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on the direct recycling of lithium-
ion batteries from electrolytes to electrodes
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Lithium-ion batteries (LIBs) present a global challenge in managing their end-of-life (EOL) issues. As LIB's

raw materials are critical and valuable, they are considered as a secondary resource. The volume of

publications and patents on LIB recycling has significantly increased, rising a 32% annual growth,

compared to a 4% increase in all scientific chemical literature within a decade, reflecting the emergence

of this research topic. In a circular economy context, achieving high recycling efficiency of all LIB

components and reusing recycled raw materials for battery production are essential. The increase in

recycling efficiency is further promoted by government regulations aiming for carbon neutrality and

sustainable society with lower environmental impacts. Conventional and destructive recycling methods,

pyrometallurgy and hydrometallurgy, focusing on specific metals are insufficient to achieve these goals.

Therefore, this review discusses the emerging topic of direct recycling, which recovers, regenerates, and

reuses main battery components: electrolyte as well as negative and positive electrodes to fabricate new

LIBs. Although this approach may complicate the process, it significantly increases recovery rates,

prevents component destruction, and minimizes losses. This critical review offers ideas and methods to

provide new perspectives on recycling the main components of LIBs.
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dRéseau sur le Stockage Electrochimique de l'Energie (RS2E), Hub de l'Energie, CNRS

FR 3459, Amiens, France
eALISTORE-ERI European Research Institute, CNRS FR 3104, 80039 Amiens Cedex 1,

France

eil Hayagan is a graduating
hD student at the university of
ordeaux under the MSCA
roject DESTINY between
Institut de Chimie de la Mat-
ère Condensée de Bordeaux
ICMCB)” and “Laboratoire de
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1. Introduction
Since Sony introduced the rst commercial lithium-ion
batteries (LIBs) in 1991, these rechargeable energy storage
devices have become an essential part of our daily lives. Initially
developed for portable electronics, LIBs played a pivotal role in
enabling the widespread adoption of smartphones, tablets, and
laptops, revolutionizing our personal and professional lives.
Over the years, continuous advancements in LIB performance,
achieved through the discovery and optimization of new elec-
trode materials, electrolytes, and improved industrial produc-
tion processes, have signicantly expanded their utility within
the mobility sector. Fig. 1 illustrates the signicant demand for
LIBs, primarily driven by electric vehicles (EVs), and indicates
a projected exponential increase in usage till 2030.
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Rémi Dedryvère is Professor of
materials chemistry at the
University of Pau & Pays Adour
(UPPA), in the Institute of
Analytical Sciences and Physical
Chemistry for Environment and
Materials (IPREM). He received
his PhD degree in 2000 from the
University of Montpellier,
France, and worked one year as
researcher in the Georg-August
University of Göttingen, Ger-
many, before joining UPPA. His
research activities are focused

on chemical reactivity at materials surfaces and electrode/elec-
trolyte interfaces, on passivation layers and aging mechanisms in
Li-ion and post-Li-ion batteries.

31686 | J. Mater. Chem. A, 2024, 12, 31685–31716
This soaring demand for LIBs is closely linked to their cost,
showing a remarkable decrease of over 80% in the price per
kWh between 2013 and 2022 (Fig. 1). This drop can be attrib-
uted to economies of scale1 driven by an increased and opti-
mized LIB production and from the reduction and/or
elimination of the use of expensive elements such as cobalt.2 In
addition, government incentive initiatives to EV buyers, offering
premiums, tax reductions, and even exemptions, especially in
Europe, have had a signicant impact on the fast-growing LIB
market.3,4 For instance, automakers and the EV sector, one of
the key stakeholders of LIBs, totaled more than 300 billion USD
in investments in 2019, including Volkswagen, Daimler,
Hyundai, Changen, Toyota, Ford, Chrysler, Nissan, Renault,
BMW, Tesla, GM, GAC, Mahindra, and Great Wall.4 Huge cell
factories termed gigafactories are rapidly built all around the
world; Tesla, Northvolt, CATL, SDI, LG Chem, Verkor, ACC, and
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Fig. 1 Current and projected demand for the LIBs according to its application area (left) and evolution of a battery pack price superimposed to its
cumulative demand (right) according to the BloombergNEF report.1 Reproduced with permission from James Frith, BloombergNEF.

Table 1 Specificminimum recycling requirement andmandatory recycled content of LIB production as stipulated by (EU) No 2023/1542 (ref. 18)
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many other companies are ready to produce and ood the
market with batteries with a planned accumulated capacity of
600 GW h, which is only 40% of the projected demand in
2040.5,6

The electrication of mobility has resulted in a signicant
increase in the demand for raw materials used in battery packs.
Gilles Philippot
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Professor at the University of
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Physical-Chemistry of Materials
from the University of Bordeaux
in 2014, working on the contin-
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mark) for a one-year postdoctoral
position to focus on the study of
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nisms of nanocrystals formation
in hydrothermal and sol-

vothermal conditions, using in situ X ray scattering characteriza-
tions. He has been working on the synthesis of nanocrystals and the
recycling of nanostructured materials using hydrothermal and
solvothermal processes.

This journal is © The Royal Society of Chemistry 2024
Compared to the relatively light batteries in smartphones
(around 20–40 g),7 EV battery packs can weigh between 300 and
900 kg.8 This surge in demand puts pressure on the market for
critical and strategic raw materials such as natural graphite,
lithium (Li), cobalt (Co), copper (Cu), manganese (Mn), and
nickel (Ni), as classied by the European Commission.9 The rst
consequence of this phenomenon has already been observed, as
for the rst time in its history, the price of LIB kWh increased
between 2021 and 2022 due to the increasing price of the raw
materials (Fig. 1). Additionally, the growing EV market will lead
to the production of a signicant volume of battery wastes.
Aside from batteries reaching their EOL (oen called spent
battery) and scraps10 from their production, other LIBs retired
due to declining performance which cannot support specic
purposes such as those used in EV applications will quickly
increase the rate of battery disposal. When an EV battery's
capacity drops to 70–80% of its initial capacity,11,12 it must be
replaced. Although these used batteries can be repurposed for
static energy storage in energy farms or grids, this second life
will just delay their inescapable end of becoming wastes.11–15

Thus, the need to develop efficient, scalable and low-cost recy-
cling processes becomes vital to minimize raw material supply
shortage as well as environmental and economic issues.

To achieve this challenge, there is an unavoidable starting
investment cost to pay and, to push in this direction, several
J. Mater. Chem. A, 2024, 12, 31685–31716 | 31687
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countries and countries' associations have recently dened
various binding directives. For instance, within the European
Union (EU), the rst directive 2006/66/EC16 mandated to collect
at least 45% of EOL LIB by September 2016 and stipulated that
50 wt% of these batteries must be recycled. The objective of this
directive was to counter the disposal of waste batteries, thrown
and landlled or not recycled. However, this directive lacks the
capacity in integrating technological advances and battery uses,
besides its inadequate collection and low recovery rates.
Consequently, the EU Committee on the Environment, Public
Health, and Food Safety have recently repealed the Directive
2006/66/EC16 with the newly approved and more rigid regula-
tion: (EU) No 2023/1542.16–18 Under this new regulation, new
clauses include: new categories of EV and light means of
transport (LMT) batteries; carbon footprint declaration; recy-
cled content declaration; electrochemical performance and
durability; battery replaceability; safety requirements; due dili-
gence for third-party verication; and increased collection rates
with specic material recovery targets (Table 1). It also high-
lights the second life of batteries, the need of a proper labeling
for a better battery management system, and a battery passport
for all commercial batteries. This recently approved regulation
clearly suggests that recycling is not a stand-alone solution to
LIB value chain. With this new regulation, especially in recy-
cling and production, stakeholders are keener on developing,
investigating, and improving ways to recirculate maximum
materials back in the loop. Both these regulations do not
suggest, identify, authorize, or mandate specic available
technology for the recycling of batteries, they only promote LIB
recycling. Therefore, political context joins the environmental
Fig. 2 Schematics of an 18650 battery highlighting the anatomy of a sin

31688 | J. Mater. Chem. A, 2024, 12, 31685–31716
and economic ones to strongly push towards LIB recycling with
a well-dened roadmap in terms of efficiency, while leaving the
challenge to researchers and industry to develop and upscale
such efficient recycling procedures for EOL LIBs.

Lastly, since 2010, the worldwide LIB community has been
very active in this eld as shown by a signicant increase in the
number of both publications and patents. Interestingly, 74% of
the published literature for LIB recycling are patents, with
annual volume growth of 32% for LIB recycling compared to 4%
of all scientic chemical literature publication,19 highlighting
the emergence of this hot and new research topic.

1.1. LIB architecture

Before thinking on the ways to improve LIB recycling, it is
primordial to know their architecture and composition to gure
out what is to recycle. A LIB pack consists of multiple Li-ion cells
connected in series and/or parallel to provide the required
voltage and capacity. Commonly, there are three types of battery
cells used on the market of EV batteries: cylindrical, prismatic,
and pouch. Each format has its advantages and drawbacks
when assembled in a battery pack, however, the architecture
and the content within the different cell housings remain
fundamentally similar. Fig. 2 shows the intricate details of an
LIB 18650 cylindrical cell along with its complexities. This
image represents the compact and complex linking of various
components having different properties and attributes. A LIB
cell is composed of a succession of double-side-coated elec-
trodes, alternating positive and negative electrodes, which are
separated by an ionically conductive membrane. A liquid elec-
trolyte, which is a lithium salt dissolved in an organic solvent,
gle LIB cell.20 Reproduced with permission from Elsevier.

This journal is © The Royal Society of Chemistry 2024
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such as a mixture of ethylene carbonate and dimethyl
carbonate, completes the device and the entire components are
placed in a cell casing (metallic can in this case) and hermiti-
cally sealed.

Although the design of the positive and negative electrodes is
relatively the same (a current collector in which a mixture
containing active materials, binders and conductor additives is
coated), they are signicantly different in terms of chemical
compositions for their various components. The positive elec-
trode, oen named as cathode, is made of an aluminum (Al) foil
current collector where a mixture of active material, electronic
conductive additive (usually carbon black, CB) and binder
adheres. The chemical composition of the active material,
which commonly represents a weight ratio of themixture higher
than 92%, varies depending on the Li-ion technology. NMC,
NCA and LFP, which are LiNixMnyCozO2, LiNixCoyAlzO2 (x + y + z
= 1) and LiFePO4, respectively, dominate the EV market,
whereas other electrode material compositions such as LiCoO2

(LCO) are rather limited to smartphone applications. The exact
nature of the binder polymer depends on the cell maker, but it
is usually derived from polyvinylidene uoride (PVDF).
Furthermore, the negative electrode is composed of an active
material, usually graphite or graphite–silicon, which is mixed
with a conductive additive (CB) and a binder, and deposited on
a Cu foil. Once again, the nature of the binder differs a lot
Fig. 3 Schematic of cathode active material recycling; comparing the c

This journal is © The Royal Society of Chemistry 2024
depending on the cell maker; however, carboxyl methyl cellu-
lose (CMC) is among the most common ones paired with an
adhesion aid of styrene butadiene rubber (SBR).

The battery pack also contains safety features such as
a temperature sensor, a current limiter, a voltage cutoff to
prevent overcharging or overheating and a battery management
system (BMS) that monitors the voltage and temperature of
each cell to ensure they are balanced and working properly. To
summarize, a Li-ion cell and more widely a Li-ion battery pack
are a complex assembly of a multitude of connections and
materials such as plastics, metals, oxide (phosphate) materials,
carbonaceous materials, various polymers and even liquids,
which makes their recycling complex.21
1.2. State-of-the-art of current recycling approaches

When it comes to recycling, a unique methodology is
demanding to be both cost-effective and efficient due to the
complexity of a battery pack and the multitude of different
components (Fig. 2). Therefore, a combination of mechanical,
physical and chemical approaches is widely adopted to recycle
spent LIBs. The usual and currently employed industrial recy-
cling practice involves the combination of mechanical libera-
tion followed by a chemical reaction initiated by pyrometallurgy
and/or hydrometallurgy treatments. These recycling approaches
aim at rst, destroying all the components of the battery, and
onventional recycling process to direct recycling.

J. Mater. Chem. A, 2024, 12, 31685–31716 | 31689
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Table 2 Standard LIB recycling routes and their advantages and disadvantages highlighting some losses of components

Process Advantages Disadvantages Ref.

Pyrometallurgy No pre-treatments needed Electrolyte, binder, separator, and graphite are lost 25, 27, 31 and 39
Low operational complexity Partial recovery of Li and Al which are downcycled
Ease of scaling up Energy intensive
No specic cathode chemistry Generation of CO2, greenhouse gases, and toxic F-based gases
Valuable only to recover Co, Cu and Ni Requires hydrometallurgy for purication and

renement of recovered metals
Hydrometallurgy High selectivity Wastewater and water consumption 30 and 40

High recovery Effluent toxicity
High product purity Long process increases incurs loss of materials
Low energy consumption Requires efficient pretreatment and ne particles

for faster dissolution kinetics
Less gaseous wastes Electrolyte, separator and binder are lost
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then, recovering the valuable materials elementally that become
precursors. If the purity of the recovered elements is sufficiently
high and reaches the so-called “battery grade”,22 these recovered
precursors are nally re-employed for the synthesis of new
electrode materials that will be used to assemble new batteries.
Otherwise, they can be used for other purposes requiring less
rigorous purities, which is called downcycling. It is important to
note that before recycling, the discharge of residual energy in
EOL batteries is mandatory for safety purposes and a disman-
tling of battery modules is also performed to disconnect the
various components such as cables, battery cells, frames, and
electronics, which could be recovered.

Mechanical operation as a pre-treatment step employs
crushing and grinding of a LIB for comminution or size
reduction under both dry and wet conditions.23,24 The product
resulting from this step is the so-called “black mass”. Then,
a secondary milling, which is highly energy intensive, can be
applied to remove electrode composites (active materials, CB
and binders) from their current collector metallic foils and
unavoidably reduce foil sizes, transforming them in ner frac-
tions.25 The black mass therefore contains a mixture of various
materials26,27 and processing them for a specic target gets more
complicated. In this step, no chemical alterations are made and
all components of the battery cells are reduced in sizes, but
their composition and state are relatively unchanged.

Aer the pre-treatment steps, separation utilizing pyromet-
allurgy and hydrometallurgy routes can produce rened quality
metals, normally in their elemental states, chloride, sulfate,
hydroxide or oxide forms. To make them economically viable,
the costly transition metals drive these processes, as Co
element, for instance. This is the reason why there is a huge gap
of recycling processes, which is biased towards the cathode
component.28 However, the development of suchmethods faced
huge challenges. Pyrometallurgy requires massive energy and
additional treatment of the generated gases, as it contains
uorine from the electrolyte and the binder; Li is oxidized and
joins the slag while graphite, binders, and electrolyte are not
recovered.23,29,30 Graphite acts as a reducing agent and is con-
verted into carbon dioxide during the thermal treatment and is
consequently lost. Additionally, the black mass, as it is
31690 | J. Mater. Chem. A, 2024, 12, 31685–31716
a mixture of materials, decreases the operation efficiency due to
low overall reactivity, negatively inuencing the melting point,
slag viscosity, etc. Moreover, in pyrometallurgy, elements such
as Al and Li can join the slag and ultimately get lost, resulting in
a low yield31,32 of about 70%.33 Furthermore, in hydrometallurgy,
dissolution and separation of metals are added challenges. This
operation produces acidic wastewater that requires treatments
and both the electrolyte and binder are lost most of the time
during the pretreatments. In addition, its kinetics is dependent
on the particle size, and thus, it is highly dependent on the pre-
treatment.32,34 Besides, there is an issue of reagent selectivity,
for EOL NMC for example, the recovery of Ni, Mn, Co, and Li,
which is affected by distribution coefficient, interruption of
extraction, and the antagonistic effects of the elements35,36

necessitates several steps (see Fig. 3). These two recycling
methods are complementary and pyrometallurgy is oen
employed in combination with hydrometallurgy to attain
a rened material and to reach a yield of about 90%.33 Until
now, there is no industrial scale facility able to recover the
anode active material, the graphite. However, novel recycling
routes are currently developed such as research studies con-
ducted by Vanderbruggen et al.,20 on the separation of anode
active materials using their difference in surface properties
implementing otation. Graphite is considered a critical raw
material also in EU; hence, its recovery is essential.

Dealing with the technical aspects, Sommerville et al.,27

summarized some of the common pre-treatment methods,
whereas Werner et al.,23 published the common recycling steps
in LIB chains such as waste logistics and presorting; pretreat-
ment with the dismantling and depollution; processing with the
liberation and separation; and lastly, metallurgy with the
extraction and recovery. A lot has been recently published on
these physico-chemical practices, conrming the booming
research development in the LIB recycling eld.21,23,26,27,29,30,34,37,38

Industrial employment of these technologies is available
worldwide such as in ACCUREC GmbH, Akkuser, Anhua Taisen
Recycling Technology Co. Ltd, Batrec Industries AG, Düsenfeld
GmbH, Li-Cycle US, OnTo Technology Oregon US, PROMESA
GmbH & Co. KG, Recupyl S.A.S, Shenzen Green Eco Manufac-
turer Hi-Tech. Co., Ltd, S.N.A.M., SungEel Hitech Ltd, Toxco/
This journal is © The Royal Society of Chemistry 2024
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Fig. 4 Comparison of cost, energy, water and environmental impacts:
greenhouse gas (GHG) and sulphur oxide (SOx) emissions of
production and recycling of 1 kg NMC111 on large commercial scales
(50 kT per year).41 Reproduced with permission from MDPI.
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Retriev, Umicore, REDUX GmbH, and S.N.A.M. However, the
implementation of the above-mentioned recycling treatments
comes with losses and disadvantages, as summarized in
Table 2.

In hydrometallurgy and pyrometallurgy, the destruction of
components down to their elemental form is very simple.
However, implementing this traditional way of recycling incurs
loss of time, energy, and money used during the production of
these components. For example, battery material syntheses are
very tedious and long, the equivalent energy used to make the
well-dened crystal structure and microstructure is very high,
and some cathode active materials (CAM) require calcination or
annealing temperatures as high as 900 °C. These inputs in the
production of active cathode materials are then lost, as the
material is literally broken down to elemental form, on top of
the additional energy required for its re-production from re-
synthesis back to its precursors as battery-grade materials,
making this method a very expensive option (see Fig. 3). Addi-
tionally, there is also an equivalent carbon footprint to be
considered, which makes these methods less environmentally
friendly. More importantly, implementing standard recycling is
only feasible for Co-rich or Co and Ni-containing active mate-
rials due to their costs that are able to compensate the expensive
processing cost and waste treatment steps. Hence, Co-free
cathodes which are currently in rise, such as LiFePO4, are less
prompt to be recycled in the traditional way because the oper-
ational costs are higher than the value of the recycled materials.
New methods are thus sought and one of them is the direct
recycling, which is well adapted to recycle both Co-containing
and Co-free cathode materials.

Despite the non-negligible positive aspects of pyro- and
hydrometallurgy, the various limitations described in Table 2
justify an inevitable need to develop new and/or complementary
approaches to meet the expectations in the domain of LIB
This journal is © The Royal Society of Chemistry 2024
recycling, especially to narrow the increasing gap between the
demand and supply of raw materials, which are becoming
a critical issue, while remaining economically and environ-
mentally viable.
2. Direct recycling: an alternative and
promising approach

To increase the recycling efficiency, practices that only focus on
specic or valuable elements should be avoided. Recycling
should look at least at the component-based level or at the
entirety of the LIB, and this is where a new recycling strategy is
now gaining interest, the direct one. Direct recycling is a non-
destructive approach that aims to separate and recover the
different components of the electrochemical cells, i.e. current
collectors, cathode and anode materials, binders, electrolytes,
etc., and re-use them into a new battery aer purication,
cleaning and/or regeneration. This new approach attracts
considerable attention, not only due to its possible huge envi-
ronmental and economic benets (Fig. 4), but also because the
regulation objectives now appear to be more reasonably reach-
able. Indeed, enabling direct reuse in battery manufacturing
results in reduction of time, operating cost, and environmental
impacts.32,42,43 Practically, all components are recoverable by
direct recycling,44,45 resulting in a more value-adding process.
Lastly, the economics of direct recycling does not depend on
battery chemistry. To summarize the advantages of direct
recycling over standard methods, Argonne Lab with its Everbatt
model compared LIB recycling in different routes. As presented
in Fig. 4, direct recycling of NMC111 exhibits advantages in all
the listed major key parameter indicators: cost, energy, resource
consumption, and emissions.

Despite the advantages of direct recycling, F. Larouche et al.43

reported that direct recycling is sensitive to parameters such as
battery type, accumulation of defects and impurities, cell
composition, state of health, market variation, and even the
development of new battery chemistries. These disadvantages
are especially applicable to EOL LIBs. On the contrary, this new
method of recovering materials from LIB cells is remarkable,
especially in the case of production scraps10 where all these
characteristics are known andmastered.46 It can pave the way in
increasing the recycling efficiency and recovering the largest
portion of cathode and anode's value by preserving their
composition and structure, away from destructive methods
currently employed. Thus, to have a possible large-scale appli-
cation, it is important to develop direct recycling approaches
and robust processes that encompass the recycling of broad
range of battery technologies, and even beyond Li-ion ones to
anticipate the future energy storage generation devices (e.g. Na-
ion batteries).

The majority of the research papers and existing reviews
dealing with direct recycling focus on the recovery/regeneration
of the positive electrode material, whereas the other compo-
nents of the battery cells are oen overlooked. In order to
extend the direct recycling on the battery cell scale, this review
paper discusses the various component-based direct recycling
J. Mater. Chem. A, 2024, 12, 31685–31716 | 31691
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Table 3 Electrolyte recovery with liquid and supercritical CO2. (N.D.: not disclosed but mentioned; N.R.: not recovered; ACN: acetonitrile; and
PC: propylene carbonate)

Electrolyte composition Sample Cosolvent
Temp.
(°C)

Pressure
(bar)

Time
(min)

Li salt
recovery

Extraction
yield, % Ref.

1.2 M LiPF6 in (1 : 1% wt) EC : DEC Prismatic cells N.D. 50 283 120 N.D. 92 71
1 M LiPF6 in (1 : 1 : 1% vol) EC : DMC :
EMC

Polypropylene separator — 40 230 45 Low 85.1 � 0.4 72

1 M LiPF6 in (1 : 1 : 1% vol) EC : DMC :
EMC

Polypropylene separator — 50 350 45 N.R. 88.7 � 0.9 73

1 M LiPF6 in (1 : 1% wt) EC : DMC Polyethylene eece — 40 120 90 High 73.5 � 3.6 74
1 M LiPF6 in (1 : 1% wt) EC : DMC Porous glass ber — — 36.75 � 1.6
1 M LiPF6 in (1 : 1% wt) EC : DMC 18650 cells — N.D. N.D.
1.1 M LiPF6 in (1 : 1 : 1% vol) EC : DMC :
EMC

18650 and pouch cells (3 : 1) ACN : PC 25 60 50 High 89.1 � 3.4 75
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routes currently developed. As such, the structure of this review
paper includes the recovery/recycling of the main components
of LIBs: electrolyte, positive electrode, and negative electrode. It
aims to provide a holistic and critical overview of the state-of-
the-art LIB direct recycling. The specic targets of this review
article are: (1) to propose a comprehensive review on the avail-
able direct recycling technologies for the LIB while considering
all its main components, from the active materials to the non-
electrochemically active components such as electrolyte; and
(2) to show applicability and limitations for different LIB tech-
nologies within the concept of circular economy. Within this
framework, the details of each process for specic LIB compo-
nents are described. The details on cost savings and environ-
mental impacts of the listed processes are not the focus of this
paper. In this review paper, diverse battery active materials are
presented.
Fig. 5 Common set-up for electrolyte extraction with liquid and
supercritical CO2.72 The set-up contains (1) CO2 cylinder, (2) cooling
bath, (3) air-driven fluid pump (gas booster pump), (4) air compressor,
(5) air regulator, (6) CO2 pressure, (7) inlet valve, (8) extraction vessel
(reactor), (9) heating jacket, (10) vessel heat, (11) vent valve, (12) outlet
valve, (13) flow valve, (14) valve heat, (15) heating jacket, (16) collecting
vial, (17) alumina filter, and (18) gas flow meter. Reproduced with
permission from RSC advances.
3. Specific treatment of each
component
3.1. Electrolyte recovery

In an LIB assembly, the electrolyte acts as an ionic conductor
that transports Li+ ions between electrodes during the charge
and discharge processes. Although it can sometimes be
a ceramic or a polymer, in a large majority of LIBs, the elec-
trolyte is an organic mixture of solvents in which lithium salt is
dissolved, and is the only liquid component in the cell.47–50 The
most common commercial liquid non-aqueous electrolyte, used
for LIBs, contains a lithium salt dissolved in a mixture of cyclic
carbonate solvents – ethylene carbonate (EC) and/or propylene
carbonate (PC) – and linear carbonate solvents – dimethyl
carbonate (DMC), ethyl methyl carbonate (EMC) and/or diethyl
carbonate (DEC).50,51 The most widely used salt is the lithium
hexauorophosphate (LiPF6), but other salts such as LiAsF6,
LiBF4, LiClO4, LiBETI, and LiTFSI also exist.

The electrolyte represents 10–15 wt% of the LIB assembly52

and around 10% of material costs.53 For instance, Susarla et al.49

evaluated the cost of producing LiPF6 at 20 USD per kg for
a facility with an annual production of 10 000 tons, which is in
good agreement with the previous estimations made by Patry
et al.54 Electrolyte recycling is highly attractive from an
31692 | J. Mater. Chem. A, 2024, 12, 31685–31716
economic point of view as its price gained a +135% increase
from January to September 2021.55 In addition, its production
utilizes an annual energy consumption of 30 GW h and CO2

emission of 80 tons per day for 10 000 tons of LiPF6 annual
production.49 For all these reasons, the electrolyte requires
attention for recycling.

Once the battery is assembled and the electrolyte is added,
the contact of electrolytes and electrodes leads to the initial LiF
formation, resulting from the Li salt chemical degradation.
During its use, the electrolyte degrades through different
mechanisms that can be induced by chemical, electrochemical
and/or thermal stress.48,51,56–61 During the rst charge or
formation cycles, the decomposition products stemming from
the electrochemical degradation of electrolyte contribute to the
formation of the solid electrolyte interphase (SEI) at the nega-
tive electrode surface, and a different kind of passivation layer
at the positive electrode surface, which is oen called the
cathode electrolyte interphase (CEI).62–64 It has to be noted that
CEI and SEI's composition highly depends on the nature of
aging or the use phase of batteries. Besides, temperature-
induced degradation of the electrolyte can occur during
This journal is © The Royal Society of Chemistry 2024
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battery storage especially at the charge state or during regular
aging and utilization, indeed the electrolyte combusts at 300 °C.

With respect to LIB recycling, most methods do not recover
the electrolyte. However, the removal of electrolyte is essential
to avoid the jeopardy of the equipment due to its corrosive
nature23 and to ensure operator's safety.65 The degraded elec-
trolyte is usually removed based on thermal treatment (120–600
°C), such as calcination and pyrolysis,66,67 which is associated
with energy consumption, environmental, safety, and economic
issues. Dealing with the electrolyte salt, Zhao et al.68 mentioned
that LiPF6 decomposes into LiF and PF5 at 60 °C (90 °C at
300 ppm H2O69) and hydrolyzes to HF in the presence of water,
thus air exposure and water must be both avoided during
battery assembly and disassembly. Without the presence of
water, the LiPF6 salt is, at room temperature, in equilibrium
with its decomposition products LiF and PF5 and degrades just
below 70 °C.65 Therefore, the salt recovery must be done at
a rather low temperature. Additionally, the uorine content
found in the electrolyte salt (and also in the positive electrode
binder) suggests expensive waste gas treatment because it poses
risks to people and environment.41,70 Hence, as presented in
Table 3, the employed electrolyte extraction temperature only
reaches to a maximum of 50 °C. While the specic technique is
commonly called supercritical uid extraction, the technique is
more accurately described as using pressurized uids. In fact,
pressurized CO2 in its liquid form appears to work better than
scCO2 in terms of recovery and yield.74 Besides, as investigated
by Rothermel et al.,76 the use of scCO2 negatively affected the
crystal structure of graphite, the anode active material. Finally,
to qualify for the direct recycling of LIBs, the electrolyte must be
extracted out of the cell during the processing. The only method
applied for electrolyte recycling is based on its extraction using
liquid or supercritical CO2 added with organic cosolvents. The
common set-up to conduct this extraction is shown in Fig. 5
with the description of the different parts in the caption. The
CO2 allows dissolving and extracting the electrolyte, which can
be recovered at the end of the process. Lastly, CO2 can either be
compressed and used again or discharged. A summary of data
extracted from works using the CO2-based extraction technique
is given in Table 3.

Sloop & Parker71 patented the use of supercritical CO2

(scCO2) for the extraction of electrolytes from LIBs (see Table 3).
A fully discharged battery is placed in a reactor, CO2 is added,
heated and pressurized beyond the critical point (T, P); the
extracted electrolyte is then collected and CO2 is recycled. This
patent paved the way for using supercritical uids for EOL LIB
electrolyte extraction. The results showed that at ambient
temperature, 71% of the electrolyte could already be recovered
in 10 minutes. This patent did not disclose if the salt, LiPF6, is
recovered during the experiment but only mentioned that the
mixture of EC/DEC/LiPF6 resulted in a total recovery yield of
92% aer two hours of processing. This success is attributed to
the properties of CO2 above its critical point. Apart from the
electrolyte, CO2 can also remove the oligocarbonates and ethers
from the electrodes' surface and other degradation products
accumulated during the lifetime of the battery. However, it did
not show the possibility of re-using the recycled electrolyte
This journal is © The Royal Society of Chemistry 2024
again in an LIB nor the separation of each carbonates.
Furthermore, the investigation of the effects and impacts of the
process on the other components such as the cathode and the
anode of LIBs was not mentioned. Sloop's patent71 provided
a good insight on a new technology that ignited the research of
electrolyte recovery, a component oen overlooked in LIB
recycling. This patent was then improved methodically through
various studies such as the published outputs of Grützke et al.75

and Liu et al.73

Grützke's75 team studied the electrolyte extraction in both
commercially sold 18650 (CGR18650CH Li-ion MH12210
Panasonic) and pouch cells made of LiNi1/3Co1/3Mn1/3O2

(NMC111)/graphite. They evaluated the variation of ow rate
and pressure on the extraction process. The increase in CO2

owrate at the same pressure and duration resulted in higher
recovery rates. However, the experiments of varying the pressure
of 80 vs. 300 bar at a temperature of 40 °C showed only a slight
difference in recovery. The highest recovery of 89% was ob-
tained with 30 min process in liqCO2 (25 °C and 60 bar), fol-
lowed by co-owing (0.5 mL min−1) 3 : 1 ACN/PC and CO2

streams and lastly with 20 min of only liqCO2.
The initial patent of Sloop & Parker71 reports a yield recovery

of 92% as presented above in Table 2, with 71% and 76% of
electrolyte already recovered in 10 min using pure CO2 in liquid
and supercritical state, respectively. Conversely, the recovery
reported by Grützke's is limited to 50% for 20 min when using
liqCO2 and even lower under supercritical conditions, which
could be due to the possible decomposition of LiPF6 above 55 °
C. Besides, they found that EC is recovered better in scCO2 than
in liqCO2, as revealed through electrolyte component analysis.
It was attributed to the dipolar moment of EC, which is much
higher than that of DMC and EMC. The implementation of
liqCO2 was further investigated to increase the recovery reach-
ing 89 wt% (LiPF6 included) by adding cosolvents such as
acetonitrile (ACN), diethyl carbonate DEC and 3 : 1 ACN :
propylene (PC), as shown in Table 3.

Liu et al.73 also investigated the use of scCO2 to recover LIB
electrolytes as a proof of concept. The experiments were per-
formed with a laboratory-prepared electrolyte containing 1 M
LiPF6 with 1 : 1 : 1 by a volume mixture of EC, DMC, and EMC
and extraction tests were done on polypropylene separators
impregnated with 2 g of this mixture. Variables included pres-
sure (150–350 bar), temperature (30–50 °C) and extraction time
(25–65 min). The study found that the increase in pressure from
150 to 350 bar only improved the extraction by 5%, with a higher
pressure favoring the EC recovery. DMC and EMC were fully
extracted at 150 bar within 6 min, while EC required 12 min and
higher pressure to reach 90–98% recovery. Higher temperatures
decreased the EC recovery from 95% to 89%, but increased
DMC and EMC. Lastly, the extraction efficiency improved with
time from 83% at 25 min to 87% at 65 min. The study suggests
that a medium polarity cosolvent is needed for the EC recovery.
Despite these good results, it is worth noting that these results
were obtained with the electrolyte with no side impediments
such as decomposed electrolyte or real challenges to extract
impregnated electrolyte within the active material's voids.
Nevertheless, this work can be used as a guideline for
J. Mater. Chem. A, 2024, 12, 31685–31716 | 31693
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Fig. 6 Positive electrode schematic description highlighting the details of the active material, PVDF, and carbon black.46
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optimizing experimental parameters in using CO2 for electro-
lyte extraction.

This rst part on electrolyte recovery showed the effective
demonstration of electrolyte recycling from LIBs by using
liqCO2 and scCO2. Previously, the electrolyte was deemed
a threat to the environment, to the equipment in recycling, and
to the operators. These papers added way to electrolytes' valo-
rization and showed the possibility for their recovery and
potential re-use, leading to an increase in recycling efficiency of
LIBs. Indeed, the effective re-use of recycled electrolytes into
new batteries has yet to be demonstrated, to validate the
methods just discussed. To the best of our knowledge, no one
has directly re-used any recovered electrolyte even on a lab-
scale. Lastly, the comparison of the state and conditions of
degradations of the other battery cell components, before and
aer the electrolyte extraction, must be investigated for real-life
purpose as the full picture of a Li-ion cell has to be considered.
3.2. Positive electrode delamination, separation, and
regeneration

Fig. 6 shows the schematic description of a positive electrode,
containing the active material (NMC622), CB, and PVDF binder
coated on an Al foil. Among its different components, the
positive electrode material or cathode active material (CAM) has
attracted considerable attention in all the recycling operations
due to its high value, and is usually the rst component in LIBs
targeted to be recycled. The most commercially available
materials are the LFP, NMC, LCO, NCA, and Lithium Manga-
nese Oxide (LMO-LiMn2O4). Some of these materials have
different variants according to transition metal ratios such as
the NMC, which is available as NMC111, NMC532, NMC622, or
NMC811. In the current landscape, there is a focus on Ni-rich
materials due to the correlation between higher Ni content
and increased specic capacity.77 Additionally, considering that
Co is costlier than Ni and Mn, reducing or eliminating its usage
also brings about signicant economic benets. Dealing with
cost-benets, the use of LFP electrode materials and their
derivatives LiFe1−xMnxPO4 for mobility purposes strongly
increased in the past few years due to the low price of Fe andMn
raw materials and progresses in the battery cell manufacturing
allowing to reach acceptable volumetric energy densities.
However, the recycling of such cost-effective electrode materials
can present some challenges due to the low market value of the
recovered elements, making possibly the traditional recycling
31694 | J. Mater. Chem. A, 2024, 12, 31685–31716
process more expensive than the mining and fabrication of new
materials. Thus, the direct recycling for such type of electrode
materials seems to be the only possible approach to minimize
the costs and to meet the regulations concerning EV batteries.

One of the biggest challenges in the direct recycling of
positive electrodes is the effective delamination of the active
materials from the Al foil; especially focusing on cost-effective
and more environmental options. Notably, the main objective
of direct recycling is centered around the retrieval of materials
without further damages or destroying them, seeking instead
their regeneration for potential re-use. The challenge here is to
loosen the adhesive and cohesive force of the binder, usually
PVDF, to liberate the composite material (CAM, binder, and
electronic conductor additive) from the current collector, while
safeguarding its intrinsic characteristics and properties. More
globally, due to the delamination of the electrode composites,
all the active materials, binders, electronic conductor additives
and foils can be recovered with appropriate methods and
potentially reemployed in LIBs. Therefore, there are at least two
steps in the direct recycling of the positive electrode, namely, (1)
delamination-separation process, and (2) the subsequent
regeneration of the CAM. The following part aims to provide
a critical overview of both delamination and electrode material
regeneration approaches that have been studied and reported
in the literature.

3.2.1. Different strategies on positive electrode delamina-
tion. There are three main general methods for the delamina-
tion of the positive electrode employed for a PVDF-based
binder. These methods encompass thermal, mechanical, and
chemical approaches. The polymer binder serves as a crucial
component responsible for holding together the active mate-
rials and conductive additives. Its primary role is to create
a cohesive structure that maintains the integrity of the electrode
while allowing for efficient electron and ion transport during
the charge and discharge cycles in a battery. PVDF is inexpen-
sive and cost-effective compared to other polymers. Moreover,
although it possesses a limited ionic conductivity, it has high
chemical resistance and good electrochemical stability, making
it a good binder for the positive electrode. Conversely, the
strong binding power of PVDF makes the delamination diffi-
cult. The three effective approaches for the purpose of delami-
nation are presented below.

(a) Thermal decomposition-based separation. The thermal
treatment methodology is based on the decomposition of the
PVDF binder. This serves to lessen or eliminate the adhesive
This journal is © The Royal Society of Chemistry 2024
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and cohesive forces linking the binder to the CAM and elec-
tronic conductor additives, as well as the binder to the Al foil.
Selective decomposition of PVDF is feasible due to its lower
decomposition temperature at 440 °C than CAM, graphite,
carbon black, Al and Cu foils25 especially for the processes tar-
geted on whole batteries; in this case, the thermal runaway is to
be considered in process design.

A more favorable approach involves vacuum pyrolysis,
primarily due to the entrapment of the evolved gases, which are
potential pollutants.39 Nevertheless, other interesting thermal
delamination methods are also explored by Lee & Rhee,78 Lu
et al.,79 and D. Song et al.80 Vacuum pyrolysis involves a slow
heating process at 10 °C min−1 with a long contact time of the
solid residues inside a reactor and a short residence time of the
condensable organic vapors formed during the reactions, which
minimizes the secondary decomposition reactions.39,81,82 In this
process, organic materials are decomposed to low molecular
products without oxygen such as gases and oils from the
decomposition of the binder and the electrolyte.39 Because of
this phenomenon, the positive electrode material peels-off from
the Al foil and could be recovered. The set-up is under vacuum
and so the toxic gases are trapped and collected, and the
decomposition temperature of the organics is lowered. The
current collector and the cathode active material, which are the
main products, are not oxidized even at high temperatures,
while the electrolyte and PVDF decomposition products could
be collected. For instance, Sun & Qiu et al. (2011)83 heated the
electrodes at 600 °C for 30 min at below 1 kPa for such
purposes.

Hanisch et al.25 developed the adhesion neutralization via
incineration and impact liberation (ANVIIL), a two-stage
process. First, the adhesion between the electrode's compo-
nents is neutralized, which was conducted for a scrap NMC111
electrode with heating at 500 °C for 90 min. Then, an impact is
applied for 1 min using an air jet to de-agglomerate the
composite material, and the recovered composite powder is
sieved only for size classication and not for component sepa-
ration. This combination results in a delamination efficiency of
97%.

While one might think of heating PVDF for delamination,
lower temperature processes such as cryogenic operations are
also performed;84,85 this maximizes the change in the adhesive
Table 4 Hansen solubility parameters (MPa1/2): with details of energy fro
most widely used solvents in the chemical delamination of positive elec

Compound dd dp dH T

PVDF 17.2 12.5 9.2 1
NMP 18.4 12.3 7.2 −
Cyrene 18.7 10.5 6.9 −
Acetone 15.5 10.4 7.0 −
TEP 16.8 11.5 9.2 −
DMF 17.4 13.7 11.3 −
DMSO 18.4 16.4 10.2
DMAc 16.8 11.5 9.4 −
DMI 17.6 7.1 7.5 −
EG 17.0 11.0 26.0 −

This journal is © The Royal Society of Chemistry 2024
property of the PVDF, which is presented in the subsequent
section. One main limitation of the thermal treatment, beyond
the fact that the binder cannot be recovered, is the emission of
toxic gases, requiring thorough scrubbing or trapping. Another
problem with thermal treatments is that aer the decomposi-
tion temperature of PVDF at 440 °C, a stable residue is formed.86

Furthermore, the thermal method is constrained by the Al
melting temperature, which is at around 600 °C and could lead
to a potential reaction of the electrode material with the poly-
mer during its decomposition. Besides, high-temperature
treatment might cause some active materials to change in
their composition, structure and microstructure, which further
alters the energy storage performance. For instance, partially
delithiated layered NMC can undergo phase transition to rock
salt or spinel-type compounds at a temperature lower than that
of PVDF decomposition, which would prevent further direct
recycling.

(b) Mechanical delamination. Mechanical delamination
methods such as crushing and grinding are widely used as pre-
treatment steps for LIB recycling,23 mainly for size reduction. An
investigation conducted by T. Zhang et al.24 encompassed both
wet and dry crushing of LIBs. Wet crushing was performed with
a blade crusher added with water. During the process, the
blades rotate freely inside the crusher imparting kinetic energy
and fracturing the electrodes. Besides, particle-to-particle
crushing occurs when they come into contact, especially at
high speed. The wet crushing produces a slurry, subsequently
sieved to segregate the sizes. In contrast, dry crushing involved
shear crushing followed by impact crushing and sieving.
Generally, the resulting particle size distribution is coarser,
falling in the millimeter range. This means that the positive
electrode components presented in Fig. 6 are not separated.

Depending on the delamination temperature, the mechan-
ical and physical properties of interfaces change, hence, H.
Wang et al.84 and Liu, et al.85 performed cryogenic grinding.
They observed a transition of PVDF from elastic to glassy state at
low temperatures, thereby weakening the binding properties.
The experiments were carried out with a cryogenic ball mill
aided with liquid nitrogen, achieving a temperature of −196 °C.
The obtained results were about 87% delamination compared
to 25% at room-temperature experiments.
m dispersion (dd), intermolecular (dp), and hydrogen bonds (dH) for the
trodes and their melting, boiling and flash points (°C)

melting Tboiling Flash point CAS No.

77 24937-79-9
24 204 91 872-50-4
20 227 108 53716-82-8
95 56 −17 67-64-1
56 216 115 78-40-0
61 153 58 68-12-2
19 189 87 67-68-5
20 166 64 127-19-5
70 94 108 5306-85-4
13 197 115 107-21-1

J. Mater. Chem. A, 2024, 12, 31685–31716 | 31695
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Electrohydraulic and electrodynamic (electro-mechanical)
fragmentation introduces high-voltage pulsations as a new
delamination technology.87,88 This process entails immersing
the electrode in a medium, typically water, and subjecting it to
a substantial amount of energy (20–35 kV) in a very short time.
This method provides the disintegration of complex composite
materials at their interfaces.89 Indeed, the shockwaves attack on
the sample's weakest points, which are the mechanical bonds
between grain boundaries and between different types of
materials. With the energy added to cause the delamination,
a subsequent local heating of the system is observed. Although
Tokoro et al.87 obtained 94% of delamination, Al foil contami-
nation was observed with the recovered positive electrode
material. This method could effectively delaminate the positive
electrode; however, the possibility of reaction between the CAM
and the water could potentially alter its composition.

One of the main disadvantages of implementing mechanical
delamination is the presence of undissolved or undecomposed
binders, persisting with the Al foil and on the surface of active
particles even aer delamination, which makes the component
separation difficult and hence, the downstream process chal-
lenging. Moreover, depending on the mechanical energy, it is
possible to alter the quality of the active materials in terms of (i)
morphology with a loss of microstructure, (ii) crystal structure
with potential amorphization and/or reaction with the binder
and/or electronic conductor additive due to the high input
energy and (iii) purity with potential contaminations from the
grinding tools themselves.

(c) Chemical dissolution. The chemical approach to delami-
nation involves the utilization of solvents and other media at
low to mild temperatures to selectively dissolve the binder. It
makes the compatibility of the solvent's solubility parameter
with the binder a key consideration. Dealing with the PVDF
binder, in addition to N-methyl-2-pyrrolidone (NMP) employed
to prepare the slurry during electrode's manufacturing, various
other organic solvents (see Table 4) such as triethyl phosphate
(TEP), dihydrolevoglucosenone (cyrene), ethylene glycol (EG),
dimethylacetamide (DMAc), dimethylformamide (DMF), and
dimethyl isosorbide (DMI) are known to dissolve this polymer.
Additionally, ionic liquids, molten salts and deep eutectic
solvents are explored for this purpose. Recently, Hayagan et al.46

have provided a list of some examples of chemical delamination
methods applied to PVDF-based positive electrodes.

For instance, Buken et al.90 employed DMI to recover the
active material and the Al foil from a homemade positive elec-
trode and an EOL 18650 Samsung battery. The DMI solvent
reduces the polymer interchain interaction through penetration
in the binder crystalline region. It was observed that the binder
within the homemade cathode soaked in 40 mL DMI per gram
of electrode and heated at 150 °C is dissolved within 30 minutes
while ve hours are needed to dissolve the binder of the EOL
battery for the same amount of electrode. This experiment
resulted in partial delamination of the CAM from the Al
substrate only, requiring further ultrasonication followed by
washing using diethyl ether to optimize the process. The
recovered powder still contained the conductive carbon but the
EOL electrode material displayed consistent surface
31696 | J. Mater. Chem. A, 2024, 12, 31685–31716
morphologies comparable to pristine materials. However,
traces of phosphorus (P) were detected in the EOL material
using EDS, suggesting the presence of residual electrolyte salt,
LiPF6 or its decomposition products. The industrial battery
contained a mixture of CAM: LMO, LCO and NMC111, which
added difficulty in determining the changes in the particle size
due to the treatment. To compensate the lack of data, a home-
made NMC111 underwent the same experiment revealing the
preservation of its crystal structure as well as no changes within
particle morphology, which conrmed the promise of this
direct recycling operation. Despite these encouraging results,
the electrochemical performance of the recovered materials was
not tested to fully validate the efficiency of this approach.

A more rapid solvent-based delamination process was re-
ported by Bai et al.91 using ethylene glycol on NMC532 and
NMC622 scrap trimmings. Successful outcomes were achieved
at 160 °C with a 1 : 10 solid-to-liquid weight ratio under stirring
conditions. In this work, pre-washing with dimethyl carbonate
was performed prior to operation, while a post-rinsing for the Al
foil and CAM using ethanol was applied to remove EG residues.
The temperature has a major impact on the delamination time;
it only takes 2minutes at 100 °C, 6 seconds at 160 °C, and as fast
as 2 seconds at 198 °C. However, it was found out that a loss of
Li content was encountered from its initial value of 1.015 down
to 0.993 aer EG treatment and it revealed that the binder was
not completely dissolved using EG.

In another study, Bai et al.92 observed that no lithium
leaching was detected when using triethyl phosphate (TEP) as
a solvent, contrary to their previous work with EG. The method
also proves that direct recycling has 100% efficiency of the
positive electrode material, Al foil, and introduces the possible
recovery of the binder in both spent LIB and NMC622 scrap
trimmings. The recovered electrode material from scrap
revealed a specic capacity at C/10 of 177.4 mA h g−1, which is
slightly lower than that of their reference 186.5 mA h g−1 due to
the presence of residual PVDF (0.41% wt) and carbon black
(1.79% wt). Nevertheless, this result demonstrates that 95.5% of
initial capacity was recovered and that the process did not
signicantly degrade the material performance. For the
NMC622 electrode scrap, the delamination procedure was
conducted at 100 °C under stirring condition in TEP. Further-
more, mechanical stirring is not enough for the cathode
recovered from spent LIBs. Hence, it was delaminated with TEP
at 150 °C with alternate stirring and sonication for 30 minutes
each. The authors mentioned that the cathode interface layer
formed during cycling decelerated the PVDF dissolution, which
explained that the challenges to directly recycle scraps and
spent batteries are different, the latter being more
complicated.10

In another study reported by X. Song et al.,93 LFP electrodes
were delaminated using different solvents such as DMSO,
acetone, DMF, NMP and DMAC. Although the use of NMP,
DMAC and DMF has shown promising delamination results,
a signicant volume of solvents was required to achieve >97%
efficiency. For instance, the use of DMAC required a solid-to-
liquid ratio of 1 : 20 (2 times more than that for the results of
This journal is © The Royal Society of Chemistry 2024
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Table 5 Advantages and disadvantages of different delamination methods applied to LIBs

Delamination method Advantages Disadvantages

Thermal Easy to operate Hazardous gases production and safety risks
Independent on CAM composition Costly entrapment or gas management

Can degrade/oxidize the CAM
Limited to Al melting temperature
Not selective, energy intensive, loss of materials
The binder cannot be recovered

Mechanical Simple to operate Require sizing step and in multiple stages
Widely used Not selective
Low temperature operation Energy intensive and noise pollution
Independent of CAM composition Potential degradation of the active material

The binder is still present
Not suitable to direct recycling

Chemical Selectively dissolves and recovers the binder Reagent consumption
Possible solvent reuse Solvent selection is dependent on CAM composition (if direct

recycling of CAM is expected)
Simple Waste chemical treatment
Can directly recycle CAM CB is considered as an impurity with the CAM
High material purity
Low environmental impact
Low to mild temperature conditions
No exhaust emissions

Review Journal of Materials Chemistry A

Pu
bl

is
he

d 
on

 1
0 

O
ct

ob
er

 2
02

4.
 D

ow
nl

oa
de

d 
by

 F
ai

l O
pe

n 
on

 2
3/

07
/2

02
5 

10
:3

6:
29

 A
M

. 
View Article Online
Bai et al.92), a key parameter for separation efficiency according
to Song et al.‘s93 research.

In a more recent work, Hayagan et al.46 introduced a novel
approach involving pressurized CO2 combined with a cosolvent
mixture of 3 : 1 TEP : acetone. The delamination was conducted
at 120 °C and 100 bar for 15 min, reducing the lowest reagent
consumption from 1 : 10 for the above-mentioned methods
down to 1 : <1.5 (% w/w) of electrode : TEP in this process. This
work presented a new method assisted by pressurized CO2 that
100% delaminate the CAM and CB, and dissolve PVDF in a short
time with a low reagent consumption while preserving the
integrity of CAM in all aspects. It also allows the recovery of the
Al foil and the PVDF binder effectively. The recovered NMC622
showed similar specic capacity and long-term capacity reten-
tion compared to that of the pristine NMC622, validating the
efficiency of the method. Besides, this approach does not
require the use of stirrer, which is a non-neglectable aspect
when it comes to treat a large volume of waste.

To facilitate a comprehensive comparison of the various
delaminationmethods, Table 5 summarizes the advantages and
disadvantages inherent in each process concerning the delam-
ination of positive electrodes. For selected methods of delami-
nation such as thermal (97%), mechanical (87–94%), and
chemical (99–100%) strategies, Hayagan et al.46 reported that
the efficiencies vary.

Once the delamination of the composite from the foil is
achieved, the active material can be separated from the elec-
tronic additive conductor and binder especially with the
chemical delamination technique. However, it still cannot be
directly used because in EOL batteries, the active material
underwent degradation during battery operation, such as
structural disordering, particle cracking, transition metal
dissolution, and extended CEI growth at the interface with the
This journal is © The Royal Society of Chemistry 2024
electrolyte.94 For all Li-ion technologies, one of the highlighted
mode of degradation is the loss of lithium caused by parasitic
reactions such as SEI formation, irreversible structural modi-
cations such as rock-salt type formation at the layered oxide
CAM surface, or Li plating.94 Therefore, the regeneration of the
recovered active material becomes imperative for reuse in new
battery applications.

To promote the reuse of the degraded positive electrode
material, new recycling methods emerged. These methods aim
not to lose all the invested energy and cost during the initial
synthesis of these CAM, and thus, not to completely damage
their structure during recycling processes. Instead, these new
direct recycling methods focus on replenishing what is lacking
and regenerating materials to achieve enhanced battery
performance.

3.2.2. Cathode material regeneration and upcycling. This
section shows how production scraps and EOL active materials
are regenerated and possibly upcycled for subsequent battery
production. This direct recycling approach creates a closed-loop
system, simultaneously reducing time, energy, and production
costs while minimizing environmental impacts.

When an LIB is assembled, inevitable and irreversible
degradations happen either during resting or in operation. Over
time, as battery ages, its functionality diminishes. This expected
deterioration serves as a driving force for recycling, particularly
when the capacity falls below 80% of the initial one. Moreover,
the degradation extends beyond just the capacity or the elec-
trochemical properties due to the changes in the physical,
morphological, structural, and chemical compositions of the
electrode material (Fig. 7). Whatever the aging conditions, the
CAM always gradually becomes increasingly lithium-decient
as the lithium is consumed through the formation of resistive
layers at the surface of both electrodes.94 In more severe cases, it
J. Mater. Chem. A, 2024, 12, 31685–31716 | 31697
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Fig. 7 Schematics of the (a) various possible degradation mechanisms in an LIB cell and the (b) organized cause and effect diagram in LIB cells.94

Both figures are reproduced with permission from Elsevier.
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can entail substantial alterations in composition, structure and
morphology. This is due to transition metal dissolution in the
electrolyte, transition metal migration within the host structure
to oen compensate for transition metal dissolution and/or
oxygen loss at the interface with the electrolyte, formation of
31698 | J. Mater. Chem. A, 2024, 12, 31685–31716
cracks, etc. Hence, aer the delamination and separation of the
composites (active material, binder, and electronic additive
conductor) from the foil, the CAM needs a regeneration step or
even upcycling if the technology (nature of active material) is no
longer relevant for applications.
This journal is © The Royal Society of Chemistry 2024
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Fig. 8 Different regeneration and upcycling methods for CAM of an LIB.

Table 6 Different parameters employed for the hydrothermal relithiation of various LIB cathodes

Active material
Li loss,
% Li source

Temp.,
°C

Time,
h Post-treatment

1st discharge
capacity,
mA h g−1 (C rate) Ref.

LCO 20 4 M LiOH or 1 M LiOH +
1.5 M Li2SO4

220 4 Annealing 800 °C (4 h) 141.9 (2C) 95
130.3 (5C)

LCO + NMC111 1 : 1
(w/w)

20 Annealing 850 °C (4 h) +
5% excess Li source (LiCO3)

159 (C/10)

LMO 13 0.1 M LiOH 180 12 — 111 (C/2) 96
NMC111 22 4 M LiOH 220 4 Annealing 850 °C (4 h) +

5% excess Li source (LiCO3)
158 (1C) 97

NMC532 128 (1C)
NMC111 10 0.1 M LiOH +

(3.9 M KOH)
220 2 Annealing 750 °C (4 h) +

5% excess Li source (LiCO3/LiOH)
151 (C/3) 98
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Direct recycling requires that these aged positive electrode
materials are fully repaired and regenerated, from their surface
to the bulk. They have to recover their initial composition,
structure, morphology, and properties with a minimal input of
energy, money, and time, and with the lowest environmental
impact. This approach not only closes the loop, but also
promotes efficiency and sustainability by reutilizing materials
that would otherwise be a waste. By restoring degraded mate-
rials, the process contributes to reduced resource consumption
and environmental impact, aligning with the principles of
circular economy and resource conservation.

Since a lot of different commercial positive electrode mate-
rials exist, this following part will present a more generic
approach of regeneration conditions that may vary in terms of
active material composition. The various approaches, which
will be detailed in the following part, are summarized in Fig. 8.

(a) Hydrothermal relithiation. Hydrothermal relithiation is
a non-destructive approach for regenerating aged and degraded
positive electrode materials. The term hydrothermal comes
from the high-pressure process using a high ionic strength
This journal is © The Royal Society of Chemistry 2024
aqueous solution containing Li such as lithium hydroxide, as
a supply for the Li-decient powder. The regeneration process
usually consists of two steps: (1) the relithiation step whereby
chemical composition is regenerated, and (2) thermal post-
treatment step commonly called short annealing for micro-
structural renovation. This strategy aims to ensure compre-
hensive rejuvenation of CAM and restoration of their
characteristics, properties and thus, energy storage perfor-
mance. Hydrothermal method is by far the cheapest method for
regenerating positive electrode materials.41 It is a simple, green
and environmentally friendly method and it can treat EOL
electrodes of different lithium contents (see Table 6) without
the need for the quantitative analysis of the Li non-
stoichiometry. A hydrothermal synthesis route has previously
been employed for the production of pristine NMC111 by Wu
et al.99 and is now explored to more advanced application in the
battery recycling.

A summary of selected papers for the regeneration of
different positive electrode materials via a hydrothermal
process is presented in Table 6. This table highlights the
J. Mater. Chem. A, 2024, 12, 31685–31716 | 31699
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versatility of hydrothermal regeneration, which is effective
across diverse CAM types. A noteworthy observation is that this
hydrothermal method is oen combined with post-annealing
procedures carried out at elevated temperatures, typically
close to the conditions employed for the synthesis of the oxide
materials. This observation highlights that the hydrothermal
process alone is oen not efficient enough to recover valuable
electrode materials and makes the full regeneration multistep,
and thus more energy-consuming.

P. Xu et al.100 used the hydrothermal method followed by
post annealing, called targeted healing, of LFP recovered from
EOL commercial cells that presented a capacity decay of 50%
before disassembly. As compared to some of the results pre-
sented in Table 6, oen obtained with concentrated Li sources,
this study emphasized minimizing LiOH consumption by
combining 0.2 M LiOH with a 0.8 M citric acid (CA) solution. To
regenerate the degraded LFP, the key points are the lling of Li+

vacancies while suppressing anti-site defects or preventing their
formation. Hence, P. Xu et al.100 used CA to assist the reduction
of Fe3+ within the aged LFP into Fe2+, which promotes the
insertion of Li+ to recover stoichiometric LiFePO4. The Li
composition is regenerated from 0.5 per Fe to 1.0 aer only 5
hours of treatment at 80 °C. Regeneration can also be per-
formed at lower temperatures of 70 °C and 60 °C, but with
a longer relithiation exposure time of 10 and 17 h, respectively.
The aged LFP was characterized by a Li deciency of 47.1% and
by 4.81% Fe/Li anti-site defects, the latter critical parameter
being oen overlooked in the literature. Aer the relithiation
treatment, the amount of anti-site defects was reduced to 2.2%,
even lower than that for the pristine LFP (2.5%). The regen-
erated LFP with thermal annealing at 600 °C for 2 h delivered
a capacity of 159 mA h g−1 at C/2 with less than 1% capacity loss
aer 100 cycles, which is similar to pristine LFP with
161 mA h g−1 at C and negligible decay aer 100 cycles. In the
following year, P. Xu et al.98 optimized the method with a new
solution of 0.1 M LiOH and 3.9 M KOH to further reduce cost
and lithium consumption; similar performance was recovered
for that regenerated LFP.

Interestingly, H. Gao et al.96 reported a one-step hydro-
thermal relithiation process for LMO, eliminating the need for
an additional annealing step. A reputable capacity of
Fig. 9 (a) Phase diagram of a eutectic molten salt system and (b) propo
from ACS Publications.

31700 | J. Mater. Chem. A, 2024, 12, 31685–31716
109 mA h g−1 at C/2 was obtained for the relithiated LMO
compared to 112 mA h g−1 for its pristine counterpart. However,
the main drawback of implementing this one-step process
versus the one just described is the long exposure time of 12
hours at 180 °C.

Finally, it is also important to emphasize that Ni-rich NMC
are sensitive to moisture, making them complicated materials
to relithiate especially via a hydrothermal approach. Therefore,
although promising, this method might not be adapted for all
kinds of chemistries. For instance, Sloop et al.101 observed
a difficulty in the relithiation of NMC622 due to nickel dispro-
portionation especially at the surface, while Shi et al.97 observed
that besides the common spinel phase which are relatively easy
to heal, rock salt phase on surface due to Li+ and the migration
of Ni2+ between layers formed during the degradation or use
phase added difficulty on the regeneration. Furthermore, Shi
et al.102 suggests that NMC532 requires high O2 partial pressure
to improve the relithiation operation, adding complexity in the
regeneration process for this electrode material.

Additionally, the post annealing performed aer the hydro-
thermal relithiation treatment allows cleaning the material's
surface from possible hydroxyl groups generated during the
hydrothermal process. Thus, the effect of this hydrothermal
step on the surface chemistry of each electrode material, and
especially on Ni-rich NMC type ones, has to be characterized
and understood to successfully develop single hydrothermal
step recycling processes.

(b) Redox Mediation relithiation. Redox mediation is a low-
temperature hydrothermal relithiation process wherein
a redox mediator undergoes reversible redox reactions shuttling
between two redox states. Unlike hydrothermal relithiation,
redox mediation can operate at room temperature and at
atmospheric pressure. The mediator acts as a temporary elec-
tron carrier, facilitating the transfer of electrons to the electrode
material. The process involves a lithiated redox mediator in an
electrolyte wherein a Li metal is added to reduce the mediator.
The Li metal is removed and the degraded active material is
added. The reduced redox mediators by the anode are then
oxidized at the cathode surface, transferring Li+/e− to relithiate
the cathode. The electrochemical potential of the redox medi-
ator determines the lithiation voltage; hence, the determination
sed mechanism in replenishing Li loss.105 Reproduced with permission

This journal is © The Royal Society of Chemistry 2024
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Table 7 List of some eutectic molten salts employed in NMC532 healing

Active material Eutectic molten salts Temp., °C Time, h Post-treatment (time, h)
1st discharge capacity,
mA h g−1 (C rate) Ref.

NMC532 LiOH : Li2CO3 440 5 Annealing 850 °C (12 h) 120 (5C) 105
NMC532 3LiNO3 : 2LiOH 300 4 Annealing 850 °C (4 h) +

5% excess Li2CO3

124 (5C) 102

NMC532 LiI : LiOH 200 4 Annealing 850 °C (5 h) 150 (C/2) 107

Table 8 Binary eutectic Li salt systems for possible use in eutectic molten salt relithiation technique

Binary Li salt system (A : B)
Eutectic temperature,
°C

Mole ratio
(A/(A + B))

Binary Li salt system
(A : B)

Eutectic temperature,
°C

Mole ratio
(A/(A + B))

Li2CO3 : LiCl 510 0.64 LiCl : LiOH 273 0.65
Li2CO3 : LiF 613 0.48 LiClO4 : LiNO3 170 0.43
Li2CO3 : Li2SO4 570 0.60 LiF : Li2SO4 541 0.61
Li2CO3 : LiOH 430 0.84 LiF : LiI 409 0.83
LiBr : LiF 443 0.24 LiF : LiNO3 245 0.95
LiBr : LiI 418 0.64 LiF : LiOH 427 0.80
LiBr : LiNO3 223 0.75 LiI : LiOH 177 0.45
LiBr : LiOH 264 0.43 LiNO2 : LiNO3 184 0.42
LiCl : Li2SO4 470 0.37 LiNO3 : Li2SO4 248 0.03
LiCl : LiF 496 0.30 LiNO3 : LiOH 182 0.38
LiCl : LiI 365 0.64 LiOH : Li2SO4 399 0.22
LiCl : LiNO3 330 0.88
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of Li deciency of the degraded active material is not required.
Mediators can be organic compounds or other non-transition-
metal-based organic molecules,103 acting as reducing agents
with low potentials than transition-metal redox couples ideal to
fully reduce the positive electrode materials in the presence of
a Li salt. Besides, mediators also lower down the activation
energy allowing relithiation kinetics to occur at low tempera-
tures, making it a safe process.

In the study of Park et al.,103 a chemically delithiated
NMC111 with approximately 10% Li deciency was used as the
sample for demonstrating the capability of this charge shuttling
relithiation method. To do so, the authors tested various
organic redox mediators such as p-benzoquinone, thymoqui-
none, methyl-p-benzoquinone, duroquinone, 1,4-naph-
thoquinone, 2,5-di-tert-butyl-1, 4-benzoquinone and 3,5-di-tert-
butyl-o-benzoquinone (DTBQ), that latter demonstrating the
most promising results. Their two-step experiment involved
rst placing Li metal strips in the DME solution with DTBQ at
concentrations ranging from 0.1 to 0.5 M, to prepare lithiated
DTBQ solutions. Then, aer an overnight stirring, Li metal was
removed and the reduced DTBQ molecules were used to
perform the relithiation reaction in a batch containing 7.5 mL
of lithiated DTBQ solution and 5 g of degraded NMC111. The
powder was then recovered, washed with DME and annealed
under air at 850 °C for 4 h. The post-annealing is necessary to
restore the microstructure of secondary particles because
mechanical cracking is a serious material issue in the aged
cathode powder. Moreover, such high-temperature treatment
allows eliminating the residues of redox mediators still present
This journal is © The Royal Society of Chemistry 2024
in the recovered relithiated active material. Aer the treatment,
the charge capacity of healed positive electrode material via
redox mediation was at 182.5 mA h g−1 which is comparable to
184 mA h g−1 of the pristine state. It was found out that reli-
thiation increases with electrolyte concentration, reducing the
reaction time and increasing the throughput.

More recently, Ouaneche et al.104 implemented a greener
approach which involves relithiation of spent LFP still casted on
the Al collector by simply immersing it in a solution of lithium
iodide dissolved in an organic solvent. The authors tested and
optimized different reaction parameters such as the tempera-
ture, reaction and amount of lithium in different solvents such
as acetonitrile, ethanol, cyclohexane, methanol, DMSO and
propan-1,2-ol. They took advantages of the redox couple I2/I

−

that leads to the spontaneous reduction and relithiation of
delithiated LFP in the studied LiI solutions. The regeneration
could be carried out at room temperature and on complete LFP
cathodes supported on their original current collectors, making
the delamination unnecessary. However, they observed some
minor corrosion of the Al collector by I2.

(c) Eutectic molten salt solution relithiation. Eutectic molten
salt solution is a mixture of two or more salts, resulting in
a lower melting point compared to the individual salts as, for
example, LiOH–Li2CO3 (433 °C) against LiOH (462 °C) and
Li2CO3 (723 °C)105 (Fig. 9a). Molten salts are good substitutes to
minimize or eliminate the reactivity of NMC systems in aqueous
solutions. For instance, this eutectic molten salt approach has
been used to synthesize NMC111 by Reddy et al.,106 conrming
the structural stability of this active material in such media. The
J. Mater. Chem. A, 2024, 12, 31685–31716 | 31701
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Fig. 10 Two-stage solid-state synthesis schematics: ball milling, followed by a heat treatment, to regenerate the layered oxide cathode active
material.
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relithiation mechanism in the Li-based eutectic molten salt
medium was proposed by Jiang et al.105 First, the Li salts, in
large excess, present at the surface of the Li-decient active
material penetrate within the aggregates through the cracks.
Then, due to the Li concentration difference, the Li concentra-
tion in salt is much higher than that in the Li-decient particle,
and the Li+ ions thus diffuse both at the surface and within the
bulk of the active material, lling the Li vacancies and resulting
to full regeneration.

The work on the hydrothermal relithiation of NMC532 pre-
sented earlier by Shi et al.,97 was signicantly improved by the
same team by using an eutectic molten salt mixture in the aim
of safer, scalable, low-cost process in regenerating NMC532
even with 40% Li deciency.102 With eutectic Li+ molten-salt
solution, the chemical composition was restored while
providing storage capacity, cycling stability, and rate capability
back to the pristine levels. The common problem of the NMC
system involving the rock salt formation during NMC degra-
dation is also repairable by the molten salt method.

Moreover, according to FactSage,108 there are a lot of possible
binary eutectic Li salt systems that could be explored for the
regeneration method, which allows to widely tailor the experi-
mental conditions and adapt the molten salt medium to the
specicity of the active materials (temperature stability, reac-
tivity, etc.). From Tables 7 and 8, one can easily understand why
the temperature can be lowered down by utilizing a different
system with the same objective of relithiation of the same active
material.

However, the main drawback of this approach is the use of
a large amount of Li salt precursors that would most probably
be lost. Moreover, the use of certain eutectic mixtures could lead
Table 9 Examples of solid-state synthesis strategy applied to LIBs (LR-N

Active material Li loss, % Li source Milling time, h

LCO 11.5 LiOH$H2O (+5% excess Li) Ball milling (3 h
LFP N.I. Li2CO3 Ball milling (6 h
LR-NMC N.I. (3 : 2) LiNO3 : LiOH$H2O Hand mix in mo

(0.5 h)

31702 | J. Mater. Chem. A, 2024, 12, 31685–31716
to toxic or harmful gas (HF, HCl, etc.) released during the reli-
thiation process that would imply considerable safety measures
for a large-scale development. Aside from the listed possible
molten salts of two Li sources, a recent publication applies
a similar approach by using salt mixtures of KCl and LiNO3

combined with CaO for the regeneration of LiCoO2.109

(d) Ionothermal relithiation. Among all the studied methods for
positive electrode regeneration, ionothermal relithiation is the
least explored. Ionothermal relithiation is an electrode material
healing method conducted at a low temperature (<200 °C) with
non-conventional molten salts called ionic liquids (ILs). Although
ionothermal synthesis is an efficient approach for the synthesis of
electrode active materials,110,111 to the best of author's knowledge,
only one communication paper is available on its use for the
regeneration of active materials. Ionic liquids such as 1-ethyl-3-
methylimidazolium bis(triuoromethanesulfonyl)-imide
([C2mim][NTf2]), 1-butyl-3-methylimidazolium
bis(triuoromethanesulfonyl)-imide ([C4mim][NTf2]) and 1-
ethanol-3-methylimidazolium bis(triuoromethanesulfonyl)-
imide ([C2OHmim][NTf2]) were explored as ux solvents for
NMC111 direct recycling.112 The process involves stirring amixture
of chemically delithiated NMC111 (2.5 mmol), LiCl or LiBr (2.5
mmol), and ILs (2.5mL) in a 25mL vial for 10min, heating to 150–
250 °C for 40 min, and then maintaining this temperature for 6–
24 h. Themixture isltered, washedwith acetone and ethanol, and
dried at 100 °C for 2 h. Small-scale reactions require no calcina-
tion, but larger experiments do. For example, a scale-up with 25.3 g
of NMC111 (0.263 mol), 3.4 g of LiBr (0.392 mol), and 50 mL of ILs
(75.3 g) required additional calcination at 500 °C for 4 h, yielding
24.8 g of powder (98.9% yield). The ICP results showed the Li
content of regenerated NMC111 at 1.070 compared to 1.072 for the
MC = Li[Li0.44Ni0.136Co0.136Mn0.544]O2)

Heat treatment, °C
1st discharge capacity,
mA h g−1 (C rate) Ref.

) + spray drying 900 °C; 12 h 165 (C/5) 113
) 700 °C; 3 h 152 (C/5) 114
rtar and pestle 300 °C; 15 h 305 (C/20) 115

This journal is © The Royal Society of Chemistry 2024
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Fig. 11 Electrochemical set-up for relithiating the deficient CAM.121 Reproduced with permission from ACS Publications.
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pristine material, indicating restored chemical composition. X-ray
diffraction conrmed relithiation and structure preservation. TGA
curves showed identical thermal stability, and no morphological
changes were observed. Finally, regenerated NMC111 exhibited an
initial capacity of 173.6 mA h g−1 at C/10, close to the pristine
material's 175.3 mA h g−1, with similar performance and cycling
stability in full cells.

The team identied mechanisms of relithiation exploring
the three ILs with LiBr and LiCl salts. For all temperatures of
120 °C, 150 °C and 200 °C, LiBr performs better relithiation
than LiCl. Although both halides produce oxidizing gases, the
Cl−/Cl2 standard oxidation potential of 1.358 V is higher than
Br−/Br2 which is 1.065 V, making LiBr a better Li source for
relithiation. Besides, among the three ILs used, namely
([C2mim][NTf2]), ([C4mim][NTf2]), and ([C2OHmim][NTf2]),
([C2OHmim][NTf2]) was found to be the best solvent because of
its hydrophilic hydroxide group which enhances the Li solu-
bility and benets the relithiation process.

Despite the merits of relithiating at low temperatures
compared to eutectic molten salts, the method is not widely
explored, possibly due to the cost and availability of ILs
compared to traditional solvents and the lack of know-how as it
is a very recent method of direct recycling. Thus, a lot has to still
be done to better evaluate this approach.

(e) Solid-state relithiation. Solid-state relithiation process
involves mixing and grinding solid-state precursors to achieve
a homogeneous mixture, followed by a high-temperature heat
treatment (Fig. 10), usually conducted in a controlled atmo-
sphere to obtain the desired material. This solid-state method
is, for instance, widely applied in lithiating carbonate or
Table 10 Relithiation of LCO using Li2SO4 by different research groups

Active material
(working electrode) Li solution Cathodic current, mA cm−2

LCO 1 M Li2SO4 0.42
LCO powder 1.5 M Li2SO4 0.12

0.5 M LiOH
LCO electrode 1.5 M Li2SO4 0.40

This journal is © The Royal Society of Chemistry 2024
hydroxide NMC precursors to obtain the nal NMC electrode
materials. Hence, it appears as a good option for regenerating
lithium-decient electrode materials with common Li sources
such as carbonates, nitrates or hydroxides (Table 9).

Dealing with layered electrode materials, Nie et al.116 and
Zhou et al.117 both regenerated spent LCO powders with an
almost identical procedure. First, 100 g of the spent powder was
mixed with Li2CO3 in a Li/Co ratio of 1.05, calcined in an air
atmosphere at 850–950 °C for 12 h, ball milled and sieved with
a 400-mesh screen. Before regeneration, the XRD pattern of
degraded LCO revealed diffraction peaks at 32.2° and at 36.8°
characteristic of the spinel Co3O4 phase, a typical LCO degra-
dation product. These peaks disappeared aer the treatments at
800–950 °C, leading to a well crystallized and pure LCO layered
phase according to Nie et al.116 The morphology and size of
regenerated LCO particles are in good agreement with the ex-
pected commercial range of 5–20 mm. The specic surface area
of healed LCO is of 0.178 m2 g−1 at 900 °C and 0.191 m2 g−1 at
950 °C, close to those found for commercial electrode materials
(0.2–0.6 m2 g−1). Lastly, the charge capacity of LCO regenerated
at 900 °C is 152.4 mA h g−1, which corresponds to the one of
commercial grade of LCO situated between 140 and
155 mA h g−1, validating the regeneration process.

With the same solid-state method, X. Li et al.118 published
the direct regeneration of LiFePO4 materials. In this article, the
XRD characterization revealed that degraded LFP contains
acetylene black, FePO4 and P2O5 phases due to delithiation and
decomposition in addition to the LFP peaks. These secondary
phase peaks started to gradually disappear aer treatment of
the degraded electrode material with Li2CO3 at 600 and 650 °C
with similar results obtained

Additional steps
1st discharge
capacity, mA h g−1 (C rate) Ref.

Annealing 700 °C (2 h) 136 (C/5) 121
Annealing 700 °C (6 h) 130 (C/5) 120

140 (C/10)

J. Mater. Chem. A, 2024, 12, 31685–31716 | 31703
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for 1 h in an Ar environment, conrming the regeneration of
LFP. The morphology of degraded and regenerated LFP
powders are similar, despite the observation of bigger aggre-
gates for the former due to agglomeration brought by the
residual binder. The powders treated at 650 °C showed
a specic discharge capacity of 140.4 mA h g−1 and 95.32%
capacity retention aer 100 cycles.

Although this approach could work for each electrode
material chemistry, separately, the downside of this solid-state
relithiation is the requirement to quantify the Li deciency
and thus the Li addition necessary for compensation. The
homogeneity of mixing, and the impurities from degraded
components are not removed and could interfere during the
regeneration. Both Nie et al.,116 and Liang et al.,113 showed that
the carbon black and binder have to be removed before the
regeneration step. Moreover, this method does not seem to be
adapted for a mixture of active materials (e.g. NMC and carbon-
coated LFP) due to the different annealing temperatures and
atmospheres, not always compatible, required to regenerate the
active materials.

(f) Electrochemical relithiation. Generally, electrochemical
methods are widely used in metal separation and rening such
as electrowinning and electrorening, and recently as a regen-
eration technique. This method is usually used for electrode-
position and/or electrochemical insertion producing materials
with low waste or low reagent consumption.119–121 Like dis-
charging a battery, the Li decient electrode material is
replenished by applying a voltage to an electrochemical cell
allowing Li+ ions to move from the Li source to the working
electrode, which is the Li-decient electrode material (Fig. 11).
One of the main advantages is that the reaction is controlled by
electrode potential removing the need to quantify the Li
deciency.

This method was implemented by Ganter et al.,119 to regen-
erate LFP. This latter is stirred for 20 h in an organic electrolyte
(1 M LiI in ACN) and Li metal is used both as the counter
electrode and lithium source. Although, this method was
successful, the Li metal and the electrolyte are both air sensitive
making this procedure difficult to set up. To simplify the
process, Yang et al.,120 introduced an aqueous electrolyte in
their work. The team noted that CAM such as LCO, LMO and
LFP can be electrochemically relithiated because of their
compatible electrochemical windows with that of the electro-
lyte. Yang's approach involves treating CAM powders with
a solution containing 1.5 M Li2SO4 and 0.5 M LiOH. Addition-
ally, they applied the method directly to positive electrode
sheets using a solution of 1.5 M Li2SO4. The procedure is
controlled solely by electrode potential. Notably, for the LCO
electrode as shown in Table 10, a higher current density was
required since the powder is still attached to the Al foil with
carbon black.

The electrochemical insertion of Li into the working elec-
trode is both dependent on the concentration of the Li solution
and on the applied current density. For example L. Zhang
et al.121 demonstrated that, it took 154 min to reach a stable
potential with 0.1 M LiSO4 while 100 min is needed with 1 M
LiSO4. Additionally, current density increases with the electrons
31704 | J. Mater. Chem. A, 2024, 12, 31685–31716
per unit area, making the insertion faster. In general,
comparing this process to the other methods presented, the
electrochemical relithiation provides the shortest time to
replenish the Li stoichiometry. However, both Yang et al.,120

and L. Zhang et al.,121 used pristine LiCoO2 as a lithium reser-
voir to demonstrate the concept for relithiating lithium-
decient LixCoO2. Thus, to be reliable and pertinent, other
cheaper and more abundant lithium sources have to be tested/
implemented. Additionally, such process could be difficult to
upscale from an industrial point of view.

(g) Upcycling. It is true that regeneration or healing processes
can restore materials to their original composition and struc-
ture, but these regenerated materials might no longer meet the
exibility demands of the rapidly advancing battery industry.
Therefore, upcycling offers a promising solution to address this
limitation. By modifying the chemical composition of battery
materials (apart from lithium content), upcycling can yield to
new and improved electrode material formulations, effectively
repurposing materials that might have lost value due to changes
in market demand (see Fig. 8). For instance, transforming
NMC111 into NMC622,41 or applying coatings and dopants to
degraded materials during their regeneration can improve their
performance and extend their utility. Despite its innovative
nature, it is worth noting that upcycling can be more intricate
and complex compared to processes focused solely on lithium
replenishment.41 Indeed, for instance, the upcycling process
from NMC111 to NMC622 involves structural changes much
more complex than a simple topochemical reaction used for
relithiation.

Upcycling can be considered as an innovation stemming
from previously mentioned processes. For example, as a proof
of concept, Qian et al.122 developed a method called molten-salt-
based method for direct recycling (MSDR). In their study, Li-
decient NMC532 electrode powder, still containing carbon
black and PVDF, was mixed with LiOH, Li2SO4 and Ni0.83-
Mn0.09Co0.08(OH)2. This mixture was heated rst at 900 °C for
5 h and then at 860 °C for 15 h. The resulting product under-
went water washing to separate the material from the water-
soluble Li salts, dried under air and nally thermally treated
at 700 °C for 4 h. From lithium-decient NMC532, the process
led to a fully lithiated NMC-type material containing 66% of Ni
called “Ni66-NMC”. The method was further successfully
implemented to obtain LiNi0.8Mn0.12Co0.08O2 from the same
degraded NMC532. This time, the upcycling process required
a higher amount of Ni source such as using Ni(OH)2 in addition
to LiOH and Li2SO4 that form themolten salt medium and serve
as lithium source. This innovative approach of upcycling
highlights the potential to extract added value from degraded
materials, adapting them to evolving battery material require-
ments, and contributing to the sustainability and efficiency of
battery material management.

A similar approach was introduced by Wang et al.123 who
employed a reciprocal ternary molten salt (RTMS) system for
electrode material upcycling. This RTMS medium is a mixture
of salts that contains multiple anions and cations and enables
a low eutectic melting point for the effective ux process at low
temperatures. In this study, a chemically delithiated NMC111
This journal is © The Royal Society of Chemistry 2024
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was upcycled to fully lithiated NMC622 by using Ni(NO3)2$6H2O
as a nickel source in the Li+, Na+‖Cl−, NO3

− RTMS. Although the
method is very promising to obtain NMC622, the authors re-
ported that their attempts to upgrade NMC111 to NMC811 led
to an increase in the grain size of the electrode material that
nally penalizes its energy storage performance when
compared to those of pristine NMC811.

More generally, Gaines et al.41 revealed that NMC systems are
difficult to upgrade. This process adheres to specic rules; in
the upcycling from NMC111 to NMC622, Li must be initially
added to ll the surface vacancies; otherwise, Ni will occupy
these vacancies due to its similarity in size to Li, as previously
indicated by Shi et al.95 If this substitution occurs, spinels or
rocksalt compounds such as MxO4 (2 # x # 3) or NiO may form
depending on the duration and temperature (∼800 °C) of the
process. Hence, the process is efficient only when Ni(OH)2 is
mixed with relithiated NMC111 and annealed with stoichio-
metric LiOH,mimicking the original synthesis method for NMC
materials. With annealing, it was found out that the initial
physical mixture of LiNiO2 and NMC111 can equilibrate to
a homogeneous NMC622. Additionally, this approach can be
used for LiMn2O4 spinels and NCA. However, this technique is
complex because it requires preserving the structure while
changing the transition metals stoichiometry, and therefore,
there are several challenges such as controlling the coating
stoichiometry and its chemical nature, nding the adapted
precursor structure type for the upcycling, and blocking the
Table 11 Summary of the advantages and disadvantages of CAM regene

Regeneration method Advantages

Hydrothermal relithiation High product purity
Low to mild temperature operation
No Li deciency determination req
Self-limiting healing

Redox mediation Requires mediators/reagents
Low temperature operation
No Li deciency determination req

Eutectic molten salt solution Mild temperature operation

Can heal highly Li decient CAM
Two Li sources

Ionothermal relithiation Low to mild temperature operation

Solid-state synthesis Simple and easy
Can be combined with doping step

Electrochemical relithiation Room temperature procedure

No Li deciency determination req
Easy relithiation monitoring
dependent on voltage prole
Fast process

Upcycling Versatility

Upgrading of value
Material adaptability

This journal is © The Royal Society of Chemistry 2024
nucleation at the interface of a phase that would hinder cation
diffusion.

Besides upgrading the chemical composition, processes
such as coating and doping can be viewed as forms of upcycling,
given that they enhance the material's overall performance and
increase its market value. This approach also contributes to
a higher resource efficiency by extending the material's use,
thereby maximizing its value. Additionally, it aids in resource
conservation, cost reduction, waste and environmental impact
minimization, and energy efficiency.

Wang et al.124 conducted a study on an even more complex
hydrothermal regeneration of LCO, combining interface engi-
neering with conventional hydrothermal relithiation treatment.
Degraded LCO powders were placed in an autoclave at 220 °C
for 4 h with 60 mL of 4 M LiOH solution. Then, the treated
sample was recovered, mixed with Li1.4Al0.4Ti1.6(PO4)3 (LATP),
ball milled and annealed at temperatures ranging from 700 to
900 °C for 4 h. Then 1–2% of LATP was added to generate mixed-
phase substance on the surface of LCO. SEM imaging revealed
that nanosized particles formed on the surface of LCO contain
a homogeneous distribution of Co, Ti and Al. The powders
treated with and without LATP indicated the disappearance of
the degradation product, Co3O4, and thus a full reconstruction
of LCO, and showed an increase in crystallinity. In terms of
electrochemical performance, the powders without LATP per-
formed poorly. Conversely, the powders treated with LATP
exhibited improved cycle performance, achieving an initial
ration and upcycling

Disadvantages

Material dependent
Some cathode requires strict O2 partial pressure

uirement Pressurized vessel requirement

Complex procedure
Mediator stability\and compatibility

uirement
Requires two Li-salt's thermodynamic compatibility
making a eutectic point

Non-conventional ionic liquids
Expensive
Requires impurity removal

s Challenge on homogeneity of mixing
High energy requirement
Energy intensive
High current requirement, requires counter
electrode and electrolyte

uirement Additives
Manned operation

Li metal is unsafe
Requires Li solution
Multiple steps requirement
(regenerating then coating/doping/upgrading)

J. Mater. Chem. A, 2024, 12, 31685–31716 | 31705
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Fig. 12 Negative electrode schematic description highlighting the details of active materials, binders, and carbon black.
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discharge capacity of 150 mA h g−1 that remained at
147 mA h g−1 aer 100 cycles, resulting in 97.5% retention. The
morphology of LATP-treated particles showed no visible cracks
aer 100 cycles compared to non-treated ones and the electrode
material maintained a well-dened layered structure, conrm-
ing the benets of the surface engineering. A similar process
was conducted by Zhou et al.,117 who not only healed LCO but
also doped it with Mg and Ti at Co sites. The electrochemical
performance of Mg- and Ti-doped LCO showed an initial
discharge capacity of 177 mA h g−1 and 96% (170 mA h g−1)
retention capacity aer 100 cycles, and the performance is
much better than that for simply relithiated LiCoO2. The doping
of Mg and Ti to LCO provided an improved structural stability
and Li diffusion capacity. Similarly, Gao et al.,125 coated LCO
with Al2O3 during the upcycling, which led to electrode mate-
rials with a capacity of 137 mA h g−1 higher than that for the
regenerated but not coated LCO (133 mA h g−1).

Overall, these new and innovative methods are promising
despite their complexity especially when viewed in terms of
industrial scalability. A summary of the regeneration and
upcycling processes is presented in Table 11 according to their
advantages and disadvantages. The methods also suggest that
different electrode material composition would require
different treatments as presented previously. There is not
a single solution to all types of materials, leading to complicated
challenges to directly recycle or upcycle blended electrode
materials. Indeed, some battery manufacturers adopt strategies
involving the combination of two or more positive electrode
materials, called blended materials, to attain specic properties
such as improved power. While this approach enhances overall
battery performance and reduces prices, it poses a challenge at
the end of the battery's life cycle. The mixing of materials,
transitioning from a single chemistry to two or more, intro-
duces complexity in the recycling process, which is a crucial
factor to consider for the development of the next-generation of
LIBs. Nevertheless, the best relithiation process is the one that
is easy to scale-up for production and could be applied to
a maximum of different CAM even with mix electrode materials
of different levels of Li deciency.

All the presented relithiation methods target to effectively
restore the composition, particularly the Li content, original
structure, and electrochemical performance. However, a crucial
next step is addressing the limitations inherent in these pre-
sented processes, which are primarily designed for known,
31706 | J. Mater. Chem. A, 2024, 12, 31685–31716
clean, and single positive electrode material chemistry. An
additional challenge arises when regenerating spent batteries
with a different usage history, possibly leading to non-ideal
degradation scenarios, with, for instance, inhomogeneities in
terms of degradation in the same cell or between different cells.
Competitive processes should possess exibility for accommo-
dating new electrode materials, enabling regeneration for
various CAMS such as NMC, LCO, and LFP, even encompassing
mixed chemistries found in specic applications. Therefore,
achieving a clean feed necessitates enhancing upstream
pretreatment processes, such as efficient delamination and
separation to removematerials such as PVDF and CB. Moreover,
advanced regeneration one-step processes capable of handling
mixed materials with differing Li deciency levels, as well as
those containing PVDF and CB, should be developed. The best
one that is easy to upscale and has the most cost benets will be
the one in the industry implementation. Therefore, life cycle
assessments are needed to evaluate the recycling processes
from an environmental, nancial, and societal point of view.
For instance, the processes using a large amount of solvent and
requiring a lot of energy input might not always bring conse-
quent benets compared to hydrometallurgy approaches.

Finally, while new direct recycling methods show promise,
they encounter obstacles such as inadequate battery labeling,
logistical challenges of inefficient spent battery collection, and
component separation. It can be noticed that the electrode
material's chemistry or composition must be known in all
presented process, which remains a weakness in direct recy-
cling. However, waste materials, in general, exhibit heteroge-
neous chemistry, posing signicant challenges for
implementing direct recycling methods.
3.3. Negative electrode delamination, separation, and
regeneration

During charging, Li ions intercalate and are stored in the
negative electrode and subsequently de-intercalate during
discharge to return to the positive electrode. Hence, the nega-
tive electrode active material is capable of accommodating Li
ions reversibly and efficiently, which is vital for the overall
performance of the battery.

Comparing Fig. 6 and 12, the positive electrode is thicker
than the negative electrode because the latter has higher
capacity. It has to be noted that only crystalline ake graphite
can be used as the active material for LIBs, increasing the
This journal is © The Royal Society of Chemistry 2024
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Table 12 Advantages and disadvantages of delamination methods applied to the negative electrode

Delamination method Advantages Disadvantages

Thermal Easy to operate Safety risks (gas evolution)
Costly entrapment or gas management
Can possibly degrade/oxidize the graphite
Possible loss of active material
Fluorinated compounds are released in the
environment
Residual decomposition products, e.g. ashes
Requires sizing
Not selective
Energy intensive
Requires Ar or N2 atmosphere
Al melting and breakage

Mechanical Simple to operate Requires classication step especially sizing
Widely used Not selective
Low temperature operation Energy intensive and noise pollution

All the components of the composite are still intact
Not liberated/separated composites just delaminated
Not suitable for direct recycling

Electrochemical Conservation of morphology Energy intensive
Residual electrolyte could react to media
Delithiation of CAM

Chemical Simple High reagent consumption
Selectively dissolves and recovers the binder Reagent selection is dependent on binder
Can directly recycle graphite Waste chemical treatment
High material purity CB is considered as an impurity with the graphite
Low environmental impact
Low to mild temperature conditions
No exhaust emissions
Conservation of morphology
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supply issues. This negative electrode material demands for
high performance and long-life, high-purity and highly crys-
talline structure, which is obtained by pickling and anaerobic
high-temperature graphitization at 2800–3300 °C.126–128 Because
of these, natural graphite is a critical raw material in Europe
since 2011 and in Japan and the USA.9,129,130 An effective strategy
for graphite is substituting natural graphite with synthetic
graphite, which ensures higher purity; hence, the latter is also
in high demand. Compared to the extensive positive electrode
material family, the graphite constitutes the majority of the
used negative electrode materials and demonstrates compati-
bility with all positive electrode chemistries.

Despite being more stable than the positive electrode
materials, graphite also undergoes degradation during its
assembly and use (Fig. 7). At EOL, graphite contains a signi-
cant concentration of Li and is thus partially reduced, and it is
contaminated by electrolyte degradation products (uncon-
trolled SEI thickness and Li dendrites), binders, and transition
metals from the cathode or other additives which complicate
the recovery of the active material. Moreover, Li intercalation in
graphite intrinsically implies 13% volume expansion,131 which
aer long range cycling and successive intercalation and de-
intercalation of Li, induces irreversible modications with
a mechanical interlayer spacing and a higher pore size distri-
bution132 (Fig. 7).
This journal is © The Royal Society of Chemistry 2024
Because of these degradations, there have been many
methods that have been tested for graphite recovery. However,
the target is to successfully remove Li and other impurities as
they might cause short circuit or other battery failure mecha-
nisms. Furthermore, degraded crystallinity and microstructure
result in low capacity and low overall battery performance. The
direct recycling of the negative electrode also follows the stage
process of delamination and regeneration. Below are descrip-
tions of the commonly used direct recycling methods to recover
and valorize graphite.

3.3.1. Different strategies on negative electrode delamina-
tion. Although natural graphite stands as a critical rawmaterial,
unlike the positive electrode, there is not a signicant body of
research available on negative electrode recycling specically
designed to reach a complete LIB direct recycling. Certain
methods for delaminating the negative electrode still involve
manual scraping, a labor-intensive task that is not readily
adaptable for large-scale industrial applications, despite the
development of robots for automated delamination. Further-
more, manual scraping leads to challenges for downstream
processes even when all the foils are perfectly delaminated
because the composites containing graphite, binder(s), and
carbon black are still intact and agglomerated along with
impurities and other side degradation products. Because it is
a mixed material, discriminating these elements for recovery
based on their inherent properties poses a considerable
J. Mater. Chem. A, 2024, 12, 31685–31716 | 31707
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challenge. The following section will present four major
delamination approaches currently under development aiming
at separating graphite or the electrode composite from the
copper current collector (summarized in Table 12).

(a) Mechanical delamination. The use of mechanical process-
ing methods in liberating complex electronic wastes is known
for years. For minerals, comminution processes such as
mechanical crushing are used to liberate ores based on their
sizes and mineralogical composition. Van Schaik et al.133

mentioned that the same principle could also be applied to
“articial ores” which are modern consumer products such as
LIBs. However, mechanical processes have the main disadvan-
tage of only reducing materials into ner fractions, nothing
more. Despite this, there have beenmany studies implementing
mechanical crushing to recycle LIBs.

Wuschke et al.134 studied the comminution of prismatic and
cylindrical LIB cells in two crushing stages. They found out that
the negative electrode foils can be liberated at a smaller specic
size than that of the positive electrode due to difference in
adhesive tensile strengths: 1.0 N mm−2 for positive electrode
and 0.4 N mm−2 for the negative electrode. Finer grinding
products were obtained at a higher mechanical energy input;
however, they added that an incomplete liberation was observed
which reduces the separability of components in downstream
processes.

Vanderbruggen et al.88 evaluated three different delamina-
tion pretreatment processes aiming to recover active materials
from 18650 LIBs. One of the evaluated processes involved
mechanical crushing followed by sieving. Majority of the Cu and
Al foils were removed in coarser sizes owing to their mechanical
properties such as ductility. However, only 5.1 wt% of the black
mass was reported to have particles smaller than 63 mm, indi-
cating that while the mechanical process facilitated delamina-
tion, it did not effectively liberate the active materials. Indeed,
the SEM images revealed the preservation of the binder and
thus particle aggregation. The recovered black mass at the nest
fraction underwent otation but the recovery rates were low,
around 60% for graphite and the same for lithiummetal oxides.
Furthermore, mechanical methods such as crushing also have
the potential to cause cracks and damages to particles, which
induced mechanical stress making difficult the selectivity with
regard to specic components. This method has solely the
advantage of size reduction, while the delamination efficiency is
generally low and separation of active materials from the binder
is not achievable. Despite delamination, the composite aggre-
gation persists due to the binder's presence.

(b) Thermal delamination. Mechanical processes have proven
to be inadequate in liberating graphite effectively due to the
persistent presence of the binder. Consequently, the utilization
of other processes such as the thermal ones becomes imperative
to address this issue. In practice, the use of thermal treatment
of negative electrode offers more exibility than the positive
electrode, thanks to the distinct melting points of the current
collectors. Specically, the Cu foil melts at 1085 °C while the Al
foil melts at 660 °C. Therefore, there exists a signicant gap
between the melting points of Cu foil and the binder at the
negative electrode especially when treating a black mass.
31708 | J. Mater. Chem. A, 2024, 12, 31685–31716
Therefore, this strategy is better suited to manually separated
electrodes. This difference simplies the process without
altering the Cu foil and the active materials as much as
possible.39,134 However, it is crucial to note that O2 or an air
atmosphere cannot be employed in thermal treatments, as they
can lead to consumption of graphite.

The team of Vanderbruggen et al.88 exploited vacuum pyrol-
ysis followed by comminution. The aim of this thermal treat-
ment was to decompose the binder at temperatures ranging
from 500 to 650 °C. Intact 18650 batteries underwent this
method, leading to the partial decomposition of the binder.
While this process liberated the negative active material better
than mechanical processes, it presented the drawback of Al foil
melting.135 Additionally, possible corrosion due to the genera-
tion of HF from electrolyte was noted. Aer the delamination,
they implemented otation and the recovery of a good grade
graphite in the overow of thermally treated batteries was above
95%, suggesting that this thermal pretreatment process offers
a competitive advantage for graphite separation compared to
mechanical methods.

Rothermel et al.76 reported a different approach that involves
battery shredding followed by electrolyte removal using liquid
and scCO2. Subsequently, they implemented a process involving
magnetic separation for casing recovery, classiers for separa-
tors, thermal treatment at 400–600 °C to decompose the binder,
and air-jet sieving to separate the active materials from the foil.
Detachment of graphite active material from the foils was
observed. However, Raman analyses revealed that imple-
mentation of scCO2 negatively affected the crystallinity of
graphite. Indeed, the crystallite size was reduced from 1086 nm
down to 635 nm using liquid CO2 at 60 bar and reduced further
down to 279 nm with scCO2 at 120 bar, revealing the unfavor-
able effect of pressurized CO2 on the crystallinity of graphite.
However, the team also claimed that this alteration could be
due to the state-of-health (SOH) of the cell. Although the recy-
cled graphite showed acceptable cycling stability, a much lower
coulombic efficiency was observed in the rst cycle, ranging
from 79 to 83% for scCO2 and liquid CO2, and attributed to
contamination with elements from the positive electrode
material. Signicant amounts of Li and P where also found in
the graphite particles, suggesting that the process was not able
to dissolve the SEI and the residual Li salts. This means that
CO2 should be preferentially liquid when extracting the elec-
trolyte as it affects less negatively the anode material.

Similar treatments were implemented by Yang et al.,132 with
graphite delamination from Cu foils at 400 °C in an argon
atmosphere for 1 h. Aer separation from the foils, the negative
composite material, containing graphite, was further treated at
500 °C for 1 h in an air atmosphere to oxidize the copper
impurities and further leach them using a HCl solution. The
regenerated graphite was electrochemically characterized using
coin cells with Li metal as the counter electrode, with rather
high loading (90 wt%) in the potential window of 0.005–2 V at
25 °C. The initial specic capacities were 591 mA h g−1,
510 mA h g−1, and 335 mA h g−1 at 37.2 mA g−1 (C/16),
74.4 mA g−1 (C/7), and 186 mA g−1 (C/2), respectively with an
excellent columbic efficiency of 100% and a capacity retention
This journal is © The Royal Society of Chemistry 2024
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Fig. 13 Schematic of a flotation cell for hydrophobic and hydrophilic material separation.143 Reproduced with permission from Elsevier.
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of 97.9%. This study revealed that, although several steps
(leaching and annealing) were conducted to regenerate graphite
composition and microstructure, the very high specic capac-
ities, higher than theoretical values, highlighted that some
parasitic reactions occurred, and that the recycled graphite does
not behave like pristine graphite. Therefore, additional char-
acterizations of the negative electrode material itself and of the
electrochemical reaction mechanism are still needed to better
understand the reasons behind these phenomena. This also
reveals that the recycling process has to be further optimized.

Despite these encouraging results using thermal treatments,
Li et al.136 revealed serious environmental pollution because of
the generation of gases such as HF, P2O5, aldehydes and others.
Furthermore, when starting from shredded batteries, the
method is intrinsically limited to the compatibility with Al
melting, showing that prior segregation of the electrodes is
required before undergoing thermal processing.

(c) Electrochemical and/or electro-mechanical delamination.
Cao et al.137 utilized the electrolysis method, which involves
applying high voltage to the spent electrode immersed in an
aqueous electrolytic solution to peel off the graphite from the
current collector. In their setup, the copper foil coated with
graphite served as the negative electrode, the spent graphite as
the positive electrode and a Na2SO4 solution as the electrolyte.
The anode and cathode plates, each weighing 1.5 g, were
vertically suspended in 1.5 L Na2SO4 electrolyte solution. The
delamination is achieved when the graphite is fully detached
from the Cu foil. Plate distance, applied voltage and electrolyte
concentration can be optimized to increase the efficiency of the
process. An increase in voltage from 10 to 30 V reduces the
delamination time of graphite from 200 to 43 min. Similarly,
a higher electrolyte concentration as well as a shorter inter-
electrode distance tends to increase the motion of ions and
increase the current, thereby strengthening the electric eld
which results in faster and easier separation. Overall, the
This journal is © The Royal Society of Chemistry 2024
procedure was found optimal for 30 V, 2 g L−1 of Na2SO4 solu-
tion and 10 cm distance. However, the recovered graphite
(95 wt%) contains traces of uorine (4–5 wt%) from the binder.
It exhibits a rst discharge capacity of 427.8 mA h g−1 at 0.1C,
82% higher than the pristine one. This was due to the higher
surface area of the recycled graphite, which provides more sites
for Li+ to intercalate, but it also has a larger SEI lm resulting in
higher capacity loss. Despite that, a capacity retention of almost
87.4% aer the 100th cycle was obtained, revealing competitive
performance and efficiency of such approach.

Vanderbruggen's team88 utilized electrohydraulic fragmen-
tation (EHF), employing successive high voltage pulsations (40
kV) to liberate battery components. Immersing batteries in
a water bath facilitated efficient liberation of graphite due to the
solubility of the negative electrode binder. The anode binder
dissolution and re-hardening aer drying led to graphite
particle re-aggregation. Lyon et al.138 noted a temperature
increase during high voltage pulsations, enhancing binder
dissolution. They found that combining mechanical processes
with EHF improved the delamination of both the cathode and
the anode, with the latter showing a higher efficiency attributed
to the anode binder's solubility. Lyon et al.138 also mentioned
potential cathode material delithiation, HF formation, and foil
comminution at higher energy inputs.

(d) Chemical delamination. The soaking of the negative elec-
trode constitutes one of the simplest techniques for delamina-
tion. The pivotal factor of this process lies in the dissolution of
the binder, choosing the proper solvent medium. For non-
water-soluble binders such as PVDF, solvents commonly
employed are NMP, DMC, DMF, and DMAC, primarily chosen
due to their inherent polarity. For instance, Natarajan et al.139

delaminated graphite from the Cu foil using DMF at 90 °C for
24 h to remove the PVDF. Conversely, DMC was employed by
Zuo et al.140
J. Mater. Chem. A, 2024, 12, 31685–31716 | 31709
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Water-based delamination of the negative electrode is
feasible for water-soluble binders, composed, for instance, of
styrene-butadiene rubber (SBR), sodium carboxymethyl cellu-
lose (Na-CMC), or polyacrylic acid (PAA).141,142 Furthermore,
water-based delamination is exclusively viable when the elec-
trode is fully cleaned of any residual electrolyte salt, to prevent
any production of HF and damage of battery components and,
more critically, any risks to operators involved in the process.

3.3.2. Separation or purication. Once the graphite is
peeled-off from the current collector, it must be selectively
recovered in order to be further re-used or valorized. The
following part will present different approaches that are under
development for this purpose.

(a) Flotation. The otation method has found application in
the separation of materials based on their distinctive physico-
chemical properties, primarily focusing on variations in surface
wettability (see Fig. 13). In fact, this method separates the
graphite from other materials,88 as, for instance, a distinct
dichotomy in wettability exists between graphite and the CAM
used as positive electrode materials. Specically, graphite
exhibits hydrophobic characteristics, whereas CAM displays
hydrophilic behavior. While this contrast could seemingly
facilitate separation, a signicant hurdle arises due to the
hydrophobic nature of the polymeric binder. As this binder
encapsulates both the graphite and positive electrode material,
all these components oat. Consequently, the pivotal strategy
for successful otation hinges on diminishing or eliminating
the presence of the binder material from the surfaces of these
active material components.

Different methods such as surface modications and pyrol-
ysis are employed to remove the binder. One good example was
reported by Zhang et al.,144 with a mechanical crushing
combined with pyrolysis and then otation. They found out that
the low otation efficiency is mainly due to residual binders and
electrolyte. Batteries from waste mobile phones were dis-
charged with 5 wt% NaCl for 48 h and dried. They were then
dismantled manually, and the positive and negative electrodes
were crushed with impact crusher for 20 s at a speed of 3000
radmin−1. The powder as obtained was then pyrolyzed at 700 °C
at a rate of 10 °C min−1 in a N2 environment at a ow rate of 20
mL min−1. The main ndings suggest binder removal due to
smoother surfaces of particles and better otation results. The
concentrate grade of graphite was very low at 8.34% with a yield
of 80.8%, while they were of 98% and 86.97% for LCO,
respectively.

Furthermore, Yu et al.145 used a combination of grinding and
otation. The spent batteries were initially discharged in
a solution containing 5 wt% NaCl for 48 h and dried for 1 day.
Following manual dismantling, both the positive and negative
electrodes were crushed into a mixed ne powder passing
through a 0.074 mm sieve. The resulting powder underwent
grinding with steel balls for different durations, and the
product underwent a two-stage reverse otation. Methyl iso-
butyl carbinol (MIBC) was used as a collector during the rst
stage to recover graphite, and n-dodecane as a frother during
the second stage to separate LCO from non-liberated LCO.
Under the optimum grinding condition of 5 minutes, a graphite
31710 | J. Mater. Chem. A, 2024, 12, 31685–31716
content of 82.57% was achieved with a recovery of 73.6%, and
a content of 97.19% with a recovery of 49.3% was achieved for
LCO.

The otation step is mainly referring to increasing the
concentration of graphite, wherein the CAM is only separated.
However, impurities and other degradation products remain on
its surface and in the structure. The purity grade of the recov-
ered graphite is thus not satisfying enough for a second life,
encouraging further research to optimize the process.

(b) Separation and direct re-use. Sabisch et al.146 adopted
a direct reuse approach for the pre-lithiated negative electrode
material extracted from spent LIBs. The retrieved active mate-
rial was subjected to thorough washing processes involving
DMC and NMP. DMC was employed to effectively remove any
residual electrolyte, especially salt, while NMP was used to strip
away the binder. Importantly, the degree of pre-existing lith-
iation in the active material prior to battery disassembly, the
negative electrode composition, and the associated degradation
prole were unknown (or not disclosed) in their study.

To evaluate the level of lithiation of the recycled graphite, the
initial voltage of assembled cells was measured versus Li metal,
and in comparison, with pristine graphite. As expected, the
latter exhibited an initial voltage of 3.09 V, whereas the recycled
graphite displayed an initial voltage of 1.2 V, indicating clear
evidence of pre-lithiation. However, the magnitude of this pre-
lithiation was determined to be less than 1% of the total
capacity, a level insufficient to signicantly impact the overall
capacity of the recycled graphite material.

Consequently, the graphite containing Li and impurities,
along with CB, underwent the addition of PVDF solely, for the
purpose of conducting electrochemical tests. The key ndings
indicated that both the pristine graphite and the recycled
lithiated graphite displayed comparable cycling stability.
Notably, the recycled graphite exhibited a reduced rst-cycle
capacity loss, attributed to the benecial inuence of pre-
lithiation in facilitating the formation of SEI layer. However, it
is identied that the SEI layer was destroyed during the
recovery; nevertheless, further characterizations are required to
determine the extent of the SEI destruction (distribution and
composition) and the nature of the recycled-graphite surface.

A primary drawback associated with this process is the
sensitivity of the lithiated graphite to oxygen. Consequently, an
inert atmosphere becomes requisite during the various stages
of the process. Furthermore, a meticulous manual separation of
all battery components during the battery disassembling would
be required to preserve the integrity of the intercalated graphite
and avoid damaging the SEI layer.

(c) Hydrometallurgy. The hydrometallurgy method, commonly
employed for recovering valuable transition metals from spent
positive electrode materials, is also applicable to negative elec-
trode materials. However, for graphite, it can be considered as
a direct recycling approach, in contrast to its application for
positive electrode materials. This aqueous treatment approach
serves the purpose of eliminating layers present in the negative
electrode, such as Li from the electrolyte and the SEI formed
during its operational use, alongside other contaminants. It is
important to note that positive electrode materials themselves
This journal is © The Royal Society of Chemistry 2024
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can be perceived as impurities, particularly in cases where the
black mass powder contains both active materials and has
undergone size reduction pretreatment. Consequently, this
process yields two distinct products: a solution containing
dissolved positive electrode materials and the solid graphite
retained as a separate component, directly facilitating graphite
recycling.

In another study, samples from spent mobile phone
batteries were processed by Barbosa et al.147 The graphite was
manually separated from the copper foil and then underwent
mechanical sieving. The obtained powder was rst calcined at
450 °C for 2 h in a nitrogen atmosphere. Subsequently, it was
leached with 3 M of HCl at 80 °C for 2 h, washed to neutral pH,
ltered and oven dried at 70 °C for 2 h. The recycled graphite
did not seem to be negatively affected by the process. The rst
cycle delivers 390mA h g−1, a higher capacity than expected, but
it comes with a huge irreversible loss of 83% efficiency. This
“abnormal capacity” was also observed by Yang et al.132 at 0.2C
with a value around 500 mA h g−1, which was associated with
particle and pore size modications or could be due to impu-
rities of the battery components, structural disorder that affects
the SEI and intercalation mechanism, but was not clearly
identied.

In a different work, Ma et al.148 treated a black mass con-
taining both the positive and negative electrode components.
The black mass was placed in a solution of 5 M sulfate acid with
35% w/w H2O2 at room temperature. Most of the positive elec-
trodematerial was dissolved in the leaching solution leaving the
graphite in the lter cake, which was re-leached a second time
under the same conditions to remove further the impurities,
before being sintered with an excess of NaOH at 500 °C for
40 min and nally washed and dried. In this last sintering step,
recycled graphite reacted with the fusion agent to further
remove some remaining impurities, resulting in a better purity
than that of graphite recovered without these second leaching
and sintering. The sintered recycled graphite showed a capacity
of 359.3 mA h g−1 at 0.2C with a capacity retention of 84.63%
Table 13 Summarized information of direct recycling companies for LIB

Company LIB components recycled Lat

OnTo technology Positive electrode active materials,
electrolyte

Pos
tech

Farasis energy Positive and negative electrode
active materials

Con
elec
bat
rec
Apr

Duesenfeld Electrolyte (other components are
recovered with traditional recycling
methods)

Me
elec
pro
dis

Ascend elements Positive and negative electrode
active materials

Hyd
pilo
pla
neg

Princeton NuEnergy Positive and negative electrode
active materials

Low
sep

This journal is © The Royal Society of Chemistry 2024
aer 100 cycles; however, this performance is degraded versus
that of pristine commercial graphite showing a lower surface
area. Moreover, some graphite was lost at the sintering step,
approximately 33 wt%, due to fusion, which strongly lowers the
recovery yield.

By hydrometallurgy, dissolving SEI, dendrites, and even the
contaminants from the transition metals by acids and bases is
simple, however, it has been shown that this strategy could not
recover the capacity of pristine graphite because the structure is
still not regenerated.

(d) Regeneration and upcycling. Unlike positive electrode
materials, graphite has persisted as an undefeated negative
electrode material, despite recent developments involving
silicon doping or mixing silicon with graphite as an active
material. Since LIBs entered the market, graphite monopolized
the share, owing to its higher capacity than the one of the
positive electrode material. Besides, graphite exhibits better
stability throughout its lifespan, maintaining its morphology
and bulk structure relatively consistently.94,149,150 The upcycling
of graphite, or negative electrode active material, is also
undertaken, where graphite is transformed through doping or
conversion into highly useful materials such as adsorbent
materials.

Gao et al.151 improved the low coulombic efficiency and poor
rate performance of regenerated graphite by asphalt coating.
The process involved roasting at 600 °C for 2 hours in a N2

atmosphere to decompose the binder and liberate the graphite.
The graphite was then treated with pure H2SO4, washed with
deionized water, cured at 200 °C for 24 hours, and leached with
200 g L−1 H2SO4 at 90 °C for 4 hours. Aer neutralizing with
water and oven drying at 80 °C for 4 hours, the graphite was
roasted again at 1500 °C for 2 hours to remove organics and
repair the structure. Finally, the puried graphite was sieved
with a 300-mesh sieve and prepared for asphalt coating. For the
asphalt coating, a mixture of 0.5 g, pre-sieved at 300-mesh
screen, asphalt powder was dissolved in 100 mL of tetrahydro-
furan and ultrasonicated for 20 min. The puried graphite was
applications

est news on technology Website

itive electrode healing
nology, liquid CO2 extraction

https://onto-technology.com/

rmatory tests on
trochemical performance of
teries containing 25% directly
ycled positive electrode material,
il 2022

https://www.farasis-energy.com/

chanical thermodynamically
trolyte extraction with no HF
duction using vacuum
tillation/drying technology

https://www.duesenfeld.com/

ro-to-positive electrode (500 t
t line in USA and 30 kT per year
nt in Georgia, USA) and hydro-to-
ative electrode technology

https://ascendelements.com/

-temperature Plasma-assisted
aration of active materials

https://pnecycle.com/
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then added into the solution, which was sonicated for 20 min
for dispersion, maintained under stirring at 300 rpm for 3 h and
nally evaporated at 80 °C for 12 h. The dried graphite material
was ground using a mortar and was again roasted in a vacuum
tube furnace at 800 °C for 2 h in an Ar atmosphere. The battery
performance was studied as a function of the amount of asphalt
coating at the surface of graphite (5, 10, 15, and 20 wt%), which
leads to bigger particle size and thus lower specic surface area.
The coating is used for repairing surface holes and cracks. The
coating amount of 10% gives optimized performance with an
initial reversible capacity of 334.5 mA h g−1 at 0.1C, and
a capacity retention of 96.6% aer the 50th cycle, which excee-
ded that of pristine graphite of 94.8%, thus conrming the
successful upcycling. Nevertheless, this whole process involves
many heating, washing and drying steps, which implies the use
of signicant quantities of acids and solvents and high energy
consumption. Thus, LCA analyses should be conducted on this
process to estimate its viability for potential upscaling.

Degraded graphite from EOL spent pouch cells was studied
by Markey et al.149 Aer manual disassembly and recovery of the
negative electrode by scraping, the collected powder was
washed with NMP at 80 °C for 5 h to dissolve the PVDF under
stirring. To separate the binder and carbon black, a centrifuga-
tion was implemented at 3500 rpm for 5 min; the graphite was
washed with distilled water and lastly dried at 80 °C for 12 h. In
this study, the regeneration process involves applying a boron-
based coating to improve the thermal and electrochemical
stability of the recycled graphite. To do so, the recovered
graphite was dispersed in a 2 mL solution containing 5 wt% of
boric acid, before drying at 80 °C for 12 h and sintered at
different temperatures ranging from 750 °C up to 1050 °C for
1 h in a nitrogen atmosphere. Aer the thermal treatment, the
crystallinity of the recovered graphite was enhanced, as revealed
by reduced broadening of FWHM, whereas its structure was
found similar to that of the pristine. Indeed, the treatment of
lithiated graphite by boric acid leads to an acid-leaching and
reduction. SEM-EDX shows the presence of O, F, Li, and S
besides C, which could be due to residual SEI and electrolyte
additives. The boron-based surface coating of graphite allows
improving its initial capacity to 330 mA h g−1 and retained its
capacity to 333 mA h g−1 aer 100 cycles, showing a high elec-
trochemical activity and excellent cycling stability.

Another upcycling strategy for spent graphite from EOL LIBs
is to convert it into a phosphate adsorbent such as the method
presented by Zhang et al.152 At the time of publication, this
upcycled material showed the highest adsorbent capability of
588.4 mg g−1 along with good stability. To obtain this, manually
separated anode electrodes from spent 18650 cells were soaked
in NMP at 80 °C for 4 h for delamination, ltered off and
washed with deionized water before drying in an oven at 80 °C.
The obtained powder was soaked in 1.4 M of magnesium
nitrate, stirred at 50 °C for 4 h and oven dried. It was then
heated at 600 °C for 1 h in owing N2. The nal sample was
washed with deionized water, dried, and ground. This method
salvaged the waste graphite negative electrode into a high
adsorbing phosphate material and has the potential to be
commercially applied in the industry.
31712 | J. Mater. Chem. A, 2024, 12, 31685–31716
3.4. Companies on direct recycling of LIBs

Despite the difficult and complex technology to implement,
recently there are signicant developments in direct recycling in
terms of industrialization and upscaling. To demonstrate the
adaptability of the processes designed for direct recycling,
Table 13 presents the list of direct recycling facilities.

This demonstration underscores that despite the substantial
initial capital expenditure (CAPEX) necessitated by these novel
technologies, the direct recycling approach has proven its
feasibility and protability for industrial implementation. This
successful commercialization of operations accelerates inno-
vation and creativity, revealing exibility and opportunities as
well as impacts, while making a difference in the eld of LIB
recycling. This transformative impact not only shapes the
landscape of LIB recycling, but also contributes signicantly to
the broader eld, showcasing the potential to effect substantial
and positive changes.
4. Conclusion and perspectives

This comprehensive review paper has presented an insightful
overview of recycling processes employed for LIBs, delving into
their inherent strengths, weaknesses, and synergies, with
a specic focus on the direct recycling of LIBs and the regen-
eration of their constituent materials. Indeed, it emphasized
that the eld is very active, with the development of new direct
recycling processes with non-linear approaches challenging
conventional practices and invigorating advancements in the
LIB recycling eld. Historically, elements such as Co and Ni
extracted from the positive electrode materials have been the
primary targets for recovery due to their high market value,
resulting in preferential recycling and consequently lower
yields. This highlights a signicant strength in the realm of
direct recycling – comprehensive recovery of all elements of
LIBs, spanning from electrodes to electrolyte components.

Central to the challenge at hand is not solely the enhance-
ment of recycling efficiency and cost reduction, but also the
inherent nature of the recycled components. This necessitates
a paradigm shi towards the direct reusability of components
with minimal resource inputs in terms of time, energy, chem-
icals, and cost. This vision is attainable through a profound
understanding of the intricacies of direct recycling encom-
passing all facets of LIB components. For the recovered elec-
trode material, its energy storage performance must be
evaluated as well as the life cycle assessment of the regeneration
process. These two parameters are the keys to evaluate the
efficiency and viability of the process.

Despite its complexity, costliness and the prerequisite of
presorting, direct recycling holds a unique process by facili-
tating the maximal recovery of materials and components while
preserving their morphology. The recycled materials can be
immediately reintroduced into production, mitigating the
overall initial synthesis costs. Importantly, while battery tech-
nology evolves, the fundamental design remains consistent –
laminated and structured as intricate mixtures of various
materials. As a result, the methods developed for direct
This journal is © The Royal Society of Chemistry 2024
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recycling have broader applicability and efficiency for other
battery technologies that share similar designs, and potentially
even for materials reliant on layered component lamination.
Such an approach could signicantly enhance the recycling
efficiency and contribute to a more sustainable economic
model.

Direct recycling is in no doubt suitable for production
scraps, this could also be true for batteries that failed too early
wherein the chemistry of active material has not changed.
Furthermore, direct recycling will be faced with difficulties with
spent batteries especially if these batteries contain mixed
positive electrode materials (blends), on top of the technolog-
ical advancements and changes in positive electrode materials.
Therefore, supply chain consideration is a huge deal in taking
back materials and tting them once again in the highly
dynamic supply chain of batteries.

Ultimately, the pursuit of processes that uphold the quality
of all components emerges as an ideal global standard, setting
a benchmark for the industry to aspire to and ensuring
a holistic approach to the sustainable recycling of LIBs and
beyond. From a circularity perspective, this paper has demon-
strated the direct recycling processes for electrolytes, positive
and negative electrodes, advocating for a more sustainable
approach. Similarly to other recycling processes, the environ-
mental footprint was targeted to be reduced, producing more
durable and reparable materials, increasing the material use
rate and resource efficiency, while achieving higher recycling
rates with the same or higher material value. Because of the
substantiated attributes of durability, recyclability, and repair-
ability, LIBs can be acknowledged as energy-efficient products.
This can only move forward and further improve the circularity
of LIBs.
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66 T. Träger, B. Friedrich and R. Weyhe, Chem. Ing. Tech., 2015,
87, 1550–1557.

67 D. M. Werner, T. Mütze and U. A. Peuker, Metals, 2022, 12,
663.

68 G. Zhao, Reuse and Recycling of Lithium-Ion Power Batteries,
John Wiley & Sons, 1st edn, 2017.
This journal is © The Royal Society of Chemistry 2024

https://doi.org/10.1039/D3SU00142C
https://doi.org/10.1039/d4ta04976d


Review Journal of Materials Chemistry A

Pu
bl

is
he

d 
on

 1
0 

O
ct

ob
er

 2
02

4.
 D

ow
nl

oa
de

d 
by

 F
ai

l O
pe

n 
on

 2
3/

07
/2

02
5 

10
:3

6:
29

 A
M

. 
View Article Online
69 H. Yang, G. V. Zhuang and P. N. Ross, J. Power Sources, 2006,
161, 573–579.

70 S. Nowak and M. Winter, Molecules, 2017, 22, 403.
71 S. Sloop and R. Parker, System and method for processing

an end-of-life or reduced performance energy storage and/
or conversion device using a supercritical uid, US Pat.,
US-8067107-B2, 2011.

72 Y. Liu, D. Mu, R. Zheng and C. Dai, RSC Adv., 2014, 4,
54525–54531.

73 Y. Liu, D. Mu, R. Li, Q. Ma, R. Zheng and C. Dai, Int. J.
Electrochem. Sci., 2016, 7594–7604.

74 M. Grützke, V. Kra, W. Weber, C. Wendt, A. Friesen,
S. Klamor, M. Winter and S. Nowak, J. Supercrit. Fluids,
2014, 94, 216–222.

75 M. Grützke, X. Mönnighoff, F. Horsthemke, V. Kra,
M. Winter and S. Nowak, RSC Adv., 2015, 5, 43209–43217.

76 S. Rothermel, M. Evertz, J. Kasnatscheew, X. Qi, M. Grützke,
M. Winter and S. Nowak, ChemSusChem, 2016, 9, 3473–
3484.

77 T. Li, X.-Z. Yuan, L. Zhang, D. Song, K. Shi and C. Bock,
Electrochem. Energy Rev., 2020, 3, 43–80.

78 C. K. Lee and K.-I. Rhee, J. Power Sources, 2002, 109, 17–21.
79 J. Lu, K. Minami, S. Takami and T. Adschiri, Chem. Eng. Sci.,

2013, 85, 50–54.
80 D. Song, X. Wang, E. Zhou, P. Hou, F. Guo and L. Zhang, J.

Power Sources, 2013, 232, 348–352.
81 B. Benallal, C. Roy, H. Pakdel, S. Chabot and M. A. Poirier,

Fuel, 1995, 74, 1589–1594.
82 C. Roy, B. Blanchette, B. De Caumia and B. Labrecque, in

Advances in Thermochemical Biomass Conversion, Springer,
Dordrecht, 1993, pp. 11165–11186.

83 L. Sun and K. Qiu, J. Hazard. Mater., 2011, 194, 378–384.
84 H. Wang, J. Liu, X. Bai, S. Wang, D. Yang, Y. Fu and Y. He,

Waste Manage., 2019, 91, 89–98.
85 J. Liu, X. Bai, J. Hao, H. Wang, T. Zhang, X. Tang, S. Wang

and Y. He, J. Environ. Chem. Eng., 2021, 9, 106017.
86 S. L. Madorsky and S. Straus, J. Res. Natl. Bur. Stand. Sec. A,

1959, 63A, 261.
87 C. Tokoro, S. Lim, K. Teruya, M. Kondo, K. Mochidzuki,

T. Namihira and Y. Kikuchi, Waste Manage., 2021, 125,
58–66.

88 A. Vanderbruggen, N. Hayagan, K. Bachmann, A. Ferreira,
D. Werner, D. Horn, U. Peuker, R. Serna-Guerrero and
M. Rudolph, ACS EST Eng., 2022, 2, 2130–2141.
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