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Abstract: Lithium-ion battery (LIB)-based electric vehicles (EVs) are regarded as a critical
technology for the decarbonization of transportation. The rising demand for EVs has triggered
concerns on the supply risks of lithium and some transition metals such as cobalt and nickel needed
for cathode manufacturing. There are also concerns about environmental damage from current
recycling and disposal practices, as several spent LIBs are reaching the end of their life in the next
few decades. Proper LIB end-of-life management can alleviate supply risks of critical materials
while minimizing environmental pollution. Direct recycling, which aims at recovering active
materials in the cathode and chemically upgrading said materials for new cathode manufacturing, is
promising. Compared with pyrometallurgical and hydrometallurgical recycling, direct recycling has
closed the material loop in cathode manufacturing via a shorter pathway and attracted attention over
the past few years due to its economic and environmental competitiveness. This paper reviews
current direct recycling technologies for the cathode, which is considered as the material with the
highest economic value in LIBs. We structure this review in line with the direct recycling process
sequence: cathode material collection, separation of cathode active materials from other components,
and regeneration of degraded cathode active materials. Methods to harvest cathode active materials
are well studied. Efforts are required to minimize fluoride emissions during complete separation of
cathode active materials from binders and carbon. Regeneration for homogeneous cathode is
achieved via solid-state or hydrothermal re-lithiation. However, the challenge of how to process
different cathode chemistries together in direct recycling needs to be solved. Overall, the
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development of direct recycling provides the possibility to accelerate the sustainable recycling of
spent LIBs from electric vehicles.
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Abbreviations: CAMs: Cathode active materials; DMAC: N,N-dimethylacetamide; DMF: N,N-
dimethylformamide; DMSO: N,N-dimethyl sulfoxide; EVs: Electric vehicles; LCO: LiCoO,; LFP:
LiFePOy; LIBs: Lithium-ion batteries; LMO: LiMn,O4; NCA: LiNiCoAlO,; NMC: LiNi,Mn,Co,05;
NMP: N-Methyl-2-pyrrolidone; PVDF: Polyvinylidene fluoride.

Others:

Battery cells: Here only pouch cells used in electric vehicles are considered. They are composed of
casing/pouch, a series of electrode (anode/cathode) sheets, separators, and electrolytes.
Anode/cathode sheets: They are composed of current collect (Cu/Al foil) and two anode/cathode layers.
Cathode layer/cathode materials: Materials are coated on current collectors (Al foils). They are
composed of cathode active materials (metal oxides), conductive materials (i.e. acetylene black),
and binders.

Anode layer/anode materials: Materials are coated on current collectors (Cu foils). They are
composed of anode active materials (i.e. graphite) and binders.

1. Introduction

Lithium-ion batteries (LIBs) are widely used in electronic devices such as cell phones, laptops,
cameras, electric vehicles (EVs) and others because of their high energy density, stability, and
affordability [1]. In the next few decades, the demand for EVs brings a new challenge to CAMs
supply [2]. The number of EVs on the road worldwide is projected to rise to 140 million by 2030 [3].
The production of EVs will increase 2—3 times from 2025 to 2050 [4]. In addition, the supply risks of
lithium and transition metals used in cathode active materials (CAMs) are widely recognized [5]. It
is predicted that between 0.33 million to 4 billion LIBs are expected to reach the end of their service
lives between 2015 and 2040 [6]. Recycling end-of-life EV LIBs can alleviate the supply risks of
critical materials. However, depending on technologies used, LIBs recycling may result in water
pollution from leachate, solid waste such as metal-rich ash, and air pollution [7]. There is a critical
need to developing economically viable and environmentally friendly recycling technologies for
spent EV LIBs (especially the cathodes).

The structure of LIBs used in EVs is shown in Figure 1. Inside the battery casing, there are a
series of electrodes (anode sheets and cathode sheets) with separators and electrolytes. The
separators are made of polymers, e.g., polypropylene or polyethylene, which allow active lithium
ions to transfer during charging and discharging [8]. The lithium salt electrolyte, e.g., LiPFs,
LiClO4, and LiBF4, and cyclic or linear carbonate solvents (ethylene carbonate) are injected into
battery cells [9,10]. Copper foils are used as anode current collectors, and aluminum foils are used as

AIMS Clean Technologies and Recycling Volume 1, Issue 2, 124—151.



126

cathode current collectors [11]. The anode layer, which stores active lithium ions after charging, has
graphite as the active material with polyvinylidene fluoride (PVDF) as the binder [12]. A typical
cathode layer includes 80-85% cathode active materials (CAMs), ~10% PVDF binder, and ~5%
acetylene black conductive materials [7]. The chemistries of CAMs include, but are not limited to,
LiFePO4 (LFP), LiCoO, (LCO), LiMn,O4 (LMO), and LiNiyMn,Co0,0, (x =y = z = 0.333,
NMCI111;x=0.5,y=0.3,z=0.2, NMC523; x =0.6, y =z = 0.2, NMC622; x =0.8, y =z = 0.1,
NMCS811) [13]. In commercial LIB cathode production, the PVDF binder is pre-dissolved in solvent;
N-Methyl-2-pyrrolidone (NMP) is commonly used [14,15]. Then, the PVDF binder with NMP is
uniformly mixed with CAMs and acetylene black to form slurry. The final slurry is cast onto the
Al foils (cathode current collectors) and dried at 120°C for 12-24 hours to evaporate the NMP
solvent [16].
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Figure 1. A schematic diagram of the lithium-ion batteries components. Figure adapted
from Kim et al. [17].

Current approaches to the recycling of spent LIBs can be classified into pyrometallurgical,
hydrometallurgical, and direct recycling as shown in Figure 2 [18]. Pyrometallurgical recycling
requires high temperatures to reduce cathode to an alloy of transition metals, which results in high
energy consumption and air emission [19]. The reaction temperature is about 1000°C to form Co-,
Fe-, and Ni- based alloys [19]. The gas products released at lower temperatures contain
decomposition products from binders and electrolyte [20]. The advantage of the pyrometallurgical
method is that it can handle a large number of spent LIBs without pretreatment processes. Leaching,
bioleaching, and solvent extraction are key methods of hydrometallurgical recycling [21]. Valuable
metals are recovered in solution and resynthesized to metal oxides, relying on complex operation
steps. Compared with pyrometallurgical technologies, hydrometallurgical technologies achieve high
selectivity and high recycling efficiency, and produce value-added products [21,22]. The removal
of cathode/anode active materials and their reuse in remanufactured LIBs is known as direct
recycling [23]. For many cathode chemistries including lithium nickel manganese cobalt oxide
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(NMC622), lithium nickel cobalt aluminum oxide (NCA), and lithium iron phosphate (LFP), direct
recycling has a higher recovery rate of CAMs while employing simpler processes, compared with
pyrometallurgical and hydrometallurgical recycling; this leads to greater environmental and
economic benefits [24].
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Production

Figure 2. Life Cycle of a Lithium-Ion Battery [18].

The typical direct recycling processes are summarized in Figure 3. In general, the direct
recycling process for cathodes involves three steps. The first step is to harvest cathode materials
(Section 2 and 3). If battery cells are directly crushed (Section 2), a separation process must be
undertaken to separate metal-containing components from polymers in the ensuing mixture of metals
(casing), anode/cathode materials, and separators (polymers). Whether cathodes and anodes are
crushed together or only cathodes are crushed, cathode materials must be separated from current
collectors. To avoid contamination from current collectors, researchers focus on separating the
cathode layer from the cathode sheet after manual/mechanical dismantlement in order to collect
cathode materials (Section 3). Relevant methods mainly involve three mechanisms: dissolution of
PVDF, decomposition of PVDF, and dissolution of Al foil. The second step is the separation of
CAMs from PVDF/carbon (Section 4). The commonly used approach includes thermal treatment and
flotation. The final step is to regenerate the degraded electrochemical performance of CAMs from
spent LIBs (Section 5). The current cathode chemistries of spent LIBs include LCO, LFP, LMO, and
NCA from generation 1 batteries; NMC111 and NMC523 from generation 2 batteries; NMC622, and
NMCS811 from generation 3 batteries [23]. The recycled CAMs from direct recycling should have the
same cathode chemistries as before. After regeneration, the recycled CAMs can be used to
manufacture new cathodes/cells. This paper reviews recent developments in technologies related to
direct cathode recycling. Advantages and disadvantages of these technologies are discussed, and
further research needs are suggested.
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Figure 3. Flow diagram for direct recycling processes of cathodes.

2. Cathode materials collection after crushing

Rotating comminution processes are considered as important methods to minimize the particle

size of components in spent LIBs [25]. Rotating comminution processes are illustrated in Section 2.1.

If pouch cells are directly crushed, the resulting mixture includes metals (casing and cathode/anode

current collectors), anode/cathode materials, and separators (polymers). If cathode and anode

sheets from manual dismantlement are crushed, the resulting mixture contains cathode/anode

materials and current collectors (Cu and Al). Crushing of cathode sheets leads to a mixture of

cathode materials and Al.
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Because various mixtures are obtained depending on pretreatment processes, the different
approaches are summarized in terms of removed components. The removal of polymers is illustrated
in Section 2.2. The separation of current collectors from cathode materials is discussed in Section 2.3.
In this section (Section 2), we focus on processes to obtain cathode materials after comminution
processes. Besides crushing cathode sheets, methods for the removal of cathode materials from the
Al current collector (delamination) are discussed in the next section (Section 3).

2.1. Comminution of battery cells or electrodes

2.1.1. Comminution of battery cells

Direct crushing of pouch cells avoids the need for manual disassembly of different components.
Thus, this process is more feasible in large-scale operation. Wet crushing and dry crushing are
compared for LCO pouch cells [26]. The wet crushing process uses a blade crusher operating at high
speed with water as the medium. The dry crushing includes two stages: (1) spent LIB pouch cells are
cut into small pieces by a shear crusher and (2) the small pieces are crushed by an impact crusher for
20 s. For both approaches, the coarse size fraction (>2 mm) and fine size fraction (<0.075 mm) are
large, and medium size fraction (~0.075-2 mm) is small. In wet crushing, the cathode layer cannot
be easily liberated from Al foil and is not easily transferable through mesh due to the presence of
water. The composition in fine size fraction is complex (includes CAMs, C, Cu, and Al). The CAMs
are removed with water, leading to a reduction in material quantity. On the contrary, in dry crushing,
particle size less than 0.075 mm is mainly composed of graphite. Details about dry crushing are
provided by the same authors in another study. Al is enriched in particle size above 2 mm, and
LiCoO; and graphite are enriched in particle size below 0.25 mm [27]. The recovery rate of Co
fraction (<0.25 mm) is 94.29%. Impurities include, but are not limited to, Cu, Al, F, Mn, P, Cl, Zn,
and Fe. Cl and Zn contaminants are introduced from grinding instruments. In addition, the wet
crushing process is used by Barik et al [28]. The battery cells are fed into a shredder with water as a
scrubbing agent. The recycled particle size is less than 10 mm. The polymers that float on the water
are manually taken out. The recycled mixture contains CAMs, Cu foils, Al foils/casings, PVDF, and
carbon. Therefore, dry crushing is recommended since wet crushing leads to mass loss and
introduces more Al. It is noted that LCO cathode materials concentrate in fine fraction. Crushing and
screening multiple times may minimize impurities in recycled cathode materials.

The two-step crushing of battery cells is proposed to increase the recovery rate of cathode and
anode coating for NMC-based LIBs [29]. In addition, the influences of second crushing are studied.
The first step employs a six-disk-rotor cutting mill under nitrogen atmosphere to recover heavy
parts >20 mm, e.g., casing materials, electric conductors, and steels screws. The released gases
contain electrolyte solvents and carbon dioxide. This result highlights the importance of gas
collection or treatment in direct recycling. The second step employs a cutting mill followed by
screening (10 mm) and air-classification. With second crushing, the yield of black mass (NMC and
graphite) increases from 60% to 75%. The percentages of impurities of Al, Cu, and Fe are hardly
changed with or without second crushing.
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2.1.2. Comminution of cathodes and anodes

To avoid polymer and casing contamination, cathodes and anodes are crushed together after
manual disassembly. The subsequent separation of Cu/Al from cathode materials is necessary. The
influence of grinding time on subsequent separation are studied [30]. First, cathode strips and anode
strips are mixed in the impact crusher (cathode to anode ratio of 1:1) to reduce the particle size
(<0.074 mm). Then, the mixed electrode powder is ground by steel balls in a sealed grinding
chamber. The grinding time is set from 2.5 min to 30 min. The dry modification mechanism is
proposed to explain how the grinding time affects the subsequent flotation separation (Figure 4). The
steel balls provide both horizontal shear force and vertical rolling pressure. The horizontal shear
force enlarges the hydrophobic surface of graphite because of the sliding and flaking movement of
graphite, and enlarges hydrophilicity of LiCoO; by smoothening the protrusions and removing the
organic film coating on LCO surface. The vertical rolling pressure tends to promote the aggregation
of graphite and LCO. The optimal grinding time is 5 minutes when graphite and LCO have balanced
hydrophobicity/hydrophilicity and particle size to separate. After long grinding time, small
hydrophobic graphite particles are adsorbed on hydrophilic LiCoO, particles forming agglomerates.
This results in separation difficulties of CAMs and graphite.
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Figure 4. Dry modification mechanism based on mechanical abrasion [30].
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2.1.3. Comminution of cathodes

The complex compositions result in subsequent separation difficulties, and thus, crushing only
the cathode sheets rather than the entire battery cells or cathode and anode sheets together is more
desirable in direct recycling. A planetary ball mill is used to grind cathodes after manual
dismantlement of battery cells in laboratory scale. This approach is commonly used as pre-treatment
to minimize leaching time before hydrometallurgical recycling [31,32]. The labor cost is not
negligible to separate anodes, separators, and metal shells. If cathodes are harvested, delamination of
cathode materials from cathodes is another approach to avoid Al contamination (Section 3).

AIMS Clean Technologies and Recycling Volume 1, Issue 2, 124—151.
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2.2. Separation of metal-containing components from polymers

If battery cells are crushed, the separators are first removed because of their significant
characteristic differences from other components. The electrostatic separation is based on the
electrical property differences of LIB components. The polymers are nonconductive materials
whereas metals (Cu, Al, and steel) are conductive. After drying to remove electrolyte and screening
to remove LCO, the roll-type electrostatic divider could recover 99.6% of polymers and 98.98% of
metals (the mixture of Cu, Al, and steel) [33]. The divider is composed of two parts: ionization
electrodes and static electrodes. The ionization electrodes pin the nonconductive materials onto the
rolls, which are collected at the end of rolls, and static electrodes attract conductive materials. Those
that are not classified as conductors or nonconductors, are considered as middlings. The optimized
conditions are electrode voltage, roll rotation speed, distance of the electrostatic electrode, and the
inclination angle of the deflector. Widijatmoko et al. apply and modify this process [34]. Deflector
angle is added as another parameter. The 2.5 min attrition scrubbing is added to liberate cathode
materials from current collector, and the iron silica sand (2360-850 um) is used as the attrition
medium. The wet sieving is used after electrostatic separation, and 80% LCO is recycled with
impurities of 7% Al and 6.1% Cu in the size fraction of <38 um. The attrition medium is not strongly
pinned by ionization electrodes or strongly attracted by static electrodes. Additive iron silica sand
affects the impurity of recycled cathode materials, while 99% can be recycled in middlings with
polymers in the size fraction of <850 um. The middling, which contains little Al and Cu after one
electrostatic separation, is reintroduced for five repetitions. Reintroduction makes the process more
complicated.

The polymers can be easily removed from the mixture because of their low density. The density
separation is used to recycle Cu and polyethylene separators [35]. The density of Cu and
polyethylene are 8.96 g/cm® and 0.9 g/cm’, respectively. The mixture is put into diiodomethane
solution (density of 3.3 g/cm®), and the floats and sediments are separated in 30 minutes. A
commercial scale Recupyl process applies density separation after screening and magnetic
separation (to move steel components), plastic, paper, Al foil, and Cu foil are separated by
densimetric tables [36].

Pneumatic separation is considered as a simple, low cost, and reliable approach to achieve
solid-solid separation according to density differences of metallic and non-metallic materials [37].
Huang et al. study air separation in a zigzag classifier although the performance is not ideal [38]. The
air velocity in the zigzag channel is 1.5-4.5 m/s. The products are classified into four fractions based
on particle size: <0.5 mm, 0.5-1 mm, 1-2 mm, and >2 mm. The non-metallic fractions are 32.4 wt%,
23.4 wt%, 27.4 wt%, and 5.8 wt%, respectively. It is noted that a considerable number of polymers
are mixed with cathode materials in small particle size (<2 mm), especially in fine fraction (<0.5
mm). The theoretical optimal size and air flow velocities in Z-shape pneumatic separation is
predicted by the sliding mesh method and multiple reference frame technique [39]. The predicted
separation efficiency is nearly 100% at size of 3—4 cm and air flow velocities of 6.96—7.8 m/s.
Experimental data shows that 99.23% current collectors and 98.64% separators are recycled.

Pneumatic separation with a variable-diameter structure is a novel method to improve
separation capacity [40]. The variable-diameter structure accelerates high density particles at the
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expanding diameter section and enables particles to rapidly pass through at the reducing diameter
section to enhance the capacity of pneumatic separation. Most of the separators and metallic shells
are easily removed by pneumatic separation after preliminary crushing by a two-shaft shredder and
sieving at 6mm. Then, products are further crushed by a hammer mill and sieved at 2 mm. In the first
pneumatic separation, polymer separators are blown out as light products, while the separation
efficiency is not provided. In the second pneumatic separation, copper and aluminum are effectively
separated with a recovery rate of 92.08% and 96.68%, respectively. It is a good attempt to integrate
different separation processes since polymers and Cu/Al are separated using the same system.
Unfortunately, the energy consumption for pneumatic separation is not mentioned and impurities
besides metals are not evaluated.

In addition, the spouted bed elutriation combined with size separation is used [41]. 52.4% of
total polymers are separated from cathode materials or Cu/Al. After comminution in the hammer mill
and sieving, components are successively dragged at air velocities of 10.2-10.5 m/s, 10.6—13 m/s,
and 13-20.7 m/s in spouted bed elutriation. The elutriation is followed by the second stage size
separation to separate polymers, Cu/Al, and the metallic case. The density of the polymer fraction
and Cu/Al fraction are 1.66 g/cm’ and 3.15 g/em’ respectively. To improve separation effects, the
two-stage size separation and three-stage elutriation are introduced. Simplification and consolidation
of these processes should be considered in the future. Unfortunately, the impurities in recycled
cathode materials are not mentioned to validate the importance of multi-stage processes.

Currently, Z-shape pneumatic separation is a desirable method to remove polymer separators
from metallic components because of its high separation efficiency. Although the modification of z-
shape pneumatic separation and spouted bed elutriation are tried, the removal performance of
polymers is not well investigated. The influence of polymer separator residue on recycled products
used in re-manufactured batteries needs further research.

2.3. Separation of cathode materials from Al/Cu

If cathodes and anodes are crushed together, separation of cathode materials from Al/Cu current
collectors is required. The eddy current separation separates non-ferrous metals (copper and
aluminum) and cathode materials in LFP-based LIBs [42]. The Al and Cu have good electrical
conductivity, generate high intensity eddy current in an alternating magnetic field, and are removed
further from the feeding belt. In contrast, LFP has low electrical conductivity, which falls closer to
the feeding belt. A force kinematics model based on an iterative method is proposed to predict the
motion trajectory of small particles. The Cu and Al are separated at a magnetic roller speed of 800
rpm with maximum particle size ratio of 1.72. This approach can be utilized to harvest ferrous
cathode materials (LFP). In other words, it is not suitable for various cathode chemistries. In another
study, the magnetic separator followed by eddy current separation separates magnetic and non-
magnetic fraction in LCO-based LIBs [43]. The 2.32% Al and 30.35% Co are concentrated in
magnetic fraction, and 2.16% Cu is concentrated in non-magnetic fraction. The carbon and plastics
are concentrated in non-magnetic fraction. After eddy current separation, the concentration of Al
increased to 21.69% in electro-magnetic fraction with decreased Co concentration (5.57%), and Cu
increased to 15.72%. The LCO is concentrated in non-electromagnetic fraction. It includes 30% Co,
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2% Cu, and 2% Al. The eddy current separation enhances the separation between Cu and Al in
electromagnetic fraction, and LCO in non-electromagnetic fraction. The eddy current separation can
recycle different components besides cathode materials, but it is not desirable by virtue of high
concentration of impurities in recycled products.

The 850 um cutting point is determined to minimize the involvement of Cu and Al in recycled
materials [44]. After shredding by cutting mill and screening to move Fe by magnet roll, products are
characterized into four fractions: >2360 um, 2360-850 um, 850-38 um, and <38 um (Figure 5). For
the size fraction <850 um, the recovery rate of LCO is 43.7% with minimized impurities of 8.8% Al
and 10.3% Cu. About 50% of un-reclaimed LCO are in the size fraction >850 um. Unfortunately, the
concentration of graphite in recycled products is unknown, and LCO-PVDF aggregates are
concentrated together. The average particle size (dsp) of spent LIBs is 1552 um. Although the size
fraction below 38 um has less contamination of Al and Cu (1.6% Al and 7.7% Cu), the recovery rate
of LCO (11.4%) is far from enough. Interestingly, new LIBs have better mechanical properties of
current collectors and adhesiveness of PVDF to prevent breakage of current collectors. Less
contaminants (~3% Al and ~2.5% Cu) are found using new LIBs as inputs in size fraction <850 um.
In addition, high purity of recycled CAMs in fine particles is noticed in another study. After crushing,
magnetic separation, and sieving, 0.4% Cu and 0.54% Al are mixed with cathode materials in the
size fraction <0.125 mm [45]. The 11.9% Cu and 16.7% Al are concentrated in overflow fraction (>2
mm), and the underflow fraction (<2 mm) is classified into five fractions: <0.125 mm, 0.125-0.25
mm, 0.25-0.5 mm, 0.5-1 mm, and 1-2 mm. The concentrations of ~5% Cu and ~5% Al are
significantly reduced in the size fraction <0.5 m.

Impurities of cathode materials are considered as negative factors in direct recycling due to the
unstable electrochemical performance of LIBs made from recycled CAMs. The separation between
cathode materials and current collectors (Al and Cu) after comminution is not complete. The
elements distribution by particle size are shown in Figure 6 [46]. After magnetic separation to move
iron scraps, ~80% of Al and Cu are in the particle fraction 2—6.7 mm, and 33-45% of the total
cathode materials is removed with current collectors after sieving.
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Figure 5. Characterization of classified lithium-ion battery powder [44].
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3. Delamination of cathode materials from cathode

Crushing of batteries cells, cathode/anode sheets, or cathode sheets alone could induce many
contaminants such as Cu, Al, and graphite. Delaminating the cathode layer from the Al current
collector can address this issue. The ideal recycled products are cathode material powders, which are
easier to process further. The difficulties come from the strong binding forces provided by PVDF,
which is chemical corrosion resistant and thermal resistant. The binding forces come from two
aspects: (1) mechanical interlocking forces between cathode layer and Al foil (current collector); and
(2) forces among CAMs [47,48]. The technologies include dissolution of PVDF, decomposition of
PVDF, and dissolution of Al foil. It is important to mention that residues of PVDF and carbon black
may exist in recovered products. In direct recycling processes involving comminution, the Al foils
and cathode materials are completely mixed because they are both powders. In contrast, the distinct
nature of recycled products (Al is separated as pieces, and recycled cathode materials could be
powders or pieces) after delamination enables simple separation to harvest Al or cathode materials.
Al foils are easily taken out using tweezers. Therefore, the separation approaches after comminution
(crushed Al and crushed CAMs) are different from those after delamination. Currently, delamination
of cathode materials from cathode is in laboratory stage, and scaling-up processes after delamination
need further research.

The solubility behavior of PVDF in 46 solvents and their Hansen solubility parameters are
investigated [49]. Four effective solvents are widely used in LIBs recycling to remove PVDF: N-
methyl-2-pyrrolidone (NMP), N-N-dimethylformamide (DMF), N-N dimethylacetamide (DMAC),
and N-N-dimethyl sulfoxide (DMSO) [50-53]. These four solvents (NMP, DMF, DMAC, and
DMSO) and ethanol are compared in terms of separating cathode materials from cathode to recycle
LiCoO; [54]. In addition, the ultrasound technology is applied to enhance the peel-off efficiency at
least 6 times. The mechanism can be explained by facilitated convective motion of solvent and
ultrasonic cavitation caused by compression and rarefaction cycles. The optimal conditions are 240
W of ultrasonic power, temperature of 70°C, and reaction time of 90 min. The effectiveness from
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high to low is NMP > DMAC > DMF > DMSO > ethanol. However, the air pollution resulting from
volatilization of organic solvents is cause for concern.

Other solvents are studied in order to minimize environmental impacts. Cyrene, a biodegradable
solvent, is able to dissolve PVDF and achieves separation at 80°C after 1 hour with solid-to-liquid
ratio of 500 g/L [55]. The phase separation between PVDF and Cyrene after cooling enables them to
be recycled. However, the organic film (3.3 wt%) that covers the surface of recycled CAMs changes
the morphology. In another study, a thermal stable and low vapor pressure [BMIm][BF4] ionic liquid
is proposed to replace NMP and recycle cathode materials [56]. 99% of LCO CAMs can be recycled
at 180°C for 25 min with 300 rpm rotation, but the price of reagents leads to scale-up problems.

Some approaches can break the binding force between the cathode layer and Al foil. Because
the binding forces among CAMs particles provided by PVDF are not broken, the cathode layers are
recycled as small pieces. Choline chloride and glycerol as deep eutectic solvents can peel off 99.87%
NMCI111 cathode materials at 190°C after 15 min [57]. The deactivation mechanism is based on
hydrogen bond formation, e.g., between hydrogen atoms in -CH,- group of PVDF and electron-
withdrawing group of choline chloride, and between -CF,- group of PVDF and electron-donating
group of glycerol, and degradation of PVDF. In another study, the time of delamination is
significantly decreased. Bai et al. found that ethylene glycol can peel off NMC523 in 6 seconds
(solid-to-liquid ratio is 1:10 at 160°C) [58]. To the best of our knowledge, this is the fastest way to
delaminate cathode layers. The separation time is independent of the size of cathode pieces owing to
rapid diffusion of solvent and porous nature of cathode. The authors propose that delamination of
cathode layer relies on strong hydrogen bond formation between ethylene glycol and the oxidation
layer of Al foil and replacement of binding forces between PVDF and Al foil. This mechanism

cannot explain why water with higher strength of hydrogen bonding (42.3 MPa'?

), which is easier to
form hydrogen bonds and replace binding forces between PVDF and Al foil, is not as effective as
ethylene glycol (26 MPal/z). The reagents for delamination can be made from waste oil. Thus, the
environmental impacts from chemicals are reduced. The waste oil, methanol, and NaOH are used to
produce fatty acid methyl esters (FAME) [59] as a transition solvent to dissolve PVDF. The cross-
linking of hydrogen bonds between FAME and PVDF leads to exfoliation of the cathode layer. 99.1%
of the cathode layer can be stripped from Al foil at 190°C for 20 min. A study demonstrates that no
chemicals are needed for the separation of LCO-based cathodes. The low temperature can deactivate
PVDF and achieve separation [60]. The 87.29% LCO is recycled after the pre-freezing stage at 77 K
for 5 min and low temperature grinding stage for 30 seconds. Small cracks are noticed between the
cathode layer and Al foil and in the cathode layer. Liquid nitrogen is needed to provide low
temperatures, resulting in hidden risks and costs during maintenance.

An alternative approach to achieve delamination of cathode layer is to use molten salts to
deactivate or decompose PVDF. A molten aluminum chloride-sodium chloride (AlCl3-NaCl) system
is employed to deactivate PVDF in LiCoO; cathode layer [61]. 99.8% peel-off efficiency is achieved
at the following optimal conditions: temperature of 160°C, holding time of 20 min, AlCl3-NaCl
molar ratio of 1:1, and salts-to-cathode mass ratio of 10. The AICI;-NaCl system serves as heat
storage and melts at 154°C, and the system is able to transfer heat and melt PVDF (melting point of
172°C) at 160°C. The reagent cost is $0.67/kg cathode. The bonds between cathode layer and Al foil
are broken. It should be noted that this approach induces other cations such as aluminum and sodium.
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To avoid this problem, Ji et al. apply lithium salts to recycle heterogenuous cathode materials
(NMCI111 and LMO) [62]. Binary eutectic systems formed by three common lithium compounds
(LiCl, LiNOs, and LiOH) are compared. Unlike cathode pieces from AICI;-NaCl treatment, the
cathode layer is converted to powders after LiOH-LiNO; treatment, indicating that bonds among
CAMs are broken at 260°C and 30 minutes. Therefore, the subsequent mechanical separation is not
required. The melting LiOH-LiNO; provides sufficient contact area and promotes decomposition of
PVDF by capturing released HF. H,O and alkylamines are decomposition products of PVDF.

PVDF can also be thermally decomposed in the temperature range of 350-600°C. Cathode
sheets or cathode scraps are directly calcinated at 500-600°C to decompose PVDF and harvest
CAMs [63-66]. The decomposition products of PVDF are toxic hydrogen fluoride, highly
fluorinated hydrocarbons such as C;HF, C¢H4F3, and CgHgFs, hydrocarbons such as C;Hg and CsHe,
and other gases, e.g., H, and CO, [67,68]. Calcium oxide can be used to capture HF and promote the
decomposition of PVDF [69], while minimizing environmental impacts from HF release. Compared
with thermal decomposition of PVDF at 500°C, using CaO decreases the reaction temperature to
300°C (chemicals-to-cathode mass ratio of 8 and holding time of 30 min). The hydrocarbons (C,Hy,)
and H are identified as other decomposition products. The economic analysis shows that the cost of
$0.5/kg NMC111 could be saved in terms of decreased reaction temperature. The profit is $0.3/kg of
NMCI111. The recycled products have minimal morphological or structure changes.

It is also possible to use NaOH to separate Al and cathode layer since Al can dissolve in NaOH
solution while cathode materials do not. In one study, after shredding, the cathode mixture is
dissolved in 2 M NaOH solution for hours to remove Al [35,63]. In another study, 98% of Al is
dissolved in 10 wt% NaOH solution at solid-to liquid ratio of 1:10 after 5 hours, and little Co and Cu
are detected in alkali solution [70]. He et al. use Na,SiO; and Na,COj; solution to remove around
63.2 nm depth of Al and achieve separation at pH value of 11.6 [48]. Na,Si0O; is added to minimize
the dissolution of Al

4. Recovery of cathode active materials

The recycled cathode materials may include CAMs, PVDF, and graphite/acetylene black. The
next step is to collect CAMs and remove other components. Two approaches are discussed.
Impurities can be directly calcinated at a high temperature. The released gases contain, but are not
limited to, carbon dioxide and hydrogen fluoride. In contrast, flotation based on differences in
surface hydrophobicity produce significantly minimal gas emission and recycled anode materials
during CAMs, PVDF, and graphite/acetylene black separation [71,72]. The collectors and frothing
agents are added to enhance the wetting differences of impurities and CAMs.

4.1. Thermal treatment

Thermal treatment is widely used to remove residues of PVDF and graphite/acetylene black.
PVDF is decomposed in the temperature range of 350-600°C [50,62,63], and carbon is decomposed
in the temperature range of 600-800°C [65,73]. The TGA curves of electrode components are shown
in Figure 7. To avoid the influence of PVDF or carbon in the making of new batteries cells, the CAM

AIMS Clean Technologies and Recycling Volume 1, Issue 2, 124—151.



137

is calcinated at ~800°C before or after regeneration, which is also known as the annealing process.
Besides toxic gases released from PVDF, carbon dioxide emission from thermal treatment is
significant. The vacuum pyrolysis is used to decompose the binder in mixed cathodes from different
battery types. Xiao et al. mix three kinds of LIBs: 18650 type (laptop computers, LMO), lump type
(mobile phones, LCO), and brick type (EVs, NMC), where polyvinyl alcohol is used as binder [74].
The mixed powder is crushed and screened (<0.12 mm). The binder is removed under vacuum
(<1000 Pa) pyrolysis (>300°C).
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Figure 7. TGA curve of electrode components [75].

Nie at al. propose the process to obtain recycled CAMs: Al is sieved after decomposition of
PVDF at 400°C with 50 mesh screen, and carbon is removed after decomposition at 800°C with 400
mesh screen [73]. In order to minimize the emission, froth flotation combined with pyrolysis is
studied to separate LCO and PVDF/carbon. The electrode scraps are treated by pyrolysis to
remove PVDF binder at 550°C for 15 minutes [76]. Flotation is applied after the pyrolytic process
using 300 g/t n-dodecane and 150 g/t methyl isobutyl carbinol. Although organic matters can
sufficiently decompose at 500°C, the wetting difference between anode and cathode materials is
more obvious at 550°C: the contact angle of anode materials is 69° and that of cathode materials is
33° (Figure 8). The anode concentrates are collected as froth products and 94.97% cathode
concentrates are collected as tailing products. Because 15.63% of the cathode is left as a remainder
in froth products, multi-stage flotation should be conducted to improve CAMs recovery.
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Figure 8. Contact angles of the pyrolytic electrode materials at different pyrolysis
temperatures: (a) anode material and (b) cathode material [76].

4.2. Flotation

Flotation is used to minimize gas emissions when achieving separation between CAMs and
carbon with additive collectors and frothing agents [71,72]. No HF is released from PVDF during
flotation. Two-step flotation is proposed to separate LCO CAMs and graphite [30]. After crushing
and screening, the cathode and graphite powder are mixed in the particle size of <0.074 mm. The
anode and cathode concentrates are collected from the froth product and tailing product, respectively.
The methyl isobutyl carbinol as collectors and n-dodecane as frothing agents are added to enhance
the hydrophobicity of graphite in the first step and hydrophilicity of LCO in the second step,
respectively. Due to significant wetting differences, 73.56% graphite is collected as floats and 97.13%
LCO is collected as sediments.

Flotation can separate CAMs from carbon as well as CAMs from PVDF and carbon. Another
study applies two step flotation to effectively remove residues of PVDF and carbon black (acetylene
black) [77]. First, the cathode materials are agitated with water for 5 to 10 s in the delamination
process. After wet sieving to remove Al, the de-agglomeration process is carried out in a commercial
blender at a tip speed of 90—100 m/s. The particle size is decreased to 10 um. The froth flotation is
based on the differences in surface wetting and density between CAMs and PVDF/carbon black. The
CAMs are naturally hydrophilic, and PVDF/carbon black are hydrophobic [78,79]. Kerosene is used
to enhance hydrophobicity of the impurities. In addition, the density differences between CAMs and
PVDF/carbon black promotes the separation: density of CAMs is ~5 g/cm’ and density of PVDF and
carbon black are 1.78 g/cm’ and 1.7 g/cm’, respectively. After a 16-min deagglomeration process,
the tailing contains less than 2% of carbon black/PVDF and 89.7% of CAMs are recycled. Froth
flotation should be applied multiple times to increase separation effects.

The Fenton reaction-assisted flotation process removes organic compounds outer layer, which
reduce wettability difference between LCO and graphite [80]. The outer layer (2% phosphates, 5%
of metal oxides and 6% of metal fluorides) is oxidized by the Fenton process, e.g., PVDF is oxidized
into small molecules, and organic matters are decomposed to carbon dioxide and water. The
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parameters — H,0,/Fe*", pulp density, impeller speed, pH, and aeration — are optimized at 1:120,
40 g/L, 1800 rpm, 9, and 0.8 L/min. After flotation (300 g/t n-dodecane as collector and 150 g/t
methyl isobutyl carbinol as frothing agents), the recovery rate of LCO and graphite are 39.6% and
16.77% respectively. In concentrates, the enrichment ratios of Co, Mn, Cu, and Al are 1.41, 1.27,
1.35, and 1.25 with 2.33 wt% of carbon (EDS).

5. Regeneration

Direct recycling technologies generally require regeneration to improve the electrochemical
performance of spent cathodes through restoration of their composition and crystal structure. The
main issue with cathodes from spent LIBs is capacity loss. Many studies find active lithium loss as
one of the main reasons that leads to capacity loss in LIBs [81-84].The reasons could be surface
degradation during cell operation, surface impurities’ parasitic reactions, and electrolyte interface
layer formation [85,86].

The lithium salts and lithium hydroxide as lithium resources show the potential to recover
degraded CAMs to achieve their original stoichiometric ratio and crystal structure, and to make their
rate capacity and cycling stability comparable to pristine cathodes. Regeneration in direct recycling
technologies mainly includes two approaches: solid-state re-lithiation or hydrothermal re-lithiation.
One of the main differences is that either solid state lithium reagent or lithium hydroxide solution is
used as a lithium resource. Because of different cathode chemistries, the operation conditions of
regeneration vary in terms of cathode. In addition, other processes including ionic liquid,
electrochemical process, and synthesis of new cathode are summarized. The raw materials are spent
CAMs with or without PVDF and carbon. The co-precipitation, sol-gel method, and carbon-thermal
reduction method, where fabricated cathode materials powder through pretreatment process are
dissolved in acid solution, are considered as regeneration for hydrometallurgical recycling rather
than direct recycling [87]. Therefore, these approaches are not included in this review.

5.1. Solid-state re-lithiation

Solid-state re-lithiation applies solid state lithium reagents as lithium resources. Lithium ions
are incorporated into available sites at high temperature and are used to compensate lithium loss after
charge-discharge cycling. The lithium resources could be lithium carbonate, lithium nitrate, and
lithium hydroxide. The operational conditions of solid-state re-lithiation, and initial discharge
capacity and capacity retention of regenerated CAMs are summarized in Table 1.

Nie et al. propose using Li,COj to synthesis LCO and generate LCO [73]. The regenerated LCO
meets the commercial requirements for reuse. The spent LCO CAMs is directly calcinated with
Li,COs at 900°C for 12 hours. The initial discharge capacity of recycled LCO is 152.4 mAh g™’ with
attenuation rate of 0.0313 mAh g in 80 cycles. The similar regeneration is investigated by Shi et al.
using Li,CO; at 850°C for 12 hours [88]. The discharge capacity of recycled LCO is 152.1 mAh g
(retention rate of 89%) after 100 cycles. These two researchers both apply molar ratio between Li
and Co is 1.05:1 (5% Li excess), and input Li;COs should be accurate to avoid over-lithiated or
under-lithiated LCO [94]. The metallic composition analysis is required before experiments to
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determine the Li/Co ratio from cell to cell. In addition, Li,»CoO, decomposes to Co3O4 and releases
O,, then Li,CO; reacts with Co304 and forms LiCoO,. The melting of salt facilitates the re-lithiation
and improves the cycling stability. The melting point of Li,CO; is 723°C. If reaction time is below
723°C, the recycled products show poor cycling stability. For example, the discharge capacity of
CAMs recycled at 700°C is 111.1 mAh g with retention rate of 74.2% after 100 cycles. The
reactions are listed as following [95,96]:

X

0,

1-X
LixCOO2 - CO304+X LiCOOz+

1
2CO3O4 +3 L12CO3 + 502 -6 LiCOOz+C02

Table 1. The operational conditions of solid-state re-lithiation, and initial discharge
capacity and capacity retention of regenerated cathode active materials.

Cathode  Conditions Annealing Discharge Capacity retention Reference
process capacity 1" (Discharge capacity
(mAh g mAh g™

LCO Mixed with Li,CO; - 152.4 149.9 [73]
by ball mill at (3—4.3 V at after 80
900°C for 12 h cycles)

LCO Li,CO; at 850°C - 152.1 135.4 [88]
for 12 h (C/10) (3-4.3 Vat 1 C after 100

cycles)

NMCI111 Sintered with - 153.3 125.4 [89]

NMC523  LiCOs at 850°C ~160 127.4
for 4 h in oxygen (C/10) (3-4.5 V at 1C after 100

cycles)

NMC Mixed with Li,CO;  Sintered 165 1333 [90]
by ball mill with Li,CO; (2.5-4.3 V at 0.2 C after
(Mechanochemical  at 800°C for 100 cycles)
activation) 10 hours

LFP Li,CO; at 650°C - 147.3 140.4 [91]
for 1h (2.5-4.2 V at 0.2 C after

100 cycles)

NMC523 LiNOs;: LIOH =3:2  Sintered 149.3 134.6 [92]
at 300°C, 2 hours with Li,CO;  (C/10) (3—4.3 Vat 1 C after 100

at 850°C for cycles)
4h

LMO LMO: LiOH=1:1  750°C, 6 ~35 ~35 [93]
at 350°C for 24 hours (C/6 after 10 cycles)
hours
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In addition, Li,COs can be used to regenerate NMC CAMs at 850°C [89]. Mechanical
activation is combined with the solid-state process in order to accelerate the diffusion of lithium
ions [90]. Li,COs; is used as lithium resource. After mechanical activation, the mixture of NMC
and Li,COs is sintered at temperatures of 800°C for 10 hours. With the help of mechanical activation
and sintering, the discharge capacity of NMC improves and the layered structure is restored resulting
from the decreased content of nickel and cationic disordering. This result emphasizes the importance
of controlling the ratio between additive lithium and CAMs.

Li,COs3 also works for LFP-based cathode re-lithiation. Li et al. apply Li,COs to generate
LiFePO4 at 650°C for 1 hours [91]. The reaction time of regeneration LFP is much shorter
compared with NMC. The particle size (D50) decreases with elevated temperature, but high
temperatures (700—-800°C) lead to decreased tap density resulting from decomposition of
resynthesized LFP. A direct recycling flow diagram is proposed. Unfortunately, some operational
conditions of other processes are not mentioned, such as centrifugal speed and concentration of
NaOH solution to separate cathode materials.

The salt mixture of LiNO3z and LiOH at the molar ratio of 3:2 that has the lowest melting point
of 175°C, are used to synthesize NMC111 cathode [97]. This eutectic system is promising to achieve
re-lithiation at low temperature. LiOH-LiNO; ambient-pressure re-lithiation with an annealing step is
able to restore 50% capacity loss of spent NMC523 (149.3 mAh g™') to the level of pristine materials
(146.6 mAh g") [92]. In addition, the cycling stability and rate capacity are improved because of
compensation in lithium loss. It is important to mention that phase change on the surface or
subsurface of NMC523 is reversed if lithium ions are incorporated to their original sites.

The lithiation of degraded NMC523 are listed as follows:

X X
Lil-XNiO.SCOO.ZMn0.302 + X LiOH —» LiNi0.5C00.2Mn0.302+EHzo"'z O
2

X
Lil_xNi()jCOO.zMn()st +X L1N03 - LiNiO.SCOo_zMnosoz"‘ X NOz"‘E 02

As we mention before, one study approves that LIOH-LiNO3; molten salt can peel off NMC111
and LMO cathode materials from cathode without damaging Al foil at 260°C for 30 minutes [62].
Therefore, the separation of cathode materials and regeneration of CAMs can be finished in one step.
Even though the recycled product is the mixture of regenerated CAMs, undecomposed PVDF
residues, and carbon, they can be separated with processes mentioned in the previous section. It
provides a promising sustainable approach for spent cathode recycling.

However, LiOH solid-state for LMO re-lithiation is not satisfied. The aged LMO is mixed with
LiOH and heated at 350°C for 2 hours to obtain intermediate products [93]. Because it is hard to
control the stoichiometric ratio between solid LMO and solid LiOH, the intermediate products can be
over-lithiated or under-lithiated. Therefore, an energy-intensive subsequent process (750°C for 6
hours) is required to decompose over-lithiated LMO. The electrochemical performance of the final
product (discharge capacity of 35 mAh g') is far from pristine LMO (90 mAh g'). The
decomposition of over-lithiated LMO is listed as following:

Z
Li1+an2_xO4 - Z Li2M1’lO3+(1-Z) Li1+yMn2_yO4+E 02 y:(x-Z)/(l-Z)
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5.2. Hydrothermal re-lithiation

Hydrothermal re-lithiation uses lithium hydroxide solution as lithium resource, and it is
commonly followed by an annealing process at 800°C. Some technologies are involved to accelerate
lithium ions transfer such as ultrasonication and aqueous pulsed discharge plasma. The operational
conditions of hydrothermal re-lithiation, and initial discharge capacity and capacity retention of
regenerated CAMs are summarized in Table 2.

Table 2. The operational conditions of hydrothermal re-lithiation, and initial discharge
capacity and capacity retention of regenerated cathode active materials.

Cathode  Conditions Annealing Discharge  Capacity retention Reference
process capacity 1" (Discharge
(mAh g™ capacity mAh g™

LCO IMLiOHand 1.5 800°C, 4 148.2 135.1 [88]
M Li,SO4 at 220°C  hours (C/10) (343VatlC
for 4 hours after 100 cycles)

LCO 2 M LiOH at - 131.5 129 [98]
220°C, (3—4.5 V after 20
ultrasonication 999 cycles)

W, 10 hours

LCO 0.1 M LiOH with - 132.9 126.7 [99].
aqueous pulsed (C/5) (2.8-4.2VatC/5
discharge plasma after 50 cycles)

NMC111 LiOH at 220°C for Li,CO;at 158.4 122.6 [89]

NMC523 4 hours 850°C, 4 175 128.3

hours (C/10) (3-42VatlC
after 100 cycles)

LMO 0.1 M LiOH at - 111 98 [100]
180°C for 2 hours (C/10) (3.043Vat0.5

C for 100 cycles)

LMO LMO:LIOH=1:1 - ~98 ~95 [93]
at 165°C for 24 (after 10 cycles)
hours

Shi et al. propose a two-step hydrothermal regeneration process to improve the electrochemical
performance of recycled LCO [88]. The solution includes 1 M LiOH and 1.5 M Li,SO4 to decrease
the pH = 12.3 (or 4 M LiOH) and provides sufficient lithium ions at the same time. The solution is
heated at 220°C for 4 hours. After that, the cathode materials are annealed at 800°C for 4 hours. The
discharge capacity is 135.1 mAh g with retention rate of 91.2% after 100 cycles. In terms of the
specific capacity or cycling stability, there are not significant differences between the samples from
solid-state regeneration by Li;CO; and those from hydrothermal regeneration followed by an
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annealing process. For example, the initial discharge capacity (cycle at C/10) of recycled LCO from
solid-state and two-step hydrothermal regeneration are 152.1 mAh g' and 153.1 mAh g,
respectively. However, the hydrothermal processes are easier to operate and control the
concentration between CAMs and additive lithium ions.

The ultrasonic regeneration is combined with hydrothermal re-lithiation to recycle LCO. The
discharge capacity of renovated LCO is 129 mAh g with retention rate of 98.1% after 20 cycles [98].
The conditions are 2 M LiOH solution, heating temperature of 120°C, ultrasonic system of 999W,
reaction time of 10 hours, and solid-to-liquid ratio of 14.3 g/L. Unfortunately, the specific capacity
(132.6 mAh g) is not comparable to the pristine LCO. The energy consumption from ultrasonic
system is not negligible, and the effectiveness of said system to improve the lithium transfer
efficiency is not confirmed.

Zhu et al. make an interesting attempt using 0.1 M lithium hydroxide solution combined with
aqueous pulsed discharge plasma to renovate spent LCO [99]. The renovated LCO has initial
discharge capacity of 132.9 mAh g with retention rate of 97.2% after 50 cycles. Free radicals and
cavitation bubbles provided by a pulsed high voltage system facilitate PVDF and organic electrolyte
decomposition and heat/mass transfer in the renovation process, respectively. Electrohydraulic
cavitation, however, causes a high-energy (~4850°C) chemical reaction which leads to the melting of
LiCoO, and cation rearrangement resulting in order-disorder transition for the hexagonal phase.

The two-step LiOH solution regeneration (a hydrothermal treatment followed by an annealing
process) is also used to regenerate NMC cathode (NMC111 and NMC523). The recycled cathode is
hydrothermally treated in lithium hydroxide solution at 220°C and 10 MPa for 4 h, followed by
annealing at 850°C for 4 hours in Li,COs [89]. The specific capacity and capacity retention of
regenerated NMC samples through solid-state and hydrothermal regeneration are similar, such as the
capacity retention of NMC523 (127.4 mAh g in solid-state treatment and 128.3 mAh g’ in
hydrothermal treatment after 100 cycles). However, the hydrothermal reatment provides better
cycling performance. The high-pressure operation leads to additional cost and safety concerns.

In terms of LMO cathode, one-step hydrothermal regeneration is enough. Gao et al. achieve re-
lithiation of LMO by heating LMO cathodes in 0.1 M LiOH solution at 180°C for 12 hours (the
solid-to-liquid ratio is 3.125 g/L) [100]. The capacity and cycling stability are comparable or
superior to pristine LMO. For example, the capacity retention of pristine LMO is 86.6% after 100
cycles, and it increases to 88% after regenerated in 0.1 M LiOH. If LiOH solution is used to re-
lithiate LMO, the concentration of LiOH is more important than the reaction temperature or reaction
time [93]. The initial discharge capacity is ~98 mAh g™ using LMO to LiOH molar ratio of 1:1. A
high concentration of LiOH (LMO:LiOH = 10:1) results in Li,MnOs impurity, and high or low
concentration (LMO:LiOH = 1:10) may lead to transfer or decomposition of LMO.

5.3. Other regeneration processes

The ionic liquid provides thermal stability and synthesis flexibility as flux medium or reaction
possibility to solid-state CAMs generation. The spent NMC is mixed with lithium resource (LiBr)
and imidazolium ionic liquid at 150°C for 6 h [101]. The initial charge capacity of recycled NMC is
173.6 mAh g (3-4.3 V at C/10), which is as good as pristine cathode (175.3 mAh g™). LiOAc,

AIMS Clean Technologies and Recycling Volume 1, Issue 2, 124—151.



144

LiNTf, LiBr, and LiCl are tested as lithium resources. Among these four lithium sources, LiBr is
superior. This is because Br is easier to be oxidized (Br /Br, 1.065 V), and formation of Br; is
removed from the system, thus facilitating the lithiation reaction. Large scale (25 g) NMC cathode is
applied to reduce the amount of ionic liquid, which is the major contributor to the total cost. 98.9%
ionic liquid can be recycled in large scale.

An electrochemical process is proposed to minimize the production of waste and input reagents.
The electrochemical regeneration can insert lithium ions to waste LixCoO, electrode, where waste
LixCoO; as cathode, platinum as anode, and Li,SO4 solution as electrolyte [102]. The operational
conditions are cathodic current density of —0.42 mA cm'z, reaction time of 100 minutes, and
Li,SO4 concentration of 1 M. The recycled products should be annealed at 700°C for 2 hours.
These two processes call for high energy consumption. The charge capacity of regenerated LCO
cathode (136 mAh g™) is close to commercial LiCoO, (140 mAh g). This study also finds that the
re-lithiation rate at high concentration, e.g., no less than 0.5M, of electrolyte is controlled by charged
transfer, and it controlled by mass diffusion at low concentration of electrolyte (<0.3 M of
electrolyte).

Besides relithiation, refreshing approach is studied to obtain high charge-discharge efficiency
and good cycling performance of CAMs (the mixture of NMC523 and LMO) [103]. New lithium
manganate coating layer is formed on recycled cathode materials. The specific discharge capacity is
152.6 mAh g (2.5-4.3 V at 1C after 100 cycles), and the capacity retention ratio is 79.1%. Without
dissolution of recycled cathode material, manganese hydroxide coating is formed on the surface of
cathode material by additive manganiferous salt and alkali solution. Then, lithium hydroxide is used
to produce lithium manganate coating layer. This refreshing approach provides another way of
regeneration by producing a new cathode active material on recycled cathode materials to
compensate for the degraded performance of used LIBs.

6. Challenges and future research

The crushing of electrodes (cathode and anode) or LIBs cell is well studied. Polymers can be
removed from cathode materials and Al/Cu mixtures by Z-shape pneumatic separation. It is known
that CAMs and carbon (graphite and acetylene black) are concentrated in fine particle fraction and
Al/Cu are enriched in large particle fraction. We need to balance the improvement of CAMs
recovery rate and involvement of more Cu or Al impurities. In order to minimize the induction of
aluminum and copper, the exfoliation of cathode materials from cathode must be successfully
achieved. Manual dismantlement to remove separators and anode sheets is required to obtain cathode
sheets. It is desirable to have an automated separation process to harvest cathode sheets. Except for
thermal treatment, complete separation between CAMs and PVDF/carbon is not found. The exiting
of residues of PVDF or carbon may affect the electro-chemical performance of manufactured new
cells from spent CAMs. Based on the current situation, manual dismantlement limits the possibility
of scaling up. Having various configurations, pouch cells may require different automatic
disassembling processes, which are difficult to operate. Therefore, crushing battery cells at the
beginning, which is followed by polymer separation, current collector separation, and carbon and
PVDF separation, is more promising to scale up.
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In terms of regeneration, many efforts have been made towards re-lithiation of degraded CAMs.
Homogeneous cathodes, e.g., LCO, NMC, LMO, and LFP are successfully regenerated by solid-state
re-lithiation or hydrothermal re-lithiation. Regeneration of heterogeneous cathodes such as the
mixture of NMC and LMO cathode has not be studied, which should be more complicated than
homogeneous cathode regeneration. Lithium salts are commonly used lithium resources to
compensate for lithium loss. The influences of anions in lithium chemicals on regeneration are
unknown. Since lab-made battery cells are used to test regenerated CAMs, the ratio among recycled
CAMs, PVDF binder, and carbon black will affect the results. Therefore, the electrochemical
performance results from different studies cannot be compared.

EverBatt is a powerful Excel-based model developed by Argonne National Laboratory to
evaluate cost and environmental impacts for many lifecycle stages of LIBs including recycling [104].
In addition, NREL’s Battery Second-Use calculator explores benefits of repurposing LIBs [105]. We
recommend that both economic and environmental evaluations should be made for novel recycling
technologies and a comparison should be considered for some similar technologies to obtain the
same end-products. For example, in the study of Shi et al., there are no significant electrochemical
performance differences of regenerated LCO in terms of specific capacity or cycling stability by
solid-state regeneration and hydrothermal regeneration [88]. The better one should be selected in
terms of eco-environmental analysis. It is known that recycled cathode should have the same cathode
chemistry as the original CAMs. Because of the rapid changes in cathode components and
configuration of LIBs, we need to consider how to handle different cathodes or batteries cells
together in direct recycling.
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