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A B S T R A C T   

The extensive use of lithium-ion batteries (LIBs) in new electric vehicles has effectively alleviated the problems of 
insufficient oil and gas resources and environmental pollution. It is of great significance to realize the goals of 
"carbon neutrality" and "carbon peaking." As the key and last link in the use of power batteries, recycling waste 
LIBs is conducive to realizing resource return and avoiding pollution and potential risks of toxic and harmful 
substances in the environment. With the efforts of many researchers, the harmless treatment and resource re-
covery process of spent LIBs has been maturing. In recent years, some new recycling processes have appeared 
frequently to solve the problems of high energy consumption and secondary pollution in the traditional 
approach. Among these new technologies, green and inexpensive deep-eutectic solvents (DESs) have been 
particularly attractive due to their excellent selectivity and leaching efficiency. This review summarizes the 
dissolution mechanism of valuable metals from LIB cathode materials using DESs. At the same time, the ad-
vantages and challenges faced by DESs in cathode material recycling were analyzed, and an outlook was pre-
sented for the future development of DESs in the field of battery recycling.   

1. Introduction 

Due to the advent of the new energy era, lithium-ion batteries (LIBs), 
as one of the most commonly used energy storage devices, are increas-
ingly used. Data show that by 2040, the global sales of electric vehicles 
(EVs) will reach 150–900 million, and the production of EVs is expected 
to reach 3 billion by 2050 (Tsiropoulos et al., 2018; International Energy 
Agency, 2021). LIBs are mainly composed of cathode materials, anode 
materials, collectors, separators, binders, conductive agents, and elec-
trolytes. The most commonly used cathode materials are LiCoO2 (LCO), 
LiFePO4 (LFP), LiNixCoy1-x-y (NCM), and LiNixCoyAl1-x-y (NCA) (Duarte 
Castro et al., 2021), while graphite is the most widely used anode ma-
terial. Among these, LCO is the most expensive and has been widely used 
in portable electronic devices, thus having the highest economic value. 
LFP, NCM, and NCA are mainly used in energy storage devices for EVs. 
Compared with NCM and NCA, LFP with lower cost is more secure, but 
its actual capacity is much lower. The collectors of cathode and anode 
materials are composed of aluminum (Al) and copper foil, respectively, 

which also have a specific economic value. However, the lifetimes of 
LIBs in portable electronics and EVs are 1–3 years and 8–10 years, 
respectively (Ma et al., 2021a; Jin et al., 2022). Therefore, excessive 
growth will lead to the generation of a large number of discarded LIBs 
and will also cause an insufficient supply of raw materials for LIB pro-
duction and a sharp rise in prices. According to available data, from 
2020 to 2050, the demand for lithium (Li), cobalt (Co), and nickel (Ni) 
will increase by 17–21 times, 7–17 times, and 11–28 times, respectively. 
The specific Li resource demand will increase by 0.584–0.734 Mt, Co 
resources 0.215–0.585 Mt, and Ni resources 1.37–3.57 Mt (Xu et al., 
2020a). To alleviate this pressure, people in recent years have paid more 
attention to the recovery and reuse of spent LIBs. Generally speaking, 
when the capacity of a LIB is <80%, it is regarded as a spent LIB. Ac-
cording to forecasts, by 2030, the number of discarded LIBs will reach 11 
Mt (Makuza et al., 2021). By recycling valuable metals from spent LIBs, 
the demand for Li, Ni, and Co will be saved by 20–23, 22–38, and 
26–44%, respectively by 2050 (Xu et al., 2020a). Meanwhile, the elec-
trolyte in spent LIBs contains many toxic and harmful substances, such 
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as Li hexafluorophosphate, which is easily decomposed in the air to form 
fluorine-containing gas. Therefore, recycling LIBs efficiently can achieve 
the goals of a circular economy, safe environment, and carbon 
neutrality. 

At present, the recycling and processing methods of spent LIBs 
mainly include echelon utilization and direct recycling (Fig. 1). Echelon 
utilization means that, when the remaining capacity of the battery 
cannot meet the requirements of EVs, the battery is repurposed to other 
energy storage devices for continued use, such as in electric bicycles and 
communication base stations, which do not destroy the structure and 
composition of the original battery. This strategy is simple, 
environment-friendly, low cost, and suitable for large-scale repurposing 
of waste LIBs. At present, this process is mainly suitable for the recycling 
of low-cost LFP batteries. According to data from the Ministry of In-
dustry and Information Technology of China, the China Tower Corp. has 
repurposed spent LIBs in echelon utilization for nearly 120,000 base 
stations. At the same time, the State Grid of China also has used 1 MWh 
of spent LFP batteries for power generation and frequency regulation of 
renewable energy. (Ministry of Industry and Information Technology of 
the People’s Republic of China, 2019) However, the various scales of 
LIBs and difficulty in assessing their interior health status present the 
process with certain limitations. Direct recycling mainly refers to py-
rometallurgy, hydrometallurgy, and direct regeneration. Pyrometal-
lurgy refers to recovering metals, such as Ni, Co, and other elements, in 
the form of an alloy from spent LIBs using high-temperature roasting 
technology, with Li ending up in the slag (Du et al., 2022; Thompson 
et al., 2020). At present, pyrometallurgy has been relatively well applied 
in Europe. This method is simple but has high energy consumption and 
poor metal recovery and purity (Thompson et al., 2021; Yu et al., 2022b 
). Therefore, developing a suitable method for extracting Li from slag 
will enable pyrometallurgy to obtain more significant economic bene-
fits. Hydrometallurgy usually leaches metal oxides in cathode material 
in the form of ions into a solution using acid or alkali conditions, fol-
lowed by separation and purification (Chan et al., 2021; Li et al., 2018; 
Ma et al., 2021a; Ma et al., 2021b; Santhosh and Nayaka, 2021; Raj 
et al., 2022). It has the features of low energy consumption, mature 
process, high purity, and low recovery cost and has been the most widely 
used in China. At the same time, compared with pyrometallurgy, hy-
drometallurgy has a longer recovery process, especially in the separation 
and purification of metals. The process requires many extractants and 
precipitants and becomes more complex as the number of metals 

involved increases. At the same time, a large amount of process acidic 
and alkaline wastewater is also produced. In addition, precipitation and 
purification of Li are often followed by residual elements. That is to say, 
the more complicated the separation and purification process, the more 
serious the Li loss. In addition to hydrometallurgy and pyrometallurgy, 
pyro-hydrometallurgy has gradually attracted research interest. For 
instance, some researchers have decomposed LCO and NCM cathode 
materials into Li2CO3 with a certain solubility and MXOY (M: Ni, Co, and 
manganese, Mn) by mixing them with waste graphite (Fu et al., 2020; 
Lombardo et al., 2019; Xiao et al., 2017; Yue et al., 2018), biomass 
carbon ( Chen et al., 2022; Zhao et al., 2020c; Zhou et al., 2022), and 
urea (Xiao et al., 2021). Then, Li and other metals are separated selec-
tively by water leaching. However, Li2CO3 solubility is low and it is 
usually needed to pass carbon dioxide through the leachates to convert 
Li2CO3 to LiHCO3 with higher solubility (Tao et al., 2022). Here, other 
metals are recovered by conventional hydrometallurgical methods. This 
mode reduces the temperature required for pyrometallurgy, preferential 
recycling of Li, and reduction of other high-valent metal elements. 
However, this process is still immature, which might be related to the 
formation of carbon monoxide (CO) gas during the reaction process, the 
low solubility of Li2CO3, and difficulty in controlling the final product 
during the calcination process. 

In recent years, due to the uneven distribution of Co resources in the 
earth’s crust, mainly in the geopolitically unstable Congo (Baars et al., 
2021; Olivetti et al., 2017; Zeng et al., 2022), the price and supply of Co 
have been extremely expensive and unstable. Therefore, the cathode 
materials of LIBs are gradually being developed with low-Co and 
high-Ni, or Co-free materials, such as LiNi0.8Co0.1Mn0.1O2 (NCM811), 
NCA, and LFP (Gourley et al., 2020; Yu et al., 2022a), which make py-
rometallurgy, hydrometallurgical, and pyro-hydrometallurgy processes 
less profitable. To balance the relationship between environmental 
protection and profit in the process of recycling and reusing waste LIBs, 
it is necessary to explore new recycling methods. One is direct regen-
eration, which means repairing the structure of Li-deficient cathode 
materials by supplementing Li salts. It has the characteristics of a simple 
process, environmental friendliness, and low energy consumption. 
Nevertheless, due to the uncertainty of the Li loss amount and difficulty 
in removing impurities with severe influence on the electrochemical 
properties of the regeneration materials ( Zhang et al., 2020a; Zhang 
et al., 2020b; Zhao et al., 2020b; Zheng et al., 2021), it is still in the 
laboratory research and development stage. Another good choice is to 

Fig. 1. Typical flowchart for spent Li-ion batteries.  
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recycle spent LIBs using the cheap and green deep-eutectic solvents 
(DESs). Like hydrometallurgy, they are a universal method and used in 
recent years in the field of LIB recycling. Interestingly, most DESs are 
reductive, which means that they can be regarded as both leaching re-
agents and reducing agents. The reducing agent can promote the 
reduction of high-valent metal oxides in the cathode material, reduce its 
lattice energy, and accelerate metal oxide dissolution. Currently, highly 
corrosive hydrogen peroxide is the most commonly used reducing agent 
in the leaching process (Fan et al., 2020; Li et al., 2017). Therefore, the 
use of DES can avoid the introduction of additional reducing agents, 
which thus reduces the cost and pollution to the environment. For 
example, Luo et al. leached over 99% Li, Ni, Co, and Mn from spent LIBs 
cathode materials by employing betaine hydrochloride/ethylene glycol 
DES without adding any reduced agents (Luo et al., 2022). In some cases, 
DES also exhibits similar or better leaching efficiency than hydromet-
allurgy, but also offers lower recovery costs and a greener process. 
Meanwhile, Tran et al. investigated DES recyclability and found that 
secondary recycled DES still has a dissolution effect on cathode material 
and there is almost no significant decrease in leaching efficiency. These 
characteristics are not available in traditional recycling methods (Tran 
et al., 2019). Compared with some traditional recycling methods, DESs 
are believed here to be more suitable for the recycling and reuse of 
new-generation battery materials. Therefore, this review summarized 
recent DES applications in the field of battery recycling. Combined with 
different physical and chemical properties of different DES, the disso-
lution mechanism and path of valuable metal elements in cathode ma-
terials were discussed from the perspective of kinetics and 
thermodynamics. Through economic and technical analysis, DESs were 
believed here to be greener, low-cost, and high-efficiency leaching 

reagents and have prospects for future development and application. 

2. Properties of deep-eutectic solvents 

2.1. History and classification of DESs 

DESs, proposed by Abbott et al. in 2003, are mainly liquids formed 
by heating two or more components, with simple preparation, wide 
source, and biodegradability. The first DES was prepared by mixing 
choline chloride (ChCl) and urea, which showed an extra low eutectic 
point (12 ◦C). Due to strong hydrogen bonding between ChCl and urea, 
their eutectic point was much lower than the melting points of ChCl and 
urea (302 ◦C and 133 ◦C, respectively) (Abbott et al., 2003). Subse-
quently, the physical and chemical properties of other types of DESs 
have been extensively studied, in terms of properties such as viscosity, 
pH, and conductivity. Recently, they have been widely used in electro-
deposition (Bernasconi et al., 2020; Wang et al., 2021), nanoparticle 
synthesis (Exposito et al., 2020), organic extraction (Hatab et al., 2020), 
and metal oxides dissolution (Abbott et al., 2006; Chen et al., 2019), as 
well as other fields. The universal formation of DESs is Cat+ X− zY, 
where Cat+ refers to organic cations containing ammonium, phos-
phorus, and sulfur and X and Y are Lewis bases and Lewis acids or 
Brønsted acids, respectively (Fig. 2) (El Achkar et al., 2021; Hansen 
et al., 2021; Padwal et al., 2022). 

DESs are usually divided into four types, as shown in Fig. 2(a). In the 
first and second types, Y represents metal chloride and metal chloride 
hydrate salts, respectively. Generally speaking, type II tends to have a 
lower eutectic point and viscosity than type I due to the presence of 
crystalline water. At the same time, compared with anhydrous 

Fig. 2. Universal structures and classification of DESs (a). Typical compositions used for DESs preparation (b).  
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compounds, the price of hydrated metal salts is lower, which indicates 
that type II also has a lower cost than type I. Types III and IV consist of 
hydrogen bond acceptors (HBA) or metal chlorides and hydrogen bond 
donors (HBD). Among them, due to its low price and special biode-
gradability, choline chloride (ChCl), which is commonly used in feed 
additives, is currently the most commonly used HBA. The types of HBD 
are more diverse, including glucose, urea, carboxylic acid, and polyol 
(El Achkar et al., 2021; Hansen et al., 2021). In addition to the above 
classification, according to DES wettability, they can be divided into 
hydrophilic and hydrophobic solutions (Florindo et al., 2019). DESs 
composed of better water-soluble substances, such as urea, ChCl, and 
ethylene glycol (EG), tend to have better hydrophilicity. Hydrophobic 
DESs are comprised of some poorly water-soluble substances, such as 
capric acid and menthol, and include long-chain fatty acids and polyols. 
Such hydrophobic DESs show more excellent properties in extraction 
and separation. For example, Dannie et al. used a hydrophobic DES 
composed of lidocaine and decanoic acid to extract metal ions in some 
metal chlorides, such as CoCl2, NiCl2, and LiCl, from aqueous phases. 
Their results show that this type of DES has higher extraction efficiency 
for Ni and Co but lower extraction efficiency for Li, which indicates that 
it might be used for extracting and separating metal elements after 
leaching in the LIB recovery process (van Osch et al., 2016). 

2.2. The application in metallurgy and LIBs recycling for DESs 

For the dissolution of metal oxides, type III DESs are currently the 
most commonly used system. This is because they usually have essential 
metal oxides dissolution-promoting features, such as coordination abil-
ity, reducibility, and acidity. For example, in 2006, Abbott et al. used 
DESs, as mixtures of ChCl with urea, EG, and malonic acid, to dissolve 
metal oxides. They concluded that these metal oxides had higher solu-
bility using malonic acid as HBDs (Abbott et al., 2006). Similarly, Pateli 
et al. also found the phenomenon that the leaching efficiencies for metal 
oxides, including vital metal elements in LIB cathode materials, such as 
Ni, Co, and Mn, were higher in these DESs with organic acids as HBDs 
(Pateli et al., 2020). This is because these DESs have a lower pH (Table. 
1). Also, hydrogen ions act as oxygen atom acceptors, which accelerate 
metal oxide dissolution. Additionally, Damilano et al. demonstrated that 
the solubility of CoO, LiCoO2, and NiO in ChCl/thioglycolic acid DES is 
6, 6, and 24-fold that in ChCl:/glycolic acid DES, respectively. Mean-
while, the solubility of CoO in ChCl/thioglycolic acid DES was 18-fold 
that of NiO, indicating that selective leaching of Ni and Co can be ach-
ieved (Damilano et al., 2020). Through these important studies, DESs 
are believed here to have potential applications for recycling metals 
from spent LIB cathode materials, especially using type III DESs. 

The history of DES in spent LIB recycling was summarized here 
(Fig. 3). In 2019, Wang et al. used ChCl/glycerol DES with a 2.3/1 molar 

ratio to degrade polyvinylidene fluoride (PVDF) in waste LIBs by heating 
at 190 ◦C for 15 min, thereby realizing the separation of Al foil and 
active cathode material. Traditional separation methods mainly include 
alkali dissolution, organic solvent immersion, and high-temperature 
pyrolysis (Hu et al., 2021). Among these, dissolving Al foil with an 
alkaline solution, such as NaOH, is efficient and straightforward. How-
ever, Al recovery requires a more complex process, which generates a 
large amount of hydrogen and acid-base wastewater (Zhang et al., 
2016). Organic solvents, such as N-Methyl pyrrolidone, are highly toxic, 
expensive, and unsuitable for industrial use (Song et al., 2017). 
High-temperature pyrolysis involves heating cathode material adhered 
to Al foil above the PVDF decomposition temperature to achieve their 
separation. However, Al foil becomes brittle during this process and 
small amounts of Al impurities can inevitably be contained in the active 
cathode material during subsequent separation processes (He et al., 
2021). In separating Al foil and cathode material, ChCl/glycerol DES has 
lower energy consumption and cost and does not damage the foil (Wang 
et al., 2019). Thus, this might be a greener method. In the same year, 
Tran et al. achieved the dissolution of valuable metals in LCO and NCM 
for the first time using ChCl/EG DES. The whole leaching process did not 
use any acidic or alkaline solution and added any reducing agents (Tran 
et al., 2019). Subsequently, Wang et al. pointed out the importance of 
DES reducibility for the leaching of cathode materials. They found that, 
when more reducing urea is used as the HBD, the leaching conditions of 
valuable metals from cathode material are milder (Wang et al., 2020b). 
The fly in the ointment is that the leaching conditions of LCO in these 
two types of DES are relatively harsh, requiring dozens of reaction hours 
above 180 ◦C to obtain better leaching efficiency. Therefore, in recent 
years, researchers have gradually paid attention to carboxylic 
acid-based DESs. Cathode materials tend to exhibit higher leaching ef-
ficiency due to the many free protons in such DESs and the strong co-
ordination ability between carboxylate and metal elements. However, 
not all elements have high solubility in carboxylic acid-based DESs. 
Recently, Chang et al. have used ChCl/oxalic acid dihydrate DES to 
selectively dissolve Co and Mn in NCM, while Ni remained in the res-
idue. Furthermore, different from the previous study, Chang et al. 
believed that ChCl, a common HBA in DESs, also took part in leaching 
reactions between ChCl/oxalic acid dihydrate DES and NCM cathode 
materials and acted as reducing agents because of the formation of 
chlorine gas (Chang et al., 2022). In addition to their applications in 
pretreatment and metal leaching, DESs also show good performance in 
extracting and separating valuable metals in leaching solutions. In 2020, 
Zante et al. used sulfates of Li, Ni, Co, and Mn to model the leaching 
solution of cathode materials. After Co and Mn were separated, they 
found that both lidocaine/decanoic acid DES and lidocaine/lauric acid 
DES could extract Ni2+ from the Li-containing leachate. When the pH of 
the leachate was <2, the extraction efficiency of Ni2+ was over 90% in 

Table 1 
Basic physical chemistry properties of some type III DESs.   

Molar 
ratio 

Eutectic points 
( ◦C) 

Viscosity 
(cP) 

pH Conductivity 
(mS/cm) 

Surface tension 
(mN/m) 

Ref. 

ChCl/Citric 
acid 

1/1 69 9126 1.73 — — (Abbott et al., 2004; Hansen et al., 2021; Skulcova et al., 2018) 

ChCl/Urea 1/2 12 750 8.91 2.31 64.14 (Abbott et al., 2003; Alabdullah, 2018; D’Agostino et al., 2011; 
Lapeña et al., 2020; Shah and Mjalli, 2014) 

ChCl/EG 1/2 − 36 37 6.89 7.63 52 (Alabdullah, 2018; Ibrahim et al., 2019; Klein et al., 2020) 
ChCl/Glycerol 1/2 − 17 281 7.48 0.985 58 (Alabdullah, 2018; AlOmar et al., 2016) 
ChCl/Oxalic 

acid 
1/1 34 597 1.32 0.38 — (Abbott et al., 2004; Alabdullah, 2018) 

ChCl/Malonic 
acid 

1/1 10 721 — — — (Alabdullah, 2018) 

ChCl/Lactic 
acid 

1/2 — 700 — — — (Damilano et al., 2020) 

ChCl/ 
Thiolactic 
acid 

1/2 — 100 — — — (Damilano et al., 2020)  
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both types of DESs, while the extraction efficiency of Li+ was <10% 
(Zante et al., 2020). 

2.3. The basic physical chemistry properties of some type III DESs 

Based on the discussion above, some physicochemical properties of 
the type III DESs were summarized in Table. 1. Different from aqueous 
solutions, these DESs usually show higher viscosity. For instance, the 
viscosities in ChCl/urea and ChCl/citric acid are 750 and 9126 cP at 25 
◦C, respectively (D’Agostino et al., 2011). In general, with increased 
temperature, DES viscosity decreases. Usually, researchers adopt 
Arrhenius or VFT equations to describe DES relationships between 
temperature, as shown in Eqs. (1) and 2, respectively (D’Agostino et al., 
2011; Yadav et al., 2014). 

ηArrhenius = AeE/RT and (1)  

ηVFT = A′

eB/(T− T0) (2)  

where E is the activation energy of viscous flow and A’, B, and T0 
represent empirical constants. 

However, too high viscosity is not conducive to a DES’s practical 
application in recycling spent LIBs. On one hand, high viscosity hinders 
reaction molecule diffusion to unreacted particle surfaces and reduces 
the leaching reaction speed. On the other hand, it also makes the solid- 
liquid separation process more difficult, increasing energy consumption 
and processing steps in the recovery process. Usually, DES high viscosity 
is attributed to the larger radii of the molecules forming the DES than the 
radius of voids in the solution. To reduce DES viscosity, it is needed to 
increase the probability of voids in solution or use quaternary ammo-
nium salt cations with a smaller radius and fluoride anions (Abbott, 
2004, 2005). Meanwhile, selecting some sulfur-containing HBDs can 
also effectively reduce DES viscosity. For example, the viscosity value of 
ChCl/lactic acid DES is 7 times higher than that of ChCl/thiolactic acid 
DES (Damilano et al., 2020). In addition, electrical conductivity and 
surface tension are also related to DES viscosity. Generally speaking, the 

lower the DES surface tension and higher the conductivity are, the lower 
their viscosity (Abbott, 2004, 2005). Besides these features, eutectic 
points can also significantly affect DES applications in the field of spent 
LIBs recycling. Lower eutectic points mean better savings and milder 
application conditions for DESs. In contrast, when DESs with high 
eutectic points are adopted for recycling LIBs, a higher temperature is 
required to avoid DES recrystallization. Fortunately, many DES eutectic 
points are relatively low, suggesting that they can act as desirable 
leaching solutions for dissolving valuable metals from LIB cathode 
materials. 

In addition to the above characteristics, the pH value also impacts 
metal oxide leaching efficiency from cathode materials. Generally, metal 
oxides are poorly soluble in neutral DES, such as ChCl/EG DES (Abbott 
et al., 2006; Pateli et al., 2020). This is mainly due to the weak ability of 
such DESs to break down oxygen acceptors in metal oxides, which makes 
it difficult for metal ions to be released from the lattice. In some basic 
DESs, such as ChCl/urea DES, the formation of coordinated ligands in 
DESs and metal oxides is a critical condition for their dissolution. For 
acidic DESs, organic carboxylic acids are more commonly used HBDs. In 
general, acidic DESs are more effective in dissolving most metal oxides 
than neutral or basic DESs. This is because, on one hand, many free 
hydrogen ions in acidic DESs can well adsorb and destroy oxygen ac-
ceptors in metal oxides. On the other hand, carboxyl groups can form 
complexes with metal oxides to accelerate metal oxide dissolution. 

3. DESs based metal recovery from spent batteries 

3.1. Mechanism 

The dissolution of high valence transition metal oxides, including Co, 
Ni, and Mn oxides, in LIBs is usually decided by the acidity, coordination 
ability, and reducibility of the DES. Among DESs, hydrogen ions act as 
oxygen acceptors. The attack of oxygen atoms by hydrogen ions leads to 
H2O formation and dissolution of metal oxides surrounding them. 
Nevertheless, in neutral or basic DES leaching systems, hydrogen ion 

Fig. 3. Number of articles on DESs included in the web of science from 2004 to 2021 (a). Number of articles on recycling of spent LIBs included in web of science 
from 2004 to 2021 (b). Application and development for DES in spent LIBs recycling (c) (Abbott et al., 2003, 2006; Chang et al., 2022; Tran et al., 2019; Wang et al., 
2019; Wang et al., 2020b; Zante et al., 2020). 
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action is severely weakened, while coordination ability and reducibility 
play a prominent role in their dissolution. Therefore, dissolution paths 
might be different for LIB cathode materials in different DESs. However, 
no matter which DES system, high valence transition metal oxides are 
finally dissolved in the form of coordination complexes with a lower 
valence (Table. 2). This is because, from a thermodynamic point of view, 
low valence transition metal oxides tend to form a more stable complex 
with coordination ligands than do high valence forms. Thus, the 
reducibility of DESs might have an irreplaceable effect on the leaching 
efficiency for LIB materials. For instance, Lu et al. depicted the leaching 
reactions of LCO cathode materials in ChCl/oxalic acid DES with 
reducibility. They believed that Li would be extracted by hydrogen ions 
in DES and formed H–CoIIIO2, firstly. Then the Co (III) from H–CoIIIO2 
was reduced to Co (II) by C2O4

2− and coordinated with Cl− from ChCl. 
Finally, Co (II) dissolved in ChCl/oxalic acid DES in the form of 
[CoCl4]2− (Lu et al., 2021). 

For a long time, DES reducibility was generally considered to be 
related to HBDs, such that it is seen as an excellent choice for improving 
leaching efficiency from LIB materials in DESs, by adjusting reducibility 
using HBDs. For instance, in 2019, Tran et al. employed ChCl/EG DES to 
realize green recycling of LIBs. In this study, EG was deemed to be the 
reducing agent and oxygen accepter that provided hydrogen ions, while 
chloride ions serve as coordination ions and form Co (II) [CoCl4]2−

(Tran et al., 2019). Based on this study, Wang et al. selected urea with 
stronger reducibility than EG as the HBD. They achieved a similar 
leaching result, with 100% leaching efficiencies for Li and Co, under 
reaction conditions shorter by half the time (~12 h) and lower tem-
perature (180 ◦C). Meanwhile, urea and Co (II) coordinate and form Co 
(urea)2Cl2 in the leachate (Wang et al., 2020b). The improvement in 
leaching conditions demonstrated that enhanced reducibility might 
have an essential effect on the leaching process of valuable metals from 
LIBs. 

After the reduction of high valence metal oxides, the lattice energy 
and stability of crystal structures start to decrease. Then, the effects of 
coordination ability and DES acidity on the dissolution of valuable metal 
oxides become more vital. Thus, to achieve enhancement of metal ion 
leaching efficiency, one good choice is to adopt some organic acid as the 
HBD. For example, when some organic acids, such as formic acid (Chen 
et al., 2021b), citric acid (Peeters et al., 2020), and p-toluenesulfonic 
acid (PTSA) (Roldán-Ruiz et al., 2020), act as HBD, the reaction tem-
perature can decrease to <100 ◦C. Hua et al. selected L-ascorbic acid as 
HBD and achieved leaching efficiencies of valuable metals in NCM 
cathode material up to 96% with 50 ◦C for 1 h (Hua et al., 2021). Also, 
the coordination ability might also have a clear effect. Pateli et al. found 
that the solubility of Co3O4 is higher in a DES with a stronger coordi-
nation ability and pointed out that metal oxide dissolution paths in DES 
include four steps: (1) Hydrogen ions absorb oxygen atoms on metal 
oxide surfaces and form hydrated intermediate species, M-OH. (2) M-OH 
combines with coordination ligands and becomes M-OH2

+…Xn− . (3) 
M-OH2

+…Xn− starts to dehydrate, solvate, and convert to M-Xn-1. (4) 
After M-Xn-1 diffuses into solution, coordination ligands in M-Xn-1 are 
replaced by others, and a more stable complex is formed in DES (Pateli 
et al., 2020). This again demonstrated the importance of reducibility, 
coordination ability, and acidity in DES on the leaching for valuable 
metals in LIBs. 

In addition, some kinetics of processes for leaching valuable metals 
from LIB cathode materials in DESs were summarized here (Fig. 4 and 
Table. 2). Just like aqueous solutions, the leaching processes of Li, Ni, 
Co, and Mn were in line with the shrinking core model. This model is 
comprised of three steps: (1) mass transfer of molecules in the liquid, (2) 
diffusion between the intermediate layer and solid boundary, and (3) 
chemical reactions on particle surfaces (Jha et al., 2013; Wang et al., 
2020a; Zhang et al., 2015). In these steps, DES viscosity and its acidity, 
coordination, and reducibility might have leading roles. The 

Table 2 
Several leaching kinetics processes and leaching efficiency of valuable metals in LIB cathode materials in DESs.  

Cathode DES Condition Controlled step Leaching efficiency (%) Existing form of metal ions Ref. 
Li Ni Co Mn Ni Co  

LCO ChCl/Urea 180 ◦C, 12 
h 

Mass transfer in the liquid 95 — 98 — — Co 
(urea)2Cl2 

— (Wang et al., 
2020b) 

NCM ChCl/EG 180 ◦C, 24 
h 

Surface chemical reaction 92 95 93 95 — — — (Wang et al., 
2022) 

NCM ChCl/L-ascorbic 
acid 

50 ◦C, 1 h Mass transfer in the liquid and 
surface chemical reaction at higher 
temperature; Diffusion on the 
intermediate layer at lower 
temperature 

96 99 98 99 — — — (Hua et al., 
2021) 

LCO ChCl/H2C2O4 90 ◦C, 2 h Diffusion on the intermediate layer 88 — 86 — — — — (Lu et al., 2021) 
NCM ChCl/Oxalic acid 

dihydrate 
120 ◦C, 10 
h 

Surface chemical reaction — < 1 >

97 
> 97 NiC2O4•2H2O [CoCl4]2− — (Chang et al., 

2022) 
LCO EG/ sulfosalicylic 

acid dihydrate 
(SA) 

110 ◦C, 6 
h 

Surface chemical reaction 98 — 93 — — Co2+-SA — (Tang et al., 
2022) 

NCM EG/Citric acid 95 ◦C, 10 
h 

Surface chemical reaction 99 98 96 98    (Zeng et al., 
2021) 

LNCO ChCl/Lactic acid 105 ◦C, 5 
h 

— 100 100 100 — — — — (Morina et al., 
2022) 

LCO ChCl/Formic acid 70 ◦C, 12 
h 

— — — 99 — — [CoCl4]2− — (Chen et al., 
2021b) 

LCO ChCl/ 
PTSA•2H2O 

90 ◦C, 15 
min 

— 100 — 100 — — — — (Roldán-Ruiz 
et al., 2020) 

LCO ChCl/EG 220 ◦C, 24 
h 

— — — 94 — — [CoCl4]2− — (Tran et al., 
2019) 

LCO PEG200/ 
Thiourea 

160 ◦C, 24 
h 

— — — 60 — — — — (Chen et al., 
2020b) 

Mixed 
LIBs 

ChCl/EG 180 ◦C, 24 
h 

— 60–80 11 90 60–70 — [CoCl4]2− — (Schiavi et al., 
2021) 

LCO ChCl/Citric acid/ 
H2O (35 wt%) 

40 ◦C, 60 
min 

— — — 98 — — — — (Peeters et al., 
2020) 

LCO ChCl/SA/EG 140 ◦C, 16 
h 

Surface chemical reaction 100 — 100 — — [CoCl4]2− — (Huang et al., 
2022)  
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relationship between controlled steps and DESs viscosity was shown 
here. (Fig. 4). High viscosity can block mass transfer and diffusion, 
which causes a lower speed in these steps. Finally, the mass transfer and 
diffusion processes are the controlling steps in the whole leaching re-
action. In contrast, in low viscosity DESs, chemical reactions were more 
the controlling step. For instance, the viscosity value of ChCl/urea 
(molar ratio 1/2) is 750 cP (D’Agostino et al., 2011). As shown in Fig. 4, 
the super high viscosity value for the leaching reaction of LCO in 
ChCl/urea is controlled by step (1). In ChCl/oxalic acid DES (597 cP) 
(Hansen et al., 2021) and ChCl/oxalic acid dihydrate DES (133.1 cP) 
(Chang et al., 2022), with molar ratios of 1/1 between HBD and HBA, 
steps (2) and (3) act as controlling steps in the leaching reaction, 
respectively (Lu et al., 2021). In ChCl/EG DES with a lower viscosity (37 
cP), the leaching process is still controlled by surface chemical reactions. 
Therefore, with decreased DES viscosity, the controlling steps are 
concluded here to convert the process from mass transfer in the liquid 
and intermediate layer diffusion to surface chemical reactions. In the 
surface chemical reactions, the acidity, coordination, and reducibility of 
DES are believed here to decide the speed of surface chemical reactions. 

To obtain the desirable leaching efficiency, it is necessary to design some 
acidic DESs with low viscosity and strong coordination and reducibility 
as leaching solutions. In one aspect, adding some low viscosity liquid, 
such as water and EG, or adopting these organic acids with crystal water 
as HBDs, can decrease the leaching system viscosity. Nevertheless, too 
much water destroys the DES hydrogen bond structure and affects the 
form of metal ions in the leachates. For instance, Amphlett et al. found 
that H2O replaces EG ligand in the Ni complex with increased water 
content, a similar situation that also occurs in [NiCl4]2− in a ChCl/ma-
lonic acid DES system. Conversely, H2O would not displace Cl− and urea 
for the [CoCl3(Urea)]− , but it will lead to hydrolysis of Co (Amphlett and 
Choi, 2021). 

3.2. Li recovery 

Due to the simple process and low cost, the chemical precipitation 
method is usually used to separate metal elements from leachates. In this 
step, Li recycling is often arranged after Ni, Co, and Mn separation 
(Yang et al., 2021) because many Li salts, such as LiOH and Li2C2O4, are 

Fig. 4. Comparison of leaching kinetic models of LIBs in several DESs. ChCl/EG DES (a) (Wang et al., 2022); ChCl/Oxalic acid Dihydrate DES (b) (Chang et al., 2022); 
ChCl/Oxalic acid DES (c) (Lu et al., 2021); ChCl/Urea DES (d) (Wang et al., 2020b). 
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soluble in aqueous solution, while M(OH)2 and MC2O4 (M: Ni, Co, and 
Mn) are precipitates. Accordingly, with increased impurity-removal and 
solid-liquid separation steps, Li loss can become more severe. To avoid 
this phenomenon, selective recycling of Li from spent LIBs has attracted 
much research interest. For instance, using oxalic acid (Verma et al., 
2020; Zhang et al., 2018a ) and formic acid (Chen et al., 2021b; Ji et al., 
2021; Mahandra and Ghahreman, 2021) in leaching solutions for recy-
cling LCO or LFP allows Li to be dissolved in the first step, while Co or Fe 
remain in the leaching residues. 

Unlike aqueous solutions, the study of Li recycling has been little 
regarding DESs, but a more interesting phenomenon has been observed, 
as shown in Fig. 5. For instance, Lu et al. found that Co and Li ions can be 
reprecipitated in leachates after being placed at room temperature for a 
specific time without any other processes. After that, the precipitate, a 
mixture of CoC2O4•2H2O and LiHC2O4•4H2O, can be easily separated 
using H2O and the resulting Li salt purity can reach 99% (Lu et al., 
2021). As there were no precipitation agents used in this metal ion 
separation, the DES components are not destroyed and the DES can be 
reused for the next LIB leaching reaction after supplementing with oxalic 
acid. In addition, Hua et al. found that Li2C2O4 tends to precipitate in 
ChCl/L-ascorbic acid DES, while it is soluble in aqueous solution. 
Therefore, they converted leachates to aqueous solution by first adding 
oxalic acid solution. Then, the transition metal ions, such as Ni, Co, and 
Mn, are precipitated as oxalates and Li ions remain in the leachate. After 
that, with water evaporation and ethanol addition, Li ions form Li2C2O4 
and precipitate in the DES (Hua et al., 2021). As oxalic acid is usually 
used as HBD for DES, this still did not affect the DES leaching abilities for 
LIBs. 

In summary, recycling of Li from LIB cathode materials might exhibit 
a different result in DES with aqueous solutions, especially when oxalic 
acid is used as a precipitation agent. Therefore, there have been several 
methods for producing the separation of Li and transition metal ions in 
DES. One is to convert the DES leachates into water solutions. Then, Li 
can be separated from the leachates by conventional methods, such as 

chemical precipitation and extraction. The process is mature and simple, 
but it usually destroys the structure and property of DES, which affects 
its recyclability. For instance, Morina et al. prepared Li3PO4 using 
H3PO4 solution as the precipitant from the ChCl/lactic acid DES leach-
ates (Morina et al., 2022). Also, adding some reagents that can act as 
HBD or HBA with no effect on the initial DES is a good choice. This 
means that the solubility of different Li salts in DESs should be explored. 
Unfortunately, to date, related studies have not attracted research in-
terest. In addition, the pre-separation of Li from LIBs cathode materials 
before leaching them in DESs might be addressed. For example, Chen 
leached Li selectively using formic acid, while Co remained in the 
leaching residues with PVDF and carbon black. Subsequently, the 
ChCl/formic acid DES is applied for leaching and recycling of Co (Chen 
et al., 2021b). Although the two-step recycling process is complicated, 
the lower loss of Li made up for this disadvantage, especially for NCA 
and NCM cathode materials. 

3.3. Other valuable metal recoveries 

For NCA and NCM, Ni and Co are the most economically valuable 
materials in spent LIB, such that it is very important to obtain high- 
purity Ni and Co from these sources. At present, due to their similar 
physicochemical properties, it has been a challenge to achieve selective 
leaching of Ni and Co from cathode materials or separation from 
leachates (Kim et al., 2021). However, ideal results appear easily ob-
tained using DES. For instance, Schiavi et al. utilized the characteristics 
of different formation conditions for [Ni (EG)3]2+ and [CoCl4]2− to 
separate Ni and Co using ChCl/EG DES. The Li, Co, and Mn were dis-
solved in the ChCl/EG DES at 180 ◦C for 24 h, while Ni remained in the 
leaching residues due to the harsh forming conditions of [Ni (EG)3]2+

(Schiavi et al., 2021). The disappearance of Ni ions made the recycling of 
Co easier. Also, Pateli et al. found that the dissolution ability of CoO was 
more than 400 times that of NiO in ChCl/oxalic acid DES (Pateli et al., 
2020). This also provided a new choice for the selective separation of Ni 

Fig. 5. Selective leaching of Li by using formic acid (a) (Chen et al., 2021b); recycling process of Li in ChCl/L-ascorbic acid DES (b) (Hua et al., 2021); and dissolution 
and precipitation processes of Li in ChCl/oxalic acid DES (c) (Lu et al., 2021). 
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and Co. Based on this research, Chang et al. studied the leaching 
behavior of NCM cathode materials in ChCl/oxalic acid dihydrate DES. 
A similar conclusion suggests that Ni remains in leaching residues as 
NiC2O4•2H2O, while dissolved Co in the leachates was [CoCl4]2−

(Chang et al., 2022). Therefore, the coordination ability between the 
different components in DES and valuable metal ions in LIB cathode 
materials might have an irreplaceable influence on their selective sep-
aration. After the separation of Ni and Co, processes of the precipitation 
and impurity removal become simpler, which reduces recycling costs, 
especially for NCM111 with almost the same Co and Ni content. Besides 
the selective separation of single elements, the coprecipitation of tran-
sition metal ions is another method for recycling metals from leachates. 
Usually, certain concentrations of NaOH and NH3•H2O are selected as 
precipitants and chelating agents to produce the precursors of ternary 
battery materials (Zheng et al., 2018). For LCO, simple components have 
made Co recycling easier. Both chemical precipitation and electrode-
position methods are good for recycling Co from leachates. For instance, 
Wang et al. have adopted NaOH, Na2CO3, and H2C2O4 solutions as 
precipitation agents for recycling Co from the ChCl/urea DES leachates. 
They found that the Co-based precursor prepared using NaOH and 
H2C2O4 were more suitable for producing Co3O4 than Na2CO3 due to its 
better crystallinity (Wang et al., 2020b). The crystallinity of Co3O4 
might have a severe effect on the electrochemical performance of re-
generated LCO cathode materials. Therefore, the selection of precipita-
tion agents is vital. Although NaOH has proven to be an effective 
precipitation agent, Na ions are difficult to remove from the products. 
An electrodeposition method can avoid the introduction of Na ions and 
other impurity elements and does not destroy the structure and prop-
erties of DES. However, while this requires greater energy consumption 

than chemical precipitation, the DES obtained after the electrodeposi-
tion of Co ions can be used for the next leaching process (Tran et al., 
2019; Wang et al., 2021). 

3.4. DES recovery 

Unlike traditional leaching and recycling methods, as mentioned in 
the above discussion, after a leaching experiment is completed, DESs can 
be recovered and reused by electrodeposition or by adding some 
nondestructive components, as shown in Fig. 6. Secondary DESs still 
have good solubility for metal oxides from cathode materials. In terms of 
electrodeposition, Tran et al. used Ag/AgCl as the reference electrode 
and stainless-steel mesh as the working and counter electrodes for 
recovering Co ions from ChCl/EG DES leaching solution using constant 
current electrodeposition at − 4.5 mA. After the recovery of Co in the 
form of Co (OH)2, DES can be used a second time. Under the same 
leaching conditions, there is no significant difference between the per-
formance of the secondary DES and the original (Tran et al., 2019). In 
addition to the recyclability of ChCl/EG DES, Wang et al. also recovered 
Co from ChCl/urea DES leaching solution by constant-voltage electro-
deposition (− 0.9 V) and also achieved DES recovery. Subsequently, they 
leached LCO at 140 ◦C with the secondary DES, and the Co ion con-
centration in the leachate was 0.459 g•L − 1, which was not much 
different from the original DES (Wang et al., 2020b). In contrast, Hua 
et al. used oxalic acid solution as a precipitant to precipitate Li, Ni, Co, 
and Mn metal ions from ChCl/L-ascorbic acid DES leaching solution. The 
water and ethanol in the DES were then evaporated to realize DES re-
covery. H1-NMR spectra have shown that the structure of DES does not 
change significantly (Fig. 6b). The leaching efficiency of NCM in 

Fig. 6. Leaching effect for LCO in recycled ChCl/urea DES (a) (Wang et al., 2020b); The H1-NMR spectra of initial DES (I) and recycled DES (II) (b); and leaching 
efficiency of NCM in initial and recycled DES and L-ascorbic acid aqueous solution (c) (Hua et al., 2021). 
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recycled DES is comparable to that of initial DES and higher than that of 
L-ascorbic acid aqueous solution. At the same time, they also recycled 
L-ascorbic acid aqueous solution and found that the leaching efficiency 
for Ni, Co, and Mn is less than half of the initial value. This showed that 
DES has more clear advantages than traditional aqueous solutions in 
terms of recycling (Hua et al., 2021). Li et al. adopted a similar method 
to Hua to recycle ChCl/oxalic acid DES. After LCO dissolution, deionized 
(DI) water was added to DES to precipitate Co. Then ChCl/oxalic acid 
DES can be recycled easily by evaporating water (Li et al., 2022). 

For some of the less expensive DESs, such as ChCl/urea DES and 
ChCl/EG DES, the cost of electrodeposition might be higher than the cost 
of leaching reagents. However, the effective recovery of leaching re-
agents significantly simplifies the post-processing process of leaching 
solutions, such as acid wastewater neutralization, ammonia nitrogen 
wastewater treatment, and dilution of heavy metal ions remaining in the 
leachate after precipitation. Therefore, from the point of view of reus-
ability, such DESs are far greener than traditional water-based leaching 
solutions. However, at present, the treatment of Li is often neglected in 
research regarding the recovery of metals from DESs using electrode-
position. With increased processing steps, such as solid-liquid separa-
tion, Li loss becomes increasingly serious. Therefore, it is believed here 
that verification of Li recyclability must be supplemented in recycla-
bility demonstrations of DESs. Recently, Hua et al. have perfected this 
shortcoming. As we mentioned above, Li2C2O4 exists in the form of a 
precipitate in a mixed solution of absolute ethanol and ChCl/L-ascorbic 
acid DES (Hua et al., 2021). Therefore, from the perspective of DES 
recyclability, it is also necessary to study the solubility of some Li salts, 
especially Li carboxylate salts, in DESs. At the same time, from a cost 
perspective, organic acids as HBDs yield DESs more expensive. There-
fore, the recovery of metals from such DESs cannot only avoid compli-
cated post-processing procedures but also significantly reduce the cost of 
leaching reagents. 

4. Techno-economic analysis 

From the conclusions obtained above, direct regeneration and ech-
elon utilization are the best choices for reusing spent LIBs. In recent 
years, direct regeneration technology has made significant progress in 
the laboratory stage. Although the development of some technologies, 
such as hydrothermal repair (Jing et al., 2020; Xu et al., 2020b; Xu et al., 
2021), microwave repair (Liu et al., 2022), and molten salt repair (Ma 
et al., 2020; Shi et al., 2019; Wu et al., 2021; Yang et al., 2020), has 
brought it one step closer to practical application, there is still a lack of 
practical application experience. For the echelon utilization of spent 
LIBs, the traditional recycling method must be considered when the 
capacity of waste LIBs cannot meet the capacity required by the 

equipment in the cascade utilization process. Accordingly, these two 
approaches were not analyzed here (Table. 3) from a technical and 
economic point of view. 

From the environment-friendly aspect, a large amount of fluorine- 
containing and phosphorus-containing gasses would be generated in 
pyrometallurgy of LIBs due to the decomposition of the binder and 
electrolyte, which would cause severe environmental pollution (Neu-
mann et al., 2022). For hydrometallurgy, this phenomenon decreased 
sharply due to the organic components being separated in pretreatment. 
Inorganic acids, such as HNO3 (Chen et al., 2021a), H2SO4 (Chen et al., 
2020a; Gao et al., 2019; Zhao et al., 2020a), and HCl (Yi et al., 2020), 
have been widely used due to lower cost and better leaching conditions 
than with organic acid and ammonia/ammonium salt systems. Never-
theless, Cl2, SOx, and NOx are usually produced in such processes (Or 
et al., 2020; Zhang et al., 2018b ). Also, the production of a large amount 
of acidic wastewater complicates post-treatment processes. Although 
Chang et al. have shown the emission of Cl2 in the leaching process for 
NCM cathode materials in ChCl/oxalic acid dihydrate DES (Chang et al., 
2022), components of DES are biodegradable and can be recycled, which 
are features that hydrometallurgy does not have. Meanwhile, it is easy to 
select an HBA without chlorine due to the broad types of DES. Accord-
ingly, it is believed here that recycling processes can be 
environment-friendly using DESs as leaching solutions for recycling 
spent LIBs. In view of recycling costs, when a DES is composed of some 
cheap HBD, such as urea, and HBA, such as ChCl, its price is lower than 
an organic acid and similar to an inorganic acid. In contrast, organic 
acids used as the HBDs lead to increased DES costs. However, excellent 
leaching efficiency for valuable metal ions can be easily obtained from 
cathode materials using organic acids as HBDs. According to Pateli’s 
research, the solubility of metal oxides, such as Ni, Co, and Mn oxides, in 
ChCl/oxalic acid DES is higher than in aqueous oxalic solution (Pateli 
et al., 2020). As discussed above, for other organic acids, such as 
L-ascorbic acid, leaching efficiency is similar between DES and aqueous 
solution, but DES shows superior recyclability. Thus, the higher leaching 
efficiency and recyclability are believed here to lead to a lower leaching 
cost in DES than with an organic acid. From recycling technology, Li 
tends to evaporate and be lost in slags due to the super high temperature 
(>1000 ◦C) in pyrometallurgy, while Fe, Ni, and Co are present in the 
product form of alloy (Murdock et al., 2021). Therefore, high energy 
consumption and low recycling efficiency of Li yield this method un-
suitable for low economic value cathode materials, such as LFP and 
LMO. The recycling efficiency of Li is high in hydrometallurgy, but the 
selective separation of Ni and Co remains difficult. Fortunately, DESs 
can make up for this disadvantage. In summary, these recycling pro-
cesses are believed here to be environment-friendly, low cost, and high 
efficiency, when DES is used as the leaching solution. 

Table. 3 
Comparison of the leaching features between DESs and others for LIB recycling.  

Types Hydrometallurgy Pyrometallurgy Deep eutectic solvents 
Organic acid Inorganic acid Ammonia/ammonium salt 

Solid-liquid separation Easy Easy Easy — Hard 
Selective separation of Ni & Co Hard Hard Hard Hard Easy 
Selective precipitation of Hard Hard Easy — Hard 
Solubility of Al Low High Low — Low 
Loss of Li Few Few Few Severe Few 
Leaching efficiency for LCO High High High — High 
Leaching efficiency for LFP High High Fewer study — Few studies 
Leaching efficiency for NCM High High High — High 
Leaching efficiency for NCA Fewer study Fewer study Fewer study — Few studies 
Energy-consumed in recycling Low (<100 ◦C) Low (<100 ◦C) Low (<100 ◦C) High (>1000 ◦C) Low (50–220 ◦C) 
Purity of products High High High Low High 
Emission of harmful gas Low Moderate Moderate High Moderate 
Demand for reducing agent High High High — Unnecessary 
Process maturity Industrial application Industrial application Industrial application Industrial application In laboratory 
Cost of leaching soln. High Low Low — Moderate 
Thermostability of leaching soln. Low Low Low — High 
Recyclability of leaching soln. Hard Hard Hard — Easy  
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5. Conclusions and outlook 

The increasingly tense supply relationship of critical raw materials 
for LIBs and the potential pollution and damage to the environment from 
spent LIBs make recycling imperative. However, at present, secondary 
pollution generated during the recycling of discarded LIBs remains un-
avoidable. Therefore, developing a green and cheap recycling technol-
ogy is urgently needed to alleviate current recycling problems. Since 
2019, green and affordable DESs have begun to show great application 
value in recycling discarded LIBs. These mixtures still have significant 
limitations in their application, as an emerging technology. For example, 
excessive viscosity limits the leaching reaction and requires high- 
temperature conditions (Wang et al., 2020b) or the participation of 
toxic diluents, such as dimethyl sulfoxide (DMSO) (Chang et al., 2022), 
in the solid-liquid separation process. The critical requirement for 
solving these problems lies in understanding the fundamental physico-
chemical properties of DESs and the pathways and mechanisms for the 
dissolution of valuable metals from LIBs into DESs. In this review, some 
physicochemical properties of DESs, such as viscosity, acidity, and co-
ordination ability, were combined with the leaching kinetics of metal 
ions. At the same time, the precipitation and separation process of metal 
elements was summarized and analyzed. DES leaching solutions were 
found to be more suitable for acquiring high-purity single metal ele-
ments than traditional water-based leaching solutions. In battery recy-
cling, this is helpful in the design and application of DESs to a certain 
extent. At the same time, a differential analysis of traditional hydro-
metallurgy, pyrometallurgy, and DESs was conducted from the per-
spectives of environmental friendliness, leaching cost, and technology. 
DESs were believed here to have significant advantages in some re-
spects, such as in the selective separation of Ni and Co, recyclability, and 
lower leaching costs. However, in practical application, DESs still have 
features to be perfected and solved. 1) As mentioned above, it remains a 
challenge to solve the slow leaching reaction and filtration speed caused 
by high viscosity DESs. On one hand, a low viscosity DES can be 
designed as a leaching solution. On the other hand, it is also a suitable 
method to decrease leachate viscosity by adding diluent during filtra-
tion, while the diluent must be green and cheap and cannot cause sec-
ondary precipitation of valuable metal ions in the leachate. 2) More 
attention should be paid to DES recyclability. Undoubtedly, electrode-
position is a desirable choice for recycling neutral or alkaline DESs. 
However, few studies have focused on Li recycling from the leachate by 
electrodeposition. For the acid-based DESs with better leaching effi-
ciency, electrodeposition might show undesirable results due to disso-
lution caused by hydrogen ions. Therefore, it is imperative to develop a 
method for recycling acid-based DESs. 3) The universality of DESs in LIB 
recycling needs to be further proven because research on recycling NCA 
and LFP by DESs is lacking. In general, organic acid solutions have poor 
solubility for Al, which means DESs composed of organic acids as HBD 
might exhibit specific selectivity during the leaching of NCA. For LFP, 
the desire for low prices leads to the need to choose a cheap and green 
recycling process. Therefore, inexpensive and biodegradable DESs are 
undoubtedly a good choice. 4) As is known, DESs are usually seen as 
great candidates for nanoparticle synthesis. And some nanoparticles, 
such as nano-Co3O4, show extreme application value in supercapacitor, 
catalytic, anode materials for LIBs, and other fields. Therefore, the 
preparation of nanoparticles with high value can be attempted after 
leaching valuable metals into DESs. 5) In recent years, the technology of 
all-solid-state LIBs has become increasingly mature. However, the 
recycling of Li metal anodes in all-solid-state LIBs is very difficult owing 
to the strong reactions between them and aqueous solutions. 
Nonaqueous solvent DESs might provide an excellent solution to this 
dilemma. 6) It is necessary to build a near-perfect system to evaluate the 
feasibility of DESs in spent LIB recycling from the aspect of the economy, 
environmental protection, and energy consumption. DESs currently 
used in LIBs recycling all have undesirable disadvantages. By detailed 
evaluation of DESs, DESs can be quickly graded and a more suitable DES 

selected for recycling spent LIBs, which would be beneficial for 
large-scale DES applications. 
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