Chapter 6
Electrodeposition of Rare Earth Metal
in Ionic Liquids

Masahiko Matsumiya

Abstract It is very important to develop the recovery process of Nd and Dy metals
using ionic liquids from a standpoint of establishing an environmental harmoniza-
tion system and a recycling-oriented society. For this purpose, the solubility, the
solvation structures, the electrochemical behaviors, the diffusive properties, the
nucleation, and the electrodeposition behaviors were investigated for Nd(III) and
Dy(III) in ionic liquids on this study.

As for the solvation analysis of Nd(IIT) and Dy(III) by Raman spectroscopy, the
solvation numbers of Nd(III), Dy(II), and Dy(IIl) in [P2,5][TFSA] were 5.1, 3.8, and
5.0, respectively. These results also revealed that the solvation structures of Nd(III),
Dy(Il), and Dy(Ill) were [Nd(TESA)s]>~, [Dy(TFSA),]*", and [Dy(TFSA)s]*~,
respectively.

According to the electrochemical analyses with semi-integral and semi-differential
methods, the reduction process of [Nd(TFSA)s]z_ or [Dy(TFSA)5]2_ proceeded in
one step, [Nd(TFSA)5]27 +3e” — Nd(0)+5[TFSA]™, or two steps, [Dy
(TFSA)s]*™ +e~ — [Dy(TFSA)4]*~ +[TESA]™ and [Dy(TESA)4]*>~ +2¢~ — Dy(0)
+4[TFSA], respectively. The activation energies of the diffusion coefficients for [Nd
(TFSA)s]*~ and [Dy(TFSA)5]27 were 52.8 and 53.4 kJ mol ', respectively, and these
behaviors were related to the similar solvation structures. The nucleation behaviors of
[Nd(TFSA)S]Z_ and [Dy(TFSA)5]2_ were altered from instantaneous to progressive
nucleation by increasing the overpotential. The potentiostatic electrodepositions of Nd
and Dy were also carried out and the recovered blackish electrodeposits were Nd and
Dy metals evaluated by XPS. Finally, we demonstrated that the recovery process of
Nd metal from spent Nd—Fe—B magnets by wet separation and electrodeposition using
ionic liquids was effective.
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liquids ¢ Electrodeposition of Nd and Dy metals in ionic liquids « Recovery process
of Nd metal from spent Nd—Fe—B magnets

6.1 Introduction

Rare earth (RE) elements have become essential for high-tech industry, where they
have been applied to many technical fields such as optical materials [1, 2], laser
materials [3], and magnetic materials [4] due to their original properties. The demand
of RE metals and oxides has drastically increased in recent years. However, the
import situation of RE compounds has been influenced by the supply restrictions of
the main exporting countries [5]. In addition, the supply of RE related compounds is
occasionally unstable in certain parts of the world, where it is currently difficult to
supply such RE elements locally, and thus Japan has been largely dependent on other
countries for the supply of RE compounds. As one of RE elements, Nd has been
incorporated into Nd,Fe|4B permanent magnets (Nd—Fe—B magnets) and Dy has also
found similar application. Nd—Fe—B magnets are utilized in a variety of high tech-
nology products, e.g., voice coil motors (VCMs) for hard disk drives, magnetic field
sources for magnetic resonance imaging (MRI), driving motors for hybrid-type
electric vehicles, and so on [6]. The demand for Nd-Fe—B magnets has continued
to elevate in recent years because these magnets play an important role in applications
that require energy saving and efficiency. Hence, the recovery of Nd and Dy from the
spent Nd-Fe—B magnets is necessary to secure a stable supply of these resources.
Although the recovery process of Nd and Dy from spent Nd—Fe—B magnets has been
actively studied [7-9], a practical recovery system has not been established to date.
As one prospective means of recovering Nd and Dy metals, the electrodeposition
using ionic liquids (ILs) is attractive from a standpoint of the environmental harmo-
nization. The ILs have several attractive physicochemical properties, such as negli-
gible vapor pressure, high ionic conductivity, and a wide electrochemical window
[10, 11]. In particular, among the ILs consisting of bis(trifluoromethyl-sulfonyl)
amide, [TFSA]™ has a good hydrophobicity.

There are a few reports about the electrodeposition of RE metals from the TFSA-
based IL bath, e.g., La [12] in 1-octyl-1-methyl-pyrrolidinium bis(trifluoromethyl-
sulfonyl)amide, [OMP][TFSA]; Eu [13] in N,N,N-trimethyl-n-butylammonium bis
(trifluoromethyl-sulfonyl)amide, [N;;14][TFSA]; and Dy[14] in dimethylformamide/
dimethylpyrrolidinium trifluoromethanesulfonate (DMF/DMPT). Recently, we dem-
onstrated the electrodeposition of Nd [15-19] and Dy [20, 21] from the TFSA-based IL.
bath, e.g. triethyl-pentyl-phosphonium bis(trifluoromethyl-sulfonyl)amide, [P55,5]
[TESA]; 2-hydroxyethyl-trimethyl-ammonium bis(trifluoromethyl-sulfonyl)amide,
[Ni1120ul[TESA]; and N,N-diethyl-N-methyl-N-(2-methoxyethyl)ammonium bis
(trifluoromethyl-sulfonyl)amide, [DEME][TFSA]. It is very important to electrode-
posit Nd and Dy as a metallic state by elevating the bath temperature in order to
decrease the overpotential of the electrodeposited metals. This elevation of the bath
temperature is related to the important factors, e.g., the high solubility of RE amide
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salts, high ionic conductivity, low viscosity of the ILs, and high diffusion coefficient of
the RE complexes. The main results about the solubility, the solvation structure, the
electrochemical behavior, the nucleation behavior, and the electrodeposition behavior
are demonstrated in the following sections.

6.2 Solubility of Nd(III) and Dy(III)

The solubilities of Nd(TFSA); and Dy(TFSA); in [Pyy,5][TFSA] neat solution were
evaluated using an ultraviolet—visible (UV-Vis) spectroscopy spectrometer
(ADC1000-USB, Ocean Optics Inc.) with a heating system. The UV-Vis measure-
ment at elevated temperatures was required to investigate the temperature depen-
dence of solubility for RE(TFSA); salts. The heating system was composed of a
spectrophotochemical thin-layer quartz microcell placed directly on the electro-
thermal equipment and covered with the ceramic fiber insulators (Kaowool Blan-
ket, Aida Chemical Industries Co., Ltd.) in order to maintain the setting temperature
of the measured samples. The temperature of the samples was measured using a
K-type thermocouple (¢ = 1.6 mm) inserted into the quartz microcell (light path
length: 1.0 cm) and was recorded by a data logger (midi logger GL220, Graphtec
Co., Inc.). The accuracy of the temperature control in this system was £0.1 K. The
wavelength regions of deuterium and halogen lamps for the UV-Vis were within
the range of 180-870 and 340-1020 nm, respectively. For the evaluation for the
solubility of RE(TFSA); in ILs, the volume molality 7 (mol dm™? ) in the range of
1.0-3.0 mol dm ™ was applied to each sample using two types of solutes: Nd
(TFSA); and Dy(TFSA)j; in [P225][TFSA] solvent.

The accurate solubility measurement of RE(TFSA); as a function of temperature
is particularly essential for understanding the dissolution behavior in the IL media.
In addition, it was more effective to prepare IL samples beforehand by dissolving
Nd(TFSA); or Dy(TFSA); salts with constant volume molarity. For example, the
variation of the absorption spectra of 1.0 mol dm™ Dy(III) in [P3,,5][TFSA]
undergoing a temperature increase is shown in Fig. 6.1. At room temperature, no
absorption spectrum for Dy(IIl) could be observed because this IL sample turned
opaque owing to partial solidification of a large amount of Dy(TFSA); salt. As the
operating temperature subsequently increased, three peaks began to appear at
approximately 760 nm (6H15/2 — 6F5/2), 810 nm (6H15/2 — 6F5/2), and 911 nm
(6H15/2*> 6F7/2), as shown in Fig. 6.1a. This spectroscopic behavior suggests that
the IL dissolves the Dy(TFSA)j; salt; therefore, the IL is altered from a semitrans-
parent to a transparent state by increasing the temperature. The hypersensitive peak
of Dy(III) appeared at 1290 nm (6H15/2 — 6F1 1,2) and the observed peak at 911 nm
for °H, 50— 6F7/2 had a secondary intensity when compared to the hypersensitive
peak. Thus, the °H, 50— 6F7/2 peak with the secondary intensity is a good evaluator
of the Dy(IIl) solubility state. As the temperature increased further, the peak
intensity for ®°H,s/» — °F» also increased gradually. When the temperature reached
336 K, the spectrum of Dy(Ill) indicated maximum absorbance. Moreover, there
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was no further alternation on the Dy(IIl) spectrum above 338 K (Fig. 6.1le).
Therefore, the sample was completely dissolved at 336 K and the volume molarity
of 0.1 mol dm ™~ Dy(III) is saturated at this temperature. The similar measurements
for all prepared samples were performed and the temperature of each sample that
reached the saturation point was recorded. For Nd(III) in ILs, the solubility was
evaluated from the hypersensitive peak (419/2 — 2G7/2) at 580 nm.

A series of experimental results on the volume molality for Nd(III) and Dy(III) is
shown in Fig. 6.2. These results reveal that the solubility curves of Nd(III) and Dy
(IIT) tend toward a nonlinear relationship. The temperature dependence of the mole
fraction solubility of Nd(III) and Dy(IIl) was fitted using the modified Apelblat
equation [22, 23]:

B C D
1MSO]:A+;+T_2+T_3+EIHT (6.1)

where x* is the solubility of the solute in mole fraction; 7 is equivalent to 7/T,
where the scaling temperature is 7o =405.65 K, which is the average empirical
temperature for the solubility measurements and T is the absolute temperature; A, B,
C, D, and E are the empirical parameters; and # is the coefficient of determination
as listed in Table 6.1. The logarithm of the mole fraction solubility, x*' of Nd(III)
and Dy(IIl) as a function of the inverse of the temperature, and the theoretical
curves fitted by Eq. (6.1) are shown in Fig. 6.3.

The temperature dependence of the solubility curves of NdA(III) and Dy(III)
displayed an analogous tendency. Free energy evaluation is the most reliable
theoretical method for systematic studies of solvation properties [24, 25]. The
thermodynamic properties characterizing the solvating process of the IL were
derived from the temperature dependence of the solubility using Eq. (6.1):
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Fig. 6.2 The temperature
dependence of the solubility
curve for Nd(IIT) and Dy
(I11) in [P22>5][TFSA]. The
error bar was evaluated
from the temperature
deviation. O: Nd(III) and
®: Dy(III) (Reprinted with
permission from Ref. [21]
Copyright 2013, Elsevier
Science)
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Table 6.1 The correlated parameters used to fit the experimental results in the modified Apelblat

equation and the coefficient of determination

oT

A B C D E ?
Nd(IIT) —66.840 59.520 29.141 —22.568 51.665 0.970
Dy(III) —63.178 55.183 25.713 —18.523 52.146 0.841
Fig. 6.3 Arrhenius plots
for the molar fraction -0.6 |
solubility x of Nd(IIT) and | o
Dy(III) in [P22,5][TFSA] RS
and the theoretical curves 0.8 |- ‘NOM
by modified Apelblat oy
equation. O: Nd(III) and —8>< 10k m
®: Dy(II) (Reprinted with o ’ W
permission from Ref. [21] - (o]
Copyright 2013, Elsevier 12k »CN
Science)
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Fig. 6.4 Thermodynamic
quantities of Nd(III) in
[P2255][TFSA] estimated
from temperature
dependence of the solubility

Fig. 6.5 Thermodynamic
quantities of Dy(III) in
[P2255][TFSA] estimated
from temperature
dependence of the solubility
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The calculated thermodynamic quantities of Nd(IIT) and Dy(III) with temperature
dependence are shown in Figs. 6.4 and 6.5, respectively. The values of Ay, G™
regarding the interaction between the RE(TFSA); salts and the IL solvent appeared
to be reasonable, because the polar IL solvent exhibits positive values. The disso-
lution of RE(TFSA); salts in ILs is enthalpy controlled. The values of Ay, H™
roughly followed those of A,,;G™ above 420 K, and entropy alternations for the
dissolution process were close to zero. Assuming the small volume terms are
ignored, the solvation free energy is equivalent to the interaction energy and is
explained from the summation of the electrostatic interaction energy and the van
der Waals interaction energy between the solute and solvent molecules [25]. For
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this polar IL solvent, the van der Waals interaction would be weakened by the
increase in the solvation energy. Concerning with the solubility evaluation of a
solid solute into a polar IL solvent, there is a report on the dissolution of the
elemental sulfur in the nonpolar toluene and polar imidazolium-based IL mixtures
[23]. As for the dissolution of sulfur, the van der Waals interaction was weakened
by the addition of polar imidazolium-based IL in the nonpolar toluene. This
dissolution behavior was consistent with our results. The solubility curves are
also important indicators of the applicability of electrodeposition in retrieving RE
metals from phosphonium-based ILs.

6.3 Solvation Analysis of Nd(III) and Dy(III)

6.3.1 Solvation Structure of Nd(III)

Raman spectra of [P,;,5][TFSA] containing 0.2, 0.3, 0.4, and 0.5 mol dm > Nd
(TFSA); were investigated in this study. The water contents of all samples were
confirmed to be less than 100 ppm. Raman spectra were measured at a temperature
of 298 and 423 K using a 532 or 785 nm laser of Raman spectrometer (Renishaw
inVia Reflex Raman Microscope). Spectral data were accumulated 512 times in
order to obtain data of a sufficiently high S/N ratio. The free [TFSA] ™ anions had a
characteristic intense band at 744 cm™!, which was ascribed to the CF; bending
vibration, 6,(CF3) coupled with the S-N stretching vibration v4(S-N-S) [26, 27]. In
addition, there was an intense band at 750 cmfl, which was ascribed to the
[TFSA]™ anions surrounding for the Nd(III). As the concentration of Nd(III)
increased, the intensity positioned at 744 cm~ ! decreased. On the other hand, as
the concentration of Nd(III) in [P,,,5][TFSA] increased, the intensity assigned at
750 cm™ ! increased. The obtained Raman spectra were deconvoluted to extract
single Raman band for each assignment as shown in Fig. 6.6. A single Raman band
was assumed to be represented as a pseudo-Voigt function, which consisted of the
Lorentzian and Gaussian components. Moreover, based on Eq. (6.5) suggested in
the reference [28], the solvation number of Nd(III) was analyzed from the following
equation:

I¢/em =J¢(er/em — n) (6.5)

where [ is integral intensity, ¢y is the concentration of Nd(II) in [Py,5][TFSA], J¢
is the molar Raman scattering coefficient, ct is the total concentration of [TFSA]™
anion, and 7 is the solvation number.

The integrated intensity of the deconvoluted Raman band of the free [TFSA] ™ in
the bulk IL is represented as Ir=Jsce. The ¢¢ is given as ¢g= ¢t — ¢p = C1 — NCM,
which ¢t and ¢, denote the concentrations of total and bound [TFSA]™ (solvated to
the metal ion), respectively. The relationship between Ii/cng and ct/cng is shown in



124 M. Matsumiya

Fig. 6.6 The deconvoluted o T T T
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Fig. 6.7 and resulted in a straight line. Thus, the solvation number, 7, is obtained as
n= p/a from a slope @ =J; and an intercept f = —J. In this study, the solvation
number of NA(III) in [P;,5][TFSA] was calculated to be 5.1. The solvation
structure between [Nd3 *] cation and [TFSA]™ anion was indicated as a complex-
ation of [Nd(TFSA)s]*>".

6.3.2 Solvation Structure of Dy(Ill)

The deconvoluted Raman spectra with the concentration dependence in the fre-
quency range 720—780 cm ' for 0.23-0.45 mol kg~ ' Dy(III) in [P5,,5][TFSA] were
separated into two components at approximately 740 and 749 cm ™', as shown in
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Fig. 6.8 The deconvoluted 1 1T T T
Raman spectrum of Dy(III)
in [P2225][TFSA] with the
concentration dependence,
(@) 0.23 mol kg™, (b)

0.30 mol kg™, (¢) 0.38 mol
kg~', and (d) 0.45 mol

kg™ 'Dy(III) (Reprinted
with permission from Ref.
[21] Copyright 2013,
Elsevier Science)
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Fig. 6.8. As shown in this figure, a new band was observed as a shoulder on the high
frequency side (747 cmfl) of the intense band (740 cmfl); this new band was
intensified by increasing the Dy(III) concentration. Therefore, the band at 747 cm ™"
in the present system is also considered to be due to the [TFSA] ™ anion bound to the
Dy(III), and the vibrational mode of the band at 740 cm ! corresponds to that of the
free [TEFSA]™ anion.

The number of [TFSA] ™ anion solvated to the Dy(III) can be evaluated from the
plots of It/cp vs. ct/cy, as shown in Fig. 6.9. This plot demonstrates a strong linear
relationship with an estimated n value of 5.0. This result suggests that [Dy**] in
[P2225][TFSA] is solvated by five [TFSA]™ anions and [Dy(TFSA)S]z_ complexa-
tion occurred in this system. The Raman spectrum of the Dy(II)/Dy(III) mixed
sample also highlights the concentration dependence of the Dy(II)/Dy(IIl) ratio in
the frequency range 720780 cm™'. A similar analysis of the solvent number was
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performed on the deconvoluted data, and the obtained solvation number was 3.8, as
shown in Fig. 6.9. This result suggests that the Dy(II) exists in this IL system and
the solvation structure: [Dy(TFSA)4]27 would be smaller than [Dy(TFSA)s]zf.

As for the fluorescence spectroscopy, an energy diagram reported for Dy(III)
[29, 30] has indicated that the fluorescence emission of [Dy(TFSA)s]zf is mainly
due to the radiative transitions from the excited 4F9/2 and 4113/2 to the ground
multiplet of 6HJ/2 (J=7-15). The fluorescence spectra of [Dy(TFSA)S]Z_and the
equimolar [Dy(TFSA)4]27/[Dy(TFSA)5]2* samples were also investigated in this
study. The yellow-colored emission at 572 nm (due to the hypersensitive transition of
4F9/2 — 6H13/2) and the blue-colored emission at 479 nm (due to the 4F9/2 — 6H15/2
transition) [31, 32] were noticeably observed in the [Dy(TFSA)5]27 samples. How-
ever, the normalized fluorescence intensity of the equimolar [Dy(TFSA)4]2_/[Dy
(TESA)s]*~ sample at 572 nm was drastically smaller than that of the [Dy(TFSA)S]Z*
sample. This result suggests that the Dy(Ill) is reduced to the Dy(Il), which is
consistent with the above Raman investigation.

6.4 Physicochemical Properties of Nd(III)

The temperature dependence of the viscosity and the ionic conductivity for 0.5 mol
dm™3 [Nd(TFSA)S]zf in [P2225][TFSA] with various water contents was expressed
in Figs. 6.10 and 6.11, respectively. The data for [P,,,5][TFSA] neat solution was
also plotted in each figure.

In comparison with the [P5,,5][TFSA] neat solution, the viscosity of the [Pyy55]
[TFSA] including [Nd(TFSA)5]27 increased in the whole temperature range. It was
also observed that the ionic conductivity of this [Py,,5][TFSA] dissolving [Nd
(TFSA)s]*~ decreased in the same temperature range. Thus, it was revealed that
[Nd(TFSA)5]27 complex was influenced by the transport property and the

Fig. 6.10 Viscosity of 103 -
[P2555][TFSA] and 0.5 mol ' ' ' 8
dm™ [Nd(TFSA)s]*~ in 5 e .
[P2255][TFSA] at different Q g
water contents B
“ 102k B B i
< 8 °
< g
3 8 «* ]
g 68 .
= g® o
°®
°
10! | o°*® ¢ E
a ® [P, |TFSA] 7
O :Nd(III) in [P5,,s][TFSA], H,0=627ppm 1
A :Nd(III) in [P555][TFSA], H0=97.4ppm -
100 E|| :Nd(III) in [PIZZM]D'FSA], HIZO:12.6ppm
2.6 2.8 3.0 3.2 34

1000 T-1/K-!
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conductive carrier. On the other hand, the viscosity decreased and the ionic
conductivity increased by elevating the temperature. The trend of the viscosity
and the ionic conductivity of [N;,6][TFSA] containing various metallic amide salts
indicated the similar tendency in the case of applying some kinds of metallic salts
such as transition and RE elements [33]. In addition, these physicochemical prop-
erties were not severely influenced by the water content when it is less than
100 ppm in the electrolyte. Eventually, this result demonstrated that the ionic
conduction of the IL was mainly caused by the transportation of metallic complexes
and ions.

The ionic conductivity against the inverse viscosity based on Walden rule [34] is
shown in Fig. 6.12. The relationship between these physicochemical properties
under the same condition in log—log scale displayed clearly a straight line. This
result also indicated that a kind of Walden rule (o1 = constant) was applicable for
[P2225][TFSA] including [Nd(TFSA)5]2_ with and without trace amounts of water.
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This linear relation was revealed that both the ionic species and metallic species in
the bulk electrolyte were associated with each other and the mass transfer of the
metallic species contributed to the ionic conductivity. The mass transfer of the
metallic species was also correlated with the ionic mobility. In the case of electro-
deposition from this kind of [P2,5][TFSA] including [Nd(TESA)s]*>~, the mobility
of metallic ions and related complexes would be influenced by the current effi-
ciency of the cathodic process.

6.5 Electrochemical Behaviors of Nd(III) and Dy(III)

6.5.1 Electrochemical Behavior of Nd(III)

The reduction behavior of [Nd(TFSA)s]>~ in [Pay,s][TESA] was investigated by
CV. The cyclic voltammogram of 0.5 mol dm™ [Nd(TFSA)5]27 in [P2,5][TFSA]
using a Pt electrode at 353 K is shown in Fig. 6.13. This cyclic voltammogram was
scanned cathodically from the initial potential of 0.0 V. A cathodic peak was
observed around —3.30 V. The electrodeposits obtained from [Nd(TESA)s]*~ in
[P2225][TESA] by potentiostatic electrodeposition at —3.40 V and —3.60 V
consisted mainly of Nd metal, indicating that this cathodic peak was ascribed to
the reduction reaction of [Nd(TESA)s]*™ in [Paas][TESA] according to the fol-
lowing reaction:

[Nd(TESA);]*™ + 3¢ — Nd(0) + 5[TFSA]~ (6.6)

On the other hand, no anodic peaks corresponding to the oxidation of Nd(0) were
apparent in this voltammogram, suggesting that the reduction of [Nd(TFSA)s]*~ is

Fig. 6.13 Cyclic 2.0 — ; ; ;
voltammogram of 0.5 mol a |
dm ™3 [Nd(TFSA)s]*~ in £ |
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an irreversible reaction. A more detailed analysis of this irreversible reaction is
presented below.

Elucidation of the reduction behavior of [Nd(TFSA)S]Z* in [Psy55][TFSA] as
well as the diffusion behavior is necessary in order to perform the electrodeposition
of Nd metal in [P,5,5][TFSA]; thus, we evaluated the diffusion coefficient of [Nd
(TESA)s]>~ in [PaysI[TESA]. The diffusion coefficient of [Nd(TFSA)s]*~ in
[P2225s][TFSA] was calculated from semi-integral (SI) and semi-differential
(SD) analyses. Initially, the SI curve was obtained from convolution analysis of
the cyclic voltammogram for 0.5 mol dm ™ [N d(TFSA)5]27 in [P22,5][TFSA] using
a Pt electrode at 353 K, as shown in Fig. 6.14. An empirical graphical procedure
[35] was applied for the determination of the limiting current, m", where the vertical
lines AC and DF were traced and the mid-points B and E were located. The value of
m’ is represented by GH at the potential E, », which corresponds to the point where
the dashed line BE intersects the SI curve. The diffusion coefficient of [Nd
(TESA)s]*~ was calculated from the value of the limiting current m" according to
the following equation [36]:

m" = nFADY*Cy, (6.7)

where 7 is the number of electrons involved in the charge transfer reaction, F is the
Faraday constant, A is the electrode surface area, and C *is the bulk concentration of
the electroactive species. The diffusion coefficient of [Nd(TFSA)S]Zf in [Pssss]
[TFSA] at 353 K was evaluated as 1.32 x 10~ B m?s™! from SI analysis. Furthermore,
the standard rate constant, kg, can be obtained by using the following equation [36]:

- RT kg RT _ (m" —m(t)
E=Et o p (D(l)ﬂ) + anFln( i(0) ) (6:8)

Fig. 6.14 Semi-integral
curve obtained from the
voltammogram of 0.5 mol
dm™> [Nd(TFSA)s]*~ in
[P2225] [TFSA] at353Kona
Pt electrode with scan rate:
10mV s™!
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where E is the electrode potential, E is the standard reversible potential of the
reaction, R is the gas constant, T is the thermodynamic temperature, « is the transfer
coefficient, m is the current semi-integral, and i is the faradaic current.

The value of an was calculated from the slope of the E vs. log[m*-M(t)]/i(t) plots,
and that of kg can be found from the intercept of the plots. Matsuda and Ayabe
reported that in the case of the irreversible reaction, the following equation was
satisfied [37]:

k/(DvnF /RT)"* < 10720+ (6.9)

where v is the potential scan rate. Therefore, the following relation was obtained by
deformation with substitution of the above equation:

ks < 6.85 x 10 cm ™! (6.10)

The k¢ value calculated from the intercept of the E vs. log[m*—m(t)]/i(t) plots was
1.77x107% ecm s L. Accordingly, the reduction reaction of [Nd(TESA)s]*~ in
[P2255][TFSA] on the Pt electrode at 353 K was deduced to be an irreversible
process.

SD analysis was applied to the cyclic voltammogram of 0.5 mol dm™* [Nd
(TFSA)S]% in [P2225][TFSA]; the SD curve is shown in Fig. 6.15. The value of W,
the width of a derivative neopolarographic peak at half its height, and ey, the current
semi-derivative at the peak of the derivative neopolarogram, were determined by
SD analysis of the cyclic voltammogram. The diffusion coefficient of [Nd
(TFSA)s]*~ was calculated using the following equations [38] that were established
in the case of the irreversible reaction:

Fig. 6.15 Semi-differential
curve obtained from the
voltammogram of 0.5 mol
dm ™3 [Nd(TFSA)s]*~ in
[P2225][TESA] at 353 Kon a
Pt electrode with scan rate:
10mV s
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Fig. 6.16 Arrhenius plot of -22
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Table 6.2 The activation energy of diffusion coefficient and the solvation number

Ea,p/kJ mol™' | Solvation number at 298 K | Solvation number at 423 K
[Nd(TFSA)s]*~ |52.8 5.1 5.0
[DY(TESA)s]*~ |53.4 5.0 5.1
[Fe(TESA);1*~  |26.3 3.1 3.1
[Ni(TESA);1*~ | 26.0 2.6 33

For each metallic complex in [P,5][TFSA]
W, = 2.94RT /anF (6.11)
ep = an’FPAVC,DY* /3.36TRT (6.12)

The diffusion coefficient of [Nd(TFSA)s]*>~ in [PaxsI[TFSA] at 353 K was
evaluated as 1.46 x 107" m? s~! based on SD analysis, which is close to the
value derived from SI analysis. This congruence suggests high reliability of the
calculated diffusion coefficients of [Nd(TFSA)5]27 in [Pyyy5][TFSA] at 353 K
derived from SI and SD analyses. The Arrhenius plot of the diffusion behavior
for [NA(TESA)s]*>~ in [Pa2os][TFSA] is presented in Fig. 6.16. The D values of [Nd
(TFSA)s)*~ [16], [Dy(TFSA)s]*~ [20], [Fe(TESA);]>", and [Ni(TESA);]*” in
[P2225][TESA] from our previous investigations are also displayed in Fig. 6.16 for
comparative purposes. The activation energy of the diffusion process was tabulated
in Table 6.2 with the solvation number of each metallic complex. The activation
energy of [Nd(TFSA)s]*>~ or [Dy(TFSA)S]Zf was found to be larger than that of [Fe
(TESA);]>~ or [Ni(TFSA);]>~. The difference of Eap value between the RE
complex and iron group metallic complex is explained from the complexation
between each centered metallic cation and the surrounding [TFSA]™ anion ligand.
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Fig. 6.17 Chronoamperogram on a Pt electrode for 0.5 mol dm > [Nd(TFSA)s]*~ in [Paoos]
[TFSA] at 353 K

6.5.2 Nucleation Behavior of Nd Nuclei

The initial nucleation and the growth behavior of Nd nuclei in [P,,,5][TFSA] were
investigated by means of chronoamperometry. A characteristic peak of the nucle-
ation process was observed just after the initial current decay corresponding to the
charging of the electric double layer. This peak is indicative of the three-
dimensional (3D) growth of the Nd nuclei; there was an initial increase in the
faradaic current due to nucleation and the growth of the Nd nuclei that involves an
increase of the electroactive area; eventually a current maximum, j,,, was achieved
at time t,,; finally, this current quickly decayed to a diffusion limited current.
Chronoamperograms were recorded at the Pt electrode as shown in Fig. 6.17.

For these chronoamperograms, the charging current of neat [P,,,5][TFSA] was
deduced from the data for [P7,5][TFSA] containing 0.5 mol dm~3 [Nd(TFSA)5]27
in order to analyze the faradaic current only in the reduction reaction of [Nd
(TFSA)s]*~. Several models have been developed to describe the j—t curves for
metal deposition. It has been previously reported that the theoretical methodology
developed by Scharifker and Hills [39] is applicable to the deposition of several
metals from TFESA-based ILs [40—44]. Therefore, the initial stage of the nucleation
and the crystal growth of Nd were analyzed by using the Hills—Scharifker method in
this study. The previously mentioned study reported that 3D nucleation on an
electrode surface can be classified into instantaneous and progressive nucleation.
In the case of the instantaneous nucleation, the nuclei are deposited on the electrode
surface and grow at a constant rate that is dependent on the applied potential. The
resultant j—¢ curves are mathematically described by the following equation:
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(JL> T 1;2/354{1 —exp [—2.3367 (é) Z] }2 (6.13)

where j is the current density at time 7 and j,, is the maximum current density at time
tm- In the case of the progressive nucleation, the initially deposited nuclei grow at
varying rates dependent on the time of deposition. The j— curves can be mathe-
matically described by the following equation:

(ﬁ)z - %{1 —exp [1.2564 (é)} }2 (6.14)

The relationship between the squared dimensionless current density and the
dimensionless time of [Nd(TFSA)s]*~ in [Pyaos][TFSA] is shown in Fig. 6.18,
along with the theoretical curves derived from Eqgs. (6.13) and (6.14). When the
overpotential at —3.40 V was applied, the experimental data were consistent with
the instantaneous nucleation model. On the other hand, when the applied potentials
were —3.50 V and —3.60 V, the experimental data shifted from that of the
instantaneous nucleation model to the progressive nucleation model. These results
indicated that the nucleation mechanism changed depending on the applied poten-
tial. These nucleation behaviors would be related to the number density of active
sites and the nucleation rates per site from the current transients [45] as will be
discussed later. This alternation from instantaneous to progressive nucleation was
consistent with the nucleation mechanism for Dy in 0.1 mol dm™ [Dy(TFSA)5]2_
in [P2y,5][TFSA] [20]. The initial nucleation and the crystal growth processes
would influence the formation of the electrodeposits in the initial stage of the
electrodeposition. Accordingly, consideration of the applied potential is important
for achieving electrodeposits with the desired morphology and quality from the
electrodeposition process.
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Table 6.3 The nucleation number density of Nd nuclei from j— curves at each applied potential in
[P2225][TFSA] including 0.5 mol dm > [Nd(TESA)s]*~

Applied potential (E)/V —3.40 —-3.50 —3.60
Nucleation number density (10''Ng)/em 2 2.0 1.7 1.7

The number density of nuclei was also investigated as follows: the nucleation
number density, Ny, can be calculated from the maximum current, j;,.x, and time,
'max-> Of the j—f curve based on the following equation [45]:

No = 0.065(87C5M/p) "> ("FCY / jrantmax)

(6.15)
where M and p are the atomic mass and the density of the deposited metal,
respectively. During the initial stages of deposition, well before the maxima in
the j—t curves, the initial nucleation can be considered to be effectively instanta-
neous, i.e., all nuclei may be considered to have been formed at the same time
[46]. Thus, in the analysis of the data from the very early portion of the current
transient, Eq. (6.15) can be used to evaluate the value of N, for all systems studied.
The number of Nd nuclei formed during the very early stages of nucleation was
estimated using this methodology; the data are presented in Table 6.3. In general,
the nucleation number density would increase with increasing overpotential on
stable progressive nucleation, e.g., the nucleation of Sn nuclei in 1-ethyl-3-
methylimidazolium chloride—tetrafluoroborate, [C,C,Im][CIl,BF,] [47]. However,
contrary to our expectations, the number density of Nd nuclei at the initial stage of
the nucleation decreased as the overpotential increased from —3.40 Vto —3.50 V or
—3.60 V in this study. These tendencies would be related with the alternation from
instantaneous to progressive nucleation. It was reported that the rate of nucleation
was changed by the overpotential for instantaneous or progressive nucleation
[48]. Thus, the different nucleation rates on instantaneous or progressive nucleation
would be affected for the nucleation number density. The nucleation mechanism of
Nd and Dy [20] revealed that the number density of nuclei is dependent on the
overpotential, suggesting that the applied potential for electrodeposition becomes
an important factor from the perspective of the nucleation mechanism as well as the
number of nuclei.

6.5.3 Electrochemical Behavior of Dy(Il) and Dy(III)

The voltammetric analysis of 0.1 mol dm™? [Dy(TFSA)5]27 in [P2,55][TFSA] was
performed with various scan rates at different fractions of water content. The cyclic
voltammogram of 0.1 mol dm > [Dy(TESA)s]*~ in [P22,s][TESA] with 0.1 Vs~ " at
363 K is shown in Fig. 6.19. The voltammograms shown in Fig. 6.19a, b contained
98 and 203 ppm water in the IL, respectively. No anodic peaks corresponding to the
oxidation of Dy(0) were observed in any voltammogram. This result suggests that
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Fig. 6.19 The cyclic .
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the reduction of [Dy(TFSA)5]27 is an irreversible process. There was no oxidation
peak of Dy(0) in DMF and DMPT bath, and this reduction process of Dy complex
was an irreversible reaction [14]. Regarding the cathodic peaks, a remarkable
difference in the reduction process appeared between two samples with different
water contents, as shown in Fig. 6.19. In the case of a small amount of water
(98 ppm) in IL (Fig. 6.19a), there were two reduction peaks around —2.4 and
—3.5 V in the voltammogram. In contrast, there was only one reduction peak
around —3.6 V for the sample with a relatively large amount of water content
(203 ppm; Fig. 6.19b). This result suggests that water molecules in the electrolyte
remarkably influenced the reduction process of [Dy(TFSA)S]Z_ in [P2,5][TFSA].
For a small amount of water in the IL, the reduction peak A at approximately
—2.4 V and the reduction peak B at approximately —3.5 V are expressed for the
following two-step reactions:

[Dy(TESA)s]*” + ¢~ — [Dy(TFSA),]*” + [TFSA]™ (peak A) (6.16)
[Dy(TFSA),]>” +2¢~ — Dy(0) + 4[TFSA] ™ (peak B) (6.17)

On the other hand, for an increased amount of water in IL, the reduction reaction of
[Dy(TFSA)s]*~ proceeds in one step by the following reaction:

[Dy(TESA);]*” + 3¢ — Dy(0) + 5[TFSA] (peak C) (6.18)

The latter one-step reduction reaction is consistent with our recent electrochem-
ical investigation into [Dy(TESA)s]*~ [20]. This result indicated that the presence
of the water molecule and the solvation structure of ILs is related to the reduction
behavior of [Dy(TFSA)4]27 and [Dy(TFSA)5]27. According to Raman spectros-
copy [18], the solvation number of [Nd(TFSA)5]27 in [P5525][TFSA] is 5.1. Raman
spectroscopy has also revealed that five [TFSA] ™ anions act as a bidentate ligand as
its two O atoms are centered around the [Nd3+] ion in the TFSA-based ILs. Similar
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coordination structures with a multianion [TFSA]™ bidentate ligand have already
been demonstrated from DFT calculations in our recent study [49]. The coordina-
tion structure for [Dy(TFSA)5]2* in [P27,5][TFSA] was confirmed to have similar
tendencies. However, if there were a relatively large amount of H,O molecules in
the TFSA-based ILs, the O atoms of H,O molecules would preferentially coordi-
nate with the centered [Dy>*] ion because, as per the spectrochemical series, the
strength of O atoms in H,O is greater than those of [TFSA] ™ anions. Thus, when an
aqua complex such as [Dy(H20)9]3+ forms in ILs with a relatively large number of
H,0 molecules, a larger overpotential is necessary for the reduction of the Dy—aqua
complex when compared to the Dy—TFSA complex. Therefore, no intermediate
reduction reaction from [Dy(TFSA)5]27 to [Dy(TFSA)4]27 occurs in ILs with
203 ppm water. In addition, a remarkable difference in the peak current density
(j;ed) at the electrodeposition potential of Dy(0) was observed in the

voltammograms shown in Fig. 6.19. The values of jffd for samples containing

98 and 203 ppm water were —10.4 and —7.2 mA cm ™2, respectively. This increase
in the current density contributes to the increase in the current efficiency of Dy
electrodeposition. In conclusion, we revealed that [Dy(TFSA)5]27 dissolved in
[P2255][TESA] was electrodeposited in a two-step reduction process by way of
[Dy(TFSA),]*~ in an IL system containing less than 100 ppm water.

Assuming each peak on CV is based on the cathodic reactions (6.16) and (6.17),
we confirmed that the cathodic peak plot of the current density (jp) vs. the square
root of the potential scan rate (v'/?) demonstrated a strong linear relationship. This
result indicates that both the reduction reactions, (6.16) and (6.17), using a Pt
electrode, were controlled by diffusion, i.e., mass transport under semi-infinite
linear diffusion conditions. In addition, the slope of the j, vs. v!/2 plot is different
between the two reactions, which suggests that there is a difference in the diffusion
coefficient of each electrochemical species, [Dy(TFSA)4]2* and [Dy(TFSA)s]zf.
Therefore, the diffusion coefficients of [Dy(TFSA)4]27 and [Dy(TFSA)5]27 in
[P2225][TESA] were estimated from the SI analysis of the voltammogram. When
discussing the rate of the electrode reaction, both mass transfer and charge transfer
processes are very important. In particular, mass transfer by diffusion is a principal
factor in deciding the aspects of the electrode reaction, particularly in IL solvents.
Therefore, it is necessary to evaluate the diffusion coefficients of [Dy(TFSA)4]27
and [Dy(TFSA) 5]27 in [P,5,5][TFSA] when considering the electrodeposition of the
Dy metal. Analyzing the SI limiting current enabled us to more accurately evaluate
the diffusion coefficients of [Dy(TFSA)4]2* and [Dy(TFSA)5]2* in an irreversible
process. The SI curves obtained from the voltammogram of 0.1 mol dm > (water
content: 98 ppm) [Dy(TFSA)S]Z_ in [P5,,5][TFSA] at 363 K are shown in Fig. 6.20.
The values of m; and m, were conventionally determined by subtracting the
background current. The diffusion coefficients of [Dy(TFSA)4]27 and [Dy
(TESA)s]>~ were, respectively, calculated from the values of m " and m," based
on Eq. (6.7) [31]. The diffusion coefficients of [Dy(TFSA)5]2_ obtained fora 0.1 M
in [P22,5][TESA] solution were in the same order as those of 7.5 x 10~2 and 0.5 mol
dm™? [Dy(TFSA)S]zf, as described in our recent electrochemical analyses [12]. In
addition, we revealed that the diffusion coefficients of [Dy(TFSA)4]27 were larger
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Fig. 6.20 The semi-
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than those of [Dy(TFSA)s]z_ in the entire range of temperatures measured, which
indicates that the coordination number of TFSA anions around the centered Dy**
ion for [Dy(TFSA)4]27 is smaller than that of [Dy(TFSA)5]27 because of the
electrostatic interaction between the cation and the anion.

We then evaluated the activation energy for diffusion (EA,p) using diffusion
coefficient values with temperature dependence. The transfer of metallic cations in
the electrolytic solution is generally affected by their electrostatic interaction with
the ions constituting the metal complexes. Therefore, the diffusion of metallic
cations in ILs needs more activation energy than the dissociation energy associated
with the anions surrounding the metal complexes. The E4,p value is given by the
Arrhenius rule:

Do = A'exp(—Ea.p/RT) (6.19)
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where A" is the frequency factor. The Arrhenius plot, a logarithmic plot of the
diffusion coefficient for [Dy(TFSA)4]2_ and [Dy(TFSA)S]Z_against the inverse of
the temperature, is shown in Fig. 6.21. The E,p values determined from Eq.(6.19)
for [Dy(TFSA)4]*~ and [Dy(TESA)s]*"in [P1,s][TESA] were 28.0 and 53.4 kJ
mol !, respectively. The observation that the E,,p value of [Dy(TFSA)4]27 is
smaller than that of [Dy(TFSA)S]Z_ is consistent with the tendency of the diffusion
coefficient estimated from the slope of the j, vs. v!”2 plot. This result indicates that the
electrostatic interaction of [Dy(TFSA)4]27 with [TFSA]™ anions is weaker than that
of [Dy(TFSA)5]27 because of smaller coulombic interactions and also that the total
electrodeposition energy of the Dy metal would lead to smaller energy consumption.

6.5.4 Nucleation Behavior of Dy Nuclei

The CA responses at different overpotentials were measured to analyze the nucle-
ation and nuclear growth mechanism. For these chronoamperograms, the charging
current of neat [P,,,5][TFSA] was deducted from the data of [P,;,5][TFSA], along
with that of [Dy(TFSA)S]Z*, in order to analyze only the faradaic current in the
reduction reaction of [Dy(TFSA)5]27. The CA curves for the potential values close
to Epred indicated that the faradaic current increased because of the nucleation and
growth of the Dy nuclei; eventually, this increasing current reached a maximum, j,,,
at time t,,,, which was attributed to the 3D growth of the Dy metal over the nuclei,
resulting in an increase in the surface area. Finally, this current decayed because of
the increase in the thickness of the diffusion layer after reaching the maximum.
Several models to describe the j—f curves for metal electrodeposition have also been
developed. It has been previously reported that the theoretical methodology devel-
oped by Scharifker and Hills [39] is applicable to several metals dissolved in TFSA-
based ILs [40—44]. Therefore, we analyzed the nucleation and crystal growth of Dy
electrodeposition in [P,y,5][TFSA] by the Hills—Scharifker method. According to
this report, the nucleation process is described by two limiting cases, instantaneous
and progressive nucleation mechanisms. In the case of instantaneous nucleation, the
nucleation particles are electrodeposited on the electrode surface and grown at a
constant rate, which is dependent on the applied overpotential. In this nucleation
process, the j—t curves can be mathematically described by Egs. (6.13) and (6.14).
In the case of the progressive nucleation, the electrodeposited nuclei proceed at
various rates depending on the electrodeposition time. The resultant j—f curves are
described by Eq.(6.13). The relationship between the squared dimensionless current
density ( j/jm)2 and the dimensionless time (#/t,,) for Dy nuclei in [Py,5][TFSA] is
shown in Fig. 6.22, with theoretical curves. When the overpotential of —3.6 V is
applied, the nucleation behavior obeyed the instantaneous nucleation model. On the
other hand, the nucleation curve at —3.8 V is followed by the progressive nucle-
ation model. This result indicates that the nucleation mechanism of Dy changed,
depending on the applied overpotential. At overpotential values close to the onset
potential for Dy electrodeposition, instantaneous nucleation and growth occurs;
however, as the overpotential becomes more negative than Epred on the
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voltammogram, the process changes to progressive nucleation and growth. This
alteration of nucleation behavior under different applied overpotential values was
also reported for Ag electrodeposition in N-butyl-N-methyl-pyrrolidinium bis
(trifluoromethyl-sulfonyl)amide, [C4C,Py][TFSA] [43]. Moreover, it has been
reported that progressive nucleation occurred for both Pd [40] and Sn [41] in 1-n-
butyl-1-methylpyrrolidinium bis(trifluoromethyl-sulfonyl)amide, [BMP][TFSA],
when the induced overpotential values were more negative than the reduction
peak potential (Elrfd) on the voltammogram, and that instantaneous nucleation
proceeded for Ni [42] in [BMP][TFSA] when an overpotential more positive than
El’fd was applied. After all, the nucleation behavior in TESA-based ILs is controlled
by the applied overpotentials and is independent of the specific metallic species.
This difference in the nucleation mechanism would also be greatly influenced by
the formation of the electrodeposit in the initial stages of electrodeposition. There-
fore, by applying an overpotential based on the desired nucleation mechanism, the
morphology and quality of electrodeposits could be improved by the electrodepo-
sition process. In the following section, we discuss the actual Dy electrodeposition
under potentiostatic conditions at —3.8 V, which led to preferentially progressive
nucleation.

6.6 Electrodeposition of Nd and Dy Metals

6.6.1 Electrodeposition of Nd Metal

Electrodeposition at —3.40 V produced blackish electrodeposits on the Cu sub-
strate. The total transported charge was 178.4 C. The SEM image of the electrode-
posits obtained by electrodeposition at —3.40 V was shown in Fig. 6.23. The
morphology of both electrodeposits was granular with a nonuniform size
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Fig. 6.23 The SEM images
of deposits obtained by
electrodeposition
performed at —3.40 V

Fig. 6.24 The size 30
distribution of the
electrodeposited Nd
particles. Black: Nd particle
size distribution of —3.40
V. Gray: Nd particle size
distribution of —3.60 V
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distribution. This morphology is considered to be generated because the initial stage
of nucleation and growth occurred according to the progressive nucleation model in
which the nucleation rate was faster than the crystal growth rate. As shown in
Fig. 6.22, at —3.40 V, the j—t curve could be fitted to the theoretical curve for
instantaneous nucleation at the early stage, but the curve slowly shifted to conform
to the progressive nucleation model as time elapsed. Furthermore, the initial
nucleation data gradually approached the theoretical curve for the progressive
nucleation model with time. Therefore, the results of the electrodeposition exper-
iments are consistent with the data for initial nucleation and growth of Nd in [P,555]
[TFSA] by CA discussed above. The particle size distribution of the Nd grains
obtained at —3.40 V and —3.60 V is displayed in Fig. 6.24. With the use of applied
potentials of —3.40 V and —3.60 V, the average diameters of the Nd particles were
1.17 pm and 1.08 pm, respectively. The particle size of the electrodeposits obtained
by electrodeposition at —3.60 V was smaller than that achieved at —3.40 V. The
number of particles deposited at —3.60 V was also larger than that at —3.40
V. These results were also consistent with the results obtained by CA, which



6 Electrodeposition of Rare Earth Metal in Ionic Liquids 141

Table 6.4 The composition of electrodeposits on Cu substrate obtained by electrodeposition
performed at —3.40 V and —3.60 V from 0.5 M [Nd(TESA)s]*>~ in [P2,s][TFSA] at 353 K
Elements C N O F S Fe Nd
wt. % —3.40 V 1.78 1.02 18.26 4.24 2.74 0.00 71.96
—-3.60 V 1.92 1.47 23.34 6.72 3.92 0.00 62.63

Fig. 6.25 The Nd 3ds),
spectra of the
electrodeposits by XPS
analysis. (a) The surface
layer at —0.15 pm of the
electrodeposits. (b) The
middle layer at —0.75 pm of
the electrodeposit

Nd metal
981.0eV

Nd oxide
982.0eV

Intensity / a.u.

L Il L
990 980 970
Binding energy / eV

indicated that the number density of Nd nuclei increased with increasing
overpotential.

The quantitative analysis data for the electrodeposits obtained by electrodepo-
sition at —3.40 V and —3.60 V using EDX are summarized in Table 6.4. The data
demonstrate that the electrodeposits obtained on the Cu substrate at —3.40 V and
—3.60 V both comprise mainly Nd. However, a relatively large amount of O was
also detected in the electrodeposits, suggesting that Nd would be combined with
O. Thus, the chemical bonding state of Nd in the electrodeposits was analyzed by
using XPS. Elemental Fe that was dissolved from the anode was hardly detected in
the electrodeposits generated at both potentials. Therefore, the separation of the
anode from the main electrolyte using the Vycor glass filter was an effective
strategy. Decomposition of the main electrolyte was prevented by this electrode-
position cell structure; thus, this cell structure enabled acquisition of Nd in the
electrodeposits while preventing bonding with the light elements (C, F, and S) that
constitute the ILs.

The Nd 3ds, XPS spectra of the electrodeposits deposited at —3.40 V and
—3.60 V were shown in Fig. 6.25(a) and (b), respectively. The surfaces of both
electrodeposits were sputtered using an Ar ion beam to facilitate in-depth analysis
of the surface and the middle layer, that is, (a) —0.15 pm and (b) —0.75 pm, of the
electrodeposits. Theoretically, the binding energy of Nd 3ds,, for metallic Nd and
oxides should be positioned at 980.5-981.0 eV and 981.7-982.3 eV, respectively,
with the use of the monochromated Al Ka line [50]. The peak maxima in the Nd
3ds/, spectra acquired for the layers (a) under 150 nm and (b) under 50 nm were
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detected at 981.57 eV and 982.25 eV, respectively. Hence, the Nd species obtained
by electrodeposition using [P12,5][TFSA] were identified as Nd metal and oxide
mixtures. It is thought that metallic Nd should initially be electrodeposited on the
Cu substrate and subsequently oxidized by the O components in the electrolyte, that
is, water or dissolved oxygen. It has been reported that the water content of the
electrolyte did not significantly affect the oxidation state of the electrodeposits, but
may influence the coordination number of the Nd complex and the diffusion
behavior. Therefore, sufficient dehydration and control of the water content of the
electrolyte are important points for achieving high-purity metallic Nd.

6.6.2 Electrodeposition of Dy Metal

In the electrodeposition experiments, a Cu substrate and a prismatic Nd—Fe-B rod
were used as a cathode and an anode, respectively. A platinum QRE was used for
this electrodeposition system because the applied overpotential was precisely
induced on both electrodes. The electrodeposition of the Dy metal from 0.1 mol
dm™? [Dy(TFSA)S]Z* in [Pyyy5][TFSA] at 393 K was conducted under an Ar
atmosphere (H,O < 1.0 ppm) in a glove box at 393 K. The applied overpotential
on the cathode for the potentiostatic electrolysis was set at —3.8 V based on the
above nucleation study. The potentiostatic electrolysis was carried out while stir-
ring the electrolyte at 500 rpm in order to increase the current density of electro-
deposition by continuously supplying the electroactive species [Dy(TFSA)s]*~ to
the electrode surface.

The average current density and the total transported charge under these elec-
trodeposition conditions were —32.9 mA cm ™ and 300 C for 43.6 h, respectively.
We confirmed that the decomposition of IL did not occur under these electrodepo-
sition conditions because there was little change in the color of the light-yellow
electrolyte before and after electrodeposition. As for the cathode, we confirmed that
the blackish-brown electrodeposits had a strong adhesion on the Cu substrate. The
microscopic morphology and elemental analysis of the electrodeposited samples of
Dy recovered at —3.8 V were examined by SEM/EDX. The SEM image and EDX
mapping of the electrodeposits are represented in Fig. 6.26a, b, respectively. The
round particles on the Cu substrate were confirmed to be Dy metals and other
related compounds.

A quantitative analysis of the electrodeposits is listed in Table 6.5. We con-
firmed that the greater part of the electrodeposited Dy was composed of the metallic
state, because very little oxygen was detected on the surface of the electrodeposited
Dy metal using EDX mapping. The amounts of carbon and oxygen detected in EDX
came from the Cu substrate. The particle size distribution indicated that metallic Dy
particles with ca. 0.8-0.9 pm diameter showed a high distribution ratio. In sum-
mary, this electrodeposition experiment allowed us to demonstrate that
electrodeposited Dy contains a large amount of the metallic state and a smaller
amount of the oxide state on the top surface. An in-depth analysis of the
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Fig. 6.26 (a) The SEM image and (b) the EDX mapping of the electrodeposited Dy sample on a
Cu substrate at —3.8 V from 0.1 mol dm > [Dy(TFSA)S]z_ in [P22,5][TFSA] at 393 K (Reprinted
with permission from Ref. [21] Copyright 2013, Elsevier Science)

electrodeposited Dy was conducted with the Al-Ka radiation by XPS. The Dy3ds,,
spectrum for the top surface and the middle layer (under 0.5 pm) of the electrode-
posits is investigated, and the XPS analysis of the inner part of the electrodeposits
was performed by Ar sputtering. The sputtering rate was 27.2 nm min ™' estimated
from the sputtering rate of the Si standard. Theoretically, the Dy3ds,, peaks for the
Dy metal and oxides should be positioned at 1295.8 and 1289.0 eV, respectively
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Table 6.5 The quantitative analysis of the electrodeposits under the potentiostatic condition at
—3.8 V by EDX

Elements C N (0] F P S Dy Cu
wt.% 10.83 1.15 11.82 3.87 0.86 1.87 9.27 60.33

Fig. 6.27 XRD profile of " T " T " T
the electrodeposits under
potentiostatic
electrodeposition at —3.8 V
(Reprinted with permission
from Ref. [21] Copyright
2013, Elsevier Science)

Dy (002)

Intensity / a.u.
Dy (101)

20/ degree

[50]. The Dy3ds,, peaks of the electrodeposits have a binding energy of 1297.2 eV,
which hardly shifted before and after the Ar etching. The Dy3ds,, spectra of the top
surface and the middle layer showed a relatively good agreement with the theory.
The XRD pattern of the electrodeposits at a low angle is displayed in Fig. 6.27. As
shown in this figure, the crystal plane indices of the Dy metallic phase are in good
accordance with the JCPDS data. In this study, a series of analyses of Dy electro-
deposits enabled us to conclude that most of the metallic state of Dy can be
recovered from a phosphonium-based IL by electrodeposition.

6.7 Recovery Process of Nd Metal from Spent Nd-Fe-B
Magnets

6.7.1 Pretreatment Process

The spent Nd—Fe—B magnet in voice coil motor (VCM) was applied as a starting
material for the recovery process. The VCM in a 3.5 inch HDD was dismantled and
separated from Al metals. The pretreatment process was constituted of the demag-
netization, chemical etching, and roasting treatment. For the demagnetization
process, Nd—Fe—B magnet was heated in an electric muffle furnace (FUW220PA,
Advantec, Inc.,) at 90 K/h up to Curie temperature: 583 K. The iron yoke in contact
with the VCM was dislocated from the RE-containing magnet. The magnetic flux
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density of the Nd-Fe—B magnet was measured using a digital TESLA meter
(TM-701, Kanetec Co. Ltd.,) before and after the demagnetizing treatment. The
magnetic flux density before and after this treatment was 440 mT and less than 0.1
mT, respectively. Thus, the demagnetization ratio was performed at 99.9 %. After
the demagnetization process, a base solution was prepared to exfoliate Ni layers by
mixing ENSTRIP EN-79A, EN-79B (Meltex Inc.), and the NaOH (Wako Pure
Chemical Industries, Ltd., >97.0 %) with the distilled water. The demagnetized
Nd-Fe-B magnet components in VCM were immersed in the exfoliation solution at
363 K. In the case of Ni-Cu—Ni triple layers on the VCM coating, Cu layers were
mechanically polished as necessary. Therefore, Ni-Cu-Ni layers were perfectly
removed from the Nd—Fe—B magnet on this chemical etching process. Then, some
pieces of Nd-Fe—B magnets were milled by using a grinder (IKA®-GMBH &
Co. KG, All) with a cutting tooth (IKA®—GMBH & Co. KG, A11.3). These fine
particles which were classified less than 150 pm were heated to oxidize their
components in a muffle furnace at 90 K/h up to 1133 K and were maintained for
2 h on the roasting process.

6.7.2 Wet Separation Process

The wet separation process was constituted of the leaching, deironization, and M
(TFSA),, amide salts synthesis. For the leaching process, the fine particles of the
oxidized VCM were immersed in 1.0 mol dm > 1,1,1-trifluoro-N-[(trifluoromethyl)
sulfonyl]methanesulfonamide (HN(SO,CF;),, HTFSA, Kanto Kagaku, >99.0 %)
aqueous solution at 343 K for >12 h. The leaching reactions of RE and Fe
components were expressed as follows:

RE,0; + 6HTFSA — 2RE*" 4+ 6TFSA™ + 3H,0 (RE = Pr, Nd, Dy) (6.20)
Fe30,(magnetite) + SHTFSA — Fe*™ 4 2Fe’" + SHTFSA™ + 4H,0 (6.21)

In comparison with Nd—Fe—B magnet without roasting process, the leaching
ratio of RE and Fe components in HTFSA solution increased and decreased,
respectively. Considering from the total leaching quantity, 93.6 wt% of Nd and
18.1 wt% of Fe in Nd-Fe—B magnet components were found to be dissolved by one
batch treatment. Thus, the leaching of Fe was prevented due to the formation of
a-Fe,Oz(hematite) layer on the roasting process. This leaching behavior was
explained from the potential (E)-pH diagram of Fe—H,O and Nd-H,O systems as
shown in Fig. 6.28, which showed the red circle determined from pH and ORP
measurement of the actual leaching solution with different leaching times from 0 to
20 h. According to the E-pH diagram, under the condition of pH~ 0.0 and E ~ 1.0,
the most stable states of Fe and Nd are found to be a-Fe,Oz(hematite) and Nd**.
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Fig. 6.28 E-pH diagram of 20 —— 1T ——
Nd-H,O (chain line) and N Fe)O3
Fe-H,O (dotted line) el N& Nd(OH);
systems e -
systems . WE Jdeo Tl
a o201 7T OH7/0,
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N FeOOH |
I % H+/H2
-1.0 Fe;0, A
Fe

Therefore, the selective leaching of RE components proceeded in this condition. In
the case of mineral acid, more than 99 % of RE components were leached, while the
leaching of Fe was less than 0.5 %. On the contrary, more than 50 % of Fe was
leached without roasting in mineral acid [51]. Then, Fe was selectively removed
from HTFSA solution by the precipitation method after the oxidization treatment
from Fe** to Fe’* by O, bubbling. For the precipitation method, NaOH or KOH
solution was applied as a kind of precipitant. The final precipitation formation of
a-FeOOH was performed on the appropriate condition of pH ~ 4.5. The selective
separation of a-FeOOH was explained from HSAB rule [52] and the related
solubility products [53-56]. After the complete elimination of the precipitated
a-FeOOH by centrifugation at 9840 G for 10 min (Model3740 Kubota Corp.), the
HTFSA component including RE and alkali metal was evaporated in a draft
chamber at 423 K. The obtained M(TFSA),, salts with fine powder were dried in
a chamber under vacuum at 393 K for 24 h. The component of each metal in the M
(TFSA), salts was analyzed by ICP-AES analysis. Some compositions of the M
(TFSA),, salts were tabulated in Table 6.6.

6.7.3 Electrodeposition Process

After the wet separation process, the obtained M(TFSA), amide salts were
dissolved in [Py,,5][TFSA] on the electrodeposition process. In the case of the
three electrode systems as shown in Fig. 6.29, Cu cylindrical cathode was used for
the electrodeposition. A prismatic Nd—Fe—B rod was employed as an anode and
surrounded by a soda lime tube with a Vycor glass filter at the bottom in order to
prevent the diffusion of dissolution components from the anode into the electrolyte.
Then, Pt wire was applied as a quasi-reference electrode (QRE), because the
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Table 6.6 Composition (wt %) of M(TFSA), amide salts with different conditions
Trace M
No. |Pr Nd Dy Fe Na K B metals (TFSA), |n
1- 13.40 |[38.86 |[10.73 |[N. 523 [30.23 |1.55 |[N.D-° 547.87 1.73
1# D.°
1- 13.60 |[38.14 |[10.73 |N. 539 |30.67 |147 |NDS° 542.69 1.71
2% D.
1- 11.20 |32.99 9.38 |N. 6.03 |37.83 |135 | 1.23 484.51 1.53
3? D.
2- 10.80 |30.47 7.51 |N. 2.10 |48.06 |1.07 |N.D.-° 475.46 1.49
1° D.
2- 11.04 |[30.10 7.56 |N. 2.16 |48.10 |1.04 |N.D.-° 474.48 1.49
2° D.
3- 8.83 2322 6.55 |N. 240 |57.30 |1.01 | 0.70 429.81 1.35
1¢ D.
3- 9.52 | 20.77 6.89 |N. 252 [59.50 [1.02 | 0.71 421.97 1.33
2°¢ D.c
3- 9.32 |22.19 6.78 |N. 254 |5745 (099 | 0.72 428.02 1.35
3¢ D.
4- 19.84 [49.90 1.65 |N. N.D.° |26.20 |1.94 | 047 627.38 1.98
19 D
4- 18.15 |[51.12 232 |N. N.D.° |2621 |1.54 | 0.67 617.84 1.94
2! D
“The precipitant of NaOH and KOH in molar ratio of NaOH:KOH = 40:60
"The precipitant of NaOH and KOH in molar ratio of NaOH:KOH = 25:75
“The precipitant of NaOH and KOH in molar ratio of NaOH:KOH = 20:80
9The precipitant of NaOH and KOH in molar ratio of NaOH:KOH = 0:100
°N.D. = not detected
Fig. 6.29 The schematic
illustration of the
electrodeposition cell, (a)
Nd-Fe-B rod (anode), (b)
silicon cap, (c) heat
insulator, (d) soda lime
glass tube, (e) Vycor glass
filter, (f) [P2225][TFSA]
including M(TFSA),, amide .
salts, (g) K-type ®
thermocouple, (%) Pt wire
(QRE), (i) Cu wire, (j) ®

mantle heater, and (k) Cu
substrate (cathode)
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Fig. 6.30 The depth profile for each composition of the electrodeposits,
: Nd4d, :K2p

:Cls, :Ols,

potential of QRE was stabilized at elevated temperature. The electrodeposition was
carried out at 373 K and the overpotential was controlled at —3.25 V vs. Pt QRE.
After the electrodeposition, the electrodeposits were rinsed with a super dehydrated
ethanol (Wako Pure Chemical Industries, Ltd., >99.5 %, the water content <50
ppm) in order to thoroughly remove the electrolyte adhered. The cathodic current
density was estimated to be —0.18 mA cm 2 during electrodeposition, and the
current density decreased gradually with electrodeposition time due to the limita-
tion of the diffusion controlled. The cathodic and anodic current efficiencies were
found to be 84.7 % and 92.3 %, respectively. These efficiencies were reasonably
good in this electrodeposition, because the cathodic and the anodic reactions
proceeded smoothly during electrodeposition.

After the electrodeposition process, some blackish electrodeposits were obtained
on Cu substrate. The surface morphology of the electrodeposits was the different
sizes of fine particle structures with some particles from SEM observations. Nd
components were detected from EDX spectrum. In order to analyze chemical state
of the electrodeposits, the energy spectra were measured before and after sputtering
for 50 min on XPS analysis. The depth profile for each composition of the black
electrodeposits is represented in Fig. 6.30. It was confirmed that Nd metal existing
in electrodeposits eliminated the top surface and the oxygen content in the electro-
deposits was gradually decreased with the increase of the depth of electrodeposits.
This result revealed that a large amount of Nd metal was detected in the middle
layer of electrodeposits and the oxygen content was also decreased with the
increase of the depth. Moreover, it was confirmed that the content of K in the
electrodeposit was less than 2.0 at.%. Although the practical Nd—Fe—-B magnet rod
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was used as an anode substrate, Fe was not detected in the electrodeposits. This
result indicates that the Vycor glass filter can be prevented from the diffusion of the
dissolution components such as Fe. In addition, the Nd 3ds,, spectrum in the surface
of the electrodeposits was detected at 982.0 eV. On the other hand, the Nd3ds,,
spectrum in the middle layer of the electrodeposits after sputtering treatment was
assigned at 981.2 eV. Each Nd metal and oxide has the binding energy of Nd3ds/, at
980.5-981.0 eV and 981.7-982.3 eV, respectively, in the case of monochromated
Al Ka line [50]. According to the binding energy of Nd3ds,, the metallic state of
Nd was ascertained on the middle layer of the electrodeposits, and the oxidation
state of Nd appeared on the top surface of the electrodeposits.

6.7.4 Material Flow of Recovery Process

As described above, it is worthwhile for practical use to evaluate the material flow
from all recovery processes such as pretreatment, wet separation, and electrodepo-
sition using ILs. The material flow for all of recovery processes was displayed in
Fig. 6.31, and the recovery target on this material flow was based on the oxidized
Nd-Fe-B magnet wastes after roasting process.

As a first step of wet separation process, the selective leaching of RE compo-
nents (93.5 % Nd and 66.7 % Dy) was performed on the leaching process. Then, the
deironization treatment was executed by the precipitation method using the metallic
hydroxide, and the residual Fe component was entirely removed on this process.
After the iron removal treatment, the M(TFSA),, amide salts were obtained from the
synthesis process, and the yield of RE components was achieved more than 90 % on
this process. Thus, a series of wet separation process enabled us to reveal that the
86.1 % Nd and 66.7 % Dy can be recovered as a M(TFSA), amide salt from the
initial oxidized Nd-Fe—B magnet wastes. After the wet separation process, the
[P2225][TESA] including M(TFSA), amide salts was available as an electrolytic
bath on the electrodeposition process. As for the calculation of material flow, the
induced potential, E = —3.25 V; the current density, /;,= —0.18 mA cm ™2 and the
current efficiency, € = 84.7 %, were determined from the actual electrodeposition
results described above. Assuming that total transported charge, Q =2960 C, on a
proper condition based on scaling up of the bath, the amount of 1.25 g Nd metal was
recovered from this electrodeposition process, and the recovery yield calculated
from the starting material (2.01 g Nd) was estimated to be 62.2 %. Therefore, this
recovery process based on wet separation and electrodeposition processes using M
(TFSA),, amide salts and [P,,,5][TFSA] was valid for the practical Nd—Fe-B
magnet wastes. Further improvement of the recovery process for RE metals is
now in progress.
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Fig. 6.31 Material flow of recovery process cooperated wet separation with electrodeposition
using M(TFSA),, salts and [P5,,5][TFSA]
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