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ABSTRACT: Electrochemical deposition of rare earth metals at
NdCI,+3LiBH,
1.0

[l Metrics & More ’ Q Supporting Information

Adding solvent
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)
———— Nd (BH,),+3LiCl

room temperature has attracted increasing interest due to its
advantage in energy efficiency over traditional hydrometallurgical
and pyrometallurgical processes. Recent progress has been made
with fluorinated electrolyte systems; however, the formation of an
electrode-passivating fluoride layer by electrolyte decomposition is
often overlooked. Such a passivation layer causes significant and 3] 05
rapid decay of the deposition current and significantly hinders ;‘%"-0' />/ 1o

practical application. To address this issue, we demonstrate a  £05 _ E L
fluorine (F)-free task-specific electrolyte utilizing the borohydride =~ 1.0 NA(BH,),» LIBH, 15

anion for the efficient electrodeposition of rare earth metals. By s
eliminating the passivation effect, the deposition process exhibits a

stable current and accumulates a thick neodymium deposit on the
electrode. Raman spectroscopy of the electrolyte reveals a synergetic effect between rare earth borohydride and lithium borohydride
which promotes the dissociation of both borohydride salts, resulting in significantly increased ionic conductivity and electrochemical
performance. Cyclic voltammetry and in-depth X-ray photoelectron spectroscopy of the deposits suggest that the electrodeposition
of rare earth metals could undergo a Li-mediated reduction process. Quantitative analysis of the deposits reveals that the overall

0.0

j(mA/em?)

in dimethyl sulfide

-2.0

32 A4 0, a6
Potential (V) vs Fc/Fc Time (h)

concentration of the rare earth elements reaches 75% which contains 40—48% metallic phase.

KEYWORDS: rare earth elements, electrodeposition, passivation effect, neodymium, dysprosium

Bl INTRODUCTION

Rare earth elements (REEs) are critical to modern civilization,
and the demand is predicted to increase as the world transitions
to a renewable energy economy.'”® Neodymium, a vital
component of high-performance permanent magnets, is one of
the most widely used REEs, and its annual global demand is over
135,000 tons.” Due to the uneven geographic distribution of
REE minerals, the supply of REE:s is significantly dominated in
only a few regions.” To secure the supply chain and maximize
the utilization of REEs, efforts should not only be focused on the
production of REEs from mineral ores but also on secondary
sources such as end-of-life products, both of which require an
efficient reduction process to produce REE metals for the
synthesis of new magnets. Currently, the leading technology for
the production of REE metals is molten fluoride salt electrolysis,
a highly energy intensive and environmentally deleterious
process.” ® Therefore, development of processing alternatives
that can provide energy savings, without environmental impacts,
such as room-temperature electrochemical deposition of REE
metals, is of great interest.

Due to the high electropositivity of REE metals, a nonaqueous
electrolyte with a wide electrochemical window is required for
electrodeposition.”'’ Previous efforts have been focused on
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Fluorine (F)-containing systems, in particular, ionic liquids
(ILs) and organic electrolytes containing bis(trifluoromethane)-
sulfonimide (TFSI) or trifluoromethanesulfonate anions."'™'®
While the electrodeposition of various REE metals has been
reported in these systems, the application of F-containing ILs
has been greatly hindered by various obstacles. Among them is
the so-called passivation effect which can significantly impede
stable deposition.'”"”*® This effect likely originates from an
electrically insulating layer formed by either coreduction of
anions alongside the REE metal ions or decomposition of the
organic solvent. This layer is likely a mixture of metal fluoride
and metal organic compounds. The formation of this passivation
layer is a general phenomenon that has been widely observed
and studied in the electroplating processes of other highly
electropositive metals (Li, Na, K, Ca, and Mg).”'~*” While this
passivation layer has proven beneficial in battery applications for
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single-valent light elements (e.g., Li and Na), it is detrimental for
metal deposition. Multivalent metals (e.g, Ca, Mg, and REE
metals) with large radii are not able to diffuse through this
insulating layer, resulting in a significantly retarded reduction
current or large overpotential for deposition and strip-
ping.17'19’21_23’26 Additionally, this passivation layer introduces
impurities into the product and lowers the current efficiency by
introducing parasitic side reactions. This effect has been widely
investigated in the electroplating of divalent metals (Mg and Ca)
in F-based electrolytes, but little attention has been paid to this
topic in relation to the electrodeposition of trivalent REE
metals.”* ">’ Except for the passivation effect, pricey precursors
that are needed to synthesize F-containing ILs which make them
less economically competitive.

The solvation structure of the metal ion is often reported as a
major determining factor of its electrochemical reduction
pathway and is thus critical in minimizing the passivation
effect.”’™>° In tuning the solvation structure, the strength of the
electrostatic interaction between the metal ion and the ligand
must be balanced to minimize parasitic reactions. If the metal
ion is strongly bound by the ligand, the desolvation process will
be energetically costly and result in a high electrodeposition
overpotential and decomposition of the ligand.””***" On the
other hand, if the metal ion is poorly solvated, the formation of
contact ion pairs will reduce the solution’s conductivity and, in
this case, generate metal fluorides by coreduction of F-based
anions at the cathode.”” Due to the high charge density of REE
metal ions, the electrode passivation of REEs is severe.
Therefore, the design and investigation of suitable ligands for
REE electrodeposition requires systematic experimentation and
theoretical guidance.

A straightforward approach to eliminate the passivation effect
is the development of F-free systems. Previous studies have
demonstrated the successful electrodeposition of divalent Mg
and Ca metals from borohydride and monocarborane anion-
based systems.””~>> However, few reports of this approach exist
for REE electrodeposition. Recently, dicyanamide ([DCA]™)
anion-based ionic li%uids were reported as an F-free medium for
REE deposition.””*® Xu reported that in 1-ethyl-3-methylimi-
dizolium dicyanamide ([EMIM][DCA]) IL, with NdCl, as the
Nd precursor, Nd** cannot be reduced independently but can be
codeposited with Fe?* to form Nd-Fe alloy.*® Later, Periyapper-
uma reported the electrodeposition of Nd using hydrated
neodymium nitrate in N-butyl-N-methylpyrrolidinium dicyana-
mide ([C,mpyr][DCA]) IL.*® XPS results confirmed the
deposition of metallic Nd accompanied by Nd,O; due to the
presence of H,O in the system. Another attempt was made with
a chloride-based organic electrolyte by adding Nd,Cl,(DME),
to 4 equiv of LiBH, in MeTHF."” The deposition current lasted
longer than the control experiment containing TFSI anion-
based salt, which suggests that the passivation effect originating
from the F-containing anion was suppressed on its absence.
However, approximately 1:1 Nd:Cl mole ratio was found in the
final product, which could be due to the formation of reduced
REE-Cl, clusters. Therefore, it is necessary to continue
searching for systems that can produce high purity REE metals
without electrode passivation. Inspired by pioneering work in
the electrodeposition of Mg and Ca from borohydride salts, we
demonstrate that a borohydride-based system is a promising
candidate for room-temperature REE electrodeposition.””** In
addition to avoiding the passivation effect, this borohydride
system may also be economically competitive since the
borohydride precursor (e.g, NaBH,) has been produced at

the industrial scale with a much lower price than the currently
commercial available F-containing precursors,”’

In this work, we synthesized REE borohydride salts from REE
chloride and LiBH, by using a mechanochemical metathesis
reaction and investigated the effects of ethyl ether (EE) and
dimethyl sulfide (MS) as solvents for the electrochemical
deposition of REE metals (Nd and Dy). The REE borohydride-
based electrolyte was characterized by cyclic voltammetry (CV),
chronoamperometry, and Raman spectroscopy. The obtained
deposits were characterized by scanning electron microscopy
(SEM), energy-dispersive X-ray spectroscopy (EDX), induc-
tively coupled plasma optical emission spectroscopy (ICP-
OES), and X-ray photoelectron spectroscopy (XPS). Exper-
imental results indicate that the proposed borohydride-based
electrolyte can effectively eliminate passivation effect and
subsequently produce deposits with high rare earth content.

B MATERIALS AND METHODS

Chemicals and Materials. Anhydrous NdCl; (99.9%), anhydrous
DyCl; (99.9%), LiBH, (95%), Tris[N,N-bis(trimethylsilyl)amide]-
neodymium (98%), ethyl ether, dimethyl sulfide (99%), borane-
dimethyl sulfide complex (94%), pentane, and tetrahydrofuran (THF)
were all purchased from Thermo Scientific Chemicals and used without
further purification.

Synthesis of Rare Earth Borohydride Electrolyte. The
synthesis of rare earth borohydride was based on a mechanochemical
driven metathesis reaction of REE chloride and LiBH,. The synthesis
was performed in an MTI MSK-SFM-3 high-speed ball miller under
argon in an 80 mL stainless-steel jar and beads (diameter S mm). The
mole ratio between REE chloride (NdCl;, DyCly) and LiBH, was 1:4.
The ball milling was conducted for 15 min followed by 5-min break to
prevent overheating. The total milling time was 2 h. After ball milling,
the mixture was added into ethyl ether or dimethyl sulfide. The rare
earth borohydride solution and the insoluble LiCl precipitate were
separated by centrifugation. The concentration of the prepared
electrolyte is 0.6 M. The solvent-free rare earth borohydride was
obtained after the reaction mixture was dried at room temperature
under vacuum for 2 h and then dried at 90 °C under vacuum for 2 h.

The synthesis of lithium-free rare earth borohydride was based on a
previously reported method under an argon atmosphere.’® Borane
dimethyl sulfide (0.4 g, 0.0053 mol) was dissolved in dry pentane, and
tris((hexamethyldisilyl)amido)neodymium (0.70 g, 0.001 mol) was
added, which resulted in the immediate precipitation of neodymium
borohydride. The mixture was stirred for 24 h and evaporated to
dryness under vacuum. The solids were recrystallized from THF to
yield Nd(BH,);1.5 THF (36% yield).

Electrochemistry of Rare Earth Borohydride Electrolyte. The
electrochemistry of the rare earth borohydride electrolyte was studied
in a custom three-electrode cell inside an argon-filled glovebox with
oxygen and moisture level less than 1 ppm.CV and chronoamperometry
were performed with a Reference 600 potentiostat without convection
and Gamry instrument potentiostat with a Pt wire (1 mm in diameter)
or Cu foil as the working electrode, Pt wire as the quasi reference
electrode, and carbon paper as the counter electrode. The potential of
redox peaks versus Ferrocene/ferrocenium (Fc/Fc*) was calibrated by
Fc/Fc" redox couple as the internal reference.

Material Characterizations. Powder X-ray diffraction (XRD) data
were recorded with a PANalytical Empyrean diffractometer operated at
45 kV and 40 mA (scanning step: 0.02° per step). The diffraction
patterns were recorded in the range of 10—80°. 4 = 0.1540598 nm. XPS
experiments were performed with a PHI 3056 spectrometer equipped
with an Al anode source operated at 15 KV and an applied power of 350
W and a pass energy of 93.5 eV. Samples were mounted on a foil since
the C 1s binding energy was used to calibrate the binding energy shifts
of the sample (C 1s = 284.8 eV). SEM images and EDX mapping images
were collected on a ZEISS AURIGA CROSSBEAM FIB scanning
electron microscope. ICP-OES analysis was performed using an Agilent
5110 ICP-OES spectrometer. Raman spectroscopy was performed
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Figure 1. (a) Schematic illustration of the synthesis process of the Nd(BH,); electrolyte. (b) XRD pattern of Nd(BH,); dried from Nd(BH,);-EE
solution. (c) XRD pattern of the precipitate.
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Figure 2. (a) CV curve of Nd(BH,);-EE; working electrode: Pt wire. (b) CV curve of LiBH, in ethyl ether. (c) CV curve of pure-Nd(BH,);-EE. (d)
Current-time curve of chronoamperometry of Nd(BH,);-EE electrolyte at —3.2 V vs Fc/Fc'; working electrode: Pt wire (inset: photo of deposits on

the working electrode).
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using a Renishaw In-Via Raman spectrum instrument with an emission
laser wavelength of 532 nm.

B RESULTS AND DISCUSSION

The mechanochemical synthesis of REE borohydrides is driven
by an efficient solid-state metathesis reaction between an REE
chloride and LiBH,. This method avoids the high-pressure
synthesis of REE hydride precursors and exhibits a much faster
reaction rate than solution-phase metathesis reactions.’”™*!
Figure la illustrates the synthesis procedures of Nd(BH,),
solution. After ball milling NdCl; with LiBH,, the mixture was
added into ethyl ether. Ethyl ether was chosen as the solvent due
to its electrochemical stability, good solubility for REE
borohydrides, and low solubility for LiCL*"** Upon addition
of the mixture to ethyl ether, Nd(BH,); is dissolved leaving a
white precipitate (Figure 1a), which was confirmed as LiCl by
the XRD pattern (Figure 1c). Because an excess of LiBH, to
NdCl; was used during the mechanochemical synthesis process,
the presence of Li in the electrolyte was confirmed by ICP-OES,
with a mole ratio of 1:3 between Li and Nd. The upper purple
supernatant was separated and dried under vacuum and
confirmed as Nd(BH,); by XRD as well (Figure 1b).">**

This ethyl ether-based Nd(BH,); electrolyte [Nd(BH,);-EE]
was studied by CV before performing electrodeposition. In
Figure 2a, the CV curve of the prepared Nd(BH,);-EE
electrolyte exhibits one pair of reversible redox peaks located
at —2.9 V vs Fc/Fc". These peaks cannot be directly assigned to
Nd**/Nd redox due to the presence of excess LiBH, in the
electrolyte. The high reversibility of the observed redox peaks
suggests that the peaks are due to Li/Li" as all other reported
instances of low-temperature REE electrodeposition show
irreversibility for REE electrodeposition.'™'”***° However,
the position of these peaks deviates significantly from the
literature value for Li/Li* vs Fc/Fc, which is typically between
3.3and 3.7 V.*** Itis possible that the positive shift of Li/Li* vs
Fc/Fc' could arise from the effect of the solvation energy;
however, such a shift is only ~0.3 V based on previous literature
reports.*® In order to gain more understanding of this peak,
control experiments were performed by studying the CV curve
of a lithium-free Nd(BH,);-EE solution (denoted as pure-
Nd(BH,);-EE) and a neodymium-free LiBH,-EE solution.
Lithium-free Nd(BH,); was synthesized via the reaction
between neodymium silylamide and borane-dimethyl sulfide.
XRD pattern (Figure S1 see Supporting Information (SI)) of the
lithium-free Nd(BH,); is in agreement with the literature and
confirmed to be Nd(BH,);-1.5 THE.** ICP-OES analysis of this
product indicated the absence of alkaline impurities below the
detection limit of a 0.7% mole ratio. However, to our surprise,
both the pure-Nd(BH,);-EE solution and the LiBH,-EE
solution were not electrochemically active (Figure 2b,c), despite
both two borohydride salts being soluble in ethyl ether (~3 g of
LiBH, can be dissolved in 100 g of ethyl ether at room
temperature).”” The inactive lithium-free pure-Nd(BH,);-EE
solution likely originates from the covalent nature of the Nd—
BH, bond, which cannot provide sufficient conductivity because
of the inefficient dissociation of Nd(BH,); into ions.*® The ionic
conductivity of ethyl ether-based electrolyte was measured and
listed in Table SI1. The simultaneous presence of LiBH, and
Nd(BH,); in Nd(BH,);-EE yields a significantly enhanced ionic
conductivity, indicating that there is a synergetic effect between
LiBH, and Nd(BH,); which was investigated by Raman
spectroscopy.

Raman spectroscopy of ethyl ether-based electrolytes was
studied to gain further understanding of the electrolyte
speciation. Figure S2 shows the Raman spectra obtained from
pure ethyl ether, LiBH,-EE, Nd(BH,);-EE, and Dy(BH,);-EE
solution. Figure S2a shows ethyl ether mode around 840 cm™
which is ascribed to the C—O skeleton stretching and the methyl
group rocking of the ethyl ether.*” The splitting of the peak into
a doublet with a main peak at 846 cm™ and a shoulder peak at
837 cm™ ' is attributed to the presence of TT and TG conformers
of ethyl ether.”” The C—O stretching mode of ether is usually
sensitive to the local environment and is a good indicator of
coordination, and hence it is utilized here to study borohydride
solutions. An increase in the relative intensity of the TG peak can
be observed for all boron hydride containing ethyl ether
solutions, indicating an increased population of TG conformers.
This is likely due to the coordination of ethyl ether to Li*, Nd**,
or Dy** ions since TG conformer is more sterically conducive to
coordination with cations through oxygen. The Raman peaks in
the 2050—2550 cm ™ region in Figure S2b are ascribed to B—H
vibrations which reveal the anionic features of ethyl ether-based
solutions. For LiBH,-EE solution, a doublet can be found at
2250 and 2375 cm™" which was attributed to the presence of
aggregates rather than fully dissociated free ions, as evidenced by
its extremely low ionic conductivity (<0.001 mS cm™).>" For
Nd(BH,);-EE and Dy(BH,);-EE solution, the spectra are
composed of three peaks at 2137, 2214, and 2467 cm™" which
can be assigned to ionic (BH,)~ (or free (BH,)~), bridging B—
Hyridging and terminal B—Hiemina vibrations."*>"** This suggests
the coexistence of anion-coordinated ion pairs and free (BH,)~
anions in REE borohydride-ethyl ether solution. The absence of
peaks at 2250 and 2375 cm™' suggests that REE(BH,); can
promote the dissociation of LiBH, and contribute to higher
ionic conductivity of REE(BH,);-EE solutions, likely via a
synergetic mechanism. Based on these results, the possible active
species in REE-EE solutions are assumed to be REE*', Li*, [REE
(EE), (BH,),]O™", [LIREE (EE), (BH,),]*"", and
(BH,)™.

Based on these CV results on the mechanochemically
synthesized Nd(BH,);-EE solution, REE electrodeposition
was performed by chronoamperometry at —3.2 V vs Fc/Fc*
for 10 h using a Pt wire as the cathode (Figure 2d). The
deposition current density remained above 1 mA/cm? for the
initial 3 h and decreased slowly over the remaining 7 h. In
contrast, previously reported F-containing systems undergo
rapid decay to a negligible current within minutes.'”'” After 10 h
of deposition, accumulation of a thick black deposit on the Pt
wire cathode was observed (Figure 2d inset). These
observations suggest the successful elimination of the
passivation effect in this F-free borohydride system. The
deposited product is not stable in air and readily reacts with
moisture as it quickly converts to a light purple powder within
seconds upon exposure to air. The same procedure used for Nd
metal production was applied to prepare Dy(BH,),-EE solution
and perform electrodeposition. As expected, XRD confirmed the
formation of Dy(BH,), from the metathesis reaction between
DyCl, and LiBH, (Figure S3). The Dy(BH,);-EE solution
exhibited similar electrochemical characteristics as Nd(BH,);-
EE system (Figure S4), which suggest that this F-free
electrodeposition method can be applied to other trivalent
REEs.

The morphology and composition of the electrodeposited Nd
and Dy samples were characterized by SEM, EDX, and ICP-
OES. The Nd sample is composed of dense aggregates (Figure
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Figure 3. (a) SEM and EDX mapping of the deposited Nd sample from
Nd(BH,);-EE solution. (b) EDX spectrum of the Nd sample from
Nd(BH,),-EE solution.

3a), while the Dy sample is relatively loose and composed of
dispersed particles (Figure SS). The EDX spectra (Figures 3b
and S5b) confirms the presence of Nd and Dy in the deposits.
Intense signals of Cl and O were also observed for both samples.
The presence of O is likely due to oxidation by O, and H,O due

Table 1. EDX Analysis of Nd Sample from Nd(BH,);-EE
Solution

Nd sample from Nd(BH,);-EE solution mass %
Nd 58.5
Cl 33.8
O 7.7

to short air exposure during sample preparation or electro-
chemical decomposition of the electrolyte. The elemental
mappings are displayed in Figures 3a and SSa to provide direct
evidence of the dispersion of Nd and Dy. The determination of
Li and B was not performed by EDX due to its inability to detect
light elements. Based on the EDX analysis, the weight percent
composition of the samples is listed in Tables 1 and S2. The
weight percentages of Nd and Dy were determined to be 58.5
and 55.2%, accompanied by a significant amount of CI (over
30%). The Cl impurity in these deposits was also observed in
previously studied borohydride systems.'” However, the
formation mechanism could be different because majority of
CI™ was precipitated as insoluble LiCl in our synthesis, whereas
all of CI™ exists as soluble species in the previous
Nd,Cl4(DME),-LiBH, system.'” The high Cl content is
unlikely to originate from solvated LiCl or NdCl; as both of
them have very low solubility in ethyl ether. Rather, it is likely
due to the formation of Cl-containing complex, for example, the
LiRE(BH,);Cl complex, which is reported to form during the

Table 2. ICP-OES Analysis of Nd Sample Obtained from
Nd(BH,);-EE Solution

Nd sample from Nd(BH,);-EE solution mass %
Nd 61
B 13
Li 1
O + Cl + others 25

ball milling or heating.53 Interestingly, chlorine does not feature
any passivation unlike its neighboring halogen fluorine, and it is
reported that Cl can act as a depassivating agent in the
electrodeposition of Mg.>*

In order to more precisely quantify the REE content, the Nd
sample was analyzed by ICP-OES, and the results are listed in
Table 2. Based on the whole weight of the sample, Nd

concentration is about 61%, which is consistent with EDX
results. The lithium concentration is only 1 wt %, which is lower
than the ratio (10 wt %) in the electrolyte. By combining CV and
ICP results, the electrodeposition of Nd is presumed to be Li-
mediated reduction of Nd.

While the REE(BH,);-ethyl ether solution can produce
deposits with reasonably high REE content via passivation-free
electrodeposition, Cl contamination remains a major problem.
In order to eliminate Cl, dimethyl sulfide, which has been
reported as an extractive solvent in the synthesis of halide free
REE borohydride, was utilized as a solvent to replace ethyl
ether.”

The use of dimethyl sulfide as a solvent for the REE metathesis
mixture yielded a pink Nd(BH,); solution with an insoluble
white LiCl precipitate (Figure 4a inset). In Figure 4a, CV of
Nd(BH,),-dimethyl sulfide [Nd(BH,);-MS] solution shows
one pair of redox peaks with a less reversible shape than the
Nd(BH,);-EE solution, which indicates a shift toward
predominance of Nd reduction in the Nd(BH,);-MS solution.
Similar to the Nd(BH,),-EE solution, the LiBH,-MS and pure-
Nd(BH,);-MS solution exhibited no electroactivity (Figure S6).
In Table S3, the ionic conductivity of methyl sulfide-based
electrolytes follows a similar trend as ethyl ether-based solution,
indicating the existence of a synergetic effect.

The speciation of dimethyl sulfide-based electrolyte was
investigated by Raman spectroscopy. Figure S7 shows the
Raman spectra of Nd(BH,);-MS, pure-Nd(BH,);-MS, and
Dy(BH,);-MS electrolytes at 720—760 cm™" and 2050—2550
cm™ regions, which correspond to the C—S asymmetric
stretching of dimethyl sulfide and the B—H stretching of
(BH,) ™, respectively.”” A shift of the C—$ stretching mode from
7442 cm™' (for pure dimethyl sulfide) to 742.6 cm™ [for
REE(BH,); in dimethyl sulfide] could be ascribed to the
coordination of dimethyl sulfide to REE cations which involves
the change of C—S bond len%th induced by charge transfer
between sulfur and REE*.**™°® The B—H stretching mode of
the REE containing dimethyl sulfide solution in Figure S7b
exhibits a similar pattern to the ethyl ether-based solutions
which feature the coexistence of anion-coordinated ion pairs and
free (BH,)” anions and indicates the partial dissociation of
REE(BH,); in dimethyl sulfide. The additional peak located at
2361 cm™' suggests the formation of a different complex. It is
worth noting that pure Nd(BH,);-MS displays a low intensity at
2221 cm™, indicating that only a low ratio of ionic (BH,)™ can
be formed without LiBH, present in solution, which
consequently results in a low ionic conductivity. However, the
significant enhancement of 2221 cm™' peak can be observed in
the Li-containing REE(BH,);-MS solution. This suggests that
the presence of Li can facilitate the disassociation of REE(BH,)s,
thereby improving the ionic conductivity and electrodeposition
performance. This observation is similar to that of ethyl ether-
based solutions, confirming the synergetic effect in dimethyl
sulfide solutions. Based on the above results, we assume the
electroactive species in the REE(BH,);-MS solution could be
REE*, Li*, [REE (MS), (BH,),]® ™", [LiREE (MS),
(BH,),,]“™™", and (BH,)".

The electrodeposition in Nd(BH,);-MS solution was carried
out potentiostatically at —3.5 V using copper film as the working
electrode. The chronoamperogram (Figure 4b) exhibited a
stable current density for 10 h and suggests a passivation-free
electrodeposition mechanism. After deposition, the black
deposit on the Cu film (Figure 4b inset) was recovered and
characterized by SEM, EDX, and ICP-OES. The obtained Nd
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Figure 4. (a) CV of Nd(BH,);-MS solution; inset: photo of Nd(BH,);-MS solution with insoluble LiCl at bottom. (b) Current-time curve of
chronoamperometry at —3.5 V; inset: photo of the working electrode after electrodeposition. (c) SEM image of the Nd sample obtained from
Nd(BH,);-MS solution. (d) EDX spectrum of the Nd sample obtained from Nd(BH,);-MS solution.

Table 3. EDX Analysis of Nd Sample Obtained from
Nd(BH,);-MS Solution

Nd sample from Nd(BH,);-MS solution mass %
Nd 75.2
Cl 2.3
S 3
(¢} 19.5

deposit shows a dense packed filmlike morphology (Figure 4c),
similar to the Nd sample from Nd(BH,);-EE solution. The EDX
spectrum (Figure 4d) shows characteristic Nd peaks and
significantly suppressed Cl peaks. The elemental composition
based on EDX is provided in Table 3, which shows a nearly 17%
increase of Nd from 58.5 to 75.2%, more importantly, more than

Table 4. ICP-OES Analysis of Nd Sample Obtained from
Nd(BH,);-MS Solution

Nd sample from Nd(BH,);-MS solution mass %
Nd 75
B 7
Li
O + Cl + S + others 17

10-fold decrease of Cl from 33.8 to 2.3%, compared with ethyl
ether solution. The slightly higher O level in the sample can be
attributed to air exposure during EDX sample preparation. The
presence of 3% sulfur indicates a small extent of solvent
decomposition during the electrodeposition. The EDX mapping
images in Figure S8 show the distribution of Nd, C], O, and S in
the Nd sample. Quantitative analysis by ICP-OES (Table 4)
indicates an elemental composition of Nd, B, and Li at 75, 7, and
1%, respectively. Similar compositional results were obtained for
the Dy sample, as shown in Table S4. It is worth mentioning that
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both deposits can generate sparks when directly contacted with
water, which is an indicator of extremely high reactivity of
metallic REE material. Such a high reactivity has also been
previously observed on nanosized rare earth metal particles that
are chemically reduced by lithium naphthalenide in ether
solution.>”

The in-depth XPS analysis was carried out to gain additional
insight into the chemical state of deposited REE samples. Figure
Sa,c shows the 3d;,, spectra of Nd obtained from Nd(BH,);-EE
and Nd(BH,);-MS. Both spectra can be deconvoluted into a
main peak at 983 eV and a satellite peak at 978 eV, which can be
assigned to the oxidized Nd and metallic Nd, respectively.*’
Argon sputtering was performed for 10 min to remove the
surface layer of the samples in order to analyze the middle layer.
A slightly enhanced 978 eV peak was observed for both Nd
samples after sputtering, indicating a higher concentration of Nd
metal in the middle layer. However, the 983 eV peak remains
dominant which suggests that the oxidation of Nd is primarily
derived from the reaction of newly deposited Nd with O or S
containing species in the electrolyte (e.g., solvent) rather than
the oxidation by air or moisture during the postdeposition
treatment. Based on the sputter-etched XPS spectra, the
percentage of metallic Nd and oxidized Nd was calculated to
be 43.3 and 56.7% [for sample from Nd(BH,);-EE] and 48.3
and 51.7% [for sample from Nd(BH,);-MS], respectively. The
survey of spectra in Figure S9 shows the presence of Li, O, and
Cl for sample from Nd(BH,);-EE and Li, O, Cl, and S for sample
from Nd(BH,)-EE, which is consistent with the EDX results. In
particular, the high-resolution Li 1s spectra was analyzed and
displayed in Figure S10 to study the chemical state. For the
Nd(BH,);-EE sample, there is a shift of Li 1s peak to lower
binding energy after etching, indicating a change of average
chemical state from oxide to metallic, which confirms the
coreduction of Li. The obvious intensity decrease of Li 1s after

https://doi.org/10.1021/acssuschemeng.3c01519
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Figure 5. In-depth XPS spectra of Nd and Dy samples: (a) Nd sample obtained from Nd(BH,);-EE, (b) Dy sample obtained from Dy(BH,)+-EE, (c)
Nd sample obtained from Nd(BH,);-MS, and (d) Dy sample obtained from Dy(BH,);-MS.

etching reveals a lower concentration of Li inside the sample.
This could be explained by the Li-mediated reduction
mechanism since the codeposited Li at the earlier stage could
be continuously consumed through the chemical reduction
reaction with Nd**. Figure Sb,d shows the 3ds), spectra of Dy.
The deconvoluted spectra of etched samples display two peaks
at 1294.5 and 1297 eV which could be assigned to metallic Dy
and oxidized Dy.®” Similar to the Nd case, the oxidized Dy likely
originated from the chemical or electrochemical reaction with O
or S containing species inside the solvent. The ratio of metallic
Dy to oxidized Dy was calculated to be 42.1 and 57.9% [for
sample from Dy(BH,);-EE] and 42.4 and 57.6% [for sample
from Dy(BH,);-MS]. The Li 1s spectra of Dy samples also
exhibit an intensity decrease after sputtering, suggesting Li-
mediated reduction mechanism. These XPS analyses suggest
that metallic Nd and Dy were successfully deposited from ethyl
ether and methyl sulfide solutions.

B CONCLUSIONS

We have developed a passivation-free system for the electro-
deposition of rare earth metals. Nd(BH,); and Dy(BH,); salts
were first synthesized by a mechanochemically driven meta-
thesis reaction between REE chloride and LiBH,. These
borohydride salts were then dissolved in ethyl ether or dimethyl
sulfide, and their electrochemical properties were studied by
Raman spectroscopy, CV, and chronoamperometry. Evidence
was found for a synergetic effect between REE borohydride and
LiBH, which can promote the dissociation of borohydride salts
and facilitate the electrochemical properties. Combined with the
in-depth XPS analysis of deposits, the reduction mechanism of
these rare earth metals likely proceeds through a coreduction or
Li-mediated reduction pathway. Passivation-free electrodeposi-
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tion can be performed in both ethyl ether and dimethyl sulfide;
however, the product obtained from the dimethyl sulfide solvent
exhibits superior purity and suppresses Cl contamination by
preventing the formation of Cl-containing complexes. XPS,
EDX, and ICP-OES analyses of the deposits indicate that the
overall concentration of the REEs reach 75% which contains
40—48% metallic phase.
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