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Abstract

To extract dysprosium (Dy) from LiCl-KCI molten salt, the electrochemical properties of Dy on liquid Sn electrode were
explored by various electrochemical methods such as cyclic voltammetry (CV), chronopotentiometry (CP), and coulometric
titration (CT). The Dy-Sn solid solution ((Dy-Sn),juien) Was formed when the Dy was deposited on liquid Sn. The electrode
process is a reversible reaction controlled by diffusion, and the diffusion coefficient of Dy(III) in LiCl-KCI molten salt was
measured in the order of 107 cm? s~!. CT and CP were used to assess the solubility and diffusion coefficient of Dy in liquid
Sn, respectively. Meanwhile, the co-deposition of Dy(III) and Sn(II) was analyzed by CV and square wave voltammetry
(SWYV) to obtain the Dy-Sn intermetallic compounds, and four electrochemical signals related to Dy-Sn intermetallic com-
pounds were observed. In addition, the feasibility of extracting Dy using liquid Sn electrode was verified by galvanostatic
electrolysis (GE) and potentiostatic electrolysis (PE), and the products were characterized by XRD and SEM—-EDS. The
Dy-Sn alloys prepared by PE and GE consisted of DySn, and (DySn; +DySn,), respectively.

Keywords LiCl-KCI molten salt - Electrochemical properties - Liquid Sn electrode - Electrochemical extraction - Dy-Sn

alloys

Introduction

Nuclear power, as a kind of high-energy density, clean,
and low-carbon power, has become an important way to
resolve the increasing energy crisis [1-4]. However, only
a small fraction of uranium is utilized during nuclear reac-
tion and large amounts of spent nuclear fuel (SNF) are
produced from the reactor, including about 94% uranium,
transuranic, and fission products (FP) [5-7]. Thus, the
recovery of uranium from SNF in an effective and safe
manner has been a key issue for the sustainable develop-
ment of nuclear energy. Pyrochemical reprocessing is a
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promising technology to recover uranium from SNF and
the key step is electrolytic refining, where the molten salts
such as LiCl-KCl usually are used as electrolyte owing to
its high thermal resistance, high radiation resistance, and
high solubility to uranium and FP [8—12]. In the electro-
lytic refining, uranium and transuranic are electrodepos-
ited on solid stainless steel and liquid cadmium electrodes,
respectively. However, lanthanides (Lns) are remained in
the molten salt, which account for about 1/4 of FP and pos-
sess the similar chemical properties with actinides [13-16].
With the deposition of uranium and transuranic, Lns are
gradually accumulated in molten salts, which will change
the molten salt composition and contaminate the recovered
uranium. In addition, Lns, known as a neutron poison, have
a large neutron absorption cross-section which can reduce
the neutron efficiency of nuclear reactor core [17-19].
Thus, Lns must be extracted from molten salts in order
to purify the molten salts and increase neutron utilization
during nuclear reaction process.

The extraction of Lns from molten salts is affected by
many factors, such as electrode material, temperature, and
ion concentration [8, 20, 21]. The deposition potential of
Lns on electrode is the key to electrochemical extrac-
tion, and the Lns can form different alloys on various
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electrodes, which results in the different deposition poten-
tials. Thus, electrode materials are particularly important
in the electrolysis process. In recent decades, in order to
improve the extraction efficiency of Lns, the electrochemi-
cal behavior and extraction of Lns in molten salts have
been studied on disparate active electrodes, including Cu
[22-25], A1 [26-31], Mg [32-35], Ni [36-38], Zn [39-41],
Ga [42-44], Bi [45-47], Sn [48, 49], Pb [50-53], and
Cd [54-56]. Although the electrochemical behavior and
extraction of Lns have been studied extensively on solid
Cu, Al, Mg, and Ni electrodes, the diffusion rate of depos-
ited Lns in solid electrode is very slow, which is not con-
ducive to extraction. Thus, the low melting point metals
Zn, Ga, Bi, Sn, Pb, and Cd have attracted much attention
from researchers, because the low melting point metals are
liquid under experimental conditions, which is more con-
ducive to the diffusion of Lns from the electrode surface
to interior. Jiao et al. analyzed the advantages of liquid
electrode such as strong alloying effect, strong depolari-
zation effect, and excellent selective separation [57]. Han
et al. compared the kinetic, thermodynamic, and extraction
data of Y on solid copper and liquid zinc electrodes, and
found that Y was more easily deposited on liquid Zn elec-
trode under the same condition [58]. Metallic tin (Sn) has
the advantages of low melting point, low vapor pressure,
low toxicity, and suitable price, which makes it a good
candidate for the extraction of Lns from molten salts. The
co-deposition of Sn(II) and Lns ions (Pr(IIT) and Sm(III))
on W electrode was studied, and the extraction of Pr and
Sm on liquid Sn electrode was conducted [48, 49]. How-
ever, the electrochemical properties of Lns on liquid Sn
electrode were less studied, and the Lns with large atomic
numbers have not been studied. In addition, the operation
conditions significantly influence the feasibility of extrac-
tion. It is of crucial importance to obtain the electrochemi-
cal behavior of Lns on Sn electrode for the understanding
of the process and the design of the separation cell. Thus,
the electrochemical properties and extraction of Lns on
liquid Sn electrode need to be supplemented.

In this paper, dysprosium (Dy) with a large atomic num-
ber was selected as the representative of Lns to investigate
the electrochemical properties and extraction in detail on
liquid Sn electrode. Meanwhile, the co-deposition of Dy(III)
and Sn(II) on inert W electrode was firstly explored. Elec-
trochemical techniques such as CV, CP, CT, and SWV were
used to investigate the reversibility of electrode reaction,
the diffusion coefficient, the solubility of Dy on liquid Sn
electrode, and the formation mechanism of Dy-Sn interme-
tallic compounds. Based on the results mentioned above, the
electrochemical extraction of Dy on liquid Sn electrode was
conducted by PE and GE. The composition, elemental dis-
tribution, and microtopography of samples were analyzed by
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X-ray diffraction (XRD) and scanning electron microscopy
(SEM) with energy-dispersive spectrometry (EDS).

Experimental
Reagents and molten salt preparation

Due to the melting point of eutectic salt lower than that of
single salt, 40.8 mol% KCI (analytical reagent grade) and
59.2 mol% LiCl (analytical reagent grade) were mixed in
an alumina crucible to form the eutectic salt, which was
chosen as the electrolyte. Then, the LiCI-KCI] molten salt
was dried in a muffle furnace for 48 h at 473 K to remove
water. Before the experiment, the molten salt was melted
at 773 K in an electric furnace, and then, pre-electrolysis
was conducted at—2.2 V for 4 h in order to remove other
impurities. According to the experimental requirements,
LiCl-KCI-DyCl; and LiCl-KCI-DyCl;-SnCl, molten salts
were prepared by adding different masses of DyCl; and
SnCl, to LiCI-KCI molten salt.

Apparatus and electrodes

In this work, all electrochemical tests were conducted by Auto-
lab PGSTAT 302 N with Nova 1.10 software in a glove box.
The three-electrode system was used to analyze electrode reac-
tions and extract Dy on Sn electrode. The working electrodes
were W wire (99.99%, ¢ =1 mm) and liquid Sn. Herein, the W
wire was polished with 5000 mesh sandpaper and then washed
with ethanol and hydrochloric acid. Liquid Sn electrode was
prepared by adding some Sn particles to an alumina cruci-
ble, and the tungsten wire inserted into liquid Sn serves as an
electric lead. The reference electrode was Ag/Ag*, which was
prepared by inserting a Ag wire into LiCI-KCI-AgCl (1 wt%)
molten salt contained in an alumina tube, and a spectral pure
graphite rod served as counter electrode.

Electrochemical measurement and
product characterization

The electrode reactions of Dy on liquid Sn electrode and
co-deposition of Dy(III) and Sn(II) on W electrode were
studied by CV, SWV, CP, and CT. GE and PE were per-
formed to prove the feasibility of extracting Dy on liquid Sn
electrode. After the electrolysis, the product was removed
from the molten salt and washed with deionized water, and
then analyzed by XRD and SEM-EDS in order to obtain
the phase constitution, elemental distribution, and content.
In addition, the concentration of Dy(III) in LiCI-KCI1 melt
was detected using an inductively coupled plasma atomic
emission spectrometer (ICP-AES).
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Fig.1 CV curves obtained in LiCI-KCI melts before (black dashed
line) and after (red solid line) adding DyCl; at 773 K. Working elec-
trode: liquid Sn; scanning rate: 0.1 V s~ electrode area: 1.256 cm.?

Results and discussion

Electrochemical properties of Dy(lll) on liquid
Sn electrode

Firstly, the electrode reaction of Dy on liquid Sn electrode
was studied applying CV which is a typical electrochemi-
cal method. Figure 1 shows the CV curves measured in
LiCl-KClI (black dashed line) and DyCl;-LiCI-KClI (red
solid line) molten salt on liquid Sn electrode. Two pairs
of redox signals, I/I' and III/IIT’, were detected in black
dashed line, which are attributed to the deposition and dis-
solution of Li and Sn, respectively [49]. When DyCl; was
added to the LiCl-KCI molten salt, a pair of new redox
peaks II/II" is observed at—1.29 V/—1.14 V besides I/T'
and II/III". Compared to the LiCl-KCIl molten salt, only
Dy(IIT) was introduced into the molten salt. Thus, the
redox peaks II/II" should be correlated with the forma-
tion and oxidation of Dy on liquid Sn electrode, and the
deposition potential is more positive than that of Dy on
W electrode [21], indicating that the Dy(III) can occur
under-potential deposition on liquid Sn electrode. The
reduction potential of Dy(III) on Cu, Mg, and Pb elec-
trodes is about—1.45V,—1.80 V, and —1.35 V [25, 50, 59],
respectively, which are more negative than the reduction
potential of Dy(III) on the liquid Sn electrode, proving Dy
is easier to deposit on liquid Sn electrode. Besides, a small
amount of Dy was deposited on the liquid Sn electrode
during CV scanning, and the maximum solubility of Dy
in liquid Sn cannot be reached. Hence, the redox peaks
II/IT" are preliminarily inferred to be the formation and
subsequent oxidation of (Dy-Sn)y,ion, Which is similar
to the reduction of Pr on liquid Sn electrode [49], and the
corresponding redox reaction is expressed as:

is soluble-insoluble system, the reduction product is attached
to the surface of electrode, and the reduction product can be
oxidized completely, indicating the reduction time is equal
to oxidation time. However, for soluble-soluble system, most
of the reduction product will diffuse into the liquid electrode
or solution, and the reduction product cannot be oxidized
completely. According to the RCP curves, the deposition
and dissolution time of Dy on liquid Sn electrode can be
obtained to be 9.68 and 2.83, respectively. It can be found
that the deposition time is almost three times longer than the
dissolution time, proving that the (Dy-Sn); o, Was formed
on the liquid Sn electrode [60].

To study the reversibility and control procedure of Dy
on liquid Sn electrode, CV with different scanning speeds
was performed in DyCl;-LiCI-KCl molten salt, and the
result is presented in Fig. 3a. The relationship of cathode
peak potential to scanning speed is shown in Fig. 3b (blue
dot), and it can be clearly observed that the peak potential
of peak II almost unchanged with the change of scanning
speed, indicating that the reduction process of Dy(III) on
the liquid Sn electrode is reversible. In addition, the change
of peak current with square root of scan rate is displayed in
Fig. 3b (black dot), which is a line through the origin, dem-
onstrating the reduction of Dy(III) on liquid Sn electrode is
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Fig.2 RCP curves obtained at+ 30 mA on liquid Sn electrode
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Fig.3 a CV curves with different scanning rates recorded in LiCI-KCI-DyCl;. b The relationship maps of E,,. vs 1gv and [, vs v

trode: liquid Sn; electrode area: 1.256 cm?; temperature: 773 K

controlled by diffusion. Thus, the electrode process of Dy on
liquid Sn electrode is a quasi-reversible reaction controlled
by diffusion.

For the soluble-soluble reversible process controlled by
diffusion, the diffusion coefficient can be computed by the
Randles—Sevcik equation [18]:

I, = 0.4463(nFy*/*(RT)™'/*ACyv'/*D'/? )

where [, designates the cathode peak current derived from
CV curve (A), n is the electron transfer number, F denotes
the Faraday constant (96,500 C mol™!), R is the univer-
sal gas constant (8.314 J mol ! K™Y, T designates tem-
perature (773 K), A is the working electrode area (1.256
cm?), C, is the concentration of Dy(III) in molten salt
(2.86x 10~ mol cm™>), v is the scanning speed (V s, and
D is the diffusion coefficient (cm? s™1). According to the
Randles—Sevcik equation, the peak current should be pro-
portional to the square root of scan rate, which corresponds
to Fig. 3b. Based on the slope of the black line in Fig. 3b
and Eq. 2, the diffusion coefficient of D(IIT) in molten salt
was calculated to be 1.01 x 107> cm? s™!, which is consistent
with 1.48 x 107 cm? s~! obtained by Castrillejo et al. [61].
The difference may be due to the different concentrations
of Dy(III) and different working electrodes. In addition, the
diffusion coefficient of D(III) at 773 K was calculated by the
relationship of temperature and diffusion coefficient, which
may also cause the difference of diffusion coefficient.

Solubility and diffusion coefficient of Dy atom
in liquid Sn

The Dy-Sn intermetallic compounds will be formed after the
maximum solubility of Dy in liquid Sn is reached, which
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will hinder the diffusion of Dy atom into liquid Sn. Thus, the
solubility of Dy atom in liquid Sn plays an important role
for the extraction of Dy from LiCl-KCl molten salt. In order
to obtain the solubility of Dy atom in liquid Sn, the CT was
conducted. Figure 4 displays the CT curves, which is made
up of CP and open circuit (OC) curves. The same color is a
group, and the CP and OC curves are on the left and right,
respectively. The CP was used to deposit Dy on liquid Sn, and
OC curve was applied to measure the equilibrium potential
of liquid Sn cathode. To avoid the reduction of Li(I) on lig-
uid Sn electrode, the deposition current gradually decreased
from —0.2 to —0.08 A. Simultaneously, the OC curve was
recorded immediately after each deposition. In Fig. 4, it can
be found that the OC curve (from red to yellow) gradually
shifts to the negative direction with the deposition of Dy on
liquid Sn, which is caused by incremental activity of Dy as
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Fig.4 CT curves with different currents at 773 K in LiClI-KCI-DyCl,
melts
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Fig.5 a CP curves of Dy in liquid Sn at 773 K, current: 55-64 mA, electrode area: 1.256 cm®. b Relationship of current and reciprocal square
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the content of Dy in liquid Sn increases. However, when the
total charge reaches 500 C and 580 C calculated through mul-
tiplying the current by time, the OC curves almost coincide,
indicating the Dy-Sn intermetallic compound was formed
when the charge reaches 500 C. Consequently, the maximum
solubility of Dy in liquid can be reckoned according to the
electricity (500 C) and mass (5 g) of Sn, and the value is
3.95x 1072 (mole fraction), which is higher than the solubil-
ity of Pr (7.48x1072) and Ce (1.74 x 1072) in liquid Bi [62)].

The diffusion coefficient of Dy atom in liquid Sn has
a strong influence on the mass transfer of the electrode
process. Thus, the CP was performed at various currents
to measure the diffusion coefficient, and the curves were
recorded in Fig. 5Sa. Firstly, GE was conducted at —0.08 A
for 400 s and the content of Dy in liquid Sn was calculated to
be 2.60x 1073, which is less than 3.95x 1072, demonstrating

030fa
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-0.15
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the (Dy-Sn)yui0n Was formed. Then, CP was performed at
different currents after potential stabilization. As shown in
Fig. 5a, the platform II' is corresponding to the dissolution of
Dy according to the CV and RCP curves, and the transition
time was obtained based on the CP curves. It can be found
that the transition time gradually decreased when the cur-
rent increase. Figure 5b presents the relationship of current
and reciprocal square root of transition time, which is linear.
The result is consistent with the Sand equation expressed by
Eq. 3 [63-65].
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5 3

where I is the applied current (A), C denotes the concentra-
tion of Dy atom in liquid Sn (mol cm™3), 7 presents the tran-
sition time (s), and n, F, A, and D have the same meaning as
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Fig.6 CV curves recorded in a LiClI-KCl and LiCl-KCI-DyCl; melts and b LiCl-KCI-DyCl; melts before (red dashed line) and after adding
SnCl, (black solid line). Scanning rate: 0.1 V s~'; working electrode: W; temperature: 773 K
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in Eq. 2. According to the slope of line in Fig. 5b and Eq. 3,
the diffusion coefficient of Dy atoms in the liquid Sn can be
calculated to be 5.35x 107 cm” s™!, which is smaller than
the value acquired in molten salt, indicating the diffusion
of Dy atoms in liquid Sn is slower than that of Dy(IIl) in
molten salt.

Co-deposition of Dy(lll) and Sn(ll) on W electrode

To explore the formation mechanism of Dy-Sn intermetal-
lic compounds, the co-deposition of Dy(IIl) and Sn(II) was
conducted on W electrode. Firstly, the SnCl, was added
into LiCl-KCl to study the Li-Sn alloy, shown in Fig. 6a.
Only a pair of redox signals I/I' is found when the SnCl,
is absent (black line in Fig. 6a), which is attributed to the
reduction and oxidation of Li on W electrode. When the
SnCl, was added into the molten salt (red line in Fig. 6a),
five pairs of redox peaks are observed except for I/I', where
II/IT" (—0.38 V/—-0.32 V) correspond to the deposition
and dissolution of Sn. The peaks a/a’ (-2.31/-2.21 V),
b/b’ (-=2.18/-2.10 V), c/c’ (=2.00/—1.94 V), and d/d’
(—1.93/—1.86 V) located between I/I' and II/I" are ascribed to
the formation and oxidation of Li-Sn alloys. The peak poten-
tials of Sn-Li intermetallic compounds are more negative than
the value of Bi-Li intermetallic compounds [47], illustrating
that Li is more likely to be deposited on Bi electrode. The dep-
osition of Li will reduce the current efficiency of extraction.

However, it can be found from the black solid line in
Fig. 6b that the peaks of Li-Sn alloys disappeared when the
DyCl; was added into LiCl-KCl-SnCl,. The reason may
be that all the deposited Sn react with Dy to form Dy-Sn
alloys, and there is not enough Sn to react with Li. The same
phenomenon was also recorded in LiCl-KCl-SnCl,-PrCl,
molten salt when OCP measurement was conducted [49]. In
Fig. 6b, the red dashed line reveals the CV curve recorded
in LiCl-KCI-DyCl; molten salt, and the peaks III/III" are
related to the deposition and dissolution of Dy [42]. In the
black solid line, a new reduction peak (R,) and two oxidation
peaks (O, and O,) were detected besides I/I', II/IT', and III/IIT
after adding SnCl, to LiCI-KCl-DyCl; molten salt, which are
associated with the formation and subsequent dissolution of
Sn-Dy intermetallic compounds, respectively. The formation
process can be described by the following equation:

xSn(IT) + Dy(III) + (2x + 3)e” = DySnx 4)

To confirm the corresponding relationship between the
reduction and oxidation peaks, CV with different termina-
tion potentials was performed. It can be seen from Fig. 7
that the six reduction peaks II (-0.34 V), III (-2.02 V), R,
(—1.32 V), R, (-1.36 V), R; (=1.67 V), and R, (—1.92 V)
and the five oxidation peaks II' (—=0.24), III' (~1.87 V), O,
(=124 V), 0, (—1.38), and O3 (—1.69 V) are observed when
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Fig.7 CV curves with different termination potentials in LiClI-KClI-
DyCl;-SnCl, melts. Scanning rate: 0.1 V s™'; working electrode: W;
temperature: 773 K

the termination potential is —2.11 V. Besides II/I' and III/
III" mentioned above, the other peaks are related to the for-
mation and dissolution of Dy-Sn intermetallic compounds.
When the termination potential was changed from —2.11
to—1.55 V, the reduction peaks III, R,, and R; and oxida-
tion peaks III', O3, and O, disappear successively, indicating
that the peaks III, R,, and R correspond to the peaks IIT’,
O3, and O,, respectively. Nevertheless, when the termina-
tion potential is —1.55 V, the two reduction peaks R, and
R, and one oxidation peak O, are observed, which may be
caused by the fact that the oxidation peaks of R, and R, are
too close to separate.

SWYV, a more sensitive electrochemical technique than
CV, was used to explore further formation of Dy-Sn inter-
metallic compounds. Figure 8 shows the cathodic and anodic

012+ ‘ 0
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006,
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-2.5 -2.0 -1.5 -1.0 -0.5 0.0
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Fig.8 Cathodic and anodic SWV curves with different frequencies
in LiCl-KCIl-DyCl;-SnCl, melts. Step potential: 5 mV; amplitude:
25 mV
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Fig. 9 XRD maps of products obtained by a PE (=1.30 V) and b GE (-0.08 A) for 7 h on liquid Sn electrode in LiCI-KCI-DyCl; melts

SWYV curves with different frequencies. Four reduction peaks
between II and III are observed in cathodic SWV curves and
three oxidation peaks between II' and III" are observed in
anodic SWV curves, which is consistent with the result of
CV, demonstrating that four Sn-Dy intermetallic compounds
can be formed under the experimental conditions. Moreover,

Fig. 10 a—f SEM-EDS maps of
product obtained at—1.30 V for
7 h in LiC1-KCI-DyCl; melts
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the peak currents of Sn-Dy intermetallic compounds gradu-
ally increase with the increase of frequency, indicating that
the electrode reaction rate increases. Meanwhile, it can be
clearly seen that the peak potentials of Sn-Dy intermetal-
lic compounds hardly change in the wake of the frequency,
proving that the redox process is reversible.
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Electrochemical extraction of Dy on liquid
Sn electrode

According to the results discussed above, the Dy can be
extracted from LiCl-KCl-DyCl; molten salt using liquid Sn
electrode and form Dy-Sn alloys. Thus, the PE (—1.30 V)
and GE (-0.08 A) were used for the extraction of Dy to
verify the experimental result. The compositions of the sam-
ples were analyzed by XRD, shown in Fig. 9. It can be seen
from Fig. 9a that the DySn, was obtained after PE for 7 h.
From Fig. 9b, it can be found that the phase constitution of
Dy-Sn alloy is DySn; and DySn, after GE for 7 h. Further-
more, the KCl was detected in the samples of PE and GE,
which is mainly caused by incomplete cleaning of samples.

In addition, the products were also analyzed by SEM
with EDS. Figures 10 and 11 show the SEM—EDS maps
obtained at—1.30 V for 7 h and —0.08 A for 7 h, respectively.
As shown in Fig. 10a, white and gray areas were observed,
indicating the composition of two areas is different. It can be
clearly found from Fig. 10b—d that the white area in Fig. 10a
is mainly composed of Sn metal, while the Dy element is
mainly distributed in the gray area. In order to quantify the
element content of different regions, EDS was performed to
analyze the representative areas (A) and (B) in Fig. 10a. In

Fig. 11 a—f SEM-EDS maps of
product obtained at —0.08 A for
7 h in LiC1-KCI-DyCl; melts

Fig. 10e, f, the atomic ratios of Sn and Dy are 92.9:7.1 in the
(A) area and 67.43:32.57 in the (B) area. The atomic ratio of
Sn and Dy in the (B) area is close to 2:1, which is consistent
with that of XRD. Thus, the sample prepared at—1.30 V is
made up of Sn and DySn,.

Figure 11 shows the SEM-EDS of the product prepared by
GE in LiCI-KCI-DyCl; molten salt. The SEM image shown in
Fig. 11a also displays two areas, white and gray, and the white
area is larger than the gray area. The results of EDS shown
in Fig. 11b—d certify that the product consists of Sn and Dy
elements. Combined with Fig. 11a, it can be found that the Dy
is mainly distributed in the gray area and Sn in the white area.
Figure 11e, f display the EDS analysis of (A) and (B) shown
in Fig. 11a, and the atomic ratios of Sn:Dy are 98.85:1.15
and 83.85:16.15, respectively, indicating the Dy extracted by
GE is less than that of PE in the same time. The reason was
attributed to the gradual decrease of Dy(IIl) in molten salt
during GE, which caused the potential to move in the nega-
tive direction. When the potential was able to reduce Li(I),
part of Li was also deposited on liquid Sn, which resulted
in the decrease of current efficiency. However, the potential
remained unchanged during PE, and only Dy(III) was reduced
in the whole electrolysis process. Thus, the efficiency of PE is
higher. Judging from the results of XRD and SEM-EDS, the

| Area B
oosk © oy T
31 0, 0, 8
| Weight%  Atom% Elements Weight% Atom%
456K . £330K
§ | Wa  BE (8 Sn Sn 79.14 83.85
8304k S
S L57 L15 20.86 16.15
152K Dy
JE Dy Dyby L
00 13

keV

@ Springer

65 718 91 104 117 130

65 78 91 104 117 130

keV



Journal of Solid State Electrochemistry (2023) 27:927-937

935

sample obtained by GE is made up of Sn, DySn;, and DySn,.
In addition, it can be seen clearly from Figs. 10b and 11b
that the reduced metal Dy is distributed throughout the metal-
lic Sn, indicating Dy can fully diffuse in liquid Sn electrode.
When the extraction of Dy was conducted on solid Cu [25],
Al [28], Mg [59], and Ni [66] electrodes, an obvious alloy
layer was formed outside the metal matrix, demonstrating the
diffusion of Dy in solid electrodes is greatly hindered. The
experimental results demonstrate that metallic Sn is a good
electrode material for extracting Dy, which can be realized by
PE and GE, and the efficiency of PE is higher.

Conclusion

The electrochemical behaviors of Dy on liquid Sn electrode
and co-deposition of Dy(III) and Sn(II) were explored in
LiCI-KCI molten salt. The results of CV and RCP showed
that the (Dy-Sn),juion Was formed when Dy was deposited
on liquid Sn:Dy(IIT) + 3¢~ + Sn = (Dy-Sn);i0n- The elec-
trode process of Dy on liquid Sn electrode was found to be
a reversible reaction controlled by diffusion, and the dif-
fusion coefficient of Dy(III) in LiCI-KCI1 molten salt was
calculated to be 1.01 x 107> cm? s~!. The diffusion coef-
ficient of Dy atom in liquid Sn was also measured to be
5.35x107° cm? s~! by CP, which is smaller than the value
of Dy(III) in molten salt. The solubility of Dy in liquid
Sn was evaluated to be 3.95 x 1072 (mole fraction) using
CT at 773 K. In addition, the co-deposition mechanism of
Dy(III) and Sn(II) was analyzed. The result showed that
four Dy-Sn intermetallic compounds can be formed by
co-deposition. Meanwhile, the extraction of Dy was con-
ducted by PE (—1.3 V) and GE (—0.08 A) using liquid Sn
as working electrode, and the phase constitution of Dy-Sn
alloy was analyzed to be DySn, and (DySn;+ DySn,),
respectively, indicating the efficiency of PE is higher than
that of GE. Thus, it is feasible to extract Dy using liquid
Sn electrode, which could supplement the experimental
data of non-aqueous reprocessing and accelerate the appli-
cation of molten salt electrolysis in engineering.
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