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Abstract: Electrochemical coating and recovery by electrodeposition have been invaluably employed
for facial thin film fabrication and the recycling of used materials. Herein, we have established a
full data set of lanthanide (Ln: La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, and Yb) elements
electrodeposited on carbon sheets. Cyclic voltammetry was performed for 10 mM Ln(III) ions
in a 0.1 M NaClOy electrolyte over a carbon sheet between +0.5 V and —1.7 V (vs. Ag/AgCl).
Amperometry was performed at a given potential to electrodeposit the Ln element on the carbon sheet.
Their physicochemical properties were fully investigated by scanning electron microscopy, Fourier-
transform infrared spectroscopy, energy-dispersive X-ray spectroscopy, and X-ray photoelectron
spectroscopy. The newly established full data set for Ln(III) ions over carbon electrodes provides
useful fundamental information for the development of coating and recovery methods of Ln elements.

Keywords: lanthanide; electrodeposition; coating; amperometry; cyclic voltammetry; recovery; X-ray
photoelectron spectroscopy; carbon sheet

1. Introduction

Lanthanide (Ln) elements have been studied extensively in diverse industrial appli-
cations of magnets, high-k gate dielectrics, display materials, catalysts, and batteries [1-6].
For recycling used Ln materials, various recovery methods for Ln elements have also been
demonstrated [7-13]. In nuclear oxide fuels, Ln elements and actinide (An) elements are
commonly co-present, and their redox behaviors are very similar. For this reason, the electro-
chemical redox behaviors of Ln ions have been studied extensively for the development of
reprocessing technology (e.g., pyroprocessing technology) of used nuclear fuels [14,15]. For
their studies of electrochemical behaviors and electrodeposition, Thomas et al. successfully
demonstrated that silicon-terbium nanowires could be prepared using a one-step electrode-
position method in an electrolyte containing an ionic liquid of 1-butyl-1-methylpyrrolidinium
bis(trifluoromethanesulfonyl)imide, 10 mM SiCly, and 10 mM TbCl3 [2]. Song et al. demon-
strated Ni-P-ZrO,—CeO, composite coatings on #45 steel using the jet-electrodeposition
technique and achieved an optimal coating condition (e.g., potential and current density)
for improving surface properties, hardness, and wear resistance [16]. Bourbos et al. studied
the recovery of neodymium (Nd) by galvanostatic electrolysis at —0.8 pA and potentiostatic
electrolysis at —2 V in dimethyl sulfoxide with dissolved 0.1 M NdCl;, where the best result
was obtained by pulsed electrolysis at low temperatures under stirring [17]. Li et al. prepared
a Ni-Mo-La composite using electro-codeposition in a weak alkaline solution of Ni and Mo
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ions mixed with La3* ion [18]. They observed that the OH™ ions were reduced during the
electrodeposition, and the reduction potential of Ni ions was negatively shifted upon addition
of La and Mo ions, accompanying a peak broadening and reducing the current efficiency.
Park et al. demonstrated that Eu elements could be efficiently recovered on indium—tin—
oxide electrodes from a 10 mM Eu(Ill)/0.1 M NaClOjy electrolyte using the amperometry
method [19]. They showed that the as-recovered material was EuSO,4, which was phase-
transformed to red-luminescent Eu oxysulfate (EuyO,SO4) upon thermal annealing at 700 °C.
Joo et al. demonstrated that Ln elements could be efficiently coated on Ni sheets using the
amperometry method in a 10 mM Ln(III) /0.1 M NaClOy electrolyte [20]. They tentatively
concluded that the recovered materials were of a Lny(OH),(CO3)y —-(ClOy),-nH0 complex.
Metal oxides and hydroxides with diverse morphologies including nanowires and nanotubes
have been synthesized extensively by electrochemical methods [21-23]. As discussed, many
studies on recovery and coating by electrodeposition have been focused on obtaining optimal
experimental conditions.

Although there have been many studies for the preparation of Ln-containing materials
and their application demonstration tests, few literatures have been systematically studied in
view of electrodeposition and recovery of all of the Ln elements over carbon electrodes. In the
present study, we employed all of the Ln(II) metal ions in an electrolyte and electrodeposited
on carbon sheet electrodes. The novelty of this work is that we first established a full data
set for Ln elements on electrochemical behaviors in an NaClOy electrolyte and the funda-
mental physicochemical properties of the electrodeposited Ln materials (with presumably
Ln(CO3)x(ClO4)y(OH), nH>O complex form) on carbon sheets, examined by scanning elec-
tron microscopy, Fourier-transform infrared spectroscopy (FI-IR), energy-dispersive X-ray
spectroscopy (EDXS), and X-ray photoelectron spectroscopy (XPS). This new data set for
Ln elements could be very useful for predicting redox behaviors of Ln (or An) elements in
solutions, improving electrochemical coating technology for Ln elements, and developing
treatment (or recycling) technology dealing with Ln elements with similar redox behaviors.

2. Materials and Methods

Ln(III) ion chemicals were all nitrates of La(Ill) nitrate hexahydrate (99.999%, Sigma-
Aldrich, Saint Louis, MO, USA), Ce (Ill) nitrate hexahydrate (99%, Sigma-Aldrich), Pr(III)
nitrate pentahydrate (99.9%, Alfa Aesar, Ward Hill, MA, USA), Nd(IIl) nitrate hexahydrate
(99.9%, Alfa Aesar), Sm(III) nitrate hexahydrate (99.9%, Alfa Aesar), Eu(Ill) nitrate hex-
ahydrate (99.9%, Alfa Aesar), GA(III) nitrate hexahydrate (99.9%, Sigma-Aldrich), Tb(III)
nitrate hydrate (99.9%, Alfa Aesar), Dy(IIl) nitrate pentahydrate (99.9%, Sigma-Aldrich),
Ho(III) nitrate pentahydrate (99.99%, Alfa Aesar), Er(Ill) nitrate hydrate (99.9%, Sigma-
Aldrich), Tm(III) nitrate hydrate (99.9%, Alfa Aesar), and Yb(III) nitrate hydrate (99.9%,
Sigma Aldrich), used as received. Carbon sheets (1 mM thick) were used, with a size
of 5 mM x 20 mM. Sodium perchlorate (NaClOy, >98.0%, Sigma-Aldrich) was used as
a supporting electrolyte material and made to an aqueous 0.1 M solution. A 10 mM
concentration of Ln(Ill) ion in the 0.1 M supporting electrolyte was prepared for electrode-
position. A conventional three-electrode system was used to perform cyclic voltammetry
(CV) tests in a blank 0.1 M NaClOy electrolyte with and without 10 mM Ln(IIl) ions using
a WPG100 potentiostat/galvanostat (WonATech Co., Ltd., Seoul, Korea) electrochemical
workstation. An Ag/AgCl (3.5 M KCl) electrode, a Pt wire (0.5 mM), and a carbon sheet
(5 mm x 20 mM) were used as reference, counter, and working electrodes, respectively. For
electrodeposition of the Ln elements on a carbon sheet, the amperometry was conducted
at a fixed potential for 5 h based on the CV data. After electrodeposition, the electrode
was gently removed from the electrolyte, washed with deionized water, and dried under
an infrared lamp before further characterization. The surface morphologies of the Ln-
electrodeposited samples were examined using a field-emission Hitachi S-4800 scanning
electron microscope (FE-SEM, Hitachi Ltd., Tokyo, Japan). For the analysis of elements,
energy-dispersive X-ray spectroscopy (EDXS) data were obtained using a JSM 7000 F
scanning electron microscope (JEOL Ltd., Tokyo, Japan) at 20 kV. To examine functional
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groups of the electrodeposited materials, FT-IR spectra were obtained using a Nicolet iS
10 FT-IR spectrometer (Thermo Scientific Korea, Seoul, Korea) with an attenuated total
reflection mode. For Eu-electrodeposited samples, photoluminescence (PL) emission and
excitation spectra were obtained using a Sinco FS-2 fluorescence spectrometer (Sinco, Seoul,
Korea). The 2D /3D PL contour profiles were plotted with the emission profiles at various
excitation wavelengths. X-ray photoelectron spectra were obtained using a Thermo-VG Sci-
entific K-alpha* spectrometer (Thermo VG Scientific, Waltham, MA, USA) equipped with a
hemispherical energy analyzer (CAE mode, pass energy = 50.0 eV, and step size = 0.100 eV)
and an Al K« X-ray source.

3. Results and Discussion

Before the electrodeposition of Ln elements on carbon sheets, cyclic voltammetry (CV)
data were obtained for Ln(IIl) (La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, and Yb) ions
in a blank and 10 mM Ln(III) ion containing 0.1 M NaClOy electrolytes. Figure 1 shows
the selected CV cycles for La and Eu ions, and others are provided in the Supplemental
Information (Figure S1). For the cyclic voltammetry curve in a blank electrolyte, no critical
redox peaks appeared between —1.7 and +0.5 V (vs. Ag/AgCl). The current increase in the
negative-going scan was attributed to the current of hydrogen eVolution reaction [24]. In
addition, the CV profile showed high non-faradaic capacitive current, commonly observed
in carbon-based materials [25]. For the CV profiles in 10 mM Ln(III)/0.1 M NaClO4
electrolytes, a critical difference in CV was observed in the high negative potential region,
compared with the CV obtained in a blank 0.1 M NaClOy electrolyte. A curvature generally
appeared between —1.3 and —1.5V (vs. Ag/AgCl), which was attributed to a reduction
potential forming a complex [20], discussed further below. The observed potentials for
the Ln(III) ions appeared at similar potentials. There was no corresponding oxidation
peak in the opposite potential scan. This could be because the curvature in the high
potential region was due to an irreversible process [19]. Once a complex was formed in
the negative-going scan, the insoluble element was not returned into an electrolyte during
the opposite positive-going scan. Interestingly, the CV profile in 10 mM Eu(Ill)/0.1 M
NaClOy electrolyte was critically different from those of other Ln ions. Two redox peaks
were observed at —0.82 V and +0.40 V, tentatively attributed to Eu(Ill) + e~ — Eu(Il) and
Eu(Il) — Eu(Ill) + e~ reactions, respectively [19].
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Figure 1. Cyclic voltammetry profiles for (a) 10 mM La(Ill) and (b) Eu(IIl) ions in 0.1 M NaClO4
electrolyte on carbon sheets at a scan rate of 200 mV-s~?, (c) reduction peak positions with Ln elements,
and (d) a schematic of a three-electrode system. Newly appeared curvature is indicated by a red arrow.
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Amperometry was performed at a fixed potential in 10 mM Ln(IlI) /0.1 M NaClOy4
electrolytes for 5 h to electrodeposit the Ln elements on carbon sheets. The surface mor-
phologies of the electrodeposited Ln materials were fully examined by SEM, displayed
in Figure 2. The SEM images (Figure 2B-N) of all of the Ln-deposited samples were ob-
served to be critically different from that of a bare carbon sheet (Figure 2A). This indicates
that Ln materials were recovered (or electrodeposited) on the carbon sheets. The optical
microscope images also showed a clear distinction between bare (in Figure 2A1) and elec-
trodeposited (in Figure 2L1) samples. We also observed precipitates in the electrolyte after
electrodeposition (bottom panel in Figure 2) due to fall by gravity during electrodeposition.
The morphologies in the SEM images showed aggregated particles, smooth thin films,
or cluster-like thin-film states. The thicknesses of the electrodeposited samples and the
amounts of precipitates in the electrolyte were found to be dependent on the Ln element.
For the SEM image of Pr-electrodeposited samples, the surface morphology showed a very
continuous uniform film state. As the atomic number increased from La (#57) to Yb (#70),
the morphology changed from a film state to a nanoparticle-cluster state. For Ho, Er, and
Yb samples, the morphologies appeared as clusters aggregated with small nanoparticles.

‘bare carbon sheet

Figure 2. Scanning electron microscope images (A-N) for a bare carbon sheet (A) and electrodeposited Ln elements on
carbon sheet electrodes (B-N), optical microscope (300x) images (A1,L1), and the corresponding photos (bottom panel) of
electrolytes (with precipitates) after electrodeposition.
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Energy-dispersive X-ray spectroscopy (EDXS) data were obtained to examine the
elements of electrodeposited Ln materials on carbon sheets in Figure 3. In the EDX spectra,
four common elements of C, O, Na, and Cl were observed at 0.26 KeV (C K) and 0.52 KeV
(O K), 1.04 KeV (Na K), and 2.63 KeV (Cl K), respectively [26]. The Na K signal was
due to trapped Na ions from the NaClOy electrolyte. The Cl K signal was attributed to
ClOy species. The strongest C K signal at 0.26 KeV was mainly due to the carbon support
electrode and partly due to carbon-based complex species. Upon electrodeposition of
Ln elements, several peaks (Ln M and Ln L) newly appeared. The Ln M and Ln L peak
positions were observed to be shifted to higher energy positions as the atomic number
was increased. For the EDXS of La-electrodeposited samples, the Ln M peak was observed
at 0.83 KeV. Two La L signals were observed at 4.64 KeV and 5.04 KeV. For the EDXS of
Yb-electrodeposited samples, the Yb M peak was observed at 1.53 KeV. Two Yb L signals
were observed at 7.40 KeV and 8.39 KeV. The peak separation of the La M and the Yb
M signals was estimated to be 0.7 KeV. We could not measure a EDXS for radioactive
promethium (Pm), but the Pm M and Pm L signals could be expected from the plots in
Figure 3.
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Figure 3. EDXS profiles for electrodeposited Ln elements on carbon sheets.

FT-IR spectra (Figure 4) were obtained to examine main functional groups consisting
of the electrodeposited materials. Interestingly, all the FT-IR profiles were found to be very
similar, indicating that all of the complexes were of a similar-type material. A broad peak
was commonly observed around 3600 cm™~ 1, which was attributed to the Ln-OH stretching
and H;O (hydrated) vibrations [27,28]. The O-H bending vibrational mode appeared
around 1620 cm L. For the origin of the OH group, a nitrate reduction process (NO3 + HyO
+2e~ — NO; + 20H) was possibly involved in the complexation with OH [29,30]. The
Ln-O vibrational modes were commonly observed around 610 cm ! [28]. Two more FT-IR
peaks appeared strongly around 1080 and 1350 cm~!. The former peak around 1080 cm !
was attributed to the vibration of the ClO4~ group [31]. A strong region around 1350 cm~*
appeared to be vibration modes of CO32~ species [27,28]. Based on the FT-IR data, the
electrodeposited samples consisted of OH (and/or H,0), CO32~ and ClO,~ species that
complexed with central Ln ions. Joo et al. reported similar FT-IR profiles for electrodeposi-
tion Ln materials on Ni sheets [20]. They concluded that the electrodeposited materials
had a RE(OH)x(CO3)y—2(ClOy4),-nH>O complex. For the complex form in the present
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study, meaningful X-ray diffraction signals could not be obtained, plausibly due to poor
crystallinity. Based on the literature [20] and the corresponding FT-IR data, we tentatively
concluded that the electrodeposits were a Ln(CO3),(ClOy),(OH),-nH,0 complex form.

Transmittance (arb. unit)
n<
c

4000 3000 2000 1000
Wavenumber (cm™')

Figure 4. Transmittance FI-IR profiles for electrodeposited Ln elements on carbon sheets.

XPS data (Figure 5) were obtained to examine surface chemical states of the electrode-
posited Ln elements and confirm the Ln recovery on carbon sheets. For the La 3d XPS
profile, four peaks were observed, and the La 3d5,, and La 3d3,, peaks were observed at
834.8 eV and 851.6 eV, respectively, with a spin-orbit splitting energy of 16.8 eV. The binding
energy position is in good agreement with the La(Il) oxidation state. Two additional peaks
at 838.5 eV and 855.2 eV were commonly attributed to the final state peak [32]. For Ce
3d XPS profile, the Ce 3d5,, and Ce 3d3,, peaks were observed at 882.4 eV and 900.8 eV,
respectively, with a spin-orbit splitting energy of 18.4 eV, in good agreement with the Ce(IV)
oxidation state. The characteristic of Ce(IV) XPS peaks was also observed at 888.8 eV (uy),
898.3 eV (u3), 907.3 eV (v2), and 916.6 eV (v3) [33]. The XPS peaks (u; and v1) of the Ce(III)
oxidation state were hardly detectable. For the Pr 3d XPS profile, the Pr 3ds,, and Pr 3d3,,
peaks were observed at 933.2 eV and 953.7 eV, respectively, with a spin-orbit splitting
energy of 20.5 eV, due to the Pr(Ill) oxidation state [34]. The corresponding shoulder peaks
around 929.0 eV and 949.2 eV were attributed satellite peaks [34]. For the Nd 3d XPS profile,
the Nd 3d5,, and Nd 3dj3,, peaks were observed at 981.9 eV and 1004.4 eV, respectively,
with a spin-orbit splitting energy of 22.5 eV, due to the Nd(III) oxidation state [35]. The
asymmetric shoulder peaks were attributed to multiplet splitting of Nd(III), as observed in
the Pr 3d XPS profile [34,35]. For the Sm 3d XPS profile, the Sm 3d5,, and Sm 3d3,, peaks
were observed at 1082.9 eV and 1109.9 eV, respectively, with a spin-orbit splitting energy
of 27.0 eV, attributed to the Sm(III) oxidation state [36]. For the Eu 3d XPS profile, the Eu
3ds5/; and Eu 3dj3/, peaks were observed at 1134.6 eV and 1164.3 eV, respectively, with
a spin-orbit splitting energy of 29.7 eV, due to the Eu(Ill) oxidation state [37]. An Eu(II)
oxidation state was not significantly observed. For the Gd 3d XPS profile, the Gd 3ds5,, and
Gd 3d3,, peaks were positioned at 1186.9 eV and 1219.2 eV, respectively, with a spin-orbit
splitting energy of 32.3 eV, due to the Gd(III) oxidation state [28]. For the Tb 3d XPS profile,
the Tb 3d5,, and Tb 3d3,, peaks were positioned at 1241.5 eV and 1276.1 eV, respectively,
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with a spin-orbit splitting energy of 34.6 eV, due to the Tb(III) oxidation state [38]. For
the Dy 3d XPS profile, the Dy 3ds5,, and Dy 3d3,, peaks were positioned at 1296.6 eV
and 1334.5 eV, respectively, with a spin-orbit splitting energy of 37.9 eV, due to the Dy(III)
oxidation state [39]. Broad Ho 4d, Er 4d, Tm 4d, and Yb 4d XPS peaks were observed at BEs
of 162.4 eV, 168.2 eV, 176.4 eV, and 158.2 eV, respectively [40—43]. The plot for the 3ds5,5 3>
spin-orbit splitting energies showed a linear relationship with atomic number from La (#
57) to Dy (#66).

La 3d 8552 8516  g3g5 8348 V3. ‘_’z____\!o Ce 3d

< 16.8 eV > ;
870 860 850 840 830 920 910 900 890 880
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Figure 5. La 3d, Ce 3d, Pr 3d, Nd 3d, Sm 3d, Eu 3d, Gd 3d, Tb 3d, Dy 3d, Ho 4d, Er 4d, Tm 4d, and
Yb 4d XPS profiles, and the 3d5,, 3/, spin-orbit splitting energies.
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Carbon and oxygen were also analyzed using XPS (Figure 6). For the C 1s XPS profiles,
a strong C 1s XPS signal was observed at a BE of 284.5 eV, attributed to carbon support
material. For a bare carbon sheet, a broad peak around 291 eV was attributed to the shake-
up of carbon [44]. For electrodeposited samples, a newly appeared peak was observed
around 289 eV. This could be attributed to O-C=0 and C=0 species of carbonates [20,38],
whose FT-IR signal was observed in Figure 4. For the O 1s XPS spectra, a broad peak
was commonly observed around 531 eV. For the O 1s XPS of the bare carbon sheet, the
signal was extremely weak compared to others. The major broad peak could be due to O of
carbonates, complexed (or surface) OH, and hydrated (or surface) H,O [20,38]. For the O
1s of the Ce-electrodeposited material, an extra peak was observed at 529.4 eV, attributed
to lattice oxygen of Ce oxide species [33,38].

: [(b) O1s
Yb
Tm
Er

Ho
Dy
Tb
Gd
Eu
Sm

Counts (arb. unit)

shake-up o

..........................................

%5 280 2% 280 545 | 540 5% 550 625
Binding energy (eV) Binding energy (eV)

Figure 6. C 1s (a) and O 1s (b) XPS profiles for a bare carbon sheet and electrodeposited Ln elements
on carbon sheets.

For electrodeposition, the amount of material on the carbon sheet increases, while
the metal ion decreases in the electrolyte, as electrodeposition time increases. As a brief
demonstration test, the 10 mM Ce(1II) /0.1 M NaClOj, electrolyte was selected, because
Ce(IlI) electrolyte shows a broad photoluminescence at an excitation wavelength of 275 nm.
As shown in Figure 7, the PL intensity was decreased after electrodeposition. This indicates
that Ce ion in the electrolyte was transformed to a complex as thin film (on carbon sheet)
or yellow precipitates in the electrolyte (top right panel in Figure 7).

An extra demonstration test was the XPS data obtained for the thermal-annealed
Ce-electrodeposited sample. It was clearly observed that the oxidation state was mainly
Ce(IV) for as-electrodeposited samples while the oxidation states were both Ce(IlI) and
Ce(IV) [33]. The O 1s peak of lattice oxygen was shifted from 529.4 to 528.2 eV after thermal
annealing. These require further investigation to obtain detailed fundamental information.
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Figure 7. Photoluminescence spectra (top left) of 10 mM Ce(III)/0.1 M NaClOy electrolyte with
electrodeposition time; SEM images (top right) of the carbon sheet before and after electrodeposition,

and a photo of the electrolyte after electrodeposition; and Ce 3d, C 1s, survey, and O 1s XPS profiles

before and after thermal annealing at 550 °C.

We employed photoluminescence spectroscopy to further confirm the oxidation state
of Ln elements initially probed by XPS above in Figure 5. Eu element with two oxidation
states of 2+ and 3+ was selected because Eu(III) ion only exhibits unique Dy — 7F0,1,2,3,4
transitions between 550 and 750 nm. In addition, when the Dy — ”F, transition is strong,
the material with Eu(III) ion exhibits a red color [20,37,45]. On the other hand, Eu(Il) ion
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exhibits a blue color around 400 nm under UV light excitation [20,37]. Figure 8 displays
excitation (setting at Aem = 613 nm and 590 nm) and emission (setting at Aex = 280 nm,
383 nm, and 395 nm) spectra for an Eu-electrodeposited sample. For the excitation spectra
(Figure 8a), the profiles were very similar, and several sharp peaks were observed around
300 nm, 320 nm, 365 nm, 383 nm, 395 nm, 415 nm, and 465 nm, attributed to the transitions
from the ground 7Fy state of Eu(III) to the upper 5Fy, °Hs, 2Dy, 5G] /°Ly,%Lg, °D3, and °D,
electronic energy levels, respectively [20,37,45]. It was observed that the signal intensities
setting at an emission wavelength of 613 nm were stronger than those at 590 nm. On the
basis of the excitation spectra, three excitation wavelengths (Aex) of 395 nm, 383 nm, and
280 nm were selected to obtain emission spectra. Two wavelengths of 395 nm and 383 nm
correspond to direct transitions of Eu(Ill): 383 nm (the 5G]/ 5Ly « 7F, direct excitation)
and 395 nm (the °Lg + “F; direct excitation), respectively. As a consequence, the two
emission spectra at Aex = 383 nm and 395 nm were very similar in Figure 8b, but the
intensities were different, as expected from the corresponding excitation spectrum. The
other excitation wavelength of 280 nm corresponds to an indirect excitation, not direct
transition to an electronic energy level of Eu(Ill). Consequently, the emission profile at
Aex = 280 nm was dissimilar to the other two at Aex = 383 nm and 395 nm. The emission
signal was also weaker than those of the other two. The emission signals were commonly
observed around 580 nm, 590 nm, 613 nm, 645 nm, and 700 nm, assigned to the transitions
from the excited >Dy electronic energy level to the lower "Fy, "F1,”Fy, "F3, and "Fy4 energy
states, respectively [37,45]. The emission signal at 613 nm (°Dy — ”F, transition) was much
stronger than others. As a consequence, the Eu-electrodeposited sample was expected to
have appeared red, as shown in the inset photo of Figure 8a. The Dy — “F, transition of
Eu(IIl) has commonly been used to probe Eu(IlI) local environment because of the electric
dipole transition hypersensitive to local environment [20,37]. When the local symmetry of
Eu(IIl) ion is high, the °Dy — ”F, transition signal becomes weaker. On the other hand, the
signal becomes stronger than other transition signals when Eu(IIl) ion is positioned at a
low symmetric site. On the basis of the emission signals (Figure 8b), it could be concluded
that the Eu(III) ion has a low symmetry. It is known that the °Dy — ”F; transition is not
sensitive to the Eu(IIl) local environment. The (°Dy — “F,)/(°Dy — ’Fy) intensity ratio
is known as an asymmetric ratio reflecting the symmetry of the Eu(IlI) local site [20,37].
For direct and indirect excitations, the ratios were estimated to be 1.9 and 0.9, respectively.
The corresponding 2D and 3D-mapping profiles (Figure 8c,d) show the emission signal
distributions at all the excitation wavelengths, where the densely spaced regions exhibit
strong emission signals. As discussed above, the densely spaced regions correspond to Dy
— 7F0,1,2,3,4 emission transitions and the upper energy levels (°F4, °Hs, °Dy, 5G]/ 5Ly, 5L,
D3, and °D,) + 7Fy excitation transitions.
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Figure 8. Excitation (a) and emission (b) spectral profiles for electrodeposited Eu on a carbon sheet,
and the corresponding 2D and 3D-photoluminescence contour profiles (c,d).

4. Conclusions

All of the Ln elements were electrodeposited on carbon sheets using the amperometry
method in a 10 mM Ln(IlI) /0.1 M NaClO; electrolyte. For the CV profiles, a anodic peak
generally appeared between —1.3 and —1.5V (vs. Ag/AgCl), which was attributed to a
reduction potential forming a complex. No corresponding cathodic peak was observed,
an indication of an irreversible process. All of the electrodeposited materials on carbon
sheets showed uniform film or clusters aggregated with nanoparticles, depending on
the Ln elements. FT-IR spectra showed major functional species of OH/H,0, CO32~,
and ClO,;~ groups that may form complexes with a central Ln metal ion, presumably
Ln(CO3)x(ClO4)y(OH);-nH,0 complex. EDXS data confirmed Ln, C, O, and Cl elements
expected from the FT-IR data. The oxidation states of Ln were fully examined using the
XPS data set of all the Ln-electrodeposited materials. Excitation/emission spectra and
their 2D /3D contour mapping profiles were obtained for Eu-electrodeposited samples
to further confirm the oxidation state. The several emission signals between 570 and
720 nm were assigned to the Dy — 7F0,1,2,3,4 transitions of the Eu(Ill) ion. The high
Dy — "Fy)/(°Dy — "F) intensity ratio reflects that the Eu(IIl) ion was positioned at a low
local symmetry. For future application study, the electrodeposition method can also be
applied to fabricate Ln and carbon-based electrode materials for fuel cells, supercapacitors,
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hydrogen production, and CO, reduction, with many advantages over other methods,
including facial thin film fabrication and uniform coatings. Overall, the present study
provides fundamental and technical information on the development of thin-film coating
and recovery of Ln-based materials by electrodeposition.

Supplementary Materials: The following are available online at https://www.mdpi.com/2079-6
412/11/1/100/s1, Figure S1: Cyclic voltammetry profiles for 10 mM Ln(III) ions in 0.1 M NaClO4
electrolyte on carbon sheets at a scan rate of 200 mV-s~! and a schematic of a three-electrode system.
Newly appeared curvatures are indicated by a red arrow.
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