectic was slowly cooled
to the ambient temperature.
Before the electrochemical experiment, certain amount of EuF3
was added into the eutectic, and the mixture was treated using
the same procedure as mentioned above for preparing of the
EuF3 -FLiNaK melt. The temperature was ﬁnally ﬁxed at 823 K for
subsequent electrochemical experiments.
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Their experimental results indicated that the Ni2+ /Ni redox couple
in the molten ﬂuorides exhibited an excellent Nernstian behavior,
and therefore, was regarded as a fairly suitable electrode couple for
the reference electrode [19]. The main body of the reference electrode was a boron-nitride compartment [10,20] with a capillary
(0.2 mm in diameter) in the side wall that served as an ion channel. The boron-nitride tube was ﬁlled with the mixture of NiF2 (5
mol%) and FLiNaK eutectic. The stability, reversibility and repeatability of the Ni(II)/Ni reference electrode had been conﬁrmed in
our test, and a stable reference potential was found for the time of
our experiment. All potential values in this paper were determined
by this reference electrode.

FLiNaK, XPS characterization was carried out for the EuF3 -FLiNaK
eutectic system. Fig. 2 shows the spectrum of Eu 3d/5/2 for 1.5
wt% EuF3 -FLiNaK system along with the raw EuF3 for comparison.
Two distinctive peaks located at about 1131 eV and 1121 eV were
detected for EuF3 -FLiNaK system (Fig. 2b). Peak I at the high energy
range was assigned to Eu(III) while peak II corresponded to Eu(II)
[22,23]. The XPS experiments clearly indicated the existence of
Eu(II) in the eutectic, implying that the transformation of EuF3 to
divalent Eu occurred in FLiNaK. To the best knowledge of authors,
though no literatures have speciﬁed the formation of EuF2 by the
decomposition of EuF3 in a ﬂuoride molten salt, one could be analogous to the reaction of chloride compound, and the production of
Eu(II) in FLiNaK might be taken place as the reaction [7]:

2.4. Electrochemical measurement and chemical analysis
EuF3 → EuF2 +
The electrodes were suspended above the graphite crucible
before the EuF3 -FLiNaK was melted. When the melt was heated at
the preprogram temperature, the electrodes were carefully loaded
into the melt for the electrochemical measurement. To measure the
area of the working electrode precisely, an altimeter and an ohmmeter were used simultaneously when loading the Pt electrode into
the melt. The graphite plate was ﬁrst immersed into the melt, and
the ohmmeter was connected with the Pt and graphite electrodes
before the Pt electrode was carefully moved down. When the ohmmeter was triggered, the zero point was marked in the altimeter.
The immersed depth of the Pt electrode was then read from the
altimeter during the experiment. Through this way, the electrochemical measurement can be performed on the Pt electrode with
different areas.
All electrochemical experiments in this work were performed
with an Autolab PGSTAT302N potentiostat/galvanostat controlled
by the research software Nova 1.9. The transient techniques, such
as cyclic voltammetry (CV) and square wave voltammetry (SWV),
were used to examine the electrochemical behavior of Eu(III)-Eu(II)
in FLiNaK.
The X-ray photoelectron spectroscopy (XPS, Shimadzu/Kratos
AXIS Ultra DLD, Kratos Analytical), equipped with a standard and
monochromatic source (Al K␣) and operated at 150 W, was used
to carry out the XPS test. The XPS spectra of Eu3d/5/2 of different specimens including chemical reagent EuF3 and the specimens
from EuF3 -FLiNaK system were recorded to investigate the chemical state of Eu element.

1
F2
2

(2)

However, it should be noted that there were also two peaks
observed for the raw EuF3 compound, with a much weaker intensity
for peak I (Fig. 2a). These two peaks also had higher binding energy
than those in FLiNaK, indicating a redshift caused by the environmental impact of the molten salt. The existence of Eu(II) (peak I in
Fig. 2a) in the raw EuF3 might be attributed to the heat history of
the production process and/or the transportation period.
To conﬁrm the results of XPS, the characterization of Eu(II)
in EuF3 -FLiNaK system was also conducted using electrochemical
techniques. Fig. 3 shows two SWV curves of the EuF3 -FLiNaK melt
at 823 K. In order to exclude the possible accumulation of the active
species on the electrode surface, these two curves were measured
using fresh Pt wire as the working electrode, respectively. To avoid
the electro-generation of the counterpart of active species at the
electrode, the cathodic run was scanned from positive to negative,
whereas the anodic run was scanned from negative to positive. An
intensive current peak was detected for both cathodic and anodic
plots, suggesting the coexistence of Eu(II) and Eu(III) species in this

3. Results and discussion
3.1. Species of Eu in FLiNaK
Trivalent halides of Eu are relatively unstable compounds. The
decomposition of EuCl3 was examined by measuring the partial
pressure of the gaseous product, Cl2 , and the stability of EuCl2 was
also evaluated using thermodynamic and ionic-crystal model analysis. The results indicated that the formation of EuCl2 was feasible
when the EuCl3 was submitted with high temperature treatment
[13]. Higher temperature was applied, higher ratio of EuCl2 was
obtained. The suggested transformation reaction from EuCl3 to
EuCl2 is
EuCl3 → EuCl2 +

1
Cl2
2

(1)

Moreover, according to the literatures, SmF2 , YbF2 and EuF2
are also thermodynamically stable compounds and among which
EuF2 is regarded as the most stable one [21]. As dissolved in the
molten salt, Eu(II) exhibited extraordinary stability. It has been
conﬁrmed that the transformation of Eu(III) to Eu(II) occurred
in chloride molten salt (NaCl–KCl, KCl and CsCl) and ﬂuoride
molten salt (LiF-CaF2 )[7,12,13,16]. To identify the species of Eu in

Fig. 2. XPS spectra of Eu3d/5/2 of raw EuF3 (a) and EuF3 -FLiNaK eutectic (b).
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Fig. 3. Square wave voltammograms of the EuF3 -FLiNaK melt (the cathodic and
anodic runs were achieved in two independent tests). Amplitude of the square wave
potential: 25 mV; frequency: 10 Hz; T = 823 K. Working electrode: Pt (S = 0.322 cm2 );
auxiliary electrode: graphite; reference electrode: Ni2+ /Ni.

system. Although only Eu(III) was introduced initially in this system, the SWV results strongly supported the conclusion derived
from XPS.
The concentration of Eu(II) and Eu(III) in the eutectic can be
determined quantitatively using the ratio of the areas of the XPS
peaks [23], or the surface area of the SWV peaks of the Eu(III) reduction and Eu(II) oxidation, respectively [16]. From the XPS results,
the concentration was determined to be 0.104 and 0.046 mmol cm-3
for Eu(III) and Eu(II), respectively. However, in the case of the SWV
data, the values were 0.076 and 0.074 mmol cm-3 , respectively. The
signiﬁcant deviation could be attributed to the shifting the reaction
(2) to the left side during the cooling down of Eu-FLiNaK melts from
liquid to solid. Indeed, as above-mentioned, the high temperature
treatment of Eu(III) can produce the formation of Eu(II). Additionally, the shifting of U(IV) to U(III) as the UF4 -FLiBe system cooling
down had been reported by ORNL in 1950s, which was very similar to our observations [24,25]. Since the XPS determination was
performed by sampling and the samples were submitted cooling
to solid, while the SWV was monitored in situ in the liquid state,
it is reasonable that the results from latter one are more convincible. Therefore, the concentration of Eu(III) and Eu(II) obtained from
SWV method, namely, 0.076 mmol cm-3 for Eu(III) and 0.074 mmol
cm-3 for Eu(II), was adopted in this paper henceforth.
3.2. The mechanism of electrode reaction
The CV and SWV methods were used to investigate the electrode
reaction mechanism of Eu(III)-Eu(II) in FLiNaK. Typical CV curve of
EuF2 -EuF3 -FLiNaK system at 823 K was shown in Fig. 4 with blank
FLiNaK used for comparison. A pair of intense peaks at about 2.11 V
(vs. Ni2+ /Ni) was observed for both systems. This observation was
conﬁrmed by Soucek et al. in the molten FLiNaK eutectic salt [8]
and can be easily attributed to the decomposition of the eutectic,
particularly the redox of lithium ion. For the EuF2 -EuF3 -FLiNaK system, another pair of symmetrical peaks was observed. These peaks
were located at -1.07 V and -0.89 V for the cathodic and anodic runs
(vs. Ni2+ /Ni), respectively. As there were no similar signals detected
for blank FLiNaK, it could be attributed to the redox of Eu(III)-Eu(II)
in FLiNaK. This result was similar to those cited in other literatures
[13,16].
The ratio of the peak currents (ipa /ipc ) of a CV curve is an inherent
parameter for a certain reaction system regardless of the experimental conditions, such as scanning rate and D etc, and it is usually
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Fig. 4. Typical cyclic voltammogram of EuF2 -EuF3 -FLiNaK system at 0.10 V s-1 and
at 823 K. Working electrode: Pt (0.322 cm2 ); auxiliary electrode: graphite; reference
electrode: Ni2+ /Ni.

used to evaluate the reversibility behavior for electrode reaction.
The ratio of ipa /ipc obtained from Fig. 4 almost approached unity.
This observation implied that the redox of Eu(III) in this case was
reversible, and the electro-active species of the electrochemical
reaction were both soluble in FLiNaK.
 For a reversible reaction, the potential difference (Ep =
Epc − Epa ) between the reduction potential (Epc ) and the oxidation
potential (Epa ) can be described by the equation [26]:
Ep = 2.3

RT
0.163
=
(823K)
nF
n

(3)

where R is gas constant, T is temperature in K, F is Faraday’s constant
and n is the number of exchanged electrons of the reaction. The
value of Ep for the EuF2 -EuF3 -FLiNaK system was measured to
be 0.18 V, as shown in Fig. 4. Using Eq. 3, the exchanged electron
number of the electrode reaction was 1. Therefore, the electrode
reaction is attributed to the reduction of Eu(III) to Eu(II) and the
oxidation of Eu(II) to Eu(III):
Eu3+ + e  Eu2+

(4)

The one electron electrode process of Eu(III) was also observed
in other ﬂuoride media as well as in chloride solvents [7,12–16].
Square wave voltammetry (SWV) is a powerful technique for
studying the electrode reaction mechanism because of its excellent accuracy [27,28]. Fig. 5 shows the cathodic SWV graphs for the
EuF2 -EuF3 -FLiNaK system. The peak potentials of the SWV graphs
were constant, and a straight line was obtained by plotting the maximum current of peak versus the square root of the frequency of
Fig. 5. All of these conﬁrmed the reversibility of Eq. 4. The same
result was achieved in the anodic process (as shown in Fig. A of
the Support Information). For a reversible system, the half-width
of the SWV peak, W1/2 , was correlated to the number of exchanged
electrons using Eq. 5 [29,30]:
W1/2 = 3.52

RT
nF

(5)

where R, T, F and n have the same meaning and units as indicated in
Eq. 3. The W1/2 was 0.257 V for the cathodic run and 0.260 V for the
anodic run, respectively, and the calculated number of exchanged
electron for both reactions are very close to1. Therefore, it is should
be adopted as 1. Both of these results conﬁrmed the one electron
redox reaction between Eu(III) and Eu(II) of Eq. 4.
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Fig. 5. Square wave voltammogram of the EuF2 -EuF3 -FLiNaK system at 823 K. Working electrode: Pt (0.322 cm2 ); auxiliary electrode: graphite; reference electrode:
Ni2+ /Ni. Amplitude of the square wave potential: 25 mV.

Fig. 7. Cyclic voltammograms (scanning potential runs from -1.6 V to 0 V and then
back to -1.6 V) of EuF2 -EuF3 -FLiNaK system with different scanning rates at 823 K.
Working electrode: Pt (0.322 cm2 ); auxiliary electrode: graphite; reference electrode: Ni2+ /Ni.

3.3. Diffusion behavior of Eu(III) and Eu(II)

where A is the surface area of electrode, D is the diffusion coefﬁcient,
C0 is the bulk concentration of the electroactive species, and R, T, F
and n have the same meaning and units indicated in Eq. 3.
Following the correlation in Eq. 6, both plots of ipa versus v1/2
in cathodic and anodic process exhibited excellent linear relationships (inset ﬁgures in Figs. 6 and 7), indicating that the reduction
of Eu(III) and the oxidation of Eu(II) on Pt electrode were diffusioncontrolled. In the case of the reduction of Eu(III), n was determined
to be 1 while C for Eu(III) was 0.076 mmol cm-3 , as mentioned in
Section 3.1. Therefore, DEu(III) and DEu(II) for FLiNaK at 823 K were
calculated to be (1.66 ± 0.06) × 10-5 cm2 s-1 and (1.95 ± 0.05) × 10-5
cm2 s-1 , respectively.
During the determination of D with above method, the inaccuracy mainly came from the measurement of the area of working
electrode. Indeed, because of the different wettabilities between
various electrode materials and the molten salt, the true area of
a working electrode (e.g. Pt wire) immersed into the molten salt
depends strongly on their contact angle. For instance, the error of
the electrode area differing from a wetting phenomenon termed
as meniscus effect was usually observed [6,15]. Consequently, such
inaccuracy causes the deviation in the value of D.
Excluding the inaccuracy of A in Eq. 6 would signiﬁcantly be
helpful for the determination of the true value of D. A method
wherein the values of A are quantitatively changed to exclude the
inaccuracy in the measurement of A from CV experiments has been
reported in several literatures [6,15,31]. In this study, a procedure
was adopted to change the values of A by additionally varying the
immersion depths of the working electrode in FLiNaK, and the scanning rate was ﬁxed at 0.36 V s-1 . Eq. 6 was modiﬁed as:

A series of CV graphs for EuF2 -EuF3 -FLiNaK system were
obtained using scanning rates of 0.04, 0.09, 0.16, 0.25, 0.36 and
0.49 V s-1 , as shown in Fig. 6 and 7. To exclude interfering species
from the electro-generated species, the CV measurements for
investigation of Eu(III) and Eu(II) were performed from the cathodic
run (starting potential at 0 V, Fig. 6) and anodic run (starting potential at -1.6 V, Fig. 7), respectively. No evident potential shift was
detected for each of the cathodic and anodic peaks at any scanning
rates, which further conﬁrmed the reversibility of the electrode
reaction.
DEu(III) and DEu(II) were calculated by initially plotting CV graphs
at different scan rates. The cathodic and the anodic peak intensities
(ip ) are correlated with the potential scan rate (v) by the RandlesSevcik equation [26], which is valid for reversible systems:
ip = −0.4463nFAC0

 nFD 1/2
RT

× v1/2

(6)

ip = −0.4463nFC0 v1/2

 nFD 1/2
RT

× A = −0.4463nFC0 v1/2

Fig. 6. Cyclic voltammograms (scanning potential runs from 0 V to -1.6 V and then
back to 0 V) of EuF2 -EuF3 -FLiNaK system with different scanning rates at 823 K.
Working electrode: Pt (0.322 cm2 ); auxiliary electrode: graphite; reference electrode: Ni2+ /Ni.

 nFD 1/2
RT

× (A0 + A)

(7)

where A is the additional area for the working electrode.
A series of CV curves measured using this modiﬁed method
were shown in Fig. 8 (cathodic run). By plotting of the current
densities, ipc , versus the A of the working electrode, a linear
relationship between the two variables was obtained (inset in
Fig. 8). According to Eq. 7 and Fig. 8, DEu(III) was calculated to be
(1.32 ± 0.04) × 10-5 cm2 s-1 . In the same way, DEu(II) was calculated to be (1.43 ± 0.06) × 10-5 cm2 s-1 (Fig. 9). These results are
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Table 1
Variation of the Eu(III) and Eu(II) diffusion coefﬁcients with the temperature using
cyclic voltammetry measurement.
Temperature (K)

DEu(III) (×105 cm2 s−1 )

DEu(II) (×105 cm2 s−1 )

773
803
833
863
893
923

0.80 ± 0.01
1.27 ± 0.03
1.51 ± 0.06
1.90 ± 0.07
2.08 ± 0.07
2.41 ± 0.07

1.25 ± 0.02
1.58 ± 0.01
1.90 ± 0.05
2.38 ± 0.08
2.54 ± 0.05
2.98 ± 0.10

3.4. Activation energy of diffusion process

Fig. 8. Cyclic voltammograms (scanning potential runs from 0 V to -1.6 V and then
back to 0 V) of EuF2 -EuF3 -FLiNaK system with various surface areas of the Pt working
electrode at 823 K. Scanning potential rate: 0.36 V s-1 ; Auxiliary electrode: graphite;
reference electrode: Ni2+ /Ni. H is the immersion depth of the working electrode.

slightly smaller than those obtained by the conventional CV method
because of the correction of working electrode area. However, they
were still in the same order of magnitude and consistent with
each other, indicating the validity of D of Eu(III) and Eu(II) in this
work.
Furthermore, during the SWV and CV experiments, the redox
process of Eu(III)↔Eu(II) was reversible even at the scanning rate
as high as about 0.5 V s-1 . This result agreed well with Bermejo’s
work in the eutectic LiCl-KCl [15], but it was signiﬁcantly different
from Kuznetsov’s work in the mixture of molten NaCl-KCl [13]. The
difference in the reversibility of the same electrochemical reaction
might be caused by the experimental temperature, the electrode
material, and more likely, the diffusion property in different media.
Analyzing the D data obtained in the same temperature (which
was signiﬁcantly smaller in Kuznetsov’s work in NaCl-KCl than the
others), the low D of Eu(III) and Eu(II) inﬂuenced the reversibility of their redox reaction on the electrode at a high scanning
rate.

Fig. 9. Cyclic voltammograms (scanning potential runs from -1.6 V to 0 V and then
back to -1.6 V) of EuF2 -EuF3 -FLiNaK system with various surface areas of the Pt
working electrode at 823 K. Scanning potential rate: 0.36 V s-1 ; Auxiliary electrode:
graphite; reference electrode: Ni2+ /Ni. H is the immersion depth of the working
electrode.

The temperature dependence of the diffusion behavior of Eu(III)
and Eu(II) in FLiNaK molten salt was also investigated. The concentration ratios of Eu(III)/Eu(II) were almost consistent at the
temperature range of 773 K to 923 K, with a deviation less than 3%
(as shown in Fig. B of the Support Information). Based on the concentration of Eu(III) and Eu(II) as mentioned earlier in this paper, the
values of D measured by modiﬁed CV method are listed in Table 1.
Generally, the temperature dependence of the diffusion process
in an ideal solution always obeys Arrhenius’ law [32]. D and the
temperature, T, have the following relationship:
D = D0 exp(−

Ea
)
RT

(8)

where Ea is the activation energy in J mol-1 and D0 is the preexponential factor.
By the transformation of Eq. 8, one can obtain a linear relationship of lnD vs. 1/T (D is in cm2 s-1 and T in K), and therefore, the
activation energy (Ea ) of the diffusion process can be calculated
from the slope. The correlation of lnD vs. 1/T in this work is plotted
in Fig. 10 for Eu(III) and Eu(II). From this relationship, the activation energy was calculated to be 38.9 ± 4.6 kJ mol-1 for Eu(III) and
34.7 ± 1.6 kJ mol-1 for Eu(II) in FLiNaK, respectively.
Actually, when extrapolating by the activation energies in this
work, the calculated D of Eu(II) and Eu(III) in FLiNaK at a higher
temperature (such as 1073K) are agreed nicely with those in LiFCaF2 [16]. In the molten ﬂuorides, the Eu(II) and Eu(III) ions will
coordinate with F− to form the negative charged complex, while
the cations act as the counter ions at the surface. Since the ionic
radius of Ca2+ , Na+ and K+ ions in LiF-CaF2 and FLiNaK are very
close to each other, the counter-polarizing effects of the cations
(Ca2+ , Na+ and K+ ) in the second coordination sphere of these two

Fig. 10. Linear relationship of the logarithm of diffusion coefﬁcients of Eu(III) and
Eu(II) vs. the reverse of the absolute temperature.
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melt are closely, resulting in a similar metal–ligand bond length,
interaction force, and diffusion coefﬁcient [7].
The activation energy of Eu(III) and Eu(II) obtained in this work
was signiﬁcantly close to those determined in chloride molten salts
[7,12,13,15], but was almost one order of magnitude lower than
that in LiF-CaF2 system [16]. Compared with conventional molten
salt systems, this dissimilarity is very unusual and confusing, which
might be attributed to the different physicochemical properties of
the media, such as the viscosity and microstructure of molten salts
[33]. However, it is hard to correlate the results to certain parameters, and to this point, maybe more deeply investigation should be
done in the authors’ future studies.
4. Conclusion
The coexistence of Eu(III) and Eu(II) in FLiNaK eutectic was
highlighted and ﬁrstly conﬁrmed by both XPS and SWV methods,
despite the fact that only EuF3 was initially added in the system.
The concentrations of Eu(III) and Eu(II) were then determined. This
result provides additional insight into the understanding of the
existing form of lanthanides in molten salt, and affords a method
for in-situ measurement of their concentrations. The electrochemical behavior of Eu(III)-Eu(II) was studied using an inert platinum
electrode. The electrode reaction of Eu(III) was found to be an one
electron exchange process and exhibited reversible and diffusioncontrolled characteristics, corresponding to the electrode couple of
Eu(III)-Eu(II). The D of Eu(III) and Eu(II) were determined using the
conventional and modiﬁed voltammetries, respectively. Compared
with traditional method, the modiﬁed one is more precise and could
exclude the inaccuracy of the electrode area in molten salt. Furthermore, temperature dependences of the diffusion behavior of
Eu(III) and Eu(II) were evaluated using Arrhenius’ law. The activation energy of the two cations in FLiNaK were calculated to be
38.9 ± 4.6 kJ mol-1 for Eu(III) and 34.7 ± 1.6 kJ mol-1 for Eu(II).
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