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Abstract

Recovering rare earth elements (REE) from used permanent magnets, which contains about 30
wt.% of rare earth elements, has been persistent technological challenge. Current recycling
methods relies on pyrometallurgical or hydrometallurgical processes which are energy- and
chemical- intensive and not economically and environmentally viable for rare earth containing
magnets. Enabling efficient and simplistic recovery and refining of REEs contained in End-of-Use
(EoU) products, such as Neodymium-Iron-Boron (Nd-Fe-B) based magnets will play an important
and complementary role in the total supply of REEs in the future. We designed a new
electrochemical method and demonstrated a room temperature one-pot process that concurrently
separates and electroplates REE from commercial Nd-Fe-B magnets. By establishing selective
oxidation and reductive potential as electrochemical control parameter along with
electrochemically compatible non-aqueous electrolyte system, we demonstrated selective
electroleaching of lanthanides (Nd and Preseodymium (Pr)) from anode and concurrent plating
as alloy at Pt cathode. The morphological and chemical evolution of the Nd-Fe-B magnets during
electroleaching reveals the electrochemical stimuli and rate of dissolution depends on
microstructural complexities of the Nd-Fe-B magnet. The concomitant electroplating process
leads to Nd-Pr based alloy which can be used as raw metallic alloy for manufacturing new
permanent magnet and other devices. Our study demonstrates a scalable separation and refining
methodology, based on widely available organic electrolyte system and without any consumptive
chemical use, for selective lanthanide recovery from waste magnets.
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Summary

Herein, we demonstrated a room-temperature one-pot electrochemical process that can
selectively separate and concurrently deposit lanthanide elements as metallic alloy from
commercial Nd-Fe-B magnets. Selective electrochemical leaching of lanthanides from Nd-
Fe-B was achieved in aprotic organic solvent system which enabled concurrent
electrodeposition of Ln-elements as metallic alloy system. We evaluated the
electrochemical potential as control parameter to establish continuous leaching and
deposition process under LiCI/DMF based electrolyte conditions. The spectroscopy and
microscopy analysis of the deposition reveals Nd-Pr based didymium alloy which can be
easily used as feedstock in production of new magnets and other REM based products.
Our studies also suggest further electrochemical parameter and electrolyte material
optimization can lead to better control over the Ln-element leaching from variant
microstructural regions and metal nucleation processes. In particular, we envision the
following advances can accelerate this technology transferred to industry, 1) an electrolyte
design methodology to tune the redox potentials and kinetics and thereby control rate of
REE dissolution and deposition, and 2) correlation of electrochemical stimuli (potential,
pulse amplitude, and duration) to dissolution and deposition processes of REEs and
thereby control selectivity. Overall, we demonstrated an electrochemical methodology,
which can be rapidly and sustainably scaled-up within existing industrial infrastructure and
offers a viable waste-free and circular manufacturing of critical metals from electronic and
industrial wastes.
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1.0 Introduction

The Neodymium-Iron-Boron (Nd-Fe-B) alloy based permanent magnet is ubiquitous
component of modern energy technologies, ranging from industrial motors and
automation, consumer electronics and wind turbines. The size of these magnets ranges
from less than 1 g in portable electronics to well over 1000 kg in the generators of wind
turbines, with each magnet containing about 32 wt.% of rare earth metals (REMs) such as
neodymium (Nd), dysprosium (Dy) and praseodymium (Pr). Despite being readily available
feedstock, that could help establish domestic circular supply chain for rare earth elements
(REEs), no large-scale recovery processes are currently established for recycling End-of-
Use (EoU) magnets. ' A foremost reason for the absence of any major efforts for recycling
of these magnets is technological challenges associated with separation and refining of
REMs. The current methodologies to recover REEs are based on traditional hydro- and
pyro- metallurgy which are energy and chemical intensive, comes with high environmental
and economic cost. Even then, the recovered rare earth elements are often in oxidized
form (Ln®') necessitating re-metallization? process through high temperature (2500°C)
electrowinning or metallothermic reduction, adding further environmental and economic
cost of recycling process. Developing a single step ambient temperature electrochemical
recovery process, that encompasses both separation and refining of REEs in metallic form,
with atom and energy efficiency, can reduce industrial energy consumption and CO-
emission, as well as provide pathway for domestic circular supply chain. Electrochemical
methods for recovery of REEs from EoU magnets have been explored as shown in the
technical flow chart (Figure 1), but primarily focused on electrolytic dissolution in aqueous
acidic electrolyte systems. For example, EoU Nd-Fe-B based magnets are subjected to
electrolytic dissolution in strong mineral acid (HCI, HF or H.SO4)?* or organic acid (acetic
or citric acid) > based electrolytes to separate the Nd ions. The dissolved aqua-Nd ions
are then selectively separated from other constituents either by solvent extraction,® 7 8
membrane-assisted solvent extraction, 8 °® or membrane electrolysis. * The dissolved Nd
ions were subsequently precipitated using oxalic acid followed by calcination at 800°C to
obtain Nd203. % 5 1°To convert the oxides back to metallic form, a necessary feedstock for
magnetic alloys manufacturing, further electrochemical approaches such as high
temperature molten-salt electrolysis," and an iron electrodeposition in HF were used.?
While these electrolytic separation or molten salt based REM deposition highlight the
promise of electrochemical methods, these multi-step processes involves untenable
chemical and energy waste leading to higher capital and operational cost for EoU magnet
recycling.’® The scientific challenges in achieving a combined electrochemical separation
and refining of REMs are (1) very high negative redox potential of REEs, which leads to
intense parasitic reactivity with electrolyte, and (2) high activation barriers for diffusion,
hampering transport and transfer of trivalent ions (Ln®") across interfaces. Recent efforts
are focused on exploring ionic liquids-based electrolytes which addresses high negative
redox potential but suffers poor transport kinetics even with exogenous thermal energy
(70-150 °C). Recently, inspired by multivalent battery research, an organic electrolyte with
ether based solvent has been reported for room temperature electrodeposition of Nd using
borohydride based precursor salt."® Although this study, based on well-defined Nd
precursor salts, suggests the possibility of addressing reactivity and transport limitations
of REM electrodeposition, the electrolytic dissolution of EoU magnet with real-world
complexities would require greater control over selective dealloying process and
subsequent deposition of complex REE precursors. Identifying optimal electrolyte system
and electrochemical conditions that can handle real-world EoU magnets as precursors and
effectively combine separation and refining into single process could be transformative
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technology for REEs circular supply chain. Herein, we demonstrate an efficient one-pot
electrochemical process using common organic electrolytes to selectively dissolve REEs
from commercial Nd-Fe-B magnets and concurrently deposit as REMs at room
temperature (Figure 1). Our one-pot electrochemical cell setup recovers lanthanide (Ln)
elements Nd and Pr through selective oxidation and reduction steps at anode and cathode
respectively, as shown in Eq.1 & 2. We used demagnetized Nd-Fe-B magnets as REE
source at anode and selectively electroplated Nd and Pr metals on platinum cathode with
dimethylformamide (DMF) based electrolyte by carefully controlling the applied potentials.

[Ln — Fe — B]? - [Ln]3* + [Fe — B]s + 3e - Anode (1) (1)
[Ln)3* + 3e~ — [Ln]? - cathode (2) (2)

The oxidation potential of lanthanides is about -2.3V (vs Ag/AgCl), which is significantly
lower than the iron and boron, and thereby enables excellent selectivity in electrolytic
dissolution through applied potential. The dissolved lanthanide ions i.e., [Ln]}* solvated
by organic solvents exhibit higher transport properties and enables concurrent reduction
at cathode resulting in deposition of didymium alloy (Nd and Pr based alloy widely used in
magnets and glass filters manufacturing) under the one-pot condition with same oxidative
dissolution potential. This electrochemical process represents a simplistic and room
temperature electrorefining process for REMs with excellent atom and electron efficiency.
Our approach eliminates need for chemical and thermal pretreatment of magnets and also
yields as high-quality REM alloys (such as didymium alloy) which can be directly used as
feedstock in production of commercial magnets and thereby enables a domestic circular
supply chain economy for REEs."

Spent Nd-Fe-B magnat

( Maénetization One-pot

selective
Electrochemical — electrochemical
. Grinding :

leaching - leaching /

Selective

leaching
by control of

acid

concentration

!

Fe,0, / REE3*

electrodeposition
in organic solvent
at room
temperature

Calcination
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Fe?!/ Fe* / REE®

Solvent
extraction

Chemical
leaching by
strong acids

{HCI, HF or H,50.,)
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Figure 1. Flow chart of the typical electrochemical techniques and one-pot selective
electrochemical leaching/deposition at room temperature for recycling REEs from spent
Nd-Fe-B magnets.
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2.0 Materials and methods
Materials

Lithium chloride (LiCl, 99.99%, battery grade) and N,N-Dimethylformamide (DMF, 99.8%,
anhydrous) were purchased from Sigma-Aldrich. Platinum plate electrodes (Purity
99.99%), silver (99.99%) and platinum wires (99.99%) were used as electrodes after
surface polishing. The Uncoated neodymium-iron-boron (Nd-Fe-B) permanent magnet
rods (35NERR16-2, grade-35, diameter: 0.25 in, length: 2 in) were purchased from
MagnetShop.com. The Nd-Fe-B discs were cut from the magnet rod using a diamond
cutter and demagnetized by annealing at 400 °C for 30min in vacuum to avoid oxidation.
The demagnetized samples were grinded using sandpapers up to 1200 grids to remove
surface coatings. The finial polishing was done using a vibratory polisher in a 0.06um
amorphous colloidal silica suspension for 2-3 hours.

Electrochemical measurements

All electrochemical measurements were performed at ambient temperature conditions in
the argon filled glovebox. The 3-electrode glass electrochemical cell (shown in Figure S1)
used in the study contains polished Nd-Fe-B permanent magnetic rod as counter
electrode, platinum (Pt) plate as working electrode, and a silver wire as pseudo reference
electrode. The cell was filled with approximately 15 mL of 0.1 M LiClI/DMF electrolyte prior
to voltage cycling in the different voltage ranges vs. Ag/Ag.0. The surface of silver wire
was polished and dried before use. Cyclic voltammetry (CV) measurements were
performed using a potentiostat (GAMRY, Interface 1000). Polarization curves were
recorded at a potential sweep rate of 20 mV/s and 5mV/s between -2.8 V to 1V vs.
Ag/Ag20. Observed reduction and oxidation peaks were converted to standard reduction
potential values (E°) using a modified Nernst equation (E° = Eagag.0 + E° agag-0), with E°
agagro= 0.342 V, and the assumption that there is not significant difference in pH between
the experimental and standard reduction potential values. The chronoamperometry
technique with constant potentials and over extended times were performed to investigate
the effect of electrodeposition parameters on the selectivity and growth of the REMs on
the platinum working electrode. The polished magnet discs (diameter: 0.2 in, thickness: 2
mm) connected with a Pt wire were used as a counter electrode. After the potentiostatic
measurement, the electrodes were rinsed with fresh DMF and dried in a vacuum for the
characterizations.

Characterization

The Scanning electron microscopy (SEM) coupled with Energy dispersive x-ray analysis
(EDX), and X-ray photoelectron spectroscopy (XPS) were performed to analyze the
morphology and composition of electro-dissolution and deposition products. The
microstructure and associated elemental composition analysis was performed using FEI
Quanta 3D FIB scanning electron microscopy (SEM) coupled with Energy dispersive x-ray
analysis (EDX). The EDX elemental composition was characterized by the energy-
dispersive X-ray spectroscopy at an accelerating voltage of 10KV. After electrochemical
deposition, the Pt electrode was washed with a fresh DMF for 30 seconds and dried in Ar-
fill glovebox with moisture and oxygen concentration below 5 ppm. The samples were then
transferred to X-ray photoelectron spectroscopy (XPS) analysis chamber through in-built
load-lock within glove box. The XPS data were collected using a Kratos Axis Ultra DLD
spectrometer, which equipped with an Al Ka monochromatic X-ray source (1486.6 328 eV)
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and a high-resolution spherical mirror analyzer. X-ray source was operated at 150 W
power and the emitted photoelectrons were collected at the analyzer entrance slit normal
to the sample surface. The 2D XPS imaging data acquisition was carried out in a hybrid
mode with analysis area of 800 x 800 umZ2. High energy resolution photoelectron spectra
were collected using a pass energy of 40 eV with a step size of 0.1 332 eV. To remove the
surface layer and study sub-surface chemical composition, the deposited sample was
cleaned using 2 KeV Ar ion sputtering for 30min. The XPS spectra were analyzed using
the CasaXPS software with mixed Gaussian/Lorentzian [GL (30)] line shape and Shirley
background correction. The spectra were calibrated using Ag 3d signal at 368.2 eV. The
main paragraph text follows directly on here.
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3.0 Results and discussion

The first control parameter in recovering REEs from EoU magnet is to identify critical
potential that can establish selective and steady state oxidative dissolution from
intermetallic Nd-Fe-B alloy system."® It is known that the oxidative potentials of each alloy
component strongly depend on the local composition and is always more positive than the
corresponding potential of the individual metal. The magnet system is dominated by grains
of Nd2Fe14B intermetallic compound, where gadolinium (Gd), Pr and possibly other REEs
along with other transition metals are substituted in the lattice of Nd2Fe14B phase, leading
to heterogeneous chemical distributions.’® Beyond this compositional variances, Nd-rich
phases with different crystal structures were also identified with Nd concentrations ranging
from 70 to 90% rendering additional structural complexities.'” '® Finally, the EoU Nd-Fe-B
magnets are known to have morphological diversity arising from grains, oxidized grain
boundary regions and protective coatings encompassing multiple chemical and structural
phases.'”® To unravel the structural and chemical complexity of commercial Nd-Fe-B
product, we performed SEM based microscopic and compositional analysis on polished
magnet as shown in Figure 2. The overall Ln composition is over 32 wt %, including ~20%
of Nd, ~7.4% of Gd and ~4.6% of Pr, mostly concentrated as Ln-rich phases embedded
across common iron rich Nd2Fe14B phase separated by clear grain boundary, as shown in
Figure 2b and c. Overall, the Nd-Fe-B magnet is embedded with structural and
compositional heterogeneity ranging from atomistic to mesoscale making it challenging to
establish oxidative potential through empirical formulations.

10 um
——

- 60

'F__ Fe-rich (Spectrum 2)
[ | Ln-rich (Spectrum 1) |

Figure 2. (a and b) SEM, elemental mapping and (c) EDX analysis of the polished Nd-Fe-B
magnet sample. Region of the elemental mapping is marked in the yellow box of (a).
Spots of Spectrum 1 and Spectrum 2 are highlighted in (b).
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We performed cycling voltammetry (CV) over a wide potential range (-3.25V to 1.0V) for
ten consecutive cycles at 20 mV/s scan rate using 0.1 M LiCl in DMF on a Pt electrode
with Nd-Fe-B magnet as counter electrode and Ag/Ag-O as reference electrode (Figure
S2a). The first cycle CV representing the initial electroleaching process, shown in Figure
3c, clearly establishes the oxidative stripping reactions of Ln®*" such as Nd**, Gd** and Pr3*
around -2.25 V followed by with iron, a primary constituent of the magnet, around - 0.7 V.
Although, the CV confirmed the applied potential as control parameter for selectively
electroleaching of REEs from Nd-Fe-B magnet under the LiCI/DMF electrolyte condition,
it is critical to establish continuous state electrodeposition at counter Pt electrode. The
reductive platting potentials of REEs along with redox potentials of other chemical
components of Nd-Fe-B magnet such as corrosion resistant layers and impurities at the
Pt counter electrode are listed in supporting information (see Table S1). The CV
measurement also revealed the reductive potential of Nd** and Nd?* are around at -2.9 V
and -2.58 V, respectively (Fig 2c) under DMF based electrolyte. The reduction reaction of
borate and iron were observed at -1.11 V and at -0.72 V respectively. Relatively smaller
reduction peaks representing aluminium and nickel were also observed at -1.66 V and -
0.72 V respectively, indicating corrosion resistance layer in commercial magnets. This
clear separation of reduction potentials among common constituents of commercial Nd-
Fe-B based magnet further supports our hypothesis of establishing one-pot
electrochemical separation and electrodeposition of Ln elements. The persistent challenge
is to ensure the oxidative dissolution potential is optimal for selective and continuous Ln
electrodeposition and within electrochemical stability of electrolyte system. Reductive
potential scan shows multiple regions indicative of Nd** reduction to Nd?* (region a)
followed by Nd** and Nd?* reduction to Nd?* and Nd° respectively (region b). Oxidative
potential scan shows Nd° and Nd?* oxidations (region c) followed by and Nd° oxidation to
Nd3* and Nd?* (region d). Other lanthanides, such as Pr and Gd will likely to overlap with
these redox potentials and the detailed list of possible redox potentials of other elements
from Nd-Fe-B magnet are given in supporting information (Table S1).

a b - 0.1M LICKDMF, 20mY, 2.8 - 1.0%
< ] Region c: Nd" — Nd** + 2e-
E ga2{Res ® — Nd?
: Nd2 — Nd™ + &
Region d: Md? — Nd3* + 3e
E 01 NP — N + 2~
E‘ 0.0
MNdFaB . E
magnet N, _g 0.1
t
Ir_‘l" U Pt @ -0.24 Reglon a: N + & » Ng?*
T electrode =
Ag wires 3 Region b: Nd* + & — Nd**
O 0.3 Nd#* + 2e- — Nef?
: 30 -25 20 1.5 -10 05 0.0 05 1.0
0.1M LICI/DMF

Potential (V vs. Ag/Ag,0)

Figure 3. (a) Schematic illustration and (b) digital photograph of the one-pot electrochemical cell
with commercial Nd-Fe-B magnet rod, platinum plate and silver wire in immersed in
0.1M LiCI/DMF based electrolyte for the cyclic voltammetry test and (c) cyclic
voltammograms performed at a scan rate of 20mA s-1 in the potential range -2.8V —
1.0V vs. Ag/Ag:0.
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| The CV measurement revealed the range of oxidative and reduction potentials for Ln-
elements embedded within the chemical heterogeneity of Nd-Fe-B magnet but
establishing a single oxidative dissolution potential with higher selectivity and columbic
efficiency is critical first step for electrorefining. We have performed constant potential
amperometry across various oxidative potential (from -0.3V to -3.3V) to establish higher
columbic efficiency for selective Ln dissolution. The amperometry analysis, shown in
Figure 4a, revealed that -3.3V potential registers higher current density implying
continuous oxidative dissolution of Nd-Fe-B magnet. At -3.3V, the dissolution current
reaches maximum of about 230pA after ~2hrs and then slowly reduces and establishing
stable 85uA current after 14hr (see Figure 4a). This current evolution reveals that the rate
of dissolution and deposition not only depends on the applied potential but could also
depend on electrolyte stability and/or oxidative reaction front propagation mechanisms
defined by multiphase grain boundary regimes of Nd-Fe-B system.?’° To evaluate the
stability of LiCI/DMF electrolyte, we employed nuclear magnetic resonance spectroscopy
(NMR) spectroscopy (Figure S3). The 1 H and 13 C NMR analysis of electrolyte after 24hr
dissolution at -3.3V shows no detectable decomposition products indicating that the DMF
based electrolytes are relatively stable for the constant potential amperometry conditions
to concurrently dissolve and deposit the Ln ions. Previous corrosion and leaching studies
under aqueous conditions noted similar phenomena, where the dealloying reaction front
propagating through selective grain boundaries involving Nd-rich regions, while skipping
some grains altogether.% 2" 22 Such selective dissolution pathways across grain boundary
will be dictated by intra-grain solid-phase diffusion limitations, which is likely manifesting
as gradual drop in dissolution current after 2hr (Figure 4a).

100 165
a b L |Fe Fe:Ln
T 1601 [ INd 1:31
i . —-Ej-*o £ [ |Pr
g ! £a g 1551
- 50 - = |
E 100 ° O'iq‘im;ﬂmu:ﬁ b g 607
5 © 55
3 150 ——33V_24n g >l -
—— 2.0V 2h < Fe:Ln
-200 ——-0.85V_2h 51 Fe:ln  Feiln 17
-0.3V_2h : . =
250 — — o L :2 -—|1 ;3|— .—'T' ] :
D 2 4 & 8 10 12 14 16 18 20 22 24 -0.3v -0.85Y 2.0V -3.3v

Time / hour Samples

-0:85V v 08

Figure 4. (a) Amperometric current responses of the working electrodes as a function of the
applied potentials for 2 hours and (b) 24 hours at -3.3V. (c) ICP-OES analysis of REEs
(Nd and Pr) and iron concentrations in the 0.1M LiCI/DMF electrolytes after the
amperometry dissolution performed under different potentials for 2 hours and (c)
corresponding SEM images of the magnet electrodes obtained after the same
amperometry measurement.
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To enable continuous dissolution process, it is essential to unravel the dissolving element,
dissolution front and associated grain boundary regimes of Nd-Fe-B magnet. To identify
the dissolving element, we performed ICP based compositional analysis of electrolytes
after amperometry dissolution conditions shown in Figure 4b. It is clear that Ln elements
(primarily Nd and Pr) are dominant solute with nearly 31:1 compositional ratio with Fe after
24hr of applied potential. The SEM images (Figure 4c) reveal Ln rich phases were mostly
leached out at -3.3V while remain intact under higher potentials confirming selective
oxidative leaching process. Although, this suggests highly selective dissolution of
lanthanides it also raises the question about the origin of dissolving phase within Nd-Fe-B
magnets. For example, the presence of iron in electrolyte suggests iron rich grains
undergoing oxidative dissolution and/or becoming detached from Ln-rich grains due to
dealloying of dominant alloy constituents. However, theoretically (vide infra) the oxidative
potential of iron dissolution should be higher than 0.1V (i.e. Fe(s) — Fe?" + 3° vs Ag/Ag.0)
and hence dissolution from iron rich Nd2Fe14B phase is not feasible at applied potential of
-3.3V. Hence, it is very likely that dissolution induced dealloying leads to leaching of
residual iron from Ln-rich grains and grain boundary regimes. If the iron rich Nd2Fe14B
phase was not participating in the selective dissolution process under applied potential, it
is expected to maintain its crystalline and morphological structure. Similarly, if the Ln-rich
phase were selectively dissolving, it is expected to significantly alter the microstructural
grain arrangements of Nd-Fe-B magnets. To evaluate the structural and chemical
evolutions on Nd-Fe-B magnet upon selective oxidative dissolution, we performed Grazing
Incidence X-ray diffraction (GIXRD) and SEM analysis. The GIXRD pattern (Figure S4)
reveals no significant changes within the iron rich lattice of Nd2Fe14B phase, indicating the
dissolution is most likely from Ln-rich phases distributed across the Nd-Fe-B magnet. It is
known that Ln-rich grain boundaries are likely to be enveloped with oxide layers, such as
Nd2O3 and NdO2 which could passivate against oxidative dissolution. Nevertheless, the
major GIXRD peaks at 44° and 46° corresponding to Nd>-O3 and at 43° corresponding to
NdO. are disappearing when the applied potential becomes more negative (-3.3V),
demonstrating that electrochemical stimuli can initiate and sustain selective Ln oxidation
despite chemical heterogeneity of Nd-Fe-B magnets. Evidently, the SEM analysis reveals
selective dissolution from Ln-rich phases with rate of dissolution depending on the applied
potential and duration. For example, after 2hrs at -3.3V the preferential dissolution of Ln-
rich grains resulting in voids and discontinuous distribution of Nd>Fe14B phase. This implies
that, after 2hrs of electrolytic dissolution the lack of continuous Ln-rich grains at the surface
limits the Ln diffusion pathways and subsequently suppresses the dissolution rate which
manifest as drop in current. Our results suggests that oxidative dissolution is solid-phase
diffusion dependent and primarily involves the Ln-rich regions leaving the Nd>Fe 4B phase
mostly intact, likely due to significantly shifted oxidation potentials of iron-rich grains.
Nevertheless, considering the Ln-composition is primarily concentrated (~80% of total Ln
composition in the magnet) in Ln-rich region (as shown in Figure 2) lack of iron-rich
Nd2Fe14B phase involvement in electrochemical dissolution doesn’t impediment the overall
extraction efficiency and could still render an efficient methodology provided concurrent
electrodeposition of Ln elements can also be established. The dissolved Ln-elements
under amperometric conditions are expected to undergo reduction reaction and establish
electrodeposition as metallic alloy at Pt cathode. The Pt electrode was investigated by
SEM and EDX as shown in Figure 5. A clearly distinguishable layers on both sides of Pt
electrode confirms concurrent metal deposition process with amperometric dissolution
conditions. Based on SEM-EDX data (Table S3), it is verified that the deposited layer
predominantly contains Nd and Pr elements, with about 3:1 wt% Nd:Pr ratio.
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Deposited layer

Figure 5. (a) Cross-sectional SEM images of the Pt electrode with two deposited layers on both
sides by the amperometric dissolution and electrodeposition of Ln in 0.1M LiClI/DMF
electrolyte at -3.3V, (b) SEM image of the Pt electrode showing surface morphology
likely evolved from clustered nucleation of REEs during the deposition process, and (c)
Cross- sectional chemical element maps from EDX analysis.

Interestingly, while the Fe is detected the Gd is not detected in the deposits. The absence
of Gd agrees with ICP electrolyte analysis, whereas the Fe could be surface adsorption
and/or metal deposition from co-leached Fe3+ species present in electrolyte. A closer look
at the SEM images (Figure 5¢c and Sl Figure 5) also reveals clustered particles ranging
from submicron to few microns across the Pt surface. Both the nucleation kinetics and
morphology of these clusters will depend on interfacial reactivity in addition to surface
adsorption and diffusion of Ln elements.?® In particular, parasitic reactivity between 9
depositing metallic lanthanides and electrolyte molecules can create passivating layers
(such as oxide layer) which can limit further metal deposition process. Any such parasitic
reactivity would primarily depend on electrochemical stability of solvent molecules. To
study the chemical state of electrodeposited alloy and any possible parasitic reaction
products, we performed XPS analysis.

Results and discussion 9
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Figure 6. (a) XPS survey spectra collected on the Pt surface after the amperometric dissolution
of Ln from the Nd-Fe-B magnet electrode and concurrent reduction at -3.3V for 24hr.
The core-level spectra of (b) Nd 3d, (c) Pr 3ds» before and after Ar sputtering revealing
chemical state distribution across plating depth. The XPS images sputtered surface
showing metallic (d) Nd 3d and (e) Pr 3d distribution on Pt electrode. (f) The iron co-
deposition is very small (<1%) as confirmed by Fe 2p core-level spectra before and
after Ar sputtering.

The chemical compositional analysis derived from broad survey spectrum, shown in Figure
6a and 6f, reveals that Fe content on electrodeposited film is less than 1 at% along with
Ag and Li representing the reference electrode and electrolyte components. Interestingly,
small quantity of Fe is detected only after 30min of sputtering (Fig.6f), even then the Fe 2p
core level signal suggests the presence of Fe?*/Fe3" ions rather than metallic iron. This
suggests, the presence of iron is more likely to be surface chemisorption during the initial
deposition process rather than continuous co-deposition with metallic lanthanides. It
should be noted that, the Gd is also not observed in XPS spectrum (see S| Figure 6) and
the 10 deposited layer is dominated by Nd and Pr element, which corroborates the EDS
analysis (Fig.4 and Table S2). The high-resolution Nd 3ds. and Pr 3ds. shows both
metallic and oxide forms, albeit with different compositional ratio of 72 wt.% and 28 wt.%
for Nd and Pr respectively. The presence of oxide layer indicates two possible
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mechanisms, 1) electrolyte decomposition leading to interphase layer, and 2) surface
oxidation during sample transfer to XPS measurements. It is expected that such
procedural contamination during sample handling will be limited to oxidation of the surface
layer and mostly unperturbed subsurface metallic layers. To test our hypothesis, we
performed Ar sputtering to peel off the surface layer and probe the subsurface layers. After
5min of sputtering, the metal component of both Nd and Pr significantly increased (about
500 %) relative to the top surface layer. The significant drop in oxide components along
the film depth suggests that at least most of the oxidation is part of procedural
contamination and electrolyte is reasonably stable enough to support continuous metal
deposition process. This result also corroborates the electrolyte stability evaluated by NMR
analysis (Figure S3). The presence of both Nd and Pr in metallic phase across surface
and subsurface suggests the possibility of didymium alloy formation during
electrodeposition process. However, considering the clustered nucleation observed in
SEM images (Fig.4c), it is possible to have single phase Nd and Pr metal particles forming
separately but closely distributed across the Pt electrode. To test the chemical distribution
of nucleated clusters, we performed imaging XPS on Nd 3ds», and Pr 3ds» peak positions
as shown in Figure 6d & e. The clustering in metal deposition is clear in XPS imaging, with
the Nd and Pr distribution regimes mostly matching, albeit with different intensity,
suggesting likely didymium alloy formation. However, considering the spectral resolution
limits of both EDS and imaging XPS, it is possible to have individual metallic phase
nucleation due to local chemical potential variations during plating process. Overall,
gaining control over charge transfer and transport processes would maximize the leaching
and deposition efficiency of chemically and morphologically complex real-world magnets.
Currently, we are planning further studies focusing on electrolyte development and
electrochemical parameter controls to enhance the rate and selectivity of dissolution and
deposition process.
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Appendix A — Supplementary Information

Electrochemical measurements

To selectively electro-leach lanthanide (Ln) ions, cyclic voltammograms over a wide potential
range (-3.25V — 1.0V) were performed for ten consecutive cycles at 20 mV/s scan rate within 0.1
M LiCl in DMF based electrolyte on a Pt electrode with NdFeB magnet as counter electrode (Fig
S2a). The reduction reactions of Nd** and Nd?* are observed in all ten cycles at -2.9 V and -2.58
V, respectively. Furthermore, the reduction reaction of borate is observed in the first cycle at -1.11
V and the reduction reaction of iron (Il) ion is observed at -0.72 V. The reductions of aluminum
and nickel are also observed at -1.66 V and -0.72 V, respectively. Despite purchasing a
commercially produced uncoated magnet, the nickel and aluminum observed in the experiments
suggest there may have been a protective coating on the magnet to avoid surface oxidization.
The measured voltages and corresponding reduction reactions are listed in Table S1. The CVs
confirm feasibility of electro-leaching Ln from NdFeB magnet and the LiCI/DMF electrolyte is
sufficiently stable in with wide potential range used to reduce Ln ions on Pt electrode. The
boundary between the nascent (upper shiny) and electrodeposited (mat) regions of the Pt
electrode was clearly distinguishable visually as shown in Figs. S2b and S2d, respectively. SEM
images of the two regions also showed rough surface with lots of deposits post-CV (Fig S2e)

cycling compared to pristine Pt electrode pre-CV (Fig S2c).
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Figure 7. (a) Digital photograph of the polished Nd-Fe-B magnet tied with platinum wire as a
counter electrode and the schematic illustration of the electrochemical cell equipped
with a Pt plate as a working electrode, silver wire as a pseudo reference electrode in
0.1M LiCI/DMF electrolyte.
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Figure 8. (a) Cyclic voltammograms of NdFeB magnet vs. Pt counter electrode performed at a
scan rate of 20 mV s for 10 cycles in the potential range -3.5V — 1.0V vs. Ag/Ag-0 with
0.1 M LiCl in DMF electrolyte. Digital photographs and SEM images of the Pt electrode
before (b and c) and after (d and e) CV cycles. After CV images clearly show
electrodeposited material on Pt surface.
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Eagiag:0 E°(calc) E° Reduction reaction

29V -2.56V 27V Nd3* +e” o Nd?**

-2.58 V 2.24 V -2.323  Nd3* +3e~ o Nd(s)
V

21V  Nd?' + 2e” © Nd(s)
-1.61V;-203Vto -1.27V;-168Vtio -1.66 AT +3e™ o Al(s)

1.3V -0.96 V Vv

411V 0.77V -0.89  B(OH); +3H* +3e~ o B(s) +
Vv 3H,0(1)

-0.95V -0.61V 072 Ni(OH),(s) + 2e~ & Ni(s) +
Vv 20H"

-0.72V -0.38 V 044  Fe? 42e” o Fe(s)
Vv

0.74V 1.08 V 119V Pe?* +2e™ o Pt(s)

Table 1. Potential values and corresponding reduction reactions observed in cyclic
voltammogram. Potential values of reduction peaks observed during first three CV
cycles, reported along with calculated potential values using modified Nernst equation,
and standard reduction potential values with corresponding reactions.
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Nd Fe Gd Pr

a 19.1 67.1 7.4 4.5
b | 1 52.8 9.6 6.9 15.9
2 36.4 25.1 14.4 8.1

Table 2. SEM-EDX analysis of the polished Nd-Fe-B magnet.
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NMR analysis
The 3C and 'H Nuclear magnetic resonance (NMR) spectra were recorded on a 500 MHz ('H

NMR resonance) spectrometer (Agilent, USA) at 25 °C with a 5-mm HX probe. The *C NMR
spectra obtained at 125.715 MHz under broadband proton decoupling with a 90 degree pulse
length of 9 us and relaxation delay of 3 s. For 'TH NMR at 499.909 MHz, the 45 degree pulse
length and the repetition delay were 3.8 us and 5 s, respectively. 7Li NMR spectra were obtained
at 194.298 MHz with the 90 degree pulse with 12 ys and repetition delay of 2 s. Both 'H and *C
chemical shifts were calibrated with tetramethylsilane (TMS) of O ppm as external standard.

Absence of new peaks, after 24hr constant potential amperometry condition, suggests that the
LiCI/DMF solution is relatively stable to be used for recovery of REEs (Figure S3(a) and (b)). In
addition, all NMR spectra ("H, '*C and "Li) showed that the gradual shift to higher frequency (larger
chemical shift) due to the increase of the concentration of dissolving paramagnetic Ln ions during
the constant potential amperometry. For example, the chemical shift differences of 'H and ’Li
resonances between the samples before taking the amperometry (0.1 M LiCl) and after 24 h of
amperometry (-3.3V, 24 h) were 22.35 and 8.86 Hz, respectively, suggesting most dissolved Nd
ions solvated by DMF solvent molecules and minimally affect the existing lithium solvation
structure and subsequently its diffusion process, which dictates overall ionic conductivity of the
electrolyte. This can also be confirmed from the inset of Figure S3(c), which showed a minimal
change in the line width (FWHH) while the chemical shifts of the ’Li NMR spectra shifted to the
higher frequency (more paramagnetic) as the increase of the time for the constant potential

amperometry.
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Figure 9. Time-dependent (10 min to 24 hours) nuclear magnetic resonance (NMR) spectra (a)
1H, (b) 13C, and (c) 7Li of the 0.1 M LiCI/DMF electrolyte after the constant potential
amperometry at -3.3 V. In the inset of (c), the paramagnetic induced chemical shift and
FWHM of 7Li NMR spectra as function of the time for the constant potential
amperometery shows the increase in the concentration of the dissolved Nd ions in
electrolyte. The dotted-lines are the guide to the eye. (d) The structure of
dimethylformamide, and the numerals label the 'H and "3C resonances.
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GIXRD analysis

To investigate the electrochemical selective leaching of Ln from the magnet electrodes employed

for the potentiaostat measurements at different potentials for 2h, Grazing Incidence X-ray
diffraction (GIXRD) was carried out. A fixed 5° incident angle was used to enable the penetration
of 500 nm on the NdFeB magnet surface with 50-um-diameter collimator. The GIXRD enabled
the detection of smaller structural changes in surface layer compared to conventional XRD. Phase
matching was carried out using JADE v.9.5.1 (Materials Data, Inc.) equipped with the 2019 PDF4+

database from ICDD (International Centre for Diffraction Data, Newtown Square, PA).
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Figure 10. GIXRD patterns of the polished magnet electrodes after the amperometric dissolution
of Lnin 0.1M LiCI/DMF electrolyte measured with Pt counter electrode and Ag pseudo
reference electrodes at different potentials for 2 hours.

Morphological evolutions of metal deposition by SEM
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To investigate the Ln metal alloy electrodeposition mechanisms and morphology on Pt electrodes
from the dissolved Ln ions in the electrolytes we employed Scanning Electron Microscope (SEM).
During the initial 10min deposition (Fig. S6b), the surface roughness of Pt electrode increases
(Fig. S6a) suggesting distributed nucleation of Ln. After 2hr, the deposited Ln layer evolves to be
a thicker discontinuous film consisting of the packed small particles grown across the surface.
These observations are well matched with the increasing amperometric current (Fig. 3a) of the Pt
electrode at -3.3V from the beginning of the measurement until 2 hours likely representing the
nucleation and continuous growth of discontinuous Ln layer. Fig. S6d reveals that after 24 hours,
with increased concentration of Ln ions (Fig. 3b in main text) in the electrolyte, the clustered

particles of Ln metal alloys ranging from submicron to few microns develops across the Pt surface.

Figure 11. SEM images of the Pt electrode surfaces after the electrodeposition in 0.1M LiCI/DMF
electrolytes by potentialstatic measurement at -3.3V for (a) 0, (b) 10min, (c) 2 h, and
(d) 24 h, respectively.
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Pt electrode at -3.3V for 2h

Nd Al Pr Cl Fe Ag

Wt.%

1.8 1.2 0.7 0.5 0.5 0.3

Table 3. SEM-EDX analysis of the elements detected on the cross-section of Pt electrode

Appendix A

measured with the magnet working electrode in 0.1M LiCI/DMF electrolyte at -3.3V for
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Figure S6. (a) XPS core-level spectra of Gd 4d before and after Ar sputtering revealing chemical
state distribution across plating depth collected on the Pt surface after the
amperometric dissolution of Ln from the Nd-Fe-B magnet electrode and concurrent
reduction at -3.3V for 24hr.
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