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ABSTRACT
With the widespread application of lithium iron phosphate (LFP) batteries in electric vehicles and energy storage fields, the 
number of retired LFP has increased sharply. Therefore, the development of efficient and environmentally friendly regeneration 
methods is crucial for the sustainable utilization of resources and environmental protection. In this review, failure mechanism 
of LFP through advanced characterization technologies is summarized, and upcycling strategies based on the failure mecha
nism are highlighted. Then, the advantages and challenges of traditional hydrometallurgy, direct regeneration, and upcycling in 
the recovery of spent LFP (S‐LFP) are explored. Among them, upcycling mainly includes strategies such as structural opti
mization, phase transformation, and conversion into other functional materials. Moreover, the application of materials obtained 
by upcycling exhibits broaden aspect, including reusing lithium‐ion batteries, sodium‐ion batteries, and catalytic materials, 
which significantly improves the economic value of S‐LFP cathode materials. Finally, the upcycling method by combining 
advanced characterization technologies and machine learning to promote the applications and establish a unified economic and 
environmental analysis system to provide clear analysis standards for relevant research is emphasized.

1 | Introduction 

Lithium‐ion batteries (LIBs) are widely used in the fields of 
power and energy storage due to their high energy density, long 
cycle life, non‐toxicity, and stable performance. With the vig
orous promotion of the low‐carbon concept, the transformation 
of green travel, and the explosive growth of the energy storage 
market, it is predicted that the global LIB capacity will increase 
from 125 to 390 GWh between the year of 2020 and 2030 [1]. In 
2026 and 2034, the demand for LIBs will, respectively, reach 
139.26 billion dollars and 499.31 billion dollars [2, 3]. The 

current mainstream cathode materials for LIBs include lithium 
iron phosphate (LiFePO4, LFP), nickel cobalt manganese oxide 
(NMC), lithium cobalt oxide (LCO), lithium manganese oxide 
(LMO), and so on [4]. Among them, NMC has good low‐ 
temperature performance and high energy density and is mostly 
used in the high‐end EVs field. LCO exhibits a higher voltage 
platform and is mostly used in the 3C field, such as mobile 
phones. By comparison, LFP has lower costs due to the absence 
of precious metals such as Ni and Co. Besides, LFP displays a 
stable voltage platform and longer cycle life because the 
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interface reaction by‐products do not contain O2, which makes 
it safer. Therefore, it has attracted increasing attention, espe
cially in the field of large‐scale energy storage, where its market 
share is also growing (over 32%) [5]. However, the average 
lifespan of LIBs is only 5–10 years. In the energy market, when 
the state of health (SOH) of the battery is below 80% of its initial 
capacity, it is considered necessary to retire. At this time, retired 
lithium batteries can be utilized in the energy storage field in a 
tiered manner. For lithium batteries in the energy storage field, 
when the SOH is below 60%, they will also be considered 
scrapped. These lithium batteries are unable to meet the needs 
of energy storage and power and need to enter the recycling 
stage [6, 7]. According to statistical data shown in Figure 1, the 
global LIBs recycling market is expected to reach 98.42 billion 
dollars in 2034 [8]. It is expected that the recycling of retired 
LIBs will experience explosive growth in 5–8 years, and the 
recycling rate of LFP batteries will exceed 58% [9, 10]. Under 
the background of green economy, the recovery of LFP batteries 
will become a new hotspot [11].

Common recycling methods for retired LFP include pyro
metallurgy, hydrometallurgy, and direct regeneration [12]. 
Pyrometallurgy requires converting valuable metals into alloys 
at over 800°C, suffering from high energy consumption, en
vironmental pollution by waste gas or residues, and low Li 
recovery efficiency [13]. Thus, pyrometallurgy has been seldom 
used in recent years, and this review does not include this 
method. By comparison, hydrometallurgy extracts valuable 
elements via leaching, extraction, and precipitation and re
synthesizes electrode materials, featuring low leaching tem
perature (< 100°C), low energy consumption, and high 
efficiency, but faces issues like excessive reagent use, long 
process, acid pollution, and wastewater treatment pressure 
[14, 15]. Direct regeneration restores cathode structure without 
destruction, offering short process, low reagent consumption, 
and high‐value regenerated electrodes, effectively avoiding the 
drawbacks of the other two methods [16, 17]. However, all ex
isting methods only restore material capacity without enhan
cing electrochemical performance, limiting economic value. 
Hence, developing new recycling methods for spent LFP 
(S‐LFP) is necessary to meet diverse field demands and expand 
the application scope.

Upcycling strategies offer a transformative pathway to subs
tantially enhance the economic value of recovered products 
from S‐LFP, thereby improving the profitability of recycling 

processes and fostering the sustainable development of the 
battery‐recycling sector [18]. Since the market price of re
generated LFP (R‐LFP) is primarily determined by its electro
chemical performance, such as capacity retention, rate 
capability, and cycle stability, value enhancement can be 
directly achieved through targeted modification of the LFP 
lattice or its surface carbon layer via doping or coating protocols 
[19]. Element doping optimizes electronic conductivity, while 
carbon coating mitigates particle agglomeration and enhances 
interfacial stability. Meanwhile, the partial replacement of Fe 
with Mn in the olivine lattice represents a straightforward and 
effective approach to raise the working potential and transforms 
into a marked increase in energy density that significantly 
broadens the application space of the upcycled cathode, par
ticularly in high‐energy‐density LIBs [20]. Beyond LIBs, the 
product portfolio can be diversified to encompass post‐lithium 
energy storage systems (such as sodium‐ion or potassium‐ion 
battery electrodes) and functional materials including photo
catalysts and oxygen evolution reaction (OER) catalysts, thereby 
accessing wider markets with higher value and/or functionality 
than the original materials [21, 22]. Nevertheless, S‐LFP feed
stocks inherently present challenges related to SOH, failure 
modes (such as structural degradation and electrolyte decom
position), and impurity inventory from current collectors or 
electrolytes [23]. Such heterogeneity can lead to inconsistent 
reaction kinetics, compromised product quality, and increased 
process complexity. Therefore, it is essential to carefully select 
appropriate recycling routes to balance technical feasibility, 
process cost, and economic rationality, ensuring the scalability 
and competitiveness of upcycling technologies.

Tracing the failure mechanism of S‐LFP is a prerequisite for 
rationally selecting recycling protocols. Pretreating S‐LFP based 
on failure mechanisms yields a large quantity of feedstocks with 
highly consistent compositions and structures, which can be 
rapidly matched to the optimal recycling strategies. Such pre
treatment shortens the production process and elevates overall 
process efficiency. More fundamentally, elucidating failure 
mechanisms can provide precise design targets for upcycling 
technologies. By specifically strengthening the components 
most prone to failure, the performance of R‐LFP can be en
hanced. For instance, the coated carbon layer is susceptible to 
cracking, and upcycling technologies can improve the stability 
of this coated carbon layer. Additionally, to address the issue of 
the relatively low energy density of LFP, upcycling technologies 
can resolve this problem by increasing the operating voltage of 
LFP. Consequently, clarifying failure mechanisms is not only of 
great significance but also an indispensable means to achieve 
the closed‐loop valorization of S‐LFP.

The review starts with a detailed exposition of failure mecha
nisms of LFP and respective characterization techniques, 
including loss of active‐lithium, FePO4 (FP) parasitic‐phase 
formation, crystallite fracture, and disruption of the solid elec
trolyte interphase (SEI) film. Advanced characterization tech
niques can show the failure pathway explicitly. Subsequently, 
conventional hydrometallurgical and direct regeneration are 
analyzed through economic‐environmental standards. The ad
vantages and challenges of high energy consumption, heavy 
wastewater generation, and feedstock specificity are clarified. 
The discussion then focuses on three upcycling paradigms that 
systematically improve the economic value of regenerated 

FIGURE 1 | LIB recycling market size and forecast from the year of 
2025–2034. 
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products: (1) structural optimization to yield high‐performance 
LFP, (2) phase engineering toward lithium iron manganese 
phosphate (LFMP) with elevated working potentials, and (3) 
transformation of S‐LFP into post‐lithium‐ion battery electrodes 
and heterogeneous catalytic architectures. By expanding high‐ 
value recycles, these strategies extend the utilization horizon of 
S‐LFP. The objective of this article is to furnish a comprehen
sive theoretical framework and scientific substantiation for the 
large‐scale deployment of LFP battery upcycling technology.

2 | Failure Mechanisms and Failure Analysis 
of LFP 

2.1 | Failure Mechanism of LFP 

Studying the methods of recycling and regenerating retired 
batteries is an important issue in reducing environmental pol
lution and achieving resource recycling. In this article, battery 
recycling refers to the extraction of valuable metal elements 
from batteries through physical or chemical processes. Battery 
regeneration refers to the chemical repair of failed LFP cathode 
materials, allowing them to be reused in new batteries or con
verted into other high‐performance materials without the need 
to convert LFP into iron salts or oxides during this process.

Clarifying the failure mechanism of LFP is the primary pre
requisite for studying green and efficient regeneration technol
ogy. LFP has a stable olivine‐type crystal structure (space group 
Pnma), belonging to the orthorhombic crystal system (also 
known as the rhombohedral system, a ≠ b ≠ c), and the lattice 
structure of LFP is shown in Figure 2A. Its olivine‐type structure 
consists of FeO6 octahedra, LiO6 octahedra, and PO4 tetrahedra 
[28]. FeO6 octahedra, LiO6 octahedra, and PO4 tetrahedra alter
nate along the a‐axis direction to form a layered structure. One 
PO4 tetrahedron shares a common edge with one FeO6 octahedra 
and two LiO6 octahedra along the c‐axis direction, forming a 
stable 3D spatial network structure [29, 30]. The P‐O bond with 
high bonding energy in LFP connects FeO6 octahedra, forming a 
framework structure that contributes to the high dynamic and 
thermodynamic stability of its crystal skeleton [31]. PO4 

tetrahedra connect FeO6 octahedra that are parallel to each 
other, so Li+ can only diffuse in one dimension along the b‐axis 
direction of the orthorhombic crystal system. The adjacent FeO6 

octahedra limit Li migration, so an irreversible phase transition 
may occur inside LFP after long‐term cycling [32, 33].

Inside the LFP particles, lithium ions shuttle repeatedly between 
LFP and graphite. When lithium ions migrate into graphite, lithium 
vacancies will form in LFP. Fe ions will diffuse into these vacancies 
under the action of potential difference, while Li ions returning 
from graphite will occupy the vacant Fe sites, which is known as Li‐ 
Fe anti‐site defects [34–36]. This phenomenon significantly reduces 
the Li+ diffusion coefficient. Some of the lithium that migrates to 
graphite is confined to graphite and cannot return to LFP, forming 
“dead lithium.” Another part participates in the construction of the 
SEI film, which results in the loss of active lithium in LFP, directly 
leading to a decrease in battery capacity [27, 37, 38]. Lithium 
deficiency causes a charge imbalance in the LFP crystal phase. In 
order to balance the charge, Fe2+ is oxidized to Fe3+, forming the 
FP phase [39–41]. The FP phase, formed by Fe3+, covers the LFP 
phase and induces the formation of disordered regions between the 
LFP phase and the FP phase [42, 43].

At the particle level, under long‐term cycling, the conductive 
carbon layer on the surface of LFP particles is damaged, and the 
particles as a whole may form cracks or even break [44]. Padhi 
et al. [45] found that this phenomenon is caused by the repeated 
de‐intercalation of Li+, which transforms the single‐phase LFP 
structure inside the particles into a sharp interface LFP/FP two‐ 
phase structure, resulting in internal strain. Through calculations, 
Morgan et al. [46] found that during the detachment of lithium 
ions, the particle volume shrinks by 5.03% along the a‐axis and 
elongates by 1.92% along the c‐axis. The stress generated by vol
ume expansion may be applied to the conductive carbon layer at 
the local interface or surface, and this uneven change can cause 
cracking and fragmentation of the crystal surface and the con
ductive carbon layer covering the particle surface [47], inducing 
high polarization of the battery, which is also one of the reasons 
for capacity degradation [48]. The damage to the conductive car
bon layer will reduce the electronic conductivity of the battery, 
affecting the transport of ions and electrons. The formation of 
cracks will increase the specific surface area of the material, 
reduce particle size, and intensify the occurrence of side reactions 
between LFP and electrolyte [49]. New side reactions will thicken 
the SEI film, and continuous thickening will further reduce bat
tery capacity and cycling performance [42].

At the interface between LFP particles and electrolyte, during 
the first charge–discharge process, the electrode material reacts 
with the electrolyte at the solid–liquid interface to form a pas
sive layer covering the LFP, known as the SEI film [50–52]. The 
SEI film initially plays a role in preventing electron transfer and 
preventing further degradation of the electrolyte. But as the 
cycle progresses, the SEI film is repeatedly reconstructed, and 
the unstable SEI film disappears. In some areas, the SEI film 
thickens [53]. In addition, the inorganic components LiF and 
Li2CO3 in the SEI film decrease, the organic component fluor
ophosphate increases, and the electrolyte desolvation process 
weakens, resulting in co‐doping of solvent molecules in LFP. 
Increasing interface impedance hinders Li+ transport [42]. 
When the SEI film of the anode thickens, it not only increases 
the impedance of the battery but also leads to the failure of 
lithium ions to timely embed into the layered structure of the 
anode material after obtaining electrons on the surface of the 
anode. Instead, they deposit on the surface in the form of 
metallic lithium to form lithium dendrites, resulting in lithium 
precipitation phenomenon [54–56]. The formation of lithium 
dendrites not only consumes a large amount of active lithium but 
also may puncture the separator, causing internal short circuits 
in the battery [57], posing a great threat to battery safety.

In summary, there are four main reasons for the failure of LIBs. As 
shown in Figure 2B‐D, Issue 1: the loss of active lithium during 
charging and discharging processes, Issue 2: the formation of 
Fe3+, Issue 3: the inevitable particle breakage under long‐term 
cycling, and Issue 4: the damage of conductive carbon layer. 
The schematic diagram of LFP failure mechanism is shown in 
Figure 2E. In light of the issues above, the output methods of 
hydrometallurgy for S‐LFP involve leaching of Li, Fe, and P, 
and then recovering them through separate precipitation, or 
selective leaching of one element and recovery [58]. The direct 
regeneration method focuses on the supplementation of active 
lithium, reduction of Fe3+, and repair of the crystal structure 
and conductive carbon layer in spent battery materials, thereby 
achieving the recovery of electrochemical performance.
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2.2 | Characterization Methods for LFP Failure 
Analysis 

The adoption of appropriate characterization methods is the 
basis for understanding the failure mechanism of batteries. By 
characterizing the physical properties and electrochemical 
measurements of failed batteries, the root cause of failure can 
be accurately located. Common methods for characterizing 

physical properties include morphology characterization, 
structural characterization, interface characterization, valence 
state detection, and element/component determination [59]. In 
order to obtain more accurate and authentic physical property 
information, some advanced physical property characterization 
techniques have also been widely applied in battery failure 
analysis research, including in situ characterization techniques, 
multi‐combination characterization techniques, and so on.

FIGURE 2 | (A) The lattice structure of LFP. Reproduced with permission: Copyright 2023, American Chemical Society [24]. Schematic diagram 
of (B) Issue 1: loss of lithium. Reproduced with permission: Copyright 2025, Springer Nature [25]. (C) Issue 2: formation of Fe3+. Reproduced with 
permission: Copyright 2025, Springer Nature [25]. (D) Issues 3 and 4: particle and carbon layer damage. Reproduced with permission: Copyright 
2023, Wiley [26]. (E) LFP failure mechanism. Reproduced with permission: Copyright 2017, Elsevier [27]. 
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The main reason for the failure of S‐LFP is the loss of active 
lithium [60]. To measure the Li content of S‐LFP, Tang et al. 
[61] compared the Li/Fe ratio of three different samples using 
inductively coupled plasma‐optical emission spectroscopy (ICP‐ 
OES) and found significant lithium loss in S‐LFP, with a Li/Fe 
ratio of only 0.88, lower than the theoretical value of 1.0 
(Figure 3A). In situ optical microscopy (OM) can simulate the 
real working environment of batteries and observe macroscopic 
changes in electrode structure. Hogrefe et al. [62] characterized 
the lithium deposition growth and dissolution of graphite/LFP 
full cells during 1 C charging through this way (Figure 3B) and 
found that uneven lithium deposition appeared in a tree‐like 
structure after 25 min of constant current charging. Subse
quently, constant voltage charging was performed, and the 
lithium deposition continued to thicken, reaching its maximum 
thickness at 39 min before starting to dissolve. At 62 min, “dead 
lithium” residue can be seen, and the lithium metal reacts with 
the electrolyte to form an SEI, which reduces the electro
chemical performance of the battery. The other reason for the 
failure of S‐LFP is the formation of Fe3+. Tang et al. [61] also 
analyzed the valence state changes and composition of S‐LFP, 

and they found that Li deficiency induces the formation of FP 
phase and Fe3+, as evidenced by X‐ray photoelectron spectros
copy (XPS) (Figure 3C) and X‐ray diffraction (XRD). There are 
both Fe2+ and Fe3+ peaks in XPS spectra, with Fe2+ peak at 
723.8 eV and 710 eV and Fe3+ peak at 726.4 eV and 711.1 eV. 
XRD spectra show diffraction peaks attributed to FP at 16° and 
18.5°, indicating that S‐LFP is in a state of coexistence of LFP 
and FP. The lithium vacancies caused by lithium deficiency can 
also lead to Li‐Fe anti‐site defects. Lin et al. [63] used XRD 
Rietveld refinement (Figure 3D) to verify that S‐LFP indeed has 
19.86% FP phase and 6.84% Li‐Fe anti‐site defects. Fourier 
transform infrared (FTIR) is also a commonly used method for 
detecting Li‐Fe anti‐site defects. The FTIR results of Jia et al. 
[64] showed that the Li‐Fe anti‐site peak of S‐LFP is at 
996.2 cm−1, which is higher than that of repaired LFP 
(RSLFP@NC). The lower wavenumber (1021.2 cm−1) indicates 
the presence of a large number of anti‐site defects in S‐LFP [65]. 
In situ XRD can observe the phase transition process in the 
S‐LFP heat treatment reaction without damaging the material 
(Figure 3E). At a low temperature, LFP and FP phases coexist, 
and the characteristic peak of the FP phase gradually disappears 

FIGURE 3 | (A) ICP of S‐LFP and other samples. Reproduced with permission: Copyright 2025, Wiley [61]. (B) In situ OM of a full cell during a 
charging process. Reproduced with permission: Copyright 2023, Elsevier [62]. (C) Fe 2p XPS spectrum of S‐LFP. Reproduced with permission: 
Copyright 2025, Wiley [61]. (D) XRD pattern and Rietveld refinement of S‐LFP. Reproduced with permission: Copyright 2025, Chinese Chemical 
Society [63]. (E) Contour map of in situ XRD during heat treatment. Reproduced with permission: Copyright 2023, Wiley [64]. (F) SEM and (G) TEM 
images of S‐LFP. Reproduced with permission: Copyright 2025, Wiley [61]. 
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after reaching 500°C, indicating that the FP phase is trans
formed into the LFP phase after appropriate lithiation, further 
proving the existence of LFP and FP phases inside S‐LFP. The 
FP phase and Li‐Fe anti‐site defects generated by Li loss will 
hinder the efficiency of Li+ transport, and for the repair and 
regeneration of S‐LFP, special attention needs to be paid to the 
supplementation of active lithium.

Another main reason for LFP failure is particle breakage. To 
observe the surface morphology and structural defects of par
ticles, Tang et al. [61] conducted research using scanning 
electron microscopy (SEM) (Figure 3F) and transmission elec
tron microscopy (TEM) (Figure 3G). The SEM image shows that 
under the influence of long‐term stress accumulation, there are 
obvious cracks on the surface of S‐LFP particles. TEM con
firmed the presence of an uneven carbon coating on the surface 
of the particles, indicating damage to the carbon layer and SEI 
film on the surface. In addition, lattice stripes with a spacing of 
2.426 Å were discovered, corresponding to the FP (211) crystal 
plane, further indicating the generation of impurity phases. To 
study the chemical phase distribution of micrometer‐level sin
gle crystals, Boesenberg et al. [66] combined scanning trans
mission X‐ray microscopy (STXM) with full‐field transmission 
X‐ray microscopy (FF TXM) and X‐ray near‐edge spectroscopy 
(XANES) to analyze the phase transition mechanism and 
microstructure. The areas with reduced brightness contrast in 
the FF TXM image correspond to regions with lower mass 
density, and there are cracks or voids inside the surface parti
cles. The diagram obtained by linear combination fitting of 
XANES data shows that there is crystal superposition in some 
areas, indicating that some Fe2+ in the delithiated crystal is 
oxidized to Fe3+, meaning that the delithiated crystal is com
posed of LFP phase and FP phase superposition, and there are 
also some areas with low brightness contrast. It can be inferred 
that the cracks on the surface and inside of the particles are 
caused by the tensile stress generated by the lattice mismatch 
between the LFP phase and the FP phase, which leads to the 
cracks cracking along the c‐axis [67]. Particle breakage or sur
face cracks can reduce the electronic conductivity of the 
material, and the carbon coating can also rupture, reducing the 
electrochemical performance of the battery.

This article mainly focuses on several representative physical 
characterization methods that are frequently used in the failure 
analysis of LFP and introduces the applications of various 
methods. By accurately diagnosing and analyzing the process of 
battery failure, a fundamental understanding of the failure 
mechanism can contribute to the progress of battery regenera
tion research and promote green and sustainable energy 
development.

3 | General Methods for Regeneration of S‐LFP 

3.1 | Hydrometallurgy 

Hydrometallurgy utilizes chemical reagents to fully or selec
tively leach valuable metals from cathode materials, and the 
recovered products are mostly metals or metal oxides [68–70]. 
Hydrometallurgy is mainly divided into three categories: acid 
leaching, acid‐free leaching, and deep eutectic solvents (DESs) 
leaching [71–73]. Before commonly used leaching, it is not only 
necessary to dismantle, screen, and separate the collector from 

spent batteries but also to pretreat the materials, including the 
removal of conductive carbon and binders and the harmless 
treatment of the electrolyte. In addition, various auxiliary methods 
are often used to accelerate the leaching process, including 
mechanochemistry, ultrasound, microwave heating, Joule heating, 
solvothermal, and supercritical liquids. Compared with pyro
metallurgy, hydrometallurgy has lower energy consumption and 
greenhouse gas emissions, but the separation and purification 
steps are more complex, and the acidic wastewater generated also 
requires additional treatment [74].

3.1.1 | Acid Leaching 

Acid leaching includes inorganic acid leaching, organic acid 
leaching, and inorganic/organic acid composite leaching. 
Inorganic acids have low cost and fast leaching rate and can 
dissolve almost all metals [75, 76]. Cong et al. [77] used a 
combination of H2SO4─H2O2 to synergistically leach Li and Fe 
from S‐LFP. Under the optimal reaction conditions, the leach
ing efficiency of Li reached 95.23%, while Fe and P were 
retained in the residue. In addition to H2SO4, H3PO4 and HCl 
are also commonly used in the acid leaching method. Based on 
the redox interaction between NMC and LFP, Zhou et al. [78] 
proposed a one‐step separation method, which enables the 
recovery of Fe without additional oxidants. As S‐LFP dissolves 
in H3PO4, Fe²⁺ undergoes an oxidation reaction with NMC to 
form Fe³⁺, generating FePO₄·2H₂O. Meanwhile, the high‐valent 
Li, Mn, Ni, and Co are reduced to low‐valent states, with their 
leaching efficiencies reaching 99.6%, 99.1%, 98.9%, and 97.3%, 
respectively, under this condition (Figure 4A). All these results 
demonstrate the feasibility of recovering LFP using inorganic 
acids. Li et al. [82] first used HCl solution to leach Fe ions from 
LFP. Since no oxidant was added, most of the iron ions existed 
in the form of Fe²⁺ at this stage. Subsequently, an ionic liquid‐ 
based aqueous biphasic system (IL‐ABS) was employed to 
separate lithium and iron from the filtrate. The IL‐ABS consists 
of [P44414]Cl·NaCl. By adopting a two‐end cross‐flow solvent 
extraction process, 98% of iron can be leached, while Li⁺ 
remains in the aqueous phase. Adding H2O can precipitate 97% 
of iron ions, obtaining Fe(OH)₂ and Fe(OH)₃ with a purity of 
nearly 100%. Adding K₃PO₄ solution can precipitate 90% of Li, 
yielding Li₃PO₄ with a purity of 99.5%. When this method is 
used to recover LFP, the extraction rate of Fe ions can still reach 
90% after the regenerated IL is reused four times. It can be 
found that the leaching efficiency of inorganic acids is very 
high, but inorganic acids are prone to corrosion of instruments 
and equipment, and the treatment of wastewater and toxic 
elements generated is also a major challenge [58].

For organic acids, their characteristics of being green, mild, 
easily degradable, and recyclable have made them favored by 
many researchers [83]. Integrating the principles of green 
chemistry, Yang et al. [84] used a small amount of CH3COOH 
to leach lithium from S‐LFP and oxidized Fe²⁺ to Fe³⁺ with 
H₂O₂. Finally, they successfully recovered lithium and iron in 
the forms of Li₂CO₃ and FePO₄. The leaching efficiency of Li⁺ 
could reach 94.08% in this work. However, CH3COOH has 
weak acidity, resulting in an unsatisfactory leaching effect. 
Zeng et al. [85] selected three different organic acids: citric 
acid, oxalic acid, and lactic acid, combining them with H₂O₂ to 
form a leaching system for the S‐LFP cathode material. The 
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study found that lactic acid has a lower coordination ability 
with Fe³⁺, which means it is easier to achieve the separation of 
iron and lithium. Under the optimal experimental conditions, 
lactic acid can selectively leach more than 99% of lithium and 
less than 2% of iron. In addition to these organic compounds, 
citrus juices rich in citric acid and malic acid can also be used 
as leaching agents. Kumar et al. [79] discovered that among 
lemon, apple, and orange juices, lemon juice exhibits the best 
leaching performance. The flow diagram of the leaching pro
cess using lemon juice is shown in Figure 4B. After adding 
H2O2 and reacting at room temperature, the leaching effi
ciencies of Li and Fe reach 94.83% and 4.05%, respectively. Li 
and Fe are recovered in the forms of Li₂CO₃ and FePO₄, which 
are further used to re‐prepare new LFP cathode materials. 
Meanwhile, other elements such as Cu, Al, and P can also be 
leached out. The newly prepared LFP cathode material has a 
discharge capacity of 155.3 mAh g−1 at 0.1 C and a capacity 
retention rate of 98.3% after 100 cycles at 1 C. Most commonly 
used organic acids are biomass‐based acids, which have a 
negligible impact on the environment and conform to the 
concept of green chemistry. However, their industrial appli
cation is difficult to promote due to the limitation of recovery 
costs.

3.1.2 | Acid‐Free Leaching 

Typical acid‐free leaching methods include mechanochemically 
assisted water leaching, oxidant leaching, and alkaline leaching. 
Mechanochemistry aims to use externally applied mechanical 
force to destroy material structures, accelerate the leaching of 
Li⁺, and reduce the usage of organic or inorganic acids [86]. 
Alternatively, it directly employs water, inorganic salts, or 
organic salts for leaching [87, 88]. To avoid the use of acid, 

Zhang et al. [89] mixed S‐LFP powder with sodium citrate and 
H₂O₂ and ball‐milled the mixture, achieving leaching effi
ciencies of 98.9% for Li and 5.1% for Fe. Subsequently, Na₂CO₃ 
was added to precipitate Li in the form of Li₂CO₃. This method 
uses non‐toxic and renewable reagents, thus exhibiting ex
cellent environmental friendliness. Besides, the recovery of 
mixed cathode materials via mechanochemical methods is also 
a major research focus at present. Jiang et al. [90] mixed LFP 
and LCO and ball‐milled the mixture to destroy the crystal 
structure of the mixed materials. This process promoted the 
oxidation of Fe²⁺ and the reduction of Co³⁺. With the addition 
of a small amount of H₂SO₄, leaching efficiencies of 99.9% for Li 
and 88.6% for Co from different LIBs were achieved.

Leaching with oxidants can avoid environmental pollution and 
resource waste, and the selection of a suitable oxidant is crucial. 
To achieve a selective leaching system of S‐LFP and NMC, Hua 
et al. [91] used water‐soluble NH₄Fe(SO₄)₂ as an oxidant‐ 
reductant to synergistically recover valuable metals from spent 
NMC and LFP. H₂O was added to the NMC/LFP/NH₄Fe(SO₄) 
mixture, and the reaction was carried out. The residue obtained 
by filtration was mixed with an H₃PO₄/NH₄H₂PO₄ buffer 
solution to regenerate FePO₄·2H₂O. Under this method, the 
leaching efficiencies of Li, Mn, Co, and Ni were 97.8%, 98.3%, 
98.9%, and 99.0%, respectively. This study proves that the 
introduction of iron ions can effectively extract metal ions. 
Based on the unique acidity and oxidability of sodium phos
phomolybdate (PMS) with the Keggin‐type structure 
(PMo₁₂O₄₀)³⁻, Ren et al. [92] used it as an oxidant for the 
selective extraction of lithium from S‐LFP. The reduced PMS 
can be re‐oxidized and reused by activating O₂ into superoxide 
anions (O₂⁻), and the lithium extraction efficiency reaches as 
high as 96.79%. Moreover, PMS can be recycled to reduce 
recovery costs. After being re‐oxidized and reused 10 times, the 

FIGURE 4 | The mechanism and flowchart of hydrometallurgy recovery: (A) Leaching S‐LFP using inorganic acid composed of H3PO4. Re
produced with permission: Copyright 2023, Elsevier [78]. (B) Leaching S‐LFP using organic acid composed of lemon juice. Reproduced with 
permission: Copyright 2020, Elsevier [79]. (C) H2SO4─H2O2 and (D) O2 roasting and acid leaching reaction mechanism. Reproduced with per
mission: Copyright 2025, Nonferrous Metals Society of China [80]. (D) Leaching S‐LFP using DES composed of chloroacetic acid and ethanol. 
Reproduced with permission: Copyright 2025, Elsevier [81]. 
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lithium extraction efficiency of PMS remains over 91%. Addi
tionally, Du et al. [93] proposed an alkaline pressure leaching 
process with the synergistic effect of NaOH and Ca(OH)₂, where 
NaOH serves as the leaching agent and Ca(OH)₂ serves as the 
additive. The two substances are mixed and placed in a sealed 
reactor, and products containing 0.3% P, 0.02% Fe, and 97.88% 
Li can be obtained after reaction. Compared with acid leaching, 
alkaline leaching has stronger selectivity for different metal 
ions, enabling it to preferentially dissolve target metals and 
leave impurities such as iron and copper in the residue for 
easier subsequent separation.

H₂O₂ acts as an oxidant in most leaching strategies. This is 
because H₂O₂ is not only low in cost and strong in oxidizing 
capacity but also produces only O₂ and H₂O as by‐products 
when used as an oxidant. These by‐products do not cause en
vironmental pollution, which conforms to the concept of green 
chemistry [94]. According to a report by Qiu et al. [95], H₂O₂ 
was used to leach S‐LFP cathode materials, and in this case, 
H₂O₂ served as both an oxidant and a leaching agent. After 
leaching, 97.6% of Li could be leached, and FePO₄ powder was 
obtained simultaneously. Adding Na₂CO₃ to precipitate Li⁺ 
yielded Li₂CO₃. Subsequently, the two substances (Li₂CO₃ and 
FePO₄ powder) were mixed, with citric acid added as a reducing 
agent, followed by appropriate annealing treatment. The R‐LFP 
had a capacity of 144 mAh g−1 at 1 C, and the capacity loss was 
less than 1% after 100 cycles, exhibiting excellent rate per
formance and cycling stability. In addition to using reagents 
such as H₂O₂ as oxidants, oxidation under air has also attracted 
the attention of researchers. Wang et al. [80] compared the 
leaching efficiencies of S‐LFP with H₂SO₄ after oxidation under 
air and H₂O₂ conditions, respectively. They found that after 
changing the experimental conditions, although the air 
oxidation‐H₂SO₄ method avoided the use of H₂O₂, featuring low 
emissions and simpler, safer operation, Fe was inevitably lea
ched out, which reduced the leaching selectivity and increased 
the consumption of H₂SO₄. This phenomenon is attributed to 
the different leaching mechanisms of the two systems: the 
diagrams of the solid–liquid–solid conversion mechanism for 
air oxidation‐H₂SO₄ and the solid–solid conversion mechanism 
for H₂O₂‐H₂SO₄ are shown in Figure 4C,D, respectively. 
Therefore, selecting an appropriate oxidation method is also 
crucial for the recovery of S‐LFP.

3.1.3 | DESs Leaching 

Although the aforementioned methods can achieve efficient 
leaching of metal ions, they are all inseparable from the massive 
consumption of chemical reagents and the problem of acid 
pollution. Therefore, exploring environmentally friendly and 
low‐cost leaching methods is also a major research direction in 
hydrometallurgy. In recent years, researchers have found that 
the strong intermolecular interactions of DESs can dissolve the 
cathode materials of LIBs and efficiently leach the metal ele
ments therein [96, 97]. DES is composed of hydrogen bond 
donor (HBD) and hydrogen bond acceptor (HBA) mixed in a 
certain ratio, with a melting point significantly lower than that 
of its individual components and the ability to be recycled [98]. 
Based on the acidity of DES and the oxidizing property of 
oxygen, Zhang et al. [81] mixed chloroacetic acid and ethanol to 
form DES, and oxygen was used to oxidize Fe²⁺ to Fe³⁺ 
(Figure 4E). Through this method, the leaching rate of Li is 

close to 100%, and 99.7% of FePO₄ can be recovered by filtra
tion. Moreover, the leaching efficiency of the reused DES does 
not decrease either. However, binary DESs generally have ex
cessively high viscosity, which impairs leaching efficiency. To 
address this issue, Zou et al. [99] compared ternary DES systems 
with different compositions and found that the DES composed 
of choline chloride, ethylene glycol, and maleic acid exhibited 
the highest leaching efficiency for spent LIBs. After adding the 
black mass of spent LIBs to this ternary DES, the leaching of 
over 99% of Ni, Co, Mn, Li, and Fe was observed. Then NaOH 
was added to adjust the pH of the leachate, resulting in the 
precipitation of Fe(OH)₃ and FePO₄. After recovering Cu and 
Ni‐Co alloys via electrodeposition, the pH of the solution was 
adjusted again to separate Mn and Li. This work provides new 
insights for the leaching research of ternary DESs.

Owing to its advantages, including high leaching efficiency, 
high selectivity, high ion transport efficiency, low melting point, 
biodegradability, low volatility, and low cost, DES deserves 
further exploration by researchers to investigate its leaching 
mechanism. However, it should be noted that the high viscosity 
of DESs can affect the leaching rate, and the stability of DESs 
during multiple cycles of reuse also needs to be considered.

In Table 1, the principal parameters that govern leaching per
formance, such as lixiviant concentration, residence time, 
temperature, and solid‐to‐liquid (S/L) ratio, are collated. The 
optimal window is defined by a “three‐low and one‐high” 
metric: minimal reagent concentration, shortened duration, 
reduced temperature, and maximized S/L ratio. Moreover, 
leaching schemes that afford preferential dissolution of lithium 
are strongly advocated, as they curtail downstream separation 
stages and thereby compress the overall flowsheet.

This section details the application of hydrometallurgy in re
cycling S‐LFP. Hydrometallurgy recovers valuable metals and 
resynthesizes new cathode materials by breaking down the 
structure of S‐LFP. Although its leaching process is relatively 
short and the industrial technique is mature, it consumes large 
quantities of chemical reagents and poses a risk of equipment 
corrosion. Hydrometallurgy mainly includes acid leaching, non‐ 
acid leaching, and DES leaching. Among these, acid leaching 
offers high efficiency and low cost. However, the acidic waste
water and waste residues generated require additional treat
ment to avoid environmental pollution. Compared with acid 
leaching, acid‐free leaching reduces the usage of acidic reagents 
and mitigates environmental pollution, aligning with the con
cept of green recycling. Nevertheless, the lack of acid corrosion 
results in a generally lower leaching rate of Li+. DES leaching is 
an emerging recycling method in recent years, featuring ad
vantages such as green sustainability, high efficiency, and mild 
leaching conditions. However, since it is still in the research 
and development stage, its industrial application potential 
needs further improvement.

3.2 | Direct Regeneration 

Direct regeneration differs from pyrometallurgy and hydro
metallurgy in that it does not require decomposing S‐LFP 
cathode materials to extract valuable metals for resynthesizing 
new cathode materials. Instead, direct regeneration focuses on 
repair, restoring the structure and addressing defects of material 
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through methods such as direct lithium supplementation [18]. 
In this section, we introduce four direct regeneration methods: 
solid‐phase sintering method, hydrothermal method, electro
chemical method, and DES method, then analyze their ad
vantages and disadvantages, respectively.

3.2.1 | Solid‐Phase Sintering Method 

Solid‐phase sintering refers to the process of mixing S‐LFP 
cathode powder with an appropriate amount of lithium source, 
carbon source, and reducing agent, followed by high‐ 
temperature calcination under a protective atmosphere to 
restore the material's electrochemical performance [100, 101]. 
As the temperature increases, lithium from the lithium source 
diffuses into vacancies under the driving force of high tem
perature, effectively compensating for the lithium loss in S‐LFP. 
Meanwhile, the added reducing agent reduces Fe³⁺ to Fe²⁺, 
repairing the impurity phases in S‐LFP [102, 103]. After the 
reaction, the carbon source can form a doped carbon layer or 
coating, which enhances the electronic conductivity and 
structural stability of materials [104].

Inorganic lithium salts are used as lithium sources in solid‐phase 
sintering and are often combined with eutectic molten salt‐ 
assisted calcination for regeneration. Xiao et al. [105] selected 
LiOH and LiI as a binary molten salt system to achieve one‐step 
closed‐loop reduction of S‐LFP. The mechanism diagram of 
direct regeneration in this work is shown in Figure 5A. During 
the heat treatment process, LiOH and LiI can form a uniform 

molten environment at 200°C, enabling full contact between Li⁺ 
and LFP particles. I⁻ reduces Fe³⁺ to Fe² at 450°C while lowering 
the activation energy barrier for Fe to migrate back to Fe sites, 
which helps repair Li‐Fe anti‐site defects [111]. The conversion of 
Fe³⁺ to Fe²⁺ also promotes the diffusion rate of Li⁺, and 
increasing temperature further facilitates lithium supplementa
tion and structural repair. The sublimated iodine enters the 
collection device along with Ar, achieving a 100% recovery effi
ciency. The S‐LFP repaired by this method exhibits a capacity 
retention rate of 95.7% after 300 cycles at 1C. To balance re
lithiation and the optimization of the structural morphology of 
the carbon coating, Sun et al. [112] proposed an “ice‐fire” two‐ 
step template‐assisted method for regenerating S‐LFP. The “ice 
step” refers to a solution relithiation process using LiOH as the 
lithium source, glucose as the reducing agent, and NaCl as the 
templating agent, followed by freeze‐drying overnight in a vac
uum. Subsequently, the freeze‐dried powder is subjected to high‐ 
temperature calcination. After washing off NaCl and excess Li, 
the repaired LFP is obtained. The “ice step” accurately supple
ments the lithium missing in S‐LFP while reducing Fe³⁺, and the 
solution environment provides a more uniform porous carbon 
coating for subsequent annealing. In the “fire step,” NaCl acts as 
a template to construct a 3D interconnected porous carbon net
work, which provides more Li⁺ migration channels and also 
enables the control of carbon hybridization. With the increase in 
glucose content, the capacity of the R‐LFP varies in the range of 
150–170 mAh g−1, showing a significant performance improve
ment. In addition, in order to repair severely degraded LFP 

TABLE 1 | Information on hydrometallurgical recovery of S‐LFP.

Method Reagent Condition Efficiency Reference

Inorganic acid 
leaching

0.315 M H2SO4 + H2O2 S/L = 96.87 g L−1 

62°C 90 min
95.23% Li [77]

0.88 M H3PO4 

LFP: NMC = 2:1
L/S = 33 L g−1, 80°C 2 h 99.6% Li [78]

0.8 M HCl + IL‐ABS S/L = 40 g L−1, 25°C 2 h 90% Li, 98% Fe [82]
Organic acid leaching 0.8 M CH3COOH +  

6 vol% H2O2

S/L = 120 g L−1, 
50°C 30 min

94.08% Li [84]

0.2 M LA + 5% H2O2 S/L = 40 g L−1, 40°C 
30 min

99% Li, 2% Fe [85]

Lemon juice + 6 vol% H2O2 S/L = 67 g L−1, 25°C 90 min 94.83% Li, 4.05% Fe [79]
Acid‐free leaching Na3Cit + 1 ml H2O2 500 rpm 5 h 98.9% Li, 5.1% Fe [89]

LFP: LCO = 1:1 
0.15 M H2SO4

650 rpm 5 h, 90°C 1 h 99.9% Li, 88.6% Co [90]

NH4Fe(SO)4 S/L = 50 g L−1, 
50°C 30 min

97.8% Li [91]

PMS S/L = 50 g L−1, 
60°C 50 min

96.79% Li [92]

7 M NaOH + Ca(OH)2 L/S = 100 g L−1, 250°C 2 h 97.88% Li, 0.02% Fe [93]
15 vol% H2O2 + LiOH+CA S/L = 10 g L−1, 

50°C 30 min 
350°C 1 h, 650°C 10 h

97.6% Li [95]

Air‐H2SO4 550°C 1 h, 60°C 2 h 97.48% Li [80]
DES leaching C₂H₃ClO₂: ethanol = 1:1 S/L = 10 g L−1, 70°C 6 h 100% Li, 0.03% Fe [81]

ChCl: EG: maleic acid = 1:1.5:0.5 L/S = 50 mL g−1, 80°C 2 h 99% Li, 99% Fe [99]
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(capacity ≤ 20%), Cheng et al. [113] proposed a novel method 
that constructs physical confinement in solid‐phase sintering. 
Li₂CO₃ was added as the lithium source, and poly
vinylpyrrolidone (PVP) was added as the reducing agent. The 
mixture was ball‐milled with ethanol and then dried; the powder 
was pressed into blocks at a pressure of 30 MPa, then followed a 
sintering process. This process is called physically confined‐ 
domain pressure sintering. During the process, fragmented 
crystals recombine into complete ones, and the constructed Li⁺ 
transport channels promote Li⁺ diffusion. Meanwhile, PVP 
reduces Fe³⁺ to Fe²⁺ at high temperatures, eliminating the FP 
phase. The LFP with physical confinement introduced is effec
tively restored and exhibits improved fast‐charging performance. 
Even at a high rate of 5C, it maintains an ultra‐high capacity 
retention rate of 88.88% after 1500 cycles. This method is easy for 
large‐scale batch production and provides a new solution for the 
direct repair and regeneration of industrial‐grade S‐LFP.

Inorganic lithium salts usually require additional reducing 
agents or carbon sources as auxiliaries, while suitable organic 
lithium salts can simultaneously act as lithium sources, reduc
ing agents, and carbon sources, which makes them efficient 
multi‐functional lithium salts. Ji et al. [106] synthesized a multi‐ 
functional organic lithium salt, 3,4‐dihydroxybenzonitrile 
(Li₂DHBN). After mixing and grinding with S‐LFP, the mix
ture was calcined under an Ar/H₂ atmosphere. The resulting 
R‐LFP exhibited a capacity retention rate of 88% after 400 cycles 
at 5 C. The functional groups of the organic lithium salt can 
effectively couple with S‐LFP particles, facilitating the supple
mentation of active lithium. The reductive gas generated by the 
cyano group (─CN) at high temperatures reduces Fe³⁺ to Fe²⁺. 
Meanwhile, the carbon layer produced by pyrolysis coats the 
particle surface, improving the kinetic activity of Li⁺. The 
schematic diagram is shown in Figure 5B. This method can 

repair LIBs with different degrees of degradation and different 
types, featuring an extremely wide application range. Moreover, 
organic lithium salts can form a carbon coating on S‐LFP sur
faces at low temperature, while high temperature promotes Li⁺ 
diffusion, realizing the effect of “low‐temperature carbon coat
ing and high‐temperature lithium supplementation.” The 
reductive gas generated by specific functional groups can 
reduce the valence state of iron ions, providing a new direction 
for the regeneration of S‐LFP via the solid‐phase sintering 
method.

However, the regeneration process of solid‐phase sintering 
inevitably requires high temperatures and high energy input, 
which consumes significant energy and results in substantial 
carbon emissions. This poses considerable risks to the en
vironment and is inconsistent with the concept of low‐carbon 
and green development. Additionally, solid‐phase sintering 
involves a multiphase reaction, which is affected by factors such 
as the degree of mixing and the particle size of lithium salts. 
These factors lead to a low reaction interface area, low Li⁺ 
transport efficiency, and uneven interface reactions, conse
quently causing uneven Li⁺ supplementation and impairing the 
performance of regenerated batteries. These are currently the 
two primary challenges and difficulties in solid‐phase sintering.

3.2.2 | Hydrothermal Method 

The hydrothermal method typically uses deionized water as the 
medium for Li⁺ transport. A properly proportioned lithium 
source and reducing agent are added and mixed with S‐LFP 
powder. By means of high‐pressure conditions, the transport 
efficiency of Li⁺ is improved, thereby achieving the goal of 
repairing S‐LFP. Sometimes, an additional annealing process is 
also required to repair the crystal structure [114]. Compared 

FIGURE 5 | The flowchart and mechanism diagram of direct regeneration: (A) Regeneration of S‐LFP via a low‐temperature molten salt system. 
Reproduced with permission: Copyright 2025, Elsevier [105]. (B) The comparison between using Li2DHBN and inorganic salt. Reproduced with 
permission: Copyright 2023, Springer Nature [106]. (C) Regeneration of S‐LFP using a hydrothermal reaction system composed of CH3COOLi and L‐ 
threonine. Reproduced with permission: Copyright 2024, Wiley [107]. (D) Electrochemical regeneration method using S‐LFP as cathode and anode. 
Reproduced with permission: Copyright 2024, Elsevier [108]. (E) Electrochemical regeneration method for relithiation of S‐LFP in aqueous solution 
system. Reproduced with permission: Copyright 2022, Royal Society of Chemistry [109]. (F) Direct regeneration of S‐LFP using DES composed of 
LiCl and EG. Reproduced with permission: Copyright 2025, Wiley [110]. 
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with the solid‐phase sintering method, the hydrothermal 
method has milder reaction conditions: the reaction at the 
solid–liquid two‐phase interface is more uniform, and the 
reduction environment is more stable. High pressure can sig
nificantly reduce the ion diffusion energy barrier, effectively 
promoting Li⁺ diffusion [115, 116]. In addition, during the 
hydrothermal regeneration process, carbon emissions are lower 
than those of the solid‐phase method, and the crystal mor
phology is controllable, while there is no need to consider the 
Li/Fe ratio [117].

To address the problem of the single function of reducing 
agents, Tang et al. [107] used L‐threonine, a natural multi
functional substance, as the reducing agent. Its hydroxyl groups 
(‐OH) act as electron donors, which can reduce lithium va
cancies and eliminate anti‐site defects, its amino groups (‐NH₂) 
are used for modifying the carbon conductive layer, and nitro
gen doping through these groups creates more active sites and 
improves conductivity [118]. The mechanism and flow chart of 
this work are shown in Figure 5C. After hydrothermal treat
ment, the R‐LFP exhibited a high discharge capacity of 
147.9 mAh g−1 at 1 C and maintained a capacity retention rate 
of 86% after 500 cycles at a high rate of 5 C. This method is also 
applicable to the regeneration of severely degraded materials. 
Only an additional annealing step is required to repair the 
fragmented crystal structure. The repaired black mass also 
exhibits excellent electrochemical performance. To achieve 
large‐scale repair of S‐LFP using a single effective reagent, Feng 
et al. [119] proposed an in situ particle reconstruction strategy 
for the direct regeneration of industrial‐grade LFP black mass. 
Glycerol was selected as the reducing agent and solvent, and 
LiOH was selected as the lithium source. Subject these mixtures 
to hydrothermal and annealing treatment; the hydroxyl groups 
(‐OH) abundant in glycerol provide electrons to form a reduc
tive environment, which can reduce Fe³⁺ and Li‐Fe anti‐site 
defects. The high viscosity of glycerol enables it to significantly 
inhibit the Oswald ripening effect when used as a solvent. This 
allows fragmented small particles to reaggregate into complete 
particles. The regenerated black mass obtained in this work 
exhibited a discharge capacity of 123.2 mAh g−1 at 5 C, with a 
capacity retention rate of 93.1% after 500 cycles. In addition to 
common organic reducing agents, Jiang et al. [120] compared 
the reducibility of several common organic reducing agents 
(citric acid, tartaric acid, and ascorbic acid) and inorganic 
reducing agents (H₂SO₃, Na₂SO₃). They found that ascorbic acid 
exhibited the strongest reducibility and could complete the re
lithiation of S‐LFP under mild hydrothermal conditions at 80°C. 
However, organic reducing agents typically generate complex 
by‐products. When the neutral reducing agent Na₂SO₃ is com
bined with lithium salts, the solution containing excess Na⁺ 
requires further treatment [121]. In contrast, the only by‐ 
product generated by the inorganic acidic reducing agent H₂SO₃ 
is SO4

2‐. After using H₂SO₃ as the reducing agent, the R‐LFP 
achieved an initial discharge capacity of 142.5 mAh g−1 at 0.1 C, 
with a capacity retention rate of 98.9% after 100 cycles. Excess 
lithium can be purified by adjusting the pH value, and Na₂CO₃ 
can be added for precipitation and recovery.

The hydrothermal method can provide a mild and uniform 
lithium‐supplementation environment for S‐LFP while 
avoiding the adverse effects of long‐term heat treatment in 
solid‐phase calcination on particle morphology and size 

[122]. However, the hydrothermal method has strict 
requirements for reaction control. It requires high‐pressure 
reaction conditions, which impose high demands on equip
ment. In addition, since the reaction occurs in a liquid phase, 
a large amount of wastewater is inevitably generated, so this 
places high requirements on safety and environmental 
protection.

3.2.3 | Electrochemical Method 

As an emerging direct regeneration method, the electro
chemical method adopts a three‐electrode system or a H‐type 
electrolytic cell. It uses S‐LFP as the working cathode and 
metallic Li as the anode and applies a voltage to drive Li⁺ in the 
electrolyte to migrate directly into the lithium vacancies of the 
cathode, thereby achieving the goal of relithiation [123, 124].

Due to the characteristic of S‐LFP that it has a built‐in lithium 
source, Yang et al. [108] used S‐LFP materials as both the 
cathode and anode in an electrolytic system, enabling lithium 
ions to deintercalate from the anode during charge–discharge to 
intercalate into the cathode, thereby directly regenerating LFP. 
Based on the ICP‐OES results of the cathode material, the mass 
of the anode material was calculated by combining the Li‐Fe 
molar ratio, achieving precise lithium addition. At the optimal 
voltage (1 V), the anode was delithiated to form FePO₄, and the 
extracted Li⁺ then intercalated into the lithium vacancies of the 
cathode through the electrolyte to form LiFePO₄, completing 
the regeneration (Figure 5D). The R‐LFP exhibited an excellent 
high initial capacity (136.5 mAh g−1 at 1 C) and outstanding 
cycling stability (a capacity retention rate of 95.32% after 300 
cycles at 5 C). Considering the green economy of aqueous re
lithiation, Zhou et al. [109] selected a H‐type electrolytic cell for 
S‐LFP regeneration with an anion exchange membrane sepa
rating the cathode and anode. The cathode compartment con
tained an S‐LFP suspension (S‐LFP powder uniformly mixed 
into a Li₂SO₄ solution), and the anode was a zinc plate 
(immersed in a ZnSO₄ solution), as shown in Figure 5E. At a 
current of 5 mA, the zinc plate undergoes an oxidation reaction 
(Zn−2e⁻ = Zn²⁺), while the S‐LFP in the cathode gains elec
trons and undergoes a reduction reaction (Li₁₋ₓFePO₄ + xLi⁺ + 
xe⁻ = LiFePO₄) to form LFP. The LFP obtained via this reaction 
not only exhibits good crystallinity and high lithium‐ 
supplementation efficiency but also achieves a high initial 
capacity of 134 mAh g−1 at 1 C, with a capacity retention rate of 
85.5% after 300 cycles. Currently, few studies can directly repair 
S‐LFP electrode sheets without damaging them. Against this 
background, Fan et al. [125] proposed a novel in situ regener
ation strategy based on a functionalized prelithiated separator 
(FPS). In this study, the FPS was fabricated simply by coating a 
thin layer of Li₂C₂O₄/mesoporous carbon (CMK‐3) composite 
onto a commercial separator. S‐LFP electrode slices were 
directly assembled into a full cell with the FPS and a fresh 
graphite anode, eliminating the need for pretreatment of the 
spent cathode material. Li₂C₂O₄ was used as the lithium source 
in this work due to its characteristic high irreversible capacity 
(> 500 mAh g−1). However, its relatively high decomposition 
potential (~4.7 V) severely limits its application as a lithium‐ 
supplementing agent. Therefore, it was composited with CMK‐ 
3, which has a high specific surface area (800 m² g−1) and high 
electronic conductivity, to reduce the decomposition potential 
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to approximately 4.4 V. During the first charging process, 
Li₂C₂O₄ undergoes irreversible electrochemical decomposition 
to generate Li⁺ and CO₂. These Li⁺ intercalate into the lithium‐ 
deficient cathode during the discharge process, thereby repair
ing the S‐LFP. CO₂ is removed through a degassing process 
before cycling, and the pores generated by the decomposition of 
Li₂C₂O₄ also facilitate electrolyte penetration. The assembled 
cell exhibited a specific capacity of 146.7 mAh g−1 and main
tained a high capacity retention rate of 90.7% after 292 cycles. 
Moreover, after long‐term cycling at high rates, the capacity 
recovered rapidly once the rate was reduced to 0.1 C.

Although the electrochemical method does not require high‐ 
pressure or high‐temperature conditions, it demands strict 
control over current/voltage parameters, because excessively 
high values can lead to fragile and brittle crystal structures. 
More importantly, it has high requirements for raw materials, 
involves a long preparation process, and faces significant chal
lenges in large‐scale promotion. Therefore, the electrochemical 
method might not be suitable for large‐scale industrial appli
cations, and additional research is needed to advance its prac
tical implementation.

3.2.4 | Deep Eutectic Solvent Regeneration 

DESs are a new type of green solvent that has attracted con
siderable attention in recent years. Composed of a HBA and a 
HBD, the hydrogen bond interaction between HBA and HBD 
can effectively lower the eutectic point of DESs, enabling them 
to directly repair spent LIBs at a low temperature [126]. Ini
tially, DESs were used to dissolve spent cathode materials and 
extract valuable metals [127–129]. When applied in direct 
regeneration processes, lithium salts are often selected as HBAs 
to provide active lithium, while reagents with excellent Li⁺ 
transport performance (such as H₂O, ethanol, ethylene glycol, 
and glycerol) are used as HBDs [126]. Additionally, the reduc
tive environment created by HBDs can promote the reduction of 
Fe³⁺ to Fe²⁺ and correct Li‐Fe anti‐site defects.

Since lithium‐containing DES can significantly repair S‐LFP, 
Lin et al. [110] selected LiCl as HBA and ethylene glycol as 
HBD. After these two components form a DES solution, an 
appropriate amount of S‐LFP is added. The reaction was con
ducted at a low temperature (80°C) for 12 h. During the reaction 
process (Figure 5F), the DES acts as a direct lithium source to 
supplement the lithium missing in S‐LFP. The hydroxyl groups 
(‐OH) of ethylene glycol serve as electron donors to reduce 
Fe³⁺. Meanwhile, they lower the energy barrier for iron ions to 
return to their original lattice sites, reducing Li‐Fe anti‐site 
defects. The resulting LFP delivered an initial discharge 
capacity of 155.6 mAh g−1 at 0.1 C, and its capacity remained at 
93% of the initial value after 300 cycles at 1 C. This method 
avoids high‐temperature calcination, can be scaled up for pro
duction, and has high economic and environmental value. 
Moreover, ternary DES is also commonly used in the regener
ation of S‐LFP. Pu et al. [130] used a DES composed of LiI, urea, 
and ascorbic acid (designated as IUA) as the regeneration sol
vent for S‐LFP. During the reaction, LiI creates a lithium‐rich 
environment, ascorbic acid provides a reductive environment, 
and urea acts as a stable medium for Li⁺ transport. These 
components simultaneously supplement the lithium lost in 
S‐LFP, reduce the valence state of Fe³⁺, and minimize Li‐Fe 

anti‐site defects. The R‐LFP exhibited excellent electrochemical 
performance: it delivered a high discharge capacity of 
160 mAh g−1 at 0.1 C and maintained 85.8% of its capacity after 
400 cycles at 1 C. Furthermore, the IUA solvent could be col
lected and reused for a second round of regeneration. In this 
case, the R‐LFP still achieved a discharge capacity of 
159 mAh g−1 at 0.1 C, showing little difference from the LFP 
regenerated in the first round. To investigate the feasibility of 
repairing S‐LFP by DES at room temperature, Yingnakorn et al. 
[131] used a DES composed of lithium acetate and ethylene 
glycol, with an appropriate organic reducing agent added, to 
directly relithiate S‐LFP. They compared the reduction effects of 
five organic reducing agents on S‐LFP. It was found that only 
hydroquinone exhibited reversibility in addition to strong redox 
properties. This indicates that hydroquinone is a recyclable 
reducing agent, which can be reused and thus holds high eco
nomic and environmental protection value. Inductively coupled 
plasma mass spectrometry detection showed that the atomic 
ratio of the regenerated material was Li:Fe:P = 1:1:1.02, con
firming the success of relithiation. The R‐LFP delivered a 
discharge capacity of 153.9 mAh g−1 at 0.1 C. Moreover, after 
long‐term cycling, when the rate was restored to 0.1 C, its 
capacity recovered to 151.4 mAh g−1, demonstrating excellent 
reversibility.

It can be observed that DES exhibits advantages such as low 
melting points, high solvating power, and environmental 
benignity. The chemical reaction kinetics and molecular 
dynamics of DES can be regulated by controlling the proportion 
of HBA and HBD. However, it is important to note that the high 
viscosity of DES may impede molecular diffusion, and the cost 
of certain DES components is relatively high. Addressing these 
issues remains a crucial research direction at present.

In Table 2, the principal parameters that govern regeneration 
performance, such as temperature, reagent selection, reaction 
duration, voltage, and current intensity, are collated. Among 
these, low‐cost reagents, low‐temperature, and short‐duration 
reaction conditions are the optimal process choices. For the 
electrochemical method, the current or voltage density directly 
affects the de‐intercalation rate of Li+, and the electrolysis 
duration directly influences the Li+ replenishment effect and 
material structural stability. Therefore, it is necessary to select 
appropriate electrochemical parameters.

This section details the application of the direct regeneration 
method in recycling S‐LFP. Direct regeneration can repair 
S‐LFP without damaging the structure of the cathode material, 
restoring its performance to the initial state. Among direct 
regeneration techniques, the solid‐phase sintering method fea
tures a simple process and easy operation. However, its high‐ 
temperature and high‐energy consumption characteristics are 
harmful to the environment, and it is difficult to precisely 
control the crystal structure and composition. The hydro
thermal method enables lithium replenishment, Fe3+ reduc
tion, and precise regulation of material morphology and particle 
size in a mild liquid‐phase environment. Nevertheless, the high‐ 
pressure conditions are unfavorable for large‐scale production, 
and the liquid‐phase environment also generates a large 
amount of wastewater that requires additional treatment. In 
contrast, the electrochemical method can achieve Li replen
ishment without high‐temperature or high‐pressure conditions. 
However, this method is only suitable for cathode materials 

12 of 26 Carbon Energy, 2026

 26379368, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/cey2.70198 by W

U
H

A
N

 U
N

IV
E

R
SIT

Y
 O

F T
E

C
H

N
O

L
O

G
Y

, W
iley O

nline L
ibrary on [10/05/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



with minor damage and requires precise control of conditions 
such as current and voltage, making it unsuitable for industrial 
production. DES can regenerate S‐LFP under atmospheric 
pressure and low‐temperature conditions, and the regenerated 
DES solvents can be recovered and recycled to improve resource 
utilization. However, factors such as the high viscosity of DES 
and the high cost of some components hinder its industrial 
application.

4 | Upcycling Method of S‐LFP 

The upcycling of spent cathode materials aims to upcycle and 
reprocess S‐LFP into high‐performance materials, thereby en
hancing the economic added value of regenerated products. It is 
not limited to the reuse of resources and performance recovery but 
rather involves the upcycling of spent batteries to obtain electrode 
materials with superior performance and function or other ma
terials with higher economic value [132, 133]. This section intro
duces the upcycling methods of LFP in three parts: structural 
optimization to regenerate high‐performance LFP through strate
gies such as doping and coating, upcycling of LFP into LFMP via 
phase transformation, and upgrading and reprocessing into 
advanced post‐metal‐ion batteries or catalytic materials.

4.1 | Optimizing the Structure to Generate  
High‐Performance LFP 

Structural optimization is a common method for upcycling 
S‐LFP batteries. This strategy aims to improve the interfacial 
performance and structural stability of LFP by introducing 
specific elements and applying carbon coating, thereby enhan
cing the electrochemical performance of the batteries [134–137]. 
The carbon coating layer on the surface of LFP particles can 
improve electronic conductivity, while element doping can 
achieve the dual effects of reducing intrinsic defects and opti
mizing the lattice parameters of the electronic structure [138]. 
This method is usually combined with other direct regeneration 
techniques, forming a uniform coating layer during the 
annealing process. The element‐doped carbon coating can 
effectively reduce the diffusion barrier of lithium ions at the 
interface and enhance electronic conductivity as well as the 
structural stability of LFP.

A primary strategy for structural optimization in the upcycling 
of S‐LFP batteries involves either doping the bulk structure of 
LFP or optimizing the coating layer. Xiao et al. [139] used 
polyacrylonitrile (PAN) as a reducing agent and additive and 
lithium acetate as the lithium source to repair LFP (Figure 6A). 
The mixture of S‐LFP, PAN, and CH₃COOLi was blended with 

TABLE 2 | Information on direct regeneration method of S‐LFP.

Method Reagent Condition Performance Reference

Solid‐phase 
sintering method

S‐LFP + LiOH + LiI 200°C 4 h, 450°C 4 h 95.7% (300r, 1 C) [105]
S‐LFP + LiOH +  

Glucose + NaCl + Urea
60°C 2 h, 650°C 3 h 141.79 mAh g−1,  

95.7% (200r, 1 C)
[112]

S‐LFP + Li2CO3 + 10 wt% PVP 600 rpm 6 h, 750°C 10 h 88.8% (1500r, 5 C) [113]
S‐LFP + 5 wt% Li2DHBN 800°C 6 h 88% (400r, 5 C) [106]

Hydrothermal 
method

S‐LFP + CH3COOLi +  
L‐threonine + H2O

180°C 6 h 147.9 mAh g−1(1 C),  
86% (500r, 5 C)

[107]

S‐BM + LiOH + Glycerol 180°C 10 h 
600°C 3 h

123.2 mAh g−1,  
93.1% (500r, 5 C)

[119]

S‐ 
LFP + LiOH + H2SO3 + H2O

90°C 6 h 142.5 mAh g−1,  
98.9% (100r, 0.1 C)

[120]

Electrochemical 
method

Cathode and anode: S‐LFP 
Electrolyte: Li2SO4

Voltage: 1 V 136.5 mAh g−1 (1 C),  
95.32% (300r, 5 C)

[108]

Cathode: Zinc plate 
Electrolyte: ZnSO4 

Anode: S‐LFP suspension 
Electrolyte: Li2SO4

H‐type electrolytic cell 
Current: 5 mA 

TIA: 150%

134 mAh g−1,  
85.5% (300r, 1 C)

[109]

Cathode: Graphite 
Anode: S‐LFP 

Electrolyte: LiPF6 

Separator: Li2C2O4/CMK‐3

Ultrasonic blending and 
recrystallization synthesis 

Li2C2O4/CMK‐3

90.7% (292r, 1 C) [125]

DES S‐LFP + LiCl + EG DES: 120°C 20 min, 
80°C 12 h

155.6 mAh g−1 (0.1 C),  
93% (300r, 1 C)

[110]

LiI + Urea + AA DES: 80°C 12 h, 
100°C 10 h

160 mAh g−1 (0.1 C),  
85.8% (400r, 1 C)

[130]

S‐LFP +  
CH3COOLi·H2O + EG +  

Hydroquinone

DES: 60°C, 
25°C 1–3 h

153.9 mAh g−1 (0.1 C) [131]
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glucose and ethanol. After being uniformly mixed by high‐ 
speed ball milling, the mixture undergoes a three‐stage 
annealing treatment. The uniform medium layer formed by 
PAN at low temperatures enhances the contact between 
CH₃COOLi and S‐LFP, facilitating the supplementation of Li⁺. 
At high temperatures, PAN decomposes to generate a reductive 
atmosphere, which promotes the reduction of Fe³⁺ to Fe²⁺. 
Meanwhile, the uniform N‐doped carbon layer formed by 
pyrolysis improves the conductivity of the cathode material. 
Under these conditions, the R‐LFP exhibits a high capacity of 
155 mAh g−1 at 0.1 C, and after 400 cycles at 1 C, the capacity 
retention rate is approximately 87%. Since plasma ball milling 
can effectively activate the material surface, Li et al. [140] 
proposed to use it to assist in the solid‐phase sintering regen
eration of S‐LFP. An appropriate amount of Li₂CO₃ was added 
to compensate for the lithium deficiency of S‐LFP, as deter
mined by ICP‐OES. Then, samarium(III) nitrate hexahydrate 
(SmN₃O₉·6H₂O) was incorporated for Sm doping. After the 
high‐speed plasma ball mill, the mixture was placed to anneal. 
The mechanism diagram of this work is shown in Figure 6B. 
During the plasma ball milling process, high‐energy plasma 
induces mechanochemical activation, which effectively exposes 
the material surface and facilitates Sm doping. The relatively 

large ionic radius of Sm can open up Li⁺ transport channels and 
increase the diffusion rate [145]. Meanwhile, Sm doping ex
pands the unit cell volume, which helps alleviate volume 
shrinkage during long‐term cycling and stabilize the crystal 
structure. Calcination removes most impurities in the material, 
and the residual carbon in S‐LFP undergoes an in situ car
bothermal reduction reaction, promoting the reduction of Fe³⁺ 
to Fe²⁺. At the same time, the carbon layer is redistributed to 
form a uniform Sm‐containing conductive network. The LFP 
repaired in the above work exhibited a capacity of 
142.2 mAh g−1 at 1 C and a capacity retention rate of 96.5% after 
200 cycles. This confirms that the R‐LFP has a more stable 
structure and a higher Li⁺ diffusion rate. Considering during 
the pretreatment of S‐LFP, Cu impurities will be inevitably 
introduced into the samples. It is important to study the effect 
of the amount of Cu on the regeneration of S‐LFP. Through 
detailed density functional theory (DFT) calculations, Zeng 
et al. [146] found that appropriate Cu doping improves Li⁺ 
diffusion ability and enhances electronic conductivity. CuO and 
S‐LFP were mixed at a ratio of 200 ppm:1. The mixture was 
heated in air to remove the binder and conductive agent, during 
which LFP was oxidized to Li₃Fe₂(PO₄)₃ and Fe₂O₃. Then 
Li₂CO₃ was added as the lithium source, and glucose was added 

FIGURE 6 | The flowchart and mechanism diagram of upcycling: (A) Comparison chart of this work using PAN as nitrogen source versus 
traditional recycling method. Reproduced with permission: Copyright 2025, American Chemical Society [139]. (B) Regeneration of S‐LFP by Sm 
doping via plasma ball milling‐assisted calcination. Reproduced with permission: Copyright 2025, Tsinghua University Press [140]. (C) Structural 
change of S‐LFP achieved by dissolving and reconstructing with DES composed of ChCl and OA. Reproduced with permission: Copyright 2024, 
Springer Nature [141]. (D) Upcycling of S‐LFP into LFMP via defect inheritance strategy. Reproduced with permission: Copyright 2025, Elsevier BV 
[142]. (E) Conversion of S‐LFP into a high‐performance OER electrocatalyst via direct oxidation. Reproduced with permission: Copyright 2025, John 
Wiley and Sons Ltd [143]. (F) Using Na2S2O8 to extract Li and P in S‐LFP for the resynthesis of the photocatalyst NaFeS2. Reproduced with 
permission: Copyright 2022, Elsevier [144]. 
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as the reducing agent. After thorough mixing, heat treatment 
was performed. In this process, Cu was effectively doped into 
the lattice, which weakened the Li‐O bond interaction, thereby 
increasing the Li⁺ diffusion rate and suppressing Li‐Fe anti‐site 
defects [147]. The R‐LFP achieved a capacity of 130 mAh g−1 at 
2 C, with a capacity retention rate of 100% after 300 cycles. The 
full cell assembled with this R‐LFP exhibited a capacity of 
128 mAh g−1 at 1 C. To reconstruct the damaged carbon layer, 
Liu et al. [148] utilized natural tea polyphenols as electron 
donors and AlPO₄/Li₃PO₄ (AP/LP) while introducing Al dop
ing, to upcycle LFP materials. The specific process is divided 
into two steps: repair and regeneration. First, S‐LFP was dis
persed into a hydrothermal repair solution consisting of LiOH 
and tea polyphenols. Then, the hydrothermally repaired powder 
was mixed with Al(NO₃)₃/NH₄H₂PO₄, excess Li₂CO₃ was ad
ded, and annealing was done to obtain the upcycled LFP 
powder. During the hydrothermal repair process, tea poly
phenols provide electrons to reduce Fe³⁺ and synergize with Li⁺ 
from LiOH to compensate for lithium and eliminate Li‐Fe anti‐ 
site defects. Al diffuses into the LFP lattice and replaces Fe sites 
during annealing, strengthening Fe–O bonds. The generated 
AP/LP hybrid patch coating repairs the carbon layer and per
forms targeted surface reconstruction. The assembled full cell 
exhibits an initial capacity of 124.3 mAh g−1 at 2 C, with a 
capacity retention rate of 92.1% after 400 cycles, proving that 
this work significantly improves the cycling stability of LFP.

Structural optimization can significantly improve the electro
chemical performance of LFP; however, additional attention 
must be paid to the type and dosage of doping elements. When 
screening doping elements, DFT can be used to optimize the 
doped structure and calculate key information such as lithium 
ion transport barriers, unit cell parameters, and energy band 
structures. This avoids aimless selection from the periodic table 
of elements. It is necessary to select appropriate elements for 
doping and coating modification to prevent the occurrence of 
side reactions. Excessive doping may damage the original 
crystal structure of LFP and may also lead to uneven or ex
cessively thick coating layers, which affect electronic conduc
tivity. These challenges require further research and exploration 
to enable the broader application of structural optimization.

4.2 | Changing the Phase to Generate LFMP 

Current regeneration methods focus on capacity recovery rather 
than component upgrading [149]. Given that the energy density 
of LFP (180 Wh kg−1) is much lower than that of ternary bat
teries (250 Wh kg−1) and the operating voltage of LFP is only 
3.2 V, improving the median voltage is key to enhancing energy 
density. Since the operating voltage of LFMP ranges from 3.5 to 
4.1 V, replacing part of the Fe sites with the transition metal Mn 
to increase the operating potential of LFP is an effective 
approach to improve the energy density of LFP [150–152].

The upcycling of mixed spent cathode materials (LFP and 
LMO) into high‐performance LFMP not only enables the 
simultaneous recycling of these two types of spent cathodes but 
also introduces Mn into LFP through phase transformation to 
enhance the energy density. This addresses two key challenges: 
impure recycled battery raw materials and low energy density of 
regenerated batteries. Ji et al. [141] utilized an environmentally 

friendly DES to simultaneously dissolve and reorganize the 
mixed S‐LFP and spent LMO (S‐LMO) materials and combined 
this with annealing treatment to reconstruct the crystal struc
ture. Choline chloride was mixed with oxalic acid, and the 
mixture was heated until it turned into a liquid. S‐LFP and 
S‐LMO were then added to this liquid for leaching, resulting in 
the formation of Fe/MnCl₄²⁻ complexes. H2O was added to 
adjust the viscosity of DES, converting the complexes into 
(Fe,Mn)C₂O₄·2H₂O precipitates, which act as the precursor of 
LFMP. The precursor was mixed with NH₄H₂PO₄ and LiOH, 
followed by ball milling and two‐stage annealing treatment. Its 
schematic diagram is shown in Figure 6C; DES serves as a 
regulatory carrier for the composition and structure of the 
cathode material. Hydrogen in oxalic acid disrupts the struc
tures of LFP and LMO, dissolving the Li, Mn, and Fe metals 
contained therein. Meanwhile, choline chloride and C2O4

2‐ 

reduce Mn⁴⁺ and Fe³⁺ to Mn²⁺ and Fe²⁺. This method yields a 
solid solution with 89.6% Fe and 82.2% Mn; approximately 
96.7% of Li and 97% of P are retained in the filtrate and finally 
recovered in the form of Li₃PO₄. During the annealing process, 
oxalate ions form a carbon coating with a thickness of 4–5 nm. 
Fe and Mn are uniformly distributed on the surface and inside 
the particles, and Mn replaces Fe sites to form LiFe₀.₅Mn₀.₅PO₄, 
which enhances structural stability and electrical conductivity. 
The median voltage of the regenerated LFMP is increased to 
3.68 V, with an initial capacity of 152 mAh g−1 at 0.1 C. Its en
ergy density (559 Wh kg−1) is significantly higher than that of 
commercial LFP. Furthermore, after 1000 cycles at 1 C, 2 C, and 
5 C, the capacity retention rates are 87%, 73%, and 75%, 
respectively, indicating stable long‐term cycling performance. 
Utilizing the inherent structural defects of S‐LFP (Li vacancies, 
cracks, lattice distortions), Ji et al. [142] converted these defects 
into transport channels for Li⁺/Mn²⁺, thereby achieving the 
supplementation of active lithium and gradient doping of Mn. 
Firstly, a mixture of S‐LFP, Li₂CO₃, MnCO₃, NH₄H₂PO₄, and 
glucose was placed for mechanochemical ball milling. This 
process refines the particle size and converts microcracks into a 
nanoparticle network, which facilitates the rapid diffusion of 
Li⁺/Mn²⁺. Subsequently, the ball‐milled mixture underwent 
carbothermal reduction and high‐temperature lithium supple
mentation under an inert atmosphere. The sintering process 
during carbothermal reduction promotes Li⁺ compensation and 
enables the formation of Fe/Mn atomic solid solution. Mean
while, a carbon coating is generated to enhance electrical con
ductivity and inhibit harmful interfacial reactions that may 
occur during long‐term cycling (the specific mechanism is 
shown in Figure 6D). Gradient Mn doping can suppress Jahn‐ 
Teller distortion, prevent structural collapse, and significantly 
improve the cycling stability of LFMP. The LFMP regenerated 
via this defect inheritance mechanism exhibited a capacity 
retention rate of 83% after 900 cycles at 0.5 C, with an energy 
density as high as 563.5 Wh kg−1. Combing hydrometallurgy 
and direct regeneration method, Lei et al. [153] proposed to 
leach Li/Fe/P from S‐LFP and Li/Mn from S‐LMO, then 
exploited the hydrothermal method to regenerate LFMP, and 
finally performed calcination to form carbon layer. First, they 
used sulfuric acid to leach 100% of Li/Fe/Mn/P. Then, ascorbic 
acid, Li/Fe/Mn/P sources and ethanol, were added, followed by 
a hydrothermal process. During this process, the hydrogen 
bonds of ethanol preferentially adsorbed to the oxygen sites on 
the particle surface, leading to the shortening of Mn–O bonds 
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and a reduction in crystal volume (resulting in a more stable 
structure). At the same time, Li–O bonds were lengthened, 
which facilitated the de‐intercalation of Li⁺. During the calci
nation, a carbon layer was formed to improve the electrical 
conductivity of LFMP. The LFMP exhibited excellent rate per
formance and cycling stability: its capacity is 144.2 mAh g−1 at 
1 C, and capacity retention rate is 87% after 1000 cycles. Even at 
a high rate of 5 C, the capacity retention rate remained 86.4% 
after 1000 cycles. Based on the challenge of controlling the 
uniformity of Li and Mn, Cheng et al. [154] proposed a sol
vothermal upcycling strategy to form LFMP with uniform ele
ment distribution through atomic‐level mixing of Fe and Mn. 
They first completely dissolved S‐LFP using sulfuric acid, then 
added ascorbic acid, manganese carbonate, and ammonium 
dihydrogen phosphate to introduce Mn for achieving atomic‐ 
level mixing of Fe and Mn. The mixture was homogenized with 
a polyethylene glycol solution for hydrothermal reaction. The 
treated sample was then mixed with PVP and subjected to high‐ 
temperature calcination to obtain LFMP. The atomic‐level 
mixing of Fe and Mn results in uniform distribution of Fe and 
Mn in LFMP, enhancing structural stability. Mn doping also 
induces lattice expansion in LFMP, providing smoother diffu
sion channels for Li⁺. Meanwhile, PVP forms a carbon layer 
during the calcination process, which enhances the electronic 
conductivity of the material and promotes Li⁺ diffusion. The 
LFMP obtained through this method exhibits a capacity reten
tion rate of 83.8% after 2500 cycles at 5 C, with an energy 
density of 561 Wh kg−1, showing significantly improved elec
trochemical performance.

Upcycling regenerates S‐LFP into high‐energy‐density LFMP 
via phase transformation is one of the current research hot
spots. However, it should be noted that controlling the uniform 
distribution of Fe/Mn in LFMP and mitigating the Jahn‐Teller 
effect caused by Mn introduction are key challenges in current 
research. Excessive Mn may reduce the specific discharge 
capacity of the cathode material and may also lead to lattice 
distortion or changes in electronic conductivity.

4.3 | Post‐Metal‐Ion Batteries and Catalytic 
Materials From Upcycling S‐LFP 

The primary manifestation of LFP failure is the loss of active 
lithium. However, recent research progress on sodium‐ion 
batteries (SIBs) indicates that vacancy engineering can improve 
electrochemical performance to some extent. It alleviates 
structural collapse of sodium‐storage electrode materials during 
rapid charge‐discharge processes, and further promotes charge 
transfer while reducing volume strain [155–157]. Additionally, 
studies have shown that iron‐based derivatives (such as FePO₄ 
and Fe₂O₃) generated after LFP failure exhibit catalytic activity 
similar to the Fenton reaction. The Fenton‐like reaction can 
efficiently degrade refractory organic pollutants in industrial 
wastewater and maintain high catalytic efficiency under neutral 
or weakly acidic conditions. Thus, they can be converted into 
catalytic materials to extend the service life of LFP [158]. 
Moreover, the ferrite magnetic functional materials produced 
from these derivatives, which exhibit excellent properties such 
as high magnetic permeability, low loss, and wide frequency 
bandwidth, can be widely applied in many fields such as radar 
and microwave applications [159]. This type of upcycling is no 

longer limited to traditional battery manufacturing, but extends 
to high‐value‐added products. These transformative upcycling 
routes are also current research hotspots.

S‐LFP can be converted into an OER catalyst. Wang et al. [160] 
proposed a direct oxidative conversion strategy, which trans
forms S‐LFP cathode material into high‐performance OER 
electrocatalyst through a two‐step air oxidation process 
(Figure 6E). In the first step, the S‐LFP electrode material was 
calcined. This process not only stripped off the aluminum foil 
but also oxidized LFP into Li₃Fe₂(PO₄)₃ (LFP(III)). During this 
stage, uniformly distributed α‐Fe₂O₃ nanodots were spontane
ously formed on the particle surface, ensuring structural 
integrity while providing moderate OER activity. In the second 
step, LFP(III) was mixed with nickel acetylacetonate (Ni(acac)₂) 
and dispersed in ethanol. The mixture was subjected to ultra
sonic treatment and then dried. At this point, NiO grew selec
tively on the α‐Fe₂O₃ nanodots, generating an LFP(III)/NiO 
composite. The formed NiO/α‐Fe₂O₃ nano‐heterojunction could 
improve the interfacial charge distribution and accelerate 
charge transfer. The resulting catalyst only required over
potentials of 268 and 292 mV to achieve OER currents of 10 and 
100 mA cm−2, respectively. Furthermore, the phosphate rich 
LFP(III) could effectively inhibit Cl⁻ adsorption, solving the 
problem that traditional catalysts are prone to corrosion in 
saline environments. Based on the defect inheritance strategy, 
Wang et al. [143] proposed utilizing the inherent structural 
defects of S‐LFP for the design of SIB cathode materials. They 
separated Li and Fe to generate FePO₄ precipitates, which were 
then used for remanufacturing SIB cathodes, specifically to 
prepare the SIB cathode material Na₂FeP₂O₇ (NFPO‐R). During 
the selective extraction of Li, Fe vacancies were retained in 
FePO₄. Thus, NFPO‐R exhibits lattice distortion and volume 
expansion, which help widen the Na⁺ transport channels. The 
presence of vacancies also shortens Fe–O bonds, strengthens 
bonding interactions, and enhances the structural stability of 
NFPO‐R. Additionally, electron accumulation occurs near Fe 
vacancies, improving the electronic conductivity of NFPO‐R. 
The as‐prepared NFPO cathode can be charged to 80% state in 
6 min and maintains a capacity retention rate of 82.9% after 
4000 cycles at a high rate of 10 C. Converting S‐LFP into a 
photocatalyst is also one of the approaches to enhance the re
cycling value of spent batteries. Yue et al. [144] developed a 
facile method to remanufacture photocatalysts with synergistic 
adsorption‐photocatalysis capabilities from S‐LFP, while 
simultaneously recovering Li and P. The schematic diagram of 
this work is shown in Figure 6F. Na₂S₂O₈ is used to leach Li 
from S‐LFP at room temperature. Under optimal conditions, 
nearly 100% of Li can be recovered. After drying, the delithiated 
LFP and Na₂S are mixed at a mass ratio of 1: 1 at room tem
perature to prepare NaFeS₂, enabling simultaneous recovery of 
99.98% of P. NaFeS₂ exhibits a rough surface and loose struc
ture, leading to a significant enhancement in adsorption 
capacity and photocatalytic activity. In addition, the hetero
structure formed by multivalent Fe and S in NaFeS₂ endows it 
with a broad light absorption range (200–800 nm) and strong 
visible‐light absorption capability [161]. Consequently, NaFeS₂ 
achieves a higher photocurrent density under visible light, 
which also accounts for its strong charge transfer efficiency. 
Moreover, its low photoluminescence intensity can significantly 
improve its photodegradation efficiency [162]. NaFeS₂ also 
shows an adsorption capacity of up to 129.3 mg g−1 for 
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methylene blue (MB) and can rapidly photodegrade 98% of MB 
within 20 min. This efficiency is 67 times that of TiO₂.

The recycling of S‐LFP cathode materials can extend beyond the 
recovery of lithium resources and the preparation of R‐LFP. 
Furthermore, leveraging the inherent characteristics of S‐LFP, 
such as lithium vacancies and uniform particle size, it can be 
converted into various functional materials with high economic 
value and other post‐metal‐ion battery components. However, 
there are common issues including complex conversion steps 
and excessively long processes. The resulting problems, such as 
high process treatment costs and poor product consistency, 
require further research to address.

In Table 3, the principal parameters that govern regeneration 
performance are collated, such as reaction temperature, ball 
milling rotation speed, reaction time, and reagent cost. It should 
be noted that the specific process of the optimized regeneration 
method is determined by the characteristics of the target 
material field. The optimal process should not only ensure the 
high value of the resulting material but also guarantee that the 
technical route is green and economical.

This section discusses in detail the application of upcycling 
method in recycling S‐LFP. Unlike simple performance resto
ration, upcycling method focuses on component upgrading. 
This section classifies it is based on structural optimization, 
phase transformation, and conversion into other functional 
materials. Structural optimization improves the electrochemical 
performance of LFP by introducing element‐doped carbon 
coatings. The selection of appropriate types and dosages of 
doping elements is crucial for structural optimization. To fur
ther enhance the energy density of LFP, converting LFP into 
high‐performance LFMP through phase transformation (by 
introducing Mn) is also a current research focus. However, this 
process requires precise control over the uniform distribution of 
Fe/Mn and the appropriate content of Mn. The two afore
mentioned methods are limited to LIBs manufacturing. To 
further increase the economic value of products, converting 
S‐LFP into post‐metal‐ion batteries and catalytic materials has 
become another research hotspot. Nevertheless, this conversion 
route generally faces issues such as complex steps and high 
costs, which require further research to resolve.

5 | Conclusion and Perspective 

This review traces the root causes of LFP failure and discusses 
the characterization methods for analyzing the failure mecha
nism. With the help of advanced characterization techniques, it 
intuitively demonstrates the changes in the microscopic mor
phology of LFP during battery cycling, the phase transformation 
process, and the transitions in its structure and valence states. 
The failure analysis of spent batteries provides a research 
foundation and feasibility assessment for the upcycling of LFP 
(Figure 7A). Subsequently, the principles and methods of 
hydrometallurgy, direct regeneration, and upcycling are re
viewed in detail. All of these methods are effective means to 
reduce environmental pollution, promote resource recycling, 
and advance the sustainable development of energy. However, 
hydrometallurgy inevitably requires large amounts of chemical 
reagents for leaching, coupled with its complex process flows 
and high energy consumption, which has gradually made it fall 

out of favor. In contrast, direct regeneration aims to restore 
S‐LFP materials to their original state with lower energy con
sumption and a simpler process, which is in line with the con
cept of green development. What is more advanced is that 
upcycling technology has gained favor among researchers due to 
its high‐value transformation through structural reconstruction 
and functional upgrading, enabling efficient resource utilization. 
This provides a new direction for the recycling of S‐LFP that 
combines environmental benefits with economic value.

It is worth noting that most current direct regeneration meth
ods are only applicable to single cathode materials and cannot 
achieve simultaneous recycling of mixed cathode materials. In 
contrast, upcycling methods can simultaneously recycle S‐LFP 
and S‐LMO, converting them into high voltage and more stable 
LFMP to meet the demand for LIB with higher energy density 
in practical applications. Additionally, the modification of 
S‐LFP through doping and coating can also achieve a compre
hensive improvement in the electrochemical performance of 
cathode materials, providing new ideas for green and efficient 
upcycling methods of S‐LFP. Moreover, the structural defects of 
S‐LFP may provide beneficial functions in other fields (such as 
SIB and catalytic materials). More importantly, the upcycling 
process depends on specific application fields. The upcycling 
method takes high‐value‐added products as its core orientation, 
breaking through the traditional element extraction model in 
the field of battery recycling and advancing toward the devel
opment stage of functional material manufacturing. To evaluate 
the effectiveness of a regeneration method, in addition to 
assessing whether the performance of the resulting material is 
excellent, it is also necessary to analyze whether its process 
steps are environmentally friendly and whether the economic 
benefits meet the expected results.

Researchers frequently employ the EverBatt model, developed by 
Argonne National Laboratory [163], to simulate diverse recycling 
and regeneration pathways and to benchmark their feasibility 
with respect to energy consumption and economic performance. 
The model systematically contrasts alternative recycling routes 
across five cardinal dimensions: (i) cost advantage, (ii) recycla
bility, (iii) profit advantage, (iv) greenhouse gas (GHG) mitiga
tion potential, and (v) energy conservation, thereby delivering an 
integrated economic‐environmental assessment. Among these 
metrics, profit advantage is dissected with the finest granularity, 
because economic profitability constitutes the principal driver for 
industrial‐scale implementation. Profit advantage is decomposed 
into expenditure and revenue streams. The payout includes 
reagent costs, energy costs, capital depreciation of equipment, 
and environmental‐compliance costs, whereas the revenue 
comprises the market value of recovered materials, including 
battery grade metals, steel or aluminum casings, copper and 
aluminum current collectors, and anodic graphite. Because the 
recovered active materials represent the dominant revenue flux, 
raising their added economic value is the most efficacious lever 
for enhancing overall income. Upcycling strategies that yield 
high‐performance electrode or catalytic materials command 
substantially higher market prices than the metal salts produced 
via hydrometallurgical routes, thereby generating superior profit 
margins. However, mainstream current analyses do not incor
porate fiscal outflows (taxation) and policy‐based inflows 
(government subsidies) into profit accounting. To enhance the 
objectivity and practical relevance of the profit advantage metric, 
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both tax obligations and subsidy entitlements must be explicitly 
included in the accounting scope. Additionally, operational sim
plicity, an attribute often neglected in techno‐environmental eva
luations, has recently been proposed by Liu et al., [164] who 
quantified the comparative ease of disparate recycling flows. 
Operational simplicity subsumes four intertwined criteria: proce
dural straightforwardness, stringency of equipment specifications, 
environmental footprint, and requisite skill level of the workforce. 
These factors are essential for the promotion and healthy devel
opment of the industrial market for battery recycling (Figure 7B). 
Through the integrated economic‐environmental assessment, it be 
concluded that direct regeneration/upcycling is the most en
vironmentally friendly and achieves the highest profit return rate. 
However, they are still in the initial research stage. The compar
ison chart of hydrometallurgy, direct regeneration, and upcycling 

in five aspects, including scalability and industrialization, energy 
conservation, and operational simplicity, is shown in Figure 7C. 
Thus, unavoidable challenges remain: how to simplify process 
steps, develop batteries or other functional materials with higher 
electrochemical performance, and scale up from laboratory 
research to industrial production. To address these difficulties and 
challenges, some perspectives are proposed from the following 
aspects: 

1. Advanced in situ characterization techniques are em
ployed to detect the damage status and composition 
information of spent cathode materials, laying a theoret
ical foundation for subsequent regeneration research. 
In situ and operando characterization techniques can real‐ 
time monitor the crystal structure distortion, particle 

FIGURE 7 | (A) Schematic diagram summarizing the failure mechanism, direct regeneration, and upcycling of S‐LFP, (B) The six primary 
dimensions of economic‐environmental evaluation, (C) The Radar chart of hydrometallurgy, direct regeneration, and upcycling in five aspects. 
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fragmentation degree, surface element loss, and compo
sition changes of materials in the actual reaction en
vironment. This breaks through the limitation of static 
sampling in traditional characterization and avoids the 
misleading of data deviation on regeneration schemes. 
Firstly, cathode materials with different failure degrees 
require different regeneration methods: slightly failed 
materials can restore performance through mild lithium 
supplementation, while severely failed ones need high‐ 
temperature treatment to reconstruct the crystal structure. 
In situ characterization techniques can real‐time track the 
morphological (whether particles are recombined), struc
tural (whether characteristic diffraction peaks are 
restored), and compositional changes of materials during 
the regeneration process. They reveal the key reaction 
steps and the causes of side reactions, helping researchers 
accurately match regeneration methods. This not only 
prevents resource waste due to over‐treatment but also 
avoids substandard performance caused by under‐ 
treatment, thereby maximizing the residual value of ma
terials. Moreover, mixed spent cathode materials available 
in the market include various LIB cathode materials 
(LCO, LFP, NMC, NCA). However, current regeneration 
methods are mostly applicable to single cathode materials. 
Direct treatment of mixed materials may easily lead to 
impurity generation due to incompatible processes, 
reducing the performance of regenerated materials. Pre
liminary screening via in situ characterization techniques 
can accurately identify the type, content, and 
failure degree of each component in mixed materials, 
enabling classified regeneration. By selecting suitable 
processes for materials with different components, 
resource utilization efficiency is significantly improved, 
promoting the large‐scale and high‐value recycling of 
mixed spent cathode materials.

2. Priority should be given to the upcycling method for 
treating S‐LFP, so as to improve the economic value and 
performance of regenerated products. From the compari
son of existing technologies in industry, hydrometallurgy 
can only recover valuable metals such as lithium and iron, 
and subsequent re‐synthesis of battery materials is 
required before they can be put into use. This results in a 
long overall industrial chain and limited room for 
increasing added value. Direct regeneration can only 
restore the capacity of S‐LFP. Although it shortens the 
treatment process, its functional positioning is still limited 
to LFP batteries. It cannot break through the constraints 
of original application scenarios and is difficult to meet 
the needs of high specific applications. In contrast, upcy
cling not only repairs the microstructural defects of ma
terials but also converts S‐LFP into other high 
performance functional materials by introducing new 
elements or adjusting the crystal phase structure. For ex
ample, it can be transformed into cathode materials for 
non‐lithium metal ion batteries such as SIBs, which adapt 
to the current demands of the energy storage field for low 
cost, fast charging/discharging, high energy density, and 
other properties. It can also be converted into high‐ 

efficiency photocatalysts for the degradation of organic 
pollutants or hydrogen production via water splitting, as 
well as OER catalysts in water electrolysis, contributing to 
the green development of the hydrogen energy industry 
chain. Upcycling expands the role of S‐LFP from a single 
recycling target for battery materials to a precursor for 
diversified functional materials, with application scenarios 
covering multiple high‐value fields such as new energy 
storage, environmental protection catalysis, and clean 
energy production. At the same time, since the converted 
functional materials usually have higher market added 
value, and the process flow features higher resource uti
lization efficiency and less secondary pollution, this 
method not only significantly improves the economic 
benefits of S‐LFP treatment, but also provides key tech
nical support for the industry to achieve circular 
development.

3. Machine learning (ML) methods should be integrated to 
predict the effectiveness of selected reagents and the 
performance of regenerated materials, enabling precision 
and efficiency throughout the entire regeneration process. 
To obtain optimal experimental conditions and regenera
tion performance, traditional approaches rely on con
ducting extensive experiments in laboratories. However, 
this method rarely achieves its goals due to the vast 
composition space, and it also consumes significant costs 
and time. In contrast, ML can leverage existing experi
mental data, such as molecular structures, doping sys
tems, regeneration temperatures, and electrochemical 
performance, to construct multi‐dimensional prediction 
models by combining different algorithms. These models 
enable rapid prediction of regenerated electrode per
formance, facilitating the identification of optimal ex
perimental conditions. For example, Wang et al. [165] 
used an ML model to investigate how different types and 
concentrations of dopants affect the electrochemical per
formance of cathode materials, establishing a system for 
correlating doping characteristics with performance. By 
comparing key parameters of various models, Mohammed 
et al. [166] selected the model with the highest accuracy to 
predict the rate capability and cycle stability of re
generated materials under different experimental condi
tions, ultimately determining the optimal protocol. For 
lithium supplementation using chemical reagents, Tang 
et al. [167] employed an ML model to quickly predict the 
redox potential of different organic acids, their reaction 
activity with S‐LFP, and lithium supplementation effi
ciency, leading to the development of a high‐efficiency 
lithium supplementation scheme with optimized compo
nent ratios. These cases demonstrate the feasibility of ML 
and its broad prospects for application in optimizing 
regeneration processes. For example, ML can take 
parameters such as the atomic radius, electronegativity, 
and doping concentration of transition metals as inputs. 
However, ML lacks a comprehensive database dedicated 
to recycling processes, at present. Therefore, it calls for 
collaborative efforts among researchers to establish such a 
database, which could include detailed information on 
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leaching conditions and their corresponding outcomes, as 
well as lithium supplementation reagents and their 
effectiveness. More importantly, currently, most ML 
models rely predominantly on mathematical logic, which, 
while statistically valid, may not always align with phys
ical principles or chemical realities, leading to inevitable 
invalid outputs. Therefore, physical and chemical logic 
should be integrated into ML models to enhance their 
consistency and impose meaningful constraints, thereby 
avoiding the common issue of lack of interpretability.

4. The goal is to establish a unified economic and environ
mental analysis system to clarify the economic and en
vironmental feasibility of technical routes. Currently, 
some evaluation standards for regeneration methods only 
focus on the direct costs of the regeneration process (such 
as expenses for reagents and energy consumption), while 
ignoring the hidden costs throughout the entire material 
recycling lifecycle (such as costs for wastewater treatment 
and solid waste disposal). Additionally, some standards 
emphasize short‐term economic benefits without accu
rately quantifying the potential costs of environmental 
impacts (such as carbon emissions and heavy metal pol
lution). Therefore, this system should be based on the 
entire lifecycle. From the economic dimension, it needs to 
consider factors such as the costs of different regeneration 
processes, fluctuations in market conditions, and policy 
changes. From the environmental dimension, it should 
quantify factors including energy consumption and 
greenhouse gas emissions of different regeneration pro
cesses. The combination of these two dimensions enables 
the coordinated evaluation of economic benefits and en
vironmental impacts, ultimately providing standardized 
support for the formulation of technical routes. Through 
this standardized analysis framework, the current barrier 
of fragmented evaluation standards can be broken. It not 
only helps researchers clarify the direction of technical 
optimization but also provides enterprises with clear ref
erences for costs, benefits, and environmental impacts 
when selecting industrialization technical routes. Ulti
mately, it promotes the high‐quality development of the 
S‐LFP regeneration industry toward a direction that bal
ances economic benefits and environmental sustainability.
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