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Electrochemical Preparation of Cobalt-Samarium Nanoparticles in
an Aprotic Ionic Liquid
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Electrochemical preparation of Co-Sm nanoparticles was conducted in an aprotic room temperature ionic liquid, 1-butyl-1-
methylpyrrolidinium bis(trifluoromethylsulfonyl)amide (BMPTFSA) containing Co(TFSA), and Sm(TFSA);. The cyclic voltam-
metry on a glassy carbon (GC) electrode indicated the electrochemically generated Sm(II) reacted with Co(I) at 25 °C.
Potentiostatic cathodic reduction on a GC electrode in BMPTFSA containing 30 mM Co(TFSA), and 5 mM Sm(TFSA); at 25 °C
gave the deposits, which were found to be composed of Co and Sm by energy dispersive X-ray spectroscopy (EDX). The deposits
were found to be the aggregates of SmCo, nanoparticles by transmission electron microscopy (TEM) and X-ray photoelectron
spectroscopy (XPS). The formation of SmCo; nanoparticles dispersed in the ionic liquid was also confirmed by TEM. SmCo,
nanoparticles were considered to form by the disproportionation reaction of Sm(Il) in the presence of elementary Co, which was
formed by the reduction of Co(Il) by Sm(II).
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Magnetic alloy nanoparticles have drawn much attention as
attractive materials in magnetic resonance imaging, drug targeting,
magnetic refrigeration systems, ferrofluids, and catalysis for their
improved magnetic, catalytic, and optical properties.'™ Specifically,
such rare earth-transition metal (RE-TM) alloy nanoparticles as Co-
Sm, Sm-Fe-N, and Nd-Fe-B are well-known for their remarkable
magnetic properties, which have wide applications in the field of
micro electro mechanical system (MEMS), consumer electronics,
automobile, military equipment, and magnetic storage industries.*™'
Various attempts have been made to prepare magnetic alloy
nanoparticles by different methods. However, the reports on the
electrochemical preparation of such alloy nanoparticles are
limited.>*"* Nowadays, Co-Sm is considered as an important
material in MEMS because of its high Curie temperature and
excellent thermal stability as compared with Nd-based alloys.'*™”
It has already been revealed the potential to E)roduce nanometer
structures with excellent magnetic properties.'> Although Co-Sm
magnets are more expensive than Nd magnets, the electrochemical
preparation of Co-Sm nanoparticles may lower the supply risk of Co
and/or Sm and environmental issues related with primary mining and
ore processing. However, it is also essential to recover the transition
metals, rare earth metals, and their alloys and/or nanoparticles from
electronic waste to reduce the environmental impact. However, the
electrochemical study of rare earth metals has been restricted in
aqueous media owing to their negative reduction potentials as
compared with those of other metals. RE-TM nanoparticles must
be prepared in high temperature molten salts and/or room-tempera-
ture ionic liquids because of their wider electrochemical potential
windows.'® Compared with high temperature molten salts, room-
temperature ionic liquids are advantageous to the preparation of the
nanoparticles due to the ease of handling and no need of energy for
heating.

Among room-temperature ionic liquids, pyrrolidinium-based
ionic liquid, comprised of 1-butyl-1-methylpyrrolidinium (BMP™)
and bis(trifluromethylsulfonyl)amide (TFSA™), have attracted
more attention because of its wide electrochemical potential
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window and acceptable ionic conductivity. The cation and anion
of the room temperature ionic liquid should be selected with
caution to prepare RE-TM nanoparticles because the rare-earth
nanoparticles are considered to be reactive. The TFSA™-based
ionic liquid maintains the stability against moisture and chemical
reactivity. Moreover, BMPTFSA is also considered as a crucial
medium for stabilizing the nanoparticles without additional
organic reagents.'*~*’

Although the electrodeposition of RE-TM alloys from aqueous
media is problematic due to the negative reduction potential of the
RE elements (more negative than —2.3 V vs SHE), there are various
reports on the production of the RE-TM alloys from aqueous
media.”*™** Besides, the preparation of RE-TM alloys from non-
aqueous media has been attempted by many researchers.*>° For
example, Gomez et al. and Cojocaru et al. investigated the
electrodeposition of Co-Sm from a deep eutectic solvent (DES)
based on choline chloride and urea (1ChCI:2U) at 70 °C. They also
discussed the co-deposition of Co and Sm.”'~* The electrochemical
studies on rare earth species, such as Eu(Ill), Ce(I1I), Nd(III), Pr(I1I),
Yb(II), and Sm(III), have been reported in various ionic liquids by
many researchers.”*~®> Their studies revealed the nature of the rare
earth species in different ionic liquids at various temperatures. Some
researcher also discussed the electrochemical behavior of rare earth
species in ionic liquids containing halide ions such as bromide (Br")
and chloride ions.®*®> But, the reports on the electrodeposition of
Co-Sm alloy in ionic liquids are limited. Ispas et al. reported the
electrochemical behavior of Co and Sm species and the deposition of
Co-Sm alloy in BMPTESA at different temperatures.””> They
discussed the formation of a thin film of Co, Sm, and Co-Sm alloy.
Chen et al. studied the deposition of Co-Sm alloy in 1-ethyl-3-
methylimidazolium chloride ionic liquid and found Co-Sm crystal-
line nanowires at a high concentration of Sm speceis.”” The
electrochemical reactions and co-deposition of Co and Sm species
were conducted in 1-butyl-3-methylimidazolium tetrafluoroborate by
Cui et al.®* However, in the above studies, the electrochemical
reactions between transition metals and rare earth metals as well as
the electrochemical formation of RE-TM alloy nanoparticles have
not been clarified distinctly.

In our previous reports, electrodeposition of Co was observed in
BMPTFSA at 25 °C-200 °C.°°°° Furthermore, the electrochemical
reduction of Sm(III) to Sm(II) at 25 °C and the formation of Sm
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nanoparticles have been investigated in BMPTFSA at 100 °C.%~"!

However, the electrochemical preparation of Co-Sm nanoparticles
has not been recognized in BMPTFSA at 25 °C. Although the
deposition of Co-Sm alloy was reported in BMPTFSA at different
temperatures, the electrochemical reaction between Co and Sm and
the formation of Co-Sm nanoparticles with a specific atomic ratio
were not discussed in detail.”

In the present study, the electrochemical preparation of Co-Sm
nanoparticles was explored in BMPTFSA at 25 °C. Furthermore, the
reaction between Co and Sm species was also investigated to reveal
the reaction mechanism for the formation of Co-Sm nanoparticles in
BMPTFSA.

Experimental

The Br salt of BMP' was prepared by the reaction of 1I-
methylpyrrolidine (Tokyo Chemical Industry) and butyl bromide
(Tokyo Chemical Industry), in acetonitrile (Fujifilm Wako Pure
Chemical Corp.) at room temperature, then purified by recrystalliza-
tion and finally dried under vacuum at 100 °C for 28 h. BMPTFSA
was synthesized by interacting BMPBr with LiTFSA (Solvay) in
deionized water. The ionic liquid phase was separated by the
extraction into dichloromethane (Junsei Chemical) and then finally
dried under vacuum at 100 °C for 28 h. The water content in
BMPTFSA was found to be less than 1 ppm by Karl Fischer
titration (Metrohm, 831 KF Coulometer). Co(TFSA), and
Sm(TFSA); were prepared by the reactions of CoCO; (Kanto
Chemical) and Sm,05 (Fujifilm Wako Pure Chemical Corp.) with
HTFSA (Kanto Chemical) at 60 °C and 80 °C, respectively, by the
reactions | and 2, and dried under vacuum at 170 °C for 28 h.

CoCO3; + 2HTFSA — Co(TFSA), + H,0 + CO, [1]

Sm,03 + 6HTFSA — 2Sm(TFSA); + 3H,O [2]

Electrochemical measurements were performed by using a
single-compartment cell of three electrodes using a potentiostat
(Hokuto Denko, HZ-7000) in an Ar-filled glove box (Miwa MFG,
DBO-1K-SH, dew point < -75°C). A glassy carbon (GC) disk
(Tokai Carbon, GC-20SS, 0.71 sz) was used as a working
electrode. A Co wire (Sanwa Kinzoku) was used as a counter
electrode. A reference electrode was comprised of a silver wire
(Sanwa Kinzoku) immersed in BMPTFSA containing 0.1 M
AgCF;SO; (Aldrich) and isolated by a porous glass (Vycor). The
potential of this reference electrode indicated +0.44V vs the
ferrocene (Fc)/ferrocenium (Fc™) couple. Potentiostatic cathodic
reduction experiments were conducted using a double-compartment
cell. A GC plate (Tokai Carbon, GC-20SS, 1.54 sz) was used as a
substrate. The Co wire was placed in the counter electrode
compartment which was separated with a poly-tetraflouroethylene
made membrane filter (PTFE, Merck Millipore, Omnipore). The
electrodeposits were washed with dehydrated monoglyme (G1)
(Fujifilm Wako Pure Chemical Corp.) and characterized by a
scanning electron microscope (SEM, Keyence, VE-9800) with an
energy dispersive X-ray analyzer (EDX, Oxford Instruments, INCA-
E250 x 3K) without exposure to air. After electrolysis, the deposits
and the aggregates of the nanoparticles were also analyzed by X-ray
diffractometer (XRD, Rigaku, Miniflex 600, Cu Ka, Ni filtered),
Fourier transform infrared (FT-IR, Shimadzu, IRprestige-21) spec-
trometer with an attenuated total reflection apparatus (PIKE
MIRacle™ ATR), and X-ray photoelectron spectrometer (XPS,
Jeol, JPS-9010TR) using a transfer vessel for each analysis. The
deposits and the electrolytes were collected on a copper grid (Oken
Shoji) for transmission electron microscope (TEM), washed with G1
to remove the excess ionic liquids, and examined by TEM (FEI,
TECNAI F20) combined with an EDX analyzer (Oxford
Instruments, X-Mat 80T). A vacuum transfer holder (Gatan,
VTST4006) was used for conducting the TEM analysis to avoid
contact with air.

Results and Discussion

Electrochemical study of Co and Sm species at 25 °C.—
Vacuum dried Co(TFSA), and Sm(TFSA); were dissolved in
BMPTFSA at 25 °C to give a pink colored liquid. Figure 1 shows
the cyclic voltammograms of a GC electrode in BMPTFSA
containing (a) 30 mM Co(TFSA),, (b) 5mM Sm(TFSA);, and (c)
30 mM Co(TFSA), and 5 mM Sm(TFSA); at 25 °C.

The ratio of the concentrations of Co and Sm species was
determined based on the stoichiometry and the diffusion coefficients
of the species. The concentration of Sm(III) was selected to be lower
than that of Co(Il) because of the difference in the diffusion
coefficients of Co(Il) and Sm(IIT) in BMPTFSA.*>®" A cathodic
current wave around —1.7 V and an anodic current wave around
0.3 Vin Fig. la were ascribed to the reduction of Co(Il) and the
oxidation of Co deposited during the cathodic scan, respectively, as
indicated by the reaction 3.

Co(Il) + 2e= = Co [3]

The separation of 1.3 V (approx.) between the cathodic and anodic
current wave indicated the large overpotential was required for the
deposition of Co, as reported in the previous studies.’’®> This
overpotential might be caused by the inhibition of surface processes
on the negatively polarized electrode, on which the bulky cations
were accumulated in order to compensate the negative charge on the
surface.”® According to previous studies, the deposition of Co with
very small grain sizes was observed at 25 °C.%°~%

Figure 1b represents a cathodic and an anodic current wave for
the reduction of Sm(III) to Sm(II) and the oxidation of Sm(II)
generated during the prior cathodic scan to Sm(III), respectively, at
25 °C, according to the reaction 46970

Sm(III) + e~ = Sm(II) [4]

The anodic current wave corresponding to the Sm(II) was observed
clearly because Sm(II) was stable in the time scale of the cyclic
voltammetry with a scan rate of 10 mV s~ at 25 °C. The reaction of
Sm(III) to Sm(II) can be considered as electrochemically quasi-
reversible or irreversible, as described in the previous study.®’
However, the anodic wave for the oxidation of Sm(II) was found

|
) ‘0.1 mA cm 2 /\
( -
0.3 mA cm™
(b) 4—'

0.1 mA cm 2

Current density / mA cm™

| | l | |
-2.5 -1.6 -0.8 0.0 0.8
Potential vs. Ag|Ag(l) / V
Figure 1. Cyclic voltammograms of a GC electrode (3 mm¢) in BMPTFSA

containing (a) 30 mM Co(TFSA),, (b) 5 mM Sm(TFSA),, and (c) 30 mM
Co(TFSA), and 5 mM Sm(TFSA), at 25 °C. Scan rate: 10 mV s
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Figure 2. Cyclic voltammograms of a GC electrode (3 mm¢) in BMPTFSA
containing (a) 5 mM Sm(TFSA); and (b) 30 mM Co(TFSA), and 5 mM
Sm(TFSA); at 25 °C. The potential was held at —=1.9 V for 60 s before the
measurements. Scan rate: 10 mV s\,

to disa%)ear with a low scan rate of 10mVs™' at 50°C and
100°C.”%"" The disappearance of the oxidation wave of Sm(II)
has been explained by a disproportionation reaction of Sm(II) to
Sm(III) and Sm.”®"" The stability of Sm(II) in BMPTFSA is known
to decrease with elevating temperature.’””"

Figure 1c shows the cyclic voltammogram of a GC electrode in
BMPTFSA containing 30 mM Co(TFSA), and 5 mM Sm(TFSA); at
25 °C. A large cathodic current wave observed around —1.4 V was
considered to be assigned mainly to the reduction of Sm(III). The
peak potential was slightly shifted to the more positive side as
compared with that in BMPTFSA containing 5 mM Sm(TFSA);.
Two anodic current waves around —1.3V and 0.08 V were also
found. The small wave around -1.3 V correspondin% to the oxidation
of Sm(II) disappeared at a scan rate of SmV s~ even at 25 °C,
suggesting Sm(II) was consumed in the presence of Co(Il).

The electrode potential was held at —1.9 V for 60 s before each
measurement in order to produce Sm(II) near the electrode surface.
The cyclic voltammograms of a GC electrode in BMPTFSA
containing 5mM Sm(TFSA); with and without 30mM
Co(TFSA), at 25°C are displayed in Fig. 2. An anodic wave
corresponding to the oxidation of Sm(II) was observed around
—1.0 V without Co(II). However, the anodic wave around —1.0 V was
not observed in the presence of Co(Il), as seen in Fig. 1c. An anodic
current wave around —0.3 V can be assigned to the oxidation of Co
deposited on the electrode surface at —1.9 V. These results suggested
that the electrochemically generated Sm(II) is unstable in the
presence of Co(Il) even at 25 °C, and that Co(II) probably reacted
with Sm(II).

Potentiostatic cathodic reduction at 25 °C.—Potentiostatic
cathodic reduction on a GC electrode at —1.6 V was conducted in
BMPTFSA containing 30 mM Co(TFSA), and 5 mM Sm(TFSA); at
25 °C. The color of the ionic liquid after the potentiostatic cathodic
reduction changed from transparent pink to opaque gray. The
deposits were analyzed by SEM, EDX, and XRD without exposure
to air. Figure 3a shows the SEM image of the deposits obtained on
the electrode. Co and Sm were detected in the deposits by EDX
(Fig. 3b). The signals of F, S, and O indicated the presence of
BMPTFSA in the deposits after washing with G1. No reflection
corresponding to Co and/or Sm was found in the diffractogram of

the deposits except for the diffraction peaks originated from GC. The
similar results were also obtained by the potentiostatic cathodic
reduction at —1.5, —1.7, =2.0, and —2.5 V at 25 °C.

Although it was considered that the reaction of Co(II) with the
electrochemically generated Sm(II) might occur in the electrolyte,
the granular deposits were obtained on the electrode. The deposits
were rubbed off from the GC electrode, collected on a TEM grid,
and examined by TEM. The TEM samples were exposed to air
before TEM observation. The TEM image (Fig. 4) indicated the
existence of nanoparticles with clear lattice fringes, implying the
nanoparticles were crystalline. The inset represents the electron
diffraction diagram obtained on the rectangular area, where the
lattice fringes were observed on the nanoparticles. The interplanar
spacings calculated from the observed spots were 0.243 and
0.210 nm, which could be ascribed to the (111) and (110) planes
of metallic SmCo5, 0.244 and 0.210 nm (ICDD: 01-079-8418),
respectively.* Therefore, the deposits obtained on the GC electrode
were identified as the aggregates of SmCo; nanoparticles. Due to the
tiny size of the nanoparticles, no reflection was observed in the
diffractogram.

The electrolyte after the potentiostatic cathodic reduction was
also analyzed by TEM after exposing the sample to air. Figure 5a
shows the TEM image of the nanoparticles found in the electrolyte.
Lattice fringes were observed clearly in the nanoparticles. The
electron diffraction diagram of the nanoparticles is shown in the
insets of Fig. 5a. The interplanar spacings of these spots were
estimated to be 0.244 and 0.210 nm, which could be assigned to the
(111) and (110) planes of metallic SmCo;.* The phase angle between
the spots corresponding to (111) and (110) in the insets of Figs. 4
and 5a was 30.12°, which agrees with that calculated based on the
crystal structure of SmCo;. Similar SmCo- nanoparticles were found
in the TEM sample without contact to air using the mentioned
vacuum transfer holder, indicating the same characteristics of the
nanoparticles were observed no matter if the samples were exposed
to air, or not.

The formation of SmCo; was confirmed by the potentiostatic
cathodic reduction in BMPTFSA containing Co(TFSA), and
Sm(TFSA); at 25 °C. Since the disproportionation of Sm(II) to Sm
and Sm(III) is unfavorable at 25 °C, Sm(II) was considered to reduce
Co(Il), as discussed above. In order to explain the formation of
SmCo;, Sm(II) has to act as both a reducing agent of Co(II) and
source of Sm. The elemental reactions can be written as,

2Sm(I) + Co(I) = 2Sm(II) + Co [5]
3Sm(I) + 7Co = 2Sm(II) + SmCo- [6]
17Sm(I) + 7Co(Il) = 16Sm(IIl) + SmCo; (7]

Since Sm(II) is provided by electrochemical reduction of Sm(III) at
—1.6 V, the reaction 5 can be regarded as the following reaction of
the catalytic reaction (EC’), where Sm(III) is reproduced by the
following reaction. Therefore, the oxidation of Sm(II) was not seen
in Fig. lc. Reaction 6 can be regarded as a disproportionation
reaction for Sm although the one of the products is SmCo, alloy.
This disproportionation reaction is considered to occur probably
because of the formation of SmCo- in the presence of elementary Co
is thermodynamically more favorable than that of Sm. In addition,
the reaction 6 is also regarded as the following reaction of the
catalytic reaction because Sm(III) is reproduced. Thus, the large
irreversible cathodic reduction wave in Fig. 1c can be explained by
these following reactions occurring simultaneously. The total
electrode reaction at —1.6 V can be represented as follows.

Sm(II) 4+ 17 e~ + 7Co(Il) = SmCo~ [8]
Reaction of Sm(II) with Co(Il) at 25 °C.—In order to verify the

above hypothesis on the formation of SmCo;, the ionic liquid
containing Sm(II) was prepared by bulk electrolysis and mixed with
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Figure 3. (a) SEM image and (b) EDX spectrum of the deposits obtained on a GC electrode after potentiostatic cathodic reduction at —1.6 Vin BMPTFSA
containing 30 mM Co(TFSA), and 5 mM Sm(TFSA);. Temperature: 25 °C. Electric charge: 1.2 C.

that containing Co(II). Figure 6 shows the cyclic voltammograms of
a carbon cloth electrode in BMPTFSA containing 10 mM
Sm(TFSA); before and after bulk electrolysis. The cathodic and
anodic current peak were observed before the bulk electrolysis in the
same way as observed in Fig. 1b. After bulk electrolysis with the
electric charge of 1 C for 3 ml of BMPTFSA containing 10 mM
Sm(TFSA);, the electrolyte turned from colorless to light yellow. No
nanoparticles were found in the electrolyte after the bulk electro-
lysis, denoting Sm nanoparticles were not produced by the dis-
proportionation reaction at 25 °C. An anodic current peak corre-
sponding to the oxidation of Sm(II) was observed after the bulk
electrolysis as shown in Fig. 6.

After the bulk electrolysis, BMPTFSA containing Sm(II) was
mixed with that containing 30 mM Co(TFSA),. The mixture was
kept in Ar-atmosphere overnight. The color of the mixture slightly
changed to pale gray. Formation of nanoparticles was confirmed in
the mixture by TEM (Fig. 7a). The EDX spectrum of the
nanoparticles showed the presence of Co and Sm in addition to
the elements from the ionic liquid. Two diffraction spots found in the
electron diffraction diagram of the nanoparticles (inset of Fig. 7a)
could be identified as (111) and (110) planes of SmCo-, indicating
SmCo; was formed according to the reaction 7, which includes the
disproportionation reaction of Sm(II), as discussed above. Therefore,
the electrode reaction 8 is considered to be feasible in BMPTFSA at

25 °C.
Figure 4. TEM image of the deposits rubbed from a GC electrode after
potentiostatic cathodic reduction at —1.6 V in BMPTFSA containing 30 mM IR spectroscopy and XPS analysis of the Co-Sm nanoparti-
Co(TFSA), and 5 mM Sm(TFSA);. Temperature: 25 °C. Electric charge: cles—As F, S, and O were detected in the EDX spectra (Figs. 3b,

1.2 C. The inset displays the electron diffraction diagram obtained on the n Z .
rectangular area. 5b, and 7b) BMP™ and/or TFSA™ might be present and protect the
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Figure 5. (a) TEM image and (b) EDX spectrum of the nanoparticles dispersed in BMPTFSA after potentiostatic cathodic reduction on a GC electrode at
—1.6 Vin BMPTFSA containing 30 mM Co(TFSA), and 5 mM Sm(TFSA);. Temperature: 25 °C. Electric charge: 1.2 C. The inset displays the electron
diffraction diagram of the nanoparticles.
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Figure 6. Cyclic voltammograms of a carbon cloth electrode (a) before and
(b) after bulk electrolysis at —1.6 Vin BMPTFSA containing 10 mM
Sm(TFSA);. Temperature: 25 °C. Scan rate: 10 mV s~L

Co-Sm nanoparticles. Figure 8 shows the ATR-FT-IR spectrum of
the aggregates of SmCo; nanoparticles prepared by the reaction 8.
The nanoparticles were precipitated by the addition of G1 and
centrifugation. The absorption peaks observed in the FT-IR spec-
trum were assigned to TFSA™."*""* Although no peak assignable to
BMP* could be observed in the range of wavenumber, SmCo;
nanoparticles were suggested to be covered with BMPTFSA. The
same sample was also examined by XPS. However, no peak
corresponding to Co and Sm was detected probably due to a tiny
amount of the sample, while the signals corresponding to F, S, and O
derived from TFSA™ were detected.

Since SmCo; is ferromagnetic, SmCo, nanoparticles are ex-
pected to be collected by a magnet. Thus, potentiostatic cathodic
reduction on a GC electrode attached with a NdFeB magnet
(6 mmin diameter) on its back was conducted in BMPTFSA
containing 30 mM Co(TFSA), and 5 mM Sm(TFSA); at -1.6 V. A
significant amount of deposits were obtained on the electrode after
the potentiostatic cathodic reduction probably because ferromagnetic
SmCo; nanoparticles were attracted and attached to the electrode
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Figure 8. ATR-FT-IR spectrum of the aggregates of the nanoparticles
collected after potentiostatic cathodic reduction at —1.6 Vin BMPTFSA
containing 30 mM Co(TFSA), and 5 mM Sm(TFSA);. Temperature: 25 °C.
Electric charge: 1.2 C.

surface by the permanent magnet. Figure 9 shows the SEM images
of the deposits obtained after the potentiostatic cathodic reduction.
Granular deposits were found on the edge of the electrode, as shown
in Fig. 9a, while nanowire-shaped deposits were observed on the
center of the GC, as shown in Fig. 9b. The nanowire-shaped deposits
might be formed by the magnetic field produced from the magnet.
Co and Sm were detected in the nanowires by EDX. The deposits
were also found to be composed of SmCo; nanoparticles by TEM.
The mechanism of the formation of SmCo; nanowires is the topic of
ongoing investigations.

XPS spectra of the collected deposits after Ar'* etching are shown
in Fig. 10. A peak corresponding to Co 2ps3,, was clearly observed at
781.0eV, which was slightly higher than that for metallic Co
(778.7eV) and CoO (779.7eV).”>”"® In the case of Sm 3dsp, a
peak was observed at 1084.0 eV, which was also slightly higher than
metallic Sm (1081.0eV) and Sm,0; (1083.5eV).*** Since the
binding energy for contaminated carbon was identical to the
literature value, the slight shift of the binding energies of Co and
Sm indicated formation of the intermetallic compound of
SmCo,.**"*% In addition, F and S assignable to TESA™ were
detected by XPS, verifying the existence of TFSA™ in the
sample.*>* The binding energy of the F 1 s peak at 689.5 eV was
slightly higher than that observed for the ionic liquids, suggesting
the TFSA™ in the sample interacts with the nanoparticles. The F 1's
peak around 685.5 eV was assigned to the decomposed TFSA™ by
Ar" etching.®? Therefore, the stability of SmCo- nanog)articles in air
might be caused by a protecting shell of BMPTFSA.**"°

Intensity / a.u.
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Figure 7. (a) TEM image and (b) EDX spectrum of the nanoparticles dispersed in BMPTFSA after mixing Sm(II)/BMPTFSA and Co(I1I)/ BMPTFSA at 25 °C.

for 16 h. The inset displays the electron diffraction diagram of the nanoparticles.



Figure 9. SEM images of the (a) edge and (b) center part of the GC electrode with a NdFeB magnet after potentiostatic cathodic reduction at —1.6 V in
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BMPTESA containing 30 mM Co(TFSA), and 5 mM Sm(TFSA);. Temperature: 25 °C. Electric charge: 1.2 C.
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Figure 10. XPS spectra of the deposits obtained on a GC electrode with a NdFeB magnet after potentiostatic cathodic reduction at —1.6 Vin BMPTFSA
containing 30 mM Co(TFSA), and 5 mM Sm(TFSA);. Temperature: 25 °C. Electric charge: 1.2 C.
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Conclusions

The irreversible cathodic peak was observed in the cyclic
voltammogram of a GC electrode in BMPTFSA containing Sm(II)
in the presence of Co(Il) at 25 °C, is probably due to the following
reactions corresponding to reduction of Co(II) and the disproportio-
nation reaction of Sm(II). Electrochemical preparation of SmCo,
nanoparticles was possible in BMPTFSA containing Co(TFSA), and
Sm(TFSA); at 25 °C probably because the disproportionation reac-
tion of Sm(II) was promoted by the formation of SmCo; nanopar-
ticle, which is more favorable than Sm nanoparticles at 25 °C. This
reaction can be called “alloying-assisted disproportionation reaction.”
Formation of SmCo; was also confirmed by the reaction of Sm(II)
with Co(Il) in BMPTFSA, supporting the mechanism of electro-
chemical formation of SmCo;. The SmCo; nanoparticles were stable
in air because FT-IR, EDX, and XPS showed the existence of
BMPTFSA, which might act as a protective layer against the
oxidation by oxygen and moisture. However, the protective layer
might prevent the crystal growth of the deposits in this system.
Furthermore, it was found that the nanowire-shaped electrodeposits
SmCo, were obtained by attaching a magnet behind the GC electrode
during potentiostatic cathodic reduction. The mechanism of the
formation of nanowires is still unknown. Therefore, BMPTFSA is
considered to be used for the preparation of various magnetic
nanoparticles and nanowires at a lower temperature.
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