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Abstract

The rapid growth of electric vehicle use is expected to cause a significant environmental
problem in the next few years due to the large number of spent lithium-ion batteries
(LIBs). Recycling spent LIBs wouldn’t only alleviate the environmental problems but
also address the challenge of limited natural resources shortages. While several hydro-
and pyrometallurgical processes have been developed for recycling different
components of spent batteries, direct regeneration presents clear environmental and
economic advantages. The principle of the direct regeneration approach is restoring the
electrochemical performance by healing the defective structure of the spent materials.
Thus, the development of direct regeneration technology largely depends on the
formation mechanism of defects in spent LIBs. This review systematically detailed the
degradation mechanisms and types of defects found in diverse cathode materials,
graphite anodes, and current collectors during the battery's lifecycle. Building on this
understanding, we've outlined principles and methodologies for directly rejuvenating
materials within spent LIBs. We also propose the main challenges and solutions for the
large-scale direct regeneration of spent LIBs. Furthermore, this review aims to pave the
way for the direct regeneration of materials in discarded lithium-ion batteries by

offering a theoretical foundation and practical guidance.
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Introduction

With the rapid increase in demand for electrical vehicles (EVs), the number of EVs
on roads expected to reach 7.5 million globally by 2030. ' Most EVs currently use
lithium-ion batteries (LIBs) as the main power source. However, the service life of the
state-of-the-art LIBs ranged between 5-8 years, implying that numerous retired LIBs
will be produced in the future. 22 It is projected that by 2030, the global total capacity
of exhausted LIBs will surpass 104 GWh. # Spent LIBs contain large amounts of
valuable metal elements, such as Co, Ni, and Li,’ that have limited natural resources.
Also, extracting raw materials of these elements puts significant pressure on the supply
chain processes due to several geo-political issues. If these spent LIBs are not managed
appropriately, it is a great waste of resources, which is contrary to the social subject of
sustainable development. Additionally, the heavy metal elements contained in spent
LIBs are toxic, which pollutes the environment and, more importantly, will eventually
reach the human body through the enrichment of the biological chain and affect people's
health. ¢ Therefore, these spent LIBs must be recycled in a green and efficient way,
many governments have issued relevant policies (Figure 1a) for battery recycling.”’

In LIBs, approximately 40% of the overall battery cost can be attributed to cathode
materials, and the core of recycling spent LIBs revolves around the recovery of these
cathode materials. 3® Currently, the traditional methods to recycle spent cathode
materials are hydrometallurgical and pyrometallurgical. 3*** Guo et al. have made
improvements to traditional battery recycling methods and proposed a mild and more
efficient strategy for extracting precious metals through the selection of suitable
solvents. *» *. However, these methods still have several drawbacks. First, the
traditional recovery of cathode materials requires extreme conditions, such as strong
acid or high temperature, to destroy the structure of the spent cathode, where secondary
pollution and high energy consumption are inevitable.*> Secondly, these methods
cannot make full use of the energy stored in the spent cathodes, in which there is still
about 80% residual capacity.*® Third, the routine of hydrometallurgical and

pyrometallurgical regeneration is extremely cumbersome because it includes multiple



extraction, separation, purification, and resynthesis steps. 448

From this perspective, direct recycling technology has emerged as a compelling
alternative to traditional recycling techniques. The direct recycling method is a green,
milder recycling method compared to the traditional recycling methods. This mixes the
pretreated spent cathodes with Li salt, followed by a calcination step to obtain
regenerated cathode materials with restored or even improved electrochemical
performance. *° Direct recycling of spent cathodes does not require excessive energy
and environmental costs; the process is simple and utilizes energy efficiently. °>*! Many
studies have shown that direct recycling yields higher economic benefits than
traditional recycling methods. 2#*°233 The most critical advantage of direct recycling
over hydrometallurgical and pyrometallurgical recycling is that it does not cause
damage to the structure of the spent cathode during the regeneration. Recently, the
United States Department of Energy built the LIB Recycling Center (ReCell), with the
objective of implementing direct recycling practices that reuse of all components from
spent LIBs, achieving a closed-loop manufacturing process for LIB recycling. !

The primary method of direct regeneration of spent LIBs is the targeted repair of
defects in failed materials and the restoration of the materials' structures before cycling
the battery. Therefore, designing the repair strategy depends largely on understanding
the degradation mechanisms and defective types of failed materials. Based on recent
research results, we comprehensively and systematically summarized the defect
formation mechanisms, types, and characterization methods for spent materials.
Namely, we investigate the failure of LiCoO; (LCO), LiNixCoyMn,O> (x+y+z=1),
LiFePO4 (LFP), LiMn2O4 (LMO) cathode materials, graphite negative electrode, and
Al and Cu current collectors. The article then moves to critically analysing the
technology thus far developed for directly repairing targeted defects in spent positive
and negative electrodes. Finally, we discuss the existing challenges of direct recycling

and offer potential solutions to overcome them.



An overview of battery recycling policies for different countries and union
Japan:

Influenced by raw materials, Japan has been a leader in recycling spent batteries
and basic, comprehensive, and special laws have regulated battery recycling. In 1991,
the Law for Promotion of Utilization of Recyclable Resources was enacted, which
further specified the specific channels for recycling used batteries from consumers to
recycling enterprises, clarified the responsibilities and obligations of producers,
managers, consumers, and other links, and stipulated that producer are strictly
responsible for recycling batteries. 8 After the successful implementation of the battery
recycling program in 1994, the establishment of the power battery "production-sales-
recycling”" recycling system, clearly defined the battery manufacturer as the main
recycling body, through automobile dealers, gas stations, retailers, and other channels
to carry out waste battery recycling. ° In 2000, the Law for Promotion of Effective
Utilization of Resources was enacted, which aims to establish a sound material cycle
economy through a series of measures, such as its requirement to reduce, reuse and
recycle (3Rs) as part of measures covering the upstream sector, including product
design, to the downstream sector (e.g., collection and recycling of used and end-of-life
products). 1213 In 2018, a number of Japanese automakers formed the Battery Recycling
Alliance (represented by Toyota, Honda, etc.) to promote the recycling of
decommissioned power batteries for electric vehicles. This manufacturer-based
recycling model enables companies to develop and design batteries with greater
consideration for their sustainability at the source and improves the subsequent
recycling rate.

Europe:

In Europe, there are a number of frameworks for battery recycling, and several
framework directives related to power batteries have been issued since 1991, 716:18:19
which have gradually improved the battery recycling system. In 2023, the European
Union issued Regulation Concerning Batteries and Waste Batteries (EU) 2023/1542,
amending Directives 2008/98/EC and 22019/1020, and replacing and repealing the

former Batteries Directive 2006/66/EC. ¢ The law requires that all batteries placed on



the EU market be subject to full life cycle management to promote the sustainable and
recyclable development of the EU battery industry. The EU Battery Regulation has set
a new environmental benchmark for the sustainable development of the global battery
and new energy vehicle industries with its proposed supply chain due diligence
requirements, battery carbon footprint, minimum recyclable battery material targets,
and restrictions on toxic and hazardous substances.

United States:

The United States regulates used batteries at three levels: federal, state, and local.
The three levels of law complement and regulate each other, thus making the U.S.
battery recycling legal system perfect. Currently, there are two federal laws related to
lithium battery recycling, one is the Mercury-Containing and Rechargeable Battery
Management Act, '° which requires companies and stores that sell lead-acid and nickel-
metal hydride batteries to accept and recycle used batteries, !! and the other is the
Resource Conservation and Recovery Act (RCRA), which sets the regulatory
framework for dealing with non-hazardous and hazardous solid waste. California
enacted AB-2407 Recycling: Lithium-Ion Vehicle Batteries: Advisory Group in 2018,
which proposes to establish an advisory group by April 2019 and provide policy
recommendations by April 2020 to ensure that 90 percent of the state's discarded
lithium electric vehicle batteries are recycled safely and economically. 2°2° In 2021, the
U.S. proposed National Blueprint for Lithium Batteries 2021-2030, which emphasizes
the establishment of a complete and competitive lithium battery recycling value chain
in the U.S. to achieve the end-of-life reuse of lithium batteries and the large-scale
recycling of key raw materials and will introduce more federal recycling policies in
2025. %! In November of 2021, the Infrastructure Investment and Jobs Act of 2021 was
enacted, which includes electric vehicles and recycling of battery processing materials,
with a $5 billion investment in this area. *> The Inflation Reduction Act of 2022
specifies that all electric vehicle battery materials recycled in the United States,
regardless of source, are considered American-made and eligible for subsidies. **
Korea:

Since the end of the 20th century, Korea has been enacting and revising special



laws and regulations on the recycling of e-waste, such as the Act on the Promotion of
Saving and Recycling Resources, which was implemented in 2002, and initially set up
a system for the return of deposits for the disposal of waste. '*'4 In 2003, the Act on the
Promotion of Saving and Recycling Resources was comprehensively revised, and the
Extended Producer Responsibility (EPR) system was introduced. !> Based on the EPR
recycling system, researchers have also proposed a battery recycling system for Korea,
where battery manufacturers set up producer responsibility organizations to coordinate
the costs associated with the recycling of power batteries, and the government promotes
the transfer of batteries from consumers to government-designated recycling centers
through subsidies, and materials companies obtain metals through dismantling and
recycling and return them to manufacturers or importers, thus forming a good battery
recycling cycle. The South Korean government proposed the K-Battery Development
Strategy in 2021, which plans to invest 40.6 trillion won in the power battery sector by
2030 to ensure South Korea's dominance in the global battery industry. ** This strategic
initiative increases investment in the battery industry, builds Korea's local battery
ecosystem and promotes the localization of the battery supply chain, driving domestic
demand growth in the local battery market. As part of South Korea's strategy, South
Korea's major battery manufacturers, including LG New Energy, Samsung, SK
Innovation, and other well-known companies, have recently made frequent moves in
the power battery recycling market, in the form of purchasing shares of companies
specializing in this field and other forms of layout.

China:

In order to protect the environment, improve the utilization rate of resources,
implement the scientific outlook on development, and realize sustainable socio-
economic development, the Ministry of Ecology and Environment of the People's
Republic of China issued a technical policy for the recycling of automotive products in
2006. '7 The purpose of this policy is to guide the production and sale of automobiles,
and mobilize the relevant enterprises to Develop and promote the recycling of end-of-
life automotive products. With the massive growth in battery recycling in 2016, China

enacted a series of regulations and related policies. [20-2427-30:3537] The main objectives



of China's policy system for battery recycling, especially power battery recycling for
new energy vehicles, are to promote resource recycling, environmental protection, and
the healthy development of the industry. Implementation Plan of Extended Producer
Responsibility System imposes extended producer responsibility for battery recycling.
20 Vehicle Power Battery Recycling Utilization Energy Detection (GB/T34015-2017)
provides for the determination of the appearance, polarity, voltage, charging and
discharging current, and residual energy of storage batteries. 2> The Code for Recycling
and Dismantling of Vehicle Power Batteries (GB/T33598-2017) provides for safety
measures, procedures, storage, and management of vehicle batteries. >* The Pilot Work
on Recycling and Utilization of Power Batteries for Electric Vehicles clarifies pilot
areas and enterprises for battery recycling. >’ Guidelines for Construction and Operation
of New Energy Vehicle Power Battery Recycling Service Outlets narrow definitions for
battery recycling facilities (other than those for lead-acid batteries). ** In order to
increase the comprehensive utilization management of used new energy vehicle power
batteries, promote resource recycling, and promote the high-quality development of the
new energy vehicle industry, the Ministry of Industry and Information Technology
(MIIT) will accelerate the development of the Administrative Measures for the

37 which is an

Recycling of Power Storage Batteries for New Energy Vehicles,
improvement of the standard system of the power battery.
Recycling process

The schematic of recycling spent LIBs is shown in Figure 1b. Before recycling, or
regenerating, in general, spent batteries need to be fully discharged, and the discharge
process is usually carried out in a salt solution (NaCl, NaSOs, etc.). After discharge, the
batteries are mechanically disassembled or crushed. For pyrometallurgical recovery
(Figure 1b), the crushed samples are directly subjected to high-temperature treatment,
where the separators, binders, conductive agents, graphite negative electrodes, and
electrolytes contained in spent LIBs are all removed. The Al current collector can be a
reducing agent to reduce transition metals and form corresponding alloys. The alloys

are then subjected to several leaching, separating and purifying steps to obtain the target

element in the leaching liquid. Finally, these metals can be converted into precursors



for synthesizing cathode materials of LIBs. Regenerated cathode materials for LIBs can
be obtained by sintering the mixture of precursors and LiOH. While a number of
pyrometallurgical techniques have demonstrated encouraging results, their high-
temperature requirements make them energy-intensive and contribute to CO2 emissions.
For hydrometallurgical recycling (Figure 1b), the plastic, separator, battery shell,
cathode materials, and negative electrode graphite contained in spent LIBs are
separated through several physical beneficiation steps. The separated positive electrode
materials are leached with an acid or alkali, and then the corresponding metal salt is
obtained by further separation, purification, and other processes. The corresponding
metal salt is then utilized to create the cathode materials. The hydrometallurgical
recovery process involves the use of acid/alkali solutions, which inevitably leads to
secondary environmental pollution. In addition, its recycling steps are tedious. The
challenges of the pyro- and hydro-metallurgical processes magnify for cathode
materials with minimum or no Co content, such as rich nickel and LiFePO4 from
economic benefits.

The attenuated performance of cathode materials is primarily attributed to the Li
loss and the changes in crystal structure it brings. Therefore, effective Li replenishment
for cathode materials can repair the electrode and restore its performance to the level of
freshly-made cathode materials. The direct regeneration of cathode materials directly
supplements Li to the cathode materials via appropriate methods (solid state sintering,
electrochemical, deep eutectic solvent, solution, and other strategies) to obtain directly
usable cathode materials (Figure 1b). From the above analysis, it can be seen that the
direct regeneration method has a simple operating process, less environmental pollution,
and greater value and income compared to traditional pyrometallurgical and
hydrometallurgical recycling methods, which makes the direct recycling method attract

more and more attention.
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Figure 1. (a) The policies of battery recycling in different countries. (b) Schematic of
pyrometallurgical, hydrometallurgical, and direct recycling processes.

Since the types and intensity of defects plays a significant role in the regeneration



processes, we have systematically summarized the defects generated during cycling
(including the corresponding characterization methods) and further illustrated the
degradation mechanisms of materials during cycling. Taking the spent layered cathodes
as an example, their degradation degree is related to the Li vacancies, which cause
changes in the chemical binding between the transition metal and the spacing of the
(003) crystal plane in the layered cathode. The degradation level (Figure 2a) of spent
cathode materials can be characterized by X-ray diffraction (XRD), inductively coupled
plasma (ICP), Fourier transform infrared (FTIR), Raman spectroscopy and some other
spectroscopic techniques. The degradation mechanisms of cathode materials, the types
of surface macroscopic defects (cracks/void/hole), and formed microscopic atomic
level defects (spinel/rock salt) during its cycle can be explored by scanning electron
microscopy (SEM), focused ion beam (FIB)-SEM, energy dispersive spectrometer
(EDS), time-of-flight secondary ion mass spectrometry (TOF-SIMS), high-resolution
transmission electron microscopy (HRTEM), electron energy loss spectroscopy (EELS),
X-ray photoelectron spectroscopy (XPS), atomic force microscopy (AFM), and
synchrotron radiation (Figure2a). Based on an adequate understanding of the formed
defects and degradation mechanisms of spent electrode materials, we have summarized
in Figure 2b the recycling methods (mainly including solid state sintering,
electrochemical, molten salt or deep eutectic solvent, solution-based, and ionic liquid-
based) for different spent cathode materials. Specifically, due to researchers' insufficient
understanding of the degradation mechanisms of spinel LMO, the solution-based Li
replenishment method and solid-state sintering are currently available for the
regeneration of spent LMO. Therefore, there are other methods worth exploring for the
direct regeneration of spent LMO. In the following sections, we will conduct a detailed
analysis of degradation mechanisms, generated defect types of the cycled cathodes
(LCO, LiNixCoyMn,0O; (x+y+z=1), LFP, LMO) and negative (graphite) materials and
current collectors (Al and Cu), and recycling methods of aforementioned spent

materials in LIBs.
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Figure 2. (a) The explored process of degradation mechanism of the spent cathodes. (b) Direct
recycling methods of different cathode materials.

We have compiled an overview of the main functionalities, uniqueness, and
limitations in the typical characterization methods employed for examining the
defective structures within spent cathodes (Table 1).

In terms of functionalities, XRD/XRD Rietveld Refinement/Raman Spectroscopy/
XPS/ICP analysis provide general information on defect structures within spent
cathodes. Meanwhile, SEM/FIB-SEM/AFM ofter insights into the defect structures at
the micrometer or sub-micrometer scale in spent cathodes. And, TEM/EELS/XANES

furnish atomic-level information regarding defect structures. The specific uniqueness



and limitations of the above characterization methods are summarized in Table 1 in

detail.



Table 1. An overview of the main functionalities, uniqueness, limitations in the

typical characterization methods employed for examining the defective structures
in spent cathodes.
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XPS is used for analyzing
the valence states of
elements and the
composition of chemical
bonds in cathode
materials.

XPS

Observation of cracks or
pores on the surface of
spent cathode materials.

SEM

Observation of surface
undulations caused by
lattice slips on spent
cathode materials.

AFM

Observation of internal
cracks or pores within
spent cathode materials.

FIB-SEM

XPS has an
extremely high
sensitivity in
analyzing surface
elements of failed
cathodes and can
also determine the
relative
abundances of
different chemical
states of the same
element.

High-resolution
imaging (with
magnification up
to 100,000 times).

It has nanoscale
resolution.

FIB allows for
precise cutting at
sub-micron or
even nano-scale
levels, while SEM
provides real-time
imaging
simultaneously.

Limited depth
profiling
capability;
insufficient
sensitivity for
detecting light
elements;
limited spatial
resolution (10
um).

SEM only
reveals defect
structures on
the surface of

the spent

cathode
material.

Imaging speed
is relatively
slow;
particularly,
when acquiring
high-
magnification
images, the
scanning speed
can be
significantly
reduced.

A significant
amount of heat
are generated
during cutting,
leading to
structural
deformation.
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crystal structures. body effects
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scattering.




Degradation mechanisms of LCO and corresponding characterization methods

LCO is widely used in portable electronics. The defects of spent LCO mainly
include the formation of Co3O4 on the surface and the Li vacancies formed in the
subsurface and core of LCO during cycling. ** In this section, the formation process of
the failure structure of LCO and the corresponding characterization methods for defects
will be discussed.

The XRD characterizations of spent LCO and regenerated LCO were performed
by Dong et al. The XRD diffraction spectrum of spent LCO in Figure 3a showed the
Co304 impurity phase relative to the diffraction peak of pristine LCO (JCPDS no. 75-
0532).%° During extended cycling, the formation of Co304 defects occurs due to the
migration of Co atoms from the transition metal layer to the Li layer within the structure
of the material, >**7 and the Co0304 failed structure is generally located on the outer
surface of spent LCO. More detailed structural analyses are discussed later. There is
also a clear shift in the diffraction peak at ~19° for the spent LCO relative to that of
regenerated material (DR-LCO, DR-D-0.5%, DR-D-1%, DR-D-2%) at different repair
conditions (Figure 3b). This shift was attributed to the formation of Li vacancies in
spent LCO. The generation of Li vacancies changes the electrostatic repulsion force
between non-metallic element O of the (003) crystal face in the LCO lattice structure.
5839 Consequently, the lattice spacing of the (003) crystal plane in spent LCO is
observed to be marginally larger compared to that of its fresh or unaltered counterpart.
Zhang et al. quantified the concentration of Li vacancies and the proportion of the
Co304 impurity phase (Figure 3¢) in spent LCO by the Rietveld refined XRD. ® Yan et
al. found that obvious Li depressed on the surface of the cycled samples with different
cycling conditions, which was the reason for the formation of Co3O4 on the surface of
the failed cathode materials (Figure 3d-)%!. XPS has also been employed to investigate
the chemical states of Co304 defects present on the surface of spent LCO. Dong et al.
found that the content of Co®>" and Co®" are relatively similar for spent LCO, > and
Co**content is much greater than Co®"content in regenerated LCO. Increasing the Co*"

content is related to the formation of Co3O4 on the surface of LCO during cycling. Here,



Co0304 can be regarded as a composite of CoO (Co**) and C0203 (Co**). In-situ Raman
spectroscopy serves as a potent analytical tool for elucidating the structural
transformations undergone by cathode materials both during and subsequent to the
charging/discharging cycles. In the case of LCO, the Az mode detected at
approximately 594 cm™! signifies the lattice vibrations associated with Co-O stretching,
while the E; mode appearing near 488 cm™' corresponds to the O-Co-O bending modes.
The characteristic peaks at 700 cm™ are associated with the formation of Co30s. %93
Cheng et al. demonstrated that LCO produces the failed structure Co3zO4 (Figure 3g)
during cycling, ® and its formation is connected with the release of lattice oxygen from
the cathode material. The ICP analysis can qualitatively determine the degree of
degradation of spent cathodes. Cheng et al. calculated the molar ratio of Li/Co of
cathode materials at different states of charge. ® The results showed the molar ratio of
Li/Co in spent LCO was 0.795, 0.827, and 0.853 at different discharge capacities (7.6,
15.1, and 64.4 mAh/g) in the first cycle. After regeneration, the molar ratio of Li/Co of
the cathode material recovered to 0.998, 0.993, and 0.997 (Figure 3h). Spent cathode
materials exhibiting defects demonstrated significantly reduced discharge capacities
along with inferior cycling -capabilities. However, upon regeneration, the
electrochemical properties of the regenerated cathode materials were found to be
comparable to those of their original counterparts. (Figure 31). They also present that
the concentration of Li vacancies in spent LCO is significantly correlated with the
residual capacity of spent LCO, *° where the lower the residual capacity of the spent

cathode, the more Li vacancies are contained (Figure 3j).
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Society.

Zhang et al. demonstrated the Co3zO4 phase formed on the surface (Figure 4a) of
LCO during cycling at the atomic level by transmission electron microscopy (TEM), %
which is confirmed by the XRD and Raman results. Li and Wang et al. found that there
were obvious cracks and holes on the surface and inside (Figure 4b and Figure 4c) of
the spent LCO%%7 which formed due to stress concentration during cycling. The
formation of Li vacancies in LCO is accompanied by vigorous Li" deintercalation and
intercalation, causing uneven stress distribution in the LCO lattice structure, was
proved by continuous changes of diffraction peak around 19° in the XRD pattern upon
cycling. %% AFM is often used to analyze the flatness of the material surface. Zhou et
al. reported that the surface of the spent cathode materials showed obviously high
fluctuations and roughness (Figure 4d-f) %° due to the slippage of the LCO lattice
structure in a specific direction during cycling. "%’! They also observed the obvious
cracks in the TOF-SIMS images of spent LCO. The areas near the crack have a
concentrated distribution of Li/Co elements, '> which was attributed to the defective
structural part being more likely to react with the electrolyte. '1”* Researchers have
successfully evidenced the presence of a Coz04 impurity phase on the surface of the
depleted cathode material. Li vacancies contained in the spent cathode, and under the
condition of low calcination temperature, some Li vacancies can be repaired, and then
the disordered phase cannot be repaired (Figure 4g-1)®!.

In summary, according to the results of prior work, we have drawn the following
conclusions. At the micron scale or sub-micron, the surface of spent LCO exhibits
prominent cracks and voids, which can be analyzed through characterization techniques
such as XRD, TOF-SIMS, AFM, and SEM. The occurrence of these cracks is intimately
related to the continuous lattice expansion or contraction occurring during the cycling
process of the LCO cathode material. At the nanoscale, the surface of spent cathode
particles displays Co3zO4 spinel structure (the emergence of the spinel phase is closely
linked to the migration of transition metals into the lithium layers). Internally, there
exists a lithium-deficient layered structure. The defective structure in spent LCO can

be analyzed through techniques such as TEM and in situ Raman spectroscopy. We have



also found that effective restoration of the internally lithium-deficient layered structure
can occur at temperatures as low as 300 °C; however, the spinel structure formed on the
surface requires a higher temperature for repair.
The mechanisms and methods for direct regeneration of spent LCO
The repair process of spent LCO is as follows:
Li;_,Co0, + xLi* + xe™ - LiCo0,
Co304 + 6Li,CO3 + 0, —» 12LiCo0, + CO,

Researchers have directly repaired and regenerated spent LCO through solid-state
sintering, electrochemical lithiation, solution lithiation, and lithiation assisted by deep
eutectic solvents. For solid-state sintering, the spent LCO is mixed with a Li salt without
destroying spent LCO, and the Li vacancies and Co30O4 that existed in spent LCO are
repaired with calcination. '*” Yuan et al. directly combined spent LCO cathode
materials with solid lithium compounds (such as Li2CO; or LiOH) and annealed the
mixture in the air at 850-950 °C for 12 h to repair the compositional and structural
defects. " The physical, chemical, and electrochemical properties of the regenerated
LCO are all close to those of commercial LCO, which fulfill the commercial requisites
for reuse. During electrochemical lithiation, Li" in the solution is supplemented into the
Li site of the spent cathode driven by an electric field. 7’® He et al. used the spent LCO
and Pt as the working and counter electrodes, respectively. The Li" in Li>SO4 electrolyte
was delivered to the spent LCO during discharge, and the Li vacancy defects were
repaired. ”° An electrode fabricated using the regenerated LCO materials displayed a
charge capacity of 136 mAh/g, which is nearly equivalent to that of a commercial LCO
electrode (140 mAh/g). Solution lithiation generally refers to the process of lithium
supplementation for spent cathodes at high temperature and high pressure, where the
sample can be further repaired after short sintering. *® Chen and co-authors described a
methodology involving the hydrothermal treatment of used cathode material particles
within a specific concentration of lithium salt solution, succeeded by a brief thermal
annealing step, to regenerate the cathode materials.®! The rejuvenated LCO particles
maintain their original morphology and structure, thereby delivering high specific

capacity and robust cycling stability. Significantly, it was discovered that the



regenerated LCO exhibits a notably superior rate performance when compared to
particles restored via solid state sintering methods. Deep eutectic solvents (DES) were
also used to relithiate the spent cathode without high pressure. After re-lithiation, the
spent LCO can be regenerated by solid-state sintering. Cheng et al. ® obtained the
regenerated cathode material by stirring spent LCO in LiCl-CH4N>O solvent at 120 °C
and then calcining the treated sample at 850 °C for 2 hours (Figure 4j). The used deep
eutectic solvents can repair the spent LCO with different states of charge. The
rejuvenated LCO demonstrates a commendable capacity retention of 90% following
100 charge-discharge cycles, which parallels that of the original LCO. Notably, the DES
utilized can be effortlessly recycled multiple times, rendering this method a notably
eco-friendly option relative to conventional recycling procedures, given its non-
generation of wastewater and minimal energy demands. The EverBatt 2020 assessment
projects a potential financial gain of 1.7 US dollars/kg cell, underscoring the strong

economic viability of this recycling process.
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Figure 4. (a) TEM images of spent LCO (scale bar, 20 nm). % Copyright 2021, The Authors,
published by MDPI. (b) SEM images of spent LCO (scale bar, 2 um). Reproduced with
permission.®” Copyright 2020, American Chemical Society. (c) FIB-SEM images of spent LCO
(scale bar, 2 pm). % Copyright 2022, Oxford University Press. (d-f) SEM and AFM images of spent
LCO and corresponding results (scale bar, 1 um). Reproduced with permission. 4° Copyright 2020,
American Chemical Society. (g) TEM image showing the cycled sample annealed at 300 °C with
LiOH (10 h). Void is successfully suppressed in (g). (h, i) Enlarged images showing the surface
region “h” with disordered structure and the subsurface region “i” with well-defined layered
structure.®! Copyright 2023, Elsevier. (j) The schematic of direct regenerate spent LCO by deep
eutectic solvents. % Copyright 2022, Oxford University Press.



Degradation mechanisms of LiNixCoyMn:O2 (x+y+z=1) and corresponding
characterization methods

Nickel-cobalt-manganese ternary cathodes have a lower cost than the LCO, and
the ternary cathode with higher Ni content has higher energy density at the same cut-
off voltage. However, high Ni content was reported to cause structural instability of the
cathode during cycling. % Up to now, the ternary cathodes that have been
commercialized include LiNig3C003Mno302 (NCMI111), LiNio.5C002Mno302
(NCM523), LiNig.6C002Mno202 (NCM622), LiNig.8Co00.1Mno.102 (NCMS811) cathode
materials. In the ternary cathode family, NCM523 has been extensively used in EVs
due to its combined advantages in price and performance. % Hence, an increasing
amount of spent NCM523 cathodes is anticipated to be scrapped shortly. In this section,
we mainly summarize the structural defects and characterization methods of cycled
NCMS523.

Chen et al. *® observed that spent NCMS523, pristine NCM523, and regenerated
NCMS523 (R-NCM523, RA-NCMS523) at different regenerated conditions keep a well-
defined layered a-NaFeO; structure with R-3m space (Figure 5a). The diffraction peak
near 19° corresponding to the (003) crystal plane and the diffraction peaks near 65°
corresponding to the (110)/(108) crystal plane in spent NCMS523 cathodes are
significantly different from those of pristine NCMS523. The diffraction peak
corresponding to the (003) crystal plane in spent NCMS523 distinctly shifts towards
lower angles as compared to that of the pristine NCM523 sample (Figure 5b). This
displacement is attributed to the occurrence of lithium vacancies within the spent
NCM523, which consequently alters the lattice cell structural parameters inherent to
the original NCM523 material. 3% The distinguished two peaks of the (110) and (108)
plane were found to merge for the spent materials (Figure 5c¢), indicating that the
inherent layered structure of pristine NCM523 has been destroyed and the rock
salt/spinel phase has been formed after multiple charge-discharge cycles. 35 The
Rietveld refinement results were used to quantitatively analyze the change of structural
parameters and the degree of Li/Ni mixing. 3 The a lattice parameter decreased while

the ¢ parameters increased after cycling (Figure 5d). The Li/Ni mixing in the spent



NCM is 13.7%, which is greater than that of the pristine cathode (4.3%). The emergence
of a defective structure (comprising rock salt and/or spinel phases) on the surface of
heavily degraded NCM523 (referred to as HD-NCM523) results from the migration of
transition metal elements to the lithium sites within the NCM523 crystal lattice during
cycling (Figure 5¢). TEM confirmed the structure and location of rock salts and spinel
in the spent cathode.

Ma et al. determined the degradation degree of spent NCM523 cathode using ICP.
They observed a direct correlation between the change in the elemental analysis and the
measured discharge capacity of the spent positive electrode, ¥’ i.e., the lower the
discharge capacity, the more degradation it suffered (Figure 5f). They also observed a
rough surface of spent NCM523 with obvious microcracks and holes, which may be
related to the side reactions with the electrolyte occurring on the surface during cycling.
Obvious cracks and holes in spent NCM523 were further observed by FIB-SEM. The
highly degraded LiNio.sC00.1Mn0.102 (S-NCM) exhibits obvious cracks and holes at the
surface and in bulk (Figure 5g). The bulk of repaired LiNig.8C00.1Mn0.102 (S-NCM)
showed a smooth surface (Figure 5h). Unlike NCM523, the repaired NCM still has a
partial rock salt phase (Figure 5i-))®, which is closely related to the Li/Ni mixing caused
by the large Ni content.® Similar to LCO, the lattice parameters of NCM523 and
LiNig$C00.1Mn0 10, change during repeated charging and discharging,’*° and the
stress caused by changes in lattice parameters after multiple cycles led to cracks in
layered cathode materials. The structural evolution of the surface of NCM523
inevitably causes a change in the valence state of its surface elements during cycling.
%0 Cheng et al. ¥” observed that the Ni valence state of the spent cathode had changed
significantly compared with that in pristine NCM523 using the XPS technique. The
increased Ni** content is mainly due to the formation of NiO rock salt structure on the
surface of NCM523 during the process of charging and discharging, which is further
verified by the Ols peak results of the spent cathode. The transition metal Co valence
state on the surface of spent NCM523 was found to be dominated by Co*" without

significant change. The Mn element on the surface of spent NCM523 presents a higher

oxidation state relative to the regenerated cathode, which may be related to the charge



compensation of the Mn element by the formation of Li deficiency during cycling. Liu
et al. discovered that the XPS spectra of the Co 2p3/2 and Mn 2p regions in the cathode
material, both before regeneration (at a low SOH, denoted as L-NCM523) and after
direct regeneration (at a high SOH, denoted as H-NCMS523), exhibit nearly
indistinguishable characteristic peaks corresponding to Co®>" and Mn*" ions at binding
energies of 780.2 eV, 642.3 eV, and 653.9 eV (Figure 5k-1). °! The variation of Mn
valence before and after the regeneration of cathode materials is inconsistent with the
above literature reports, which may be related to the degree of failure of the material.
Direct regeneration led to a significant increase in Ni (III) content in NCM523 (Figure
5m), confirming the transformation of the impurity phase to a perfect layered structure.
Significantly, the cathode materials regenerated through the novel process showcased
appreciably enhanced capacities, outperforming those attained via conventional and
exclusive eutectic salt-based regeneration techniques, and indeed, they marginally
exceeded the performance of commercial NCM materials. The organic molten salt
system used in the process of regenerated creates an oxidative environment during the
repair process of the failed NCM, thereby realizing the transformation of Ni from a low
valence state to a high one. This effectively reduces Li/Ni mixing in the regenerated
cathode material, resulting in regenerated NCM exhibiting better electrochemical
performance compared to pristine cathode materials. Taking into account the economic
and environmental advantages offered by the organolithium salt-assisted eutectic salts
direct regeneration method, it reveals potential for the direct restoration of low SOH

NCM cathodes and displays competitiveness suitable for industrial-scale applications.
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Figure 5. The XRD patterns of spent NCMS523, pristine NCM523 and R-NCM523, RA-NCM523.38
Copyright 2022, WILEY-VCH Verlag GmbH & Co. (a) (5-80°). (b) (15-24°). (c) (60-68°). (d)
Rietveld refinements of spent NCM523. 3 Copyright 2022, WILEY-VCH Verlag GmbH & Co. (e)
Schematic of the rock salt, spinel of HD-NCM3523, and layer structure of R-NCM523. 87 Copyright
2022, American Chemical Society. (f) The molar ratio of Li/(Ni+Co+Mn) of HD-NCMS523, pristine
NCM3523 and R-NCM523. 87 Copyright 2022, American Chemical Society. (g) Cross-section SEM



image of S-NCM prepared by Argon ions polishing. (h) Cross-section SEM image of R-NCM
obtained by FIB. (i) FIB-TEM samples of R-NCM. (j) HRTEM image of R-NCM, and the FFT
images on the right correspond the circle areas in R-NCM.?®® Copyright 2023, WILEY-VCH Verlag
GmbH & Co. (k-1) XPS spectra of Co 2p, and Mn 2p in L-NCM523, and H-NCM523. (m) The
proportion changes of O and Ni contents in L-NCM523, and H-NCM523. °'Copyright 2023,
WILEY-VCH Verlag GmbH & Co.

Cheng and co-authors *° identified the presence of cracks on the surfaces of the
degraded NCM523 cathode. (Figure 6a). TEM was used to analyze the structural
characteristics of spent cathode materials. The TEM images of spent NCM523 (Figure
6b and Figure 6¢) showed that the spent cathodes exhibit different lattice structural
characteristics from the surface to the bulk. The HRTEM images of the outermost
surface of spent NCM523 showed that the lattice-fringe spacing of its structure is 0.24
nm (Figure 6d), indicating the outermost surface of spent NCM523 is composed of rock
salt phase (NiO). This agrees with previous works and was confirmed by the fast
Fourier transform (FFT) pattern (Figure 6d). **% The formed rock salt phase was
attributed to the transition metals located in the transition metal layer migrating to the
Li layer. *? It was also found that the lattice fringe spacing increased to 0.51 nm for the
area close to the internal region of the spent material (Figure 6e and Figure 6f), which
is slightly larger than the lattice fringe spacing (0.48 nm) of the pristine NCM523
cathode (003) crystal plane. ** The increased lattice fringe spacing was attributed to the
migration of elements located in the transition metal layer to the Li layer during cycling,
whose formation mechanism is similar to that of the rock salt phase. ** Qin et al. 3
found that the innermost structure of the spent cathodes is still completely layered but
lacking Li. Chen et al. > conducted a detailed analysis of the coordination of O elements
and the oxidation state of transition metals at different regions (surface and bulk) of
spent NCM523 cathode through EELS. The peak observed in the O K-edge spectrum
at 534 eV represents the transition of O s electrons to hybridized states, which involve
a combination of TM 4sp and oxygen 2p orbitals. The features in the pre-edge region
situated below 534 eV correspond to transitions to energy states constituted by TM 3d
and oxygen 2p orbitals. The disappearance of the O element pre-edge structure at the
surface relative to the bulk phase of spent NCM523 was referred to the change in the

coordination structure for the O element and the transition metal element (Figure 6g)



due to the rock salt/spinel phase formation on the surface of cathode materials during
cycling. For the O K-edge spectra (bulk) of cathode materials, the spectra of the spent
cathodes are consistent with that of the regenerated cathode (Figure 6g), indicating no
obvious structural change in the bulk of the spent cathode materials. For the Mn L-edge
spectra of spent NCM523, the Mn L-edge spectra of the surface were observed to have
redshifted relative to the bulk, suggesting that the Mn in the surface region is in a low
oxidation state, which may be related to the charge compensation caused by the release
of lattice oxygen during the charging and discharging process of the cathode materials.
% The Mn L-edge spectra of the regenerated cathode (including the bulk and surface)
are consistent with the bulk of the spent cathode (Figure 6h), indicating the valence
state change of the Mn element only occurs on the surface of the NCM523 cathode
material. The Co L-edge spectra (including the bulk and surface) of the spent and the
regenerated cathodes are almost identical (Figure 61), which was believed to be Ni is
the main valence element in ternary cathode materials during cycling, and the
proportion of Co redox is much smaller than Ni redox. In Ni L-edge spectra (Figure 6j),
the N1 element of the regenerated NCMS523 (including the bulk and surface) exhibits a
lower oxidation state compared to spent NCM523 (including the bulk and surface), this
phenomenon was attributed to the charge compensation resulting from the
reintroduction of lithium following the regeneration process. After investigating the
literature, we found that the oxidation state of Ni elements and Mn elements on the
surface of the spent NCMS523 cathodes and regenerated NCMS523 cathodes is

indeterminate, 3%87-93-98

which may be related to the failure state and repair degree of
the cathode material. In general, the lattice structure of ternary cathode materials still
maintains the original inherent layered structure after cycling, and Li vacancies will
appear inside the particles, which is the main factor for its lack of capacity and rock
salt/spinel phase formation on the surface of spent cathode particle. °**7%¢ The formed
rock salt/spinel phase is due to transition metals migrating to the Li site (Figure 6k),
and this structure is not conducive to Li* transport, which is the primary cause of the

inadequate cyclic stability in cathode materials.

The mechanisms and methods for direct regenerate spent LiNi<CoyMn;O2



(x+y+z=1)

There are internally existing Li vacancies and surface-formed rock salt/spine phase
defects for the spent ternary cathodes. Researchers have directly repaired and
regenerated the spent ternary cathode using different methods (solid-state sintering,
solution-based lithiation, molten salt-based lithiation, and ionic liquid-based
relithiation), and the repaired cathode materials demonstrate a capacity that is
commensurate with their pristine counterparts. The regeneration process of spent
ternary cathodes is similar to that of LCO, which transforms the rock salt/spinel phase
that resides on the surface of degraded cathodes into a perfect layered structure, and the
Li vacancies existing in the internal structure disappear by re-lithiation during the
regenerating process. The following equations can summarize the reaction that occurs
during the repair process, where Me represents the transition metal elements (Ni, Co).

Li;_xMeO, + xLi* + xe~ — LiMeO0,
Mes0, + 6Li,CO5; + 0, —» 12LiMe0O, + CO,
MeO + 0.5Li,CO5 + 0.250, — LiMeO, + 0.5C0,

Traditional solid-state sintering techniques can efficiently revitalize layered
ternary cathode materials. *">192 Sun et al. ' achieved a good degree of repair and
regeneration of spent NCM111 with an extra mechanochemical step before the solid-
state sintering. Their innovative hybrid process successfully reinstated the layered
structure and augmented Li" diffusion, without incorporating additional impurities.
Upon regeneration, the NCM materials exhibited an initial discharge capacity of 165
mAh/g at a 0.2C during the first cycle, and maintained a capacity retention of over 80%
even after 100 cycles. Cao et al. !’ developed a simple and efficient non-destructive
method to recover cycled NCM523 particles from spent LIBs by heat treatment, which
can fully restore the capacity and the cycle stability of NCM523 compared to pristine
cathodes. The regenerated materials showcased a discharge capacity of 162.0 mAh/g at
a 0.1C. Under 1 C cycling condition, the materials delivered an impressively reversible
discharge capacity of 128.6 mAh/g after 100 cycles, retaining 91.9% of their initial
capacity, thus demonstrating parity with the pristine NCM523 in terms of capacity

1 102

retention. Zhang et a reported a simple and greener regenerative approach by pre-



oxidizing the spent NCM622 before short annealing approach. The rejuvenated cathode
material has a well-preserved crystalline structure and a notably diminished Li/Ni
intermixing, manifesting a capacity of 153.82 mAh/g (1C) at the voltage window of 2.8
to 4.3 V, with a remarkable capacity retention of up to 94.74% following 100 cycles.
Cheng’s group turns the rock salts/spinel phase presented on the surface of the spent
cathode into transition metal hydroxides by hydrothermal treatment of spent NCM523.
The materials obtained after hydrothermal treatment was mixed with LiOH and
calcined. The defects of the spent cathode materials were directly repaired by topotactic
transformation. * Interestingly, the topotactic lithiation process featuring notably low
migration barriers was linked to facile movement of Li* within a channel (reduced
electrostatic repulsion), where ions migrate from one octahedral site to another,
traversing a tetrahedral intermediate. This unique characteristic significantly bolstered
the efficiency of lithium replenishment during the regeneration. The solution
relithiation is a relatively simple and scalable technology for regenerating the LIB
cathodes,’®!**despite the need for high pressure. The spent cathodes can be restored to
a reasonable degree after solution re-lithiation and mild annealing. Chen et al. '
implemented a recycling strategy for severely deteriorated NCM523 cathode materials
(with residual capacity approximating 10%) by employing a two-step process that
integrated hydrothermal treatment with a solid-state eutectic Li" molten-salt solution
sintering procedure. The regenerated cathodes exhibited a layered crystalline structure,
and the capacity of pouch cells (1.7 Ah) assembled by regenerated cathodes maintained
90.8% after 500 cycles. Another potential regeneration solution for spent cathodes is a
molten salt (eutectic mixture). *3°71% Zhou group ¥” opted for a eutectic Lil-LiOH
salt system, characterized by the lowest eutectic temperature among binary lithium salt
eutectics, to create a Li-enriched molten environment conducive to the direct
regeneration of various spent ternary cathode materials, including NCM111, NCM523,
and NCM622. Ionic liquids are also considered effective media for solution repair
because, like molten salts, they do not require extreme high-pressure conditions. The
capacity, rate capability, and cycling performance of the regenerated NCM523 were

comparable to that of the pristineNCM523. After 200 cycles, the capacity retention



exceeded 80%, and following 300 cycles, it maintained at 73%. In Dai’s recent work,
# jonic liquids were employed as the fluxing solvent, utilizing LiBr as the lithium
source, to regenerate the delithiated NCM111 material through an ionothermal
treatment process, subsequently followed by calcination at a temperature of 500 °C for
a duration of 4 hours. For the first cycle, the charge capacity of regenerated NCM523
was recorded to be 173.6 mAh/g at 0.1C, comparable to that of commercial NCM523
(175.3 mAh/g) and much larger than that of spent NCM523 (145.9 mAh/g). Chen and
colleagues transformed discarded polycrystalline LiNig.88C00.095Al0.02502 (S-NCA) into
high-value single-crystal cathode materials by employing a straightforward yet
practical LIOH-Na>SO4 eutectic molten salt approach. (Figure 61). The discharge and
charge capacity of regenerated LiNio.83C00.095Al0.02502 (R-NCA) were recorded to be
204.8 and 226.0 mAh/g at 0.1C, respectively. Following 250 cycles at 1C, the
regenerated R-NCA managed to sustain a discharge capacity of 160.1 mAh/g,
representing 85.1% of its initial capacity. The variation in Ni chemical state and energy
band configurations within NCA that occurred during the regeneration process is
depicted in Figure 6m. >! We believe that this methodology stands to be effectively
adapted and applied to a range of alternative cathode materials, such as LiNixCo,Mn.O:

(NCM) and spent NCA experiencing differing levels of lithium depletion.
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Degradation mechanisms of LiFePOs4 and corresponding characterization



methods

LiFePO4 (LFP) has attracted widespread attention due to its low cost and stable
long-cycle performance, with a clearly growing market. '®-!!! For the spent LFP, the
researchers demonstrated that Li vacancies are the main reason for the capacity loss.
263949112113 i et a. 2 measured the concentration of the Li vacancies using ICP. They
found that the Li/P (0.92) and Li/Fe (0.98) molar ratio in spent LFP (S-LFP) are lower
than the Li/P (1.07) and Li/Fe (1.07) molar ratio (Figure 7a) in pristine LFP (P-LFP).
As a result, LFP will form FePO4 due to the presence of Li vacancies, as confirmed by
the XPS spectra of S-LFP, which shows a distinct characteristic peak of Fe** belonging
to FePOs, while regenerated LFP (R-LFP) has almost no characteristic peaks of Fe**
(Figure 7b). XRD is often used to detect the impurity phase of spent cathode materials.
They also observed that the phase structure of S-LFP also maintains the inherent olivine
structure with the Pnma space group of pristine LFP, but the XRD patterns of S-LFP
also showed a significant diffraction peak of FePO4 (Figure 7c), which is attributed to
the presence of Li vacancies in spent LFP. Cheng et al.’? found that the appearance of
L1 vacancies not only produces the FePO4 phase but also causes Li/Fe antisite defects
in S-LFP, which is caused by the migration of Fe atoms to the Li site in LFP. ** XRD
Rietveld refinement is used to analyze the concentration of Li/Fe antisite defects in S-
LFP (Figure 7d), and it turned out to be 4.28%. The formation of Li/Fe antisite defects
will hinder Li" transport during the charging and discharging process, which is the
reason for the poor cycle stability of LFP after repeated cycles.**>>!14116 FTIR
spectroscopy is also a frequently used method for characterizing Li/Fe antisite defect.
H7.118 The concentration of antisite defect in LFP is related to the peak position around
1000 cm™ in the FTIR pattern, and higher wavenumbers mean higher concentrations of
antisite defects in LFP. !'° The position of antisite defects characteristic peak of S-LFP
offset to the right relative to R-LFP, indicating that its Li/Fe antisite defects
concentration is increasing during cycling (Figure 7¢). Operando neutron diffraction
was utilized to precisely measure and track the development of Li/Fe antisite defects
over time. Chen’s group *° observed the evolution of antisite defects concentration of

LFP cathode 3by in site neutron diffraction during regenerating (Figure 7f). After



regeneration, the concentration of the Li/Fe antisite defects of LFP decreased
significantly. EELS is an effective method for obtaining physical and chemical
information about the surface of materials. Cheng’s group > analyzes the atomic
chemical state at different regions on the surface of the S-LFP particle by EELS. The
O-K edge spectra at different positions of the S-LFP cathode particles showed obvious
differences. The O-K edge spectra obtained by the partially selected positions of the
spent cathode surface have pre-edge, but that of the other positions does not show any.
Here, the presence or absence of pre-edge in the O-K edge spectral line represents a
change in the coordination environment of O, °° indicating the phase structure of
different regions on the surface of S-LFP is disparate. It is generally believed that the
presence of pre-edge in the O-K edge line of S-LFP indicates the presence of Fe**
(FePOy), >12%121 which is confirmed by the higher oxidation state of Fe in the Fe-L edge
line. The ELLS characterization of the spent LFP was also performed by Chen group,
#and the results showed that there were different phase structure (FePO4 and LiFePO4)
distributions on the surface and inside the spent LFP (Figure 7g). For the O-K edge line,
some regions of S-LFP do not show the pre-edge, indicating that the structure of this
region is still LFP. The analysis of EELS spectra at the O-K edge and Fe-L edge regions
from the used cathode reveals evidence for the coexistence of LFP and FePO4 phases
on the surface of the S-LFP material. The results of O-K edge and Fe-L edge spectral
lines (Figure 71) at different selected regions on the surface of the regenerated LFP
particles prove the uniformity of the surface structure of the regenerated cathodes, and
its phase structure is LFP.* The lattice structures corresponding to FePO4 and LiFePO4
are shown in Figure 7h and Figure 7j. 122 It is worth noting that they found that the
surface of the failed LFP is LiFePO4 phase and the interior is FePO4 phase. We have
also investigated the microstructure of failed LFP, which have a surface structure of
FePO4 phase and an internal structure of LiFePOj4 phase. In degraded layered cathode
materials, the surface generally is defect structure (spinel and rock salt) and the interior
is layered structure with Li deficient, which is different from the distribution of defect
structures of degraded LFP. The occurrence of different phase distributions on the

surface and in the bulk of degraded LFP may be related to the non solid solution



reactions that occur during the electrochemical process.
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Figure 7. (a) The ICP results of S-LFP, P-LFP, and regenerated LFP (R-LFP-Li.DHBN, R-LFP-
Li,COs, R-LFP-LiOH) by different methods. > Copyright 2023, Springer Nature Limited. (b, ¢) XPS
and XRD results of S-LFP and R-LFP. Copyright 2023, Springer Nature Limited. (d) Rietveld
refinement of S-LFP. 2 Copyright 2023, WILEY-VCH Verlag GmbH & Co. (¢) FTIR spectra of S-
LFP and R-LFP. 32 Copyright 2023, WILEY-VCH Verlag GmbH & Co. (f) The evolution of antisite
defects upon heating (blue line), holding (orange line), and cooling (red line). 4° Copyright 2020,
Elsevier Inc. (g, i) EELS (Fe-L-edge) of S-LFP and R-LFP. “Copyright 2020, Elsevier. (h, j) The
lattice structure of FePO4 and LiFePO4.'?? Copyright 2023, American Chemical Society.

Cheng et al. >

observed the surface morphology and defective structure of S-LFP
by SEM and TEM. The SEM images present that the surface of S-LFP is flat and smooth

(Figure 8a), which is different from the surface of spent LCO and NCM ternary cathode



materials with cracks. The TEM and HRTEM images of the spent LFP showed a carbon
layer wrapping the LFP particles (Figure 8b and Figure 8c), and the particles have
unsharp lattice structure from the surface to bulk (Figure 8c). They observed FePOs
phase on the outer surface while the pristine LFP phase dominates the interior region.
The boundary region of the two phases is the disordered structure phase (Figure 8ci-
7c3). However, the R-LFP surface did not vary significantly (Figure 8d) compared to
the S-LFP cathodes. The R-LFP cathode showed obvious lattice structural periodicity
from the surface to the bulk (Figure 8¢ and Figure 8f), and the entire regions of the
particle are composed of the LFP phase (Figure 8f1-713). The results of XPS depth
profiles showed apparent Fe(Ill) characteristic peaks on the surface of the S-LFP
particles, which corresponded to the existing FePOus phase.? As the etching depth
increased, the position of the characteristic Fe peak shifted towards lower binding
energy, signifying that the Fe valence state within the S-LFP transformed to Fe(II). This
change corresponds to the presence of the LFP phase. The XPS and high-resolution
TEM (Figure 8c) results confirmed that the surface of S-LFP comprises FePOs, and the
bulk of S-LFP is still LFP phase. Yuichi Ikuhara et al.'** found that the phase structure
(FePO4 and LFP) distribution of delithiated LFP is uneven in the nm size range (Figure
8g-]), and the non-uniform reaction of electrode materials during the cycle would
increase the Li" migration barrier, which may be the fundamental reason for the failure
of LFP electrode materials. In addition, Cheng et al. 2 also found that the carbon layer
on the surface of the LFP particles was damaged after multiple cycles, which is
detrimental to the cycling and rate performance of LFP. 1?4126 The R-LFP produced by
the designed organolithium salt method presents a uniform carbon layer structure.
Based on the current research, it is found that the surface morphology of LFP is
maintained after multiple cycles, with a small partial lattice structural change ***'*” The
main defects of cycled LFP are Li vacancies and Li/Fe antisite defects. 42127131 The
formation of Li vacancies generates the FePO4 phase, and the formed FePOy is mainly
on the surface of S-LFP particles, while the bulk of the S-LFP particles is still in the
LFP phase. Damaging the protective carbon layer after long-term cycling is also a

defect of S-LFP. 2 Besides the main olivine LFP and FePOs phases found in spent LFP,



Li3POa, P20s, and Fe>Os minor impurities were also observed in the cycled LFP. 1*2 The
appearance of different defective structures may be closely related to the degree of
degradation of S-LFP.
The mechanisms and methods for direct regeneration of spent LFP
The following formula can describe the repair process for a failed LFP:
Li,_,FePO, + xe™ - LiFePO,

The most explored methods for repairing defects of S-LFP are solid-state sintering,
electrochemical lithiation, solution lithiation, and molten salt lithiation. In the process
of solid-state regeneration for S-LFP, the core mechanism involves restoring the Li"
that were lost from the cathode during charge-discharge cycles by applying heat to spent
cathode materials in combination with a lithium-rich compound.'3*"13¢ Cheng et al. >
mixed the highly reducing multifunctional organic lithium salt with spent LFP and
calcined mixture to realize effective regeneration. In the direct regeneration process,
organic lithium salts with reducing ability and sufficient Li* were used to repair the Li
vacancies and antisite defects of S-LFP. In addition, the uniform carbon layer formed
by the decomposition of organic lithium salts during calcination can restore the broken
carbon layer of S-LFP. The restored LFP cathode shows good cycling stability and rate
performance (high-capacity retention of 88% after 400 cycles at 5 C). Electrochemical
relithiation is a less energy-intensive tactic to repair LFP. 113137 Guo et al. ¢ proposed
a method for direct regeneration of S-LFP via an in situ charging and discharging
process with a functionalized pre-lithiation separator (Figure 8k). This repaired method
greatly reduces the cost of regenerating spent cathodes without damaging the structure
of the cathode. Solution relithiation is a common method to regenerate spent LFP.
3949.138 Jia et al.>? repaired the S-LFP by hydrothermal treatment and subsequent
calcination, with ethanol as a reducing agent and lithium acetate as a lithium. In addition,
a heterogeneous interface containing N is constructed during regeneration, and the d-
band center of Fe is regulated by the heterogeneous interface, which inhibits the
generation of Li/Fe antisite defects of R-LFP during cycling. The suppression of the
antisite defects during cycling significantly increased the cycle life of the regenerated

cathode.



An eutectic molten salt can work simultaneously as a source of lithium and a
solvent for the parasitic phases. Xia et al. '?® used LiNO3:FeC,04 as molten salt and
mixed them with the spent LFP with a ratio of 0.5:0.1:1 and heated at 300 °C to allow
the salt to melt—the complete regeneration of the S-LFP required a further annealing
step at 650 °C to recover the LFP particles. The rejuvenated LFP displayed a discharge
capacity of 145 mAh/g when tested at a rate of 0.5C, demonstrating an improvement
exceeding 10% over the initial S-LFP capacity. Guo and colleagues '® put forth a
holistic approach to LFP recycling, which entails the direct regeneration of the
deteriorated LFP materials using lithium compounds extracted from exhausted anodes.
Moreover, inter-particle three-dimensional (3D) conductive networks are re-built via an
in-situ carbonization of the polyvinylidene fluoride (PVDF) present between the
particles of the spent LFP cathodes, enhancing the electrical conductivity and
improving cycling performance of the regenerated LFP. Consequently, a better
electrochemical performance was achieved in the regenerated LFP materials

comparable to that of pristine LFP (Figure 8I).



¢ SALEP
C’al,‘bbn .7\.""

Region |
Y ZAx Z
\/\ . Réegion 1

A\~

Region Il
/’\
-

Li-,FePO,
Crack

00 05 1.0
xin Li.,FePO,

0.0 0.5 1.0
xin Li,FePO,

k Regenerated Li-ion battery

Reassem'b\ling (0 o Jw
r_‘ Yy - " 2wt o \ e g
Vv ) + g wl ® g

/ 01 il f é}__ i
Wy 0 Jaf = S M E

degraded anode fresh anode
degraded cathode F/ p degraded cathode . » ‘; .;. =
Cycle number (n)

Figure 8. (a, b) SEM, TEM images of S-LFP. Scale bar, 100 nm. 32 Copyright 2023, WILEY-VCH
Verlag GmbH & Co. (¢) HRTEM images of S-LFP. Scale bar, 10 nm. (ci-c3) The enlargement of
region I-11I in Figure 8c. 3 Copyright 2023, WILEY-VCH Verlag GmbH & Co. (d) SEM images of
R-LFP. 2 Scale bar, 100 nm. Copyright 2023, WILEY-VCH Verlag GmbH & Co. (¢) TEM images
of R-LFP. 32 Scale bar, 50 nm. Copyright 2023, WILEY-VCH Verlag GmbH & Co. (f) HRTEM
images of R-LFP. (fi-f3) The enlargement of region I-III in Figure 8f. 3 Copyright 2023, WILEY-
VCH Verlag GmbH & Co. (g) Low-magnification TEM image of an LiFePOj single crystal after
chemical delithiation. (h) Li concentration map of delithiated LiFePO4 from (g). (i) concentration
profile between points A and B in (h). (j) Color map of columnar Li contents at different region in
delithiated LiFePOs, estimated using the quantitative EELS analysis result.'?3 Copyright 2020,
American Chemical Society. (k) Schematic illustration of the direct regeneration strategy based on
functionalized prelithiation separator.® Copyright 2022, WILEY-VCH Verlag GmbH & Co. (1)
Schematic illustration of the in situ carbonization process during the regeneration of spent LFP and

the electrochemical performance of regenerated.'” Copyright 2023, Chinese Chemical Society.

Degradation mechanisms of LMO and the corresponding characterization



methods

With the aim to develop affordable LIB technologies, LMO cathode materials are
witnessing a growing prevalence in electric vehicles (EVs) and large-scale energy
storage applications. '3%!%° The degraded LMO cathode materials, similar to other spent
cathodes (LCO, LFP, LiNixCoyMn,O; (x+y+z=1)), contain Li vacancies, which is the
reason for the low capacity of the spent LMO. #1143 Qian et al. '*? selected five samples
with different degradation degrees (LMO (P-LMO), Lios22Mn20s4 (S-LMO-1),
Lio.66sMn204 (S-LMO-2), Lio.502Mn204 (S-LMO-3) and Lig2Mn204 (S-LMO-4)) and
studied their chemical and physical performance. The XRD peaks of these samples with
different degrees of failure shifted significantly to the right relative to P-LMO (Figure
9a), indicating that the generation of Li vacancies will cause the LMO lattice to shrink,
and the higher Li vacancy concentration, the more severe contraction of the lattice
structure. They further tested the electrochemical performance of those samples, and
the results showed that P-LMO delivered the highest 129.7 mAh/g charging capacity,
and D-LMO-4 presented the lowest discharge capacity of 9.6 mAh/g, suggesting the Li
vacancy concentration of the degraded LMO is closely related to its charging capacity
(Figure 9b). The ICP results of these samples also demonstrate that Li vacancies are the
dominant defect type in the spent cathode (Figure 9¢). Typically, at the end-of-life stage,
a battery exhibits a capacity decrease of about 20%, which generally results from the
synergistic effects of losing lithium content. Consequently, they chose the chemically
desodiated Lio.s22Mn20O4 cathode (termed S-LMO), which has undergone
approximately 20% Li depletion, as a representative model for an electrochemically
aged cathode material. This selection was made to thoroughly examine the intricate
changes in the crystal structure and the oxidation state of the Mn element during the
process of chemical relithiation. The refined XRD pattern showed that the S-LMO still
maintains the spinel phase (Figure 9d), which is consistent with the lattice structure
(Figure 9¢) of regenerated LMO (R-LMO), but its Li vacancy concentration is about
20%. The changes in S-LMO cell parameters relative to R-LMO can be further obtained.
Due to the loss of Li, the lattice parameter within this cubic structure transitioned from

a value ofa=b =c = 8.23 A to a reduced dimension of a=b =c =8.20 A. They also



analyzed the evolution of the Mn valence state of the S-LMO by XPS. The XPS results
for spent and regenerated LMO are shown in Figure 9f and Figure 9g. They found that
the Mn valence states on the surface of R-LMO are mainly Mn(III) and Mn(IV), which
accounted for 52.72% (Mn>") and 47.28% (Mn*"), respectively. For S-LMO, a large
amount of Mn (IV) appeared on its surface, where Mn*" dominates in S-LMO with a
high proportion of 70.22%, owing to charge compensation caused by formed Li
vacancies. SEM is used to observe the changes in the surface of cathode materials after
cycling. Ren et al. **found that the particles of the S-LMO remained intact without

Hlobserved the S-LMO cathodes present a complete

cracks (Figure 9h-1). Chen group
lattice structure (surface and bulk), and its crystal lattice does not exhibit structural
defects such as distortion or vacancy (Figure 97). However, the lattice fringe spacing is
inconsistent with that of the regenerated cathode, which is attributed to the contraction
and expansion of the crystal lattice during cycling. The lattice fringe spacing of the R-
LMO cathode is 0.48 and 0.25 nm (Figure 9k) for the corresponding (111) and (311)
crystal planes of P-LMO, respectively. This indicates that the types of defects generated
on and in cycled LMO may be related to the cycling conditions of the cathode materials.
By ameliorating the working conditions of the battery, it is possible to produce easily

repairable defect structures and improve the direct recovery efficiency of cathode

materials.
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Figure 9. (a-c) XRD patterns, initial charge curves, and ICP results of P-LMO and regenerated LMO
samples with different methods. 4> Copyright 2023, Elsevier. (d-€) The Rietveld refinement of S-
LMO and R-LMO cathode materials. '*? Copyright 2023, Elsevier. (f-g) XPS results of S-LMO and
R-LMO cathode materials. %> Copyright 2023, Elsevier. (h-i) SEM images and corresponding
selected region enlargement of S-LMO. '# Copyright 2020, The Electrochemical Society. (j)



HRTEM images (bulk and surface) of S-LMO. %! (k) HRTEM images (bulk and surface) and
corresponding fast Fourier transform of R-LMO. 4! Copyright 2020, American Chemical Society.

Li et al. ' also explored the structure of the spent LMO, which is inconsistent
with the results of the above literature. The generated defects of S-LMO may be related
to the degree of degradation of materials. They performed XRD on S-LMO, and the
results show that the S-LMO contains Mn3O4 and Mn,O4 impurity phases (Figure 10a),
which means that in addition to Li vacancies, Mn304 and Mn2Oj4 are also the defect
types contained in S-LMO. The SEM image of S-LMO after multiple cycles shows
obvious cracks on the surface of the particles (Figure 10b and Figure 10c), reflecting
the damage by the repeated shrinkage and expansion of the lattice structure during the
charging and discharging process. The reason for the formed crack on S-LMO is similar
to the cause of generated cracks on the surface of the lithium cobalt oxides and ternary
cathode materials. ®146:147 Peng et al. 1*® discovered that the S-LMO possesses a highly
ordered structural domain with lattice fringe spacing of 0.47 nm, which aligns with the
(003) crystal plane of the LMO. '*° They also found that the spent cathode had distinct
disordered regions, amorphous phases, and corrosion holes in addition to the structure
of the spinel LMO (Figure 10d and Figure 10¢). During the cycling process, these
undesirable phases, which exhibit no electrochemical activity, cause a diminishment of
capacity and an increasement in impedance. °*!>! The formation of these unfavorable
phases is closely related to the Jahn—Teller effect of Mn and considerable Mn
dissolution during cycling. The presence of Mn primarily in the form of Mn** dissolved
in the electrolyte was confirmed by Amine et al.'*? In summary, after long-term cycling,
the LMO tends to have Li vacancies and Mn3O4 and Mn;O4 impurities phases, which
inevitably affect discharging capacity and cycle life. For spent LMO, in addition to the
formed above-mentioned defects, Mn>" undergoes a disproportionation reaction and
forms LisMnsO12 and soluble Mn3O4 during the initial charge process. During the
discharge process, LMO formation occurs accompanied by the Jahn-Teller distortion,
particularly nearing the completion of the lithiation stage. '°> Chen et al."*! did not find
the Mn304, MnO4 impurities phase, amorphous phase, and corrosion hole in spent

LMO, which possibly due to the materials or cycling protocols discrepancy. It is worth



noting that there is no unified conclusion on the failure mechanisms of LMO cathodes
after long cycle, and further research is needed to shed more light on the degradation
mechanism. !
Direct regeneration of spent LMO

Although researchers have carried out tremendous research on LMO, the
degradation mechanisms of LMO are still in the exploration stage, and the related
reactions involved in the regeneration process are not discussed here. The main direct
regeneration method of spent LMO is solution-based direct recycling approach. 41142153
Chen et al. '*! used LiOH solution with different concentrations to repair the spent LMO
by hydrothermal treatment (Figure 10f). The appropriate LiOH concentration (like 0.1
M) could effectively repair Li vacancies in spent LizMn204, and the repaired LMO
showed excellent performance as the pristine LMO. During regeneration, they found
the higher LiOH concentration (like 0.4 M) will induce Li-rich phase LMO impurities,
and lower LiOH concentration (like 0.02 M) cannot adequately and effectively repair
spent Lix-Mn>O4 during the lithiation process. Qian et al. '** designed a green and
inexpensive method to regenerate spent LMO at room temperature. They used Pyrene-
Li solution as a lithium source, and the Li vacancies in spent LMO could be repaired
by stirring the spent LMO with Pyrene-Li solution at room temperature. Spent LMO
can be repaired as pristine LMO cathodes with comparable long-term cycling stability.
At present, researchers have limited research on the direct regeneration of spent LMO
compared to LCO, ternary cathode or LFP, on the one hand, because LMO has not been
popularized on a large scale, the acquisition of spent LMO is not as convenient as these

cathodes that have been commercialized. Most importantly, there is very limited

understanding for the defect formation during cycling.
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In this review, we focus on analyzing the failure mechanisms of four types of
cathode materials (LiCoOz: LCO, LiNi,Co,Mn.O: (x+y+z=1): NCM, LiFePO4: LFP,
LiMn20O4: LMO) and the defective structures in these degraded cathode materials.
Different defective structures require different regeneration environments, specifically
as follows.

For degraded layered cathodes (LCO and NCM), at the micron or sub-micron scale,
their particle surfaces exhibit noticeable cracks; at the nanoscale, the surfaces of the
degraded layered cathode particles are characterized by rock salt and spinel structure.

For the bulk of failed layered cathode material, the particles consist of layered structures



with substantial amount of lithium vacancies. The aforementioned defective structures
can be transformed into layered cathode materials under suitable lithium-rich
conditions. It is worth noting that due to the evident similarities of defective structures
in layered cathode, there is no significant distinction between the environmental
conditions and repair methodologies employed in their restoration process. This also
explains why a single method reported in the literature is capable of simultaneously
regenerating spent LCO and NCM cathodes. >*%7

Spent LFP particles generally do not display evident cracks at the micron scale.
However, at the nanoscale, spent LFP can exhibit the generation of new phases (FePOa:
FP), leading to phase segregation in its microstructure. Consequently, the spent LFP
particles manifest a coexistence of both LFP and FP phases. In addition, spent LFP can
also exhibit Li/Fe anti-site defects in its structure. For the repair of the FP phase, an
appropriate lithium-rich condition is required, while the restoration of Li/Fe anti-site
defects necessitates a reducing environment, as a reducing atmosphere can overcome
the electrostatic repulsion that impedes Fe from returning to its original sites. Therefore,
for the direct regeneration of spent LFP, besides the need for re-lithiation under suitable
lithium-rich conditions, providing a reducing environment is also essential.

Research into the failure mechanisms and recovery strategies for LMO 1is still
insufficient, with current findings indicating that the restoration of LMO typically
necessitates an appropriate suitable lithium-rich condition.

In both suitable lithium-rich environments and reductive environments, these
methods (solid-state sintering, molten salt lithiation, solution lithiation, electrochemical
lithiation, and ionic liquid lithiation) can be employed to achieve the desired outcome.

The specific methods employed for the rejuvenation of degraded cathode materials
include solid-state sintering, molten salt lithiation, solution lithiation, electrochemical
lithiation, and ionic liquid lithiation (Table 2).

Solid-state sintering involves elevated temperatures during the process of
repairing cathode materials. This process leverages heat to drive diffusion and bonding
between solid particles, thereby restoring or enhancing the performance of the cathode

material.



Molten salt lithiation allows for the reduction of the relithiation temperature during
regeneration. The selection of different types of molten salts can provide distinct
environments for the repair process, such as a reducing atmosphere or an oxidative
environment, thus tailoring the conditions according to the specific requirements for
rejuvenating the performance of the spent cathode.

Solution lithiation generally requires high-pressure conditions, making the repair
process more complex. Nonetheless, during the repair process, lithium ions in the
solution can diffuse more uniformly into the interior of the cathode material,
contributing to the formation of a homogeneous and complete lithiated structure, which
enhances the efficiency of cathode material restoration.

Electrochemical lithiation can repair defect structures in spent cathode materials
mainly by featuring lithium vacancies, and it does so under mild conditions without
necessitating a high-temperature process.

During the cathode repair process using ionic liquid lithiation, the ionic liquid
hardly evaporates, which minimizes environmental pollution and safety hazards.
However, the cost of ionic liquids is notably higher.

In summary, each method has its advantages and disadvantages during the direct
regeneration of spent cathodes, and the specific choice of methodology is required to

be closely related to the degradation degree of cathodes.



Table 2. Regeneration methods, conditions, and performance of cathode materials reported in the
literature.

Regeneration condition Performance

LCO regeneration
method

Spent LCO cathode + Li,COs3(molar
ratio of Li/Co:1.05), sintering at 850—
950 °C for 12 h in air [76]

1524 mAh g'at 30 mA g!
(0.1C), 98.35% capacity
retention after 100 cycles

Solid-state sintering

. Three electrodes system, 0.3 M LixSO4 136 mAh g! at 0.2C, no
Electrochemical . ]
o electrolyte, 0.42 mA cm 2, sintering at
lithiation

significant decay of capacity
700 °C for 2 h in air [

after 200 cycles

D-LCO+ 4 M LiOH, hydrothermal at

1482mAhg'at1C, 91.2%
220 °C for 4 h, sintering at 850 °C for

Solution lithiation capacity retention after 100

4 h Bl cycles
) 130 mAh g'at 0.1C, 90%
o S-LCO+ LiCI-CH4N-O solvent at ) )
Eutectic lithiation . capacity retention after 100
120 °C, sintering at 850 °C for 2 h [6]
cycles
Spent
LiNiCo,Mn;O;
(x+y+z=1)
regeneration
method
S-NCM111+ Li,COs3 (ball milling at 165 mAh g at 0.2C above
Solid-state sintering 500 rpm, 4 h), Li/Mn=1.2, sintering at ~ 80% capacity retention after
800 °C for 10 h in air [103] 100 cycles

S-NCM523+ Li,COs(molar ratio of

Li/Co:1.05), sintering at 850 °C for 12
h in air [100]

162 mAh g'at 0.1C, 91.9%
capacity retention after 100
cycles at 1C

Peroxidation with Na;S,Og and NaOH,

) i 153.82 mAh g! at 1C,
D-NCM622+ LiOH-H,O(molar ratio . .
. . L 94.74% capacity retention
of Li/Co+Ni/Mn:1.05), sintering at
. after 100 cycles at 1C
850 °C for 5 h in O, [12]

0.2 g S-NCM523 +20 mL NH4OH,
hydrothermal at 180 °C for 6 h(HS-
NCM523), 0.1 g HS-NCM523+ 18 mg
LiOH, sintering at 500 °C for 2 h,
followed by 10 h at 850°C in air [

~152mAh g'at0.5C,
~90% capacity retention
after 100 cycles and ~76%
capacity retention after 200
cycles at 0.5C

Solution lithiation




D-NCM523+ 4 M LiOH,
hydrothermal at 220 °C for 3 h (P-HT-
3h), 2.3 g P-HT-3h +0.12¢ LiOH-H0,

sintering at 810 °C for 4 h in O, [1%3]

Molten salt lithiation

S-NCM523: Lil-LiOH (molar LiOH /
(Lil + LiOH) = 0.45)=1:3(molar ratio),
adding 5 wt% Co0203 and MnO; of S-
CM523, sintering at 200°C for 4 h
followed by 5 h at 850°C [37]

1 g D-NCA+0.84 g LiOH-H,0 +0.56
g NaSOs. sintering at 750 °C for
5,10,15 h in air 3!

2.5 mmol D-NCM111+2.5 mmol
LiCl+ 2.5 mL [C2mim] [NTf2],
heating at 150-250 °C for 6-24 h [4°]

Ionic liquid lithiation

LFP regeneration
method

Spent LFP + Li,DHBN (5 wt%),

Solid-state sintering . ] )
sintering at 800 °C for 6 h in Ar/H; [?]

D-LFP+Li;C,04/CMK-3 Prelithtiated

separator [¢]

Electrochemical
lithiation

100 mg D-LFP+10 mg PVP+15 mg
CH3COOLi+15 mL ethanol,
hydrothermal at 180 °C for 5 h,
Sintering at 700 °C for 5 h in Ar %]

Solution lithiation

S-LFP:
LiNO;:FeC204=1:0.5:0.1(molar ratio),
heating at 300 °C for 2 h, sintering at
650 °C for 6 h in Arl128]

Molten salt lithiation

90.8% capacity retention
after 500 cycles with the
mass loading of cathode
around 21 + 0.5 mg cm 2 in
pouch cell (1.7 Ah)

Comparable to that of the C-
NCMS523, more than 80%
capacity retention after 200
cycles and 73% after 300
cycles

204.8 mAh g at 0.1C,
85.1 % capacity retention
after 250 cycles at 1C

173.6 mAh g !at0.1C

157 mAh g 'at 0.1C, 88%
capacity retention after 400
cyclesat5 C

152 mAh g 'at 1C, 83.5%
capacity retention after 150
cyclesat 1 C, 146.7 mAh g’!,
90.7% capacity retention
after 292 cycles in D-
LFP/graphite full cell

145 7mAhg'at 1C, 85.2%
capacity retention after 500

cycles

145 mAh g'at 0.5C, over
90% capacity retention after
100 cycles




LMO regeneration
method

Solution lithiation

D-LFP+0.2 M Li" solution (prepared
by graphite), dring at 80 °C for 8 h and

annealing at 600 °C Ar for 2 h in Ar
[109]

0.25 g of cycled LMO+80 mL 0.1 M
LiOH, heating at 180 °C for 12 h [141]

D-LMO:Py-Li/DME(0.05M)=1:1
(molar ratio), stirring 30min ['42]

157.4 mAh g'at 0.1C,
without an apparent sacrifice
of capacity retention after
200 cycles

111 mAh g 'at 0.5C, 88.2%
capacity retention after 100
cyclesat5 C

123.4mAh g ' at0.1C, 92%
capacity retention after 150
cycles at 0.5C




Degradation mechanisms of graphite anode and the corresponding
characterization methods

Graphite is the most commonly used anode material for LIBs due to its high
electrical conductivity, high thermal and mechanical stability, ultralong cycle life, good
capacity, and low operating voltage. >*!° Zhang et al. 17 observed that spent graphite
(SG) has a defective structure with a rough surface (Figure 1la and Figure 11b)
compared to the pristine graphite surface, which is attributed to the side reactions
between the graphite surface with the electrolyte during the electrochemical cycle.!>*
161 In addition, small detached and broken fragments could be observed on the surface
of SG, which is caused by the continuous change of graphite interlayer distance during
the process of Li" intercalation, deintercalation, or continuous growth of lithium
dendrites). ''%162-164 Through the XRD pattern analysis of SG, Liao '*° found that its
phase is still graphite, showing the characteristic diffraction peaks of the (002), (100),
(101), (102), and (110) crystal planes of graphite, but two weaker diffraction peaks
appear around 20° and 30° (Figure 11c), which are related to binders on SG surface or
excessively thick solid electrode interphase (SEI) formed during cycling. These
structures or defects are one of the main factors for the capacity fade of graphite during
cycling. 1419 The samples (regenerated graphite (D-RG) obtained by deep eutectic
solvent treatment and the regenerated graphite (H-RG) obtained by H>SO4 leaching) do
not show any amorphous peak, indicating the method with deep eutectic solvent and
acid leaching can effectively remove impurity on the surface of SG. They further
explored the surface composition of SG through XPS, In the SG, the chemical bonding
involving F elements consisted of P-F bonds, LiF bonding, and the repetitive unit of
perfluoroalkyl chains (-CH2CF2-),. (Figure 11d), which is derived from the Li salt
components in the electrolyte, SEI, and organic binders, respectively. Upon detailed
analysis, the C atomic species within the SG sample could be separated and matched to
six distinctive peaks, reflecting various chemical environments: (-CH2CF2-),, O-C=0,
C-0, C-OH, C-C, and C, respectively. (Figure 11d). Among them, C comes from the
inherent layered C-six-membered ring structure maintained in SG, and the other

chemical bonding combined with C mainly comes from organic binders, SEI, or



impurities formed on the surface of SG. The regenerated graphite (D-RG and H-RG)
showed a significant reduction in impurity composition and recovery of the graphite
structure (Figure 11d). TEM characterization was performed on SG by Wang et al.
The results showed that the surface of SG was dominated by an amorphous structure
with uneven thickness, which was attributed to the organic binders or generated SEI
during cycling, and the surface of regenerated graphite (RG) showed an obvious layered
structure (Figure 11¢). In-situ Raman analysis was used to evaluate the formation of the
defect repair during the regeneration process. As can be seen from Figure 111, the SG
shows a high Ip/lg ratio compared with that of RG, this suggests that the layered
configuration of graphite has been destroyed throughout the cycling process. 77> The
anodic process could be affected by the cathodic reaction products during the life of the
electrochemical cell. Taking graphite paired with NCM cathode as an example, the
transition metal ions dissolved from the cathode were reported to be deposited on the
surface of the graphite during cycling, which deteriorate the electrochemical
performance of the anode and cell. '>!7* Klein et al. '’ conducted elemental analysis
on the cycled graphite, and the results showed apparent signs of Ni, Co, and Mn
elements in the cycled graphite (Figure 11g). These transition metal elements deposited
on the surface of graphite can accelerate the catalytic decomposition of the electrolyte,
which in turn affects the cycle of the battery. In addition to the above impurities, defects,
SEI, or organic binder in SG, Wang et al. *° found that the SG just disassembled from
the battery has a golden yellow colour, indicating a large amount of LiCx on the surface.
These substances do not convert into active Li" during the charging and discharging
process and remain on SG. They have even been reported to be toxic to normal
intercalation and deintercalation of Li*.""!”” Therefore, the presence of LiCx in and on
SG was concluded to be another reason for the capacity fade of LiBs. In summary, spent
graphite includes defective structures formed on the surface of graphite, trapped Li
(LiCx), SEI, organic binders, and impurities (deposited Ni, Co, Mn on the surface of
graphite), 10-165178-181 which need to be repaired or removed during direct regeneration.
Direct regeneration of spent graphite

Based on the above discussion, strategies for the direct recycling of graphite need



to consider defective structures, LiCx, SEI, organic binders, and impurities (deposited
Ni, Co, Mn on the surface of graphite) on the surface of graphite. 32137 Wang et al. 4
mixed the SG that had just been collected from the disassembled battery with water to
utilize the highly reactive properties of LiCx with water to remove trapped Li in SG and
eventually converted them into LioCOs, which can be further used for the regeneration
of spent cathode. The (002) crystal plane spacing of the graphite with removed LiCx by
water is almost the same as that of the RG (Figure 1le), indicating the change in
graphite layer spacing may be related to the formed LiCx during cycling. Regenerated
graphite was reported to achieve a 370 mAh/g capacity after annealing the LiCx-free
SG, which is comparable to the pristine graphite. The James M. Tour team ' developed
arapid, efficient, low-carbon regeneration method for graphite anodes. They used a fast
joule heating process to direct regenerate spent graphite, which increased the
temperature of SG to 2850 K in less than 0.2 seconds, breaking down the SEI and
binders while maintaining the morphology of graphite, ultimately achieving efficient
repair of SG. The so-called flash-recycled anode demonstrated a restored specific
capacity of 351.0 mAh/g at 0.2C, along with robust electrochemical stability. When
paired with a LiFePOs, it maintained a commendable capacity retention of 77.3% even
after undergoing 400 cycles at 0.5C. Huang et al. '*° used impact heating (1500 °C, 1
second) and continuous rolling heating (~5 m/min) to efficiently regenerate SG. This
used shock-type heating decomposed the organic binder into amorphous carbon layers
and gases (Figure 11h). SG was initially subjected to purification via treatment with 2
M H>S04 solution for a duration of 1 hour at ambient temperature, aimed at eliminating
superficial contaminants. Following thorough rinsing with distilled water and
subsequent drying, the cleansed graphite was subsequently coated with
polyacrylonitrile (PAN) and then thermally decomposed under an argon atmosphere at
a temperature of 1100 °C, thus yielding RG with minimal surface imperfections. The
RG by this method was able to match the performance of pristine graphite with 340 mA
h/g at 0.5C initial capacity and capacity retention >98% after an additional 180 cycles.
As for the transition metals deposited on the surface of spent graphite, Zhang et al. !*°

found that H>SOj4 can effectively remove the remaining transition metals from dissolved



cathodes in spent graphite. After the sulfuric acid curing and leaching process, RG was
obtained by sequential calcination at 1500 °C. The rejuvenated graphite showcased
excellent electrochemical attributes, manifesting in commendable charge capacity and

stable cycling performance. It delivered an initial charge capacity of 349 mAh/g.

1 C |— ro
~ |— pRre Amorphous|
3- — HRG peaks
S| se 20 30 40
= l (002)
2
£ |
= 1
_ | o
20 um T

-~ , 2 R % 10 30 50 70
2 Theta (degree)

dore @cEr D-RG ccfl © EDX F | SG EDX Co
P-F (-CHCF)n  C.OH
c-0
S H-RG S
2 s LiF 2
2 =i 2
T} (-CH,CF)n £
£ | se ur | = | se -~
P-F :
(-CH,CF)n
0-Cc=0 &
694 690 686 682 290 286 282
e Binding energy (eV) Binding energy (eV)

&
Amorphous

-y
oop 2P\
odwal

gased
gasu ainje

-

0 :
1200 1400 1600 180002 03 04 05 06
Raman shift (cm) Raman shift (cm')

N CH
m N — Carbon + q ©\+ HZC/Y ’

CH,

O CH, S
Binder : , el

Rolled-over heating

4

Graphite

Graphite anode Cu foil

Figure 11. (a, b) SEM images of SG. 137 Copyright 2023, Elsevier. (¢) XRD patterns of P-G, SG,
and regenerated graphite (D-RG, H-RG) with different methods. %5 Copyright 2022, Elsevier. (d)
XPS results of S-G, D-RG, H-RG. '%° Copyright 2022, Elsevier. (¢) TEM and HRTEM images of
SG and RG. *° Copyright 2022, American Chemical Society. (f) The evolution of Raman spectra



during the process of repair SG. *° Copyright 2022, American Chemical Society. (g) SEM-EDX
images of SG. "®Copyright 2021, WILEY-VCH Verlag GmbH & Co. (h) Schematic of transient
recycling of spent graphite from copper foils via rolled-over heating. ' Copyright 2023, Royal
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Degradation mechanisms and direct regeneration of used current collector

The recycling of spent LIBs has been widely acknowledged as a practical and
effective measure to confront the burgeoning problem of LIB waste. Although most
recycling research initiatives have largely centered on reclaiming the active electrode
materials, there exists a relative dearth of focus on the inactive parts of the battery, such
as the current collectors. These collectors are typically embodied by aluminum and
copper foils, which cumulatively constitute over 15% of the overall weight of LIBs. -
193 Efficient recycling of current collectors holds promise for significantly reducing LIB
waste, simultaneously furnishing a sizeable secondary supply of Al and Cu resources.
9L194-196 However, at present, there is very little research on the direct regeneration of
current collectors. Kendrick’s group claims 7 that they were the first to regenerate
exhausted current collectors directly. Based on their research, we analyzed the defects
in cycled current collectors and the direct regenerate methods of current collectors.

Kendrick et al. 7 disassembled the spent battery and the current collectors by
physically separating the electrodes' active materials (Figure 12a). The retrieved
positive current collector made of Al is straightforwardly processed with NMP until the
point where no evident black film is visually detectable on its surface. (Figure 12b).
They found that the obtained Al by the above method has obvious craters and rolling or
calendering traces on the surface (Figure 12d) compared to the smooth surface of
pristine Al (Figure 12¢). The used Cu is cleaned with water and HCI (Figure 12b), and
after washing, the copper surface exhibits a predominantly smooth and unblemished
appearance, save for a few instances of corrosion pits and cracks. (Figure 12g)
compared to the pristine Cu presenting a smooth surface (Figure 12f). They showed
that the Al or Cu current collector maintained the initial morphology of the used current
collector after cleaning. And some defects, such as cracks or holes on the surface of the
current collector, this could potentially stem from the interaction between the current

collector and electrolyte during the charging and discharging process. 1°42%2 They repair



and regenerate the used current collector by further acid etching (Figure 12b), and the
repaired current collector exhibits a rougher surface (Figure 12e and Figure 12h). They
characterized the used Al and Cu current collectors with XPS, where Al 2p spectra
showed that the Al oxide characteristic peak intensity of the regenerated Al collector by
etching was greater than that of the Al oxide of the cleaned current collector (Figure
121). This is due to the F-containing residue on the used Al current collector surface
being removed by etching, which was verified by the XPS results of F1s. 7 Similarly,
the Ols results of Cu also show residue on the surface of the used Cu current collector
is removed by etching (Figure 12)). They also found that the regenerated Al and Cu
current collectors have greater adhesion strength between electrodes and current
collectors (Figure 12k and Figure 121). The regenerated current collectors by the
proposed method show electrochemical performance similar to that of the pristine one
at low C rates.

The researchers also studied the functionalization of used current collectors
besides the direct regeneration of used current collectors. Vanchiappan Aravindan et
al.?% reported a simple and effective method to upcycle copper current collectors from
spent LIBs and into CuO anodes for sodium-ion batteries. They further paired them
with carbon-coated Na3;V2(PO4)>O2F cathode into a full cell, which displayed good
capacity retention with a Coulombic efficiency of >95% from the second cycle. Li et

al. 204

converted the used Al current collector and the spent LCO into
LiNig.8Co0.15Al0.0502 (NCA) cathode, which delivered an initial discharge capacity of
215.28 mAh/g and maintained roughly 80% of its capacity after enduring 180 cycles.
Fei et al. 2*proposed a two-step technique for the direct revitalization of spent ternary
cathode materials. Within this methodology, they employed aluminum impurities
sourced from discarded current collectors to compensate for missing transition metals,
thereby facilitating simultaneous elemental substitution and structural repair. The
regenerated ternary cathode materials with controllable Al doping delivered
outstanding cycling performance (89.6% capacity retention, 200 cycles). At present, the

recovery of the current collector mainly focuses on the functionalized application of the

used current collector, and there exist relatively sparse research endeavors dedicated to



the direct regeneration of current collectors.
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pristine Al, washed Al, and etched Al. (f-h) SEM images of pristine Cu, washed Cu, and etched Cu.
(i-j) XPS results of different samples. Peel off force between (k) Al current collectors and electrodes
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The feasibility of direct regeneration processes in terms of environmental impact,
energy consumption and economic benefit.

We take the recycling of widely used layered cathode material, lithium cobalt
oxide (LCO), and olivine structured cathode material, lithium iron phosphate (LFP), as
examples to illustrate the feasibility of direct regeneration of spent cathodes in
comparison to conventional hydrometallurgical (hydro) and pyrometallurgical (pyro)
recycling methods, when considering factors such as environmental impact, energy
consumption, and economic benefit.

Cheng et al. >*doped Al/Mg elements into the spent cathodes during the process of
regeneration. Ultimately, they produced a regenerated high-voltage LCO cathode
material with stable cycling at 4.6 V by the solid-state sintering method. The flowchart
for the direct regeneration of spent LCO cathodes is depicted in Figure 13a. Taking the
recycling of 1 ton spent LCO lithium-ion batteries as an example, after disassembling
the batteries and removing components such as separators, anodes, and battery casings,
approximately 0.498-ton LCO cathode sheets were obtained. These cathode sheets were
then subjected to N-Methyl-2-pyrrolidone (NMP) treatment, which facilitated the
separation of the active material from the current collector, resulting in 0.298-ton LCO
cathode material. Subsequently, the spent LCO cathode material was converted into a
high-voltage LCO cathode by solid-state sintering process. Compared to traditional
hydrometallurgical and pyrometallurgical recycling methods for spent LCO, direct
regeneration demonstrates a higher integrated advantage (Figure 13b) including
Greenhouse Gas (GHG) emission. Taking into account the costs of materials, energy
consumption, and environmental impacts such as greenhouse gas emissions, the direct
recycling process still yields a profit of 3,671.3 $ (Figure 13¢), which significantly
surpasses the profits generated by hydrometallurgical and pyrometallurgical recycling
methods (Figure 13c, Figure 13d), emphasizing the greater economic and

environmental benefits of direct recycling for spent LCO cathodes.



As for the regeneration of spent LFP, Chen et al. ¥

employed hydrothermal
methods to directly repair spent LFP cathode materials. In their study, they simulated
the energy consumption and greenhouse gas emissions associated with various
recycling processes for LFP. Their findings revealed that direct recycling exhibited the
lowest energy consumption and greenhouse gas emissions among the evaluated
methods (Figure 131, Figure 13g). They also conducted simulations on the costs and
benefits associated with different recycling methods. Their results showed that the costs
of hydrometallurgical and pyrometallurgical recycling of spent LFP are indeed
significantly higher than their corresponding benefits (Figure 13h). This is a key factor
contributing to the reluctance of today's industry to extensively recycle LFP cells. The
situation might be attributed to the fact that LFP contains only lithium as a relatively
precious metal element. There is a clear advantage of direct recycling methods for spent
LFP in terms of economic benefits (Figure 131). Zhou et al. >conducted a simulation on
the economic benefits of recycling spent LFP cathodes. According to their results, the
hydrometallurgical recycling process, due to its complex process requiring substantial
human labor and large-scale equipment, incurs notably higher recycling costs (Figure
13j). Consequently, this method does not generate positive economic returns (Figure
13k). On the contrary, direct recycling of spent LFP demonstrates a significant
economic benefit (Figure 13k), reinforcing the rationale behind adopting direct
recycling methods for the recovery of spent LFP cathode materials.

In summary, taking into account the environmental impact, energy consumption,
and economic benefit, direct recycling exhibits more pronounced comprehensive
advantages over traditional hydrometallurgical and pyrometallurgical recycling
methods and direct recycling emerges as a more environmentally friendly and

economically feasible strategy for the recycling of spent lithium-ion battery.
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Figure 13. (a) A flowchart illustrating the direct recycling process for spent LCO. (b)
Comprehensive comparison of different recycling strategies. (c) Economic analysis of the
pyrometallurgical recycling process for spent LCO. (d) Economic analysis of the hydrometallurgical
recycling process for spent LCO. (e) Economic analysis of the direct recycling process for spent
LCO 3. Copyright 2023, Springer Nature Limited. (f) Total energy consumption analysis of
different recycling methods for spent LFP. (g) Greenhouse gas emission of different recycling
methods for spent LFP. (h, i) Cost and profit of different recycling methods for spent LFP 4.
Copyright 2020, Elsevier. (j) The cost of hydrometallurgical recycling process for spent LFP. (k)
Profit of different recycling methods for spent LFP 2. Copyright 2023, Springer Nature Limited.

Perspective

LIB recycling is a very effective strategy to alleviate the environmental pollution
caused by spent batteries and resource sustainable development issues. The direct
regeneration method of spent LIBs has a simpler operation process, lower energy input,
smaller environmental pollution, and higher value benefits than traditional

hydrometallurgical and pyrometallurgical recycling technology. Despite the initial



success achieved in the direct recycling of cathode, anode, and current collector
materials, there are still many challenges to realizing large-scale production of recycled
materials with high yields. The spent cathode materials to the ready-to-use materials
have gone through roughly four steps by direct regeneration, where the first step is
detecting the type of degraded cathode and the amount of residual lithium in the cathode
(Figure 14a). The subsequent stage entails the proficient detachment and separation of
the active materials from the current collectors. (Figure 14b). The third process is
analyzing the degraded structure of the cathode (Figure 14c), and the last step is the
direct regeneration of the failed cathodes (Figure 14d). The challenges for the whole

procedure of the direct regeneration of spent LIBs are summarized as follows.
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Figure 14. (a) The detection of the type of degraded cathode and the amount of residual lithium in
cathode by machine learning and Generative Pre trained Transformer (GPT). (b) Efficient separation
of the active materials and the current collector. (¢) The analysis of the degraded structure of cathode
by advanced characterization 206, Copyright 2023, 2022, Springer Nature Limited. (d) The
regeneration of spent cathodes in the liquid phase environment at low temperature (<200 °C) and

ordinary pressure.

1. The lithium replenishment is an important step in the direct repair process of the
spent cathode, and the amount of lithium for replenishment is closely related to the
residual lithium amount in the spent cathode. According to current literature reports,

the residual lithium content in the cathode is determined by ICP measurement, which



is a complex process. In addition, different repair methods are suitable for different
cathodes. However, the type of failed electrode materials is also determined by ICP
results, which have the same problem encountered in measuring the residual lithium
content of the failed cathode. Fortunately, alternative approaches may be available.
Different types of cathode materials with different degradation degrees have unique
electrochemical characteristics such as charging and discharging curves, voltage,
interface impedance, overpotential, etc. Therefore, combining machine learning and
artificial intelligence methods such as GPT to analyze and summarize the characteristic
data of different types of cathode materials with different degradation degrees is
possible. In this way, the cathode type and residual lithium can be determined by
measuring the electrochemical data of spent LIBs.

2. At present, the direct regeneration of spent cathodes is almost for the repair and
recycling of one type of spent cathode material. However, in practical production, we
get a mixture of various spent cathode materials, such as the ternary cathode, LFP, and
LCO mixed, and it is difficult to regenerate materials mixed with different types of
spent cathode materials. Therefore, developing a direct regeneration method that can
be applied to different types of spent cathodes is very critical and necessary to achieve
large-scale production of regenerated cathode materials.

In addition, the separation technology of active substances and current collectors
(or cathode and anode materials) is not very mature, and the obtained cathode materials
often contain impurities (graphite, Cu and Al), which will have a fatal impact on the
repaired process. In most of the current methods of direct recycling cathode, the cathode
materials and the current collector are separated manually rather than by a machine.
Therefore, the pre-separation technology needs to be upgraded before direct repair and
regeneration.

There may also be the following challenges for the direct regeneration of spent
graphite. First, the cost of graphite is cheap (~2878 U.S. dollars), which makes the
economic benefits of regenerated graphite too low, and the profit of regenerated
graphite can be improved by converting the spent graphite to fast-charging graphite

(~8640 U.S. dollars). Second, the spent graphite obtained from the factory contains



impurities, which is similar to the challenges encountered by the obtained cathode
materials, which also requiring advanced separation technologies.

3. At present, the structural analysis of degraded cathode materials mainly relies
on some basic characterization methods such as TEM, XPS, SEM, etc. More advanced
characterization methods such as scanning electrochemical cell microscopy (SECM,
which is an analytical technique that can be used to monitor electrochemical activity of
a surface %), scanning transmission X-ray microscopy (STXM, an imaging technique
that creates micron-scale images of a specimen's thin slice by systematically scanning
it with a finely focused X-ray beam 2°7), continuous rotation electron diffraction (cRED,
which is suitable to obtain structural information of crystals smaller than 1 pm), neutron
diffraction (ND, ND is a crystallographic technique utilized for the precise elucidation
of the atomic and/or magnetic ordering within materials. 2°), nuclear magnetic
resonance (NMR, which provides important structural information for a wide variety
of materials), Kelvin probe force microscopy (KPFM, a microscopy technique that
facilitates nanoscale mapping of the surface potential across a wide variety of material
surfaces 2%%), angle resolved photoelectron spectroscopy (ARPES, an advanced
analytical method that allows for direct examination of the electronic structure '%), and
resonant inelastic X-ray scattering (RIXS, a spectroscopic technique that has proven
instrumental in probing the electronic and magnetic excitations within materials ') are
helpful in the analysis of failure mechanisms of cathode and explore novel and more
effective direct repair methods.

4. Taking the direct regeneration of ternary cathode materials as an example,
researchers can directly repair the spent ternary cathode materials in a variety of ways,
including solution-based hydrothermal relithiation method and molten salt relithiation
based on solid-state sintering. The method of hydrothermal relithiation is very
challenging to achieve large-scale production because it is necessary to lithiate the spent

cathodes under high pressure, 3290212

and the conditions of lithium replenishment are
relatively extreme. Although molten salt relithition can realize the repair of the spent
cathodes under normal pressure, according to previously reported literature, the amount

of Li salt used is often greater than the amount of lithium deficiency of the spent cathode



materials to provide a lithium-rich environment in the process of direct regenerating the
cathode, 387128213 \which is easy to cause the waste of Li salt and reduce the recovery
benefit. Therefore, we believe that in order to achieve large-scale production of
regenerated materials, the relithiation of spent cathodes should be in the liquid phase
environment at low temperature (<200 °C) and ordinary pressure. For the method of
lithium supplementation at low temperature and normal pressure, sufficient contact
between the spent cathode and the Li salt can be realized, and the concentration
difference between the concentration of Li in the solution and the Li content of the spent
cathodes can be used to automatically adjust the amount of relithiation of the spent
cathode materials under the condition of the liquid phase. The above method can
completely avoid the disadvantages of hydrothermal and molten salt relithiation.

In general, direct regeneration indeed represents a significant future direction for
battery recycling. However, several key points are worth considering:

1. One major issue in current battery recycling is the lack of a comprehensive
traceability system. It’s challenging to identify the actual degraded state of recycled
batteries, which greatly affects subsequent recycling processes, and the battery passport
system could be a significant advancement in promoting this traceability system.

2. In practice, the removal of impurities in electrode materials is important for
direct regeneration. For the direct regeneration of batteries, the development of an
efficient and environmentally friendly impurity removal technology is a very crucial
step.

3. Inaddition, the direct regeneration technologies for new types of batteries such
as silicon-carbon anode, high-nickel, lithium manganese iron phosphate, cobalt-free
batteries, and even solid-state batteries are indeed areas that require further exploration.
These technologies hold great potential for the future of battery recycling, and
continued research and development in these areas could lead to significant
advancements in the field of direct regeneration of new types of batteries.

Conclusion
In this review, we discuss in detail the microstructures of components in spent

materials from LIBs, including cathode and anode materials, and Al and Cu current



collectors, and analyze the degradation mechanisms of materials during cycling by
different characterization methods. Based on an adequate understanding of the failure
structures of different cycled materials, we propose the direct regeneration mechanisms
and methods of these spent materials. Additionally, we illustrate the challenges against
large-scale direct recycling of spent LIBs and propose corresponding solutions. We
mainly highlight the degradation mechanisms and defect types of different cathode and
negative materials in the process of electrochemical cycling, which provides sufficient
theoretical preparation for the direct regeneration of spent materials and paves the way

for people to explore more effective direct regeneration methods.
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