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Abstract

Electrochemical behaviour of La(IIl)/La and Pr(III)/Pr systems has been studied in LiF-CaF»
media (79.5%-20.5%) on inert and reactive electrodes in the 820-930°C temperature range
using cyclic voltammetry, square wave voltammetry and open-circuit potentiometry.
Experimental results show that La(III) and Pr(III) are reduced into metal in a one-step and
diffusion controlled process, exchanging 3 electrons, at 0.08 and 0.15 V vs. LiF/Li
respectively. Physico-chemical and thermodynamic data such as diffusion coefficients,
standard potential, activity coefficients, have been determined. Effect of oxide additions have
been investigated and leads to precipitation of LaOF and PrOF species. Alloys formation by
reactive electrodeposition on Ni, Cu and Fe electrodes has also been evidenced and their

Gibbs energies determined.
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1/ Introduction

Rare Earth elements (REEs) are increasingly used or investigated for many industrial
applications, such as spent nuclear fuel reprocessing [1-4], renewable energy technologies
(permanent magnets [5] and Ni-MH batteries [6, 7], optical and optoelectronic devices for
solid-state lasers [8]). They are also used in metallurgy industry to improve corrosion
resistance or ductility of steel in oxidizing media at high temperature [9]. To prevent lack of
supply from REEs minerals, the recovery of REEs from their secondary sources are under
investigation [10, 11] and is of significantly importance for sustainable rare-earth industry.
For example, recycling End-of-Life Ni-MH batteries is hardly developed, while 6 to 10 wt.%

of those batteries are constituted of REEs, depending of the battery type (button cell,



cylindrical cell, ...) [7]. Initially, batteries anodes are constituted of lanthanum-nickel alloy
(LaNis) but lanthanum is usually substituted by mischmétal (La-Ce-Pr-Nd alloy) for economic
considerations. One way to separate and recover REEs is molten salts electrolysis using
molten halides (chlorides, fluorides) as solvent. In these media, electrochemical behaviour of
REEs precursor with and without oxides is needed for electrodeposition processes as well as
physico-chemical and thermodynamic data.

From all REEs, this work concerns two lanthanides: Lanthanum and Praseodymium. Several
electrochemical studies of La(Ill) and Pr(IIl) behaviour have been performed into molten
chloride media [12-18]. All these works evidenced that the electrochemical reduction pathway
of both La(Ill) and Pr(IIl) occurred in a one-step process exchanging three electrons and
limited by the diffusion of LnCl3 in the bath:

LnClz3+3e =Ln+3ClI" (Ln=La,Pr) (1)
The influence of oxide additions on La(IIl) and Pr(IIl) stability was also examined and the the
same results were obtained for both elements, leading to the precipitation of LnOCI:

LnCl; + O* = LnOCl + 2 CI (Ln = La, Pr) 2)
Concerning molten fluoride media, many La(IIl) and Pr(Ill) thermodynamic properties are
missing. R. Chesser et al. [1] and Y. Wang et al. [2] studied La(III) electrochemical behaviour
into LiF-NaF-KF and LiF-(NaF/KF) media respectively and evidence a one-step reduction
process exchanging 3 electrons:

LaF;+3e=La+3F (3)
The authors proposed relationships between diffusion coefficient and temperature on one
hand and apparent standard potential and temperature on the other hand. Yasuda et al.
investigated Pr(III) electrochemical reduction and evidenced a similar behaviour [19]:

PrF;+3e =Pr+3F 4)



This work presents a complete electrochemical investigation of both La(IIl) and Pr(IIl) on
inert (Mo) and reactive (Ni, Cu, Fe) electrodes into LiF-CaF, medium with and without
oxides to acquire data such as diffusion coefficients, standard potential, activity coefficients
and alloys formation Gibbs energies of Ni/Cu/Fe - La/Pr alloys in a wide range of

temperature.

2/ Experimental

The cell consisted of a vitreous carbon crucible placed in a cylindrical vessel made of
refractory steel closed by a lid cooled by circulating water. The inner part of the cell was
protected against fluoride vapours by a graphite liner. Experiments were performed under an
inert argon atmosphere (99.999%). The cell was heated using a programmable furnace and the
temperatures were measured using a chromel-alumel thermocouple. The electrolytic bath
consisted of a eutectic LiF-CaF, (Merck 99.99%) mixture (79.5/20.5 molar ratio), initially
dehydrated by heating under vacuum (107 bar) to its melting point.

Lanthanum and Praseodymium ions were introduced in the form of LaF; and PrFs powder
(VWR 99.99%) respectively and oxide ions in the form of Li,O powder (Cerac 99.9%).
Molybdenum, nickel, copper and iron wires (Goodfellow 99.99%, 1mm diameter) were used
as working electrodes. The auxiliary electrode was a vitreous carbon rod (3 mm diameter)
with a large surface area (5 cm?).

All the potentials were referred to the equilibrium potential of LiF/Li system, measured on the
cyclic voltammograms plotted using an inert molybdenum working electrode.

The electrochemical study and the electrolyses were performed with an Autolab PGSTAT

302N potentiostat / galvanostat controlled with NOVA 2.10 software. Cyclic voltammetry and



open-circuit chronopotentiometry were the electrochemical techniques used for the

investigation of the reduction pathway and data acquisition.

3/ Results and discussion

3-1/ Electrochemical behaviour on inert electrode

The electrochemical behaviour of La(IIl) and Pr(Ill) was first investigated on inert (Mo)

electrode in the LiF-CaF.-LaF; and LiF-CaF-PrF; systems at 850°C by cyclic voltammetry.

3-1-1/ Cyclic voltammetry:

Figure 1 presents typical cyclic voltammograms plotted on Mo electrode at 100 mV.s™! and
850°C for LiF-CaF»-LaF3 (0.138 mol.kg™") (grey line) and LiF-CaF>-PrF3 (0.136 mol.kg™!)
(black line) systems respectively. Both voltammograms exhibit a single cathodic peak at 0.07
V vs. LiF/Li for La(Ill) and 0.15 V vs. LiF/Li for Pr(III). Each cathodic peak is correlated to
one reoxidation peak with a stripping shape characteristic of solid phase dissolution.

As presented in the Fig. 1 inset, the quasi-reversibility of both systems, characterized by
La(IIT) and Pr(III) reduction peak potentials independent of the scan rate, is verified.

The influence of the scan rate on La(IIl) and Pr(IIl) reduction peak current densities is also
presented in the Fig. 1 inset, in order to verify the Berzins Delahaye relationship, valid for a

reversible soluble/insoluble system and a diffusion-controlled reaction [20]:
nF 172
I =-0.61nFSc,| — | D"*v'? 5
p 0 ( RT ] 5

where n is the number of exchanged electrons, F the Faraday constant (96500 C), S the
electrode surface area in cm?, D the diffusion coefficient in cm2 s™!, ¢o the solute concentration

in mol cm™, T the absolute temperature in K and v the potential scan rate in V s,



The slope of these linear equations at 840°C, proving that reactions are controlled by Ln(III)

diffusion into the solution, are:

. i _ _

- For La(III) reduction: vl% = —0.639 A s/2V-1/2¢cm~2 (6)
. i - _

- For Pr(IIl) reduction: vl% = —0.689 A s/2V-1/2¢cm~2 7

The variation of the cathodic peak current density as function of molality is presented in
Figure 2, for La(IIl)/La (grey) and Pr(IIl)/Pr (black) systems. This figure shows a linear
dependency for both elements, confirming that this peak is attributed to the reduction of
Ln(III) into Ln (cf. eqs 3 and 4). The relationships between the intensity of the reduction peak
and the molality is given at 840 °C:

jp = -1.47 [La(II)] (8)

jp = -1.62 [Pr(IID)] 9)

where j, the peak current density, [La(IIl)] and [Pr(III)] the lanthanide molality (mol kg™).

3-1-2/ Diffusion coefficient determination

As shown in eq. (5), diffusion coefficient can be determined from Berzins-Delahay equation
using the linearity between the peak current density and the square root of scanning rate. For
instance in Figure 1 at 850°C, the obtained values of diffusion coefficient are:

Diaqny = 5.49x107¢ cm®s™* (10)

DPI‘(IH) = 6.53X10_6 szs_l (11)

Experiments were performed at several temperatures (from 840 to 930 °C) and the obtained
values, plotted fig. 3, show that the variation of diffusion coefficient with the temperature

obeys Arrhenius' like law expressed as:



4871.1

In(Dpaqmy) = —7.728 — E. (12)
5270.3

In(Dprmy) = —7.206 — Too (13)

3-1-3/ Ln(II)/Ln standard potential determination

According to the Nernst Law, the equilibrium potential of Ln(III)/Ln system, Epraamyin, 18

expressed as follows:

RT RT
Epnamyin = Efnamywn + ;ln(YLn(III)) + 57 In([Ln(lID]) (14)

where Vinam and [Ln(III)] are the activity coefficient and the molality in mol kg™! of dissolved
Ln(III) respectively (Ln = La, Pr).

ELnamya can be measured from the cyclic voltammogramm of LiF-CaF»>-LnF; systems, but it
must be previously converted into a reference potential scale using the Fo/F system, using the

equilibrium potential of LiF/Li versus Fo/F’, as detailed in ref [21], where Epig/iivs. r,/p- =

-5.30 V.
According to (14):
RT RT
ELnam/in — 35 In((Ln{ID]) = EPyiy/in + ;ln(YLn(III)) (15)

So at a given temperature, when [Ln(III)] tends towards 0, indeed at infinite dilution y = 1, the
extrapolation of the experimental value of Epny/in — g In([Ln(I111)]) versus [Ln(II)]

allows the determination of the Ln(III)/Ln standard potential.

These relationships were plotted for La(III)/La and Pr(III)/Pr systems on Figure 4, and the

obtained values are: E{,yi)/1a = —5.03 V vs.F, /F~ and Ep,(yyp) pr = —4.95 V vs. F5/F~



3-1-4/ Influence of Li;O additions

The influence of oxide additions on the stability of La(IIl) and Pr(III) ions was investigated by
plotting cyclic voltammograms of LiF-CaF,-LnFs systems, on Mo electrode at 100 mV.s! and
840°C after successive Li2O additions. The measure of cathodic peak current density for both

La(IIT) and Pr(III) reduction can be converted into normalised quantity (mol) of species

remained into the bath, using eqgs. (8) and (9): % with Ln = La, Pr and n°Laam is the
Ln(1II)

quantity of Ln(III) initially present into the solution.

Npn(11n)
[o]

These normalised Ln(IIl) quantities
nphin

were plotted versus the normalised oxide ions

NLi,0
content ——2—

- where n; , is the added quantity of O* in mol.
The results, presented in Figure, exhibit for both elements a linear relationship with a slope of
-1 between the normalised quantity of oxide added and the normalised Ln(IIl) quantity
remaining in the solution. After addition of a normalized oxide content more than 1, no more
electrochemical signal related to the Ln(III)/Ln systems can be observed. This behaviour is an
evidence of a solid formation, or non-electroactive compounds.

Regarding the thermodynamic data on La and Pr species, the following Ln(III) precipitation
reaction can be assumed:

LnF; + O* <> LnOF + 2F (Ln = La, Pr) (16)
The experimental results are in agreement with the stoichiometry of precipitation reaction

observed into molten fluorides for other REEs fluorides already evidenced in our laboratory

[22].

3-2/ Electrochemical behaviour and alloys formation on reactive electrode



Study of La and Pr alloys formation was performed on three metallic substrates: Ni, Cu and
Fe. Analysis of the phase diagrams from ref [23] shows the existence of the following
intermetallic compounds for each system:

- La-Ni system: NiLas, NizLay, NioLa, NizLa, NisLas, NisLa

- La-Cu system: CuLa, CuzLa, CusLa, CuslLa

- La-Fe system: no alloy formation

- Pr-Ni system: NiPr3, NizPr7, NiPr, Ni,Pr, Ni3Pr, Ni7Pr2, NisPr

- Pr-Cu system: CuPr, CuzPr, Cu4Pr, CusPr, CuePr

- Pr-Fe system: FexPr, Fe17Pr2
Alloys formation was evidenced by cyclic voltammetry and open-circuit

chronopotentiometry, and characterised by SEM-EDS.

3-2-1/ Evidence of alloys formation:

Cyclic voltammetry was performed on Ni, Cu and Fe substrates at 100 mV.s™' and 840°C in
the LiF-CaF»-LnF3 (Ln = La, Pr) (0.138 mol.kg!) systems. Figures 6a and 6b compare La(III)
and Pr(III) reduction on reactive and on inert Mo electrode (dash line). It can be noted that for
all systems, except La-Fe, the measured current densities were higher on reactive than on inert
electrode. Based on the Nernst law, a lower activity of Ln in the cathodic product is expected
as the reduction of Ln(IIl) into Ln intermetallic compound promotes the shift of the
electroreduction potential towards higher values, called depolarization effect. The additional

currents are attributed to alloys formation:
Ln(II) + 3 ¢ + x M = LnMx (16)
(Ln = La, Pr; M = Ni, Cu, Fe).

Moreover, the La-Fe system doesn’t present any alloy formation, in agreement with the La-Fe

phase diagram [23].



The potential difference between reductions on inert and reactive electrodes, highlighted on
the Figures 6a and 6b, represents the depolarization potential of Ln(III) electrochemical

reduction and values are gathered in Table 1.

3-2-2/ Gibbs energy calculation:

Open circuit chronopotentiometry allows the identification of every compound in the Ln-M
system and thus, the Gibbs energy to be calculated. The method consists in first
electrodepositing a small quantity of Ln on the cathode by a short cathodic run, and then
measuring the cathode open circuit potential versus time. The intermetallic diffusion of Ln
and M leads to the successive formation of Ln/M compounds, with a decreasing Ln content

from the substrate to the electrolyte interface [24-27].

The open-circuit chronopotentiograms plotted at 840°C on Fe, Cu and Ni substrates are
shown in Figures 7, 8a, 8b, 9a and 9b respectively. These curves exhibit typical plateaus of
metallic interdiffusion leading to successive intermetallic compounds at the electrode surface
as expected. Each potential plateau is referred to the standard potential of the Ln, thus

allowing the LnxM/LnyMn // LiF-CaF,-LnF3/Ln emf determination, associated to the reaction:

LnxM + (y-x) Ln + (m-1) M = LnyMp, (17)

(Ln =La, Pr; M = Ni, Cu, Fe).

Measurement of these plateaus leads to the determination of alloys Gibbs energies as detailed
in [27; 28]. The same experiments were carried out in the 840 — 930°C temperature range and

all the values, expressed in kJ per mol of Ln, are summarized in Tables 2, 3 and 4.

4/ Conclusion

10



The La(III) and Pr(III) electrochemical behaviour has been investigated in the LiF-CaF>-LaF3
and LiF-CaF»-PrF; system on inert (Mo) and reactive (Ni, Cu, Fe) electrodes. The
electrochemical study evidenced an electrochemical reduction pathway similar for both
La(IIT) and Pr(III): reduction into metal occurred in a one-step process exchanging 3 electrons
and limited by the diffusion into the solution. Diffusion coefficients have also been
determined on a wide temperature range (840-930°C) and data show a dependence of In D
with the inverse of the temperature, as a classical Arrhenius-type law.

La(IIT)/La and Pr(IIT)/Pr standard potentials using cyclic voltammetry. The stability of La(III)
and Pr(III) species in the presence of oxide ions was also examined and the results evidenced
the formation of solid LaOF and PrOF compounds. The electrochemical study on reactive
electrodes show the formation of surface alloys layers Ln-M (Ln = La, Pr; M = Cu, Ni, Fe)
except for Fe/La system, considered as inert electrode. Thanks to open-circuit

chronopotentiometry, alloys formation Gibbs energies were determined for each compound.
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Legend of Figures and Tables

Figure 1:

Cyclic voltammograms plotted on Mo electrode at 100 mV.s™! and 840°C for LiF-CaF,-LaF;
(0.138 mol.kg™!) (grey line) and LiF-CaF>-PrFs (0.136 mol.kg™!) (black line) systems. Inset:
variation of La(IIl) (grey squares and triangles) and Pr(III) (black discs and diamonds)
reduction peak potential potentials and current densities versus the square root of the potential

scan rate.

Figure 2:

Linear relationships between the cathodic peak current density and the concentration

(mol.kg ™) in LiF-CaF,at 840 °C for La(IIl)/La (grey) and Pr(II)/Pr (black) systems

Figure 3:

Variation of the logarithm of the diffusion coefficient versus the inverse of the absolute

temperature
Figure 4:

Extrapolation at infinite dilution of Ep 11y /1n — g In([Ln(I11)]) versus [Ln(IID)]

Figure 5:

Linear relationships between added normalized quantity of Li>O and the remaining Ln(III)

normalized content in the bath.
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Figures 6a and 6b:

Superimposition of cyclic voltammograms plotted of reactive Ni, Cu and Fe electrodes at 100
mV.s™! and 840°C for LiF-CaF,-LaFs (0.138 mol.kg!) (6a) and LiF-CaF,-PrFs (0.136 mol.kg"

1) (6b) systems.

Figure 7
Open-circuit chronopotentiograms of the LiF-CaF,-LaF; and LiF-CaF»-PrF3 systems on iron

electrode at 840°C.

Figures 8a and 8b

Open-circuit chronopotentiograms of the LiF-CaF,-LaF3 (8a) and LiF-CaF>-PrF3 (8b) systems

on copper electrode at 840°C.

Figures 9a and 9b

Open-circuit chronopotentiograms of the LiF-CaF,-LaF3 (9a) and LiF-CaF>-PrF3 (9b) systems

on nickel electrode at 840°C.

Table 1:

Depolarization potential values of Ln-M alloys formation (Ln = La, Pr; M = Ni, Cu, Fe) at
840°C obtained by cyclic voltammetry at 100 mV.s™'.

Table 2:

Gibbs energiy of Cu/Ln compounds (Ln = La, Pr).

Table 3:

Gibbs energy of Ni/Ln compounds (Ln = La, Pr).
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Table 4:

Gibbs energy of Fe/Pr compounds.
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Figure 4
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La(IIl)/La 0.38 0.68 0
Pr(III)/Pr 0.35 0.6 0.17
Table 1
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AtG° (kJ mol )

Cu/Ln
compounds  840°C 870°C 900°C 930°C
CuPr -45.4 -11.0 -26.3 -31.8
Cuz2Pr -101.6 -99.7 -92.6 -98.1
Cu4Pr -179.8 -185.7 -185.9 -204.9
CusPr -310.3 -298.6 -296.4 -327.7
CuePr -462.6 -468.4 -474.3 -501.4
CuLa -45.2 -25.7 -41.7 -60.5
Cu:La -109.7 -97.0 -108.3 -140.4
CusLa -222.9 -191.1 -192.8 -251.6
CusLa -371.1 -322.2 -312.7 -416.6
Table 2
Ni/Ln ArG° (kJ mol™?)
compounds  g4go¢ 870°C 900°C 930°C
NiPr3 -18.2 -13.0 -31.8 -32.0
NisPr7 -35.9 -32.7 -72.3 -88.5
NiPr -57.8 -41.7 -87.6 -116.0
Ni2Pr -123.2 -118.7 -227.4 -268.0
NisPr -225.1 -214.2 -435.0 -474.4
Ni7Pr2 -376.5 -383.0 -669.2 -713.2
NisPr -390.0 -389.8 -588.8 -617.2
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NiLa3 -20.2 -12.4 -14.7 -13.0
NisLa7 -37.4 -28.8 -28.4 -31.8
NiLa -96.8 -98.2 -87.7 -104.1
NisLaz -203.4 -213.7 -177.5 -216.7
Niz:La -226.4 -226.4 -210.9 -234.6
NizLa -370.3 -399.0 -345.2 -371.5
NizLaz -542.3 -574.1 -528.8 -565.2
NisLa -467.4 -495.8 -473.7 -507.0

Table 3

Fe/Ln AtG° (kJ mol)

compounds 840°C 870°C 900°C 930°C
Fe:Pr -25.7 -21.1 -40.8 -42.5
Fe17Pr2 -81.1 -95.5 -140.7 -157.8

Table 4
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Figure 1

Cyclic voltammograms plotted on Mo electrode at 100 mV.s™ and 840°C for LiF-CaF,-LaF;
(0.138 mol.kg™!) (grey line) and LiF-CaF»-PrFs (0.136 mol.kg™!) (black line) systems. Inset:
variation of La(Ill) (grey squares and triangles) and Pr(III) (black discs and diamonds)
reduction peak potential potentials and current densities versus the square root of the potential
scan rate.





