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Abstract

Electrodeposition of the rare-earth metals La, Sm, Nd, and Dy from solution in the ionic liquids N-butyl-N-
methylpyrrolidinium bistriflimide (BMPTFSI) and trimethyl butylammonium bistriflimide (Me;NBuTFSI) was studied in
this work. Both ionic liquids are hydrophobic and present a wide electrochemical window as well as satisfactory ionic
conductivity, rendering them promising electrolytes for electroreduction of rare-earth elements. Cyclic voltammetry (CV)
performed using a Pt electrode in a three-electrode cell revealed that the rare-earth cations could indeed be reduced to the
metallic state in the above-mentioned ionic liquids. Furthermore, electrodeposition of the rare earths was realized on
copper substrate under potentiostatic conditions of — 3.1 V versus Ag/0.1 M AgNO; in acetonitrile at 25 °C for 5 h.
Analysis of the electrodeposits by scanning electron microscopy (SEM) and energy-dispersive X-ray spectroscopy (EDS)
revealed that electrodeposition of the rare earths was feasible using these ionic liquids as the electrolytic medium. Finally,
with the aim of identifying a sustainable metallurgical process for electrorecovery of rare earths, a two-compartment
electrolytic cell was developed and tested for production of neodymium from a Nd(TFSI);/BMPTFSI electrolyte.
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Introduction

Production of rare-earth metals and alloys is convention-
ally performed by electrolysis of high-temperature molten
salts, which involves a highly corrosive environment and
high energy demands. An alternative is use of the elec-
trochemical route, using ionic materials with low melting
temperature [1]. Since the middle of the 20th century, a
significant amount of work has been carried out with the
aim of developing such molten salts with lower melting
temperature. The major goal of such work was synthesis of
a lower-temperature melt for deposition of aluminum,
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which led to the development of Li*/K*/AICl; eutectics
with melting point close to 100 °C [2, 3]. The introduction
of quaternary ammonium, pyrrolidinium, and imidazolium
salts has pushed the melting point down to ambient con-
ditions [4]. The term “ionic liquids” was coined to dis-
tinguish these lower-temperature ionic liquids from their
high-temperature analogs predominantly composed of
inorganic ions [1, 4]. Several applications of ionic liquids
have been tested, being as diverse as fuel desulfurization
and precious metal processing, but few have yet to come to
practical fruition. Several other processes are also at pilot
plant scale, and some ionic liquids are used commercially
as additives, e.g., as binders in paints [4]. At this point, it
must be pointed out that, while deposition of a wide range
of metals from numerous ionic liquids has been demon-
strated, practical aspects of controlling the morphology of
such deposits have not been significantly addressed due to
the complex nature of the process parameters that still need
to be elucidated [4, 5]. Despite the difficulty in describing
mass transport and material growth in ionic liquids, ionic
liquids offer tempting advantages in comparison with
aqueous baths, which makes understanding their properties
vitally important.
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Concerning the use of ionic liquids in nonferrous met-
allurgy [6], it must be pointed out that, even though
deposition of a wide range of nonferrous metals from
numerous ionic liquids has been studied and demonstrated
[7], the complex nature of the associated process parame-
ters limits industrial applications. An important disadvan-
tage of room-temperature ionic liquids (RTILs) is their low
electrical conductivity, which is about 10 times lower than
that of molten electrolytes currently applied for production
of nonferrous metals [7, 8]. However, the possibility of
using ionic liquids at temperatures above 100 °C, where
their electrical conductivity is substantially increased,
enhances their prospects for application as electrolytes
[1, 4]. The ongoing development of ionic liquids may lead
to materials that exhibit even better conduction; prelimi-
nary studies have proven that RTILs are effective solvents
and electrolytes for reactive metals such as Li, Nb, Ta, and
Mg [9-11] as well as Al and Ce [12-16].

Glukhov et al. [17] reported reduction of Y, Gd, and Yb
in the ionic liquid BMPCF3S0;3; on both platinum and
copper electrodes. Voltammetric curves obtained using Pt
electrodes in the systems of Y and Gd with this IL revealed
a cathodic peak with maximum value of —2.6 V (rel. Ag/
0.1 M CI7), which was attributed to reduction of the
trivalent cation to the metallic state. Electrodeposition of
these metals was performed under potentiostatic or gal-
vanostatic conditions, forming a tenuous black precipitate
on the surface of the electrode. It was also shown that
reduction of Yb(III) to the metallic form occurs stepwise
via Yb(II) formation, and that the limiting stage of the
cathodic process is the adsorption of the metal cation onto
the electrode. Legeai et al. [18] showed that reduction of
La in OMPTFSI is an irreversible reaction and that elec-
trodeposition of La from this ionic liquid under potentio-
static polarization conditions of —1.5 V (versus Ag/AgCl)
at 298 K for 120 min resulted in a cathodic deposit with a
thick La film of 350 nm.

In addition, Yamagata et al. [19] used cyclic voltam-
metry to study the redox reactions of the Sm(III)/Sm(II)
couple in the ionic liquid BMPTFSI using a glassy-carbon
electrode and determined the redox reactions to be
quasireversible or irreversible. They also studied the elec-
trochemistry of Yb(III) in BMPTFSI using cyclic voltam-
metry, observing a cathodic and an anodic peak at around
—0.95V (versus Ag/Ag"h), which they attributed to
reduction of Yb(III) and oxidation of Yb(II), respectively.
The electrochemical behavior of Eu(Ill) in BMPTFSI was
researched by Rao et al. [20] using glassy-carbon and
stainless-steel electrodes, at various temperatures. The
cyclic voltammograms revealed a quasireversible behavior
of the Eu(IIl)/Eu(Il) redox couple and an irreversible
behavior of the Eu(II)/Eu(0) couple, which presented a
cathodic peak that was attributed to reduction of Eu(Il) to
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its metallic state. In the same ionic liquid (BMPTFSI) but
containing chloride anions, Hussey et al. [21] studied the
electrochemical and spectroscopic behavior of Nd(III) and
Pr(IIT). According to their results, electrolytic dissolution
of both metals in this ionic liquid system produced only the
respective trivalent cations, which could be reduced to the
Ln(Il) state, but the resulting divalent species exhibited
only transient stability, undergoing rapid disproportiona-
tion to Ln(IIT) and Ln(0) states.

Glukhov et al. [17] investigated reduction of Y, Gd, and
Yb in the ionic liquid Bu;MeNCF3SOj3 and concluded that
deposition of these metals is only possible on a copper
substrate but does not occur on platinum. Bhatt et al. [22]
reported reduction of selected lanthanide cations (La, Sm,
and Eu) to the zero-valent state in the ionic liquid Mej.
NBuTFSI. The lanthanide cations were introduced into the
ionic liquid as TFSI hydrate complexes. Cyclic voltam-
mograms revealed a cathodic peak at —2.4 V versus Fc*/
Fc for the lanthanum system, which was attributed to
reduction to the metallic state, whereas two peaks were
observed for the Sm and Eu systems; the less negative one
was associated with the (III)/(II) reaction, and the more
negative one with the reduction to the metallic state.

The scope of the work presented herein is study of
electrodeposition of rare earths from ionic liquids and to
design a potential process for electrorecovery of metallic
neodymium at ambient temperature using such ILs. Taking
into account literature data and preliminary screening
experiments, electrodeposition of rare earths was researched
in two ionic liquids, viz. BMPTFSI and Me;NBuTFSI.
These hydrophobic ionic liquids present good properties for
electrodeposition of light rare-earth elements, namely wide
electrochemical stability, low hygroscopicity, low viscosity,
and significant ionic conductivity. The electrochemical sta-
bility of the mentioned ionic liquids and the reduction of
rare-earth cations in the ionic liquids BMPTFSI and Mes.
NBUuTFSI as the electrolytic medium were tested using
cyclic voltammetry. Moreover, chronoamperometry was
performed in the same systems for electrodeposition of rare-
earth metals, and the deposits were examined by scanning
electron microscopy and evaluated by EDS analysis. Fur-
thermore, a promising process for neodymium electrore-
covery was developed based on cyclic voltammetry and
chronoamperometry tests, and the final electrodeposits were
evaluated by X-ray photoelectron spectroscopy (XPS) and
SEM-EDS analyses.

Materials and Methods

The ionic liquid BMPTFSI was supplied by Iolitec, and
Me;NBuTFSI by Solvionic. The moisture content was
73 ppm for BMPTFSI and less than 100 ppm for
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Me;NBuTFSI, according to data provided by each com-
pany, and they were used as received. Lanthanum nitrate
hexahydrate, neodymium nitrate hydrate, and samarium
trifluoromethanesulfonate were purchased from Alfa Aesar.
Dysprosium bistriflimide trihydrate was synthesized by
reaction of dysprosium oxide purchased from Alfa Aesar
and trifluoromethanesulfonimide from Sigma Aldrich [20].
The nitrate salts and bistriflimide salt were heated at
100 °C under vacuum for 72 h and dissolved in pure ace-
tone, to which the proper amount of electrolyte was sub-
sequently added to achieve solution concentration on the
order of 0.06 M. The solution was placed at 60 °C under
vacuum for approximately 2 h to remove acetone, then at
100 °C under vacuum for 24 h to remove residual water.
Cyclic voltammetry tests were performed in a three-mili-
electrode cell (PAR) connected to a VersaSTAT 3 poten-
tiostat (PAR); the obtained experimental data were
analyzed using VersaStudio software (PAR). The working
electrode was a platinum disk of d = 1.98 mm, with a Pt
wire immersed directly into the solution as a counterelec-
trode, and finally the redox couple Ag/0.1 M AgNO; in
acetonitrile as reference electrode, while for the 24-h
chronoamperometry measurements, a Pt wire calibrated
versus the reversible Fc/Fct couple was employed as a
pseudoreference electrode due to the evaporation of ace-
tonitrile. The ferrocene/ferrocenium (Fc/Fc™) redox
potential was recorded versus the Pt pseudoreference
electrode after direct dissolution of 10 mM ferrocene in
both ionic liquids under study and was used as the refer-
ence potential. The working electrode was polished using
1-um alumina paste on a velvet pad and electrochemically
in 1M sulfuric acid. Although BMPTFSI exhibits
hydrophobic characteristics and is stable under normal
atmospheric conditions, the cyclic voltammetry and
chronoamperometry measurements were performed under
inert conditions, to minimize oxygen and moisture con-
tamination, in an Ar atmosphere inside a Pure Lab glove
box supplied by INERT, where oxygen and moisture were
kept below 20 and 50 ppm, respectively. The morphology
of the electrodeposits was examined using a scanning
electron microscope (JEOL6380LV) equipped with an
energy-dispersive spectrometer. Where needed, chemical
analysis to measure the neodymium concentration in the
prepared solutions was performed using a PerkinElmer
2100 atomic absorption spectrophotometer.

The photoemission experiments were carried out in an
ultrahigh-vacuum (UHV) system consisting of a fast entry
specimen assembly, a sample preparation chamber, and an
analysis chamber. The base pressure in both chambers was
1 x 10~° mbar. The unmonochromatized Mg K, line at
1253.6 eV and an analyzer pass energy of 97 eV, giving a
full-width at half-maximum (FWHM) of 1.7 eV for the
Au 4f7,, peak, were used in all XPS measurements. The

XPS core-level spectra were analyzed using a fitting rou-
tine that can decompose each spectrum into individual
mixed Gaussian—Lorentzian peaks after Shirley back-
ground subtraction. The samples were analyzed in vials in
an inert atmosphere and inserted into the UHV system
through a glove bag in He atmosphere to prevent further
surface oxidation.

Survey scans were recorded for all samples, while Nd
3d, S 2p, F 1s, O 1s, and C 1s core-level peaks were
recorded in detail.

Results

Cyclic Voltammetry of Rare-Earth Solutions
in lonic Liquids

The electrochemical window of BMPTESI was determined
at room temperature by cyclic voltammetry (Fig. 1); the
cathodic limit of the electrolyte was found to be at —3.4 V
versus Ag/Ag", assuming a threshold of 1 mA/cm? [2].
Figure 1 shows the cyclic voltammogram recorded in the
BMPTFESI/La(NOj); system. Generation of an intense
cathodic peak begins at —2.2 V versus Ag/Ag™, attributed
to the reduction of the trivalent lanthanum cation (La3 ) to
the metallic state. The absence of a corresponding anodic
peak in the reverse scan allows the assumption that the
lanthanum reduction is irreversible [15, 16]. Moreover, the
cathodic peak at —1 V can be ascribed to the reduction of
hydrogen cations, due to small amounts of water [1] that
are inevitably present, while the narrow shoulder at —1.5 V
can be attributed either to an adsorption reaction of La®"
onto the electrode prior to the reduction of lanthanum [15],
or to an underpotential deposition phenomenon taking
place over this range of potential.

Typical cyclic voltammograms of the BMPTFSI/
Nd(NO3);, BMPTFSI/Dy(TFSI);, and BMPTFSI/
Sm(OTf); systems are presented in Figs. 2, 3, and 4,

E(V) vs Ag/Ag+

Fig. 1 CVsrecorded at scan rate of 20 mV/s and 25 °C for BMPTFSI
(dashed line) and 0.06 M La(NOs); in BMPTFSI (solid line)
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E(V) vs Ag/Ag*

Fig. 2 CVsrecorded at scan rate of 20 mV/s and 25 °C for BMPTFSI
(dashed line) and 0.06 M Nd(NOs3); in BMPTFSI (solid line)

E(V) vs Ag/Ag*

Fig. 3 CVsrecorded at scan rate of 20 mV/s and 25 °C for BMPTFSI
(dashed line) and 0.06 M Dy(TFSI); in BMPTFSI (solid line)

jimAfcm?)

E(V) vs Ag/Ag"

Fig. 4 CVs recorded at scan rate of 20 mV/s and 25 °C for BMPTFSI
(dashed line) and 0.06 M Sm(OTf); in BMPTFSI (solid line)

respectively. In the BMPTFSI/Nd(NOs); system (Fig. 2), a
cathodic plateau starts to form at potential values more
cathodic than —2.2 V versus Ag/Ag™, associated with the
corresponding reduction of trivalent Nd cations to the
metallic state, while no peaks related to presence of water
are observed. Moreover, a slight shoulder is also observed
in Fig. 2, suggesting an Nd** adsorption reaction onto the
electrode, prior to the reduction of neodymium [15], or to
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an underpotential deposition phenomenon taking place
over this range of potential, similarly to the lanthanum
system reported above. Figure 3 shows the cyclic voltam-
mogram recorded for the BMPTFSI/Dy(TFSI); system. A
cathodic current begins after —2.3 V versus Ag/Ag™,
forming a cathodic loop, which indicates the reduction of
Dy** to the zero-valent state. On scanning the potential to
values more cathodic than —3.4 V versus Ag/Ag+, a sec-
ond cathodic current, related to the decomposition reaction
of the ionic liquid, appears. Finally, Fig. 4 presents the
cyclic voltammogram for the BMPTFSI/Sm(OTf); system.
A cathodic peak starts to form when the potential is
scanned to values more cathodic than —2.3 V versus Ag/
Ag*, suggesting that reduction of metallic Sm occurs. No
anodic currents are detected in Figs. 1, 2, 3, and 4,
implying that the reduction of the cations under study in
this ionic liquid is irreversible.

In addition, the electrochemical window of Mes.
NBuTFSI was determined at room temperature by cyclic
voltammetry (Fig. 5); its cathodic limit was found to be
—3.6 V versus Ag/Ag*. The cyclic voltammogram recor-
ded in the Me;NBuTFSI/La(NO;); system (Fig. 5) reveals
a cathodic plateau that begins to form at —2.2 V versus Ag/
Ag+, which can be attributed to the reduction of trivalent
lanthanum cation (La*") to the zero-valent state. Contrary
to what was presented in Fig. 1 for the BMPTFSI/
La(NOs); system, the cyclic voltammogram recorded for
the Me;NBuTFSI/La(NOs3); system does not present a
cathodic peak, but rather a broad cathodic plateau, while
there are no signs of a cathodic loop at —1.5 V that could
indicate an adsorption phenomenon or underpotential
deposition. The cyclic voltammogram of the Mes.
NBuTFSI/Nd(NO3); system is presented in Fig. 6, showing
the generation of a cathodic current at —2.5 V versus Ag/
Ag™, which indicates the reduction of the trivalent Nd
cation to metallic Nd. The reduction potential of Nd cations
in this system is shifted to slightly more cathodic values in

par——

ST

-4,5 -4

itmAfem?)

-3
223

E(V) vs Ag/Ag”

Fig. 5 CVs recorded at scan rate of 20 mV/s and 25 °C for
MesNBuTFSI (dashed line) and 0.06 M La(NOs); in MesNBuTFSI
(solid line)
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E(V) vs Ag/Ag"

Fig. 6 CVs recorded at scan rate of 20 mV/s and 25 °C for
Me;NBuTFSI (dashed line) and 0.06 M Nd(NO;); in Me;NBuTFSI
(solid line)

E(V) vs Ag/Ag”

Fig. 7 CVs recorded at scan rate of 20 mV/s and 25 °C for
Me;NBuUTFSI (dashed line) and 0.06 M Sm(OTf); in Me3;NBuTFSI
(solid line)

comparison with the BMPTFSI/Nd(NO;5); system pre-
sented in Fig. 2. Finally, Fig. 7 shows the cyclic voltam-
mogram recorded for the Me;NBuTFSI/SmOTTf; system;
the reduction of Sm cations is confirmed by the cathodic
peak that forms when scanning the potential to values more
cathodic than —2.3 V versus Ag/Ag™. The absence of a
corresponding anodic peak in the reverse scan in Figs. 5, 6,
and 7 allows the assumption that the reduction of the
studied cations is irreversible in the MesNBuTFSI ionic
liquid, similar to the finding for the BMPTFSI ionic liquid
presented above. This may suggest that the bistriflimide
anion that is common to these two ionic liquids is mainly
responsible for hindering the oxidation of the electrode-
posited metal [18].

Electrodeposition of Rare Earths from lonic
Liquids

Electrodeposition of the above-studied rare-earth metals
was attempted under potentiostatic conditions of —3.1 V
and 25 °C on a copper substrate in BMPTFSI and Me;.
NBuTFSI for 5 h [21, 22]. The morphology, structure, and

shape of the resulting electrodeposits were examined by
scanning electron microscopy with energy-dispersive
spectrometry analysis, which revealed the presence of the
rare earths, thus indicating their reduction. The La, Nd, Dy,
and Sm electrodeposits along with the EDS analysis in
BMPTEFSI are presented in Figs. 8 and 9, respectively. The
lanthanum electrodeposit (Fig. 8a) was dispersed and
granular, forming aggregates. The elevated concentrations
of sulfur and fluorine indicate that the electrolyte was not
totally removed from the surface of the electrode, a finding
that is common to all the presented electrodeposits and that
can be attributed to the high viscosity of the ionic liquid
solutions at ambient temperature. The -electrolyte is
hydrophobic, so it could not be removed from the electrode
by simple rinsing with water. In order to remove it, the
electrode should be rinsed with acetone or another polar
organic solvent, but this leads to immediate oxidation of
the electrodeposited metal accompanied by elevated oxy-
gen concentrations in EDS analysis and the formation of a
white layer on top of the electrode. The Sm deposit
(Fig. 8d) resembles that of La but is more massive with the
formation of flakes. The Nd deposit was more compact and
concrete (Fig. 8b) compared with all the other deposits.
Finally, the Dy deposit was microgranular with distinct
particles in the range of 1-5 um (Fig. 8c).

The EDS spectra revealed successful electrodeposition
of the rare earths, while the presence of copper is due to
detection of the substrate used (Fig. 9). In all cases, the
presence of impurities attributed to the ionic liquid used
was also evident.

The electrodeposits of La, Nd, and Sm along with results
of EDS analysis in Me;NBuTFSI are presented in Figs. 10
and 11, respectively. Figure 10a presents the electrodeposit
of lanthanum, where the existence of small nuclei is
noticeable. The electrodeposition began at these small
nuclei, forming larger clusters that were identified as lan-
thanum crystals by EDS analysis. The electrodeposits were
mainly observed at the edges of the electrode. Figure 10b
and c present the electrodeposited neodymium and samar-
ium, respectively. Sulfur and fluorine were also detected by
EDS analysis, as in the case of the BMPTFSI ionic liquid.

The EDS spectra confirming the electrodeposition of the
rare earths tested are presented in Fig. 11.

Metallurgical Process for Production of Rare
Earths Based on Electrolysis in lonic Liquids

The results presented above establish that La, Nd, Sm, and
Dy can indeed be electrodeposited from these ionic liquids,
even at room temperature. Nevertheless, one crucial feature
of such electrolysis processes is yet to be addressed, viz.
the reactions taking place at the anode. In the systems
under consideration, the rare-earth salts were nitrates,

@ Springer



400

Journal of Sustainable Metallurgy (2018) 4:395-406

‘(a).‘ - e

iement Weigx&-

OK 1150
FK 16.19° 5
SK 12.55%
Cuk 29.48

B Tal | #5032

30um =

SR

%
wePCuK "
oy

f 90pm 1

Electron Image 1

Electron Image 1

«

Element Weight%,
FK 30:16
K15,
Nd L 754773

90pm

v

Electron Image 1

Fig. 8 SEM images of electrodeposited a lanthanum, b neodymium, ¢ dysprosium, and d samarium (color figure online)
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Fig. 9 EDS spectra of electrodeposited a lanthanum, b neodymium, ¢ dysprosium, and d samarium
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Electron Image 1

Spectrum 27 Spectrum 79
(@) (b)
La s
Cu
s La Cu

Lo J\,..A_MLJ’ VLWG A A, i} ng N Mg A

A AT SRV SN R FVTY PN LN, WS- L S A W
1 2 3 4 5 6 7 8 9 10 1 2 3 4 5 6 8 9 1
Full Scale 88 cts Cursor: 0.000 keV] Full Scale 138 cts Cursor: 0.000 keV|

Spectrum 15
(c)
Cu
Sm
o ST Sm - s Qo
m u
) VLV . j\_‘?\_,k a J’L
1 2 3 4 5 6 7 8 9 1
Full Scale 138 cts Cursor: 0.000 keV|
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trifluoromethanesulfonates, and bistriflimides. Among
these, bistriflimides can be easily dissolved in BMPTFSI
[23] and are oxidized on the anode at a potential of +2.4 V
versus Ag/0.1 M AgNOj in acetonitrile at 25 °C, as seen in
Fig. 12.

Nevertheless, bistriflimide salts have a very high cost
and are difficult to synthesize, making them inapplicable as
sacrificial metal carrier salts. Triflate (trifluoromethane-
sulfonate) salts, which can also be anodically oxidized, are
less expensive than bistriflimide salts, but are still high
cost, also making their use economically inefficient.
Finally, nitrate salts have the lowest cost and can also be
dissolved in BMPTFSI, making them of remarkable inter-
est from a metallurgical point of view. However, they are
in the highest oxidative state and thus cannot be oxidized
further on the anode surface. This means that, in systems
where the rare earths are dissolved in the form of nitrate
salts, the electrolyte (BMPTFSI) is gradually decomposed
due to anodic oxidation of the TFSI™ anions of the ionic
liquid, making such processes unattractive from the met-
allurgical and economic points of view. To overcome the
problem of the anodic reaction, it was attempted to dissolve
relatively cheap neodymium chloride and fluoride salts in
the ionic liquid BMPTFSI directly under stirring at 130 °C
for 24 h, to provide easily oxidized anionic species in the
electrolyte (F~ and CI™ anions are oxidized at +2.1 and
0.6 V versus Ag/0.1 M AgNOj; in acetonitrile at 25 °C,
respectively) and thus avoid the anodic decomposition of
the ionic liquid. Unfortunately, it was found that both Nd
fluoride and chloride salts dissolved only sparingly in the
BMPTEFSI ionic liquid.

Taking into account that (a) BMPTFSI is a good
electrolyte but not a good solvent for rare-earth metal
salts except those that share a common anion with the
ionic liquid [namely REE(TFSI); salts] and (b) direct
electrolysis in the BMPTFSI/REE(TFSI); system is not
attractive from an economic point of view, the idea of Nd

i{mA/cm?)
>

-8
E(V)vs Ag/Ag+

Fig. 12 Anodic oxidation of TFSI™ anions in BMPTFSI (red curve)
and Me;NBuTFSI (blue curve) (color figure online)
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electrolysis in a two-compartment cell was developed, as
shown in Fig. 13.

This preliminary, very small-scale two-compartment
electrolytic cell setup consisted of (a) a cathodic com-
partment containing a copper wire as a cathode immersed
in 0.05 M Nd(TFSI);/BMPTFSI solution, (b) an anodic
compartment containing a Pt wire immersed in 0.1 M
NdCls/dimethylsulfoxide (DMSO) solution, separated from
the cathodic compartment through a porous plug that plays
the role of a semipermeable ceramic membrane, and (c) a
Pt wire as a pseudoreference, calibrated versus a reversible
Fc/Fct couple electrode, located very close to the surface
of the Cu cathode. The cell consisted of a glass beaker,
tightly closed by a cork to keep the position of the elec-
trodes steady. Finally, the cell was thermostated and stirred
gently using a magnetic stirrer. The following phenomena
take place during cell operation:

Cathodic Compartment

During the dissolution of Nd(TFSI); in the BMPTESI, the
TFSI™ anions of the ionic liquid solvate the Nd cations,
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forming negatively charged neodymium complexes
NdA(TFSD4 [24, 25] or Nd(TFSI)5 [26] according to the
following reaction:

(x — 3)[TFSI"] 4+ Nd(TFSI);= [Nd(TFSI), | (1)

Therefore, the catholyte consists of BMP™ cations and
TFSI™ anions as well as solvated neodymium anions
Nd(TFSI); in very large ionic associations, making the
solution more viscous than the initial BMPTFSI ionic lig-
uid. On polarizing the cathode at a potential lower than
—2.2V, the BMP" cations electromigrate towards the
cathode, carrying TFSI™ and Nd(TFSI); anions due to the
very strong ionic association in ionic liquids, and forming a
thick boundary layer on the cathode surface. The anionic
speciation of neodymium hinders its electromigration
towards the cathode, and the concentration of Nd(TFSI);
anions inside the cathode surface boundary layer is more or
less dependent on the very strong ionic association in the
ionic liquid solutions. At the electrode interface, the TFSI™
anionic ligands are dissociated from the Nd>* centers,
making electroreduction according to the following
cathodic reaction feasible:

Nd* 43¢~ — Nd° (2)
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Fig. 14 a Cell and b cathodic potentials during Nd electrolysis

(b)

Anodic Compartment

At the same time, the C1™ anions existing in the anolyte
due to the dissolution of NdCl; in DMSO electromigrate
towards the anode and are then oxidized to gaseous Clyg,
according to the following anodic reaction:

2C1" — Clyg) + 26 (3)

This electrolysis process was conducted galvanostatically
by applying a constant current of —30 pA at 70 °C for
3 days. The results are shown in Fig. 14, where the cell, as
well as cathodic potentials, are plotted against retention time.

As seen in Fig. 14b, by applying a constant current of —
30 pA, the voltage initially imposed was 2.67 V, rising
sharply within the first hour to 3.02 V. After this point, the
cell voltage increased slowly at a rate of 6 x 1077 V/s,
reaching 3.17 V at the end of the test. Both of these
observations indicate the presence of very intense non-
Faradaic phenomena at the electrode—solution interface
(especially at the beginning of the electrolysis test), which
can be attributed to a very thick boundary layer especially
at the cathode—solution interface, due to the high viscosity
and therefore low conductivity of the Nd(TFSI);/BMPTFSI
electrolyte, which was visible even to the naked eye
(Fig. 15a, b) after the end of the electrolysis test. The
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Fig. 15 a Cu cathode wire before the test. b Cu cathode after the test. ¢ Cu cathode after the test and rinsing with DMSO and acetone (color

figure online)
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cathodic potential remained almost constant during the
electrolysis with a value in the range from —2.83 to
—2.85 V versus Pt (Fig. 14a).

At the end of the test, the Cu cathode was rinsed with
DMSO and acetone, in order to dissolve and remove the
thick layer of Nd(TFSI);/BMPTFSI electrolyte. Upon
removal of the protective ionic liquid layer, the produced
metallic Nd came into direct contact with atmospheric air
and immediately (in a few minutes) was oxidized, forming
the typical light-grayish Nd,Oj crystals seen in Fig. 15c.
SEM images of the Cu cathode after rinsing with DMSO
and acetone are shown in Fig. 16. The deposition at the
cross electrode surface seems to be dense and homoge-
neous (Fig. 16a). A closer look at a higher magnification
(Fig. 16b) reveals the presence of channels in between
islands of deposited material, which is attributed to the
removal of the viscous ionic liquid electrolyte from the
surface of the cathode during its rinsing with DMSO and
acetone. An even closer look (Fig. 16c) reveals that the
islands of deposited material have a cellular structure,
which is attributed again to the removal of the viscous ionic
liquid electrolyte from the surface of the cathode.

EDS analysis of the deposited cellular material showed
that it was composed of Nd,Os;, contaminated with the
ionic liquid electrolyte, possibly due to incomplete rinsing

or inclusions of electrolyte within the cellular structure
(Fig. 17).

To confirm the electrodeposition of metallic Nd, X-ray
photoelectron spectroscopy (XPS) was performed. The
electrolysis test was repeated using the same experimental
conditions, but this time, after the end of electrolysis, the
deposit was rinsed and stored inside a glove box under inert
conditions in sealed serum bottles, to perform XPS mea-
surements. The photoemission survey spectrum showed the
presence of Nd, O, C, S, and F atoms. For this reason, Art
sputtering cycles (2 kV, 1.2 x 107° mbar Ar) were per-
formed in the UHV chamber; after the first sputtering
cycle, no sulfur or fluorine was detected, revealing that
their presence was (as supposed above) due to adsorption
of the electrolyte on the surface of the deposit and not due
to contamination of the deposit. The black line in the
spectrum shown in Fig. 18, collected before the sputtering
cycles, shows the Nd 3d peak of the sample; the binding
energy of Nd 3ds, at 983.3 eV can be attributed to the
Nd,O; chemical state. It is obvious that sealing the samples
in serum bottles after preparation as well as their intro-
duction into the UHV chamber using a glove bag was
insufficient to avoid oxidation of the surface. However, the
blue line in the spectrum shown in Fig. 18, collected after
several sputtering cycles, reveals a second binding energy

Fig. 16 SEM images of the Cu cathode after rinsing with DMSO and acetone at different magnifications: a x75, b x900, and ¢ %2000

Fig. 17 Typical results of EDS
analysis of the deposited
cellular material (color

figure online)
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Fig. 18 XPS Nd 3d core-level spectra of the sample after introduction
in UHV before (black curve) and after (blue curve) Ar' sputtering
(color figure online)

peak for Nd 3ds,, at ~3 eV lower binding energy, which
can be assigned to the Nd° chemical state [27], confirming
electrodeposition of metallic Nd and that any contaminants
observed in the EDS spectra are due to surface adsorption
of the electrolyte onto the deposit.

Conclusions

Ionic liquids are promising electrolytic media that are
suitable for electrodeposition of rare-earth metals.
Research in this area has proven their feasibility for
reduction and electrodeposition of reactive metals, without
the drawbacks presented by current technology. In this
work, it was demonstrated that rare-earth metals can be
successfully electrodeposited from the ionic liquids
BMPTFSI and Me;NBuTFSI at low temperature. More
specifically, the electrochemical results for electrodeposi-
tion of lanthanum, neodymium, dysprosium, and samarium
from BMPTEFSI and lanthanum, neodymium, and samar-
ium from Me;NBuTFSI support these arguments, as
manifested by cyclic voltammograms confirming reduction
of the rare earths. Moreover, electrodeposition of the
mentioned metals was successfully performed at room
temperature without stirring on copper, a common
substrate.

Furthermore, a two-compartment cell setup was devel-
oped and tested for electroreduction of Nd. The catholyte
in the cathodic compartment was 0.05 M Nd(TFSI)s/
BMPTFSI solution, while the anolyte in the anodic com-
partment was 0.1 M NdCls/dimethylsulfoxide (DMSO)
solution. The two compartments were separated through a
porous semipermeable plug. Although the very small size
of the electrolytic cell and the unavoidable inefficiencies
(such as the high cell resistivity due to the very small

surface of the porous plug and its very high thickness-to-
diameter ratio as well as the high capacitance of the elec-
trodes due to the stationary cathode and the high electrolyte
viscosity that makes the boundary layer at the electrode—
solution interface very thick), the electrolytic process
worked well, producing metallic Nd as confirmed by XPS
analysis, indicating that the metallurgical process under
development is promising.
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