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Recycling spent lithium-ion batteries (LIBs) has become essential for mitigating resource shortages and
reducing the environmental impact. Especially with the wide use of LiFePO,4 cathodes, LIBs have become
one of the most attractive batteries owing to their excellent electrochemical performance, long life cycle,
safety and abundant availability of component elements. This article reviews the most advanced recycling
technology for spent LFP cathodes: direct chemical regeneration. The literature review presented here
focuses on the role of reducing agents. The direct recycling methods aim at repairing degraded LFP
cathode materials and thereby reducing energy and chemical needs compared with traditional recycling
methods, which are hindered by high energy consumption and secondary pollution. These innovations
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improve battery cycle life, lower energy consumption and production costs and support sustainable
resource management. Direct regeneration technologies offer new opportunities to minimise resource
waste and environmental pollution, promoting sustainable management of spent LIBs and advancing
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Broader context

This review addresses the pressing issues of resource depletion and environmental impact through the sustainable recycling of spent lithium-ion batteries
(LIBs). Specifically, we focus on direct chemical regeneration of LiFePO, cathodes, a promising approach that reduces energy consumption, chemical usage,
and waste production compared with traditional recycling methods. By exploring greener reducing agents, our work highlights the potential for more sustain-

able and environmentally friendly processes in the recycling industry. These innovations not only enhance the efficiency of battery recycling but also contrib-
ute to sustainable resource management, promoting a circular economy for renewable energy technologies.

1. Introduction

The rapid advancement in electric vehicle (EV) technology'?

has significantly increased interest in lithium iron phosphate
(LiFePO,)-based lithium-ion batteries (LIBs).>* LiFePO, (LFP)
with an olivine structure offers several remarkable properties,
such as excellent thermal stability, long cycle life,>”” and
inherent safety advantages, over other cathode materials such
as NMC. In fact, olivine LFP ensures robust performance even
under high temperature and pressure conditions, reducing the
risk of thermal runaway and fire hazards, which are more
common with other LIB chemistries.® Moreover, LFP is 32%
cheaper than cobalt-based cathode materials.” These attributes
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make it an ideal candidate that meets the rigorous requirements
of EV applications, in which reliability and safety are of para-
mount importance.'® Its stability not only enhances the safety of
EVs, but also contributes to the long-term durability of batteries,
which is critical for the longevity of EVs and the sustainability of
their large-scale adoption. Indeed, the production and deploy-
ment of LIBs featuring LFP-based cathodes rose from 27% in
2019 to 46% in 2022, with a projected growth of up to 64% by
2025."° Therefore, the importance of efficient recycling processes
cannot be neglected. Spent batteries represent a valuable source
of critical raw materials, including lithium, cobalt and nickel,
which can be recovered and reused."’ This concept of “urban
mining” transforms end-of-life (EOL) batteries into a new source
of chemical elements, offering significant environmental and
economic benefits. By closing the loop through effective re-
cycling, the dependency on virgin raw materials can be reduced,
the environmental impact of mining activities can be mitigated,
and a more sustainable supply chain for battery production can
be built.">"* Table 1 summarises a non-comprehensive list of re-
cycling actors and the recycling processes they use.'*

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 List of companies and organizations in the battery recycling
industry and the principal recycling processes they use*

Company Process

SNAM (France) Pyro, hydrometallurgy,
direct recycling

Pyro, hydrometallurgy
Pyro, hydrometallurgy
Pyrometallurgy

Pyro, hydrometallurgy
Pyro, hydrometallurgy

Umicore (Belgium)
Sumimoto (Japan)
Accurec (Germany)
Dowa (Japan)
Brunp (China)

JX NMM (Japan) Pyrometallurgy
MTB (France) Pyrometallurgy
Retriev (Canada) Hydrometallurgy
Recupyl (France) Hydrometallurgy
SGE-HT (China) Hydrometallurgy

Batrec (Switzerland)

OnTo technology (USA)
Farasis energy (USA, Germany)
LG energy (Korea)

Pyro, hydrometallurgy
Direct recycling
Direct recycling
Pyro, hydrometallurgy

The global market for LFP batteries is expanding rapidly,
driven by rising EV adoption and renewable energy storage
solutions.” In particular, the European Union (EU) has been
actively promoting policies and initiatives to support the tran-
sition to clean energy and sustainable transportation. As a
result, Europe is emerging as a significant player in the global
battery supply chain, with substantial investments in battery
manufacturing and recycling infrastructure.'® To substantially
reduce the carbon footprint of EV batteries, the EU regulatory
framework aims to enforce specific recycling requirements by
2035, including mandatory minimum amounts of recycled
material in new batteries: at least 20% for cobalt, 10% for
lithium and 12% for nickel,'® thus supporting both environ-
mental and economic goals. Additionally, for efficient battery
recycling, all the components should be considered, including
cathode materials, anodes (e.g., graphite),'”"'® electrolytes, and
binders (e.g., PVDF). Although reusing electrolytes is challen-
ging due to degradation and solvent volatility, efforts are
underway to electrolyte recycling from used
batteries."

Currently, pyrometallurgy and hydrometallurgy are the
main approaches used to recycle spent LIBs.>**?
Pyrometallurgy involves treating the batteries at very high
temperatures, followed by separation steps that target the
recovery of metals or alloys.”»*> Hydrometallurgy includes a
leaching step in an acidic solution to dissolve valuable metals
present in spent LIBs and recover their salts or metallic
hydroxides.>®® These two methods are widely applied in this
industry.

Direct recycling has recently emerged as an alternative
process to directly restore the active materials contained in
spent batteries. It is a non-destructive material regeneration
method enabling their reuse in new batteries®> and is mainly
applied at the laboratory scale today. More progress is expected
in the coming years in order to develop greener and cost-
effective industrial recycling processes. In fact, energy con-
sumption and greenhouse gas (GHG) emissions are key para-
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meters in the development of green and efficient recycling pro-
cesses. On average, hydrometallurgical and pyrometallurgical
processes consume 12.14 and 19.57 M] kgcen‘1 of energy,
respectively, primarily because of their multi-step recycling
methodologies, high-temperature smelting and acid leaching
with metal extraction/precipitation. In comparison, direct re-
cycling requires only 3.16 MJ kg..;; . The total GHG emissions
are 1.96, 1.49, and 0.59 M]J kg..;, " for pyro-, hydro-, and direct
recycling, respectively.>® Even though these figures remain to
be confirmed at higher technology readiness levels (TRL),
direct recycling promises the lowest energy consumption and
GHG emissions among the three recycling processes.>®

In the case of LFP, recycling using standard industrial pyro-
metallurgy or hydrometallurgy methods is often cost-ineffec-
tive because the price of iron®' is much lower than that of
cobalt® or nickel®' contained in NMC cathodes. Considering
all the steps involved in these processes, as well as the required
chemicals and high-temperature heating, the cost of a recycled
LFP electrode can be higher than that of a new one. Hence,
only direct recycling is considered as a viable process for re-
cycling LFP from spent cathodes for reuse in new
batteries.”**® Compared with pyro- and hydro-recycling
methods, direct recycling provides significant benefits in
terms of energy consumption, safety, cost, flexibility, and econ-
omic returns, thus garnering substantial attention from both
academia and industry. In this context, researchers engaged in
this field have developed several recycling methods for both
spent batteries and electrode scraps.’” This is evident from the
exponential growth of the number of research articles on LFP
recycling in the last few years (Fig. 1a).*® The actual and pro-
jected growth in EVs*>*® clearly demonstrates the concerted
international focus on establishing a circular economy for
battery materials.”>*' Notably, for now, production scrap
remains the primary source of battery waste as EOL battery
volumes are not yet sufficient to sustain large-scale industrial
recycling (Fig. 1b).

Despite the many advantages of direct recycling, this
method remains more effective only at the laboratory scale,
where high-purity cathode and anode material powders are
hand-separated from the spent batteries. It is recognised,
however, that a crucial aspect of industrial recycling is the pro-
duction of black mass, a complex mixture of materials recov-
ered after dismantling used batteries; it usually contains both
electrode materials, carbon, and impurities from the Al and
Cu current collectors. From this mixture, the direct recovery of
pure electrode materials becomes extremely challenging due to
the need for preliminary separation steps that allow the
removal of all impurities before the regeneration steps.

To restore materials recovered from spent batteries, which
may have degraded through different failure mechanisms dis-
cussed in the following section, various direct regeneration
methods have been reported in the literature. These include
solid-state sintering, electrochemical lithiation, and chemical
lithiation in aqueous solutions by hydrothermal methods or in
organic solvents by solvothermal methods.'®*>*® In the
specific case of LFP cathodes, direct recycling through chemi-
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Fig. 1 Distribution of LFP recycling-related research articles from the Web of Science core collection by year, from 2008 to August 2024. The
search term used was “LiFePO, recycling” (top). Scrap battery supply forecast (bottom).*2

cal relithiation is a promising approach to addressing compo-
sitional and structural defects. This method allows the pro-
duction of regenerated LFP that can be directly used in new
battery assembly, eliminating the need to resynthesise new
cathode materials from the recovered precursors.

This review does not aim to list the various regeneration
methods available in the literature'®****** but rather empha-
sises the importance of reducing agents. It briefly outlines the
regeneration methods reported for LFP, highlighting the
crucial role of reducing agents in the regeneration process.
(Re)lithiation, in fact, is significantly affected by the type of
reducing agent used as it promotes the reduction of Fe(m) in
FePO, to Fe(u) in LiFePO, in the presence of a lithium source
(Table 2). Thoroughly understanding these processes is vital
for enhancing battery recycling techniques and developing
more efficient and environment-friendly methods. To this end,
the following sections examine various reducing agents and
their roles in optimising the regeneration process of LFP
batteries.

1070 | EES Batteries, 2025, 1,1068-1082

2. Why direct recycling through
lithiation?

While conventional recycling methods are agnostic to the oper-
ational history of a battery, effective direct recycling necessi-
tates a deep understanding of battery degradation mecha-
nisms. Analogous to any repair process, identifying the root
causes of failure is paramount to developing efficient and cost-
effective regeneration strategies. Generally, battery failure can
be caused by one or a combination of these phenomena: (i)
current collector degradation, such as aluminum corrosion or
copper dissolution; (ii) structural disorders, such as Li/Fe anti-
site defects in the spent LFP.** This is generally caused by the
migration of Fe atoms of LFP from their M2 position to the Li
site in the M1 position,*® affecting Li* diffusion during charge/
discharge cycling and thus leading to poor electrochemical
performance and low reversible capacity;>>® (iii) particle
cracking and carbon coating deterioration following multiple

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Representative relithiation methods reported for the LFP cathode material
Lithium Electrochemical
Lithiation method Reducing agent source Solvent Conditions performance Ref.
Solid-state sintering Ar/H, Li,CO; — 650 °C/1 h 147.3 mAh g " at 0.2 C 45
PVDF Li,CO; — 700 °C/3 h/Ar 151.55 mAh g71 at 0.2 C 46
Glucose Li,CO; — 300 °C/4 h 146.89 mAh g 'at1C 47
700 °C/10 h/Ar
Glucose Li,CO; — 750 °C/8 h/Ar 167.8 mAh g " at 0.1 C 48
Sucrose CH;3;COOLi — 800 °C/20 s/Ar 152 mAh g " at 0.1 C 49
Hydrothermal Citric acid LiOH H,0 80 °C/5 h 159 mAh g™ at 0.5 C 33
lithiation/annealing Li,CO;3 400-800 °C/1-7 h/N,
Ascorbic acid Li* H,0 80 °C/2 h 166.4 mAh g " at 0.1 C 50
600 °C/2 h/Ar
pr-Malic acid LiOH H,O 100 °C/6 h 138.4 mAh g_1 at1C 51
650 °C/6 h/Ar
Tartaric acid LiOH H,0 200 °C/3 h 145.92mAh g 'at1C 52
700 °C/2 h/Ar
Na,S0; LiOH H,0 150 °C/24 h 144.02 mAh g™'at 0.1 C 53
600 °C/4 h/N,
H,0, LiOH — 30°C/1h 136.2mAh g " at1C 54
400-800 °C/2-10 h/Ar
Hydrothermal Phytic acid LiOH H,0 200 °C/5 h 133.6 mAh g ' at2 C 55
lithiation Na,SO0; Li,SO, H,O 200 °C/6 h 145.1 mAh g at 0.1 C 56
N,H,-H,0 Li,SO, H,0 200 °C/3 h 141.9mAh g at1C 57
Chemical lithiation Polycyclicaryl - lithium Ethylene glycol Ambient T/10 min 160.1 mAh g~ at 0.5 C 58
in organic solvents dimethylether
- Ascorbic acid LiOAc-2H,0:3EG Ambient T/1-3 h 120 mAh g~ at 0.5 C 59
- Catechol
- Hydroquinone
- Oxalic acid
- Glucose
Lil Acetonitrile 100°C/1 h 150 mAh g™ at 0.1 C 60
Lil Ethanol Ambient T/48 h 168 mAh g™ at 0.1 C 61
Lil — Ambient T/10 min 168 mAh g™ at 0.1 C 62
Molten salt Sucrose LiNO; — 300 °C/1-6 h/Ar 145 mAh g~ at 0.5 C 63

regeneration

Copper dissolution and

Fig. 2 Degradation mechanisms in LIBs (adapted from ref. 67).

charge-discharge cycles;*>*® (iv) lithium inventory loss

(Fig. 2).°7% In the case of LFP batteries, the major cause of
EOL is the irreversible loss of lithium, primarily consumed for
the formation and growth of the Solid Electrolyte Interphase
(SEI) during charge/discharge cycling of the cell.?%3%37:%9
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During the first few cycles, a certain amount of lithium ions
from the cathode material is consumed along with the
decomposition of the electrolyte, leading to the formation of a
passivation layer on the surface of the anode (SEI) and the
cathode (also named Cathode Electrolyte Interphase, CEI).%®
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These layers are relatively unstable and develop over time,
which implies a continuous loss of lithium during cycling. SEI
growth on the anode surface can increase interfacial over-
potential, and when the SEI becomes unstable due to large
volume fluctuations, it favours dendritic lithium plating. This
promotes further lithium isolation and irreversible capacity
loss. In the case of LFP, this is directly proportional to the
amount of delithiated FePO, at the end of the discharge,
which corresponds to the amount of lithium lost from the
cathode.”®”"

Therefore, this fraction of lithium lost cannot be recovered
even at low discharge voltages (0 V). In other words, a fraction
of Fe(m) cannot be reduced during electrochemical discharge.
The aim of the lithiation process is to reduce the Fe(u) present
in the FP phase to Fe(u) by compensating the missing lithium
needed to form LFP. Therefore, it is of great importance to
determine the exact amount of lithium to be supplemented
during the regeneration process of the spent LFP in order to
reduce the regeneration cost by supplying the appropriate
amounts of reducing agent and lithium source.

3. Reducing agents for LFP
relithiation

3.1. Reducing agent for high-temperature dry processes

Historically, solid-state sintering is the first reported lithiation
process for spent LFP and is inspired by LFP synthesis
methods. Generally, it involves heating a homogeneous
mixture of spent LFP, a lithium source and a reducing agent at
600-900 °C under a controlled atmosphere.

The reducing agent generally consists of H, or carbon-
aceous materials (carbothermal method). H, has been used
earlier to complete LFP synthesis in solution under a con-
trolled atmosphere of N,/H, (10% H,) at 500 °C.”*> Although
hydrogen is very useful for material synthesis, its significant
drawback is that its extraction is a very complex process. The car-
bothermal process often involves readily available natural carbon
or synthetic carbon. It can also be performed using organic com-
pounds such as glucose or sucrose, which generate carbon via an
in situ reaction. This carbon is not only useful for the carboreduc-
tion reaction but also generates a carbon coating on the LFP par-
ticles. Other carbon sources, such as CO/CO,, can also be used.”
Examples of reducing agents used in the LFP recycling field are
discussed below; these include species that can directly regener-
ate LFP in the presence of a lithium source and those that work
with recovered FP and Li,CO; from spent cathodes as the lithium
source in solution. Some works reported direct regeneration
under pure nitrogen, with the binder playing the role of the
carbon source.*®

X. Li et al.” conducted a study on LFP cathode regeneration
using spent LFP mixed with Li,CO; at different temperatures
from 600 to 800 °C under Ar/H, flow. The best results were
obtained at 650 °C in this reductive atmosphere, and the
regenerated cathode material mixture displayed excellent
electrochemical performance even at 1 C. Fig. 3a shows that

1072 | EES Batteries, 2025, 1,1068-1082
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the material displayed the best discharge capacity and coulom-
bic efficiency of 147.3 mAh g' at 0.2 C rate and 92.96%,
respectively. Notably, J. Li et al.*® reported a facile regeneration
process in which Li,CO; was first added to spent LFP, followed
by ball milling for 6 h and subsequent heating at 700 °C for
3 h under an N, atmosphere. The reaction was conducted in
the presence of C formed from the decomposition of PVDF
according to the reaction: [C,H,F,], — nHF(g + nC. The regen-
erated LFP exhibited a discharge specific capacity of
151.55 mAh ¢! at a 0.2 C rate, qualifying this process as a
facile and large-scale recycling method for LIBs.

B. Chen et al.*’ put forward a carboreduction process invol-
ving the addition of glucose as a source of carbon. Indeed,
glucose and other carbohydrates can be decarbonated under
an inert atmosphere starting from 400 °C (ref. 74) and then act
as a reducing agent. At the same time, since it is well-known
that LFP has poor electronic and ionic conductivity, the use of
carbohydrates is also beneficial to improving its electro-
chemical performance by forming a carbon coating on the LFP
particles. In the carbothermal reduction method highlighted
in this study, Li,CO; recovered from the spent LFP battery was
used as the Li source (Fig. 3b); the mixture was heated to
300 °C for 4 h under argon and then annealed at 700 °C for
10 h. Sample LFP-G12 with a carbon content of 12 wt% in the
LFP composite displayed better electrochemical properties,
with an initial discharge capacity of 146.89 mAh g™ at 1 C.
Moreover, TEM and HRTEM analyses demonstrated that it
contained a uniform carbon coating layer with a thickness of
2-3 nm. The use of glucose to provide C as a reducing agent at
high temperatures was also endorsed by K. Liu et al.*® who
proposed the use of H4,P,0O, as the leaching acid for one-step
selective recovery of metals from spent LFP batteries. In their
work, the LFP was regenerated after recovering Li,CO; and
FePO, from the spent cathode using different leaching, pre-
cipitation and heat treatment steps (Fig. 3c). After mixing the
recovered materials by ball milling for 3 h with 10 wt%
glucose, the mixture was heated at 750 °C for 8 h under argon
flow to regenerate spent LFP, which exhibited good electro-
chemical performance compared with the commercial cath-
odes, delivering 167.8 mAh g~ initial capacity at 0.1 C and
retained 91.31% after 100 cycles. In the same lines, another
reducing agent from the same family was highlighted by S.-H.
Zheng et al.** who proposed a strategy for rapid regeneration
of spent LFP in just 20 s (Fig. 3d). This process was carried out
by mixing lithium acetate as the lithium source and sucrose,
which delivered C as the reducing agent; after 12 h of ball
milling, the mixture was calcinated at 800 °C for 20 s under Ar.
The results demonstrated that the structure and carbon layer
of the spent LFP were well-restored after the regeneration
process, which led to a significant improvement in its electro-
chemical activity and reversibility, achieving an initial capacity
of 152 mAh g ™" at 0.1 C.

3.2. Reducing agents in aqueous solution

Aqueous solutions of carboxylic acids, such as citric and
ascorbic acids, have been widely used to reduce Fe'™ to Fe"

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Schematic representations of LFP regeneration via solid state sintering (a) using Li,CO3z and heating from 600 to 800 °C for 1 h under Ar/H,
flow,** (b) by adding glucose and heating at 700 °C,*’ (c) by applying H4P,O> as the leaching acid and regenerating spent LFP by heating the recov-
ered FP and Li,COsz with glucose at 750 °C for 8 h (ref. 48) and (d) with an ultrafast regeneration strategy with heating only for 20 s at 800 °C using

sucrose as the reducing agent.*®

during the lithiation reaction by a hydrothermal process for
direct LFP regeneration. Additionally, hydrazine is also widely
used for LFP regeneration, similar to ascorbic acid or sugars
during the synthesis of LFP in order to prevent the formation
of ferric ions in aqueous media.”> Examples of spent LFP
regeneration in aqueous solutions with different reducing
agents are illustrated below; this process typically includes
heat treatments to restore the LFP structure.”

Among the various reducing agents, citric acid is discussed
as a representative acid here. It was employed by P. Xu et al.*®
for spent LFP regeneration, as schematically shown in Fig. 4a.
The process included a combination of aqueous solution
relithiation of the spent LFP using 0.2 M LiOH and 0.08 M
citric acid as the reducing agent; the lithiation reaction was
performed at 80 °C for 5 h. Then, a post-annealing step was

© 2025 The Author(s). Published by the Royal Society of Chemistry

carried out by mixing Li,CO; with the LFP powders and
heating at 400-800 °C for 1-7 h under N,. The obtained
relithiated LFP exhibited good electrochemical performance,
reaching an initial capacity of 159 mAh g™, while pristine LFP
demonstrated a capacity of 161 mAh g~ " at 0.5 C. Furthermore,
M. Fan et al.>° proposed the restoration of degraded LFP via a
hydrothermal process using lithium extracted from the spent
anodes and ascorbic acid as the reducing agent, demonstrat-
ing the concept of treating waste with waste for the time. After
2 h of reaction at 80 °C, the obtained LFP was filtered and
annealed at 600 °C for 2 h under an Ar atmosphere (Fig. 4d).
The regenerated LFP delivered an improved discharge capacity
of 166.4 mAh g~ at a 0.1 C rate. The main advantage of this
process is the recovery of lithium from spent anodes. J. Yang
et al.>" reported the use of pi-malic acid (a dicarboxylic acid)
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Fig. 4 Schematic representations of (a) LFP relithiation using citric acid,®* (b) hydrothermal LFP regeneration process using malic acid,** (c) hydro-
thermal LFP lithiation using phytic acid,® (d) structural restoration of degraded LFP cathodes using residual Li from spent graphite anodes and
ascorbic acid,* (e) the use of tartaric acid as a reducing agent for the hydrothermal lithiation of spent LFP,>2 and (f) hydrothermal LFP regeneration

using NoH4-H,0 in an Li»SO, solution.®”

as a reducing agent for the direct regeneration of spent LFP by
a hydrothermal process (Fig. 4b). Under optimal conditions,
pr-malic acid was added to spent LFP with 1.2 mol L™" LiOH.
H,0 and heated at 100 °C for 6 h followed by 6 h of annealing
at 650 °C. An initial discharge capacity of 138.4 mAh g~ was
obtained at 1 C, with good retention after 200 cycles.

An alternative organic acid has been highlighted recently by
X. Zhu et al.>® who reported a one-step hydrothermal process
for spent LFP regeneration by using phytic acid as the reducing
agent and LiOH as the lithium source at 200 °C for 5 h
(Fig. 4c). They demonstrated that a nanolayer (9.6 nm) coating
of Li;PO, was formed on the LFP particles. Simultaneously,
electrochemical measurements showed that the regenerated
LFP possessed good electrochemical properties because of the
LizPO, coating layer, resulting in 133.6 mAh g™ ' at 2 C with a
capacity retention of 94.86% after 300 cycles. Given this
electrochemical performance, the 9.6 nm layer of Li;PO, on
the LFP particles does not seem to negatively impact the elec-
tronic conductivity of regenerated LFP.

The choice of reductant is all the more diverse; B. Chen
et al.”® developed a lithiation process using tartaric acid as the
reductant along with LiOH under hydrothermal conditions of
200 °C for 3 h (Fig. 4e). Then, the regenerated material was
annealed at 700 °C for 2 h under Ar. The obtained final
material exhibited a high discharge capacity of 145.92 mAh g™*
at 1 C, with a capacity retention of 99.1% after 200 cycles.

Another type of reducing agent has also been suggested by
X. Tang et al.>® who used Na,SO; to regenerate LFP by a hydro-
thermal reaction with LiOH at 150 °C for 24 h. The recovered
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material was mixed with Li,CO; and annealed at 600 °C for
4 h to increase the crystallinity of lithiated LFP after hydro-
thermal treatment, leading to a specific capacity of
144.02 mAh g7' at 0.1 C and a capacity retention of 92.36%
after 100 cycles. Na,SO; was also used as a reducing agent by
Y. Yang et al.,’® along with Li,SO, as the lithium source, to
restore spent LFP by a hydrothermal process performed for 6 h
at 200 °C without an additional annealing step.

Q. Jing et al® proposed a hydrothermal regeneration
process by using N,H,;-H,O as a reducing agent (Fig. 4f) in
Li,SO, solution which was used as the lithium source. The
obtained mixture containing the spent LFP was placed in a
blast oven (inside an autoclave) at 200 °C for 3h. The regener-
ated LFP displayed good discharge capacity of 141.9 mAh g™*
at 1 C with a good capacity retention reaching 98.6% after 200
cycles. The advantage of this process is that it doesn’t require
a supplementary heating step which is less energy-consuming.

Another common reducing agent found in the literature is
H,0,, which was put forward by Y. Xu et al.>* for the direct recov-
ery of degraded LFP via a mild chemical relithiation strategy;
LiOH was added to spent LFP along with H,0, as the reducing
agent in an aqueous solution and reacted for 1 h at 30 °C in the
air. After chemical relithiation, the obtained regenerated LFP was
mixed with Li,CO; and annealed at different annealing tempera-
tures from 400 to 800 °C and for different calcination durations
from 2 to 10 h under argon in order to obtain regenerated LFP
with high crystallinity. The obtained RA-LFP (heated at 700 °C)
exhibited a capacity of 136.2 mAh g™ " at 1 C and a capacity reten-
tion of 84.9% after 1000 cycles at 5 C.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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3.3. Reducing agents used in organic solvents

Apart from hydrothermal lithiation, various reducing agents
are used for the regeneration of EOL LFP cathodes through
chemical relithiation in organic solvents. This process is
carried out at atmospheric pressure, which offers a significant
safety advantage."’

C. Wu et al>® proposed a direct chemical regeneration
process in which polycyclicaryl-lithium compounds served as
both reducing agent and lithium source, and ethylene glycol
dimethylether was employed as the solvent (Fig. 5a). The
chemical relithiation of spent LFP was achieved within
10 minutes under ambient temperature and pressure, and the
obtained material exhibited a discharge capacity of up to
160.1 mAh g™' at 0.5 C. Despite the potential advantages of
this technique, the volatile organic solvents and the demand-
ing synthesis of polycyclic aryl-lithium compounds used in
this process require safety precautions to be followed and
increase the cost of the entire process, especially for industrial
applications.

T. Yingnakorn et al>® presented closed-loop recycling of
spent LFP via direct lithiation under ambient temperature and
pressure, using a eutectic system containing lithium acetate
and ethylene glycol (LiOAc-2H,0:3EG) both as the solvent and
the lithium source. Different organic reducing agents, includ-
ing ascorbic acid, catechol, hydroquinone, oxalic acid, and
glucose, were dissolved in the prepared solvent and tested.

View Article Online
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They proposed two regeneration routes, with and without the
leaching of lithium ions in water using iron(ui) chloride (FeCls)
as the oxidising agent, followed by the same lithiation process
described above. The solution containing spent LFP was
stirred for 1 to 3 hours at 25 °C and then treated at 450 °C for
1 h under argon to eliminate the remaining polymer binder.
The recovered LFP was then reformulated again for electro-
chemical testing, which revealed that the cathode exhibited a
discharge capacity of 120 mAh g™" at 0.5 C vs. Li*/Li.

In fact, one of the most common reducing agents used for
direct chemical lithiation of LFP in organic solvents is lithium
iodide (LiI), which was first used in acetonitrile.”®”” For
instance, after dismantling the batteries, M. Ganter et al.®
recovered the spent LFP by scraping it off the current collector
and grinding it. The obtained LFP black mass was relithiated
in a 1 M acetonitrile solution of lithium iodide, acting as both
the reducing agent and the lithium source, stirred for 20 h in
air. After washing with acetonitrile to remove excess Lil, the
obtained LFP was dried at 100 °C for 1 h. The electrochemical
analysis demonstrated total lithiation of LFP, which exhibited
a good capacity of 150 mAh g™" at 0.1 C. Based on this process,
which requires the use of an organic solvent, especially for
large-scale application, our team proposed a wide choice of
solvents (acetonitrile, ethanol, cyclohexane, methanol, DMSO
and propane-1,2-ol) that can be applied to chemically lithiate
spent LFP using Lil at room temperature under air con-
ditions.®" The LFP regenerated in ethanol directly by placing

OL OFEOOOP

Ot
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Fig. 5 Schematic representations of (a) direct chemical regeneration of LFP using polycyclic aryl-lithium compounds in ethylene glycol dimethyl
ether,*® (b) regeneration process using lithium acetate in ethanol,%* and (c) direct LFP regeneration at room temperature in different organic solvents

using lithium iodide.5*

© 2025 The Author(s). Published by the Royal Society of Chemistry
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the material cast onto its aluminum current collector demon-
strated excellent electrochemical performance, proving advan-
tageous since it is one of the greenest and cheapest solvents
and avoids additional heat treatment. Moreover, the LFP regen-
erated in ethanol exhibited a full reversible capacity of
168 mAh g~ at 0.1 C and good performance even at a high
current density (Fig. 5¢). This process preserved the electrode
formulation and carbon coating of the LFP particles, and more
importantly, the LFP cathode was regenerated at room
temperature.

Dan Yang et al.’® reported another strategy that involved
soaking the spent LiFePO, electrodes directly in the LiTBH
solution (Lithium triethyl borohydride/tetrahydrofuran Li
(C,H5)3:BH/THF; LiTBH) for 6 minutes at room temperature.
This process rejuvenated the crystal structure and electro-
chemical activity of the spent LFP electrodes.

3.4. Solvent-free methods

The works highlighted in the previous section show that lithia-
tion using Lil works successfully in various solvents. This
raises the question of the usefulness of a solvent for the lithia-
tion of FP using Lil. For this reason, recently, our team
reported a new solvent-free process (FSF) at ambient air and
temperature conditions with fast reaction kinetics (Fig. 6a).°>
The spent LFP cathode powder was regenerated without separ-
ating the PVDF polymer binder and conductive carbon additive
using Lil at a molar ratio of Lil/FP = 1 for an FP content of
30% in spent LFP. The mixture was hand-mixed for

1076 | EES Batteries, 2025, 1,1068-1082

10 minutes, and the regenerated LFP exhibited a reversible
capacity of 168 mAh g™'. This method holds the potential for
seamless extension to other LIB cathode materials, including
LMFP, LMO, LCO and NMC. Additionally, it offers the possible
recovery of I, crystals by sublimation, such that it can be used
in other applications.

An alternative method, which does not require an organic
solvent or aqueous solution, is the molten salt method. It can
also be used for the direct regeneration of LFP by employing
eutectic molten salts in the reaction medium. A nitrite molten
salt system can be applied to recycle spent cathode materials
such as NMC,”® but in the case of LFP, the oxidation of Fe*" to
Fe*" by nitrite is more favourable. In order to tackle this issue,
X. Liu et al.®® proposed a direct regeneration process for spent
LFP by using lithium nitrite as both the molten salt medium and
the lithium source; with sucrose as the carbon source to provide
a reductive environment,*® the reaction was carried out at 300 °C,
followed by annealing at 650 °C (Fig. 6b). Their findings demon-
strated that the structure of LFP particles was recovered, and the
regenerated material delivered an improved specific capacity of
145 mAh g™" at 0.5 C. The regeneration strategy presented by
X. Lv et al.®" involves utilising photocatalysis to correct the anti-
site defects by reducing the energy barrier for Fe migration (Fe®**
ions are reduced to Fe**, while Li* ions are incorporated into the
LFP lattice, restoring the capacity of the material). The process is
initiated by photocatalytic activation under light irradiation at
ambient conditions, offering a sustainable and efficient means
to recycle spent LFP cathodes.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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4. Challenges and future solutions

Efficient direct recycling of spent LIBs involves several steps to
properly prepare the batteries for the recycling process and,
especially, recover the cathode and anode materials with high
purity avoiding impurities. Starting from discharging the cells,
which is primarily done for safety reasons but also to fully
reduce the FP, in the case of LFP. This allows for the accurate
determination of the percentage of missing lithium in the
cathode. The current challenge is in finding the optimal dis-
charge potential for the spent batteries before opening them.
Fully discharging them to 0 V or short-circuiting can lead to
copper oxidation, resulting in impurities in the recovered
materials and poor cycling properties. Besides these serious
challenges at the industrial level, certain other parameters,
such as the choice of the reducing agent, are also crucial deter-
minants of the direct recycling method, as mentioned above.

- Critical perspectives on various direct LFP lithiation path-
ways: In the case of LFP, which is the focus of this review, con-
ventional methods cannot be applied for environmentally sus-
tainable recycling of the active material, as mentioned pre-
viously, due to the relatively modest cost of pristine LFP. Direct
recycling is more suitable for this purpose. In addition, as
mentioned in the introduction, the challenge in direct re-
cycling of spent LFP cathodes lies in the development of lithia-
tion processes that are simple, cost-effective, and environmen-
tally friendly. Importantly, the recycled LFP should not be cost-
lier than the pristine materials to encourage recycling. With
this in mind, several research teams have developed direct
lithiation processes using various approaches (Table 2), such
as solid-state sintering, chemical lithiation by hydrothermal
method and chemical lithiation in organic solvents by solvo-
thermal method, besides highlighting their advantages and
limitations, particularly for large-scale industrial applications

(Fig. 7).

Fig. 7 Schematic representation of direct lithiation methods for spent
LFP.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Solid-state sintering is a well-established method for
material synthesis and has been used for decades. It has been
widely applied in the production of ceramics, metals and com-
posite materials, owing to its ability to produce high-density
and uniform material structures. In the lithiation context,
solid-state sintering is used not only due to its simplicity and
scalability but, particularly, to enhance the electrochemical
properties of the materials; moreover, it is potentially robust
against impurities since the volatile components evaporate at
high temperatures.®”"®> For LFP, the conditions used in solid-
state sintering are similar to those in its synthesis processes.
Although the sintering process takes less time than synthesis
and involves a single calcination step, it still consumes a sig-
nificant amount of energy.”® The most promising solid-state
method without solvent usage is the fast solvent-free (FSF)
lithiation process, which has been developed using Lil at
ambient temperature. The challenge here is how to manage
the iodine formed on a large scale, which can be recovered
through sublimation, but special care must be taken while
handling I, vapors for safety. Alternatively, iodine can be cap-
tured in ethanol as I;~ (which is used in Betadine).

Hydrothermal lithiation, which is largely reported for LFP
cathode regeneration, requires a lithium source and a reducing
agent to regenerate the spent LFP in aqueous solutions.®® Its
advantages include operational simplicity, minimum waste
production and scalability. Above all, the use of water as a
solvent is very beneficial for the direct regeneration of spent
cathode materials. It requires a close system with an autoclave
container that is heated in the temperature range of 80 °C to
200 °C; this generates autogenous pressure that can reach
15-20 bar in some cases, thus posing limitations in terms of
security in addition to the need for autoclaves that require
large investment at the large scale. Furthermore, this regener-
ation method generally requires a second annealing step at a
high temperature to relax the structure and avoid structural
defects related to the occupation of the M1 and M2 sites in the
structure, which can be a real drawback in terms of energy
consumption.

Finally, unlike hydrothermal processes, solvothermal lithia-
tion can be conducted at atmospheric pressure and low temp-
eratures. The main features of this method are as follows: (i) it
allows regeneration of the entire cathode while preserving the
conductive carbon and polymer binder along with the active
material; (ii) it operates at (low) ambient temperatures and
thus facilitates the insertion reaction without any structural
effects, such as Fe and Li mixing. (iii) In addition, it is tolerant
to a large choice of organic solvents, which increases its feasi-
bility. Indeed, the need for an organic solvent impacts the
price and the toxicity, which are hence considered the major
disadvantages of this method. Moreover, the most promising
solvent may be ethanol, even if it features slower reaction kine-
tics (48 h).

Based on the different lithiation methods discussed above
and the conditions related to the use of a given reducing agent
(Table 2), it appears that the key to these processes is the
nature of the reducing agent used. In the future, it will be chal-
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lenging to explore other reducing agents that do not require
organic solvents and can operate at low temperatures.
Alternatively, developing water-based methods using green
reducing agents that are environmentally friendly and cost-
effective would be beneficial. These methods should ideally
operate at temperatures close to ambient conditions to prevent
Fe/Li migration and avoid high-temperature heating steps.

- Life cycle assessment: LCA is crucial for the recycling pro-
cesses as it provides a comprehensive evaluation of the
environmental impacts associated with each stage. By systema-
tically quantifying inputs, such as energy and raw materials,
and output characteristics such as emissions and waste are
evaluated. LCA employs a standardised methodology (ISO
14040-44) to ensure consistency and accuracy. This thorough
analysis guides the development of direct recycling processes
by highlighting areas where environmental benefits can be
maximised and negative impacts can be minimised.®’”
Moreover, LCA is crucial for these processes, especially when
scaling them up for industrial applications, which can intro-
duce new challenges and potential environmental impacts that
are not straightforward at smaller scales. LCA ensures that
large-scale operations remain sustainable and environmentally
friendly. However, LCAs conducted at the laboratory scale are
less relevant compared with those performed at the pilot or
industrial scale. Ultimately, the application of LCA to recycling
methods fosters sustainable practices in the management of
spent LIBs, ensuring that the recycling methods are not only
efficient but also pose minimal environmental harm. This is
essential for the advancement of a circular economy and the
reduction of the overall environmental footprint of battery

usage.®®*%°

5. Summary and perspective

The direct recycling of LFP batteries is a promising approach
to reduce environmental impact and resource consumption.
This recycling process often involves the selection of an appro-
priate reducing agent to restore the electrochemical perform-
ance of the cathode. Various reducing agents, such as hydro-
gen, ascorbic acid, and carbohydrates, have been explored,
each offering distinct advantages and challenges in terms of
efficiency, cost, and environmental footprint. The ultimate
goal in the field of LFP recycling is to develop a regeneration
process that is economically competitive with pristine LFP pro-
duction. Therefore, it is essential to streamline the recycling
procedure, minimise handling steps and optimise the restor-
ation of cathode material properties. Achieving this challen-
ging goal would significantly enhance the sustainability of LFP
battery recycling, making battery usage more economically
viable and environmentally friendly. Ultimately, continued
research and development of innovative recycling techniques
that focus on the synergistic effects of reducing agents and
lithium sources are critical to realising this vision. This
approach has the potential to contribute significantly to the
circular economy of battery materials and support the growing
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demand for energy storage solutions, while minimising waste
and resource depletion.

In the literature, different regeneration processes have been
proposed using various lithiation methods, such as solution-
based and solid-state approaches, which are demonstrated
using small quantities (a few grams) at the laboratory scale.
These methods have mostly resulted in high-purity regenerated
cathodes obtained from properly separated and recovered
spent cathodes. The challenge now is to test these processes at
the pilot scale, particularly with industrial black mass.

Notably, high-quality black mass can be obtained only
through manual disassembly and separation, which are labor-
intensive and require careful handling to avoid risks of
explosion or leakage of toxic substances. Meanwhile, industrial
methods use machines to crush and separate battery com-
ponents. This process is fast and can handle large quantities
of batteries, which is preferred for large-scale recycling that
prioritises efficiency and processing capacity. However, the
black mass obtained may contain more impurities due to less
selective separation. Doubts about the relevance of direct re-
cycling of LIBs are now less justified, since the poor quality of
current industrial black mass may be overcome. Indeed, huge
efforts®>> have been devoted to developing new and advanced
automated processes to produce high-quality industrial black
mass based on novel robotic® and artifical intelligence (AI)
technologies (Fig. 8). For example, EU has funded many
research programs that aim to develop such new methods
(RECIRCULATE, Reuse,”® Griner, and Eurecat). The impor-
tance of AI and machine learning in the recycling of batteries,
particularly LFP batteries, is increasingly recognised by
researchers today. These technologies are transforming the re-
cycling process by enhancing efficiency and safety while redu-
cing costs. Advanced Al systems optimise battery sorting and
disassembly, predict necessary maintenance, and improve
methods for the recovery of valuable metals, thus minimising
environmental impact and reducing the need for mining.*>®
These efforts are expected to lead to fully automated spent

Fig. 8 Integrating Al with leading technology pathways (from cicener-
gigune.com).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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battery treatments. Finally, an optimised and well-chosen
approach for each type of battery and black mass can maxi-
mise the economic and environmental benefits of direct re-
cycling of LIBs.””
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