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ABSTRACT

Highly efficient recovery of Nd into liquid metals of Bi and Sn was achieved in molten LiCl-
KCI-NdCls electrolyte at 773—-973 K by leveraging the strong interactions of Nd with liquid metals.
Based on the emf measurements of Nd-Sn and Nd-Bi alloys, the activity values of Nd were
determined as low as 1.1-5.8x107'? in both liquid metals at 973 K while the solubility of Nd was
found to be 1.46 mol% in Sn and 5.65 mol% in Bi. Both liquid metals demonstrated high round-
trip coulombic efficiencies (>99.3%) during deposition-removal cycles of 10-50 mA c¢cm and
high recovery capacity up to approximately 20 mol% Nd beyond the solubility limit. In addition,
a high Nd recovery yield (84-90%) with respect to the applied charge was confirmed based on
chemical analysis of electrolysis products in Bi after constant current electrolysis (—50 mA cm)
at 873-973 K. Overpotentials during the Nd deposition process were attributed to charge-transfer
and mass-transport resistances based on the current-potential curve and electrochemical
impedance spectroscopy. The charge-transfer kinetics of Nd deposition into liquid metals was
facile with high exchange current densities at ~220 mA c¢cm 2. The exceptionally high recovery
efficiency for Nd in the molten chloride is thought to result from strong chemical interactions (i.e.,
low activity) of Nd in liquid metals that encourage one-step reduction, i.e., Nd*" + 3e — Nd(in Bi

or Sn) by effectively suppressing side reaction pathways from multivalent states (Nd** and Nd*").



1. INTRODUCTION

Electrochemical reduction processes using molten salts are widely employed in the primary
production of rare-earth metals for clean energy technologies (e.g., NdFeB permanent magnets)
and recycling used nuclear fuel (pyroprocessing) [1-3]. For example, Nd metal is produced by
electrolysis at ~1100 °C in molten fluoride electrolyte (e.g., LiF-NdF3) that can dissolve Nd203 up
to ~2 wt%. The use of fluoride-based electrolytes have been favored over chloride-based
electrolytes (e.g., KCI-NdCls) primarily due to higher current efficiency in molten fluorides (~80%
at 1100 °C) compared to chlorides (<35-50% at 800 °C) despite higher cell operation temperatures
[4-7]. Although the current efficiency varies depending on the external factors (e.g., electrolyte
composition, operating temperature, current density), the low current efficiency in chloride system
has been fundamentally attributed to the multivalent states of Nd (Nd** and Nd*") that can (1)
consume the current without producing Nd metal by partial reduction (Nd** + e — Nd**) during
electrolysis and (2) result in the loss of deposited Nd metal by disproportionation reaction (2Nd**
+Nd® — 3Nd?*) [8-10]. In contrast, the relatively high efficiency in molten fluorides is attributed
to increased stability of higher valence state of rare-earth elements in the salt [4].

In electrorefining of used nuclear fuel in molten salt electrolyte (LiCIl-KCl), rare-earth metal
fission products in the used fuel anode oxidize and accumulate in the electrolyte as the standard
potentials of rare-earth elements are more negative than those of actinide elements in the chloride
system [2,3,11]. To minimize the volume of nuclear wastes generated by recycling processes for
used nuclear fuel, the electrolyte may be reused by eliminating the dissolved fission products
including rare-earth elements. The dissolved rare-earth elements can be recovered from molten
salts by electrodeposition (lanthanide drawdown), following the recovery of actinides (actinide

drawdown) [1-3,12]. However, the electrochemical recovery of rare-earth elements in the chloride



system has been reported to be inefficient, typically less than <35-50% efficiency, due to the
aforementioned side reaction pathways from multivalent states of rare-earth elements [3,6,13].

The present work investigated liquid metal electrodes (Bi and Sn) to enhance recovery
efficiency of rare-earth elements from a molten chloride salt (LiCl-KCI-NdCl3) by leveraging
strong chemical interactions between Nd and the liquid metal [ 13—19]. In previous works, alkaline-
earth elements (e.g., Ba**) with the most negative redox potentials were found to be recovered into
liquid metals (e.g., Bi) from LiCIl-KCI-BaCl2 due to strong chemical interactions of Ba-Bi
compared to Li-Bi and K-Bi [20,21]. Recent emf measurements on the Nd-Bi system by the
authors confirmed that the activity of Nd in liquid Bi is extremely low (ana = 1.1 x 10713 at 973
K), utilizing a two-phase Nd-Sn alloy (xnxa = 0.10) as a reference electrode in the electrochemical
cell [22].

In evaluating recovery efficiency of liquid metals, the present work newly established the
thermochemical properties of Nd-Sn alloys via emf measurements and compared to the prior
results by Kulagina and Bayanov who employed pure Nd as a reference electrode in LiCI-KCl-
NdClIs at 773-973 K [23]. Based on the emf results of Nd-Sn and Nd-Bi alloys, each liquid metal
electrode was subjected to constant-current electrolysis for Nd recovery in LiCl-KCI-NdCls system
at 973 K up to 22 mol% Nd beyond the solubility limit. The recovery efficiencies of liquid metals
were estimated based on deposition-removal cycles of Nd (round-trip coulombic efficiency) and
chemical analysis of electrolysis products in the liquid metal electrode (Faradaic efficiency).
Lastly, the current-dependent overpotentials of liquid metal electrodes were characterized to
estimate charge-transfer and mass-transport resistances during electrodeposition of Nd, in

complement with electrochemical impedance spectroscopy (EIS).



2. EXPERIMENTAL METHODS
2.1 Electrochemical cell components and assembly

All assembly of the electrochemical cell and its components was conducted in an Ar-filled
glovebox (02 < 0.5 ppm and H20 < 1.0 ppm) due to the hygroscopic nature of the electrolyte and
oxygen affinity of the electrode materials.

Electrolyte: Ternary LiClI-KCI-NdCls electrolyte (eutectic LiCl-KCl1 + 2 mol% NdCls) was
prepared by mixing appropriate amounts of LiCl (Ultra dry, 99.9%, Alfa Aesar), KCI1 (Ultra dry,
99.95%, Alfa Aesar), and NdCls (anhydrous, 99.5%, Alfa Aesar) powders. The mixed powder was
poured into a quartz crucible (Technical Glass Products) for pre-melting in a stainless-steel vacuum
chamber. The chamber was loaded into a crucible furnace (Mellen, CC-12), evacuated to ~1 Pa,
and heated under vacuum at 373 K for 12 h and at 543 K for 12 h to dry the salt mixture. The
chamber was then purged with ultra-high purity Ar gas and heated to 923 K for 3 h under a slowly
flowing (50 mL min ') Ar atmosphere. After cooling, the dry and homogeneous electrolyte was
ground into fine powder using a mortar and pestle for use in the electrochemical cell.

Electrodes: The working electrode (WE) was fabricated by melting pure Bi (99.999%,
Sigma-Aldrich) or Sn (99.9999%, Alfa Aesar) in a BN crucible (17 mm height, 12 mm OD, 8 mm
ID, and 15 mm depth, Saint Gobain) using an induction heater installed inside the glovebox. The
approximate weight of each metal was 1.96-2.44 g for Bi and 2.03-2.38 g for Sn with a nominal
surface area of 0.50 cm?. The reference electrode (RE), an Nd-Sn alloy atxna = 0.10, was fabricated
using a laboratory arc-melter (MAM-1, Edmund Biihler GmbH) under an inert Ar atmosphere from
pure Nd (99.1%, Alfa Aesar) and Sn metals. The Nd-Sn alloy RE was re-melted in a boron nitride
(BN) crucible (25 mm height, 12 mm OD, 8 mm ID, and 20 mm depth) using the induction heater.

Two 1 mm diameter capillary holes were drilled 7 mm above the bottom of the BN crucible to



establish contact with the electrolyte. The counter electrode (CE), an Nd-Bi alloy at xna = 0.03,
was fabricated by adding Nd pieces into liquid Bi in a BN crucible (15 mm height, 25 mm OD, 22
mm ID, and 10 mm depth) using the induction heater. Tungsten wires (1 mm diameter, 99.95%,
Thermo shield) were inserted into each electrode as electrical leads during inducting melting. The
three-electrode electrochemical cell configuration is shown in Fig. 1.

Cell assembly: The electrodes were placed in an alumina crucible (250 mL, 100 mm height,
60 mm OD, 52 mm ID, Advalue Technology) and the LiCI-KCI-NdCIsz powder was poured over
the electrodes. The electrochemical cell assembly was loaded into a stainless-steel test chamber,
and the W electrical leads were insulated from the test chamber using alumina tubes (6.35 mm OD,
1.57 mm ID, and 304.8 mm length, Advalue Technology) which were sealed at the top with epoxy.
The test chamber was sealed with top flange using O-ring inside the glovebox, loaded into a
crucible furnace, and evacuated to ~1 Pa. The electrochemical cell was vacuum-dried using the
same procedure for preparing the electrolyte, and heated to 773 K under flowing Ar. The cell
temperature was measured using a thermocouple (ASTM, Type-K) located in the electrolyte and
data acquisition system (NI 9211, National Instruments).

[Fig. 1]

2.2 Electrochemical measurements
Emf measurements of binary Nd-Sn alloys are based on the following electrochemical cell:

Nd-Sn(xnd = 0.10) | LiCI-KCI-NdCls | Nd-Sn (1)

where the underlined Nd-Sn alloy (xnd = 0.10) is the reference electrode (RE) and the Nd-Sn alloy
at a given composition is the working electrode (WE). From the Nernst equation, the cell potential

(En) 1s:



E = —gln(aNd) )

and
where ayq the activity of Nd in Sn, ayy is the activity of Nd in Sn at xxa = 0.10 (RE), R is the
universal gas constant, 7 is the absolute temperature, and F is the Faraday constant. The emf of
Nd-Sn at xna = 0.10 (Ere) relative to pure Nd was previously established using a solid CaF2-NdF3

electrolyte at 700—-1100 K to generate the following relationship [24,25]:
Epg = — gln(a;;d) =0.590 + 1.52 x 10™* T [V] vs. Nd(s). 3)

Using Egs. (2-3), the emf of Nd-Sn (Eeq) relative to pure Nd at a given temperature is obtained as

follows:

RT AG
Eeq= E1 + Ere = — 2 In(ang) = — =% vs. Nd(s) (4)

where AGyy is the change in partial molar Gibbs energy (chemical potential) of Nd.
Electrochemical measurements were conducted using a potentiostat-galvanostat (Autolab
PGSTAT302N) at 773-973 K. The equilibrium potentials of various Nd-Sn alloy compositions
were determined by coulometric titrations where Nd is electrodeposited into the Sn WE using a
constant current of 10 mA ¢m for 2795 s in each titration step, followed by an open-circuit
potential (OCP) measurement for 2 h to allow for homogenization of the Nd-Sn alloy. The

electrodeposited mass of Nd (my4) was obtained using Faraday's law:

Myg = Myg (%) ()
where My, 1s the molar mass of Nd and / is the constant current applied for a time (7), to estimate
the Nd composition of the electrode.

Each liquid metal (Bi or Sn) was subjected to deposition-removal cycles at various
constant current densities (j = 10-150 mA cm?) to characterize the current-overpotential relation

and round-trip coulombic efficiencies. At selected Nd compositions, electrochemical impedance



spectroscopy (EIS) was employed by applying a 5 mV amplitude over a 10->-10° Hz frequency
range. The collected impedance spectra were fitted to a Randles equivalent circuit model of
LR(Q(RW)), where L is an inductor, R is a resistor, O is a constant phase element, and W is a
Warburg diffusion element. Lastly, each liquid metal WE was deposited to a selected composition

up to 22 mol% Nd using a constant current of 50 mA cm 2.

2.3 Characterizations of the electrodes

After electrochemical measurements, the electrochemical cell was cooled to room
temperature for post-mortem characterization. Each WE was carefully separated from
electrochemical cell assembly and was cut vertically in half using a low-speed diamond saw. The
first half of the WE was mounted in epoxy, polished up to 1600 grit using silicon carbide abrasive
paper and isopropyl alcohol, and characterized using a scanning electron microscope (SEM, FEI
Quanta 200) fitted with an energy dispersive spectrometer (EDS) for morphological and
compositional analyses. The other half of the WE was separated from the BN crucible, immersed
in ethylene glycol for 24 h to dissolve the salt layer [26], and rinsed with isopropyl alcohol. The
electrode was then pulverized into a fine powder using a mortar and pestle for chemical analysis
by inductively coupled plasma-atomic emission spectroscopy (ICP-AES, Thermo iCAP 7400).
The concentration of chlorine was also analyzed using ion chromatography (IC, Dionex ICS2100)

to evaluate the residual salt content in the electrode.

3. RESULTS and DISCUSSION

3.1 Thermochemical properties of Nd-Bi and Nd-Sn alloys



The thermochemical properties of Nd alloys provide essential information regarding the
strength of interactions between constituent elements (e.g., activity) and thus are critical for the
design of efficient recovery processes using liquid metals. Due to the limited thermochemical data
for Nd-Sn alloys, this work determined the emf values of Nd-Sn alloys using an electrochemical
cell that employs two-phase [L + NdSn3] alloy as the RE (Nd-Sn at xna = 0.10) and liquid Nd-Bi
(x~nda = 0.03) as the CE (Fig. 1). The authors demonstrated the reliability of this electrochemical
cell based on emf measurements of Nd-Bi alloys [22,24].

Emf measurements of Nd-Sn alloys: The composition of Nd-Sn alloys was changed

sequentially via coulometric titration of Nd into liquid Sn using a constant current (10 mA cm)
at 773—973 K and the OCP was recorded following each titration step (Fig. 2a). At 973 K, the
steady-state OCP shifted in the negative direction with the increase of Nd content in liquid state
and reached a constant value at about 0.00 V vs. RE (Nd-Sn at xna = 0.10) regardless of further
increase in Nd content in the two-phase region. During the titration near the solubility limit, a steep
potential drop was observed due to the formation of NdSn3 intermetallic compounds (nucleation
overpotential). Similar trends were observed at lower temperatures; however, the OCP (vs. RE)
approached zero at an earlier titration step due to a lower solubility of Nd in liquid Sn.
[Fig. 2]

The emf value (£1) at each composition was obtained from the average OCP for the last 0.5
h (dE/dt < 0.1 mV/h) and then converted to the emf (Eeq) versus pure Nd using the previously
calibrated emf (Erg) of the RE (Nd-Sn at xna = 0.10) in Eq. 3 [24,25]. The emf of Nd-Sn alloy is
plotted as a function of Nd composition using Faraday’s law (Eq. 5) assuming a perfect coulombic
efficiency for coulometric titration of Nd (Fig. 3). These emf values were used to calculate the

activity (ayq) and excess partial molar Gibbs energy (AGE ), summarized in Table 1.



[Fig. 3] & [Table 1]

At 973 K, the emf decreases monotonically in the liquid phase with an increase in Nd
concentration and remains constant in the two-phase L + NdSns region where the activity of Nd is
invariant with respect to the compositional change in the binary system due to the Gibbs phase
rule. The distinct emf trajectories for the liquid single-phase and the L + NdSn3 two-phase regions
allow for the determination of the Nd solubility in liquid Sn from their intersection: 1.46 mol% Nd
at 973 K (Fig. 3). At 773-873 K, there are insufficient emf data in the liquid phase and thus, the
solubility was estimated from the onset of nucleation overpotential during titration (Fig. 2b), and
the results are summarized in Table 2. It is noted that the estimated solubility (1.46 mol% Nd)
from the onset of nucleation potential at 973 K (Fig. 2b), agrees with the value (1.46 mol% Nd)
from the intersection of emf trajectories (Fig. 3). A high solubility of Nd in liquid Sn, e.g., 4.50
mol% at 973 K, by Eremenko et al. is believed to originate from insensitivity of differential thermal
analyses (DTA) for detecting liquidus transitions for dilute Nd compositions [27].

[Table 2]

Compared to the emf of Nd-Sn alloys in this work at 773-973 K, the emf values from
Kulagina and Bayanov [23] are different up to 46 mV for two-phase L + NdSn3 region and do not
exhibit clear phase transition between L and two-phase L + S regions (Fig. 3), leading to an
overestimation of the Nd solubility (Table 2). This discrepancy is believed to come from the use
of highly reactive Nd as the reference electrode in molten LiClI-KCI-NdCls, resulting in a
disproportionation side reactions during their emf measurements [23].

At 973 K, both Nd-Sn and Nd-Bi alloys exhibited similarly high emf values (0.74-0.83 V

vs. Nd) with extremely low activity (anda = 1.1-5.8x10713), indicating strong chemical interaction
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of Nd with these liquid metals (Fig. 4). In contrast, liquid Bi exhibited higher solubility for Nd
(5.65 mol%) than Sn (1.46 mol%), suggesting a larger recovery capacity of Bi in liquid state.
[Fig. 4]

The round-trip coulombic efficiency of Bi and Sn electrodes was estimated at 973 K using a
constant current of 10-50 mA ¢cm 2 and a representative cycle at 50 mA cm 2 is presented in Fig.
5. High coulombic efficiencies were achieved of 99.51-99.96 % for Bi (estimated depth 4.1 mm
at 973 K) and 99.31-100.40 % for Sn (estimated depth 6.9 mm at 973 K), suggesting the chemical
reversibility of the electrode reaction and validating the data collected via the coulometric titration
technique, thereby confirming its reliability for emf measurements of Nd-Sn and Nd-Bi.

[Fig. 5]
3.2 Electrochemical recovery of Nd into the liquid metals

To confirm highly efficient electrochemical recovery of Nd into strongly-interacting liquid
metals, Bi and Sn cathodes were subjected to various constant current densities (10—150 mA cm2)
in LiCIl-KCI-NdCl3 at 973 K, followed by post-mortem characterization of each electrode to
estimate Faradaic efficiency based on chemical analysis of electrolysis products.

Liguid Bi: The overpotential of liquid Bi away from emf (Eeq) increases as the current
increases from 10 to 150 mA cm 2 (Fig. 6a). Using a constant current at 50 mA cm2, Nd was
electrodeposited into Bi electrodes near the solubility (6.50 mol% Nd) and beyond the solubility
limit (22.2 mol%) for post-mortem characterization. For the Bi electrode at 6.50 mol% Nd (Fig.
6b), the NdBi intermetallic compound was observed near the electrode surface due to its lower
density (8.86 g cm ™) compared to Bi (9.78 g cm™>) while the NdBi> compound was observed in
the Bi matrix from solidification [28,29]. For the Bi electrode at 22.2 mol% Nd (Fig. 6c), the

electrode was split into two parts, possibly due to an extensive formation of a solid phase (NdB1)
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near the electrode surface. In this Bi electrode, the NdBi compound was mostly found at the
electrode surface (II in Fig. 6c), and intermetallic compounds of Nd3Bi7 and NdBi: (I, III in Fig.
6¢c) were observed in the Bi matrix from solidification. The unstable potential behavior of the Bi
electrode beyond the solubility limit is thought to originate from the formation/separation of solid
intermetallic compounds with complex electrode morphology/growth behavior.

[Fig. 6]

The composition of the selected Bi electrode was analyzed by ICP-AES, and Faradaic
recovery efficiency was estimated by taking into account the concentration of chlorine as the
residual salt content from ion chromatography, summarized in Table 3. The Faradaic efficiency
for Nd recovery was estimated to be 84-90% based on electrolysis products at 873-973 K,
confirming a high recovery yield of Nd using liquid Bi in molten LiCI-KCI-NdCls. It is noted that
Nd could be recovered far beyond the solubility limit while maintaining a high Faradaic efficiency,
extending the capacity of liquid Bi for Nd recovery. The primary cause of Faradaic efficiency loss
is thought to originate from the selective loss of Nd during sampling preparation for chemical
analysis.

[Table 3]

Sn electrodes: The overpotential of the liquid Sn increases as current increases over 10—150
mA cm 2 at 973 K (Fig. 7a). Compared to liquid Bi, liquid Sn exhibited a sheer potential drop near
the solubility limit (1.46 mol% Nd or 36 C g'!) due to the nucleation of NdSns compound. Using
a constant current at 50 mA cm, Nd was electrodeposited into Sn electrodes at 1.38 mol% near
the solubility and 20.7 mol% beyond the solubility limit for post-mortem characterization. In the
Sn electrode at 1.38 mol% Nd (Fig. 7b), the NdSn3 intermetallic compound was mostly found near

the bottom of the electrode possibly due to its higher density (7.97 g cm™) than liquid Sn (6.58 g

12



cm ) [29,30]. The segregation of NdSn3 phase near the bottom of liquid Sn electrode was also
observed by Kuriyama et al. during the electrochemical formation of Nd-Sn alloy at 723 K [31].
For the Sn electrode at 20.7 mol% Nd (Fig. 7¢), the electrode was split into two parts after
extensive formation of NdSn3 compound, and the electrode potential was unstable during
electrolysis beyond the solubility, similar to that found in the liquid Bi (Fig. 6¢). The chemical
analysis for Nd-Sn electrode was not successful due to the difficulty in dissolving the alloy in
aqueous media for ICP-AES.
[Fig. 7]

3.3 Overpotential mechanisms in liquid metals

The current-dependent overpotentials of liquid Bi and Sn during Nd deposition (Fig. 6a and
Fig. 7a) were analyzed to estimate the total resistance (Riwtl) during electrolysis at 973 K by
constructing /-V curve at selected compositions (Fig. 8). For both Bi and Sn, a linear /-V relation
was observed at 10-100 mA cm 2 but a deviation was observed at the highest current (150 mA
cm ) for high Nd compositions. The area-specific resistance (4-Riota) Was estimated from the slope
of linear fit (dE/dj), summarized in Table 4. The A4-Riwtal tends to increase as Nd composition
increases with the highest value near the solubility, e.g., from 0.41 Q cm? to 0.71 Q cm? for liquid
Bi.

[Fig. 8] & [Table 4]

For detailed analysis of overpotential mechanisms, electrochemical impedance spectroscopy
(EIS) was employed for each electrode at selected compositions, fitted to the Randles equivalent
circuit model (Fig. 9), and results are summarized in Table 4. According to the EIS analyses, the
charge transfer resistances (Rct, semi-circle width) were nearly constant independent of Nd

compositions for both electrodes (0.25—0.26 Q cm?), and the uncompensated ohmic resistances
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(Ronm, semi-circle intercept at high frequency) remained constant for each electrochemical cell,
typical for three-electrode configurations. From the estimated Rct, the exchange current density (jo)
was estimated at ~220 mA cm 2 using the following relation [32]:
Jjo=RT/3F(A-Rct) (6)
[Fig. 9]

To a first approximation, the Riotal can be expressed as:
Ruotal = Rohm + Ret + Rimt (7)
where Rmt is the mass transport resistance that can be estimated using the results from /-V curve
(Rtota) and EIS (Rohm and Rct). Using this relation, the relative contribution of each resistance in
Riotal was estimated at selected compositions (Fig. 10). This analysis suggests that the electrode
process for Nd deposition into liquid Bi and Sn exhibits facile charge transfer kinetics with a high
exchange current (~220 mA cm?) and the Rm: increases as Nd composition approaches the
solubility limit, e.g., from 0.007 Q-cm? to 0.298 Q-cm? for liquid Bi.

[Fig. 10]

4. CONCLUSION

The emf measurements of Nd-Sn alloys at 773-973 K were conducted to quantify the
strength of chemical interactions between Nd and Sn using a two-phase Nd-Sn alloy (xnxa = 0.10)
as the reference electrode. Both liquid Bi and Sn metals exhibited similarly high emf values which
translate to extremely low activity of Nd (1.1-5.8x107'%), confirming their strong chemical
interactions with Nd. In addition, the solubility of Nd at 973 K was estimated at 1.46 mol% for
liquid Sn, compared to 5.65 mol% for liquid Bi.

Utilizing the strongly interacting liquid metals, a high round-trip coulombic efficiency

(>99.3%) was observed for liquid Bi and Sn in LiCI-KCI-NdCls by effectively suppressing the
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side reactions from the multivalent state of Nd ions in molten chloride solution at 973 K.
Furthermore, this work successfully demonstrated that Nd can be recovered into liquid Bi up to
20.0 mol% beyond the solubility limit with a high Faraday efficiency (84-90%) based on the
chemical analysis of electrolysis products by ICP-AES.

The electrode processes for Nd deposition into liquid Bi and Sn exhibit a facile charge
transfer kinetics with exchange current density of ~220 mA ¢cm 2 from EIS measurements at 973
K. The overpotentials tend to increase at high current densities (>150 mA cm) and high Nd

compositions due to increased mass transport resistances.
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Fig. 1. Three-electrode electrochemical cell for emf measurement of the Nd-Sn alloys via
coulometric titration and Nd recovery into liquid metals (Bi and Sn).
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TABLES

Table 1. Measured emf (Eeq), natural logarithm of activity (Inayq), and excess partial molar Gibbs
energy (AG% ;) of Nd in liquid Sn at 7= 773-973 K.

- Eeq(V) Inayqg AGE,; (k] mol™1)

773K 873K 973K 773K 873K 973K 773K 873K 973K
0.255 0.708 0.735 0.787 -31.89 -29.32  -28.17 -166.6 -169.5 -179.5
0.508 0.708 0.723 0.763 -31.87 -28.83 -27.31 -170.9 -170.9 -178.2
0.760 0.707 0.723 0.751 -31.86 -28.83 -26.87 -173.4 -173.8 -177.9
1.011 0.707 0.723 0.742 -31.85 -28.82 -26.56 -1752  -1759 -177.7
1.260 0.707 0.723 0.737 -31.85 -28.82 -26.39 -176.6 -177.4 -178.1
1.508 0.707 0.723 0.737 -31.85 -28.82 -26.38 -177.7  -178.7  -179.5
1.755 0.707 0.723 0.737 -31.84 -28.82 -26.38 -178.7 -179.8 -180.7
2.000 0.707 0.723 0.737 -31.84 -28.82 -26.38 -179.5 -180.8 -181.7
2.245 0.707 0.723 0.737 -31.84 -28.82 -26.38 -180.2 -181.6  -182.7
2.488 - 0.723 0.737 - -28.82  -26.38 - -182.4  -183.5
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Table 2. The solubility of Nd (mol %) in liquid Sn and Bi at 7= 773-973 K.

liquid Sn liquid Bi
Temperature

This work Eremenko [27] Kulagina [23] Im [22]
773 K 0.09 1.50 1.90 0.99
873 K 0.43 3.00 2.09 291

973 K 1.46 4.50 3.02 5.65
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Table 3. Chemical composition of electrolysis products for Bi electrode by ICP-AES, the charge
(gmeasured) equivalent to the measured Nd contents, and the Faradaic efficiencies relative to the

applied charge (gapplied).

Composition of electrolysis products

Corrected

T Gapplicd by ICP and IC (wt%) results (wi%)*  Gmeasured Faradaic
(mol% Nd) (mol% Nd) efficiency
Bi Li K Nd Cl Bi Nd
973K  96C g’ 94.65 0.02 0.15 472 046 9558 442 87Cg’ 89.8 %
(6.50) (5.87)
394Cg' 8483 003 019 1465 030 8527 1473 347Cg’ 87.9 %
(22.2) (20.0)
405Cg' 8512 0.00 0.04 1466 0.17 8549 1451 340Cg" 84.1 %
(21.9) (19.7)
873K 389Cg' 8452 0.00 004 1490 053 8566 1434 335Cg" 86.0 %
(21.8) (19.5)

*Results were corrected by subtracting the residual salt content in the electrode sample based on CI
concentration measured via ion chromatography by assuming Li as LiCl, K as KCl, and the remaining CI as

NdCls.
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Table 4. Estimated total area-specific resistances (4-Riw) at 973 K from /-7 curve (Fig. 8) and

impedance spectra (Fig. 9) based on the equivalent circuit model LR(Q(RW)).

mol%Nd ~ A-Row  A'Rohmic AR 0 n* w L X Jo
(Q cm?) (Qcm?)  (Qcm?)  (mS) (S) (fH) (Acm™)
Bi 0.50 0.410 0.154 0.249 0.002 0.87 479 0.57 0.004 0.225
1.00 0.478 0.154 0.249 0.004 0.81 690 0.58 0.004 0.225
2.53 0.651 0.154 0.250 0.006 0.77 797 0.58 0.009 0.224
5.09 0.709 0.153 0.258 0.009 0.74 6.66 0.58 0.023 0.217
Sn 0.50 0.658 0.162 0.249 0.029 0.87 5.67 0.62 0.007 0.225
1.01 0.719 0.161 0.254 0.058 0.86 7.45 0.58 0.007 0.220

* Impedance (Zp) of the constant phase element: 1/Z, = Q(jw)"
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