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The rapid growth in lithium-ion battery (LIB) deployment has led to increasing volumes of end-of-life batteries, creating an
urgent need for sustainable recycling technologies capable of recovering critical metals from complex waste streams. Although
leaching has been successfully shown in various DES systems, selective recovery of metals/metal oxides still remain a challenge.
In this study, a deep eutectic solvent (DES) of betaine hydrochloride and ethylene glycol is employed as a green medium for
both dissolution of valuable metals and selective electrochemical recovery from LIB black mass. Rapid dissolution of Li, Ni, Co,
and Mn together with 86% Cu was achieved within 30 min at 100 °C. Based on electrochemical studies, it was observed that
temperature and potential/ current can be adjusted for selective metal recovery. Copper was selectively deposited at 40 °C, while
increasing the deposition temperature to 60 and 80 °C enabled deposition of Ni—Co alloys. Manganese was recovered from the
remaining electrolyte via carbonate precipitation. The integrated process achieved overall recovery efficiencies of approximately
98% for Cu, ~90% for Ni and Co, and ~80% for Mn. Thus, this work demonstrates a selective and environmentally benign
strategy for recovering valuable metals from complex LIB waste streams, providing a promising pathway toward circular battery
recycling.
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Lithium-ion batteries (LIBs) are essential to modern energy stor-
age, underpinning applications ranging from portable electronics to
electric vehicles and grid integration of renewable energy. Their
high energy density, extended cycle life, low self-discharge and
compact form factor have accelerated their deployment worldwide.
However, the inevitable end-of-life of these devices is creating a
rapidly expanding stream of spent batteries. Global projections esti-
mate that by 2040, annual waste generation will exceed 8 million
tons, coinciding with more than 23 million electric vehicle sales
expected by 2030."~? Spent LIBs contain toxic electrolytes and tran-
sition metals that pose serious environmental risks if untreated, yet
they also represent a valuable secondary resource. Cathode active
materials and associated components contain 5%-25% Co, 5%—
10% Ni, 5%—-10% Mn, 5%-7% Li, 15%-20% Al, 5%—7% Cu and
graphite."!*!! Effective recycling of these metals is therefore crit-
ical both to mitigate environmental hazards and to reduce reliance
on primary mining, which is concentrated in geopolitically sensitive
regions.® 12713

Recycling of LIBs is currently dominated by pyrometallurgical
and hydrometallurgical processes.'"!” Pyrometallurgy, operating at
temperatures exceeding 1400 °C, yields alloys rich in Co, Ni and
Cu but requires large energy inputs, produces greenhouse gases
and volatile emissions, and fails to recover light metals such as
Li and Al efficiently.'”'®20-2> Hydrometallurgy, involving acid or
alkaline leaching followed by precipitation, solvent extraction or
electrochemical recovery, is attractive due to lower energy consump-
tion and the potential for high-purity product recovery. However, it
typically employs strong mineral acids (HCI, H,SO4, HNO3) and
reducing agent (H,0,), which are hazardous to handle, corrosive
to equirgment and generate secondary wastes requiring neutralisa-
tion.®1%-23-25 While organic acids such as citric, tartaric or aspartic
acid have been tested as greener leaching agents, their efficiency
remains limited and often requires additional steps, such as the use
of ultrasonic treatment or reducing agents, thereby increasing overall
recovery costs.”*?=2® These limitations highlight the urgent need for

“E-mail: abhishek.lahiri @brunel.ac.uk

more sustainable leaching strategies capable of achieving high metal
recovery while reducing energy and chemical inputs.

In recent years, deep eutectic solvents (DESs) have emerged
as promising green alternatives. DESs are mixtures of hydrogen
bond donors (HBDs) and acceptors (HBAs) that form a eutec-
tic system with a melting point significantly lower than that of
the individual components, due to extensive hydrogen bonding.?+*
Their advantages include low volatility, non-flammability, low
toxicity, biodegradability, and simple, low-cost preparation.**?%:3!
Importantly, their physicochemical properties are highly tuneable
through the selection of HBA and HBD components, enabling the
design of solvents with desirable acidity, viscosity, coordination abil-
ity or reducing strength.’>32** DESs have already shown strong
potential for metal dissolution due to their intrinsic redox activity,
allowing them to leach transition metal oxides without additional
reducing agents.'>?”-* Their wide electrochemical windows (EWs)
also make them suitable electrolytes for electrodeposition, enabling
selective recovery of metals from solution and facilitating solvent
reuse.'”**

Several DES formulations have been investigated for the recov-
ery of LIB cathode materials. Yang et al.** employed a guanidine
hydrochloride-formic acid DES to leach spent LIBs, achieving effi-
ciencies of 99.79% for Li, 98.86% for Ni, 99.51% for Co and
96.12% for Mn. Li et al.¥ reported a maleic acid-ethylene glycol
DES capable of dissolving LiCoO, with Co and Li recovery rates
of 98.3% and 98.4%, respectively. Zhang et al.’® demonstrated the
use of a tetraecthylammonium chloride-ascorbic acid DES, which
achieved leaching efficiencies above 99% for Li, Ni, Co and Mn.
Similarly, Zhen et al.*’ developed a ternary choline chloride-DL-
malic acid-glycerol DES, reporting recovery rates of 94.6% for Ni,
96.8% for Co, 93.8% for Mn and 96.4% for Li. Among the DES
systems investigated, a betaine hydrochloride-ethylene glycol (Bet-
HCL:EG) DES has also recently been reported to exhibit excellent
leaching capability.*®** Luo et al. demonstrated that this system can
rapidly dissolve NMC cathode materials, achieving leaching effi-
ciencies close to 99% within 10 min at 140 °C, while a subsequent
study using the same DES recovered metals from the leachate via
precipitation.
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Despite this progress, most reported studies recover dissolved
metals by precipitation, which can compromise solvent integrity and
reduce recyclability.*® Several reports have demonstrated the fea-
sibility of electrochemical recovery, but these have been largely
restricted to simplified or single-component systems. For instance,
Cheng et al.*' employed a multistage process combining formic
acid leaching with a ternary DES (choline chloride, ethylene glycol,
tartaric acid), enabling selective precipitation of Ni and electrodepo-
sition of Co(OH), from NMCS811 cathodes. Similarly, Chen et al.®?
used choline chloride-succinic acid and choline chloride-oxalic acid
DESs to electrochemically recover Co(OH),. Wang et al.’' and
Aldana-Gonzalez et al.** demonstrated Co recovery from LCO using
choline chloride-urea. These examples illustrate that while electrode-
position from DESs is feasible, current approaches are constrained
by narrowly defined feedstocks. Therefore, development of a robust
process capable of handling complex, mixed-battery waste streams
remains a critical challenge for advancing DES-based recycling
towards scalable application.

Herein, we present a sustainable strategy for selective recov-
ery of metals from black mass (BM) using a Bet-HCL:EG DES.
The solvent enables rapid leaching of transition metals under mild
conditions, followed by sequential electrodeposition for selective
recovery of Cu and Co/Ni alloys, and precipitation of Mn. This
approach integrates efficient dissolution with electrochemical selec-
tivity, offering an environmentally benign alternative to conventional
hydrometallurgical methods.

Materials and Methods

Materials.—Black mass (BM) was obtained from a domestic
recycling company, Lithium Ion Battery Recycling Ltd. Betaine
hydrochloride (>99%), ethylene glycol (=99.5%), cobalt (ILIII)
oxide (Co304, 99.7%), and nickel (II) oxide (NiO, 99%) were pur-
chased from Thermo Scientific. Manganese (III) oxide (Mn,O3,
99.4%) was purchased from Nanografi, and copper foam (99.9%)
was sourced from PI-KEM. All reagents and solvents used in the
study were of analytical grade and used without further purification.

Methods.—Representative  sample  preparation of BM.—
Representative sampling is a critical step in the recycling of LIBs.
This study utilized the CAPCO sample divider to ensure precision
and reliability in sample preparation. A specific amount of BM was
weighed and introduced into the feed hopper of the CAPCO divider,
following the manufacturer’s guidelines. The device has a rotating
mechanism that equally spreads the material into six containers.
To get a representative sample, three symmetrical containers were
chosen, and the contents were repeatedly subdivided to attain a
representative sample.

Preparation of the DES.—Mixtures of Bet-HCI and EG were pre-
pared in molar ratios ranging from 1:4 to 1:10. The components were
placed in a four-neck conical flask and heated to 100 °C in an oil bath
under continuous magnetic stirring at 300 rpm. Heating and stirring
were maintained until a clear, homogeneous and transparent liquid
was obtained. The mixtures were then cooled to room temperature
and stored in sealed containers for further investigation.

Experimental.—Leaching experiments were carried out to extract
metal ions from the BM using the described DES. The One-factor-
at-a-time (OFAT) experimental approach was employed to examine
the influence of leaching time, temperature, and solid-to-liquid (S/L)
ratio on metal dissolution efficiency. In each experiment, 5 ml of
the DES was preheated to the target temperature (80 °C, 100 °C, or
120 °C) after which, a defined amount of BM corresponding to S/L
ratios of 10 g 17!, 50 g 17!, and 100 g 1=" was added. Leaching was
performed at the set temperature under constant agitation at 500 rpm
using a magnetic stirrer. The leaching time was varied across four
intervals: 15, 30, 45, and 60 min. Following leaching, the slurry
was centrifuged at 10 000 rpm for 30 min to separate the liquid

leachate from the remaining solid residues, including undissolved
particles and binder materials. The supernatant was then collected
and analyzed using ICP-OES to quantify the leaching efficiency of
the target metals.

Calculation of leaching efficiency.—The leaching efficiency (1)

was calculated:
= (LMV) x 100
moy X wy

where 7y is the leaching rate of the corresponding metals in the
leachate, Cy (mg 1’1) is the concentration of metals in the leachate,
V (L) is the volume of the leachate, my (mg) is the cathode materials
initial mass, and wy, is the mass fraction of metals in the cathode
materials.

Electrochemical studies and metal recovery.—Electrochemical
measurements and metal recovery experiments were carried out
using a standard three-electrode cell configuration. Graphite sheets
(RS Pro) were used as both the working and counter electrodes.
A platinum wire was used as a quasi-reference electrode. All
electrochemical experiments were performed using a Biologic VSP-
3e potentiostat, with control and data acquisition managed via
EC-Lab software. To investigate the electrochemical behavior of
metal species in the DES, cyclic voltammetry (CV) was used.
Galvanostatic and potentiostatic techniques were used for selective
recovery of metals/ alloys.

Precipitation of manganese and lithium separation.—After
sequential electrodeposition, manganese was recovered from the
residual leachate by chemical precipitation. A 1 M sodium carbon-
ate (Na»COs3) solution was added dropwise under constant stirring at
ambient temperature, resulting in the selective precipitation of man-
ganese carbonate (MnCOs3). Lithium remained dissolved in the DES
owing to the high solubility of Li»CO3, enabling effective separation
from manganese.

A schematic flowchart summarizing the overall experimental pro-
cedure for DES preparation, BM leaching, and metal recovery is
provided in Fig. S.1.

Metal recovery rate calculation.—The recovery rates of individ-
ual metals were quantified based on the mass of recovered metals
and the initial metal concentrations in the leachate, as determined by
ICP-OES. Each metal’s recovery efficiency was calculated using the
following equation:

CM xV
ReCOVery Rate (%) = (m) x 100

where Cy (mg 171 is the concentration of the recovered metal in the
digested solution (diluted HNOs3), V (L) is the volume of the digested
solution, Co» (mg 171 is the initial concentration of the metal in the
leachate, and Vieachae (L) is the total volume of the leachate.

Unless otherwise stated, all experiments and measurements
were performed in triplicate to ensure reproducibility, and the
reported results represent the mean values of three independent
measurements.

Characterisation.—Thermal stability of DES.—The thermal sta-
bility of the mixtures was evaluated using thermogravimetric analysis
(TGA) on a Mettler Toledo system. For dynamic measurements,
a defined mass of mixture was placed in an alumina crucible and
heated from 25 to 230 °C at 5 °C min~' under a constant nitro-
gen flow (20 ml min~'). The resulting thermograms were used
to determine decomposition behavior and establish the operational
temperature limits of the solvent system. Complementary isother-
mal TGA experiments were performed on DES at 25, 40, 60,
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Table I. Elemental mass fractions (wt%) of the BM, determined by ICP-OES.

Element Al Co Cu

Fe Li Mn Ni P

1.59 £ 0.04

Mass Fraction (%) 2.25 £ 0.05 3.18 £0.18

Figure 1. SEM and corresponding EDS spectra of the as-received BM.

80, and 100 °C for 24 h under the same nitrogen atmosphere
(20 ml min~"). These measurements enabled evaluation of long-
term stability and mass retention under constant operating conditions
relevant to leaching and recovery experiments.

Spectroscopic analysis and speciation studies.—FTIR spectra
were collected using an IRSpirit-X spectrometer (Shimadzu, Japan),
while Raman measurements were performed on a confocal Raman
microscope (Steller-REN) equipped with a 514 nm excitation laser
and a diffraction grating of 1800 lines mm™'. Spectral detection
was achieved using a Renishaw CCD camera. UV-Vis absorp-
tion spectra were collected using a Shimadzu UV-1900i UV-Vis
Spectrophotometer operating over a wavelength range of 190-
1100 nm with a double-beam optical configuration and a spectral
bandwidth of 1 nm.

Viscosity measurements.—The viscosity of the DES was mea-
sured between 40 and 100 °C using an automatic rolling-ball
micro-viscometer (Anton Paar GmbH, Graz, Austria). Each mea-
surement was performed in triplicate, and the average values are
reported.

Structural and morphological ~characterisation.—Crystalline
phases of the samples were characterized using X-ray diffraction
(XRD). The XRD was carried out on a Bruker D8 Advance diffrac-
tometer (Germany) equipped with Cu Ko radiation (A = 1.5406 A)
and a LynxEye™ silicon strip detector. Surface morphology and
microstructural features were examined using a scanning elec-
tron microscope (JEOL IT200LV, USA), equipped with an Oxford
Instruments energy-dispersive X-ray spectroscopy (EDS) detector
for elemental analysis.

Elemental analysis.—Elemental composition was determined by
inductively coupled plasma optical emission spectrometry (ICP-
OES) to quantify metal concentrations in the BM, leachates, recov-
ered products and residual solutions. These data were used to
evaluate leaching efficiency and calculate metal recovery at each
process stage.

Analyses were performed on an FMX46 SpectroGreen ICP-
OES (SpectroAmetek) equipped with dual side-on interface and
ASX520 autosampler. Samples were introduced via a cross-flow
nebulizer and Scott-type spray chamber at a flow rate of 2 ml min~',
with nebulizer argon flow at 0.8 1 min~'. The torch was operated

0.74 £+ 0.06

rila

1.89 £+ 0.04 2.06 £+ 0.06 7.84 £ 0.12 1.22 £ 0.04

M Spectrum 1

C
(0]
Ni
3
Co
Mn
Al

at 1150 W with coolant and auxiliary argon flows of 13 1 min™'

and 0.8 1 min~!, respectively. Optical ranges of 285.9-770.6 nm
and 163-285.7 nm were measured for 8 s and 28 s, respectively,
with three replicate measurements. Sample uptake and stabilization
time was 60 s. Calibration was carried out between 0—10 ppm for Al
(167.078 nm), Co (228.616 nm), Cu (224.700 nm), Fe (238.204 nm),
Li (670.780 nm), Mn (257.611 nm), Ni (231.604 nm) and Zn
(206.200 nm), and between 0-250 ppm for P (177.495 nm). All
calibration curves had correlation coefficients (r) greater than 0.996.

Results and Discussion

BM characterisation.—Elemental composition of BM by
ICP-OES.—The elemental composition of the BM was deter-
mined by ICP-OES following microwave-assisted acid digestion.
Measurements were conducted in triplicate to account for the
compositional heterogeneity of spent LIB waste, and the average
concentrations are summarized in Table I. The analysis revealed that
the BM contained Nickel with an average mass fraction of 7.84%.
Copper (3.18%) and cobalt (2.25%) were also present from current
collector residues and cathode materials, respectively. Manganese
(2.06%) and lithium (1.89%) were present in moderate amounts,
while aluminum (1.59%) and iron (0.74%) were attributed to contri-
butions from Al current collectors and either LFP-type cathodes or
Fe introduced during the crushing process. The presence of phospho-
rus (1.22%) further supports the contribution of LFP-derived phases,
although its slightly elevated content may also reflect residues from
the electrolyte.

Morphological and elemental characterisation of BM by
SEM/EDS.—Figure 1 shows the SEM/EDS of the as-received BM.
The material exhibited a heterogeneous microstructure composed of
flake-like graphite and agglomerated cathode particles with typical
sizes of 5-10 pum.***

EDS analysis of selected regions corroborated the multi-phase
composition. Carbon was the dominant element (64.7 wt%), consis-
tent with the extensive presence of graphite. Oxygen (21.0 wt%) was
also abundant, likely originating from metal oxides and degradation
products of the polymer binder. Nickel was present at 5.2 wt%, rep-
resenting the most abundant transition metal in the sample. Cobalt
(1.4 wt%) and manganese (1.1 wt%) were detected at lower con-
centrations. Fluorine (4.7 wt%) was present at significant levels,
attributed to polyvinylidene fluoride (PVDF). Aluminum (0.8 wt%)
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Figure 2. XRD pattern of the as-received BM, identifying crystalline phases
present in the sample.

and copper (0.6 wt%) were detected, corresponding to fragments
of current collectors, suggesting incomplete mechanical separa-
tion. Phosphorus (0.3 wt%) and sulfur (0.1 wt%) are associated
with residual LiFePO4 and sulfur-containing electrolyte components,
respectively.

Structural characterisation of BM by XRD.—The crystalline
phases present in the BM were investigated by XRD, and the
resulting diffraction pattern is shown in Fig. 2. The major phases
were assigned to graphitic carbon and layered transition-metal
oxides, particularly nickel-rich lithium nickel manganese cobalt
oxide (NMC; ICSD 8362) and lithium cobalt oxide (LCO; PDF 00—
016 - 0427).***7 Minor reflections were attributed to spinel LiMn,Oy4
(LMO; JCPDS 35-0782), olivine LiFePO4 (LFP; ICSD 072545), and
metallic copper.*®** The coexistence of these crystalline phases indi-
cates that the BM originated from a mixture of different LIB cathode
chemistries.

DES preparation and characterisation.—The Bet-HCL:EG DES
was prepared by mixing the components at different molar ratios
and heating until a homogeneous liquid was obtained. The stability
of the mixtures was strongly dependent on the molar composition,
with stable and transparent liquids obtained for ratios >1:7. Thermal
stability, spectroscopic analysis, and viscosity measurements were
performed to confirm DES formation and evaluate its physicochem-
ical properties. The results indicate that the DES remains thermally
stable up to approximately 110 °C and exhibits decreasing viscosity
with increasing temperature, which is favorable for mass transfer dur-
ing leaching and electrochemical recovery. Detailed characterization
data, including optical observations, TGA analysis, FTIR spec-
tra, and viscosity measurements, are provided in the Supporting
Information (Figs. S2—-S4 and Table S1).

Leaching optimization.—Leaching parameters for the recovery
of metals from BM were optimized by evaluating the effects of leach-
ing time, S/L ratio, and temperature. Efficient dissolution of Li, Ni,
Co, and Mn were achieved within short leaching times, while Cu
exhibited slightly lower but still significant recovery. Increasing the
solid loading beyond a threshold reduced metal recoveries, likely due
to increased viscosity and limitations in metal-ligand interactions
within the DES. Temperature strongly influenced leaching kinet-
ics, with optimal dissolution obtained at 100 °C. Based on these

results, the optimal leaching conditions were identified as 30 min at
100 °C with a S/L ratio of 50 g 1~!. The complete optimization data
and detailed discussion are provided in the Supporting Information
(Fig. S95).

Post leaching BM characterisation.—SEM of the BM after
leaching (Fig. 3a) showed a morphology dominated by flake-like
graphite layers. The more homogeneous surface compared to the
untreated material is seen in Fig. 3a indicating removal of cathode-
derived phases by selective dissolution. EDS spectra (Fig. S.6)
confirmed this, showing dominant C and O peaks with residual Al.

XRD patterns of the post-leaching BM (Fig. 3b) revealed sub-
stantial structural changes. Reflections from layered transition metal
oxides were markedly suppressed, consistent with their dissolution.
The peaks at 20 ~26.4°, 42.3°, 54.5° and 77.4° correspond to the
(002), (100), (004) and (110) planes of graphitic carbon, confirming
the presence of graphite in the solid residue.

Spectroscopic analysis of the DES Before and after leaching.—
Spectroscopic analyses were performed to evaluate possible changes
in the chemical speciation of the DES after metal dissolution from
the BM. FTIR and Raman spectra of the leachate (Figure S.7 and
S.8) showed no significant changes compared with the blank solvent,
indicating that the overall molecular structure of the DES remained
largely preserved after leaching. However, a noticeable color change
of the solvent from transparent to dark green suggested the forma-
tion of metal-DES complexes (Fig. S.9). UV-Vis analysis further
confirmed the presence of chloride-based metal complexes in the
leachate, consistent with speciation behavior previously reported for
Bet-HCI: EG DES system (Fig. S.10).%%%

Electrochemical studies.—The electrochemical window (EW) of
the DES was systematically examined using CV at 40 °C, 60 °C, and
80 °C. Figure 4 shows the CV of the DES at different temperatures.

At 40 °C, the DES exhibits a wide EW of ~2.25 V with cathodic
decomposition commencing at —1.6 V and anodic decomposition
occurring at +0.65 V. At 60 °C, cathodic decomposition shifted
to —1.3 V, with anodic breakdown initiating at +0.75 V, reduc-
ing the EW to ~2.05 V. At 80 °C, decomposition began earlier, at
—1.2 V and +0.8 V, narrowing the window further to ~2.00 V. The
progressive reduction in EW with temperature reflects the behav-
ior of hydrogen-bonded solvent systems, where elevated temperature
lowers the overpotentials for decomposition due to increased ionic
mobility and weakened hydrogen bonding.>’-!

Electrochemical responses of model systems.—To identify the
electrochemical behavior of individual metals in the DES, CV
was first performed using model systems containing individually
dissolved Cu, Ni, Co, and Mn species Figs. (5-8).

The Cu-containing DES exhibited well-defined redox features
within the EW. All CVs shows two distinct reduction/oxidation pro-
cesses, which are consistent with the literature.’>=> At 40 °C (Fig.
5a), two cathodic processes were observed. The first cathodic peak
appeared between —0.5 and 0.0 V (centered near —0.2 V), corre-
sponding to the reduction of Cu> T to Cu ™ A second cathodic
process occurred at more negative potentials between —1.0 and
—1.4 V, which corresponds to reduction of Cu ™ to metallic Cu.
During the reverse scan, two corresponding anodic stripping peaks
were detected. The first stripping feature appeared between —0.8 and
—0.1 V (centered near —0.5 V) corresponding to oxidation of Cu’ to
Cu *, while a second oxidation peak was observed between 0.0 and
0.6 V attributing to oxidation of Cu ¥ to Cu? *

The two-step redox behavior arises from the stabilization of
both Cu(l) and Cu(Il) species in the chloride-rich DES through
complex formation with Cl7ions.® Accordingly, copper reduc-
tion proceeds via sequential electron-transfer reactions involving
chloro-complexes:
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Figure 3. (a) SEM image and (b) XRD pattern of post-leaching BM.
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Figure 4. Cyclic voltammograms of blank DES recorded at different
temperatures at a scan rate of 10 mV s~ 1.
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Increasing the temperature to 60 °C and 80 °C shifted the
Cu reduction peak slightly towards less negative potentials with
increased current densities (Figs. 5b and 5c).

The CV of Mn-containing system exhibited broad and weakly
resolved Mn redox features. At 40 °C (Fig. 6a), only a weak cathodic
feature was observed near —0.25 V and a shoulder starting near
—1.0 V, together with three small anodic peaks at approximately
—0.90,—0.70 and 0.00 V, indicating limited Mn deposition and
kinetically hindered reoxidation. At 60 °C (Fig. 6b), the cathodic
feature near —0.15 V and the anodic peak at about —0.70 V became
more pronounced. At 80 °C (Fig. 6¢), the Mn response was fur-
ther enhanced, and two anodic peaks at approximately —0.85 and
—0.70 V could be distinguished, reflecting improved Mn deposi-
tion kinetics at elevated temperature. Notably, a clear current loop
observed during the reverse scan at 60 °C and 80 °C is indicative
of a nucleation overpotential associated with Mn deposition on the
graphite electrode. Such behavior is characteristic of metal electrode-
position on a foreign substrate, where an additional overpotential
is required to initiate nucleation.”® Overall, the presence of broad
cathodic waves, shoulder features, and incomplete anodic stripping is
consistent with literature reported for Mn in ionic liquids and DESs,

= LCO
b + NMC
1 LMO
o LFP

Intensity (a.u.)
Graphite

A &W
.
> Graphite

where Mn reduction is nucleation-controlled and the deposited Mn
is re-oxidised only partially. 6>

The CV of Co-containing system (Figs. 7a—7c)) exhibit typical
features of cobalt electrodeposition in deep eutectic solvents.®~% At
40 °C, a broad cathodic wave corresponding to Co(II) reduction to
metallic Co is observed, accompanied by an anodic stripping peak.
The presence of a single cathodic and anodic peak pair suggests
a one-step, two-electron transfer process. Increasing the tempera-
ture to 60 °C enhances both cathodic and anodic currents, reflecting
improved mass transport and charge transfer. Additionally, the reduc-
tion peak shifts towards more positive potentials, which can be
attributed to decreased viscosity and increased ionic conductiv-
ity of the DES at elevated temperatures. This reduces polarization
effects and facilitates electron transfer, while higher thermal energy
accelerates the mobility of electroactive species.®’ At 80 °C, the
electrochemical response becomes more pronounced, confirming
facilitated cobalt deposition. Notably, a nucleation loop is observed
at all temperatures at more negative potentials, indicating that the
deposition process follows a nucleation and growth mechanism.®
Overall, the behavior is consistent with a diffusion-controlled, quasi-
reversible Co(II)/Co(0) system governed by nucleation and growth
kinetics.

Similar to the Co-containing system, the CVs of the Ni-containing
system (Figs. 8a—8c)) exhibit a strong temperature dependence. At
40 °C, a broad cathodic wave with minimal anodic stripping indi-
cates sluggish kinetics and a high overpotential requirement for
Ni(Il) reduction. Increasing the temperature to 60 °C and 80 °C
leads to a significant enhancement in current densities and a shift
of the reduction onset towards less negative potentials, reflecting
improved electrochemical kinetics. Notably, the reduction feature
becomes more distinct at 80 °C compared to 40 and 60 °C, indicating
facilitated Ni deposition at elevated temperature. Concurrently, the
anodic peak shifts towards more positive potentials with increasing
temperature, suggesting improved stripping behavior and increased
deposit stability.

A nucleation loop observed at higher temperatures confirms that
Ni deposition proceeds via a nucleation and growth mechanism. The
increase in peak currents at elevated temperatures is attributed not
only to improved conductivity of the DES but also to enhanced elec-
trochemical kinetics, which have been associated with the increased
presence of tetrahedral [NiCly]*~ species in chloride-rich systems.®

Electrochemical responses of leachate.—CV was used to investi-
gate the redox behavior of the leachate in the DES at 40, 60 and 80
°C (Fig. 9). At all temperatures, a distinct peak (c;) was observed
between —0.1 and —0.5 V (centered at —0.25 V), consistent with
the reduction of Cu and/or Mn, as confirmed by the Cu and Mn
reference systems. At more negative potentials, broad cathodic shoul-
ders (c2) between —1.0 and —1.3 V became more pronounced at
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Figure 5. Cyclic voltammograms of Cu-containing DES at different temperatures: (a) 40 °C, (b) 60 °C, and (c) 80 °C at a scan rate of 10 mV s~
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Figure 6. Cyclic voltammograms of Mn-containing DES at different temperatures: (a) 40 °C, (b) 60 °C, and (c) 80 °C at a scan rate of 10 mV s~ 1.
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Figure 7. Cyclic voltammograms of Co-containing DES at different temperatures: (a) 40 °C, (b) 60 °C, and (c) 80 °C at a scan rate of 10 mV s~
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Figure 8. Cyclic voltammograms of Ni-containing DES at different temperatures: (a) 40 °C, (b) 60 °C, and (c) 80 °C at a scan rate of 10 mV s~ 1.

elevated temperatures, corresponding to transition metals reduction developed a distinct shoulder (a";) that was absent at 40 °C. A fur-
with contributions from electrolyte decomposition. In the anodic ther oxidation peak (a,), common to all three temperatures, appeared
scans, additional features were observed. At 60 and 80 °C, an oxi- between —0.2 and 0.3 V (centered at 0.1 V). The combination of

dation peak (a;) between —0.8 and —0.4 V (centered at —0.6 V) these anodic and cathodic signals suggests overlapping processes



Journal of The Electrochemical Society, 2026 173 162502

IérnA ai

I (mA.cm?)

—— Leachate at 80 °C
Leachate at 60 °C
Leachate at 40 °C

a

=15 -1.0

0.0 0.5

E (V vs Pt)

Figure 9. Cyclic voltammograms of leachate at different temperatures at a scan rate of 10 mV s~ .

Figure 10. SEM images of copper deposits obtained during sequential electrodeposition: (a) first step, (b) second step, and (c) third step.

associated with transition metal deposition and stripping, with pos-
sible alloy deposition at higher temperatures. Comparing the CV
of BM and model systems, copper can be selectively recovered
at 40 °C, while Ni and Co are co-deposited as alloys at higher
temperatures.

Selective metal recovery.—Copper recovery at 40 °C.—For Cu
recovery, three sequential galvanostatic deposition steps were carried
out at 40 °C under a constant current of 1.8 mA, each lasting 3 h.

To assess the morphology and elemental purity of the deposits,
SEM and EDS analyses were performed after each step. SEM images
of copper deposits are presented in Fig. 10 and the corresponding
EDS spectra are provided in Fig. S.11. In the first deposition step, the
deposit surface was uniform with spherical to cauliflower-like copper
particles. The average particle size ranged from 300 to 600 nm, with
agglomerates reaching ~2 um. In the second deposition step, the
surface displayed less dense coverage with clear signs of particle
faceting. Average particle sizes were ~300-600 nm. The third step
resulted in a reduction of average particle size ( ~100-200 nm). The
surface appeared more compact, with homogeneous coverage and
few visible voids. Across all three steps, the morphology remained
nanocrystalline and granular, with uniform texture and no evidence
of irregularities or structural breakdown.

EDS spectra for each deposition step confirmed that copper
was the dominant element present, validating the success of selec-
tive recovery during the first three deposition steps. Trace amounts
of nickel and cobalt were also detected, consistent with overlap-
ping redox potentials and possible minor co-deposition from the
leachate. The presence of oxygen is attributed to mild surface oxi-
dation of copper upon air exposure. Carbon signals come from both
the graphite substrate and some organic components of the DES.
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Figure 11. XRD patterns of deposits obtained during three stages of selective
copper recovery.

EDS elemental mapping of the copper deposit obtained in deposi-
tion step 1 was performed to evaluate the elemental distribution, and
the corresponding results are presented in Fig. S12 of the Supporting
Information.

XRD analysis was conducted on the copper deposits obtained
after each of the three sequential electrodeposition steps (Fig. 11).
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Figure 12. (a) Cyclic voltammogram of the electrolyte at 60 °C after Cu recovery at a scan rate of 10 mV s~!; (b) SEM image of the Ni/Co deposit obtained
at step 4; (c) SEM image of the Ni/Co deposit obtained at step 5; (d) XRD patterns of the deposits from steps 4 and 5.

All patterns were recorded over the 20 range of 30°-80° and reflect
both phase composition and crystal texture evolution of the recov-
ered metallic copper. Well-defined peaks were observed around 43°,
50°, and 74°, corresponding to the (111), (200), and (220) planes of
face-centered cubic (FCC) metallic copper (ICDD 04-0836). In all
three stages, the (111) reflection is dominant, indicating a preferred
growth orientation along this plane, which is commonly observed in
FCC metals like copper due to its lowest surface energy and high-
est atomic packing density.** % Peak intensity declined progressively
from the first to the third deposition, reflecting the declining avail-
ability of Cu®™ ions in the leachate following each recovery cycle.
Importantly, no peak broadening was observed, indicating that crys-
talline quality remained high across all three depositions, despite
declining deposition mass.

ICP-OES analysis of the deposits obtained after each electrode-
position step further confirms the progressive change in composition
and purity of the recovered copper. In the first deposition step, the
deposit exhibited high copper purity (~88.4%), with minor contri-
butions from Co (~5.6%), Ni (~5.1%), and trace amounts of Mn
(~0.6%) and Li (~0.3%). In the second step, the copper content
decreased to ~82.2%, accompanied by increased incorporation of
Co (~9.4%) and Ni (~7.1%), indicating gradual co-deposition of
transition metals as Cu®>" concentration declined in the electrolyte.
This trend became more pronounced in the third step, where cop-
per purity further decreased to ~75.3%, while Co (~13.5%) and Ni
( ~9.3%) contents increased, along with slight enrichment of Mn
(~1.2%) and Li (~0.7%).

Ni/Co alloys recovery.—After completion of copper recovery,
the electrolyte temperature was increased to 60 °C, and a CV was
recorded to assess the remaining electroactive species in the leachate
(Fig. 12a). In this scan, the Cu’T -associated peak near —0.25 V
was markedly reduced, confirming effective depletion of copper ions
from the solution. The cathodic response at lower cathodic potentials
was almost completely suppressed. A nucleation loop at —1.3 V is
observed in the anodic scan at —1.25 V, followed by oxidation peaks
at —0.8 V and —0.65 V, indicating the deposition and stripping of
Co/Ni alloys. To recover Co/Ni alloys, two potentiostatic deposi-
tion steps were carried out at —1.3 V for 2 h each at 60 °C. These
constituted steps 4 and 5 of the recovery sequence.

The morphology and compositional profile of the Ni/Co alloy
deposits were systematically examined after each sequential depo-
sition steps. The step 4 and 5 depositions yielded dense, compact
layers of fine-grained Ni/Co alloys (Figs. 12b and 12c¢). SEM images
revealed a uniformly distributed particulate coverage with minimal
surface porosity. The deposits consisted of predominantly spheri-
cal to sub-spherical nanoparticles with average diameters ranging
from 50-150 nm. The morphology remained continuous and well-
packed, indicating high nucleation density and consistent lateral
growth across the substrate surface.

EDS spectra are presented in Figs. S.13a and S.13b which con-
firmed that both nickel and cobalt were successfully co-deposited,
with only trace levels of residual copper detected. This is consis-
tent with the incomplete elimination of Cu®" ions following the
initial recovery stage. EDS elemental mapping of the Ni/Co deposit
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Figure 13. (a) Cyclic voltammogram of the electrolyte at 80 °C after step 5 at a scan rate of 10 mV s—!; (b) SEM image of the Ni/Co deposit obtained at
step 6; (c¢) SEM image of the Ni/Co deposit obtained at step 7; (d) XRD patterns of the deposits from steps 6 and 7.

obtained in deposition step 4 was conducted to confirm the distribu-
tion of Ni and Co, with the corresponding results provided in Fig.
S14 of the Supporting Information.

The XRD patterns of steps 4 and 5 (Fig. 12d) display three
broad but distinct diffractions at ~44°, 51°, and 76°, corre-
sponding to the (111), (200), and (220) planes of FCC nickel
(ICDD 04-0850). Among these, the reflections near 51° and
76° are less pronounced than the dominant peak at 44°. The
absence of peak splitting or shoulders indicates cobalt substitution
into the nickel lattice, forming a homogeneous Ni-Co alloy. The
broad peak profiles in both samples suggest nanocrystalline alloy
formation.*®

ICP-OES analysis of the deposits obtained in steps 4 and
5 reveals the transition from Cu-dominated deposition to Ni—Co
alloy formation at 60 °C. In step 4, the deposit is composed pre-
dominantly of Ni (~61.5%) and Co (~30.9%), corresponding to
the possible formation of Nig7Coss alloy, with a small amount
of residual Cu (~6.5%) and trace levels of Mn and Li, indicat-
ing the onset of Ni-Co co-deposition following copper depletion.
In step 5, the Ni content increases significantly to ~73.6% while
Co decreases to ~21.5% which corresponds to the formation of
NizgCox alloy, confirming preferential deposition of Ni over Co
under these conditions. Residual Cu is further reduced (~2.3%),
and Mn (~2.3%) becomes more noticeable in the deposit. Overall,
these results demonstrate progressive Ni enrichment at 60 °C,
although Co remains a significant component, indicating competitive
co-deposition behavior.

Following step 5 deposition, the leachate was further heated to
80 °C and re-examined by CV to evaluate the electrochemical activ-
ity of the remaining species (Fig. 13a). The voltammogram showed
further attenuation of the cathodic features. The Cu peak was absent,
and the previously dominant Ni/Co reduction wave displayed a
reduced current response. A slight shift toward less negative onset
potentials was observed. The remaining electroactive features were
confined to the —1.1 V region, indicating that Ni and Co were still
present, albeit at diminished concentrations. At 80 °C, a similar
nucleation loop to that at 60 °C is observed, along with comparable
oxidation peaks. For complete recovery of Ni and Co as alloys, two
additional potentiostatic deposition steps were performed at —1.2 V
for 2 h each at 80 °C (steps 6 and 7).

Transitioning to 80 °C for the sixth deposition led to approxi-
mately similar morphology to steps 4 and 5 (Fig. 13b). The particle
size decreased, and the deposit exhibited rougher texture. SEM anal-
ysis indicated that particles became increasingly aggregated, with a
size distribution ranging from 50 to 150 nm. EDS (Figs. S.13c and
S.13d) confirmed the continued presence of Ni and Co.

The step 7 produced the most morphologically distinct deposit
(Fig. 13c). SEM revealed the emergence of vertically oriented,
flower-like and rod-stacked structures with feature sizes ranging
from 500 nm to 1 pm. These anisotropic features were spatially
isolated and grew in clusters, contrasting with the compact spherical
morphology of earlier steps. EDS analysis confirmed Ni and trace
level of Co remained in the deposit, consistent with near-complete
depletion of these species from solution and minimal electrochemical
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Figure 14. SEM image and EDS elemental analysis of the MnCOj3 precipitate recovered from the leachate after carbonate precipitation.

activity during the final recovery step. EDS elemental mapping of
the Ni/Co deposit obtained in deposition step 6 was also performed,
and the corresponding elemental distribution maps are presented in
Fig. S15 of the Supporting Information.

The XRD patterns of steps 6 and 7 (Fig. 13d) exhibited similar
reflections, with step 6 showing higher overall intensity, consistent
with a thicker or denser deposit. In contrast, the reflections in step
7 decreased significantly in intensity, corresponding to diminishing
Ni** and Co?* ion concentrations in the DES after repeated recovery
cycles. The thinner, more dispersed metal layers produced under
these conditions yielded weaker diffraction signals. The shift toward
larger, anisotropic surface features observed in SEM (e.g. flower-like
rods) is not reflected in crystallographic changes.

ICP-OES analysis of the deposits obtained in steps 6 and 7 high-
lights a pronounced shift towards Ni-rich compositions at 80 °C.
In step 6, Ni reaches its highest purity ( ~87.4%, accompa-
nied by a substantial decrease in Co (~9.8%) and negligible Cu
(~0.17%), indicating highly selective Ni deposition at elevated tem-
perature. Minor incorporation of Mn (~1.3%) and Li (~1.3%) is also
observed. In step 7, Ni remains the dominant component (~82.2%,
although slight increases in Co (~6.7%), Mn (~4.0%), and Li
(~7.1%) are detected. Overall, these results confirm that higher tem-
peratures strongly favor Ni selectivity, leading to the formation of
Ni-rich alloys with reduced Co incorporation.

Electrochemical comparison between blank DES and post-
recovery DES.—CV was also employed to evaluate the electrochem-
ical integrity of the DES before and after the complete sequence of
metal recovery steps. CVs of the blank DES and the used DES at
40 °C are compared in Fig. S.16. The blank DES exhibited a sta-
bility window of ~2.25 V, with cathodic decomposition initiating
near —1.60 V and anodic near + 0.65 V. In contrast, the DES
sampled after sequential Cu and Ni/Co recovery showed an ear-
lier cathodic onset at —1.15 V, while anodic decomposition shifted
positively to 4+ 0.8 V, narrowing the electrochemical window to
~1.95 V. This reduction indicates a decline in solvent robustness
after processing, likely due to structural changes in the DES matrix
from prolonged exposure to elevated temperatures and applied poten-
tials. Partial oxidative degradation of ethylene glycol or disruption
of the hydrogen-bonding network may have contributed to reduced
cathodic resilience.

Figure S.17 presents optical images of the DES at successive
stages of the recovery process, showing a gradual color change from
dark green to pale blue. This visual observation reflects changes in
the solution composition during metal extraction

Mn selective recovery.—Although manganese recovery was
demonstrated from the model system, its concentration in the
leachate was too low to enable electrodeposition. Mn was instead

recovered through selective precipitation using 1 M Na,COj3. Lithium
remained dissolved in the DES owing to the high solubility of
Li,COs, enabling effective separation from manganese.

The recovered Mn salt was analyzed using SEM and EDS anal-
ysis (Fig. 14). SEM image revealed spherical particles with rough,
porous surfaces and typical sizes of approximately 2 um. Elemental
analysis by EDS showed the presence of O (44.3%), Mn (29.6%), and
C (17.0%). In addition, Na (3.9%) and ClI (3.9%) were detected, orig-
inating from the reaction between Na;CO;3 and the Bet-HCI based
DES during the precipitation process. A small amount of Al (1.3%)
likely originates from trace impurities in the BM.

Metal Recovery efficiency: ICP-OES analysis.—Figure 15
reflect cumulative and stepwise extraction efficiencies for Cu, Ni,
Co, and Mn from the DES leachate. Copper was selectively recov-
ered during the first three deposition steps. Recovery efficiencies
decreased progressively, with 44.54% in the first, 27.38% in the sec-
ond, and 16.83% in the third step, consistent with stepwise depletion
of Cu®* ions. Minor co-deposition of Ni (<0.78%) and Co (<3.55%)
was observed, likely due to overlapping redox potentials or surface
adsorption. Trace Mn and Li were also detected, possibly due to
minor electrolyte entrainment.

During alloy deposition, Ni and Co recoveries reached 14.76%
and 27.84% in step 4, increasing to 37.45% and 40.98% in step
5 under optimized conditions. Residual Cu (5.17% and 3.82%) indi-
cated incomplete removal in earlier steps. Mn and Li remained
negligible. Step 6 yielded 29.76% Ni and 12.51% Co, while final
recoveries dropped to 3.29% and 1.01%, respectively, reflecting
near-complete depletion. Copper was absent in these steps, confirm-
ing full removal. Slightly elevated Mn (<1.87%) and Li (<1.78%)
may be attributed to DES entrainment or analytical variation. ICP-
OES of the MnCOs precipitate confirmed a recovery rate of 71.52%.
The shortfall from theoretical recovery likely reflects prior Mn loss
during deposition or incomplete precipitation, with additional con-
tributions from dissolution or handling losses. Lithium remained
largely in the DES, with 66.7% of the original content detected in the
final leachate. Minor Li detected in earlier steps (<5.17%) is con-
sistent with solvent residue on electrodes or analytical variability.
Lithium retention in the liquid phase aligns with lithium carbonate’s
high solubility. Slight underestimations in Mn and Li recovery may
arise from experimental limitations, including sequential leachate
volume losses, electrolyte retention on solids, and sample handling
during ICP-OES preparation.

Conclusions

In this work, a sustainable and selective recycling strategy for
spent LIBs was developed using a DES composed of betaine
hydrochloride and ethylene glycol. The DES exhibited good thermal



Journal of The Electrochemical Society, 2026 173 162502

100

Recovery (%)

Cu Ni Co

Figure 15. Recovery efficiencies of individual elements.

stability and enabled efficient leaching of transition metals at opti-
mized conditions (100 °C, 30 min, 50 g 1= S/L ratio). Sequential
electrodeposition steps facilitated selective recovery of copper at
40 °C using galvanostatic control, followed by cobalt-nickel alloy
deposition at 60 °C and 80 °C via potentiostatic methods. Manganese
was recovered as manganese carbonate via precipitation, and lithium
remained in solution. Cumulative recovery efficiencies reached
~98% for Cu, ~90% for Ni and Co, and ~80% for Mn. Minor
co-deposition of metals was observed at each stage, consistent with
CV and ICP-OES data. Post-process analysis revealed a reduction in
the electrochemical stability window of the DES, suggesting partial
degradation after extended use. This study demonstrates the feasibil-
ity of a green, betaine-based DES for efficient, stepwise recovery of
valuable metals from LIB black mass, offering a viable and scalable
alternative to conventional hydrometallurgical methods.
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