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Electrochemical reduction processes of Nd(I11) on tungsten and molybdenum electrodes in NdFs+LiF
and NdFs+LiF+Nd>O3 were investigated by cyclic voltammetry, chronoamperometry and open circuit
measurements. Electrolytes and electrodes were examined after neodymium electrodeposition by optical
microscopy and XRD. It was found that tungsten and molybdenum working electrodes behave
identically during neodymium complexed ion reduction processes. Their reversible potentials in the
electrolytes used differed only by 10 mV, and so did the potentials of the neodymium ion reduction
processes. The recorded results indicated that the Nd(I11) ions in the melts were reduced in two steps:
Nd(IIT) — Nd(IT) and Nd(IT) — Nd(0). These consecutive processes are predominantly mass transfer
controlled. Electrolytically obtained metal appeared to accumulate on the cathode and no metal
neodymium was recorded in the solidified electrolyte placed close to the cathode after completed
electrodeposition process. However, it was found that NdF2 formed by the disproportionation reaction
between Nd(111) and that deposited Nd(0) coexists with other complex components in the electrolytes
used.

Keywords: Neodymium electrodeposition, Molybdenum, Tungsten, Oxide-fluoride molten salt
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1. INTRODUCTION

Rare earth (RE) elements, in their conductive and magnetic materials, fulfil important functions
in diverse industrial applications, including the fields of green and high technology [1-3]. Because of
the constant increase in applications where RE metals, especially Pr, Nd, Dy, are needed, their use will
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increase steadily in the future [1,3-5]. In order to provide a long term sustainable supply of rare earth
elements, especially in industrialized countries without own RE basis, recycling and recovery of these
elements from waste or from ores became significantly important. Based on the form of the starting
materials (scrap or sludge), different processes, from pyrometallurgical, hydrometallurgical to
electrochemical, are used respectively combined for the production of pure rare earth metals [6]. One of
interesting process steps which include industrial production of neodymium metal, is molten salt
electrolysis, which is considered as an adequate alternative to metallothermic reduction [7].

Although the interest in the neodymium electrodeposition mechanism from melts is increasing,
there is still only a small number of accessible published works devoted to Nd electrodeposition onto
molybdenum [1,3,8-12] and tungsten [4,13-15] as working electrodes, from fluoride [1,8-10,13-15]
and chloride [3,4,11,12] melts.

In order to perform the process of neodymium electrodeposition successfully, it is important to
select a suitable combination of neodymium salts and solvents in order to compose a suitable electrolyte
[14,16-18]. High temperature molten salt mixtures, based on chlorides or fluorides, are used as
appropriate electrolytes for neodymium electrodeposition. Comparing to chloride molten salts, fluoride
electrolytes exhibit higher conductivity and lower hygroscopicity. It is also possible to achieve higher
current efficiency of the neodymium electrodeposition process in fluoride electrolytes [10,13,19].

Attaining a viable yield of electrochemically deposited Nd is a challenge from the practical
application standpoint. In order to study this further, a number of studies have been devoted to the
reduction mechanism of neodymium ions in different electrolytes: fluoride molten salts, alkali and
alkaline earth chloride electrolytes, or mixed fluoride chloride melts. However, no agreement on the
mechanism of neodymium (111) reduction has been reached as of yet. Investigations done by Huang et
al. [13] in NdFs+LiF, NdFs+LiF+Nd.O3+Nd(excess) and Liu et al. [14] in NdFz+LiF, NdFz+LiF+Nd,
NdFs+LiF+Nd2O3 on W working electrode, and by Shiguan et al. [9] in NdFs+LiF+CaF,
NdFs+LiF+CaF2+Nd.O3 molten salts on Mo cathode have prompted authors to conclude that Nd(111)
ions in the fluoride melts are electrochemically reduced to Nd(0) in two consecutive steps. However, the
works conducted by Stefanidaki et al. [15] in NdFs+LiF+Nd203, Hamel et al. [8] in NdFs+LiF+CaF,
Thudum et al. [10] in NdFs+LiF+CaF2+Nd2.Os on W cathodes and Abbalisadeh et al. [1] in
NdFs+LiF/FeF3/Nd2O3 electrolytes on Mo working electrode, claim that Nd(III) ions are reduced to
Nd(0) in fluoride melts in a single step process via three exchanged electrons.

Data found in the literature regarding the neodymium (I11) reduction process in chloride melts
likewise demonstrated discrepancies between the results. In a study done in molten LiCI+KCI+NdCls
and LiCI+KCI+CsCI+NdCls electrolytes on the Mo electrode by Novoselova et al. [11] authors
concluded that the reduction of Nd(I11) ions to Nd(0) is a two step mechanism. Similar conclusions, in
terms of the electrochemical behaviour of Nd(111) ions from NdClz in the eutectic LiCI+KCI molten salts
were obtained by Tang et al. [12] on Mo cathode, and Shen et al. [4] on W working electrode.
Meanwhile, Hua et al. [3] claimed that the Nd(I1l) ions in the eutectic NaCl-KCI melts containing
NdCl3 can be directly reduced to Nd metal on molybdenum electrode through a single step mechanism.

This study pursued the understanding of the reaction mechanism of Nd deposition and better
control of the electrolysis process in the quest for high yield of metallic neodymium. The approach was
to choose the substrate that would neither form an alloy with neodymium during electrochemical
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deposition nor react with the electrolyte. The elements which could meet these requirements are
molybdenum and tungsten, so both metals were used as inert cathodes in this investigation.

2. EXPERIMENTAL

A graphite crucible containing the electrolyte was introduced into the stainless-steel cell closed
by a water-cooled stainless-steel lid with Swagelok connections. The experimental apparatus was placed
into a resistance heated furnace. All experiments were performed under an argon atmosphere while the
cooled lid provided the insertions points of the electrodes into the cell while trapping the harmful gases
formed during the experiments. Using a programmable furnace, the cell was heated and the temperature
was measured by a Type B thermocouple that was connected via Swagelok connectors. All experiments
were performed at 1050 +1°C.

Following inert working electrodes were used in the electrochemical experiments: Molybdenum
wire (Mo, 2 mm diameter, EWG 99.95%), Tungsten wire (W, 1 mm diameter, EWG 99.9%). The
counter electrode was a 4 mm diameter glassy carbon rod (>99.99% HTW SIGRADUR® G). All the
potentials of the working electrodes (Mo or W) in this work were referenced to the tungsten reference
electrode (2 mm diameter rod). Before the experiments were conducted, the surface of the electrodes
was polished thoroughly by SiC emery paper then consecutively rinsed with deionized water and ethanol
then dried. After the electrolyte was melted, the electrodes were immersed into the cell.

The electrolytes used in the experiments were: NdFs+LiF: 87.5 wt.% neodymium fluoride
(Treibacher, > 99.9%) + 125 wt.% lithium fluoride (STREM Chemicals, Inc., 99.9%);
NdF3+LiF+Nd203: 87.5 wt.% neodymium fluoride + 12.5 wt.% lithium fluoride + 2 wt.% of Nd.O3
(Treibacher, 99.8%). This neodymium fluoride composition was selected because it showed to be the
most suitable in terms of the melting temperature and the viscosity of the electrolyte [16,20].

Preparation of the electrolytes was done according to the following steps: first, NdFs and LiF
were dried separately at 250 °C for 24 h. Then the chemicals were mixed, placed in a graphite crucible,
melted and homogenised at 1050 °C under argon gas atmosphere of 1800 mbar in a vacuum induction
furnace. Finally, when the reactor was cooled down to room temperature, the prepared solid electrolyte
was taken out and stored in a glovebox under high purity argon atmosphere, with H.O and O levels
below 1 ppm. Nd203, was dried for 24 hours at 120 °C. The resulting dried powder was pressed, crushed
and sieved to a particle size between 0.70 — 2.0 mm.

An lviumStat potentiostat (5 A and 10 V; lvium Technologies) was used to perform all
electrochemical experiments. Cyclic voltammetry (CV), chronoamperometry and open-circuit
chronopotentiometry were employed for the investigation of the Nd(l11) ions reduction processes from
the electrolytes used. On both cathodes, CV experiments were carried out starting from the initial
potential, slighly more negative than the open circuit potential of the corresponding working electrode
(50-100 mV), to a different cathodic end potential, then back to the starting potential, with various scan
rates (50-800 mVs™). In order to further examine the reduction/oxidation mechanism of Nd ions in the
used oxide-fluoride electrolyte on the tungsten cathode, voltammograms were recorded within the same
potential range with the scan interrupted at the cathodic end potential (—1.00 V) and the potential held
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for 5, 60, and 180 s before starting the return scan. The second set of experiments included applying
cathodic deposition potential of - 0.90 V for 5 and 10 s onto the molybdenum and tungsten working
electrodes, whereupon the applied potential was switched off and the open-circuit potential of the
electrode was registered as a function of time.

Neodymium electrodeposition was conducted on molybdenum or tungsten cathode at different
constant overpotentials in the NdFz+LiF+Nd2Os electrolyte system at 1050 °C. After the deposition,
working electrode was taken out from the molten electrolyte but kept inside the cell. When the system
was completely cooled down the electrode was withdrawn from the cell and kept under vacuum.

The surfaces of the samples - deposits were examined by optical microscope (Keyence; model
VH-Z100R, Japan). The cathodes-deposits and electrolyte samples placed close to the electrode were
analysed by X-ray diffraction (XRD) with Philips PW 1050 powder diffractometer at room temperature
with Ni filtered CuKa radiation (A= 1.54178 A), scintillation detector within 20—85° 26 range in steps
of 0.05°, and scanning time of 5 s per step.

3. RESULTS AND DISCUSSION

Typical voltammograms obtained on tungsten and molybdenum cathode from LiF+NdF3z and
from LiF+NdF3+Nd2O3z melts are presented in Figs. 1a) and b), respectively. Under the same conditions
applied to the system, the current densities recorded for the same potential applied were several times
higher in LiF+NdF3+Nd20s melt than in LiF+NdFs. Otherwise, the general appearance of the
voltammograms reflecting cathodic and anodic processes within the same potential range applied were
very similar indeed. The reason for the recorded difference in current densities is not obvious. There is
little published research on the subject of the neodymium fluoride electrolytes structures and complex
ions therein [21]. Some authors claim that Nd-F complex ions found in the NdFs+LiF mixture are
dominantly [NdFs] [21], others consider [NdFe]* as the main form [15], but generally accepted
viewpoint is that [NdFs]>, [NdF4] and F~ coexist in NdFs+LiF melts [10,21]. When added to the fluoride
melts (made of LiF, CaF2, NdFs), Nd.O3 dissolves under diffusion control and forms oxyfluorides NdOF
or [NdOFs]* [1,7,10,21,22]. Which of the complex species in the electrolyte ([NdF4],, [NdFe]*,
[NdOFs]*), will be predominantly involved and with what reaction rate in the reactions recorded in the
voltammograms, depends on the molar ratio of neodymium oxyfluoride ions/neodymium fluoride ions
[10,15], current density and electrode potential applied [23,24].

In the voltammograms from both working electrodes, W and Mo, there are two characteristic
cathodic current peaks (C1 and C) and their two corresponding anodic peaks (A: and Ay), Figs. 1a) and
b). Voltammograms obtained, on both substrates, by cathodic end potential advancing towards more
negative values are presented in Figs. 2a) and b). Only when a potential negative to the cathodic peak
potential C1 or C, was applied, could the corresponding anodic peaks A1 and A be recorded. The peak
potentials observed in the voltammograms obtained on W and Mo electrodes under all other conditions
of experiment kept the same, were very close in value.
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Figure 1. Cyclic voltammograms recorded in two different electrolytes used, scan rate 100 mvs?, T=
1050 °C; a) on W electrode; b) on Mo electrode.

On the tungsten electrode, C1 peak is at = - 0.40 V vs. W, A1 peak at ~ - 0.30 V vs. W, C; peak
at~- 0.74 V vs. W, and Az peak at = - 0.65 V vs. W. On the molybdenum electrode, C1 peak is at ~ -
0.50V vs. W, A1 peak at =~ - 0.35 V vs. W, C, peak at =~ - 0.75 V vs. W, and Az peak at = - 0.57 V vs.
W. However, on the W electrodes, the reduction current peak potentials and oxidation current peak
potentials were more positive than on the Mo electrodes. The current densities recorded as a response to
the electrochemical investigation method applied were very similar in value as well.

The results presented in Figures 1 and 2, indicated that there were two reversible processes taking
place. Peaks C1 and A; should reflect redox process Nd(l11) + e « Nd(II) and peaks Cz and A2 redox
process Nd(II) + 2e” <> Nd(0) on both substrates [9,13,14,20]. Therefore, it can be assumed that
deposition and dissolution of neodymium from the fluoride melts used on the substrates chosen (W and
Mo) proceed in two steps. It should be mentioned that some authors describe the electrochemical
reduction of neodymium ions from neodymium fluorides or neodymium oxyfluoride electrolytes on inert
electrodes as a one step process [1,8,10,15,25-27] and others as a twostep process [9,13,14,20].
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Figure 2. Cyclic voltammograms recorded in NdFs+LiF+Nd2Os electrolyte, at 1050 °C; a) on W
working electrode, scan rate 100 mVs; b) on Mo working electrode, scan rate 200 mVs™.
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Further study of the two processes included the data obtained in the voltammograms from Figs.
3 and 4. Cyclic voltammograms obtained with different scan rates, on both cathodes W and Mo, within
the potential range from -0.10 V to -0.80 V or -0.90 V vs. W respectively, Figs. 3a) and 4a) showed that
maximum current densities of the cathodic (C1) and anodic peak (A1) increased, but their peak potential
differential was relatively small. Similar observation were made for cathodic (C2) and its corresponding
anodic response (A2) on both cathodes. These findings imply reversibility of the redox processes [13].
The plots derived from Figs. 3a) and 4a) using cathodic (C1) and corresponding anodic peak (A1) current
densities versus the square root of the scan rates applied, according to the analysis proposed elsewhere
[28], appeared to be linear but did not pass through the origin, Figs. 3b) and 4b). This should suggest
that the redox process NdA(III) «<»Nd(II) is under mixed control, both by the mass transfer of the
complexed Nd ions and the rate of their charge transfer step which includes complicated disbanding and
formation of the complexes [13,20]. Furthermore, the plots obtained from Figs. 3c) and 4c) presenting
the peak currents for the peak (C>) as a function of the square root of the scan rates applied, proved to
be linear and also did not pass through the origin. This indicates that Nd(IT) «> Nd(0) the redox process,
on the inert cathodes used, was controlled by mass transfer of complexed Nd(Il) and that the charge
transfer step rate was complicated most probably by the disassembling of fluoride and oxyfluoride
complexes involved [9,13,14,20].
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Figure 3. a) Cyclic voltammograms obtained on W cathode in NdFs+LiF+Nd>Oz electrolyte, scanned
with various scan rates; b) and c) relationship between cathodic and anodic peaks current density
vs. the square root of the scan rates applied derived from Fig. 3a).
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Figure 4. a) Voltammograms obtained on Mo cathode in NdFs+LiF+Nd2Os3 electrolyte, scanned with
various scan rates; b) and c) relationship between cathodic and anodic peaks current density vs.
the square root of the scan rates applied derived from Fig. 4a).

Electrochemical composition of the electrolyte used (in molar units LiF:NdFs=5:1 and in mass
percentage [LiF+NdF3]:Nd203=98%:2%) depends mainly on NdFz and Nd,Os3 dissolution in the LiF
solvent. The dissolution of Nd.Os in LiF and NdFs leads to the formation of [NdFs]* and [NdOFs]*
complex ions and it is particularly limited and controlled by diffusion. With the excess of the LiF and
NdFs, ions [NdFs]*> and [NdOFs]* are expected to co-exist in the melt with oxide [10,15]. Both of the
ions are the source for Nd metal after being reduced [10,15]:

[NdFe]>~ + 3¢ <> Nd?* + 6F and Nd?* + 2" «> Nd, (1)

[NdOFs]* + e < NdF2 + O% + 3F and NdF; + 2" <> Nd + 2F. (2)

During the electrolytic production of neodymium from oxide—fluoride melts on the cathode,
oxidation of neodymium oxyfluorides might generate oxygen at the anode according to the following
equations [27]:

3[NdOFs]* - 6e” = 3/202(g) + 3Nd®* + 15F . (3)
The generated oxygen species subsequently could react with the carbon anode and CO and CO; gases
are produced. However, with F~ being present CF4 and C2Fe gases can be also evolved [16]. Higher
neodymium deposition overpotential will provoke more positive anodic potential, and probably more
ecologically dangerous gasses will be evolved.
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Figure 5 shows the voltammograms when the cathodic end potential of the W working substrate
was held at -1.00 V vs. W, for varying intervals before it was returned to positive values. Increased
holding time at the cathodic end-potential, which was equivalent to at least - 0.25 V of the overpotential
to the C» peak potential in previously recorded voltammograms, on tungsten electrode induced visible
increase of the surface limited by anodic peak A of the voltammogram. This reflects an increase in the
quantity of Nd metal previously deposited and now being dissolved when working potential turned to
values more positive than the neodymium deposition potential. The same was recorded on molybdenum
electrode under very similar working conditions [20].

These conclusions are supported by the open circuit measurements recorded after different
durations of neodymium deposition. Open circuit measurements registered the start of dissolution of a
solid phase at around — 0.70 V vs. W on both, tungsten and molybdenum electrode, Figs. 6a) and b),
respectively. According to the open-circuit measurements in Fig. 6, the existence of a plateau at a
potential of =~ - 0.68 V, after deposition on Mo or W cathode at Eqep = - 0.90 V for only 5 or 10 s, suggests
dissolution of the deposited solid phase Nd from the surface of the inert working electrode.
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Figure 5. Voltammograms obtained on W electrode in molten oxide-fluoride electrolyte with different
“holding times” (t = 5, 60 and 180 s) at the cathodic end potential of the cycle EF=-1.00 V vs.

W, scan rate = 100 mVs™.

These values are in good agreement with the values offered by A, peaks in the voltammograms
recorded on both substrates, Figs. 1-5. The dissolution of the deposited neodymium proceeds relatively
slowly, which indicates the problems characteristic to neodymium ions diffusion from the working
electrode into the electrolyte bulk and formation of complex fluoride and oxyfluoride complex ions on
the way.
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Figure 6. Open-circuit potential transient curves obtained after short polarization (t = 5 and 10 s), at -
0.90 V vs. W in molten NdFz+LiF+Nd2Os electrolyte; a) on W electrode b) on Mo electrode.

There is a reaction appearing almost immediately after the first Nd metal is deposited at the
working electrode, W and Mo alike. It is provoked by the coexistence of Nd(Il) and Nd(lIl) in the
electrolyte in the presence of metal Nd [13]:

2Nd(I1I) + Nd — 3Nd(1I) 4)
and cannot be avoided. This reaction of disproportionation (comproportionation) decreases the yield of
neodymium electrodeposition [14]. Figure 7 presents schematic presentation of the processes taking part
on the molybdenum/tungsten cathode and its immediate vicinity during proposed reduction of Nd(l11)
ions from the used oxide-fluoride electrolyte. However, the deposition which minimizes accumulation
of Nd metal droplets in the electrolyte on account of favouring increased quantities of Nd metal
remaining on the cathode surface should reduce the unwanted effects of the disproportionation reaction.
Potentiostatic Nd deposition on inert electrodes, like W and Mo, performed with moderately high
overpotentials, while not entering the Li electrodeposition potential range, might be an answer [13,20].
Additional benefit of low overvoltage electrodeposition is the electrolytic production of neodymium
from oxide—fluoride media with potential for zero emission of fluorocarbon compounds [15,16,20,29].

Neodymium “long time” depositions (those lasting for more than 10 min) were done
potentiostatically under small neodymium deposition overpotentials.

Nd2 +7+~ze —Nd

Nd3+ + e— Nd2+ Nd + Nd3+— Nd2*

Working Electrode Mo / W

Figure 7. Schematic presentation of the proposed reduction reactions of Nd(IIl) ions and
disproportionation reaction including Nd(0) and Nd(l11).
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An example done on tungsten electrode is presented in Fig. 8a). The XRD analysis of the
solidified electrolyte, from the close vicinity of the W electrode after Nd deposition at - 0.90 V for 1h
from molten NdFs+LiF+Nd2O3, Fig. 8b), exhibits the diffraction peaks characteristic of hexagonal NdF3
[JCPDS No. 01-078-1859], face centred cubic LiF [01-072-1538] and the diffraction peaks characteristic
of face centred cubic NdF. [JCPDS No. 00-033-0934]. There was no metal neodymium recorded by
XRD in the electrolyte analysed, which supports some findings from similar electrolytes [13,26]. It
should be mentioned that the XRD spectra NdF> [JCPDS No. 00-033-0934] and NdOF [JCPDS No. 00-
050-0635] appear at very close positions on the 26 scale and therefore it was very difficult to assign
recorded peaks to either of them. We opted for NdF.
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Figure 8. a) Chronoamperogram of the electrodeposition of neodymium onto W at - 0.90 V vs. W for
one hour from molten oxide-fluoride electrolyte, at 1050 °C; b) XRD spectra of the solidified
electrolyte taken from the vicinity of the W working electrode after deposition presented in a).

Photographs of the working electrodes (W and Mo) covered with a thin layer of the solidified
electrolyte used after potentiostatic neodymium deposition are presented in Figs. 9 and 10.
Corresponding XRD analyses of the samples from Fig. 9a) and Fig. 10a) are displayed in Figs. 9b) and
10b). The XRD spectra of the deposit obtained on W electrode after deposition at - 0.85 V vs. W for 30
min from the oxide-fluoride electrolyte used, at 1050 °C, is seen in Fig. 9b). Besides the presence of
NdFz and NdF (and possibly NdOF), the spectra revealed the presence of metal Nd obtained during
deposition [JCPDF No. 03-065-3424]. Similar results were obtained on Mo electrode after deposition at
- 0.90 V vs. W for 1 h from the same electrolyte, at 1050 °C, Fig. 10b). XRD spectrum showed the
presence of NdFs, NdF2 and Nd metal in the deposit. Prolonged deposition on W working electrode at -
0.80 V after 4h, in molten NdFs+LiF+Nd2O3 electrolyte system, at 1050 °C, provoked more metallic Nd
on the working substrate, Fig. 11.



Int. J. Electrochem. Sci., Vol. 15, 2020 7049

120
(b) +- NdF,

* - NdF,
100 A-Nd

80+

Intensity (a.u.)

20 (degree)

Figure 9. a) Optical image of W electrode and adhering electrolyte obtained after deposition at - 0.85 V
vs. W for 30 min from molten oxide-fluoride electrolyte, at 1050 °C; b) XRD spectra of the

sample shown in a).
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Figure 10. a) Optical image of Mo electrode and adhering electrolyte after deposition at - 0.90 V for 1h
from molten oxide-fluoride electrolyte, at 1050 °C; b) XRD of the sample given in a).
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Figure 11. XRD spectra of W electrode and adhering electrolyte obtained after deposition at - 0.80 V
for four hours from molten oxide-fluoride electrolyte, at 1050 °C.
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XRD analysis recorded presence of metal neodymium on both W and Mo working electrode
substrates after neodymium potentiostatic deposition performed for some time at the potentials negative
to — 0.75 V vs. W. However, since the analysis was done on the samples with the thin film of the
electrolyte being present on the electrode, it has to be assumed that the recorded metal neodymium is at
least in part shared between the electrolyte layer and the electrode surface. The longer the deposition,
the higher was the intensity of neodymium peaks compared to other recorded phases in the XRD
diagrams of the thin electrolyte layer and the electrode used. Figure 11 is an example and presents a
XRD analysis of the tungsten electrode covered with a thin layer of the electrolyte. It should be noted
that only a small number of papers [14,19,30,31] report Nd metal detected by XRD on the working
electrodes used and even smaller number of them claim that their XRD examination of the electrolyte
found no Nd metal [13,26].

The explanation for almost identical behaviour for tungsten and molybdenum as working
electrodes in the used electrolytes should be found in their identical body centred cubic crystal structure
[32], similar lattice parameters (W 3.1652 A [33], Mo 3.1470 A [34]), comparable Pauling
electronegativities (2.36 eV for W, 2.16 eV for Mo) and very close reversible potentials measured in the
electrolyte used (0.00 V vs. W for W and 0.01 V vs. W for Mo). At the temperature of 1060 °C
molybdenum lattice parameter becomes even closer to the tungsten’s 3.1677 A [34].

4. CONCLUSIONS

As working electrodes in neodymium electrodeposition from oxide-fluoride melt tungsten and
molybdenum behave almost identically. The explanation should be found in their identical body centred
cubic crystal structure, very similar crystal lattice parameters, comparable Pauling electronegativities
and very close reversible potentials measured in the electrolytes used.

On both cathode substrates used, W and Mo, electrochemical reduction of neodymium
complexed ions from LiF+NdFs and LiF+NdFz+Nd20s electrolytes proceeded in two steps: Nd(I11) + e
— Nd(II) and Nd(II) + 2e” — Nd(0) which are predominantly mass transfer controlled. Starting reduction
potentials for both steps on both electrode surfaces were very similar in value (first around -0.30 V vs.
W and second at around -0.60 V vs. W). Both steps: Nd(III) <> Nd(II) and Nd(IT) «> Nd(0) were found
to be reversible reactions limited by mass transfer.

Low overvoltage electrodeposition onto both used substrates, W and Mo, did not leave
neodymium metal droplets in the solidified electrolyte taken from the close vicinity to the electrodes. It
appears that after the deposition, the deposited metal resides predominantly at the working electrode
surface.

Although it may be considered an inefficient method by industrial standards based on its yield,
low voltage (low overpotential neodymium electrodeposition) electrolysis of oxide-fluoride melts
appears to produce very low level of carbon oxides, fluorine and fluorocarbon gases from the anode.
This might recommend Nd low overpotential controlled electrodeposition from fluoride melts onto Mo
and W as an ecologically more acceptable procedure.
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