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Abstract

A highly stable solvate ionic liquid comprising a 2:1 (mol/mol) mixture of ethylene carbonate (EC) and AlICl; was used for near
room-temperature electrochemical codeposition of an Al-Nd alloy using chlorides as precursors. This liquid is low-cost, easy to
prepare, and has high electrochemical stability. The ionic structure was analyzed by *’Al nuclear magnetic resonance; Raman
spectroscopy and the dissolution phenomenon was studied by ultraviolet-visible spectroscopy. The dissolution mechanism of
NdCl; in this solvate ionic liquid was derived as 3[AICI,(EC),]* + 2NdCl; s 2Nd(I1I) + 3[AICl,] + 3#EC. Cyclic voltammetry
was used to explore the electrochemical behavior of Nd- and Al-containing species, revealing that the reduction of Al and Nd are
both one-step electron-gaining processes. X-ray diffraction confirmed that an AI-Nd alloy can be obtained in the form of
thermally stable AI,Nd by potentiostatic electrolysis at high cathode overpotential (— 3.5 V vs. Al). Although the deposited alloy
layer is not dense, Al-containing solvate ILs have immense potential in green electrometallurgy because of their higher tunability

and similar properties to ILs.
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Introduction

Alloys and compounds containing the rare-earth (RE) element
Nd have received considerable attention due to their applica-
tions in high-performance magnets, glass lasers, acrospace
materials, and other areas [1-3]. Particularly, the addition of
Nd is an effective way to enhance the strength and improve the
corrosion resistance of alloys by grain refinement [4].

The simplicity and flexibility of electrodeposition make it
an effective method for extracting primary Nd and its alloys
[5, 6]. Unfortunately, electrodeposition of Nd and its alloys in
aqueous solutions is quite difficult to achieve because of its
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negative deposition potential and high reactivity with water
[7, 8]. As is known, the electrochemical reduction of RE
metals is a relatively poorly studied problem, let alone Nd.
From a practical viewpoint, electrodeposition of Nd-
containing alloys is a more significance task compared to the
electrodeposition of pure metals [9]. However, the preparation
of Nd metal or Nd-containing alloys is conventionally per-
formed by high-temperature molten salt electrolysis, which
requires highly corrosive materials and consumes a large
amount of energy [10—13]. In addition, organic solvents have
been used as the support electrolyte for the electrodeposition
of RE metals; however, they were found to be unsuitable due
to their high volatility and low solubility of RE salts [14].
Therefore, the combination of high-solubility RE salts and a
stable supporting electrolyte system is the key to making the
low-temperature production of Nd and its alloys more energy-
efficient and economical.

The development of ionic liquids (ILs) provides new pos-
sibilities for the electrodeposition of RE metals and Nd-
containing alloys. ILs, originally well-known as room-
temperature molten salts, have enormous potential applica-
tions in green electrometallurgy due to advantages such as
their low vapor pressure, wide electrochemical window, and
their ability to dissolve metallic species [15-17]. The
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electrodeposition of RE elements previously reported has
been mainly investigated using four different families of ILs
based on their cations. In particular, phosphonium, ammoni-
um, pyrrolidinium, and imidazolium-based ILs have been
studied with a variety of anions [18, 19]. Among them, how-
ever, only limited studies have been reported on neodymium
electrodeposition. Kondo et al. researched the suitability of
recovering Nd metal from triethyl-pentyl-phosphonium bis
(trifluoromethyl-sulfonyl) amide ([P2225][TFSA]) [20] and
Ota et al. studied the electrodeposition behavior of Nd (III)
at elevated temperatures in this same IL, which has a wide
electrochemical window and good thermal stability [21].
Matsumiya et al. studied the diffusion behavior and nucleation
mechanisms of Nd complexes in the ionic liquid N,N-diethyl-
N-methyl-N-(2-methoxyethyl) ammonium bis
(trifluvoromethyl-sulfonyl) amide [DEME][TFSA] using Nd
(TFSA); as a raw material [22]. Unfortunately, from a practi-
cal standpoint, the synthesis of these ILs is complex and the
production cost of the Nd precursors is high, preventing their
use in electrometallurgy at present.

IL-like systems have similar properties and characteristics
to ILs, and are widely recognized as deep eutectic solvents
(DESs) [23, 24] and liquid coordination complexes (LCCs)
[25, 26], and have found extensive applications in metal ex-
traction and catalytic synthesis due to their advantages such as
low cost, ease of preparation, and biodegradability, among
others. Against this backdrop, chloroaluminate IL-like sys-
tems, prepared by combining the Lewis acid AlICl; with
Lewis base donor molecules, have attracted significant re-
search attention due to their tunable Lewis acidity and high
solubility [27, 28]. Thus far, a limited number of Lewis base
donor molecules have been reported such as 4-propylpyridine
[29], dipropyl sulphide [30], urea [31], and other amide spe-
cies [32]. However, these molecules lack electrochemical sta-
bility and hence have only been proposed for aluminum elec-
trodeposition [33], and are not considered suitable for the
electrodeposition of RE metals. Regardless, their importance
as soft materials in their own right has become more and more
recognized [25]. Therefore, the discovery of new and stable
ligands to extend the family of IL-like systems for practical
applications in various fields is of great significance.

Recently, we described a novel Al-containing solvate IL
with high electrochemical stability and used it for electrode-
position of Al, Al-Li alloys, and Li under ambient conditions
[34]. Moreover, we reported that direct electrochemical depo-
sition of lithium from lithium oxide can be achieved in this
system [35]. The newly developed Al-containing solvate 1L
has the advantages of low cost, high tuneability, and similar
benefits as ILs and exhibits excellent ability to dissolve metal
chlorides. Tentatively, in this work, a stable and homogeneous
IL-like system of chloroaluminate was formed between an O-
donor, ethylene carbonate (EC), and a Lewis acid, AlCl;, ata
molar ratio of 2:1 and applied to the electrodeposition of an
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Al-Nd alloy using NdCl; as a Nd source. The dissolution
mechanism of NdCl; in this solvate IL was studied using
instrument technology, and the codeposition mechanism of
an Al-Nd alloy was explored using cyclic voltammetry.
Finally, the deposited material was confirmed and character-
ized by using X-ray diffraction (XRD) and scanning electron
microscopy (SEM). We expect that our findings can make a
contribution to the electrochemical reduction of Al-based ac-
tive metal alloys, especially Al-based rare earth alloys at rel-
atively low temperature.

Experimental

Preparation and characterization of electrolyte
system

The reagents EC (99.0% purity), acetamide (AcA, 99.9% pu-
rity), LiCF3S05 (99.9% purity), anhydrous AlCl; (99.9% pu-
rity), and NdCl; (99.9% purity) were purchased from Shanghai
Aladdin Biochemical Polytron Technologies Inc. and used di-
rectly without any purification. The IL-like system was syn-
thesized by slowly adding a calculated amount of AICl; into
EC and AcA in a sample cell without external heating under a
high-purity argon atmosphere in a glove box (MBRAUN MB
200B, Germany), where both the water and oxygen contents
were maintained below 0.1 ppm. The homogeneous, transpar-
ent, colorless (slightly yellow under fluorescent light), and
free-flowing EC/AICI; (2:1, mole ratio) IL-like system was
formed under continuous stirring for 4 h. The EC/AICI; (2:1,
mole ratio) IL-like system containing 4 mol% NdCl; was
formed under continuous stirring for 6 h at 323 K. Raman
spectra were recorded at room temperature using a LabRAM
XploRA Raman spectrometer (Horiba Jobin Yvon, France)
equipped with a 785-nm laser. >’Al nuclear magnetic reso-
nance (NMR) analysis of the IL-like system was described in
our previous publication [34]. The absorption spectra of Nd
(II) in the RTIL was measured by ultraviolet-visible (UV-vis)
spectrometer (Perkin Elmer, Lambda750).

Electrochemical analyses and characterization
of deposits

All electrochemical studies were performed using a
PARSTAT 4000 (Princeton Applied Research, USA) electro-
chemical workstation controlled by the VersaStudio software
with a three-electrode system. A tungsten wire (area =
0.24 cm?, 99.9%) working electrode, platinum wire (I mm
radius, 99.99%) counter electrode, and an Al wire (1 mm ra-
dius, 99.95%) reference clectrode were used for the electro-
chemical studies. The tungsten working electrode was
polished successively with increasingly finer grades of emery
paper, washed with deionized water, and air-dried.
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In the potentiostatic electrodeposition experiments, Al
sheets (area=1 cm?, 99.99%) were used as the cathode sub-
strate, which was previously polished with SiC paper and then
cleaned by sonication in ethanol. Surface morphologies of the
deposits were visualized using SEM (Shimadzu SSX-550,
Japan). The chemical composition of as-prepared deposits
was characterized by energy-dispersive X-ray (EDX) spec-
troscopy attached to SEM. The phase compositions of the
deposits were analyzed by XRD (PANalytical MPDDY
2094, Netherlands) using the Cu K« line (40 kV, 40 mA).
Rapid determination of total porosities of the deposited mate-
rials was implemented by mercury intrusion porosimetry
using an automatic mercury porosimeter (AutoPore V,
Micromeritics Instruments Corp.)

Results and discussion

Structure of EC/AICI; (2:1, mol/mol) and dissolution
mechanism of NdCl; in EC/AICI; (2:1, mol/mol)

Previous reports of chloroaluminate IL-like systems based on
complexes of neutral ligands with AICl; demonstrated that the
asymmetric cleavage of AICl; generated [AICI,]" and
[AICL] ions (Eq. 1) [30, 31, 36]. Being strongly Lewis-acid-
ic, [AICL]" cations cannot exist in an isolated form and inter-
act with EC:

2AICl; + nECs[AICL(EC), ] + [AICL] (1)

Raman spectra, shown in Fig. 1, indicate that the EC/AICI;
system with a mole ratio of 2:1 contains [AICl4] anions.
However, no Lewis acid anions [Al,Cl;] were observed near
the corresponding characteristic Raman shift. In order to clarify
the structure of the system, 2’Al NMR spectrum contrastive
study of EC/AICI; (2:1, mol/mol) solvate IL and AcA/AICl,
(1:1.2, mol/mol) liquid coordination complex was conducted.

——EC -
: —— EC/AICI,

Intensity/(a.u)

354.8

280 300 320 340 360 380 400 420 440 460 480 500
Raman Shift/(cm™)

Fig. 1 Raman spectra of EC and EC/AICI; (2:1, mol/mol) at 298 K

Two clear peaks were observed from the black line in Fig. 2,
indicating the existence of two major Al species. Six-
coordinated Al species [AICL,(EC)4]" was observed in the
EC/AICI; system with a large mole ratio of 2:1.
Unfortunately, AICl; cannot be dissolved in EC up to concen-
tration greater than 50 mol%. However, AcA can dissolve
AICI; to large amounts of AICl; (>50 mol%) due to their
diverse Lewis-acidic species. As shown in Fig. 2, it contains
three main peaks, corresponding to four-coordinated cations
[AICI>(AcA),]", five-coordinated neutral molecules
[AICI3(AcA),], and three potentially coexisting species:
[ALCL,], [AICI3(AcA)], and [ALL,Clg(AcA)]. This comparison
study shows that the content of AICl; has a great influence on
the species of the AlCl;-based binary system. Therefore, the
discovery of new and stable ligands to extend the family of IL-
like systems for practical applications in various fields depends
on the intrinsic properties of the molecular solvent itself.

Anyway, complex cationic species in the form of
[AICl,(base),]" have been increasingly demonstrated by using
multinuclear nuclear magnetic resonance spectroscopy in dif-
ferent AICl3-based binary system. NdCl; can be dissolved in
the above AcA/AICI; liquid coordination complex from the
experimental operation. However, it can also be dissolved in
the binary AICl;/EC system. Figure 3 shows the digital photo
of EC/AICI; before and after adding NdCl; under fluorescent
lamp. The purple-red liquid was obtained after the addition of
NdCls. In order to confirm the dissolution phenomenon, UV-
vis spectra comparative analysis was implemented (Fig. 4).
Obviously, two absorption peak signals occur after adding
4 mol% NdCls, which ascribes to the intraconfigurational
transitions within 4 shell of Nd (III). The most intense tran-
sition in the absorption spectrum at 580 nm and 747 nm are
respectively op — 2Gpp and Yo/, — *F5), transition, which
showed a pronounced fine structure [20]. Other common ab-
sorption peaks near ultraviolet region are related to the internal
structure of EC and AICl; themselves.

[AICL, (AcA),

| equilibrated: | i
[ALCLT 1 [AICI(AcA),]
[AICI, (AcA)] ! !
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Fig. 2 2’Al NMR spectrum of EC/AICI; (2:1, mol/mol) solvate IL and
AcA/AICI; (1:1.2, mol/mol) liquid coordination complex
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Fig.3 a EC/AICL; (2:1, mole ratio) solvate IL at 323 K and b EC/AICL,
(2:1, mole ratio) solvate IL containing 4 mol% NdCl; under fluorescent
lamp (excitation wavelength, 400-750 nm)

Based on the results of a study by Tsuda and co-workers
[37], the dissolution reaction in the acidic AICI;—1-ethyl-3-
methylimidazolium chloride (AICI;—EMICI) is thought to be

(Eq. 2):
3[ALCl;]” + LaClzssLa (IIT) 4 6[AICL,] (2)

However, the dissolution mechanism of NdCl; can also be
derived from the Lewis acidity of [AICL,(EC),]" as follows
(Eq. 3):

[ALCl;] sAICL; + [AICL]” (3)
Combining Eq. 1-3, Eq. 4 can be obtained:

3[AICL(EC),] " + 2NdClys2Nd(II) +3[AICL]” 4 3nEC (4)

complex

T T T T T T T T T T T T T T T T T T T T T

——EC/AICI,
" —— EC/AICI/NdCI, _

4',2@
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1 " 1 " 1 " 1
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250 300 350 400 450 500 550 600 650
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Fig.4 UV-vis spectra comparative analysis between EC/AICI; (2:1, mole
ratio) solvate IL and EC/AICl; (2:1, mole ratio) solvate IL containing
4 mol% NdCl; at 323 K
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Fig. 5 CV curve of neat EC and EC containing 4 mol% LiCF;SO;
recorded at 313 K, at a scan rate of 50 mV/s, start point 0 V vs. Al

This suggests that the solubility of NdCl; depends on the
amount of [AICL,]* cations in the liquid. According to the
above analysis, the highest solubility of NdCl; in this EC/
AICl; (2:1, mole ratio) solvate IL can theoretically be as high
as 10 mol%. Unfortunately, this cannot be achieved in prac-
tice. In addition, the [AICI,]" cation has never been reported in
the literature, and no direct spectroscopic evidence of its exis-
tence has ever been presented [38].

Furthermore, charge-neutral complexes such as
[AICI;3(base),] also exist in the liquid, which occupy a part
of the Lewis acid AICl; [34]. Therefore, the ideal solubility
of NdClj; is difficult to reach. Regardless, the discovery of the
[AICL,]" cation and confirmation of its existence are thus of
great scientific significance [34].

Cyclic voltammetry and potentiostatic deposition
EC is a polar aprotic solvent with low volatility, excellent

chemical compatibility, and significant solubilizing power,
which is often used as a high-permittivity component of
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Fig.6 CV curve of EC/AICI; (2:1, mole ratio) solvate IL before and after
containing 4 mol% NdCl; recorded at 323 K, at a scan rate of 50 mV/s
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Fig. 7 XRD pattern of the material deposited on the high-purity alumi-
num sheet. The inset is a digital photo

electrolytes in lithium-ion batteries. The cyclic voltammo-
grams of EC show an excellent ability to withstand voltage
due to its high dielectrical property, and the cathode limit
voltage can be as large as —4.0 V (vs. Al) (Fig. 5), which is
adequate to allow the electrochemical extraction of Nd. A pair
of redox peaks (p, p’) appear after the addition of a calculated
amount of LiCF;SOj5 into EC. However, there is no reduction
signal before lithium reduction (—2.68 V vs. Al), demonstrat-
ing excellent electrochemical performance of the Li-
containing supporting electrolyte.

No other electrochemical signals can be observed after
“b;” in the CV curve of EC/AICI; (2:1, mole ratio) shown
in Fig. 6 (red line), indicating that there is no electrochemical
reaction related to this solvent. Therefore, combine the above
CV analysis of EC/LiCF;SOj3 system, this Al-containing sys-
tem is electrochemically stable and can be used for electrode-
position of other active metals and alloys from the correspond-
ing soluble precursors.

A pair of redox peaks (a, a’) appears after the addition of a
calculated amount of NdCl; into the EC/AICI; (2:1, mole
ratio) system (Fig. 6, black line), which correspond to the

oxidation and reduction process of the metallic Nd on the
tungsten working electrode, respectively. Based on previous
studies [19], the reduction process of Nd should be a direct
one-step process (Eq. 5):

Nd (1I0) + 3¢ —Nd(0) (5)

complex

Notably, similar to the EC/AICI; (2:1, mole ratio) system,
there is a reduction signal, denoted “b,,” observed before the
precipitation of metallic Nd. This should be ascribed to the
discharge process of Al-containing cations [AICL,(EC),]*. Al
can be reduced in one step, gaining electrons through the
following pathway (Eq. 6) [34]:

2[AICL(EC),] " + 3¢ —Al + [AICL] + 2nEC (6)

As is known, the electrodeposition of Al in traditional first-
generation ILs has been widely reported over the past few
decades. It is generally believed that Lewis acid anions
[ALLCl;] are the electroactive species in Al electrodeposition.
However, as further research is being conducted, especially on
the application of chloroaluminate IL-like systems in Al sec-
ondary batteries, more and more studies have testified that Al
can be electrodeposited from Al-containing cations [39-41].
Therefore, if the Al-containing cations were eliminated, then
the single metal Nd could be electrodeposited. Such studies
are currently in progress. In addition, compared with the con-
ventional AIC3,—EMICI IL system for the deposition of Al or
alloys, the advantages of EC/AICI; electrolyte include facile
preparation, water insensitive [34], and good electrochemical
stability.

The characterization of the electrodeposited materials
by XRD confirmed that an AI-Nd alloy can be obtained
in the form of Al,Nd (PDF#00-029-0054) by electrochem-
ical codeposition at higher cathode overpotential (—3.5 V
vs. Al) during a 3-h potentiostatic electrolysis (Fig. 7). No
EC was consumed or deteriorated during electrodeposition,
which is an example of green metallurgy using a green
solvent.

Fig. 8 SEM images of the material deposited on the Al substrate at a x 80, b x 1300, and ¢ % 10,000 magnification
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The reason for the formation of Al,Nd compounds is that the
deposited Nd can alloy with pre-deposition reactive Al or the Al
cathode plate, and the thermally stable AI-Nd intermetallic
compounds are relatively easy to form because of the large
difference in electronegativity between Al and Nd. In the field
of Al-based Nd alloy materials, AI,Nd is the main strengthen-
ing phase [3]. Hence, the codeposition of Al and Nd ions in this
IL provides a unique opportunity for the preparation of AI-Nd
alloys in one step near room temperature, which can save ener-
gy and achieve cost-competitive production.

Surface morphology of Al-Nd alloy

Figure 8 shows the SEM images of the surface morphology of
the Al-Nd alloy layer electrodeposited on an Al substrate. As a
whole, the quality of the alloy layer is loose, not dense
(Fig. 8a). The processes governing metal grain nucleation
and growth seem to be complicated (Fig. 8b); a twisted strat-
iform alloy is observed at high magnification (Fig. 8c). The
porosities of the materials deposited on Al substrates are given
in Table 1, directly indicating the porous and uncompacted
properties of the deposited coatings, which is in accordance
with the SEM-visualized surface morphology. Moreover, the
average porosity of these samples is about 38.4%.
Furthermore, it should be noted that the deposit is non-
uniform with some bald spots present in some cases. Based
on this observation, we are able to change the electrolysis
conditions, such as current density, overpotential, and time,
to improve the appearance of the deposited material.
Although there are some visible defects in the deposited ma-
terial, from the electrochemical metallurgy point of view, low-
temperature electrodeposition of Al-Nd alloy is proven to be
feasible in this stable solvate IL. Figure 9 presents the corre-
sponding EDX spectrum and elemental composition of the
material electrodeposited on an Al substrate observed in Fig.
8a. All the EDX spectra only consist of the strong peak of Al
and Nd which indicates that the main constituent is Al and Nd.
The atomic percentage content confirms the existence of
AI2Nd alloy, which echoes the XRD results.

In addition, we could control the composition and apparent
morphology of the alloy by regulating the molar ratio of
AICI3/NdCl;. Accordingly, Al-containing solvate ILs, which
to an extent evolved from ILs and IL-like systems, are of
increasing interest. They are expected to gain more attention

Table 1 Total porosity

of the samples obtained Sample no. Total porosity
on four Al substrates
during 3-h potentiostatic 01# 40.5%
electrolysis at —3.5 V vs. 02# 42.6%
Al 034 36.8%

04# 33.7%
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Fig. 9 EDX spectrum and elemental composition of the material
observed in Fig. 8a

in the field of green electrochemical metallurgy due to their
tunable Lewis acidity and lower price.

Conclusions

In this work, an Al-containing solvate IL was formed between
the O-donor EC and Lewis-acidic AlCl; at a molar ratio of 2:1
and used for dissolving NdCls; this mixture was then used for
the electrochemical deposition of an Al-Nd alloy near room
temperature (323 K). The differences between the first gener-
ation IL (AlCl;—EMICI) and this solvate IL are discussed and
analyzed in relation to the dissolution mechanism of NdCls,
and the dissolution mechanism of NdCl; in EC/AICl; (2:1,
mole ratio) solvate IL was derived to be: 3[AICL(EC),]" +
2NdCl; s 2Nd(1I) + 3[AICl,] + 3#EC. An Al-Nd alloy can
be obtained in the form of the thermally stable Al,Nd phase by
electrochemical codeposition. Cyclic voltammetry shows that
the electrodeposition of Nd is a direct one-step process, and
the electrodeposition of Al originates from the Al-containing
cations [AICI,(EC),]". Although the surface appearance of the
electrodeposited material is not very dense, it is a promising
result for enabling green electrochemical enrichment and
making electrometallurgy more energy-efficient and environ-
mentally friendly.
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