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HIGHLIGHTS

e This review systematically summarizes the source of electricity, the key choice of catalyst, and the potentiality of electrolyte for

prospective hydrogen generation.
e FEach section provides comprehensive overview, detailed comparison and obvious advantages in these system configurations.

® The problems of hydrogen generation from electrolytic water splitting and directions of next-generation green hydrogen in the future

are discussed and outlooked.

ABSTRACT Direct regeneration method has been widely concerned by researchers in the

field of battery recycling because of its advantages of in situ regeneration, short process and e Efotigg,
&

less pollutant emission. In this review, we firstly analyze the primary causes for the failure of
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three representative battery cathodes (lithium iron phosphate, layered lithium transition metal

oxide and lithium cobalt oxide), targeting at illustrating their underlying regeneration mecha-
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nism and applicability. Efficient stripping of material from the collector to obtain pure cathode
material has become a first challenge in recycling, for which we report several pretreatment
methods currently available for subsequent regeneration processes. We review and discuss

emphatically the research progress of five direct regeneration methods, including solid-state
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sintering, hydrothermal, eutectic molten salt, electrochemical and chemical lithiation methods.
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Finally, the application of direct regeneration technology in production practice is introduced,
the problems exposed at the early stage of the industrialization of direct regeneration technol-

ogy are revealed, and the prospect of future large-scale commercial production is proposed. It
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is hoped that this review will give readers a comprehensive and basic understanding of direct

regeneration methods for used lithium-ion batteries and promote the industrial application of direct regeneration technology.
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1 Introduction

To alleviate the scarcity of fossil energy and decrease the
reliance of fossil fuels, the development of new energy vehi-
cles has been prospering in recent years [1-4]. This sub-
stantial increase in shipments will undoubtedly lead to a
surge in the retirement of lithium-ion batteries (LIBs) in the
near future [5—7]. Research reveals that LIBs contain a large
number of valuable metal elements, such as lithium, nickel,
cobalt, etc., which are mainly concentrated in the cathode
materials [§—10]. The World Health Organization has classi-
fied the inner nickel and cobalt elements as carcinogens. The
polyvinylidene fluoride (PVDF) binder can undergo decom-
position at high temperature, resulting in the release of cor-
rosive HF [11-13]. Furthermore, the organic electrolyte
can hydrolyze upon exposure to moisture, and release toxic
fluorine-containing compounds [ 14]. These factors contrib-
ute to severe pollution of soil, water and air. According to
the estimate from U.S. Department of Energy, incorporating
recycled materials from the used LIBs into the production
of new batteries can result in a 40% reduction in costs, an
82% decrease in energy consumption and a 91% decrease in
greenhouse gas emission, respectively [15—17]. Therefore,
the effective recycling and reuse of spent LIBs materials is
of utmost importance in mitigating or even resolving the
energy/resource crisis and environment pollution.

Up to date, the mainstream methods for battery recycling
include pyrometallurgy, hydrometallurgy and direct regen-
eration (Fig. 1a) [18]. Pyrometallurgy is considered as a
scalable approach, and has been implemented in practical
production [19, 20]. The spent batteries are mechanically
disassembled and transferred to a furnace for high tem-
perature (> 1000 °C) smelting, which exacerbates energy
consumption to a certain extent as the whole recycling pro-
cess needs to be carried out continuously at high tempera-
tures. At the same time, electrolyte, carbon black, organic
binder and other impurities are decomposed into HF, CO,
and other volatile gases. In order to avoid them spreading
into the atmosphere, it is also needed to add the subsequent
flue gas treatment device, which inadvertently increases the
production costs of enterprises. Lithium metal is usually
ignored in the form of slag, and other valuable metals are
collected in the form of melt or alloy, leading to difficult
separation process and low metal recovery rate [21-26].
In regards to hydrometallurgy, its primary objective is to
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convert the metals present in used batteries into metal ions
through the assistance of acidic or alkaline solutions. The
obtained metal ions are recovered through a series of steps
such as precipitation, extraction and deposition, and finally
are often involved in the process of battery regeneration in
the form of precursors. The large use of acid and alkali rea-
gents will cause secondary pollution to the environment, and
the whole recycling process is time—consuming and highly
expensive [27-29].

Compared with the above two recycling methods, direct
regeneration with the advantages of simplified procedure,
in situ repair and no secondary pollution, attracts the atten-
tion of widespread researchers [31]. In essence, direct
regeneration includes the steps of separating spent battery
components through meticulous dismantling, screening out
high-value cathode materials, replenishing lost metal ele-
ments through solid-state sintering, hydrothermal method
and other technologies, restoring the material structure, and
obtaining battery materials with good performance. Pyro-
metallurgical and hydrometallurgical methods mainly focus
on the “extraction” of valuable metal elements from battery
materials, which are then processed into precursors to obtain
the battery materials. Direct regeneration eliminates the step
of metal ion extraction and focuses on the “repair” of battery
material [32]. Under the condition of preserving the origi-
nal material structure, the structural defects can be repaired
according to the specific conditions of different materials,
and the repaired cathode materials can be obtained directly
[33]. Less chemical reagents are used in the regeneration
process, which effectively reduces the secondary pollution
to the environment. Meanwhile, the reaction temperature
is significantly lower than that of pyrometallurgy, resulting
to much less energy consumption. The whole regeneration
procedure is short, and only requires precise separation
and relithiation to realize the regeneration of decommis-
sioned materials. Since direct regeneration utilizes spent
battery materials to directly regenerate the cathode materi-
als, it truly realizes the closed-loop recycling of spent LIBs
[34-37]. As depicted in Fig. 1b, the three recycling methods
are compared in terms of cost, energy consumption, water
consumption, greenhouse gas emissions (GHG) and sulfur
oxide emissions, clearly exhibiting the advantages of direct
regeneration method [30].

In this paper, we introduce three representative cath-
odes, namely LiFePO, (LFP), LiNi,Co,Mn O, (NCM),
and LiCoO, (LCO), and analyze the potential reasons for
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battery failure in these cathodes. Taking the steps of recy-
cling cathode materials of spent LIBs as a clue, starting
from the pretreatment process, the current major pretreat-
ment methods are firstly discussed, and then a comprehen-
sive overview of current research progress of five direct
regeneration methods, including solid-state sintering,
hydrothermal, eutectic molten salt, electrochemical and
chemical lithiation regeneration, is also introduced. As
most of the current research is still in the experimental
stage, the existing relevant literatures mainly focus on the
latest progress of direct regeneration from a perspective
of theoretical research, there is still a lack of related stud-
ies on the practical implementation of battery recycling.
For the first time, we propose to use the practical produc-
tion line of Tianjin Sai De Mei New Energy Technology
Co., Ltd. as a case to demonstrate the application of direct
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regeneration in the industrial production of recycled bat-
teries. Looking forward to the potential of direct regen-
eration in large-scale industrial applications in the future.

2 Failure Reasons of Battery Cathodes

During long-term cycling of LIBs, the repeated insertion
and extraction of Li* can lead to irreversible loss of Li*.
The loss of Lit can cause structural changes in the elec-
trode materials to varying degrees, ultimately affecting
the battery performance. The failure of LIBs is typically
attributed to cathode failure, anode failure, separator fail-
ure and electrolyte failure (Fig. 2) [38]. In the following
discussion, we mostly focus on the failure reasons of three
representative cathodes: LFP, NCM, and LCO.
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Fig. 1 a Flow diagram of three mainstream methods for battery recycling: pyrometallurgy, hydrometallurgy and direct regeneration. b A com-
parison of three recycling methods to achieve the production of 1 kg of NMC111 cathode in terms of cost, energy consumption, water consump-

tion, GHG emission and sulfur oxide emission [30]
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Fig. 2 Schematic diagram of battery failure reasons [38]. Copyright 2017, Elsevier

2.1 LiFePO,

LiFePO, is an olivine-type material, which is one of the three
mainstream cathode materials for LIBs. It has been widely
used in large-scale applications due to its long cycle life, good
thermal stability and high specific capacity. The primary rea-
son for the failure of LFP is the presence of lithium vacan-
cies (Liy) and Li/Fe antisite defects. In the crystal structure of
LiFePO,, Li" occupies the 4a site of the octahedral common
side and Fe?* occupies the 4c site of the octahedral common
side. Owing to the loss of active lithium source, a Li, estab-
lishes at the 4a site (Fig. 3a) [39, 40]. When operating at high
current densities, the displaced Li ions are unable to return to
their original positions, leading to the accumulation of excess
Liy, within the LFP structure. This excess Liy promotes the
transformation of a portion of Fe?* to Fe’*. As a result, the
formation of FePO, phase occurs (Fig. 3b) [41, 42]. Since the
loss of lithium occurs mainly at the surface or edge region of
the particles, the as-formed FePO, phase is wrapped around
the outside of LiFePO, phase, and a disordered zone is also

© The authors

formed between the bulk LiFePO, phase and the near sur-
face of FePO, phase (Fig. 3c) [43]. Due to the strong electro-
static repulsion of Fe>™, a large amount of activation energy is
required for the migration of Fe ions to the initial sites, hinder-
ing the reduction of Fe?* to the initial sites during the reduc-
tion process. This phenomenon also stimulates the migration
of some Fe?" to the unoccupied Li-ion sites, which triggers
the generation of Li/Fe antisite defects. During the charging
and discharging process, the LFP provides only a one-dimen-
sional transport pathway for Li*, and the diffusion rate of Li*
is slow [44, 45]. These newly formed Li/Fe antisite defects
further impede the Li-ion transport channel, resulting in a
decrease in the ion diffusion coefficient of the material. With
the increase of cycle numbers, the formation of Li/Fe antisite
defects becomes more prominent, which leads to a gradual
decline in capacity and a deterioration in cycling stability and
rate performance [46]. In the subsequent recovery process,
in addition to solving the problem of lithium loss, we also
need to pay attention to the reduction of Fe. The presence of a

https://doi.org/10.1007/s40820-024-01434-0
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Fig. 3 a Schematic diagram of lithium vacancy and Li/Fe antisite in LFP [39]. Copyright 2024, Elsevier. b In-depth Fe 2p XPS spectra of S—
LFP (Etch depth: 0-120 nm) [42]. Copyright 2023, Elsevier. ¢ HRTEM image of S—LFP and the corresponding FFT pattern. The images (a;—a;)
are the HRTEM images of the specific regions marked with the dashed rectangle [43]. Copyright 2023, WILEY-VCH Verlag. d In situ XRD
patterns (17.8°-19.7°) with corresponding voltage curves in the voltage range of 3.0—4.5 V for NCM during charge/discharge [47]. Copyright
2023, WILEY-VCH Verlag. e HRTEM images of S-NCM, the images below are the FFT images of the corresponding areas in the dashed boxes
[48]. Copyright 2021, WILEY-VCH Verlag. f SEM images for NCM [49]. Copyright 2024, WILEY-VCH Verlag. g In situ XRD patterns and
the corresponding galvanostatic charge/discharge curves of LCO cathodes during the initial cycling process [50]. Copyright 2024, WILEY-VCH
Verlag. h Scanning electron microscope images of S-LCO [51]. Copyright 2023, WILEY-VCH Verlag. i XRD Rietveld refinement results for
S-LCO, with S-LCO crystal structure on the right [52]. Copyright 2023, American Chemical Society

reducing atmosphere is conducive to the reduction of Fe** to
Fe?*, transforming FePO, phase into LiFePO, phase as much
as possible, facilitating the return of Fe to its original position,
inhibiting the generation of Li/Fe antisite defects, and solving
the problem of Li* transport channel blockage.

2.2 LiNi,Co,Mn,0,
LiNi,Co,Mn,O, cathodes, which are layered lithium-

based oxides containing transition metal elements (TM,

SHANGHAI JIAO TONG UNIVERSITY PRESS

)
)

TM =Ni, Co, Mn), are commonly used due to their higher
unit volume, larger specific capacity, and better rate per-
formance compared to LFP. Increasing the Ni content in
NCM cathodes generally results in a higher specific capac-
ity [53-55]. Currently, researchers attribute the main causes
of failure in NCM cathodes to the element loss and struc-
tural changes due to Li*/Ni** mixing. During long-term
charging/discharging, Li* needs to undergo repeated inser-
tion and extraction, often requiring a phase transition of
H1-M-H2-H3-H2-H1 (Fig. 3d). The formation of the H3

@ Springer
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phase is often accompanied by a sharp contraction of the
c—axis, which irreversibly affects the material’s structure.
Due to the similar atomic radii of Ni** (0.76 10\) and Li*
(0.69 A), Ni** migrates from the TM layer to the Li layer
through neighboring tetrahedral sites, occupying the Li
vacancies formed due to Li loss. This phenomenon, known
as Li*/Ni>* mixing, destroys the layered phase, resulting in
the formation of both a rock salt phase and a spinel phase
on the surface (Fig. 3e) [48, 56, 57]. The transformation of
the material from the original layered R—3m space group to a
tightly packed spinel Fm—3m space group leads to a shorten-
ing of ionic distances and an enhancement of electrostatic
interactions, further exacerbating Li*/Ni** mixing [58].
Additionally, the expansion of the rock salt phase inward
leads to lattice deformation, stress concentration, and the
formation of cracks within the material (Fig. 3f) [49, 59].
These surface degradation effects decrease the material’s
capacity, increase electrochemical impedance, and hinder
Li* insertion, negatively impacting the material properties
[60]. In subsequent regeneration processes, providing a suf-
ficient oxidizing environment is necessary to promote the
transformation of Ni2* to Ni**, eliminate the Li*/Ni%* mix-
ing phenomenon, and transform the rock salt phase back
into the layered phase. Furthermore, repairing the cracks
inside the material particles and eliminating the stress con-
centration phenomenon are essential to restore the material’s
original structure and performance.

2.3 LiCoO,

LiCoO, (LCO) has been the first-generation cathode mate-
rial for commercial LIBs and has dominated the cathode
material for 3C product batteries for nearly 30 years. Struc-
tural collapse and the formation of an unfavorable phase
interface are the primary factors that contribute to the dete-
rioration of LiCoO, performance. During the charging pro-
cess, an increase in the number of Li, causes the CoO, slab
to slide and generates strong electrostatic repulsion between
the oxygen layers. This results in a phase transition from the
03 phase to the H1-3 phase in LCO (Fig. 3g) [50, 61]. This
phase transition induces a gradual increase in the c—axis lat-
tice parameter of Li CoO, until x=0.5, followed by a rapid
contraction after x=0.35. Consequently, a significant accu-
mulation of stresses occurs, leading to material cracking and
structure collapse (Fig. 3h) [51, 62, 63]. Due to the overlap

© The authors

of the O, 2p and Co**/Co** 3d electronic bands, high pres-
sures triggers the oxidation of lattice oxygen and the forma-
tion of oxygen radicals. This process leads to the escape of
oxygen from the surface lattice of LCO and the subsequent
formation of the Co;0, spinel phase (Fig. 31) [52, 64-66].
During prolonged cycling, as the Co valence state changes,
the surface structure of LCO undergoes a transformation
from a layered to a spinel and rock salt phase structure. The
Co?* resulting from reduction readily depart from the mate-
rial’s surface, entering the electrolyte and migrating toward
the negative electrode. This process causes the destruction
of the solid electrolyte interface (SEI) film and leads to the
eventual deposition on the surface of the negative electrode.
These factors further accelerate the degradation of electro-
chemical performance [67, 68]. The regeneration process
requires careful attention to elemental replenishment, the
release of residual stresses, and the repair of material cracks
and structural defects.

3 Pretreatment

In consideration of various components present in a bat-
tery, it is crucial to perform pretreatments before initiating
a battery recycling process. The pretreatment procedure
typically consists of three steps: discharge, disassembly and
stripping. According to the surveys, retired batteries usually
retain 70%—-80% of their initial capacity. However, when it
comes to batteries obtained from portable electronics, the
pretreatment process can be bypassed due to their small size
and relatively limited retained capacity. These batteries can
be directly broken down for subsequent recycling. On the
other hand, the packed power batteries obtained from elec-
tric vehicles or power stations require careful handling. If
not fully discharged, the subsequent disassembly and exfo-
liation process may result in collisions, punctures or even
short circuits due to their high voltage and capacity. As a
result, thermal runaway and the release of toxic or corro-
sive substances will occur, which further leads to fire and
explosion [69]. From a safety perspective, it is crucial to
perform a battery discharge prior to the electrode exfolia-
tion [70, 71].

Currently, most researchers use conductive aqueous solu-
tions for battery discharge. When the battery is immersed
into a conductive aqueous solution, a short circuit occurs
between the cathode and anode, with the purpose of releasing

https://doi.org/10.1007/s40820-024-01434-0
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the remaining power within the batteries. Sodium chloride
(NaCl) is considered as an inexpensive and valuable elec-
trolyte for the production of conductive solutions on a large
scale. It has been demonstrated that the discharge time can
be reduced by increasing the concentration of NaCl solu-
tion [72]. However, a high concentration of CI™ can result
in substantial electrode corrosion, which has been proven to
be detrimental [73]. In addition to conductive salt solutions,
both acidic and alkaline solutions can also serve as effec-
tive discharge media. Wu et al. [74] discovered that sodium
hydroxide (NaOH) exclusively caused serious corrosion on
Al sheets, while it had no corrosive impact on Fe sheets.
Based on this distinctive characteristic, the NaOH + Na,SiO;

13* combine with sili-

composite system was devised. The A
cates to generate an aluminosilicate gel, which forms a pro-
tective layer on the surface of Al sheets. This layer effectively
inhibits further corrosion of batteries during the discharge
process. In addition to conductive aqueous solutions, conduc-
tive solid powders (such as copper and graphite), can also
be utilized to facilitate the discharge process. Graphite, as a
highly conductive non-metallic conductor, can be mixed with
spent LIBs to establish a connection between the cathode and
anode, thereby facilitating the battery discharge. However, it
is important to note that the discharge process facilitated by
graphite is typically rapid, leading to a sudden generation
of substantial heat. As a result, this rapid increase of tem-
perature poses an increased risk of explosion. Therefore, the
graphite-assisted discharge method is exclusively suitable for
small-size batteries [16].

After the battery is discharged, the disassembly process
is usually carried out manually, where the battery shell,
cathode plate, anode plate, separator and other accessories
are separated. Then, the active material is exfoliated from
the current collector. In this context, our main focus is on
the exfoliation of cathode material from the Al foil. To
enhance the adhesion between the cathode material and
Al foil during the production of cathode plate, the inclu-
sion of a binder, such as PVDF, appears to be essential.
Consequently, it becomes challenging to directly separate
the cathode material from Al foil, and additional meas-
ures need to be taken to facilitate the exfoliation of the
cathode material from Al foil. In the following content,
several representative exfoliation methods are introduced,
as shown in Fig. 4.

¥ SHANGHAI JIAO TONG UNIVERSITY PRESS

3.1 Solvent Treatment
3.1.1 PVDF Dissolution

Based on “like dissolves like” principle, highly polar
solvents such as N-methyl-pyrrolidone (NMP) [79], N,
N-dimethylformamide (DMF) [73], dimethyl sulfoxide
(DMSO) [74] and dimethyl acetamide (DMAC) [80] were
utilized to dissolve the PVDF and facilitate the separation
of the cathode material from the Al foil. Among them,
NMP shows the most effective dissolution effect on PVDF.
However, it has been observed that the active material
treated by NMP solvent often exists in the form of fine
power, which is susceptible to causing clogging during
filtration and greatly enhances the challenges associated
with cathode recycling. In addition, NMP solvent is rela-
tively expensive and has a high viscosity. The dissolution
by NMP often requires a large amount of consumption,
and the recycle of NMP is proven to be very challeng-
ing, which greatly hinders its widespread application.
Furthermore, the toxicity of NMP poses a risk to human
health [75]. Therefore, more efficient and environmentally
friendly solvents are needed to replace NMP.

Among numerous candidates, triethyl phosphate (TEP)
has gathered great attentions due to its comparable prop-
erties with NMP. Bai et al. [75] utilized TEP as a solvent
to dissolve PVDF. The resulting active material was then
separated from Al foil through filtration and centrifuga-
tion. The recovery process demonstrated no leaching of
metals, and no observable morphology or structure change
was detected in the active material. More importantly, TEP
can be recycled after a simple treatment, making it sus-
tainable and environmentally friendly. In addition to TEP,
dimethyl isosorbide (DMI) with an inexpensive price, has
similar Hildebrand solubility parameters to PVDF, and is
considered as a cost—effective solvent [81]. Buken et al.
[82] discovered that DMI has the ability to permeate into
the crystalline region of PVDF. The formation of hydrogen
bonds between DMI and PVDF strengthens the interac-
tions between the solvent and polymer, thereby reducing
the interactions between polymer chains. This phenomenon
facilitates the detachment of PVDF from the Al current
collector. Due to its nontoxicity and production from sugar,
DMI is often considered as a green alternative to NMP.

@ Springer
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3.1.2 PVDF Reaction

Due to the fluorine atom in PVDF, the hydrogen atom in the
CH, group of PVDF becomes positively charged, rendering
it susceptible to OH™. This interaction triggers a reaction
between the OH™ atom and the hydrogen atom, resulting in
the destruction of the bonding configuration of PVDF and
leading to its structural decomposition. Consequently, the
material separates from the Al foil.

Ethanol is considered as an environmentally friendly
solvent which contains —OH. In a study conducted by Qin
et al. [76], they discovered that when PVDF was exposed
to high pressure at 150 °C, it undergoes an elimination
reaction with the —OH in ethanol, resulting in the replace-
ment of F atom on the unsaturated double bond with
—OH. Due to the inherent instability of —-OH group on the
unsaturated double bond, it will be further oxidized into
a ketone structure. This oxidation process breaks down
the PVDF structure, ultimately resulting in a complete
material stripping rate of 100%. LiOH is a typical salt

© The authors

that contains OH". Ji et al. [83] employed a molten salt
consisting of LiOH and LiNO;, which had a melting point
of 175 °C. The OH™ generated from this molten salt pro-
moted the conversion of PVDF into alkylamine groups at
260 °C, thereby effectively separating the cathode material
from Al foil.

In addition to the use of OH", the hydroxyl radical (-OH)
also plays a vital role in facilitating the rapid degradation
of PVDF. This degradation process can bring about in situ
detachment of cathode material from Al foil. Chen et al.
[84] employed Fe** as a Fenton reagent to react with H,0,,
which generates highly reactive -OH. The effectiveness of
this reaction was further amplified through the applica-
tion of ultrasonic waves, which promotes the decompo-
sition of H,0, and production of -OH. These generated
-OH effectively reacted with PVDF, enabling the selective
removal of PVDF. An impressive stripping rate of 97%
can be achieved on both Al foil and cathode material, and
the collected cathode material demonstrates a high purity
and is not vulnerable to contamination from wastewater.

https://doi.org/10.1007/s40820-024-01434-0
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3.2 Heat Treatment

Under high-temperature heat treatment, PVDF will be
decomposed into small organic molecules. This decom-
position process leads to a decrease of bonding forces
between the active material and PVDF binder, which
facilitates the separation of the active material from Al
foil [85].

Previous studies have shown that the decomposition
of PVDF begins at about 350 °C, and a complete break-
down of PVDF occurs at about 600 °C. Hu et al. [86]
observed the fragmentation of the long-chain structure of
PVDF at 450 °C, resulting in the formation of HF gas,
CF,=CF, molecule, fluorobenzene compounds and some
short-chain alkanes. Additionally, the recovery rate of Al
foil and active material reached 100%. Zhang et al. [77]
conducted a comparison of three pretreatment methods,
namely NMP solvent dissolution, NaOH solution treat-
ment and heat treatment. They found that the recycled
cathode material obtained through heat treatment at 600
°C exhibited the most favorable electrochemical perfor-
mance. It should be noticed that PVDF has the potential
to be decomposed into corrosive HF gas when exposed to
high temperatures, which not only has a risk of equipment
corrosion, but poses a threat to the surrounding environ-
ment. To address this issue, Wang et al. [87] put forward
the use of CaO as a reaction medium. This medium has the
ability to absorb the volatilized HF gas generated during
heat treatment process.

3.3 Mechanical Treatment

Mechanical treatment belongs to a physical method that
utilizes mechanical force to separate the active material
from Al foil. The active material, in the form of granules,
can be collected through sieving or other appropriate pro-
cedures [88].

Crushing is widely recognized as a conventional
mechanical treatment technique. Zhu et al. [78] utilized
a hammer mill to pulverize battery electrode plates into
particles with an average size of less than 2 mm. Subse-
quently, these particles were sieved by a screen with a size
of 0.25 mm. The collected powder with a size smaller than
0.25 mm, primarily consisted of cathode and anode active
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materials. The variable diameter pneumatic classification
method is used to further separate the substances with
different densities. Heat treatment is implemented on the
active material to eliminate the adhered binder. Through
the utilization of foaming agents for flotation, taking into
account the disparity in hydrophilicity/hydrophobicity of
the material surface, the recovery rate of the active sub-
stance can surpass 92%. Grinding, an alternative mechani-
cal treatment technique, can be also considered. The rapid
temperature fluctuations cause modification of material
properties. Furthermore, low-temperature treatment pro-
motes the transition of PVDF from a highly elastic con-
figuration to a vitreous state, thereby reducing its adhesive
characteristics. Wang et al. [89] proposed a low-tempera-
ture grinding method to eliminate the active material. In
this approach, the Al foil remained unchanged, while the
cathode material was stripped away in a form of powder.
The conventional high-temperature grinding method yields
a stripping rate of 25%. However, the low-temperature
grinding method remarkably elevates this stripping rate
to 87%. In present studies, scientists have harnessed the
ultrasound to stimulate chemical reactions and mechanical
interactions at the interface between solids and liquids,
which accelerates the separation of active material from
Al foil. Lei et al. [90] employed high-power ultrasound
to achieve rapid delamination of the active material from
Al foil. This method takes advantages of the cavitation
phenomenon, which quickly and selectively disrupts the
adhesive at the electrode interface. Consequently, the
separation of electrodes can be achieved within seconds,
resulting in a substantial reduction of material processing
duration and a notable increase of material stripping rate.

The effectiveness of the direct regeneration process
largely depends on the precise disassembly at the front
end. However, during the pretreatment process, a certain
amount of impurity Al may remain in the material to varying
degrees. Current research has indicated that small amounts
of impurity Al can actually have a positive impact on the
direct material regeneration. Xing et al. [91] discovered that
3 wt.% Al in the material can inhibit the mixing of Li*/Ni,
fill the vacancies in the TM layer, widen the layer spacing,
promote ionic diffusion, stabilize the layered structure, and
improve the cycling stability of the material. On the con-
trary, excessive Al can lead to the formation of an AI(OH);
impurity phase on the surface of NCM particles, resulting in
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the deterioration of the laminar structure and increased Li/
Ni mixing. Therefore, it is crucial to improve the separation
between the cathode material and the Al foil, reduce the
amount of impurity Al in the cathode material, and explore
the threshold for impurity presence in order to minimize the
impact of impurities.

4 Direct Regeneration Methods

After the aforementioned pretreatments, spent LIBs can
successfully realize the segregation of active material from
Al foil, thus effectively avoiding the introduction of impu-
rity components throughout the recycling procedure. The
collected cathode powder possesses high purity, which is
crucial for subsequent direct regeneration. In recent times,
direct regeneration approaches have garnered significant
interests due to the in situ regeneration feature, short process
and less pollution. They mainly include solid—state sinter-
ing, hydrothermal, eutectic molten salt, electrochemical and
chemical lithiation methods. This section will elaborate on
these five specific direct regeneration methodologies.

4.1 Solid—State Sintering Method

Solid—state sintering achieves the revitalization of spent
materials through a simple solid-phase reaction. Firstly, it
is imperative to precisely quantify the amount of lost lithium
in the materials to be repaired. By stoichiometric calcula-
tion, the supplementary quantity of lithium can be deter-
mined, and the lithium salts are added in a specific ratio.
Subsequently, during high-temperature sintering process, the
solid lithium source melts with the material particles, which
facilitates the diffusion of Li* into the vacancies within the
material structure. This process effectively replenishes the
lost lithium and restores the damaged structure, ultimately
reinstating the material performance [92-94].

The supplementation of lithium is typically completed by
introducing an external lithium source. Basically, the utiliza-
tion of LiNO; leads to the generation of harmful gases, and
the use of LiOH is hindered by its corrosive nature and rela-
tively high cost. Li,CO; is widely employed in solid-state
sintering to compensate the lost lithium. Tang et al. [95]
employed jet milling and ball milling techniques to decrease
the particle size of spent NCM523 cathode, which was then
sintered at 920 °C for 12 h. This process helps replenish the
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lost lithium and restore the layered structure of NCM523.
The regenerated particles exhibited a distinct single crystal
morphology and ensured a well-dispersed arrangement of
native particles. The electrochemical tests demonstrated that
the initial discharge specific capacity reached 155 mAh g~!,
and the capacity retention rate after 100 cycles was 90%.
Qi et al. [96] used glucose as a reducing agent and mixed
it with spent LFP, then calcined it at 900 °C for 6 h, dur-
ing which Fe,O; was converted to LiFePO, (Fig. 5a). The
regenerated LFP had a discharge capacity of 148 mAh g~!
at 0.05 C, which was 96% of the initial capacity of pristine
LFP (Fig. 5b). Kong et al. [97] sintered spent LCO with a
50% loss of lithium at 850 °C for 8 h. After this sintering
process, the Co;0, impurity disappeared, and the uniformly
distributed LiCoO, particles with a smaller size and clearer
layered established. It was found that the regenerated LCO
cathode showed superior electrochemical performance as
compared to commercial LCO.

Some researchers also utilize the residual lithium com-
pounds on the surface of retired materials as a lithium source
for the regeneration process. Chi et al. [98] used the resid-
ual Li,COj; coating on the material surface as the lithium
source to regenerate NCM111 at 850 °C for a duration of 12
h, which eliminates the addition of extra lithium salt. The
decomposition of Li,COj; replenishes the lithium defects in
the regenerated material, and induces the transformation of
NiO from rock—salt phase to ordered layer structure, thus
significantly enhancing the electrochemical performance
(Fig. 5c, d). Traditional lithium salts only serve the single
role of replenishing lost lithium elements. However, when it
comes to LFP, additional reducing agents or carbon sources
are often required. Ji et al. [99] developed a multifunctional
organic lithium salt, known as 3,4—dihydroxybenzonitrile
dilithium, which directly regenerated the spent LFP at 800
°C under an Ar/H, atmosphere. During the increase of
sintering temperature, the lithium ions in the salt fill the
vacancies, and cyano groups generates a reducing atmos-
phere, inhibiting the formation of Fe (III) phase (Fig. Se).
Meanwhile, the amorphous conductive carbon derived from
the salt encapsulates the surface of LFP particles, which
enhances the diffusion of Li ions and accelerates the trans-
fer of electrons. As a result, the regenerated LFP cathode
exhibits excellent cycling stability, with a capacity reten-
tion rate of 88% after 400 cycles at a current density of 5 C
(Fig. 5f). Clearly, the use of lithium-containing impurities
on the material surface or multifunctional organic lithium
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[99]. Copyright 2023, Springer Nature
salts offers more lithium sources for the regeneration pro-

cess. Table 1 summarizes the experimental conditions and
regeneration effects of current solid-state sintering method.

4.2 Hydrothermal Method
During hydrothermal regeneration process, the spent cathode

materials are mixed with a lithium-containing solution under
liquid-phase condition. The Li* in the solution can evenly

SHANGHAI JIAO TONG UNIVERSITY PRESS

diffuse into the Li vacancies within the cathode material.
Additionally, the high-pressure environment of hydrothermal
reaction reduces the activation energy barrier for Li* diffu-
sion, further promoting the Li* diffusion and compensating
the lost lithium. In general, the hydrothermal regeneration
can be divided into three types: conventional hydrothermal
regeneration, low-temperature hydrothermal regeneration
and microwave hydrothermal regeneration [115].
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Table 1 A summary of solid-state sintering method

Type Parameters Performance References
LFP Reagent: Initial discharge capacity: 157 mAh g=!; [99]
3,4—dihydroxybenzonitrile dilithium Current density: 5 C;
800 °C, 6 h, Ar/H, Cycle number: 400;
Capacity retention rate: 88%
LFP Reagent: Li,CO;, CNTs, glucose Initial discharge capacity: 155 mAh g=!; [100]
350 °C, 2 h; 650°C, 12 h Current density: 0.5 C;
Cycle number: 300;
Capacity retention rate: 88%
LFP Reagent: Li,CO; Initial discharge capacity: 147 mAh g=!; [101]
650°C, 1h Current density: 0.2 C;
Cycle number: 100;
Capacity retention rate: 95%
LFP Reagent: Li,CO; Initial discharge capacity: 124 mAh g=!; [102]
700 °C, 3 h Current density: 0.5 C;
Cycle number: 2000;
Capacity retention rate: 83%
LFP Reagent: Li,CO; Initial discharge capacity: 96 mAh g™ [103]
350 °C,5h;650°C, 10 h Current density: 10 C;
Cycle number: 2000;
Capacity retention rate: 80%
LCO Reagent: Li,CO; Initial discharge capacity: 139 mAh g=!; [97]
850°C, 8 h Current density: 1 C;
Cycle number: 100;
Capacity retention rate: 90%
LCO Reagent: Li,CO; Initial discharge capacity: 150 mAh g '; [104]
850°C, 12 h Current density: 0.1 C;
Cycle number: 100;
Capacity retention rate: 93%
LCO Reagent: Li,CO; Initial discharge capacity: 160 mAh g '; [105]
850°C, 12 h Current density: 0.2 C;
Cycle number: 50;
Capacity retention rate: 91%
LCO Reagent: Li,CO; Initial discharge capacity: 140 mAh g™ '; [106]
900 °C,6h Current density: 0.1 C;
Cycle number: 100;
Capacity retention rate: 97%
LCO Reagent: Li,CO; Initial discharge capacity: 152 mAh g™ '; [107]
900 °C, 12 h Cycle number: 80;
Capacity retention rate: 98%
LCO Reagent: Li,CO5, MgO, TiO, Initial discharge capacity: 178 mAh g~'; [108]
1000 °C, 10 h Current density: 1 C;
Cycle number: 100;
Capacity retention rate: 96%
LCO Reagent: Li,CO;, MgO Initial discharge capacity: 203 mAh g~'; [35]
900 °C, 12 h Current density: 1 C;
Cycle number: 100;
Capacity retention rate: 97%
LCO Reagent: Li,CO;, MgO, Al,O4 Initial discharge capacity: 220 mAh g~!; [63]
900 °C, 10 h Current density: 0.5 C;
Cycle number: 100;
Capacity retention rate: 94%
NCM Reagent: Li,CO; Initial discharge capacity: 140 mAh g=!; [109]
950 °C Current density: 0.2 C;
Cycle number: 50;
Capacity retention rate: 97%
© The authors https://doi.org/10.1007/s40820-024-01434-0
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Table 1 (continued)

Type Parameters Performance References
NCM Reagent: Li,CO; Initial discharge capacity: 169 mAh g™'; [110]
950°C, 10 h Current density: 1 C;
Cycle number: 200;
Capacity retention rate: 80%
NCM 850 °C, 12 h, O, Initial discharge capacity: 170 mAh g™!; [98]
Current density: 0.5 C;
Cycle number: 200;
Capacity retention rate: 87%
NCM Reagent: Li,CO4 Initial discharge capacity: 155 mAh g™!; [95]
920°C, 12 h Current density: 0.5 C;
Cycle number: 100;
Capacity retention rate: 90%
NCM Reagent: Li,CO4 Initial discharge capacity: 165 mAh g™'; [111]
800 °C, 10 h Current density: 0.2 C;
Cycle number: 100;
Capacity retention rate: 81%
NCM Reagent: LIOH Initial discharge capacity: 154 mAh g™'; [112]
850°C,5h Current density: 1 C;
Cycle number: 100;
Capacity retention rate: 95%
NCM 850°C,6h Initial discharge capacity: 170 mAh g™!; [113]
Current density: 0.1 C;
Cycle number: 1000;
Capacity retention rate: 93%
NCM Reagent: LiOH Initial discharge capacity: 147 mAh g™!; [114]

800 °C, 8 h

Current density: 0.2 C;
Cycle number: 100;
Capacity retention rate: 95%

Shi et al. [116] repaired the damaged structure of spent
LCO by a hydrothermal reaction at 220 °C for 4 h using
LiOH as a lithium source. The electrochemical result dem-
onstrated a decrease of charge transfer resistance and an
increase of Li* diffusion rate in the regenerated sample.
Likewise, Shi et al. [117] employed an identical hydrother-
mal condition to regenerate the NCM523 cathode. It was
evidenced that the spinel and rock—salt impurities were suc-
cessfully converted into the layered phase, thereby mitigat-
ing the intermixing of Li/Ni ions (Fig. 6a). Xu et al. [118]
implemented a cost-reduction strategy by substituting con-
ventional LiOH solution with LiOH/KOH blend solution.
The scale-up experiment was also conducted to demon-
strate the comparable capacity of the regenerated material
to the original level, thereby offering a promising avenue to
the large-scale industrial implementation of hydrothermal
regeneration technique. Additionally, the control of hydro-
thermal conditions greatly determines the replenishment of
Li* and improvement of electrochemical performance. Jing
etal. [119] used Li,SO, and hydrazine hydrate as the lithium

SHANGHAI JIAO TONG UNIVERSITY PRESS

source and reducing agent to study the optimal conditions
for the LFP regeneration. Under the condition of reaction
at 200 °C for 3 h (Li source: 12 g L~"; reductant: 1.0 mL:
S-LFP powder: 5 g; L/S=6 mL g~!), the regenerated LFP
exhibited excellent performance, with a discharge capacity
of 142 mAh g~! at 1 C and a capacity retention rate of 99%
after 200 cycles.

The hydrothermal reaction typically occurs within the
temperature range between 180 and 220 °C. A high-pres-
sure reactor capable of withstanding the pressure exceed-
ing 11 atmospheres (equivalent to the saturation pressure
of water) is essential for promoting an efficient hydrother-
mal reaction. Xu et al. [46] proposed a method for the
low-temperature hydrothermal regeneration of LFP. LiOH
was used as the lithium source and citric acid (CA) was
employed as a reducing agent for the recovery process.
The CA provides electrons to facilitate the reduction of
Fe* to Fe?*, which minimizes the electrostatic repulsion
caused by Fe** and lowers the migration barrier, further
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diagram of repairing the retired LFP by low-temperature hydrothermal method [46]. Copyright 2020, Elsevier. ¢ Schematic diagram of the
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promoting the migration of Fe** from the M1 site to M2
site and enhancing the diffusion of Li*. When the reaction
temperature decreased to 80 °C, the corresponding reac-
tion pressure fell to below 1 bar. Combined with anneal-
ing for a short time, the impurity phase and Li/Fe antisite
defects in the regenerated LFP disappeared, resulting in
superior electrochemical performance as compared to
commercial LFP (Fig. 6b). Liu et al. [120] developed a
microwave hydrothermal method for regenerating the spent
LCO. This method utilized the microwave heat caused
by dipole rotation to align the molecules in the electro-
magnetic field. Compared to conventional hydrothermal
method, the regenerated LCO material obtained by this
method exhibits uniform distribution state, well-organized
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layer-by-layer particle assembly, improved crystallinity
and enhanced cycling stability (Fig. 6¢). Table 2 summa-
rizes the experimental conditions and regeneration effects
of current hydrothermal method.

4.3 Eutectic Molten Salt Method

During the regeneration by eutectic molten salts, lithium-
containing molten salts are used as a source of lithium. Due
to the formation of a new phase when the eutectic molten
salts are mixed, this new phase has a lower melting point
compared to a single phase, effectively reducing the reaction
temperature during the regeneration process. For instance,
when LiNO; and LiOH are combined in a molar ratio of

https://doi.org/10.1007/s40820-024-01434-0
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Table 2 A summary of hydrothermal method

Type Parameters Performance References
LFP Reagent: CH;COOLI, ethanol Initial discharge capacity: 139 mAh g=!; [44]
Hydrothermal: 180 °C, 5 h Current density: 1 C;
Cycle number: 1000;
Capacity retention rate: 77%
LFP Reagent: Li,SO,-H,0, N,H,-H,0 Initial discharge capacity: 142 mAh g~'; [119]
Hydrothermal: 220 °C, 3 h Current density: 1 C;
Cycle number: 200;
Capacity retention rate: 99%
LFP Reagent: LiOH, CA Initial discharge capacity: 159 mAh g=!; [46]
Hydrothermal: 70 °C, 10 h Current density: 0.5 C;
Cycle number: 100;
Capacity retention rate: 99%
LFP Reagent: CH;COOLI, PVP Initial discharge capacity: 139 mAh g='; [44]
Hydrothermal: 180 °C, 5 h Current density: 1 C;
Cycle number: 1000;
Capacity retention rate: 80%
LCO Reagent: LiOH, Li,SO, Initial discharge capacity: 149 mAh g=!; [116]
Hydrothermal: 220 °C, 4 h Current density: 1 C;
Cycle number: 100;
Capacity retention rate: 91%
LCO Reagent: LiOH Initial discharge capacity: 142 mAh g™!; [120]
Hydrothermal: 220 °C, 45 min Current density: 5 C;
Cycle number: 100;
Capacity retention rate: 95%
LCO Reagent: LiOH Initial discharge capacity: 166 mAh g~!; [121]
Hydrothermal: 220 °C, 4 h Current density: 1 C;
Cycle number: 100;
Capacity retention rate: 93%
LCO Reagent: LIOH/KOH, nickel, manganese acetates Initial discharge capacity: 160 mAh g™!; [122]
Hydrothermal: 190 °C, 12 h Current density: 1 C;
Cycle number: 100;
Capacity retention rate: 91%
NCM Reagent: LiOH Initial discharge capacity: 154 mAh g™!; [123]
Hydrothermal: 100 °C, 8 h Current density: 1 C;
Cycle number: 200;
Capacity retention rate: 83%
NCM Reagent: LiOH Initial discharge capacity: 155 mAh g’l; [124]
Hydrothermal: 220 °C, 4 h Current density: 1/3 C;
Cycle number: 100;
Capacity retention rate: 95%
NCM Reagent: LiOH Initial discharge capacity: 166 mAh g~!; [125]
Hydrothermal: 220 °C, 3 h Current density: 1 C;
Cycle number: 500;
Capacity retention rate: 91%
NCM Reagent: LiOH, Li,SO, Initial discharge capacity: 145 mAh g™'; [117]
Hydrothermal: 220 °C, 4 h Current density: 1 C;
Cycle number: 100;
Capacity retention rate: 85%
NCM Reagent: LiOH, KOH Initial discharge capacity: 156 mAh g='; [118]

Hydrothermal: 220 °C, 2 h

Current density: 1/3 C;
Cycle number: 50;
Capacity retention rate: 93%
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3:2, the resulting phase exhibits a melting point of 175 °C,
which is considerably lower than the melting points of the
individual substances (LiNO;:264 °C; LiOH:462 °C) [126].
Once the reaction temperature reaches the eutectic point,
the molten salt undergoes a transition from a solid state to a
molten state, thus facilitating enhanced Li* diffusion.
Jiang et al. [127] used LiOH-Li,CO5 molten salt as the
lithium source to directly regenerate NCM523 at 440 °C.
The Li* diffused from the surface and filled into the lith-
ium vacancies, which can inhibit the mixing of cations and
transform the surface rock—salt phase and mixed phase to a
well-structured layered phase (Fig. 7a). After 100 cycles, the
discharge voltage of the reconstructed material goes up, and

© The authors

the capacity retention rate remains as 89% after 200 cycles
(Fig. 7b, c). Ma et al. [128] chose a Lil-LiOH molten salt
which has the lowest melting point in the binary eutectic
system. Considering the dissolution of transition metal ele-
ments during the cycling process, transition metal oxides,
such as Co,0; and MnO,, were extra added to compensate
the lost transition metal elements (Fig. 7d). Through the
combined effect of one-step heating method by using eutec-
tic molten salt and transition metal oxides, the lost elements
were replenished, and the structure was repaired (Fig. 7e).
The regenerated NCM523 exhibited comparable electro-
chemical performance to the commercial sample (Fig. 7).
Qin et al. [48] incorporated CH,COOLIi into LiNO,-LiOH

https://doi.org/10.1007/s40820-024-01434-0
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mixture to form a ternary eutectic melt, further reducing the
eutectic point. Due to the lower density and larger volume of
the ternary molten salt, the required amount of lithium salt
for the reaction can be cut down. The S-NCM changes from
a mixture of rock salt, spinel and layered phase to a single
layered structure (Fig. 7g, h). The reversible capacity of the
regenerated cathode at 0.5 C was 160 mAh g~!, and the
capacity retention rate after 100 cycles was 94% (Fig. 71).
Compared to other methods, the eutectic molten salt
method has been primarily used to the restoration of ter-
nary materials. At present, researchers have attempted
to apply this method to other materials. In a study by
Yang et al. [65], alkaline LIOH-KOH-Li,CO5 molten salt
was utilized to reclaim the LCO under the atmosphere of
ambient air at 500 °C. The LiOH-KOH and Li,CO; were
served as oxidizing flux and lithium source, respectively,
which facilitate the decomposition of impurities through
the mechanism of dissolution and subsequent recrystalli-
zation. The solvent system enables effective oxidation and
dissolution, creating a high-temperature environment for
the decomposition of carbon and PVDF. The high-con-
centration Li* diffuse onto the impurity surface, which
further cause the formation of new LCO, while the cobalt
oxide undergoes dissolution in the molten salt and subse-
quently reprecipitates in a form of LiCoO,. The discharge
capacity of the discarded LiCoO, can be restored from 68
to 145 mAh g~!, reaching a capacity level of commercial
LCO cathode. Typically, the oxidizing environment dur-
ing the molten salt process oxidizes Fe*" in LFP to Fe**,
leading to the destruction of the material’s crystal struc-
ture. Liu et al. [129] proposed a low-temperature molten
salt method combined with a reducing environment that
can inhibit the oxidation of Fe?* and regenerate LFP
materials. In their study, they utilized lithium nitrate as
the molten salt medium and lithium source, and sucrose
as the reducing agent. The reaction was conducted at 300
°C for 2 h. Through the carbonization process, the lith-
ium-deficient iron phosphate was reduced from a+ 3 to
a+ 2 valence state, counteracting the oxidizing ability of
lithium nitrate at high temperatures and creating a reduc-
ing reaction environment. Combined with short anneal-
ing, the lithium-deficient and structurally damaged LFP
particles were supplemented compositionally and restored
structurally. The capacity of the regenerated LFP was
restored to 145 mAh g=! at 0.5 C. Table 3 summarizes
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the experimental conditions and regeneration effects of
current eutectic molten salt method.

4.4 Electrochemical Method

The electrochemical regeneration involves the use of spent
cathodes as the working electrode and a lithium-containing
solution as the electrolyte. By applying a constant current to
the cathode material, Li* can be driven by the electrons in
the external circuit to migrate to the vacant Li sites, which
effectively reduces the migration activation energy. When
the energy in the external circuit exceeds the migration acti-
vation energy, the Li* in the electrolyte enter the lithium
vacancies in the cathode material. Combined with a short-
term annealing treatment, the crystal structure can be further
restored, finally achieving the cathode regeneration [133,
134].

Peng et al. [135] employed a spontaneous and electrically
driven collaborative approach to achieve the direct regenera-
tion of LFP. They utilized a spent cathode as the working
electrode, Ag/AgCl electrode as the reference electrode, and
Pt mesh as the counter electrode, which establish a three-
electrode system. In a Li,SO, electrolyte, without apply-
ing a current, the spontaneous migration of Li* occurs by
the concentration difference, resulting in the formation of
Li,_FePO,. Driven by the current, Li* and Li, ,FePO, can
combine together to form LFP (Fig. 8a, b). Compared to
conventional current-driven methods, this approach effec-
tively shortens the reaction time, and the regenerated LFP
delivers a capacity retention rate of 95% after 500 cycles.
In a similar way, Zhang et al. [136] employed a comparable
method to directly regenerate the LCO cathode (Fig. 8c).
Under the condition of high-concentration electrolyte, the
redox process was primarily governed by the charge trans-
fer behavior. Conversely, in a low-concentration electrolyte,
the process was predominantly influenced by Li* diffusion
behavior (Fig. 8d). Higher electrolyte concentration and cur-
rent density prove advantageous to accelerating the reduc-
tion of Li* (Fig. 8e).

Generally, the regenerated materials necessitate an
annealing process to restore their crystalline structure.
Zhou et al. [137] developed an electrochemical regeneration
method that eliminates the need for subsequent annealing.
In an H-type electrolytic cell, a spent LFP suspension was
used as the cathode, and a zinc plate served as the anode.
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Table 3 A summary of eutectic molten salt method

Type Parameters Performance References
LFP Reagent: LiNO;, FeC,0,, 10 wt.% Sucrose Initial discharge capacity: 145 mAh g=!; [129]
molten salt: 300 °C, 2 h, Ar Current density: 0.5 C;
Cycle number: 100;
Capacity retention rate: 90%
LFP Reagent: LiNO;, Sucrose Initial discharge capacity: 162 mAh g=!; [130]
molten salt: 300 °C, 0.5 h Current density: 0.5 C;
Cycle number: 500;
Capacity retention rate: 90%
NCM Reagent: Li,SO,-H,0-CH;COOLi, LiOH-H,0 Initial discharge capacity: 172 mAh g~'; [131]
molten salt: 450 °C, 4 h Current density: 1 C;
900 °C, 10 h Cycle number: 200;
Capacity retention rate: 83%
NCM Reagent: LiNO;-LiOH Initial discharge capacity: 150 mAh g='; [126]
molten salt: 300 °C, 4 h Current density: 1 C;
Cycle number: 100;
Capacity retention rate: 90%
NCM Reagent: Li,CO;-LiOH Initial discharge capacity: 146 mAh g~'; [127]
molten salt: 440 °C, 5 h Current density: 1 C;
Cycle number: 200;
Capacity retention rate: 89%
NCM Reagent: Lil-LiOH, Co,0;, MnO, Initial discharge capacity: 150 mAh g~'; [128]
molten salt: 200 °C, 4 h Current density: 0.5 C
Cycle number: 300;
Capacity retention rate: 73%
NCM Reagent: LIOH-LiNO;—CH;COOLI Initial discharge capacity: 150 mAh g~'; [48]
molten salt: 400 °C, 4 h Current density: 0.5 C;
Cycle number: 100;
Capacity retention rate: 94%
LCO Reagent: LIOH-KOH Initial discharge capacity: 149 mAh g=!; [132]
molten salt: 300 °C, 8 h Current density: 0.2 C;
Cycle number: 200;
Capacity retention rate: 93%
LCO Reagent: LIOH-KOH-Li,CO; Initial discharge capacity: 145 mAh g™!; [65]

molten salt: 500 °C, 8 h

Current density: 0.2 C;
Cycle number: 200;
Capacity retention rate: 93%

The two electrodes were separated by an anion exchange
membrane (Fig. 8f). The application of an electric field
facilitated the insertion of Li* from the electrolyte into the
S—LFP structure, inducing the transformation of FePO, to
LiFePO, and ultimately regenerating the LFP (Fig. 8g).
When subjected to the optimal condition (applied current
was set as 5 mA), the R—LFP showed a specific capacity of

© The authors

134 mAh g~! after 300 cycles, retaining 86% of its original
capacity. (Fig. 8h). Table 4 summarizes the experimental
conditions and regeneration effects of current electrochemi-
cal method. Currently, electrochemical regeneration meth-
ods are mainly applied to the direct regeneration of LFP
and LCO materials, and no literature has been reported on
NCM materials.

https://doi.org/10.1007/s40820-024-01434-0
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4.5 Chemical Lithiation Method

The chemical lithiation method is less commonly used in
the direct regeneration process. However, compared to other
direct regeneration methods, chemical lithiation regeneration
consumes much shorter reaction time.

Wu et al. [139] proposed a thermodynamically sponta-
neous LiT—electron synergistic radical oxidation-reduction
process by using a reductive polycyclic aryl lithium com-
pound with tunable potential as the reductant and Li* donor.
Since the pyridine—lithium complex (Py—Li) possesses a
suitable potential of 0.82 V compared to Li*/Li, which is

SHANGHAI JIAO TONG UNIVERSITY PRESS

)
)

significantly higher than the decomposition potential of LFP
(0.59 V vs. Li*/Li), it can effectively reduce the Li* defects
in the LFP lattice without damaging its crystal structure
(Fig. 9a). It is the potential difference between the cathode
material and the aromatic lithium reagent that drives the
electrons transferring from the pyridyl radical anion (Py*)
to Li,_FePO, and allows the diffusion of Li* into the bulk
lattice (Fig. 9b). The entire chemical reduction process can
be carried out at ambient temperature and pressure, and the
reaction can be completed in just 10 min (Fig. 9¢). After
the lithiumation reaction is completed, the introduction
of metallic Li into the solution can reverse the Py neutral
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Table 4 A summary of electrochemical method

Type Parameters

Performance References

LFP Cathodic current: 0.40 mA cm™>

LFP Cathodic current: 1 mA

LFP Cathodic current: 5 mA

LFP Voltage: 1 V

LCO Cathodic current: —0.42 mA cm™

Initial discharge capacity: 154 mAh g~!; [138]
Current density: 1 C;
Cycle number: 300;

Capacity retention rate: 91%

Initial discharge capacity: 135 mAh g=}; [135]
Current density: 1 C;
Cycle number: 500;

Capacity retention rate: 95%

Initial discharge capacity: 134 mAh g™!; [137]
Current density: 1 C;

Cycle number: 300;

Capacity retention rate: 85%

Initial discharge capacity: 137 mAh g™!; [39]
Current density: 1 C;

Cycle number: 300;

Capacity retention rate: 95%

Initial discharge capacity: 136 mAh g™'; [136]
Current density: 1 C;
Cycle number: 200;

Capacity retention rate: 99%

molecules back to Py* radical anions, which realizes the
recycling of the reagent. Fei et al. [140] developed a novel
self-oxidation system using lithium bromide as the lithium
source, dimethyl sulfoxide (DMSO) as the solvent and oxy-
gen donor. The ionic nature of DMSO facilitates the strong
interaction between ions and its inherent volatility provides
an oxidative atmosphere for the regeneration process. Addi-
tionally, due to its nucleophilic property, the Li* in LiBr are
released, and the co-solvent provides the high charge flux
medium for the transport of Li* and O*", enabling the self-
oxidation of transition metal elements (Fig. 9d). The cracks
and impurities (such as Co;0,) on the surface of spent mate-
rials are repaired at a low temperature and environmental
pressure. The capacity retention rate of the regenerated LCO
material reaches 91%, which is slightly higher than that of
commercial LCO. (Fig. 9e).

Most direct regeneration methods focus on lithium replen-
ishment, and only limited researches consider the supple-
mentation of dissolved transition metal elements. According
to the previous work [141], the cobalt dissolution signifi-
cantly affects the capacity decay and cycling stability of the
LCO cathode. In order to fully regenerate the LCO under
environmental pressure, it is crucial to prioritize the sup-
ply of Co**. The urea molecule shows a stronger affinity
to Co>* as compared to Li*, suggesting the preferential
transfer of Co?* from the solution to the spent LCO. In

© The authors

this regard, a deep eutectic solvent (DES) LiClI-CH,N,0O
(urea) was invented for the regeneration of spent LCO,
which can be used under atmospheric condition. During the
regeneration process, partial Li™ and Co*" will transfer at
the material surface, and then gradually diffuse and occupy
the lattice vacancies. In combination with the annealing
step, the atomic rearrangement of Li and Co takes place,
leading to the conversion of the spinel phase into a layered
phase (Fig. 9f). This method demonstrates environmental
and economical as it reduces the energy consumption by
37% and lowers the greenhouse gas emissions by 35% when
compared to conventional LCO production process. Table 5
summarizes the experimental conditions and regeneration
effects of current chemical lithiation method.

Solid-state sintering is a widely used direct regeneration
method, offering a simple operation that allows for mate-
rial lithium replenishment and structural repair in one step.
It enables direct regeneration of cathode materials with
excellent performance. However, this regeneration process
requires a long time in a high-temperature environment and
consumes a significant amount of energy. Moreover, the use
of solid-phase lithium source can result in material inhomo-
geneity due to poor solid—solid contact, which in turn affects
the subsequent material regeneration process. Addition-
ally, the amount of lithium loss varies between each batch
of material, necessitating accurate calculations for lithium

https://doi.org/10.1007/s40820-024-01434-0



Nano-Micro Lett. (2024) 16:207

Page 21 of 33 207

O ) © -
— Pyrene ’(_;;o) 100} s ek o
20r — Naphthalene ) —
— Biphenyl | e :
t J—
E=037V - b 5
z E=0.82V ‘:}}“ ° ¥ o
= “5 ]
§° . B 33
3 0s — 2
3 1,2-dimethoxyethane 330_20: =i
RT s : 40s —— 6mh
| =ioma —ima
= B n w0 %
E=0.26V Liloss o e .
0 05 1.0 15 o 2 4 6 8 10 1
Voltage (V.vs. Li'Li) - _ ‘Reamon’Tn»neqm‘n):
d e .
@ © ol
DMSO @ P T
of -\}sf P @
s 4 g wo, F-1
LiNO, LiBr Li;CO, CHCO0LE < 904
1co, CHy , ¢ 5
" s £ o
I 7 Ncn g
Parta O y S 3040 SpentLCO
h) |®] ? C-LCO
Layered structure acoou ¥ 04 ° DMsO-Lir
" Regeneration o DMSO-LINOy
l\ 304 ° DMSO-LiCO,
P o DMSO-CH,COOH
\¢ ’ oL @« ——

©® 0 [ Livacancy

=
Easy  Difficult 40 60 80 100

- Syflenumber

20

Fig. 9 a Cyclic voltammetry curves tested in biphenyl/DME, naphthalene/DME, pyrene/DME, and perylene/DME solutions at a scan rate of 50
mV s~ b Schematic diagram of the chemical recovery of waste LFP cathode. ¢ Evolution of the reduction ratios with different reaction times.
The inset shows the initial charge/discharge profiles of the regenerated LFP cathode after different lithiation times [139]. Copyright 2018, RSC
Publishing. d Schematic diagram of the autoxidation reaction mechanism on waste LCO cathode. e Cycling performance tested in different sys-
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replenishment before each regeneration. This undoubtedly
increases the workload in the recycling process and reduces
the efficiency of the regeneration.

Hydrothermal regeneration method has a relatively low
reaction temperature (<250 °C) and low energy consump-
tion. The liquid lithium source facilitates the diffusion of
Li* in the material and effectively solves the problem of
uneven mixing of lithium source and material. Meanwhile,
lithium supplementation does not require precise chemical
calculations due to the improved reaction kinetics. However,
the hydrothermal reaction necessitates a specialized vessel
and a specific pressure, and the liquid lithium source cannot
be recycled, leading to increased costs. The hydrothermal
method alone can only realize the supplementation of the

SHANGHAI JIAO TONG UNIVERSITY PRESS

missing elements, and subsequently needs to be combined
with short-time annealing to repair the crystal structure of
the material.

The eutectic molten salt method utilizes eutectic molten
salt as a lithium source, effectively reducing the reaction
temperature. This method offers a clear advantage over
solid-phase sintering due to its lower reaction temperature
and shorter reaction time, resulting in lower energy con-
sumption. The melting of the molten salt creates a lithium-
rich environment, enhancing the diffusion kinetics of Li* at
the interface. As a result, there is no need to calculate the
amount of lithium loss. Moreover, the eutectic molten salt
method efficiently replenishes elemental losses and effec-
tively repairs structural damage in the material, leading to
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Table 5 A summary of chemical lithiation method

Type Parameters

Performance References

LFP Reagent: Py-Li, NO,BF,, DME

LFP Reagent: Lil, acetonitrile

NCM
dimethoxyethane (DME)

Reagent: LiBr

NCM

LCO Reagent: DMSO-LiBr

LCO Reagent: LiCI-CH,N,O

LCO Reagent: betaine, ethylene glycol lithium, urea

Reagent: 3, 5S—di—tert—butyl-o—benzoquinone (DTBQ),

Initial discharge capacity: 156 mAh g=!; [139]
Current density: 0.5 C;
Cycle number: 150;

Capacity retention rate: 77%

Initial discharge capacity: 140 mAh g™ '; [142]

Current density: 0.1 C

Initial discharge capacity: 183 mAh g [143]

Initial discharge capacity: 160 mAh g™!; [144]
Current density: 0.1 C;
Cycle number: 100;

Capacity retention rate: 85%

Initial discharge capacity: 155 mAh g7!; [140]
Current density: 1 C;
Cycle number: 100;

Capacity retention rate: 91%

Initial discharge capacity: 130 mAh g7!; [141]
Current density: 0.5 C;
Cycle number: 100;

Capacity retention rate: 90%

Initial discharge capacity: 210 mAh g™'; [145]
Current density: 1 C;
Cycle number: 200;

Capacity retention rate: 87%

Table 6 A comparison of different direct regeneration methods

N Solid-state Eutectic Chemical
S
\\ sintaring Hydrothermal molten Salt Electrochemical ithiation
Cost + + + o +
Pollution
lccion it teh + o Qi
Regeneration
efficiency ++ ++ +++ + +
E
Y ++ + + + +

consumption

a high regeneration efficiency. However, it’s important to
note that current studies primarily focus on the repair and
regeneration of NCM materials. There are fewer reports on
the regeneration of LFP and LCO materials, and the appli-
cability to different materials has yet to be explored.
Electrochemical regeneration utilizes a potential differ-
ence to promote the replenishment of Li* with low energy
consumption and cost. The efficiency of lithium replenish-
ment can be further enhanced by adjusting factors such as
the concentration of the lithium solution and the magni-
tude of the current. However, subsequent annealing treat-
ments are required to repair the material structure. Unlike

© The authors

other methods, the electrochemical method allows for the
direct insertion of the disassembled cathode sheet into the
lithium-containing solution as an electrode. However, this
method places high demands on the disassembly of mate-
rials, and achieving satisfactory regeneration results for
highly degraded materials becomes challenging. Moreo-
ver, the regeneration efficiency of this method is compara-
tively low. Additionally, the electrochemical method has
limitations in terms of material selection.

Chemical lithiation regeneration involves the use of lith-
ium-based chemical reagents at room temperature and pres-
sure. It utilizes the chemical potential to achieve lithium
supplementation. However, for the recovery of the material
structure, additional processing steps are required, resulting
in low regeneration efficiency. It’s important to note that
most of the chemical reagents used are volatile organic sol-
vents. While these solvents can be recycled multiple times,
caution must be exercised regarding their potential harm to
human health and the environment during usage.

Table 6 compares the five direct regeneration methods
from four aspects: cost, energy consumption, pollution emis-
sions, and regeneration efficiency.

https://doi.org/10.1007/s40820-024-01434-0
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5 Production Practice

So far, most researches on the direct regeneration primar-
ily concentrate on laboratory investigations. The afore-
mentioned regeneration methods have yielded satisfactory
restorative outcomes at the laboratory level, where the mor-
phology, structure and electrochemical performance of the
repaired materials have been restored to, or even exceeded,
their original levels. However, the related works on the
application of direct regeneration in actual production are
extremely rare. Due to the exponential rise in retired batter-
ies, numerous enterprises have augmented their investments
in battery recycling. Wuhan Rikomay New Energy Co., Ltd.
has developed a set of technologies and equipments for direct
regeneration of spent LFP, and become the first battery recy-
cling company to achieve large-scale mass production using
physical methods and short processes. Bump Recycling, a
subsidiary of CATL, has spearheaded the core technology of
“targeted recycling” for spent batteries, boasting an excep-
tional total recovery rate of core metallic materials (over
99%). Tianjin Sai De Mei New Energy Technology Co., Ltd.
has developed a magnetic separation combined with color
sorting technology, enabling complete separation of cath-
ode and anode components. Through precise identification
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of missing elements and research on deformation patterns,
this company has exploited technologies and equipments to
control the element compensation and concentration uni-
formity. The development of these advanced technologies
promotes the growth of battery regeneration industries and
facilitates the industrial application of direct regeneration
methods. In this section, we plan to introduce the practical
application of direct regeneration in industrial production by
using Tianjin Sai De Mei’s annual production line of 10,000
tons for regenerating spent ternary materials as an example.

The recycling process mainly consists of the following
steps. Firstly, the individual cells with a voltage exceeding 3
V have to be discharged. Subsequently, a precise dismantling
procedure is implemented to segregate the cathode, anode
and additional constituents. After the cathode electrode plate
is pulverized, it is separated from the Al foil to obtain the
spent cathode powder. The regenerated cathode powder can
be finally obtained by composition regulation and solid-state
sintering.

5.1 Pretreatment

The spent LIBs firstly go through a screening process, and
then disassembled into individual battery packs. Afterward,
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each of the acquired battery undergoes testing to assess its
remaining capacity and determine its suitability for second-
ary reuse. Batteries that have less than 80% of their initial
capacity and do not hold any secondary reuse value, will
undergo a precise dismantling process as outlined in Fig. 10.
To ensure the safety of subsequent processing steps, the
individual batteries are discharged using a constant poten-
tial discharge device, which reduces the voltage to a range
between 1.50 and 2.75 V. The discharged battery packs are
separated into outer casings and inner cores through cut-
ting, and the internal electrolyte is removed using an elution
solution. After undergoing drying, the electrode sheets are
sorted. The cathode materials obtained from sorting are then
crushed, resulting in a mixed powder of cathode materials
with varying particle sizes and Al foil. By exploiting the
disparity in particle density, these materials are separated
using vibrating sieves with mesh sizes ranging from 50 to
300 mesh. Finally, the obtained cathode powder enters into
the direct regeneration section.

()

[ Retired Cathode ]

[ Demagnetization ]
Put Cathode

5.2 Direct Regeneration

The direct regeneration process includes mixing, testing,
compensating missing elements, and high-temperature sin-
tering, as depicted in Fig. 11a. In practical production, a
small amount of magnetic impurities may be introduced into
the cathode powder due to environmental control issues. To
address this problem, a demagnetizer is employed in the first
step to remove the magnetic substances mixed in the powder.
The treated cathode powder is then mixed by a spiral ribbon
blender to ensure the homogeneity of the material mixture
and stabilize the regenerative effect across different batches.
Elemental measurements are conducted on the mixed mate-
rials to ascertain the mass percentages of key elements (Li,
Ni, Co, Mn, Al) and identify the types of materials to be
recovered. Considering the propensity of lithium to vola-
tilize during high-temperature calcination, the amount of
lithium added during the mixing stage is calculated based
on the ratio of (Ni+Co+Mn):Li=1:1.05.

The process of compensating missing elements is
depicted in Fig. 11b. A mixture is prepared by combining
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Fig. 11 a Direct regeneration process of spent lithium-ion battery ternary cathode material. b Compensation process of missing element
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pure water and anhydrous ethanol in a ratio of 9:1. Subse-
quently, anhydrous lithium acetate is added and thoroughly
stirred to form an emulsion. The lithium source is then
spray-mixed with the cathode material powder, ensuring
an equal distribution of the lithium source and cathode
powder throughout the spraying process via continu-
ous stirring. The materials are uniformly conveyed into
a continuous and controllable atmosphere furnace via a
conveyor belt for solid-state sintering under an O, atmos-
phere. The furnace is divided into heating, constant tem-
perature and cooling stages, encompassing 18 temperature
control zones in total, with the temperature of each zone
maintained between 100 and 950 °C. After regeneration,
the cooled materials are crushed and enter the grading
chamber. Separated fine particles that meet the particle
size requirements are collected, mixed, demagnetized and
subsequently packaged. The regenerated NCM523 dem-
onstrates an initial discharge capacity of 140 mAh g~! at

| Spent Lithium—ion Batteries

a current rate of 0.1 C, closely approaching the theoretical
capacity of 150 mAh g~!. These results are comparable
to the restoration effect achieved at the laboratory scale,
thereby providing ample evidence to support the viability
of employing the direct regeneration method in large-scale
industrial applications.

Among the five direct regeneration methods, solid-state
sintering is easy to operate and can achieve elemental
replenishment and structural recovery in one step. It is appli-
cable to different types of materials and is more suitable for
large-scale industrialized production situations. However,
when facing the situation of a large quantity and mixing of
different batches of materials, the accurate calculation of
lithium loss and achieving homogeneous mixing of materials
and lithium source become problems that need to be solved
during practical operation. The hydrothermal method elimi-
nates the need for calculating the amount of lithium supple-
mentation and solves the difficulty of mixing materials with
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the lithium source. However, its application in large-scale
industrialized production is limited due to the requirement
of a specific container and the high-pressure working envi-
ronment, which pose safety concerns. Eutectic molten salt,
electrochemical, and chemical lithiation methods can effec-
tively supplement missing elements and restore the struc-
ture, especially when combined with subsequent annealing.
However, their limitations raise concerns about whether they
can meet the requirements of large-scale industrial appli-
cations. For example, the eutectic molten salt method has
shown promising repair effects for NCM, but reports on its
efficacy for LFP and LCO are relatively scarce. It is worth
exploring whether it can be universally applied to different
material types. Electrochemical regeneration is more suit-
able for repairing materials with low levels of degradation
and minimal structural damage, while achieving satisfac-
tory repair effects for highly degraded materials proves chal-
lenging. The chemical lithiation process involves the use of
organic chemical reagents, and finding ways to efficiently
use and environmentally recycle these reagents is a future
direction that requires attention.

6 Conclusion and Outlook

In this article, we start by exploring the failure mechanisms
of three representative battery cathodes, LFP, NCM and
LCO. The primary reason for the failure of LFP is the pres-
ence of lithium vacancies (Liy) and Li/Fe antisite defects,
the NCM capacity attenuation is mainly due to the structural
change caused by the loss of elements, and the structural col-
lapse and the formation of unfavorable phase interface are
the main reasons for the deterioration of LCO performance.
Each material manifests distinctive failure reasons, where
those experiencing minimal structural damage are deemed
more suitable for direct regeneration. Moreover, the quality
of the pretreatment stage assumes a critical role in determin-
ing the effectiveness of material regeneration. We accentu-
ate the research progress of direct regeneration methods for
cathode materials, and exemplify the application of direct
regeneration technology in the battery recycling industry
through the Tianjin Sai De Mei direct regeneration produc-
tion line. Building upon this foundation, Fig. 12 portrays a
foresight into the future large-scale industrial implementa-
tion of direct regeneration methods.

© The authors

(1) In the future, nondestructive discharge technology can
be developed for large-scale industrialized production.
This technology involves discharging decommissioned
batteries by utilizing advanced instruments to achieve
precise control over the discharging process. The
benefits include shorter discharging time, improved
operational efficiency, reduced corrosion of electrode
materials during discharging, and prevention of pos-
sible structural damage. In addition, methods for the
secondary utilization of residual energy within the bat-
tery can be explored, such as harnessing the remaining
energy for material restoration purposes.

(2) Currently, most enterprises heavily rely on manual
dismantling of used batteries for accurate component
separation in production. However, this method is inef-
ficient and costly. During the disassembly process, a
portion of the electrolyte will volatilize, generating
toxic and harmful gases that pose health hazards. In
future research, advanced technologies such as artifi-
cial intelligence and visual imaging can be developed
to replace traditional manual work with more efficient
methods. This will enable intelligent and highly effi-
cient precision dismantling processes, which are bet-
ter suited for mass production scenarios. Additionally,
other components, such as battery shells obtained from
dismantling, can be utilized for resource recycling, thus
achieving the complete recycling of all retired lithium
battery components.

(3) Inindustrial production, most companies utilize crush-
ing and sorting techniques to recover cathode powder
from batteries. However, a certain amount of impuri-
ties, such as Al, Fe, and Cu, inevitably remain in the
recovery process. In the future, we can further optimize
the separation methods between the material and the
aluminum foil. This can be achieved by developing
low-temperature or room-temperature separation tech-
nology to reduce energy consumption. Additionally,
we can focus on developing nondestructive separation
technology to improve the separation rate between the
cathode material and the collector. These advancements
aim to realize near—zero residue of impurities in cath-
ode materials.

(4) In future research, it is necessary to clarify the rela-
tionship between the failure mechanism of different
types of materials and the regeneration mechanism.
For decommissioned materials with varying degrees
of degradation, optimization of the regeneration condi-
tions should be based on the characteristics of the waste
materials. The goal is to find an optimal regeneration
method that achieves low energy consumption, low

https://doi.org/10.1007/s40820-024-01434-0
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cost, and high efficiency. Additionally, it is important
to establish recycling standards and provide support for
the large-scale industrial application of direct regenera-
tion methods.

(5) Current laboratory studies have shown that the pres-
ence of small amounts of impurities can improve the
electrochemical properties of regenerated materials. In
the future, further exploration of the effects of impuri-
ties on the repair and regeneration process is necessary.
This will help elucidate the migration and transforma-
tion mechanisms of impurity elements and determine
the threshold value for their presence. Scale—up experi-
ments will be conducted to evaluate the amplification
of impurity effects in large-scale applications. These
experiments will provide guidance for practical produc-
tion.

(6) Currently, direct regeneration is primarily based on
laboratory research and often yields better results in
small-scale experiments. However, in actual produc-
tion, variations in production conditions and material
batches lead to differences in the stability of regen-
erated materials and the consistency of regeneration
results. It becomes challenging to achieve the same
level of regeneration as observed in laboratory-scale
experiments. In future research, it is recommended to
conduct experiments above the pilot scale at the pro-
duction site. This will allow for the optimization of pro-
cess flow and adjustment of experimental parameters,
ultimately enhancing the stability and consistency of
products during large-scale production.
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