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Extraction and recovery of rare earth elements by molten salt electrolysis

Abstract: As rare earths and their products emerge in various fields due to their excellent
properties, the global demand for rare earths is increasing day by day. The existing capacity
cannot meet the supply balance. Whether improving production technology or recovering
secondary resources, comprehensive and in-depth researches on rare earths are necessary. This
paper reviews the electroextraction of rare earths on various electrodes in recent years, focusing
on the electrochemical, thermodynamic, and reaction kinetics between rare earth ions and
electrodes.
1. Introduction

Rare earths are known to be critical materials of strategic importance, and due to their unique
properties, applications can be seen in everything from large spacecraft to small smart products
such as the Apple Watch. With the rapid development of the economy, society’s demand for
new technological products is driving the dramatic expansion of the rare earth market.":? As a
result, the balance of supply based on current extraction and utilization methods is about to be
upset. To solve this problem, efficient mining and extraction technologies, as well as recycling
strategies conducive to the sustainable development of rare earths, are urgently needed.
However, rare earth elements (REEs) have great chemical activity and a strong affinity for
oxygen, making extraction or recovery of REEs under normal conditions a very big challenge.

Due to the chemical properties of REEs, they cannot be stable in aqueous system. Therefore,
the extraction and recovery of REEs need to be based on non-aqueous media. Electrochemical
method using high-temperature molten salt as a medium to prepare active metals can provide
an opportunity for the extraction and recovery of REEs.3-> As shown in Fig. S1, molten salt
electrolysis, which achieves ion reduction and phase separation through electrochemical

reactions in an electrolytic cell, is an ideal choice for rare earth preparation and recovery. The



simple process has attracted widespread attention to the molten salt electrolysis of rare earth.
There are many factors that affect molten salt electrolysis, such as temperature, current,
voltage, etc., but the essence is to control the electrolysis process through two physical media:
electrodes and molten salt electrolyte. This phenomenon has led to a divergence of research
directions, with one focusing on electrolytes and the other exploring around electrodes.®!3
Compared to the former, the electrochemical exploration of rare earth electrolysis in molten
salt on various electrodes has aroused considerable interest among researchers and great
progress has been made in this area.

This paper summarizes the findings from diverse studies using distinct electrodes and
various rare earth ions, with a focus on the electrochemical behavior, thermodynamic and
kinetic properties of rare earth ions on the electrodes. In order to better understand the research
of rare earths on electrodes, the findings could be divided into the reaction on solid electrodes
and the extraction on liquid electrodes based on the research focus. Furthermore, the data

obtained from these studies were pooled and analyzed.
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Fig. S1 Schematic diagram of molten salt electrolysis cell.

2. Electrochemical reduction and alloying on solid electrodes

Rare earth is a collective name for 17 elements including scandium (Sc), yttrium (Y) and



lanthanides (Lns). In 1857, Hillebrand et al. successfully prepared rare earth metals by chloride
molten salt electrolysis, which opened the prelude to the study of rare earth molten salt
electrochemistry!#. The electrochemical study of molten salt electrolysis of rare earths was
initially conducted on inert electrodes such as W and Mo.!3-17 The research on inert electrodes
have focused on electrochemical behavior or reduction reactions, ion diffusion, and nucleation.
Of course, there are also thermochemical properties and exchange current density
measurements, etc., which will be further discussed in the following sections.
2.1 Electrochemistry on inert electrodes
2.1.1 Electrochemical reduction

Yttrium (Y), as the earliest discovered REE, was widely studied in the early days. Hikino et
al. studied the electrochemical behavior of Y ions in LiCl-KCI-NaCl eutectic melt and revealed
the reaction process of one-step three-electron reduction of Y by calculating the number of
transferred electrons.!® The results of Liu et al. and Han et al. verified this finding and further
established the reversibility of the reduction of Y ion.!> 20 Lanthanum (La) as a typical
representative of Ln rare earths had also attracted the attention of researchers. Masset et al. and
Fabian et al. investigated the electrochemical reduction of LaCl; in LiCl-KCl eutectic molten
salt by cyclic voltammetry.?!-22 The results obtained from them indicated that the reduction of
La(IIl) to La is a reversible process at scan rate lower than 1.0 V s''. Castrillejo et al. and
Chandra et al. studied the electrochemical behavior of CeCl; in the eutectic LiCl-KCL, CaCl-
NaCl and LiF-CaF, melts, which also supported this discovery of reversible reduction of rare
earth ions.!%23-24 Similar studies had also been conducted on elements such as Pr, Dy, Tb.?>-2°
As a matter of fact, in molten salts, similar electrochemical properties cause most rare earth
ions to react similarly on inert electrodes. Rare earth ions can be classified into two groups

based on their reaction characteristics on inert electrodes. One group is represented by La. This



group of REE ions, like La(III) ion, is reduced on an inert electrode by a one-step three-electron
reaction and shows similar reaction peaks and approximate reduction potentials in the CV curve
(as shown in Fig. S2a). These elements can be referred to as “non-variable” REEs, including
gadolinium(Gd),*® holmium (Ho),?' erbium (Er),3? lutetium (Lu),>} scandium (Sc),** and the
above references to Ce, Pr, Tb, Dy. Another class is the “variable” REEs composed of Nd, Yb,

Sm, Eu, and Tm. Fukasawa et al. and Cordoba et al. found that the electrochemical reduction
process of Nd(III) ions to Nd metal consists of two steps: N d(lIl) + e =>Nd(I),

Nd(II) + 2e " —>Nd 35,36 Later, Xue et al., Kuznetsov et al., and Novodelova et al., in their
studies, also found differences in the reduction between Sm, Eu, Tm ions and other rare earth
ions, respectively.’’3° Even though Nd(III), Yb(III), Sm(III), Eu(Ill), and Tm(III) are all
reduced by two steps on the inert electrode, there are differences among them. As shown in
Fig. S2b and c, the deposition reaction of Nd can be clearly observed from the CV curves
obtained in LiCI-KCl molten salt, whereas only the redox peaks attributed to Sm(III)/Sm(II)
can be detected and observed due to the fact that the deposition potentials of Sm are more
negative than those of Li. This means that Sm, Eu and Tm metals cannot be prepared by

conventional molten salt electrolysis.
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Fig. S2 CV curves of rare earth ions on W electrode in LiCIl-KCI melts: (a) La; (b) Nd; (c) Sm.

2.1.2  Diffusion coefficient

REEs do not stabilize as ions in the molten salt but form complexes with F~ or €1 jons in
the molten salt.**- 4! This causes the movement of rare earth ions in molten salt to be different
from that in solution. The diffusion of rare earth ions in molten salt affects the electrode
reaction, and its diffusion coefficient is the basis of optimizing molten salt electrolysis and
developing spent fuel reprocessing. Therefore, the diffusion of rare earth ions has become the
focus of researchers. As displayed in Fig. S3, in a typical case, Su and his partner measured the
diffusion coefficient of Dy(III) ions by CVs based on the Berzin-Delahay equation, and the its
value at 773k was 5.10x10°¢ cm? s'.#> Smolenski et al. determined the diffusion coefficient of
Yb(III) ions in LiCI-KCl, NaCl-KCl, and CsCl molten salts by the CV method in a

Yb(III)/Yb(II) soluble-soluble reaction. They found that the diffusion coefficient of ytterbium



(IT) ions becomes smaller as the radius of the alkali metal cation increases from Li to Cs, which

0.17
can be expressed as r A Castrillejo et al. measured the

diffusion coefficient of Ho(Ill) ion in the temperature range of 763 to 963 K by
chronopotentiometry and Sand’s equation, and further revealed the relationship between the
diffusion coefficient and temperature. It can be expressed as

_ -1
log Dyyoqury == 2.89( £ 0.033) — 1646( + 24.6)T " 31 e g many other electrochemical

methods for measuring ion diffusion coefficients such as LSV and NPV,* 4 however, the
essence is to induce fluctuations in current density j and/or electrode potential ¢ via an electric
perturbation.*® In other words, the researchers either imposed a potential program and observed
the temporal variation of the current, or conversely imposed a current program and monitored
the evolution of the electrode potential. Besides, the diffusion coefficients can also be evaluated
from electrochemical impedance spectroscopy, where the straight line at low frequency of a

typical Nyquist plot is attributed to the ionic diffusion.34 47-52
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Fig. S3 (a) CVs for 3.73x10-> mol cm= DyCl; in LiCI-KCl1 melts at various scan rates. (b) Plot
of the cathodic peak current as a function of the square root of the scan rate. (¢) Mid-peak
potential as a function of the scan rate.*? (Reproduced with permission from the author.)

2.1.3  Nucleation



Nucleation studies are fundamental to understanding the growth of rare earths deposited in
melts, yet the high temperature environment is a major challenge. The chronoamperometry
technique capable of responding to nucleation feedbacks offer opportunities for nucleation
studies and have attracted the attention of researchers.?!: 33 Tang and Pesic investigated the
nucleation mechanism of La deposition on a Mo substrate according to the Scharifker-Hill non-
dimensional model. The instantaneous nucleation and dendritic growth mechanism of La were
revealed through comparative analysis of experimental data and theoretical models.!”
Subsequently, Tang and his partner again studied the nucleation process of Nd. As shown in
Fig. S4, they revealed the unique nucleation mechanism of Nd by a combination of
electrochemical methods and SEM characterization. It was found that the nucleation and
growth of Nd was progressive at low initial NdCl; concentrations, whereas at higher
concentrations the related mechanism is instantaneous.®* Zhang et al. revealed the
instantaneous nucleation mechanism of Yb by means of the current-time dimensionless curves
derived from chronoamperometry curve, and further explained the three stages of
electrochemical nucleation. The three stages are the charging process of electrode double layer,

the nucleation process of electrocrystallization and the electrodeposition process controlled by

diffusion.>’



Fig. S4 Comparison of the dimensionless experimental data for several overpotentials, derived
from the current-time transients, with the theoretical models for instantaneous (dashed line)
and progressive (dotted line) nucleation mechanisms.>* (Reproduced with permission from the
author.)

In order to better understand the electrochemical studies of rare earths on inert electrodes,
we summarized these findings and presented them in Table S1. It can be seen that the diffusion
coefficients of rare earth ions in molten salts are basically of an order of magnitude at the same
temperature. Due to the similar electrochemical properties, the reduction peak potentials of the

non-variable rare earth ions are similar.

Table S1 Reduction processes, diffusion coefficients, and nucleation of rare earth ions on inert
electrodes.

Rare earth Ions Diffusion coefficient Reduction peak potential Type of
ions reduction /10° cm? 57! /V nucleation
Lal7 1.70 (773 K) 22.08 (vs. Ag/AgCl) Instantancous

One-step nucleation
La% reduction - -2.05 (vs. Ag/AgCl) -
La%’ 2.1+0.5 (773 K) -1.0 (vs. Pt Q. R. E) -
Ce! 2.383 (954 K) -1.95 (vs. Ag/AgCl) -
Cess One-step 1398 (773 K) 2.1 (vs. Pt Q. R. E) ;
reduction ) ' ' o
Ce?? 3.4840.02 (963 K) -2.0 (vs. Ag/AgCl) -
Pr26 One-step 1.375 (748 K) -3.2 (vs. CI/CI) -
Pr2s reduction - -1.6 (vs. Pt Q. R. E) -

Nd* Two-step - -1.87/-2.03 (vs. Instantaneous
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Nd60

Sm37
Sm24

Eu6 1

Gd30
Gd62

Tb28
Tb63

Dy65
Dy27

Ho%

Er32

EI‘67

Tm68

Yb43
Yb69

Lu70
SC34
Y18
Y19

reduction

One-step
reduction
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reduction

Two-step
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One-step
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One-step
reduction

One-step
reduction

One-step
reduction

One-step
reduction

Two-step
reduction

Two-step
reduction

One-step
reduction
One-step
reduction

One-step
reduction

2.35 (773 K)

0.399 (823 K)
2.33 (803 K)

0.88 (723 K)

0.756 (748 K)
2.0620.4 (887 K)

11.22 (1243 K)

11.59 (1103 K)
6.95+0.04 (1203 K)

1.48 (823 K)
2.01 (873 K)

50 (Tm(1II) 673 K)
46 (Tm(II) 673 K)

1.0£0.1 (723 K)
2.57+0.02 (1113 K)

0.33 (723 K)
0.565 (723 K)

Ag/AgCl)

-1.858/-1.978 (vs.
Ag/AgCl)

-1.45 (vs. Pt Q. R. E)

-0.91 (vs. Ag/AgCl)

-1.25 (vs. Pt Q. R. E)

0.197 (vs. Ag/AgCl)

-2.23 (vs. Ag/AgCl)
-2.05 (vs. Ag/AgCl)

-2.12 (vs. Ag/AgCl)

-0.13 (vs. Pt Q. R. E)

-0.75 (vs. Pt Q. R. E)
-1.75 (vs. Pt Q. R. E)

-2.03 (vs. Ag/AgCl)

-1.762 (vs. Cl,/CI)

-1.89 (vs. Ag/AgCl)

-2.05 (vs. Pt/PtO,/O%)

0.35 (vs. Li/Li")
-2.08 (vs. Ag/AgCl)

nucleation /
Continuous
nucleation

Instantaneous
nucleation

Instantaneous
nucleation /
Continuous

nucleation

Instantaneous

nucleation

Instantaneous
nucleation

Instantaneous
nucleation /
Continuous

nucleation

Instantaneous
nucleation

2.2 Alloying on active electrodes



The extraction of rare earths on active electrodes is essentially the preparation of rare earth
alloys. Rare earths often exhibit their excellent properties or play a crucial role in industry in
the form of alloy compounds. Preparation of rare earth alloys by electrolysis on active
electrodes avoids the burning loss of rare-earth metals in the case of alloys prepared by
smelting. Rare-earth molten salt electrolysis on active electrodes has therefore received much
attention, and the electrochemical alloying of rare earth ions on active electrodes has been
further investigated. According to the characteristics of the active electrode, the molten salt
electrolytic preparation or electrochemical alloying research studies can be divided into those
on liquid active electrodes and those on solid active electrodes. The former we will introduce
in detail in later chapters, and the latter is what we focus on in this chapter. Induced by the
demand for rare earth alloys, research on alloying on solid state active electrodes has focused
on Mg, Ni, and Al electrodes.

a) Mg electrode

Yang et al. investigated the selective extraction and alloying process on Mg electrodes in
LiCI-KCI-GdCI53-DyCl; melts at 773 K. In this case, only the formation of Mg;Dy was
observed. The result of ICP-AES indicated that the extraction efficiency of Dy reached 98.4%.
In addition, the growth rate of Mg;Dy was measured.”! In order to understand the
electrochemical process of RE-Mg alloys formation in molten salts, Tang et al. studied the
electrochemical behavior of Mg(II) and Pr(III) ions by co-deposition method. It was found that
only one Pr-Mg intermetallic compound was formed during co-deposition, and Mg;,Pr alloy
was prepared by potentiostatic electrolysis at —1.85 V.72 Ji et al. investigated the
electrochemical alloying of La(IIl) ions by Mg film electrodes, and found the underpotential
deposition of La(Ill) and the formation of three Mg-La intermetallic compounds. Moreover,

they achieved phase control of Mg-La alloy by changing the electrolysis potential.”



Interestingly, Yang and his partners discovered the chlorination of MgCl, while studying the
preparation of rare earth alloys using Gd,0;, and revealed the component changes during
chlorination and alloying by XRD analysis.”*

b) Ni electrode

Xie et al. studied the deposition process of Y on Ni. The generation of Y-Ni alloy was
verified by CV tests at different temperatures and the effects of current density and temperature
on the electrolytic preparation were further explored.”” Nohira et al. investigated the
electrochemical formation and phase control of Pr-Ni Alloys in a molten LiCl-KCI-PrCl;
system. It was found that PrNi intermetallic compounds were first formed on thin Ni electrodes
followed by phase transition during continuous deposition of Pr. Furthermore, the rapid
formation of PrNi, induced by Pr diffusion was determined by through morphological and
crystallographic investigations using transmission electron microscopy and electron
diffraction.”® Yasuda et al. studied the electrochemical formation of Dy-Ni alloys in molten
NaCl-KCI-DyCl;. They found that only one pair of redox peaks attributed to the Dy-Ni alloy
could be observed on the CV curves due to the superposition of reaction currents on the Ni
electrode. Subsequently, the formation of four Dy-Ni alloy phases was determined by OCP.”’
Hua and his colleagues investigated the formation of Nd-Ni alloys in CaCl,-NdCl melts. It was
found that unlike that on inert electrodes, Nd undergoes a one-step reduction on Ni electrode
and forms three kinds of Ni-Nd alloys.”®

c) Al electrode

Due to the excellent strength-to-weight ratio and corrosion resistance, RE-Al alloy is widely
used in various industries, and its related research has also been favored by researchers. Shi et
al. explored electrochemical formation of RE-Al (RE=La, Ce, Gd, Tb, Dy, Ho, Er) alloys in

molten salts.*? 7-83 They determined the stable phase of RE-Al alloys in molten salt by co-



deposition of RE(III) and AI(III) ions, and prepared a variety of RE-Al alloys by potentiostatic
and galvanostatic electrolysis. In addition, they developed the rare earth alloys preparation
using rare earth oxides as raw materials with the assistance of AICI;.7% 8182 Castrillejo et al.
investigated the preparation of RE alloys (RE=Eu, Dy, Ho, Er, Tm, Lu, Sc) directly on Al
electrodes.31-33. 68, 84-86 They investigated the effects of factors such as potential, temperature,
and current density on electrochemical alloying, and prepared various alloys such as EuAly,
TmAl;, and LuAl, by controlling these factors.

There were many more research efforts that were not listed. In order to better understand the
findings on alloying on active electrodes or on the preparation of rare earth alloys, we
summarized and displayed them in Table S2. Rare earth alloy phases are diverse, and the
preparation of rare earth alloys of a specific composition by controlling the electrolysis
conditions on the active electrode or by co-deposition in the molten salt is the most efficient
and convenient method.

Table S2 Phase control of rare earth alloys prepared by alloying on active electrodes or co-
deposition in molten salts.

Rarfe carth Electrode = Temperature / K Applied cqrrent / Alloy phase

ion potential
Prd7 Mg 823 -100 mA PrMg;
Dy’! Mg 773 -1.9 V (vs. Ag/AgCl) DyMg;

) TmMg,,
Tm?8 Mg 833 -594 mA cm™ TmsMgyy
Lu”® Mg 873 -2.2 'V (vs. Ag/AgCl) LuMg, LusMgy,
Yb# Mg 773 -1.85 V (vs. Ag/AgCl) YbMg,
La% Ni 1123 -10 A cm? LaNi
Nd°! Ni 973 0.25 V (vs. Na*/Na) NdNi,
Nd*? Ni 1113 -35 mA cm? NdNi,, NdNi;
P93 Ni 723 0.5 V (vs. Li*/Li) PrNi,
Pro Ni 1123 0.2 V (vs. Li*/Li) PrNi,
pros Ni 873 2V (vs. Ag/AgCl)  TNis, PN,

PI'Nig, PI'Ni2
Sm? Ni 723 0.1 V (vs. Li*/L1) SmNi,



Sm?7
Dy’
Dy??
Dy
Tb%
Gd*”

HOIOO

Yb?3
y1o1
vyl
La103
Sc86
Lu*
Sm 104
Eu®
Dy*
Tb8?
HOIOS
Er3?
Tm 106
LalO7
LalOS
Pr’?
Dy!09
Yh!10
Lalll
Ce24
CeT

Erli2

Nd!13
Sm114
Eulls
Nd116
Y117
Pril8

S22 3 55555 ¢=

Mo

1120
973
700
1123
723
1113

1023

723
723
873
798
723
723
773
723
723
903
773
723
823
1023
943
913
873
933
1123
1113
773

773

1133
1223
1113
773
1323
923

-200 mA cm™
0.25 V (vs. Na*/Na)
0.55V (vs. Li*/Li)
0.2 V (vs. Li*/Li)
0.7 V (vs. Li*/Li)
-32 mA cm™

-2.2 'V (vs. Ag/AgCl)

0.1 V (vs. Li+/Li)
0.31 V (vs. Li+/Li)
-150 mA cm™
-1.5V (vs. Ag/AgCl)
-0.175 A
-2.35V (vs. Ag/AgCl)
-2.1 V (vs. Ag/AgCl)
-2.45V (vs. Ag/AgCl)
-2.98 V (vs. Cl,/CI")
-1.6 V (vs. Ag/AgCl)
-2.2 'V (vs. Ag/AgCl)
-3.08 V (vs. Cl,/CI")
-2.7V (vs. CL,/CI")
-1.26 A cm?
-12.7 A cm?

-6 A cm
-2.2 'V (vs. Ag/AgCl)
4 A
-3.2 'V (vs. Ag/AgCl)
-1.79 V (vs. Pt)
-1.9V (vs. Ag/AgCl)

-320 mA cm?

-1.88 V (vs. Pt)
-0.7314 A cm™
-1.1 V (vs. Pt)
-1.718 V (vs. Ag/AgCl)
-8 A cm?
S A

SmNis
DyNi,
DyNi,
DyNi,, DyNi;
TbNi,

GdNi,, GdNi
HOzNi17, HONi5,
HONi2
YDbNi,

Y;3Ni,, YNIi
YNi,, YNi
LasAly4
ScrAl
LuAl, LuAls
SmAIl,
EuAl,
DyAl;
TbAls
HoAl;;
ErAl;
TmAl,, TmAl;
LaMg,, La;Mgy7
La,Mg;7, LaMgs
PrMgs;, PrMg,,
DyMg;
YbMg,
LaNis
Ce;Al, CeAl
Ces;Al;
AlLEr, ALLEr;,
AlyLigy
Nd;Al
SmAIL, SmAl;
EuAl,
NdsBi3
Y,Al
Co,Pr

3. Electrolytic extraction on liquid electrodes



Compared with solid electrodes, liquid electrodes have a number of fascinating properties
such as a more positive deposition potential, good depolarization effect and the ability to
prepare homogeneous alloy products.* > Due to the advantages of liquid electrodes, the
electrolytic extraction of rare earths or the preparation of their alloys using liquid metals as
cathodes has been the focus of attention. Of course, to be clear, researchers are paying attention
to the electrolytic extraction on liquid electrodes not only because it provides a more efficient
method for extracting rare earth alloys, but also because it is the key to promoting the
development of advanced nuclear fuel cycles.!'% 120 Many efforts have been made to reveal the
electrolytic reduction and extraction processes on liquid electrodes, and we will present the
findings of these works in terms of kinetic and thermodynamic studies.

3.1 Reduction potential

The difference in reduction potential on the liquid electrode determines the deposition
sequence of rare earth ions on different cathodes. As shown in Fig. S5, Yang et al. determined
the reaction priority of Nd ions on Al, Cd, Pb, Zn, Ga, Sn, and Bi electrodes by measuring the
reduction potential on the CV curves. It was found that Zn, Ga, Sn and Bi electrodes have a
strong depolarization effect on Nd and the order of depolarization effect is
Bi>Sn>Ga>Zn>Pb>Al>Cd."?! In a study of electrolytic extraction of Ce and Nd on liquid Ga
electrodes, Liu et al. found that the reduction potentials of Ce(IIl) and Nd(III) ions differed by
only 0.063 V. Subsequently, the relationship between the apparent standard potentials (

E E

Ce(lll)/Ce and ™ Nd(IID/Nd) as a function of temperature was revealed by means of the semi-
deriviative as well as the Nernst equation.'??> Luo et al. studied the kinetics process of Tb(III)/Tb
couple at liquid Zn electrode, and found that the reduction potential of Tb(III) ions in liquid Zn

is move positive than that in W electrode due to the diffusion of Tb into the electrode and the

low activity in the metal phase.'?3 In fact, from the point of view of underpotential deposition,



the formation of a monolayer deposition layer in the underpotential region is caused by the fact
that the interaction between the deposited rare earth atoms and the base cathode atoms is greater
than that between the deposited rare earth atoms. The formation of this submonolayer
deposition layer and the continued diffusion of rare earth atoms macroscopically manifests
itself in the fact that the reduction potential of rare earths at the liquid electrode is more positive

than that at the inert electrode.5: 124, 125
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Fig. S5 Cyclic voltammograms of Nd** on various electrodes (W, Al, Cd, Pb, Zn, Ga, Sn, and
Bi) in the LiCl-KCI-NdCl; (1.0 wt%) melts at 723 K.!?! (Reproduced with permission from the
author.)

3.2 Exchange current density

The exchange current density is an important parameter reflecting the electrochemical

kinetic behavior on the electrode and has therefore received much attention in the study of



liquid electrodes. As shown in Fig. S6, in a typical case, Yin et al. measured the exchange
current density of Ln (Ln=La, Ce, Pr, Nd) on liquid Bi electrodes by electrochemical
impedance spectroscopy, and found that Ce has a faster reaction rate on Bi electrode at 723 K.
Furthermore, they verified the measurement results by galvanostatic pulse, and further revealed
the temperature dependence of the exchange current density and the ionic reaction rate
sequence: Ce>Nd>La>Pr.!?¢ Yang et al. studied the electrochemical kinetics of Nd(III) ions on
various liquid electrodes by Tafel and linear polarization methods. It was found that Nd ions
have the fastest reaction rate at the Cd electrode and the kinetic ordering of the electrodes is
Pb<Sn<Bi<Ga<Al<Zn< Cd.!?! Interestingly, Kwon et al. developed atomistic-level kinetics
model using first-principles calculations, and found identified a universal relation between
exchange current densities and adsorption energy. They achieved the prediction of the
exchange current density by thermodynamic adsorption energy solvated rare earth ions in LiCl-

KCI eutectic molten salt.!?”
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0.0 .
1.0 1.2 1.4

1.6 1.8 2.0 2.2 1.2 1.4 1.6 1.8 2.0
Z'(W) Z'(W)

Fig. S6 Measured (dotted line) and fitted (solid line) Nyquist plots for (a) LaCls (1.2x107* mol
cm?), (b) CeCl;y (1.42x10™* mol cm™?), (¢) PrCl; (1.39x107* mol cm?) and (d) NdCl;
(1.88x107* mol cm™2) in LiCI-KCI melt on liquid Bi electrodes at temperatures of 723, 773,
823 and 873 K, respectively.!?® (Reproduced with permission from the author.)



3.3 Activity and activity coefficient

The activity and activity coefficient can reflect the real concentration change in the melt.
The determination of the activity and activity coefficient of rare earths in liquid electrodes is
based on the needs of the industrial construction of rare earth preparation and spent fuel
electrolysis. Changes in the components of an alloy cause a change in its potential. Kim et al.
constructed an electrochemical cell by two half-reactions. The electrochemical cell was shown
below:
Ln|LiCl - KCl- LnCl;| Ln(Me)
And the logarithm of the activity coefficient was related to the emf between pure metal and

alloyed metal through the following expression:

n-F-emf

23rT 108 Xinane)

log yLn(Me) =

They evaluated the activity coefficients of Nd in Al by the cyclic voltammetry technique, the
coulometric additions method and the direct use of an Al-Nd alloy. It was found that the results
determined by the three methods were in good agreement, and the variation of the activity

coefficient of Nd in Al(l) as a function of the temperature could be expressed as

log ¥nacan = 9-81 = 17134/T 36 coyiometric addition (or called coulomb titration) makes it
feasible to continuously measure the activity and activity coefficient for different Ln
concentrations, and is considered to be more accurate compared to other methods from the
perspective of in-situ measurement.!? 128. 129 Therefore, this method was frequently used in the
determination of activity coefficients in melts. Liu et al., Yin et al, Wang et al, and Smolenski
et al. determined the activity coefficients of Ln (Ln=La, Ce, Pr, Nd, Sm) in liquid Ga, Bi, Al,
Zn, Sn, Ga-Al, and Ga-In by coulomb titration.> !> 62, 122, 126, 130-133

3.4 Solubility



Coulomb titration also provides an opportunity to determine the solubility of rare earth
elements, especially lanthanides, in liquid electrodes. In a typical case, Liu et al. first measured
the formation potential of the alloy by galvanostatic electrolysis and then, as shown in Fig. S7,
obtained the maximum molar fractions of Ce and Nd on the liquid Ga electrodes by the
accumulation of multiple Coulomb titrations.'>? This mole fraction can be considered as the
solubility of Ga for Ce and Nd. Li et al. also determined the solubility of Dy on Sn by this
method, and the value was 3.95x10-2.134 Xu et al. revealed the dependence of the activity
coefficient on temperature by coulomb titration, and further obtained the dependence of

solubility on temperature by the relationship between activity and mole fraction. '3
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-J : run5:-10mA,1550s 118 —m—Ce, 773K
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Fig. S7 (a) Galvanostatic electrolysis at different runs and corresponding OCP curves for Ce
metal on the liquid Ga electrode. (b) The equilibrium potentials of Ln(Ga) electrode after each
run of electrolysis.!?? (Reproduced with permission from the author.)

The kinetic and thermodynamic parameters of rare earth ions on these liquid electrodes were
summarized and shown in Table S3. It can be seen that the kinetic and thermodynamic work
on the liquid electrode is still insufficient, and the data of Ho, Er, Tm and other rare earth
elements on the liquid electrode are missing. There are orders of magnitude differences in the
data even on the same liquid electrode due to differences in test methods and experimental
conditions. The kinetic and thermodynamic studies of rare earth ions on liquid electrodes need

to be optimized.



Table S3 Kinetic and thermodynamic parameters of rare earth ions on liquid electrodes.

Rare . ..
qarth elI; lc(yrlcl)ge Tenel[;elzatur C(;Ae(;tf}i\élite};l ¢ Exchange current density Solubility
ions
Lal®  Pb/Pb-Ga 823 S 0.0057/0.0062 A cm? :
Lal?6 Bi 723 1.02x10°17 68.99 mA cm? -
Ce!?2 Ga 773 2.43x10°13 - 0.00845
Cel?6 Bi 723 2.4x1014 93.12 mA cm -
3.16x10°14
Cel? Bi/Sn/Zn 773 /1.82x10712 - -
/9.05 x10-10
Pr137 Sn 763 - 0.008 A cm™ -
Nd'?? Ga 773 7.08x10°13 - 0.0077
Nd'38 Ga-Al 773 3.1710712 - -
Ng2! Ga/Bi/Sn/Zn/Pb 723 i 0.137/0.146/0.142/0.058/0.154/0.134 i
/Cd A cm
Gd'° Pb 723 - 0.0292 A cm? -
Dy!34 Sn 773 - - 0.0395

4. Conclusions and prospect

The application of molten salt electrolysis in industrial production is very mature, which

benefits from the in-depth study of rare earth ions in molten salt and electrodes. These studies

reveal the existence state of rare earth ions in molten salts and the electrolysis reaction process

on electrodes, and prompted the establishment of classic methods such as nucleation analysis

based on chronopotentiometry, activity measurement based on coulomb titration, and solubility

measurement based on pulse electrolysis. These massive basic data from diverse studies have

built a firm foundation for the development of molten salt electrochemistry, while also

providing reliable support for the recovery of secondary rare earth resources. Although research

on the extraction and recovery of rare earth elements through molten salt electrolysis has been

continuously advancing, the related work lacks novelty and attractiveness. Current innovative

research for molten salt electrolysis can be focused on the design of electrode materials with



selective extractability, coordination chemical analysis of rare earth ions, and exploration of

functional electrolytes, and further considers the feasibility of practical application.
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