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Abstract

The rapid growth of the electric vehicle industry has led to an unprecedented demand for
lithium-ion batteries (LIBs), resulting in the accumulation of large quantities of spent batteries
that pose significant environmental challenges. This study presents a sustainable recycling
approach for nickel-manganese-cobalt (NMC) cathode materials using a hydrothermal method
with ammonium-based deep eutectic solvents (DESs) as leaching agents. Two DESs were
synthesised using ethylammonium chloride (EAC) and diethylammonium chloride (dEAC) as
hydrogen bond donors (HBDs) and ethylene glycol (EG) as a hydrogen bond acceptor (HBA).
The structural and thermal characteristics of the DESs were confirmed using Fourier-transform
infrared spectroscopy (FTIR) and thermogravimetric analysis (TGA). The leaching process
was systematically optimised by varying the DES molar ratio (1:2—-1:5), reaction time (848
h), and temperature (25-120 °C). The optimal conditions were identified as 100 °C for 24 h,
achieving leaching efficiencies of 83.7, 98.2, 98.4, and 50.1% for Li, Co, Ni, and Mn,
respectively. Notably, this method avoids the use of conventional volatile acids and offers a
greener and more efficient route for LIB recycling than conventional methods. The high

recovery rates of critical metals highlight the promise of DES-based systems in promoting
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sustainable battery circularity and mitigating both resource depletion and environmental
impacts.

Keywords: Deep eutectic solvent, lithium-ion batteries, leaching, sustainable recycling,
hydrothermal

1. Introduction

The global lithium market has experienced exponential growth in recent years, with its
valuation reaching USD 31.75 billion in 2023 and projected to expand at a compound annual
growth rate (CAGR) of 17.7% from 2024 to 2030, driven primarily by the accelerating demand
for electric vehicles (EVs) and energy storage systems [1]. Driven by decarbonisation targets
under the Paris Agreement, lithium demand is anticipated to surge by nearly 90% over the next
two decades. Notably, the International Energy Agency (IEA) forecasts a 40-fold increase in
lithium demand by 2040 under its Sustainable Development Scenario (SDS), primarily
attributed to electric vehicles (EVs) and battery storage systems [2]. While lithium-ion batteries
(LIBs) remain critical for decarbonising the transportation and energy sectors, their
environmental footprints are being scrutinised. Despite their reputation as cleaner alternatives
to fossil fuels, LIBs generate substantial electronic waste (e-waste) owing to their limited
lifespan (3—10 years), with over 11 million metric tons of spent LIBs anticipated by 2030 [3,
4]. Padwal et al. estimated that over 11 million tons of spent LIBs will be generated globally
by 2030, with less than 5% currently being recycled [5]. Consequently, LIB recycling is critical
for advancing sustainable development and facilitating the transition to green mobility [6].
LIBs exhibit compositional variability across key components, including cathodes, anodes,
electrolytes, and separators. Among these, the cathode is a critical determinant of both the
energy density and overall cost of the battery, contributing approximately 25% to the total
manufacturing expense [7]. The rising demand for LIBs has led to a significant increase in the

prices of key cathode materials, such as lithium, cobalt, and nickel [8]. This trend raises
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environmental and health concerns due to the accumulation of heavy metals, including cobalt
and lithium, which constitute up to 20 wt% and 7 wt%, respectively, of LIB cathodes [3, 9].
Therefore, recovery of these critical raw materials from spent LIBs is important.

Currently, commercial recycling of spent LIBs is achieved using hydrometallurgical,
pyrometallurgical, and direct recycling methods. The primary recycling routes for cathode

materials in spent LIBs are illustrated in Figure 1.
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Figure 1: Current Cathode Recycling Method [10, 11]

Currently, commercial LIBs recycling predominantly involves pyrometallurgical processes.
Although pyrometallurgical recovery offers operational efficiency, the high-temperature
calcination required (up to 1500°C) results in significant energy consumption, elevated costs,
and generation of substantial exhaust gases, including hazardous compounds such as dioxins.
Furthermore, this method lacks selectivity for metal recovery [12-15]. In contrast,
hydrometallurgical recovery operates at lower temperatures and can selectively concentrate
and retrieve metals from cathode materials. However, hydrometallurgical processes typically

involve multiple stages that require large quantities of corrosive reagents, leading to the release
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of toxic gaseous emissions and generation of substantial liquid waste. Additionally, the
environmental impact of producing inorganic acids, such as HCI, H2SO4, and H>O», for metal
leaching remains a significant concern [16]. Direct recycling approaches that employ low-
temperature aqueous re-lithiation followed by post-annealing offer a promising route for
restoring the electrochemical performance of spent cathode materials [17]. However, their
practical implementation is constrained by the high costs and complexity of separation and
purification processes, as well as the absence of infrastructure to support their integration into
existing recycling systems. These challenges highlight the urgent need to develop efficient,
scalable, and environmentally sustainable recycling strategies.

Deep Eutectic Solvents (DESs) have emerged as promising green solvents owing to their
distinct characteristics, including low cost, eco-friendliness, minimal volatility,
biodegradability, and ease of preparation. These properties make DESs suitable for a wide
range of applications, including electrodeposition, biocatalysis, organic synthesis, and metal
extraction from spent LIBs [8,3,18]. DESs are eutectic mixtures formed by combining two or
more inexpensive and safe components at specific molar ratios through hydrogen-bonding
interactions, which stabilise the mixture in the liquid state at ambient temperatures [8,3,6]. A
typical DES consists of a hydrogen-bond donor (HBD) and a hydrogen-bond acceptor (HBA).
Recent studies have demonstrated the potential of DESs in hydrometallurgical processes,
particularly for the dissolution of various metal oxides, highlighting their versatility in metal
extraction and processing [19].

Table 1 compares various conventional battery recycling processes with DES-based

hydrometallurgy processes.
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Table 1: Comparison of key battery recycling methods highlighting process conditions,

chemical inputs, metal recovery, and environmental impacts.
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Several studies have explored the efficacy of DESs in leaching metals from LIB cathode

materials. For instance, Tran et al. [4] employed a DES composed of choline chloride (ChCl)
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and ethylene glycol (EG) in a 1:2 molar ratio to leach lithium cobalt oxide (LCO) at 180 °C,
achieving leaching efficiencies of 50.3% for Co and 89.8% for Li. In a separate study, Wang et
al. [20] utilised a ChCl:urea (1:2) DES at 180 °C, which resulted in substantially higher
leaching efficiencies of 97.9% for Co and 94.7% for Li. Peeters et al. [21] explored various
ChCl-based DESs in combination with organic acids and reported Co leaching efficiencies of
24.4%, 19.6%, and 99% using ChCl:malonic acid, ChCl:oxalic acid, and ChCl:citric acid (all
in 1:1 molar ratios), respectively, at 60 °C. However, these systems require water addition to
facilitate metal dissolution. Schiavi et al. [22] highlighted a potential drawback of ChCl-based
DESs, noting that elevated temperatures can lead to thermal degradation and the release of
harmful byproducts such as trimethylamine and chloroethanol, while also increasing energy
consumption. Chen et al. [23] explored polyethylene glycol (PEG)-based DESs as alternatives.
A DES comprising PEG and acetic acid in a 6:1 molar ratio achieved 84.2% Co leaching after
72 h at 80 °C. In a subsequent investigation, the same group employed PEG200:thiourea (2:1)
DES at 160 °C, resulting in a leaching efficiency of 71.5% for cobalt [24]. The solvents used
in conventional methods, such as mineral acids, are corrosive, hazardous, and generate large
volumes of acidic wastewater, posing a significant environmental threat. In contrast, the
selected DES systems operate under milder, safer, and more environmentally friendly
conditions. Notably, several existing DES systems (e.g. choline chloride with urea or glycerol)
require higher temperatures (=120 °C) and longer leaching durations (24—72 h) to achieve
comparable metal recovery efficiencies. Thus, this study introduces EAC and dEAC, which
are smaller and more flexible ammonium cations that can enhance ionic mobility, increase
solubility, and improve complexation interactions with target metal ions. Ethylene glycol
contributes multiple —OH groups for coordination, enabling favourable complexation and
metal solubilisation kinetics at low temperatures. In this study, we synthesised an

environmentally friendly, low-energy (mild temperature and low leaching time), and cost-
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effective ammonium-based DES using ethylammonium chloride (EAC) and diethylammonium
chloride (dEAC) as HBAs and ethylene glycol (EG) as the HBD. This DES was applied for the
leaching of Li, Ni, Co, and Mn from NCM cathode materials, and the optimal leaching

conditions were systematically investigated.

2. Materials and methods
2.1 Materials
The chemicals used for DES synthesis, such as EAC and dEAC, were of 98% purity and obtained from

Merck, while EG (99.5% purity) was obtained from R&M Chemicals. Lithium nickel manganese
cobalt oxide (LNMC, > 98% purity, battery grade) was used as the cathode material for the
metal extraction process. NMC (> 98% purity, battery grade) was purchased from Sigma-Aldrich

(Malaysia).

3. Synthesis of DES
The synthesis of the DES and characterisation and analysis of the samples are schematically

represented in Figure 2.
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Figure 2: Schematic diagram of DES synthesis and leaching reaction
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All DESs were synthesised by transferring measured amounts of HBD and HBA into tightly
capped vials. The mixture was then heated at 80 °C with stirring at 300 RPM over a magnetic

hot plate stirrer for four hours until a clear and homogeneous solution was obtained.

3.1 Thermal Stability of DES

The thermal stabilities of all DESs were determined by placing all DES samples in an oven at
different temperatures (100, 120, and 140°C) for varying duration (2h — 72h). The DES was
then observed for any changes in colour compared to fresh DES. This ensured that all the DES
remained stable (no colour change or precipitation) over the entire leaching process at varying

temperatures and leaching durations.

3.2 LIB Leaching

The leaching of NCM material was performed by mixing 0.1 g of NCM powder with 5 mL of
DES in a tightly capped vial. The mixture was stirred in an oil bath at 300 RPM at various
temperatures (25 °C, 50 °C, 100 °C, and 120 °C) and reaction times (2 — 48h). After leaching,
the leachate was filtered using a 0.45u nylon syringe filter. The metal ion concentration in the

filtrate was then analysed using ICP—OES.

3.3 Characterisation of DES

3.3.1 FTIR
Attenuated total reflectance Fourier transform infrared spectroscopy (Spectrum Frontier FT—
MIR Spectrometer with 2D IR capabilities, Perkin Elmer) was used to measure the IR spectra

of the synthesised DES and the leachates after leaching NCM in the range of 400—-4000 cm™ .
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This confirms the hydrogen bonding in the DES and the changes in the DES before and after

leaching.

3.4 TGA

The thermal degradation temperature of the DES was determined using thermogravimetric
analysis (TGA) (Mettler Toledo TGA/DSC 1). TGA was conducted in an N> environment at
40mL/min. The sample (~5 mg) was placed in a ceramic crucible and heated from to 30-300

°C at a thermal gradient of 10 °C/min.

3.4.1 ICP analysis
Inductively coupled plasma optical emission spectrometry (ICP-OES SPECTROBLUE SOP,
Spectro) was used to determine the metal ion content of leachates. NCM metal (10 mg NCM
metal was digested using 20 mL aqua regia with a HNO3:HCI volume ratio of 1:3 at 90 °C for
6 h. The digested solution was filtered and diluted in a 100 mL volumetric flask. The leachate
samples were diluted with 2% aqueous HNO3 solution before analysis.
4. Results and discussion
4.1 TGA
The TGA curves for EAC: EG and dEAC: EG at a 1:5 molar ratio are shown in Figure 3. The
TGA of the prepared DES and the initial starting materials showed that the prepared DES had
a lower melting point than the initial starting materials, indicating the successful formation of
DES. This is because the charge of the compound is delocalised and the lattice energy decreases
because of the interactions between the hydrogen bond donor and acceptor, which in turn
lowers the melting point [25]. A two-step mass loss was observed for both the EAC: EG (Figure
3a) and dEAC: EG (Figure 3b) DES. The first degradation occurs at approximately 121°C with
74-76% mass loss, and the second degradation step occurred at 242 °C (EAC: EG) and 266 °C

(dEAC: EG) with 15-20% mass loss until decomposition. Therefore, 120 °C was set as the
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maximum temperature for the leaching process. The initial degradation step is primarily
attributed to the volatilisation and thermal decomposition of hydrogen-bonded EAC, along
with partial evaporation of EG. Although hydrogen bonding between the HBA and HBD
reduces the overall volatility of the DES, this interaction weakens and is disrupted at
temperatures exceeding 120°C. The second degradation stage corresponds to the
decomposition of residual EG and possibly the breakdown of non-volatile ionic residues or
intermediate species formed during initial thermal decomposition. Compared to EAC, the
dEAC-based DES exhibited slightly lower mass loss, likely due to the presence of bulkier alkyl
groups, which enhanced thermal stability through increased steric hindrance and reduced lattice
energy. The disruption of proton transfer and hydrogen bonding networks further destabilises

the DES matrix, promoting the rapid volatilisation and decomposition of the ammonium-based

components.
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Figure 3: TGA curve of for (a) EAC: EG (1:5) and (b) dEAC: EG (1:3)

4.2 Thermal stability of DES

Figures 4 and 5 show the thermal stabilities of the EAC: EG and dEAC: EG DES at different
temperatures and times. At 100 °C, both EAC: EG (Figure 4a) and dEAC: EG (Figure 5a)
exhibited stable DES throughout the experiment. Referring to Figures 4(b) and 5(b), at 120°C,

colour changes can be observed at 8 h, indicating degradation of DES, which is in line with the

10
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TGA curve, where 1% step degradation occurs around 121 °C. Similarly, in Figures 4(c) and
5(c), at 140 °C, colour changes were observed after 2 h. The change in the colour of DES may
be due to thermal degradation or chemical decomposition, resulting in oxidation, dehydration,

or decomposition, leading to the formation of byproducts that cause colour change [22].

EG is particularly susceptible to oxidation at elevated temperatures in the presence of air or
moisture, leading to the formation of coloured oxidation products, such as aldehydes, acids, or
other intermediates. Ammonium salts also decompose at higher temperatures, releasing
ammonia or other volatile components, thereby altering the DES composition and forming
coloured degradation products. The degradation of DES can further affect their composition,
viscosity, solvation ability, and polarity. Thus, this study is crucial for determining the optimal

leaching temperature and duration for efficient metal recovery from spent LIBs.
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Figure 4: EAC: EG (1:5) DES heated at temperatures (a)100 °C, (b) 120°C and (c¢) 140 °C at
different duration (2h — 72h)
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Figure 5: dEAC: EG (1:3) DES heated at temperatures (a)100 °C, (b) 120°C and (c) 140 °C
at different durations (2h — 72h)

4.3 FTIR

The FTIR spectra of the EAC: EG and dEAC: EG DES are presented in Figure 6 (a and b). The
stretching vibration peaks of O—H in EAC: EG (3287 cm™) and dEAC: EG (3289 cm™) were
red-shifted compared with the characteristic peak of O-H in EG (3299.6 cm™'), indicating the
formation of hydrogen bonds (-OH...Cl) that decreased the absorption frequency of the group.
Hydrogen bonds were formed between the amine groups in EAC and dEAC and the hydroxide
group in EG [26]. The force constants of the nearby O—H group were reduced because of the
induced effect and high electronegativity of Cl ~, which reduced the vibrational frequency [27].
The intensity of the C-N stretching (1196 cm™) in EAC: EG and dEAC: EG (1159 cm™) was
lower than that in the initial EAC and dEAC salts, suggesting that hydrogen bonding weakens
the vibration of C-N stretching, whereas the bandwidth at 1030 cm™! refers to the C-O stretching
of the alcohol group in EG [28]. As shown in Figure 6(a), N-H wagging in EAC:EG (796 cm”
1) and from Figure 6(b), N-H wagging in dEAC:EG (805 cm™!) was slightly blue-shifted and
decreased in intensity compared to N-H wagging in the pure amine salt (790 cm™), indicating
the formation of a hydrogen bond. Strong hydrogen bonding may cause the dipole moment to

shift less during vibration, thereby reducing its intensity [29]. The prepared DES retained the

12
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original characteristic bands of each constituent, indicating that the formation of the DES was

only correlated with hydrogen bonding interactions.
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Figure 6: FTIR spectra for DES prepared for (a) EAC series (1:5) and (b) dEAC series (1:3)

The DES prepared using different molar ratios showed similar results, as indicated in Figure 6
and 7. Figure 7 (a) shows the FTIR spectra of EAC: EG prepared using different molar ratios.
The peak red-shifted from the initial -OH peak in EG, indicating the presence of hydrogen
bonding at molar ratios (1:2—1:5). A slight red shift (3297 cm™!) was observed at a molar ratio
of 1:1. This may be due to the low solubility of EAC and EG in a 1:1 molar ratio. As the EG
molar ratio increased from 1 to 5, the peaks became broader, indicating stronger hydrogen
bonding, as shown in Figure 7 (b). The intensity of C—N stretching (1215 cm™!) at molar ratios
of 1:2 to 1:5 decreased (weakened) as the molar ratio increased, as shown in Figure 7(c),
suggesting stronger hydrogen bonding at higher molar ratios. A molar ratio of 1:1 resulted in
a higher and broader peak, indicating strong interaction between C—N stretching and weak
hydrogen bonding. As shown in Figure 7(d), C—O stretching of the alcohol group in EG (1030
cm!) was present at molar ratios (1:2 — 1:5), and the peak intensity increased as the molar ratio
of EG increased. The N-H wagging was slightly blue-shifted and decreased in intensity,

indicating the formation of hydrogen bonds at molar ratios (1:2—1:5) as shown in Figure 7(e).
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At a 1:1 molar ratio, a prominent peak was observed at 792 cm™', corresponding to the
characteristic vibration of the amine salt, which suggests the absence of hydrogen bonding
interactions. As the molar ratio increased, the intensity of this peak gradually decreased,

indicating progressive formation of strong hydrogen bonds between the components.
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Figure 7: FTIR spectra for (a) different molar ratio EAC: EG, close up for (b) O—H stretch,
(c) C—N stretch, (d) C-O stretch and (e¢) N-H wag
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Figure 8: FTIR spectra for (a) different molar ratio dEAC: EG, close up for (b) O-H stretch,
(c) C—N stretch, (d) C-O stretch and (¢) N-H wag

Figure 8(a) shows the FTIR spectra of the dEAC: EG-based DESs with varying molar ratios.
As shown in Figure 8(b), the peak was red-shifted from the initial -OH peak in EG, indicating

the presence of hydrogen bonding at molar ratios of (1:3—1:5). As the EG molar ratio increased
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from to 3-5, the peaks became broader, indicating stronger hydrogen bonding. However, the
intensity of the peak at a molar ratio of 1:2 was very low, indicating weak hydrogen bonding.
As shown in Figure 8(b), a very broad peak at 1:1 was observed at 3104 cm™ which
corresponded to the N—H stretching of the initial amine salt (Figure 6a). Because DES was not
formed at this ratio, the presence of the initial amine salt in the spectrum can be explained. The
intensity of the C—N stretching (1259 cm™) in the molar ratio of 1:3—1:5 decreased (weakened)
as the molar ratio increased, suggesting that stronger hydrogen bonding was formed at higher
molar ratios, as shown in Figure 8(c). The molar ratio of 1:2 showed an intense peak, indicating
a strong C—N stretching interaction. Figure 8(d) shows that C—O stretching of the alcohol group
in EG (1030 cm ') occurred at molar ratios (1:3 — 1:5), and the peak intensity increased as the
molar ratio of EG increased. The molar ratio of 1:2 showed a blue shift of C-O stretching,
while the molar ratio of 1:1 showed no peak, probably because of the conditions of the
amorphous mixture. From Figure 8(e), the N-H wagging in dEAC: EG shows a red-shift for
molar ratios (1:3—1:5) and a decrease in intensity as the molar ratio increases, suggesting the
formation of stronger hydrogen bonds. For molar ratios of 1:1 and 1:2, the N-H wagging peak

shifted and broadened, probably due to the amorphous nature of the mixture.

4.4 Optimisation of leaching parameters

4.4.1 Effect of leaching time
The effect of leaching time on the leaching efficiencies of Li, Ni, Co, and Mn was investigated
at a fixed temperature of 100 °C and DES molar ratio of 1:5. Figure 9 (a) and (b) indicate that
the leaching time affects the leaching efficiency. In the first 24 h, the leaching efficiencies of
all elements increased sharply with increasing leaching time for both the EAC and dEAC series.
Initially, the surface metal ions on the NMC were readily accessible, which allowed for rapid

dissolution. This indicates that a sufficient reaction time is required for a solid-liquid reaction.
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Prolonging the leaching time beyond 24h shows reduced the leaching efficiency because the
surface sites were depleted and the remaining metals were within the bulk lattice. Diffusion-
controlled kinetics slow the reaction, possibly because of the attainment of dynamic
equilibrium between the metal ions in the solid and solution. Another possible reason could be
precipitation or re-complexation, which lowers the apparent leaching efficiency. An extended
leaching time may allow the re-adsorption of dissolved metal ions onto the solid matrix or
promote the formation of secondary phases, such as metal hydroxides or oxalates, thereby
reducing the concentration of metal ions in the solution. At 24 h, the leaching efficiencies
achieved for the EAC series were 83.7% Li, 98.4%Ni, 98.2%Co, and 50.1% Mn, whereas those
for the dEAC series were 39.6% Li, 23.8% Ni, 29.53% Co, and 39.6% Mn. The results indicate
that the solid-liquid reaction kinetics were fast for up to 24 h because of the high availability
of active sites on the NMC surface. However, after 24 h, the process slowed, suggesting that
the metal ions were in less accessible regions (depletion of reactive sites) or may require harsh
conditions to dissolve. It is also anticipated that prolonged leaching could partially degrade
DES and disrupt the solubility and stability of metal-ligand complexes, resulting in decreased
extraction efficiency. Another possible reason could be the attainment of equilibrium, which
slows dissolution and increases the amount of dissolved metals in the solution. The higher
leaching of metals such as Ni and Co compared to Mn and Li depends on the chemical

properties and bonding in the NMC structure.

4.4.2 Effect of leaching temperature
The leaching temperature also played an important role in the leaching efficiency, as shown in
Figure 9 (¢) and (d). The experiment was conducted using a DES molar ratio of 1:5 and leaching
time of 24 h. Because the leaching reaction is endothermic, higher temperatures enhance the
overall leaching efficiency [30]. This improvement is primarily attributed to accelerated

reaction kinetics at elevated temperatures, where the increased average kinetic energy of
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molecules leads to more frequent and energetic collisions. Additionally, higher temperatures
reduce the viscosity of the DES, thereby facilitating mass transfer in the leaching system. This
enhanced mass transfer promotes more effective interactions between metal particles and DES
components, ultimately improving metal dissolution [31]. In addition, at higher temperatures,
the complexation of metal ions with EG or CI™ is more favourable, pulling metals into the
solution. At 25-100 °C, leaching efficiency for Li, Ni, Co and Mn increased from 1.3%, 0.1%,
0.1%, 0.3% to 83.7%, 98.4%, 98.2% and 50.1% for EAC series. Furthermore, increasing the
leaching time to 120 °C did not significantly increase the efficiency. For the dEAC series, the
leaching efficiency reached 54.9% for Li and >70% for Ni, Co, and Mn at 120 °C.

Increasing the temperature from 25 °C to 100 °C enhances reaction kinetics and reduces fluid
viscosity, thereby improving fluidity, mass transfer, and solubility. However, the decline in
leaching efficiency observed between 100 °C and 120 °C may be attributed to the thermal
degradation of the DES. Additionally, Mn dissolution could be hindered at higher temperatures
because of its higher activation energy barrier, limiting its leaching efficiency under these

conditions.

4.4.3 Effect of molar ratio
The effect of DES molar ratio was studied at fixed temperature of 100 °C and leaching time of
24 h. The percentage of each component in DES is a crucial factor in determining its properties.
For the EAC series, the leaching efficiency of all metals increased as the molar ratio of EG
increased because EG acted as a ligand that formed complexes with metals. Increasing the EG
content also enhances fluidity, reduces viscosity, and increases the availability of complexing
functional groups (—OH) for metals. A molar ratio of 1:5 yielded the highest (>40%) for all
metals. The leachate colour, as shown in Figure 10(a), changed from greenish to dark brown,

indicating that more metal was leached into the DES solution. For the dEAC series, the leaching
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efficiency for all metals increased only slightly as the molar ratio of EG increased. No
significant increase in leaching efficiency was observed with increasing molar ratio. The molar
ratio of 1:5 was the highest (20-40%) for all metals. The leachate exhibited a dark brown colour
(Figure 10b), consistent with minimal variation observed across leaching trials. As summarised
in Table 1, previous studies on DES leaching of LIB cathode materials have predominantly
targeted LCO. These processes typically require extreme conditions, such as elevated
temperatures, yet yield suboptimal leaching efficiencies. Some approaches, including the work
by Yan et al. [32], enhanced performance by incorporating reducing agents into DES. In
contrast, this study investigated the DES leaching of a more complex ternary cathode material.
Our results demonstrate that the selected DES efficiently extracts Li, Ni, and Co from NCM at

significantly lower temperatures while achieving high leaching efficiencies.
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Figure 9: Effect of leaching parameters on leaching efficiency. (a) Leaching time for EAC
series (1:5) at 100 °C, (b) Leaching time for dEAC series (1:3) at 100 °C, (c) Leaching
temperature for EAC series (1:5) at 24h, (d) Leaching temperature for dEAC series (1:3) at
24h, (e) Molar ratio EAC: EG at 100°C for 24h and (f) Molar ratio dEAC: EG at 100°C for

24h

Table 1: Comparison of leaching efficiency of metals by different DES

DES Sample Parameters Leaching efficiency (%) Reference

ChCLEG (1:2) LCO 24h, 180 °C Li:89.8%, C0:50.3% [4]

ChCLEG (1:2) NCM 24h, 180 °C Li:70.8%, Ni:6.6%, Co:31.7%, [4]
Mn:60.1%

ChCLEG (1:2) LCO 24h, 160 °C Li:28.4%, C0:23.8% [20]

ChCLEG (1:4) NCM 24h, 180 °C Li:46%, Ni: 72%, Co:75% [33]
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ChCl:Urea (1:2) LCO 12h, 180°C Li:94.7%, C0:97.9% [20]

PEG:AA (6:1) LCO 72h, 80°C Co0:84.2% [23]

PEG200:thiourea LCO 24h, 160°C Co:71.5% [24]

2:1)

GUC:LAC (1:2) NCM 24h, 50°C Li:84.1%, Ni:62%, C0:62%, [32]
Mn:62%

EAC:EG (1:5) NCM 24h, 100°C Li:83.7%, Ni:98.4%, C0:98.2%, Present
Mn:50.1% study

(b)

Figure 10. Leachate of EAC: EG and dEAC: EG DES at different molar ratio
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Figure 11: Colour of Leachate for (a) EAC:EG (1:5) DES and (b) dEAC: EG (1:3) DES at
different leaching temperatures and time

Figure 11 illustrates the colour evolution of the leachates at various leaching durations and
temperatures. In the case of the EAC:EG DES, the leachate transitioned from a transparent
yellowish hue to an opaque dark brown as both temperature and reaction time increased.

Similarly, for the dEAC:EG DES, the leachate colour shifted from transparent and colourless
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to opaque dark brown under the same conditions. After 24 h of leaching at 100 °C, all leachates
exhibited a comparable dark brown appearance, making further visual differentiation
impractical. This suggests that the leaching process was complete under these conditions. These
visual observations align with the results presented in Figure 9, where a darker leachate

corresponds to a higher concentration of dissolved metals in the DES.

5.0 Leaching mechanism

The leaching mechanism, illustrated in Figure 12, involves the interaction between the DES
and the surface of the NMC cathode material. Hydrogen bonding and the mild acidity
introduced by ammonium chloride disrupt the metal-oxygen (M-O) bonds within the lattice,
thereby initiating metal dissolution. The leached metal cations (Li*, Ni?*/3*, Co?*3*, Mn**/3+/2*)
subsequently undergo complexation with CI-, OH", or EG ligands, stabilising the dissolved
metal species in solution.

The leaching behaviour was metal-specific. Lithium, due to its monovalency and weak
interaction within the NMC structure, is readily leached without a change in its oxidation state.
Nickel is initially present as Ni** and undergoes in situ reduction to Ni%* during its dissolution.
Similarly, Co®* is reduced to Co?*, forming soluble chloride or EG-based complexes. Mn,
however, is the most challenging to leach. Predominantly present as Mn*", it is
thermodynamically unstable yet kinetically inert, especially in the chloride-based DES
medium. In the absence of sufficient reducing conditions, Mn** is only partially reduced to
Mn®* or Mn?*, with a tendency to precipitate as insoluble oxides, such as MnO2 or Mn(OH)a,
particularly under neutral to slightly basic conditions.

To enhance Mn leaching, the incorporation of environmentally benign reductants, such as
ascorbic acid or sodium thiosulfate, into the DES system has been proposed. As shown in

Figure 9(d), increasing the temperature to 120 °C significantly improved the leaching
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efficiency; however, it also increased the risk of thermal degradation of the DES. Therefore,
the strategic addition of green reducing agents can promote Mn dissolution under milder
conditions. Although EG primarily acts as a complexing agent, it may partially oxidise at
elevated temperatures, contributing electrons that facilitate the reduction of high-valent
transition metals.

Overall, Mn is the least efficiently leached because of the stability of its oxidised forms and
low aqueous solubility. DES-mediated leaching is a redox-assisted complexation process in
which CI- and OH™ (from EG) act as coordinating ligands, and the DES matrix supports the
electron transfer necessary for metal reduction and solubilisation.

The reaction pathways can be summarised in the following four steps:

Proton attack: H+ ions from the DES break the M-O bonds on the NMC surface to release
metal ions into solution.

Lithium (Li"): Li-O bond cleavage

Li— 0% +H* > Li*(aq) + OH~

Nickle (Ni*"):

Ni3* — 0% + 2H* - Ni3*(aq) + H,0
Cobalt (Co*"):

Co3* — 0% + 2H* - Co3**(aq) + H,0
Manganese (Mn*"):

Mn*t — 0%~ + 2H* > Mn**(aq) + H,0

Redox reaction: Transition metals are reduced from higher to lower oxidation states once they
are in solution, thus making the metal ions more stable and ready to form complexes.
Lithium (Li*): not applicable as Li is already in its most stable oxidation state (+1).
Nickle (Ni*"):
Ni3t + e~ - Ni?*

Cobalt (Co*"):
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Co®t +e™ - Co?*
Manganese (Mn*"):

Mn*t +2e= - Mn?t or Mn3*t + e~

Complexation: Once the metal ions (Li*, Ni?", Co?", Mn**/Mn>") are released into the solution,
they do not remain as free ions. They quickly formed stable complexes with the ligands present
in the DES (CI” ions from EAC/dEAC and —OH from EG). Complexation stabilises the metal
ions in solution, preventing metal redeposition on the NMC surface, thus enhancing metal

mobility and separation.

Lithium (Li"):
Li* 4+ CI™ - LiClsopated
Li* + EG - [Li(EG),]*
Nickle (Ni**):
Ni?* +2Cl™ - NiCl,
Ni** + EG > [Ni(EG) )™
Cobalt (Co*"):
Co?* + 2Cl~ - CoCl,
Co?* + EG - [Co(EG), )%
Manganese (Mn*"):

Mn?* + 2Cl~ - MnCl,
Mn?* + EG - [Mn(EG),]**

Diffusion: After the formation of stable complexes, the metal-ligand species diffuse away from
the particle surface into the bulk of DES. The diffusion mechanism is driven by the
concentration gradient (high near the particle surface and low in the bulk) and is affected by
the viscosity, temperature, and molar ratio. The complexes formed at the interphase migrated
into the bulk phase of the DES, thereby clearing the surface and facilitating further metal

dissolution.
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Figure 12: Leaching Mechanism of NMC using DES

To summarise, efficient leaching of metal elements (Li, Ni, Co and Mn) from cathode active

materials of NCM was proposed through a low-cost and eco-friendly approach by using a deep

eutectic solvent. EAC: EG and dEAC: EG DES were synthesised and studied to optimise the

leaching efficiency. The EAC: EG DES proved to be a highly effective solvent for leaching

cathode active materials under mild conditions. Under optimum conditions (leaching time of
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24 h and temperature of 100 °C), the leaching efficiencies of Li, Ni, Co, and Mn were 83.7,
98.4, 98.2, and 50.1%, respectively. The results show that EAC is more effective in leaching
than dEAC because of differences in hydrogen bonding capability or coordination chemistry.
This study provides milder leaching conditions for extracting rare metals from LIBs, which
holds significant promise for advancing the sustainable development and circular economy of
new energy batteries. Future studies will focus on the regeneration and reuse of DES, as well
as the recovery and purification of the extracted metals, to further advance the viability of this

green leaching process.
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