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Abstract: As efforts towards greener energy and mobility solutions are constantly increas-
ing, so is the demand for lithium-ion batteries (LIBs). Their growing market implies an
increasing generation of hazardous waste, which contains large amounts of electrolyte,
which is often corrosive and flammable and releases toxic gases, and critical raw materials
that are indispensable to the renewable energy sector, such as lithium. Therefore, it is
crucial that end-of-life LIBs be recycled in a viable way to avoid environmental pollution
and to ensure the reuse of valuable materials that would otherwise be lost. Here, we present
a critical review of recent developments in the field of LIB recycling with the LiFePO4 (LFP)
chemistry, which is one of the fastest-growing fields, especially in the electromobility sector.
Most of the recycling methods developed are not applied industrially due to issues such as
complexity, cost, or low quality of the recycled product. This last issue is rarely discussed
in the literature, which motivated the creation of this review article, with emphasis on the
positive electrode recycling by the direct method and on the quality of the resynthesized
LFP in terms of electrochemical performance.
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1. Introduction
Since 2015, nearly 200 countries have committed to taking action to limit climate

change and its impacts, driven by the need to reduce greenhouse gas emissions by in-
creasing the use of renewable energy sources for electricity, heating, and transportation [1].
The challenge to accomplish this is energy storage. Unlike fossil fuels, which are easily
stored to harness the energy contained in their chemical bonds through burning, renew-
able sources—including wind, solar, and hydroelectric power—require that the converted
energy be stored in batteries or chemical compounds such as hydrogen [2,3].

The lithium-ion battery (LIB), developed in the early 1990s, has been enabling progress
towards increased renewable energy conversion. Basically, a battery is made of electro-
chemical cells. The cells contain two electrodes and an electrolyte. The negative electrode
(also referred to as anode) is made with an element that easily releases electrons from its
valence shell. The positive electrode (also referred to as cathode) receives electrons from
the negative electrode through an external circuit. The potential difference between the
electrodes results in cell voltage. Therefore, at the anode, an oxidation reaction takes place,
and at the cathode, there is a reduction of the species that is carrying the charge through
the electrolyte. The electrolyte is the medium through which the cation, which has lost
its electron on the negative electrode, moves to the positive electrode in the discharging
process. A barrier separates and prevents physical contact between the electrodes so that
the battery does not short-circuit [4–7].
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Lithium is the first solid element on the periodic table and the lightest metal. It
contains only one electron in the valence shell, which can be easily removed (Li+/Li
reduction potential is −3.04 V vs. SHE) [8]. Lithium metal is reactive in contact with
water and air; therefore, the electrodes are made by intercalation, in which a solid contains
atomic vacancies where lithium ions can enter and leave. The first LIBs were developed
with a lithium cobalt oxide cathode active material (CAM) (LiCoO2—in short LCO). The
demand, price, and uneven distribution of cobalt in the world has caused the price of
the battery to increase. The development of other types of positive electrodes, such as
LiNixCoyMnzO2 (NMC), LiNi0.8Co0.15Al0.05O2 (NCA), and Li2Mn2O4 (LMO), has allowed
not only a reduction in cost but also better performance [9–12]. The chemical composition of
the electrode results in batteries with different efficiencies in specific energy density, specific
power, lifetime, and performance. For example, in terms of the specific energy density, that
is, the amount of energy that a battery stores per unit mass, NCA and NMC have the best
performance, with 200–260 Wh/kg and 150–220 Wh/kg, respectively [4,13,14].

In the mid-1990s, iron-based CAMs were developed to reduce the price of batteries
to be used in electric vehicles (EVs) [6,12]. Iron is an abundant, cheap, and non-toxic
metal. Good rechargeability and high open circuit voltage were obtained in lithium–
iron–phosphate electrodes (LiFePO4—in short LFP). The ordered olivine structure of LFP
(Figure 1a) allows for extraction and insertion of the lithium ion (Li+) during cell discharge
and charge, maintaining the same framework. De-intercalation of lithium results in iron
phosphate (FePO4), changing the iron oxidation state from Fe2+ to Fe3+ [12,15,16]. Al-
though a lower specific energy density (90–120 Wh/kg) is obtained, LFP has the best safety
performance [4,13,14].
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Figure 1. Illustration of (a) LFP crystalline material made using VESTA software version 3.90.1a [17]
and (b) the construction of a single LFP battery cell.

Basically, the preparation of the LFP electrode consists of mixing the compounds
that serve as a source of iron, phosphate, and lithium and carbon coating. Then, the
mixture is sintered at a high temperature in an inert atmosphere to avoid the formation of
Fe3+. The LiFePO4 is cast on an aluminum foil (Al), which is the current collector, using
a binder, which is often polyvinylidene fluoride (PVDF) [10,18,19]. The development of
a carbonaceous anode made the LIBs pass safety tests [4,6,20]. In the negative electrode,
lithium is intercalated in graphite (which has a potential close to metallic lithium) and cast
on copper foil (Cu) as a current collector. Usually, a polymer, Teflon, or carboxy methyl
cellulose (CMC) is used as a anode binder [4,8,21–24]. To complete the LFP electrolytic cell,
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the electrolyte mainly used is lithium hexafluorophosphate (LiPF6), in an alkyl carbonate
solvent, and the separator is a microporous polymeric film [4,6,25]. Figure 1b illustrates the
schematic assembly of the LFP battery. During discharge, lithium de-intercalates from the
negative electrode (Equation (1)). Li+ is transported through the electrolyte and intercalates
in the positive electrode (Equation (2)) [4,12].

LixC6 → xLi+ + xe− (1)

FePO4 + xLi+ + xe− → xLiFePO4 + (1 − x)FePO4 (2)

With this configuration, the LFP cell is cheap, safe, and chemically and thermally
stable (can withstand up to 270 ◦C), does not release oxygen at high temperature (min-
imizing the risk of electrolyte combustion), has a flat voltage profile and high cycling
performance (1000 to 2000 cycles of charge-discharge), and results in a high potential of
3.5 V [6,9,11,12,15,18,26]. A factor to be improved is its reduced performance at low temper-
atures [27–29]. For all its good performance, finally in 2020, LFP became the main battery
for EVs, placing LIB for its conceptual purposes, which were the reduction of harmful
exhaust gases from cars and overcoming the oil crisis [30,31].

Although the large-scale use of LFP contributes to the progress in reducing green-
house gas emissions, a new concern arises related to the growing demand for lithium
extraction and the generation of electronic waste. Therefore, it is necessary for responsible
consumption and production of natural resources, with reduction of waste by preventing
its generation and facilitating recycling [1]. By 2030, around 140 million EVs are expected
to be on the streets, and this will generate 11 million tons of used batteries. Considering
that the lifespan of an LIB is 10 to 15 years, it is urgent that strategies be applied to delay
disposal, establish second-use applications, or recycle [32].

The concern about recycling LIBs comes simultaneously from its initial development,
making it necessary to recover expensive metals with limited availability [33]. Additionally,
batteries are classified as hazardous waste; when discarded, there is a high risk of fire
associated with its degradation [25]. Although the LFP battery is based on iron, which is an
abundant and low-value natural resource, recycling should not be postponed so as to avoid
waste stock and reduce mining, which in turn has a major environmental impact [25,34].
Another important point for LFP battery elements is that lithium, phosphorus, and copper
are listed as critical raw materials for the European Union (EU). To ensure that the EU has a
sustainable supply of these materials, the recycling capacity should be 25% of their annual
consumption by 2030 [35]. According to EU 2023/1542 regulation for batteries, by 2036,
industrial batteries with a capacity greater than 2 kWh must be manufactured with 12%
lithium from recycling, and the processes should reach, by 2030, a lithium recycling and
recovery efficiency of 70% and 80%, respectively [36].

The LIB is used in EVs until its capacity falls to 70–80% of the nominal one [37].
When the battery no longer meets the requirements for use in EVs, it can still be used in
applications with lower demands and enter the so-called second-life use. These batteries
are evaluated for various performance and safety requirements, and they are repurposed in
fixed-station energy storage systems, such as residential buildings, uninterruptible power
supply, or storage of energy from renewable sources [38–41]. Monitoring battery health is
important to define when it is no longer sufficient for second-life activities. Then, it must
be destined for correct disposal or recycling.

Even though the battery has a long life, the complex physicochemical mechanisms
that occur in the LFP electrochemical cell lead to its degradation, making it lose its charging
capacity. The LiFePO4 and FePO4 phases have the same crystalline structure; however, dur-
ing lithiation and delithiation, volume changes and edge displacement effects cause stress
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on the structure, forming inactive trigonal FePO4, and mechanical degradation [12,42].
Also, during the charge and discharge cycle, over time, there are physical changes on the
surface of the LFP electrode, increasing its resistance. This occurs due to the coarsening
of LFP particles and loss of carbon coating [43]. The electrolyte reacts with the electrode
surface, forming a solid electrolyte interface (SEI). It is a passivating layer, which is insol-
uble and protective, minimizing electrode decomposition. However, if the thickness of
this layer is large, the Li+ diffusion channels are blocked, inhibiting its transport to the
electrode [8,44–48]. Other degradation pathways are related to the loss of lithium mass and
decomposition of the PVDF binder [49]. An advantage of the LFP battery is that it does not
release oxygen at elevated temperatures, which is very harmful to the positive electrode
and raises concerns about battery safety in oxide-based CAMs [50].

Ideally, LFP recycling should be in a cycle that allows for reuse of the CAM in the
manufacture of new batteries. An important parameter to be considered in the resynthesis
of LFP using recycled material is the battery performance, which is determined by its
specific energy density; its capacity (denoted as Cn or C/n, with unit of Ah), which is
the current provided by the battery and the time, n, for complete discharge; and cycling
ability, which is the number of charge–discharge cycles without performance loss [4]. For
LFP batteries, the cycling ability is 1000–2000, and the typical specific capacity (SC) is
120–160 mAh/g [4,13,51].

Generally, the routes used for recycling are pyrometallurgy, hydrometallurgy, or a
combination of both, and direct CAM regeneration. The choice of method depends on the
CAM chemistry and economic viability. In the case of LFP, which has low added value,
the challenge of a recycling process arises. Many research efforts in the recycling of LFP
have been made, but are yet to be industrially applicable. For researchers to understand
the course of the development and what to focus on in their own work, updated systematic
reviews are important. Present review papers describe the currently reported recycling
strategies mainly in terms of their functionality and principles, focusing on economic and
environmental aspects in their comparisons. However, should the strategies be imple-
mented industrially, an overview of the quality and performance of the recycled products
will be necessary to determine the most promising technology. Despite its apparent impor-
tance, this aspect is only scarcely discussed in the present literature. This paper mainly
reviews LFP CAM recycling routes based on the direct method, which tends to be a cheaper
method than pyro- and hydrometallurgy, as it is performed in fewer steps. Emphasis is
placed on the quality of the final resynthesized LFP CAM in terms of specific capacity.

2. Handling and Mechanical Pre-Treatment of Spent Batteries
Before starting the recycling process, the battery needs to be collected and classified

according to its chemical composition, to decide which is the most viable recycling route.
Pyro- and hydrometallurgical recycling processes are the most used nowadays. In the case
of LFP, whose elements do not have much commercial value, recycling becomes expensive.
To overcome it, there is the possibility of direct recycling to reduce the processing steps or
to use the same process line for recycling batteries with mixed chemistry. Depending on the
quality of the final product, it is used in the production of a new positive electrode [52–55]
and other chemicals for applications such as water treatment [56,57], catalysts [58], and
fertilizers [59]. Great care must be taken in the production of a new electrode because
the presence of impurities in the chemistry of lithium batteries is responsible for causing
internal failures, which is a safety risk in using batteries [60].

After the collection and classification of batteries regarding their chemical composition
and by testing their state of health to confirm that they have reached the end-of-life, the
pre-treatment for recycling begins. Frames, cables, and main electronic circuits are removed.
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It is necessary to discharge the residual charge of the battery before starting to disassemble
its parts. Then, each part, which constitutes the battery, plastic, metal, electrolyte, and
electrodes, is separated and the black mass or the active material of the electrodes is
obtained (Figure 2).
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2.1. Battery Discharge and Dismantling

An important step is the complete discharge of batteries to ensure safety during
comminution [61]. The electrolyte solvent, the possibility of the electrodes coming together,
and the formation of volatile organic compounds can cause fire and explosion [62–66].
Discharging can be performed in a controlled manner in an external circuit with resistance
or in a saltwater bath [64–68]. The latter allows for discharge on a large scale; however, it
causes corrosion and contamination in the recycling process [67–69].

2.2. Mechanical Processing and Separation

Once the battery is fully discharged, it is sent to the crushing procedure. The battery is
shredded and the metallic parts of the aluminum casing, the copper and aluminum foils
from the negative and positive electrode, respectively, and the plastic parts are separated
using sieves and magnetics [62]. The shredding stage is usually carried out in a controlled
atmosphere with inert gas to prevent lithium reactions and the escape of toxic gases that
can be formed from the electrolyte [25,70].

The material that is left is finely crushed, and it is the so-called black mass. The mass
contains the valuable elements of the cathode, and the black color comes from the graphite
in the anode. Other materials, such as the binder, electrolyte, and small fragments of metals
and plastic, are still present [25,62].

2.3. Black Mass Thermal Pre-Treatment

This step involves removing the electrolyte, the electrode materials that are still bound
to the aluminum and copper foils, and finely ground metals, such as aluminum, from the
battery outer shell [25,71].

Usually, thermal decomposition of LiPF6 electrolyte is applied; however, it forms corro-
sive and toxic gases such as hydrofluoric acid and phosphorus pentafluoride (PF5) [72–81].
To avoid toxic gas formation, other types of treatments are recommended in the litera-
ture, such as solvent extraction [77,82–84], fractional distillation and selective peeling [85],
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supercritical carbon dioxide (CO2) [73,86,87], and ultrasonic-assisted acid peeling [88].
These methods show good results in the laboratory; however, for them to be applied in
the industry, toxicity, cost, and practicality on a large scale must be considered. In general,
thermal pre-treatment can be performed before or after mechanical separation.

2.4. Removal of Aluminum and Copper Current Collectors

The presence of Cu and Al increases acid consumption in hydrometallurgical pro-
cesses. Furthermore, they negatively affect the electrochemical performance, lifetime, and
stability of positive electrodes synthesized with recycled LFP material [60,89,90]. There-
fore, an efficient separation between the active materials of the electrodes and the current
collectors prior to black mass formation is advantageous. Mechanical methods use the
differences between the properties of electrode active material, Al and Cu, such as color
and conductivity. The reported recovery for these methods is around 90% for metallic foils
and between 50 and 99% for electrode material [91–93]. Another option is to liberate the
metal foils by removing the PVDF binder by thermal degradation at 550 ◦C. Although
more than 97% of the active material of the electrodes can be recovered, there is release of
toxic gases such as hydrofluoric acid (HF), hydrogen cyanide (HCN), and carbon monoxide
(CO) [94–99]. To avoid high temperatures, Al and Cu can be dissolved with concentrated
sodium hydroxide or with concentrated acid leaching, followed by solvent extraction and
precipitation, or alkaline carbon adsorption, to remove them later. In these cases, a recovery
of 99% is obtained; however, these methods require a large amount of solution to be treated
for disposal or recycling [53,71,100,101].

2.5. Methods Applied in the Direct Recycling Approach

The recycling of black mass commonly applies pyro- and hydrometallurgy methods.
However, to reduce the energy required in the former and the amount of reagents in
the latter, direct recycling has been developed to recover and re-synthesize the positive
electrode. For that, careful disassembly of the battery and individual removal of the current
collectors is advantageous because the respective electrodes need to be treated separately
without the formation of the black mass.

Within the direct recycling realm of LFP recycling research, the CAM is separated from
the aluminum current collector mostly by deactivation of the PVDF binder by hydrolysis.
Often, it is reported that hydrolysis is preceded by washing the positive electrode with
dimethyl carbonate to remove electrolyte residues [96,102–104]. After the separation,
filtration, and drying, the material is ground, or alternatively ball-milled [98,103], to obtain
pure CAM in a dry powder form.

Another approach is to remove the PVDF binder of the positive electrode and maintain
the structure of the current collector. This can be achieved by applying force, such as ultra-
sound cleaning and ball milling, or cryogenic grinding [96,102,105–109]; by dissolution in
organic solvents, commonly N-methyl pyrrolidone (NMP) [83,110–112], sodium hydrox-
ide [103], or fatty acid methyl ester [113]; by aluminum passivation with concentrated
sulfuric or phytic acid [114,115]; by competitive binding with ethylene glycol [116]; or by
cooling and freeze drying [117]. Using these methods, it is possible to achieve close to 100%
recovery for both current collector foils and CAM.

The binder of the graphite anode is usually a water-soluble adhesive, and it can be
easily separated from copper foil through scraping or sonication [54,92,105,118–121].

2.6. Removal of Graphite

The reported method of removing graphite from the black mass is mainly based
on flotation due to its hydrophobicity, while LFP is hydrophilic. It is reported that the
LFP recovery efficiency using this technique varies from 50 to 96%, depending on the
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parameters used in the operation and whether there is a thermal pre-treatment of the
black mass [93,122–124]. Another possibility is to use a magnetic separator, as graphite is
diamagnetic and LFP is paramagnetic. In this case, the reported LFP recovery can reach
98% [125]. Removing graphite from the black mass facilitates the leaching stage if the
hydrometallurgical process is subsequently used to separate the cathode elements, because
it reduces foam formation in the reactor.

3. Recycling Technologies
3.1. Pyrometallurgy

In pyrometallurgy, a high temperature (>600 ◦C) is used to separate metals. By varying
the temperature phase transitions, lattice changes and chemical reactions occur. The process
usually involves the steps of pyrolysis and smelting under an inert atmosphere (Figure 3).
Therefore, it depends on the temperature, processing time, type of purge gas, and flux
addition [25,126–129].
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During pyrolysis, organic material is decomposed. For LFP, the PVDF binder is
removed at 550 ◦C, followed by carbon black and graphite at 650 ◦C. There is formation of
hazardous gases, such as HF, hydrogen cyanide (HCN), and CO2 [95,130]. During smelting,
the temperature is raised to the melting points of cathodic metals (around 1000 ◦C). While
lithium is volatilized, iron is reduced and concentrated together with phosphorus into
an alloy. A slag is formed containing phosphorus and some iron oxides that are not
reduced [131,132]. Qu et al. reported 95.5% volatilization for lithium, which was then
recovered in water. They also obtained 98.9% and 92.1% recovery for iron and phosphorus;
however, almost 20% of iron also volatilized [132].

Inorganic salts can be added to the black mass to form carbonates and alkali metal
halides (sodium carbonate, calcium chloride, sodium hydroxide) and help in the capture
of the elements and decrease the smelting temperature (to around 200 ◦C) [126,133,134].
Li et al. used NaOH to oxidize Fe2+ at 150 ◦C and release Li+ from the olivine structure,
followed by leaching in water. The lithium recovery reached 96.7% [133].

Recycling LFP batteries through pyrometallurgy is advantageous due to its sim-
plicity and the low aggregated value of cathode materials. It was observed that heat
treatment in LiFePO4 results in recycled electrodes with a specific capacity higher than
110 mAh/g [34,135,136]. Pyrometallurgy allows for high production capacity, and no pre-
treatment of the black mass is necessary. A mixture of different lithium batteries can be
processed, and it can be accomplished in a short time and is a solvent-free process. On the
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other hand, there is high energy consumption, toxic gases formation, and metal losses, and
additional purification of the alloy is necessary [126,128,132,137].

3.2. Hydrometallurgy

In hydrometallurgy, the metals in the black mass are dissolved in water using acids
or bases (Figure 4). Afterwards, oxidation, sedimentation, separation, and purification
steps are necessary to separate the elements, which are obtained as hydroxide or metal
salt. The efficiency of the process depends on the leaching agent concentration, pH,
temperature, time, stirring speed, particle size, solid–liquid ratio, and oxidizing agent
concentration [26,138–140]. Unlike pyrometallurgy, the leaching process is carried out at a
low temperature (<90 ◦C) and there is low energy consumption [26,139]. However, there is
a large volume of aqueous effluent that requires treatment.
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When strong acids (sulfuric, phosphoric, nitric) are used to completely solubilize the
cathode elements, the olivine structure of LFP is destroyed, and then lithium, phosphorus,
and iron enter the solution. Afterwards, lithium is recovered using a precipitation agent.
Finally, an oxidizing agent, usually hydrogen peroxide (H2O2), is used to oxidize Fe2+ to
Fe3+ and it precipitates with phosphorus. A disadvantage of this method is that a large
volume of reagents is necessary. To overcome this, the leaching and oxidation steps can
be performed together using weak acids (formic, citric) or neutral conditions. Lithium
is selectively leached when iron in the olivine structure is oxidized. The solid structure
of LFP changes its lattice and FePO4 precipitates. The solid residue is separated through
filtration, a precipitating agent is added to the solution, and lithium is obtained as carbonate,
hydroxide, or phosphate [129,141–145].

Both complete and selective leaching can be performed using the same acid and
changing pH. For example, sulfuric acid (H2SO4) was used to perform the leaching of
LiFePO4 (Table 1). Zheng et al. thermally treated the cathode at 600 ◦C to remove the
binder and oxidize iron. After complete acid leaching, ammonia was used to change the
pH and precipitate amorphous hydrated FePO4. Finally, sodium carbonate (Na2CO3) was
added to the filtrate to precipitate lithium carbonate (Li2CO3) [138]. Li et al. pre-treated the
electrode with sodium hydroxide solution under ultrasound to separate the LFP from the
aluminum foil. Selective acid leaching and oxidation were performed together, with H2O2

as the oxidizing agent (H2O2/Li molar ratio 2.07). Lithium was precipitated as LiPO4 using
sodium phosphate dodecahydrate [139]. The authors point out that when pH decreases,
iron enters the solution. The optimal value of pH, to not leach iron, was also reported by
Jin et al., who used air as an oxidant (flow rate = 600 mL/min) and recovered lithium as
Li2CO3 [55].
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Table 1. Reported experimental conditions used for complete and selective leaching of LFP with
sulfuric acid; liquid–solid ratio (L/S), temperature (T).

Leaching H2SO4
Concentration [M]

L/S
[mL/g]

pH T [◦C]
Leaching Efficiency [%]

Ref.
Li Fe P

Complete 2.5 10.0 1.5 60 97.0 98.0 - [138]
Selective 0.3 10.5 3.7 60 95.7 0.017 1.97 [139]
Selective 9.0 10.0 3.5 25 99.3 0.020 0.020 [55]

3.3. Direct Recycling

Unlike in pyro- and hydrometallurgical technologies, where the product normally
comprises the constituent metals from the battery in various forms, such as alloys or metal
salts, the aim of direct recycling is to regenerate (mostly) the positive electrodes, preferably
to virgin performance. Other parts of the batteries could in theory be directly regenerated
as well; however, with their much lower economic value compared to the cathodes, the
incentives for this are not high. Thus, research has mainly focused on the direct regeneration
of cathodes. Presently, direct recycling is still in the research or pilot phase owing to several
challenges with industrial application, as discussed later. Figure 5 shows a flow chart of the
way direct recycling theoretically functions, i.e., as a loop of battery usage and recycling,
where the CAM is constantly regenerated and reused.
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Before the regeneration begins, the batteries are discharged and dismantled to obtain
individual cells. These are then opened to harvest individual cathode and anode sheets,
while the electrolyte evaporates. The discharging and dismantling processes are rarely
given any attention in the literature. Most of the reported regeneration strategies require
CAMs to be separated from the aluminum current collector foil, as discussed previously.

After separation, one can, so far, identify six main categories of regeneration routes,
namely hydrothermal, molten salt assisted, solid-state thermal, electrochemical, chemical,
and indirect regeneration. The last one differs from the rest in that it starts with hydrometal-
lurgical treatment. Then, instead of purifying and selling the products to other applications,
one attempts to use them directly in the production of new CAMs. We chose to call this
approach “indirect direct recycling”. In the following sections, each route is described in
terms of work principles and the current state of research, followed by a comparison of the
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routes and their advantages and disadvantages. Note that the electrochemical performance
of the produced electrodes is not always reported in the text. For data on all the examined
papers, please refer to Tables 2 and 3, where the best claimed performance is presented.

3.3.1. Solid-State Thermal Regeneration

Perhaps the most extensively researched direct recycling route, along with the indirect
approach, is solid-state thermal regeneration. As the name suggests, this method means
regenerating CAMs with the help of heat. Generally, defective LFP is mixed with a stoichio-
metrically accurate amount of a Li salt, and then thermally treated at several hundred ◦C
in a reductive environment for sintering/calcination [146]. Figure 6 shows a general flow
scheme for the solid-state thermal regeneration technique.
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The main advantages of this method are its simplicity and a relatively small number
of steps, as well as minimized need for chemicals [108,147,148]. Also, if potential industri-
alization is regarded, it is important to note that the industries are likely to prefer a dry LIB
recycling method over a wet one, especially due to the enhanced risk of HF formation from
electrolyte and binder residues in contact with water [149].

However, the generation of toxic gases that end up in the exhaust stream is also an
issue for solid-state thermal regeneration. Moreover, it suffers from difficulties in ensuring
uniform (a) distribution of the added Li+ in the regenerated CAM and (b) crystallinity and
suitable morphology of the repaired LFP particles [96,102,103,150]. This poses a challenge
for a possible industrial application, as spent batteries come in a large variety of degradation
states. For that same reason, it is difficult to determine the exact appropriate amount of
Li source that should be added to a batch of CAMs from different batteries, matching the
amount of missing active Li [102]. Another disadvantage is the high energy consumption
connected to the use of high temperatures for extended periods of time [147].

Before a method that falls under this category can be implemented industrially, re-
search needs to address the issues related to it. In fact, many researchers have tackled these
challenges in the last decade. Starting in 2016, Chen et al. demonstrated the effects of heat
treatment under an inert atmosphere (Ar/H2) at different temperatures. They showed that
a higher temperature reduces the particle agglomeration in the cathode powders, allowing
for increased discharge capacities, while too high temperatures may lead to decomposition
of the LFP particles, decreasing the discharge capacity of the recycled CAM. Ultimately,
they found that a temperature of around 650 ◦C is optimal for obtaining a recycled cathode
powder with the highest discharge capacities [151].

This paved the way for further research in thermal regeneration. Song et al. took
a similar approach to the regeneration process while sintering under N2 atmosphere
and doping the spent cathode powders with pristine LFP powders during sintering at
different temperatures and spent/pristine doping ratios. The best results were obtained
after sintering at 700 ◦C with a doping ratio of 3:7, achieving an improvement in the
electrochemical performance after electrochemical testing, compared to Chen et al. [112,151].
Further improvements were achieved by Li et al., who regenerated scrapped LFP by
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calcination in the presence of lithium carbonate (Li2CO3) at different temperatures under
argon (Ar) or hydrogen (H2) flow. Aligned with the previous results, the best performance
of the regenerated CAMs was measured after calcination at 650 ◦C [152].

Liang et al. took a slightly more involved approach to direct regeneration, with
multiple heat treatment steps. After an initial sintering at 450 ◦C under air for purification
purposes, the clean LFP powders were complemented with stoichiometric amounts of
undisclosed Li/Fe/P salts, and then ball-milled and spray-dried between 220 ◦C and
120 ◦C. One final sintering treatment was done at 650 ◦C under N2, ultimately achieving
a slightly lower performance of the repaired LFP of 139 mAh/g at 0.2 C, compared to Li
et al., with 147.3 mAh/g at 0.2 C [152,153].

So far, researchers have mostly performed thermal regeneration of spent LFP by the
addition of a suitable amount of Li salt. It was shown, however, that the inclusion of a
carbon source in the reaction, such as glucose, is beneficial. The purpose is dual—carbon
promotes the reduction of Fe3+ to Fe2+, thus facilitating material regeneration. Moreover,
coating of the LFP with carbon, as a result of the high-temperature treatment, has been
shown to increase the conductivity of the material [154]. This was implemented by Chen
et al., who regenerated spent LFP electrodes in the presence of Li2CO3 and glucose by a
two-step roasting process at 350 ◦C for 4 h, followed by 650 ◦C for 9 h [107]. Later, Qi
et al. combined this with Liang’s initial annealing to remove residues of PVDF, carbon,
and electrolyte [99,153]. Then, Li2CO3 and glucose in different ratios were mixed with the
purified LFP powders using ball milling, followed by a two-step heat treatment at 350 ◦C
for 2 h, and then 900 ◦C for 6 h, achieving 96% recovery in specific discharge capacity
compared to pristine LFP [99]. Li et al. continued the same approach, but performed the
first annealing step under air, thus carrying out a pre-oxidation reaction. Furthermore, they
incorporated nano-sized titanium dioxide as doping in the second annealing reaction, along
with Li2CO3 and glucose. They found that a 1% doping with titanium can significantly
improve the electrochemical properties of the regenerated LFP, for instance, by increasing
the initial discharge capacity from 144.1 mAh/g to 147.3 mAh/g, with the difference further
increasing later in the measurements [154].

Similar strategies, but with extra added reaction agents for enhanced electrochemical
properties, were pursued. Song et al. employed activated carbon nanotubes (CNTs), along
with Li2CO3 and glucose. CNTs are thought to enhance the ionic conductivity of the
regenerated LFP, owing to their three-dimensional nanostructure. After ball-milling in an
ethanol–water mixture, then drying and annealing at 350 ◦C for 2 h and 650 ◦C for 12 h
under Ar, an impressive recovery of the specific discharge capacity of ~99% vs. pristine LFP
was accomplished [109]. Using an almost identical process and reaction parameters, Yao
et al. exchanged the CNTs for Cu doping using cupper nitrate hydrate, Cu(NO3)2·2.5 H2O,
reaching slightly lower capacity recovery than Song et al., but an excellent capacity retention
of 81% over 1000 cycles at a 1 C discharge rate [108].

Li salts other than Li2CO3 have been studied in thermal regeneration processes. Re-
cently, Ji et al. managed to bypass the addition of an extra reducing agent and carbon
source to the regeneration reaction by using a multifunctional organic lithium salt, namely
3,4-dihydroxybenzonitrile dilithium (Li2DHBN). They showed that the salt couples with
the surface of the spent LFP, and that upon regeneration, it serves three purposes: (a) high
temperature facilitates the transport of Li+ into the empty sites, (b) the cyano groups act as
a reducing agent, and (c) the amorphous carbon formed upon pyrolysis of the Li2DHBN
creates a coating layer on the LFP particles. The regeneration was done by sintering the
spent LFP and Li2DHBN at 800 ◦C for 6 h under Ar/H2, achieving the best overall electro-
chemical performance of the three salts that were investigated in this study, the other two
being Li2CO3 and lithium hydroxide (LiOH). For comparison, the electrode regenerated
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with Li2DHBN reached an initial discharge capacity of 111 mAh/g at 5 C, while the ones
regenerated with the inorganic salts only reached 73 and 77 mAh/g, respectively, at the
same current density. Moreover, the capacity retentions were reported as 88%, 78% and
76%, respectively, after 400 cycles under the same conditions [155].

3.3.2. The Molten Salt Approach

Almost a subset of the thermal regeneration strategy, the molten salt approach follows
the basic concept of thermal regeneration but uses Li salts that have a lower melting point
than the temperature at which the reaction is run. As the Li source is effectively liquid, the
main idea here is to practically solve the problem of having to calculate the correct amounts
of Li salt for each sample, as well as the non-uniform distribution and crystallinity of the
repaired LFP particles, as is the case in solid-state thermal regeneration [96,102,103,150].
Figure 7 shows a general flow scheme for this technique.
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This strategy is quite novel in the LFP field, and not much has been done yet. One
example is the study by Liu et al., where spent LFP powders were mixed with excess
lithium nitrate (LiNO3), iron (II) oxalate (FeC2O4), and sucrose, and heated at 300 ◦C, i.e.,
some 50 ◦C above the melting point of LiNO3, under Ar for different amounts of time.
After quenching to room temperature, washing off the excess LiNO3, and drying, the
material was thermally treated in a solid-state fashion at 650 ◦C under Ar for 6 h. They
found that there is an optimal time for the molten salt treatment at 2 h, below which the
reaction is insufficient and above which the LFP particles tend to decompose into lithium
phosphate (Li3PO4). Ultimately, clear improvements in electrochemical performance were
made compared to the spent LFP batteries [104].

Wang et al. used the same salt and applied it to LFP black mass, rather than pure,
carefully harvested LFP, as is the case in virtually all other direct recycling papers. The
black mass was ball-milled with LiNO3 and anhydrous glucose, and then heat-treated
in air for 30 min at different temperatures. After quenching to room temperature and
washing off the residual salt, the second annealing step was replaced with centrifuging in a
saturated zinc chloride (ZnCl2) solution for 5 min, thereby separating the regenerated LFP
from the spent graphite. In agreement with Liu et al., the optimal temperature for the heat
treatment was found to be 300 ◦C, yielding repaired CAM with a 97% improvement in rate
performance, compared to the spent LFP, as well as a cycling stability over 500 cycles [149].

A dissolution recrystallization was done by Zhu et al., who employed a eutectic LiNO3–
LiOH mixture (3:2 mol) to create a liquid environment with higher dissolution capacity
and high ion diffusion rates. The spent LFP, along with the eutectic salt mixture and citric
acid (carbon source), were thermally treated at temperatures ranging from 350 ◦C to 550 ◦C
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for 4 h, then washed with water, centrifuged, and dried. They achieved a competitive
electrochemical performance for the regenerated CAM, with much better cycling stability
than Liu et al., despite skipping the second heat treatment step [104,156].

3.3.3. Hydrothermal Regeneration

A more modern method, at least regarding LFP batteries, is the hydrothermal re-
generation strategy. In fact, one of the first successful direct regeneration strategies was
developed in 2004, using a hydrothermal method on spent LCO batteries [157]. Generally,
hydrothermal regeneration comprises treatment of spent CAMs at elevated temperatures
and pressures in a Li-containing aqueous solution, preferably also with a reducing agent to
promote restoration of the original valence state of Fe [146]. Figure 8 shows an illustration
of a general hydrothermal regeneration route.
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The main advantage of the hydrothermal regeneration method is its much higher
scalability compared to the thermal one. Specifically, it does not require exact amounts of
Li source to be added to the reaction, since the unreacted Li salt can be reused for later
operation [96,147]. It also offers vast improvements in terms of uniform distribution of Li,
and thus also uniform crystallinity and morphology of the regenerated material, thereby
ultimately putting more value into the regenerated CAM [96].

Probably the strongest argument against the hydrothermal strategy would be that
there is a preference in the industry for a non-aqueous route, which is mainly related to the
risk of HF formation upon contact between water and the possible electrolyte and/or binder
residues. Also, the need for at least two heat treatment steps, as well as various chemicals,
such as reducing agents, drives up the energy consumption of these methods [97,149].
Moreover, the high temperatures of the aqueous phases require high pressures, creating a
need for expensive equipment [146,147].

In 2019, Song et al. demonstrated a hydrothermal regeneration of spent LFP elec-
trodes by reacting them with LiOH, L-ascorbic acid (as a reducing agent), and sodium
dodecylbenzene sulfonate (C18H29SO3Na) at a series of temperatures (140–180 ◦C) and
times (4–8 h). This was done after an initial pre-treatment involving calcination at 500 ◦C
for 3 h to remove residues of binder and conductive carbon. For the regeneration reaction,
to one of the samples, they even added graphene oxide regenerated directly from the spent
batteries that were used as sources for the LFP electrodes. This was found to be beneficial,
as this sample showed the best overall electrochemical performance in the subsequent tests,
achieving a high discharge capacity of 163.3 mAh/g at 0.2 C and a previously unmatched
cycling stability of 99.63% after 100 cycles at 0.2 C. The reaction conditions for this were
160 ◦C for 6 h with 5% graphene oxide added [158].
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Tang et al. took a similar approach but skipped the initial high-temperature calcination
of the spent powders, dissolving the binder in NMP instead. For hydrothermal regen-
eration, they mixed the spent LFP powders with a solution of LiOH and sodium sulfite
(Na2SO3), heating the system in an autoclave reactor between 120 and 180 ◦C for 24 h,
followed or not by Cu doping for improved performance by calcination with Cu(NO3)2

and glucose at 600 ◦C for 4 h in N2. Interestingly, they also did a “traditional” solid-state
thermal regeneration for comparison, by direct heat treatment with Li2CO3, glucose, and
Cu(NO3)2 at 350 ◦C for 4 h and then at 650 ◦C for 12 h in N2. Upon electrochemical testing,
the hydrothermally regenerated samples showed better performance than the thermally
regenerated ones, the best-performing one being regenerated at 150 ◦C followed by Cu
doping (144 mAh/g at 0.1 C) [159].

To simplify the process further, Jing et al. regenerated spent LFP in a one-step reaction.
The CAM, together with Li2SO4·H2O and hydrazine (N2H4·H2O) as a reducing agent,
was heated in an autoclave in a blast oven at 120–200 ◦C for 3 h. The only post-treatment
was to wash the samples with deionized water and dry them at 80 ◦C for 10 h. With
fewer steps, shorter treatment times, but slightly higher temperatures, they achieved better
electrochemical performance than Tang et al., the best being recorded for the sample treated
at 200 ◦C at 141.9 mAh/g at 1 C [150,159].

More recent research on the hydrothermal route was demonstrated by Jiang et al.,
who thought of implementing microwave irradiation on the reaction and developed a
microwave hydrothermal (MWHT) relithiation strategy. LiOH and ascorbic acid were
used for the regeneration, and the MWHT reaction was run at 120–180 ◦C for 1 h, or at
150 ◦C for different times. Like Song et al., Jiang et al. also regenerated the graphite from
the spent anode sheets into graphene oxide employing a modified Hummers’ method
followed by microwave flash exfoliation, creating microwave-reduced graphene oxide
(MWrGO). This was then used to dope the regenerated LFP (for performance improvement)
by PDDA-assisted electrostatic self-assembly at different dopant concentrations for the
MWHT reaction at 150 ◦C for 1 h, ultimately achieving electrochemical performance that
was competitive to the one recorded by Song et al. [96,158].

Lacking cycling stability is a common obstacle for direct recyclers to overcome. There-
fore, significant results were presented by Jia et al., who achieved a capacity retention of
80% over 1000 cycles at a current density as high as 10 C. This was done by raising the
d-band center of Fe in the spent LFP, thereby strengthening the Fe–O bonds, effectively
immobilizing the Fe and thus preventing the structural FeLi defects from forming during
cycling. For this purpose, polyvinylpyrrolidone (PVP) was used as a source of N for the
electron arrangement, forming N-doped carbon coated onto the LFP particles. In practice,
this meant running a hydrothermal regeneration reaction with ethanol, lithium acetate
(CH3COOLi), and PVP at 180 ◦C for 5 h, followed by vacuum drying at 120 ◦C for 12 h and
a subsequent sintering step at 700 ◦C for 5 h in Ar [97].

3.3.4. Chemical Regeneration

There is a natural strive in research and industry to lower the energy consumption of
processes as much as possible. It is therefore of interest to explore possibilities to perform
the direct regeneration of CAM in mild conditions, such as at ambient temperatures
and pressures. This becomes especially interesting when addressing LFP and other less
expensive CAMs, where the economic incentive for recycling is intrinsically low. What we
refer to as the chemical regeneration route comprises the treatment of spent LFP powders
in an aqueous or organic solution at mild or quasi-mild conditions, i.e., temperatures and
pressures at ambient or only slightly elevated levels [146]. Figure 9 shows an illustration of
a general chemical regeneration route.
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Besides the low energy consumption of the chemical methods, other advantages are
their simplicity, possibly good atom economy, great potential for scalability, and usability
for different electrode degradation states or even different electrode types [146,160]. On
the contrary, full recovery of the crystal structure of the CAM seems to be problematic at
present, implying a need for consecutive heat treatment. Moreover, if organic solvents are
used, there is a risk of secondary air pollution from these processes [147].

The first overall paper on direct regeneration of LFP to our knowledge is the one
by Ganter et al. (2014), where both a chemical and an electrochemical were used and
compared. For the chemical relithiation, the spent LFP was put into a lithium iodide (LiI)
solution in acetonitrile and stirred for 20 h, and then filtered and vacuum-dried at 100 ◦C
for 1 h, recording a specific capacity close to the one reported for a new commercial cathode,
i.e., 153 mAh/g at 0.1 C [161]. Ouaneche et al. tried the same approach but compared
several different solvents, including acetonitrile, ethanol, methanol, cyclohexane, DMSO,
and propylene glycol. Fortunately, for the economical aspect of a possible upscaling of the
method, the best electrochemical performance, as much as 160 mAh/g discharge capacity at
1 C, was recorded for the sample regenerated in ethanol, which is one of the cheapest organic
solvents [162]. Another organic regeneration strategy is from Wu et al., who employed
lithiated organic reagents including pyrene (C16H10), biphenyl (C12H10), naphthalene
(C10H8), and perylene (C20H12) for regeneration of spent cathodes of different types. This
was done by simple stirring for 15 min, followed by centrifugation and air drying at 80 ◦C.
For LFP, the best results were obtained after relithiation with the lithiated pyrene reagent,
restoring its capacity to the level of commercial LFP (155 mAh/g at 0.5 C) [160].

To lower the risk of secondary pollution from organic solutions, as well as the price of
the proposed methods, chemical relithiation can also be performed in aqueous solutions.
Xu et al. used LiOH and citric acid as a reducing agent in solution while heating at a
range of temperatures between 60 and 180 ◦C for various reaction times, thereby touching
hydrothermal regeneration. This was followed by a thermal annealing step with Li2CO3

for 2 h under N2. They found that lowering the temperature to 80 ◦C did not influence
the reaction kinetics significantly. Also, by slightly extending the reaction time to 10 and
17 h, respectively, one could reduce the temperature to as low as 70 or 60 ◦C, respectively,
allowing regeneration at ambient pressure. Hence, this work is placed in the chemical
regeneration category. The resulting electrode exhibited cycling stability over as much as
1000 cycles [111]. Xu et al. employed a similar strategy, exchanging citric acid for H2O2

and lowering the reaction temperatures to as low as 10–50 ◦C with reaction times between
10 min and 5 h, achieving cycling stabilities similar to those in a previous study [111,163].
Focusing on the use of LiOH for aqueous solution regeneration, Sun et al. developed a
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two-step “ice & fire” method, using glucose as a reducing agent and carbon source, with
NaCl as a templating agent to embed in the glucose and form 3D-interconnected porous
carbon networks on the LFP particles for better performance. The solution was heated at
60 ◦C for 2 h under stirring, before going through freeze drying in vacuum along with
added urea for N doping of the carbon coating for further improvement in performance.
Finally, a heat treatment step at 650 ◦C for 3 h in Ar was performed, ultimately achieving
electrochemical performance with high discharge capacities and retention rates [102].

Im et al. obtained recycled Li3PO4 cleverly refined from the wastewater of an existing
LIB treatment plant. It was used as a precursor to synthesize LiFePO4 by mixing with
Fe(NO3)3, phosphoric acid, and citric acid in a triethylene glycol–water blend, followed
by spray pyrolysis and subsequent sintering at 800 ◦C in N2, reaching a comparable
performance of 161 mAh/g [164].

In the most recent research on chemical regeneration, Song et al. used ultrasonication
at ambient conditions to create local shock waves with high temperature and pressure in
the material, thus creating a quasi-hydrothermal regeneration environment without the
need for expensive heat treatment in an autoclave reactor. The solution was a mixture of
lithium chloride (LiCl) with hydrazine hydrate (N2H4·H2O) as a reducing agent in a 50/50
blend of ethylene glycol and water. After sonication for 25 + 25 min with a 10 min break
in between, and subsequent centrifugation and washing steps, the regenerated material
with 1 M LiCl and 1.5 mL N2H4·H2O exhibited the best performance, with a slightly lower
discharge capacity but high retention rate at 97% after 100 cycles at 1 C [109].

3.3.5. Electrochemical Regeneration

Unlike its competitors, this technique relies on electrochemical force to relithiate
the CAM by electric cycling, rather than by some chemical or physical treatment. The
main advantage is the mild conditions, facilitating relatively low energy consumption,
reduced usage of chemicals, and minimal secondary pollution and waste generation [146].
However, this method relies on simply providing active lithium to the spent CAM materials
without further treatments to help repair the damaged crystalline structure. Research on
this technique thus struggles to match the electrochemical performance of LFP repaired
by other means [147]. Also, if expensive lithium foil is used as the counter-electrode for
the cycling operation, the economic incentives for this method suffer. This technique is
illustrated in a general form in Figure 10.
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As previously mentioned, the first to demonstrate the electrochemical regeneration
of LFP were Ganter et al., in 2014. Here, the spent LFP was cycled with lithium multiple
times, and then fully discharged, lithiated, and assembled with a capacity-matched fresh
negative electrode. They achieved complete restoration of the initial discharge capacity
compared to a fresh electrode, but with lower capacity retention [161].
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Later, Wang et al. suggested a different, very simplistic approach to the relithiation
of spent LFP by pairing it with a prelithiated graphite anode without any particular
treatment of the spent cathode, reaching modest electrochemical performance at best [165].
Li et al. managed to achieve improvements in terms of cycling stability by developing the
method into an external short-circuit technique, where spent positive electrodes were paired
with lithiated materials consisting of lithiated graphite (LiC6) and metallic lithium. The
electrochemical cells created this way, with a standard LiPF6 electrolyte and polypropylene
separator, were then wrapped in aluminum foil and the reaction was left to take place
spontaneously, consuming no external energy. After cleaning with dimethyl carbonate
(DMC) and vacuum drying, the regenerated LFP electrodes were directly obtained [166].
Recently, Fan et al. achieved further improvements in the performance of regenerated
cathodes by using a functionalized prelithiated separator instead of a prelithiated anode. A
spent LFP cathode was paired with a fresh graphite anode and assembled with a prelithiated
separator, prepared by coating a layer of a lithium oxalate (Li2C2O4)–CMK-3 (ordered
mesoporous carbon) composite on it, followed by cycling the as-prepared cell once at 0.05 C
between 2.5 and 4.5 V at ambient temperature [167].

3.4. The Indirect Approach

Despite having been on the market for a decade and having demonstrated the feasibil-
ity of regenerating degraded LIB CAMs, the direct regeneration strategies described above
struggle to get much industrial attention. Most importantly, the lack of standardization of
the manufactured batteries in terms of sizes and measures causes batteries from different
manufacturers to look different. At present, this renders industrial automation of direct
recycling processes difficult, as the positive electrodes need to be harvested as clean as pos-
sible, preferably individually and with little to no impurities, for the regeneration process
to be successful. Therefore, research has been focusing on the regeneration of manually
harvested cathodes from manually discharged and disassembled batteries. This poses
obvious challenges for industrial applications, such as the lack of incentive from recyclers
to let staff dismantle large volumes of batteries by hand, rather than simply smelting or
grinding them in automated processes. However, for batteries with intrinsically low added
value, such as LFP batteries, this may prove to be the only viable option, given the high
operational costs of pyro- and hydrometallurgy, as well as the relatively low value of the
products obtained from these batteries. This is, of course, unless the regeneration strategies
can be applied directly to the black mass coming from shredding of the spent batteries and
subsequent material separations, turning “regeneration” into “resynthesis”. This hybrid
approach is what we like to call the “indirect direct recycling”, or the indirect approach.
Although the reported techniques are quite different, Figure 11 shows a generalized flow
scheme of the indirect route.

Apart from the already mentioned advantage of the “indirect” approach, it is worth
noting that research done in this way generally reports higher capacity retention rates for
the resynthesized CAM—something that increases their added value. On the other hand,
the route through crushing and hydrometallurgical treatment of the spent batteries before
electrode resynthesis inevitably adds steps and complexity to the processes, ultimately
driving up the operational and investment costs. If, however, the revenue for selling
resynthesized positive electrodes with pristine-level performances is much higher than that
of the hydrometallurgical products, then such a process may turn out to be a viable option
if fine-tuned for an existing LIB treatment process that already produces the black mass.
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To the best of our knowledge, the first to present a working process for a spent LFP
resynthesis route were Shin et al., in 2015. They started with thermal annealing at 700 ◦C
and then leached the spent cathode powders with HCl with subsequent pH adjustment with
ammonium hydroxide (NH3OH) to precipitate amorphous FePO4·xH2O and crystalline
FePO4·2H2O. The crystalline FePO4 was then calcined with LiOH and sucrose at 700 ◦C
in Ar/H2, and the specific capacity (SC) obtained was 139 mAh/g [168]. Wang et al.
employed a similar strategy up to the FePO4 precipitation. They, however, continued the
pH adjustment up to 7, accompanied by the addition of Na3PO4, precipitating Li3PO4. This
was then purified and used as a precursor, along with FeSO4·7H2O and ascorbic acid, to
prepare LiFePO4 using a hydrothermal method followed by solid-state sintering at 600 ◦C
with added glucose, achieving an improvement in SC of 144 mAh/g [103].

In recent years, researchers seem to widely focus on recovering one specific precursor
material from the spent LFP batteries, i.e., Li2CO3, which is then used for the synthesis
of new LFP by some variation of the thermal method. Instead of finding new precursors
to recover, focus seems to have shifted towards employing milder reaction conditions
to save energy, equipment, and environment. In particular, the use of organic acids and
reducing agents has gained some attention. Kumar et al. leached a spent LFP electrode
with different citric fruit juices accompanied by H2O2 as a reducing agent. After recovering
FePO4 and Li2CO3, the precursors, along with added glucose, were calcined at 700 ◦C in
Ar, reaching satisfactory electrochemical performance, of 155 mAh/g at 0.1 C, for the use of
such complex and unpurified reagents as fruit juices [52].

A similar approach, but without an organic acid, was used by Kong et al., who
performed oxidation leaching with sodium hypochlorite and HCl for pH regulation. After
precipitation of FePO4 and Li2CO3, the refined precursors along with added sucrose
were used to synthesize LFP by heat treatment at 350 ◦C and 750 ◦C, reaching an SC of
154 mAh/g [117]. Sulfuric acid has been widely used for leaching, and the highest specific
capacity (160 mAh/g) in a resynthesized LFP was obtained by Fu et al. Using 2.5 M
H2SO4 and H2O2 for oxidation, the positive electrode was resynthesized with recovered
Li2CO3 and FePO4 and glucose at 700 ◦C. Such good results were obtained due to precise
pH adjustment during the precipitation step, where Al and Cu impurities were removed,
and iron was completely separated from lithium ion [169]. Oxidation leaching was also
employed by Peng et al. with ammonium persulfate ((NH4)2S2O8) and separating the
FePO4 phase from the Al foil only after the leaching. The recovered Li2CO3, FePO4, and
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added glucose were then sintered at 750 ◦C to obtain the resynthesized LFP, achieving at
the highest 148 mAh/g and high capacity retention of 98% after 400 cycles at 1 C [170].
Similarly, Sun et al. employed oxidation leaching with (NH4)2S2O8, while precipitating
first the Fe by NaOH and then the Li2CO3 with Na2CO3 at an elevated temperature of
95 ◦C. After refining the Fe into FePO4 by calcination at 700 ◦C in O2, the usual calcination
with added glucose was performed at 350 ◦C and 700 ◦C in N2, reaching an improvement
in the discharge capacities (156 mAh/g) compared with Peng et al. [171].

Xu et al. used the oxidative leaching strategy with H2O2 directly on whole spent
cathode sheets without prior separation from the current collector foil. Instead, the FePO4

and Al foil left in the leaching residue were separated easily after vacuum drying, and
the recovered FePO4 was used as a precursor for the preparation of new LFP. This was
done by annealing with LiOH and glucose at 350 ◦C and 650 ◦C in Ar, achieving an SC
of 137 mAh/g [172]. Conversely, Hu et al. employed acid leaching with H3PO4 and citric
acid and argued for a pre-removal of the Al, as they found that fewer Al impurities in the
regenerated LFP yielded notably better performance (145 mAh/g), especially in terms of
cycling stability of 97% retention for 600 cycles. This was done by simply adding a diluted
LiOH solution to the leaching system. Then, Li2O3 and Li2CO3 were used to adjust the
molar ratios in the leaching environment, along with the addition of starch as a carbon
source. After a sanding process and spray drying, the LFP/C precursor was sintered at
450 ◦C and 700 ◦C in Ar [173].

An innovative approach was recently employed by Wang et al., where both the
elemental extraction and the subsequent resynthesis of LFP were performed in a “one pot”
manner. More specifically, Li was extracted by leaching with citric acid and H2O2 in a
zirconia bead ball mill, after which the recovered precursors (FePO4, LiOH, and Li3Cit)
were directly calcined in the traditional way at 350 ◦C and 650 ◦C in Ar, ultimately reaching
102 mAh/g with 90% retention in a cycling stability of 1000 [174].
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Table 2. Overview of direct recycling strategies and the corresponding best-recorded electrochemical performance of the regenerated positive electrodes. * = value
obtained from figure, DI = deionized water, n/r = not reported, FP = FePO4.

Method Conditions
Electrochemical Performance

Ref.Discharge Capacity
[mAh g−1]

At Current
Density [C]

Capacity
Retention [%]

After
Cycles

At Current
Density [C]

Thermal (solid-state)

Thermal annealing under Ar/H2 at 600 ◦C for 1 h 132 1 n/r n/r n/r [151]

Pristine LFP doping at different ratios, sintering at 700 ◦C for 8 h
under N2

144 0.1 93.75 100 0.2 [112]

Thermal annealing under Ar/H2 at 650 ◦C for 1 h w/Li2CO3 147.3 0.2 95 100 0.2 [152]

NaOH wash, annealing at 450 ◦C for 2 h under air, added Li/Fe/P
salts, ball mill, spray drying, annealing at 650 ◦C for 10 h under N2

139 0.2 95 100 0.2 [153]

Li2CO3 + glucose, annealing at 350 ◦C for 4 h, then 650 ◦C for 9 h 161.1 0.1 91 200 1 [107]

Li2CO3 + glucose in DI, thermal annealing at 350–900 ◦C, ball mill,
grinding, calcination 148 0.05 92.9 100 0.1 [99]

Calcination at 550 ◦C for 2 h under air, sieving, Li2CO3 + glucose,
ball mill, drying at 60 ◦C for 12 h, annealing at 700 ◦C for 8/10/12 h
under N2 w/TiO2 doping

147.3 0.1 94.1 100 0.5 [154]

Li2DHBN, grinding, sintering at 800 ◦C for 6 h under Ar/H2 127 2 88 400 5 [155]

Li2CO3 + glucose + CNT, ball mill in EtOH:H2O 1:1, drying at 80
◦C, annealing at 350 ◦C for 2 h, then 650 ◦C for 12 h under Ar 155.15 0.05 93.8 100 0.1 [109]

Li2CO3 + glucose + Cu(NO3)2·2.5H2O, ball mill in EtOH, drying,
annealing at 350 ◦C for 2 h, then 650 ◦C for 12 h under Ar 160.15 0.05 81.19 1000 1 [108]

Molten salt

LiNO3:LiOH 3:2 + citric acid, heating at 350/450/550 ◦C for 4 h, DI
wash, centrifuge, drying at 80 ◦C for 12 h 151.2 0.2 97.73 150 1 [156]

LiNO3 + FeC2O4 + sucrose, heating at 300 ◦C for 1–6 h under Ar,
room temp. quench, DI wash, centrifugation, drying at 80 ◦C for
12 h, annealing at 650 ◦C for 6 h under Ar

145 0.5 90 100 0.5 [104]

LiNO3 + anhydrous glucose, ball mill, annealing at different temps.,
room temp. quench (DI), DI and EtOH wash, centrifuge in
ZnCl2(aq), DI wash

162 0.1 90 500 0.1 [149]
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Table 2. Cont.

Method Conditions
Electrochemical Performance

Ref.Discharge Capacity
[mAh g−1]

At Current
Density [C]

Capacity
Retention [%]

After
Cycles

At Current
Density [C]

Hydrothermal

Li2SO4·H2O + hydrazine, autoclave, magnetic stirring for 10 min,
blast oven for 3 h, filtering and DI wash, drying at 80 ◦C for 10 h 141.9 1 98.6 200 1 [150]

LiOH + Na2SO3 in autoclave, heating at 150 ◦C for 24 h, cooling,
doping w/Cu(NO3)2, calcination at 600 ◦C for 4 h under N2

144.02 0.1 92.36 100 0.2 [159]

LiOH + ascorbic acid in DI, microwave hydrothermal reduction,
graphene doping, MWHT reduction, wash and filter 161.4 0.2 94.9 100 0.2 [96]

PVP + S-LFP in autoclave w/EtOH, added CH3COOLi, heating at
180 ◦C for 5 h, centrifuge, vacuum drying at 120 ◦C for 12 h,
sintering at 700 ◦C for 5 h under Ar

139.1 1 80 1000 10 [97]

LiOH + ascorbic acid + SDBS in DI, hydrothermal heating,
regenerated GO added (5%) to 160 ◦C for 6 h regeneration 163.3 0.2 99.63 100 0.2 [158]

Chemical

LiI in EtOH mixed w/SLFP, filtration, washing w/EtOH, drying at
100 ◦C for 1 h under vacuum, grinding 160 1 n/r n/r n/r [162]

LiOH + citric acid, range of T and time, DI rinse, thermal annealing
w/Li2CO3 for 2 h under N2

159 0.5 94.34 1000 0.5 [111]

Pristine LFP, chemical oxidation, degraded LFP, + polycyclic aryl-Li
compounds, stirring, centrifugation, drying at 80 ◦C in air overnight 155 * 0.5 97 * 100 0.5 [160]

LiI in acetonitrile, stirring for 20 h, vacuum filtration, rinse
w/acetonitrile, drying at 100 ◦C for 1 h under vacuum, grinding 153 * 0.1 n/r n/r n/r [161]

LiOH + glucose + NaCl into DI, stirring at 60 ◦C for 2 h, freeze
drying (vacuum) overnight w/urea, heating at 650 ◦C for 3 h under
Ar, cooling, DI rinse, vacuum drying

169.74 0.1 95.7 200 0.1 [102]

LiCl + N2H4xH2O in 50% ethylene glycol/water solution,
ultrasonication for 25 min—10 min rest—25 min again, centrifuge,
DI and EtOH wash

135.1 1 97.44 100 1 [109]



Batteries 2025, 11, 33 22 of 35

Table 2. Cont.

Method Conditions
Electrochemical Performance

Ref.Discharge Capacity
[mAh g−1]

At Current
Density [C]

Capacity
Retention [%]

After
Cycles

At Current
Density [C]

Chemical

LiOH + H2O2 in solution, DI rinse to remove LiOH residues,
vacuum drying, thermal annealing w/Li2CO3 under Ar at
400–800 ◦C for 2–10 h

146.3 1 84.9 1000 5 [163]

Li3PO4 from wastewater + DI, mixed w/Fe(NO3)3 + phosphoric +
citric acid in DI and TEG, spray pyrolysis, room T cooling, sintering
at 800 ◦C for 2 h under N2

161.3 0.1 99.87 50 0.1 [164]

Electrochemical

Lithiated graphite, cell assembly w/S-LFP wrapped in Al foil,
time-controlled regeneration, cleaning w/DMC => drying for 4 h
under vacuum

125.4 0.5 98.8 100 0.5 [166]

Cycling w/Li(s), discharge to lithiate positive electrode, coin cell
assembly, pairing w/fresh negative electrode 140 * 0.1 81 * 50 0.1 [161]

Cycling, washing w/DMC, positive electrode separation, pouch cell
assembly w/prelithiated graphite as negative electrode, cycling 126.6 0.5 62.5 200 0.5 [165]

Cycling, LFP coupled w/fresh graphite + functionalized
prelithiation separator, 1 cycle at <0.05 C 158.4 0.5 90.7 292 0.05 [167]
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Table 3. Overview of the direct recycling using the “indirect” route and the reported electrochemical performance of the regenerated LFP positive electrode materials.
The precursors to re-synthesized LFP are the recovered Li2CO3, FePO4; otherwise, they are mentioned. Specific capacity (SC) and its retention after a certain number
of cycles refer to the same current density (1 C); otherwise, it is mentioned. * = value obtained from figure, n/r = not reported.

Leaching Agent Conditions

Leaching Efficiency [%] Electrochemical Performance of
Resynthesized LFP

Ref.
Li Fe P Others

Discharge
Capacity

[mAh g−1]

Retention [%]
(#Cycles)

H2SO4

2.5 M H2SO4, L/S = 10 mL/g, 60 ◦C, 4 h. Less than 0.005% of
impurities. 97 98 S < 0.018 137.8 n/r [138]

9 M H2SO4, L/S = 10 mL/g, air oxygen as oxidant, air flow
rate = 60 mL/min, 25 ◦C, 5 h. No impurities. 99.3 0.02 0.02 131.7 99 (100) [55]

H2SO4 = 1.5 times the theoretical amount, L/S = 4 mL/g, ascorbic
acid (3%wt) as reducing agent to prevent the formation of Fe3+,
60 ◦C, 4 h. Purity > 98%.

98 98 98 133 ~100 (100) [175]

2 M H2SO4, L/S = 20:1, 70 ◦C, 2 h. No impurities. Filtrate Li+,
added FeSO4, H3PO4, LiOH. 96.67 93.25 n/r 105 98.6 (300) [176]

2 M H2SO4 and H2O2, S/L = 30 g/L, H2SO4/H2O2 = 4 v/v, 60 ◦C,
80 min. No impurities. Fe2O3 added Li2CO3. n/r n/r n/r 141 95 (100) [177]

2.5 M H2SO4 and H2O2 (30%mass), L/S = 25 mL/g, 60 ◦C, 1 h. No
impurities. 98.79 94.97 98.71 160.1 (0.1 C) 99.7 (100) [169]

HCl

LFP powder pre-treated at 700 ◦C, 10 h, to decompose carbon and
oxidize Fe2+ to Fe3+. Leaching: 6 M HCl, 120 ◦C, 6 h. Recovered:
LiOH.H2O.

n/r n/r n/r 139.03 98.95 (25) [168]

LFP powder pre-treated at 600 ◦C, to oxidize iron. Leaching:
4 M HCl.
Recovered: Li3PO4.

n/r n/r n/r 144.3 96.7 (200) [103]

H3PO4

0.5 M H3PO4, 25 ◦C, 1 h. FePO4·2H2O was precipitated with reflux
for 9 h at 85 ◦C. Recovered: FePO4·2H2O. n/r n/r n/r 110 (5 C) 95.4 (100) [178]

2.3 M H3PO4 and 0.58 M citric acid, L/S = 5:1, 50 ◦C, 3 h. 95.1 96.2 n/r Al 145.4 97.3 (600) [173]
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Table 3. Cont.

Leaching Agent Conditions

Leaching Efficiency [%] Electrochemical Performance of
Resynthesized LFP

Ref.
Li Fe P Others

Discharge
Capacity

[mAh g−1]

Retention [%]
(#Cycles)

Citric acid

Lemon juice and H2O2 (6%vol), S/L = 67 g/L, 25 ◦C, 90 min. 94.83 4.05 0.84 Cu = 96.9
Al = 47.2 135.3 98.3 (100) [52]

C6H8O7 and 2 mL H2O2 (30%) in ball mill with zirconia beads,
200 rpm, 30 min.
Recovered: LiOH, Li3Cit.

98.21 <1.5 n/r 102.5 (5 C) 90 (1000) [174]

0.25 M C6H8O7, 40 ◦C, 2 h, (i) without and (ii) with H2O2 (6%vol).
(iii) Comparing the leaching with 1 M H2SO4, 25 ◦C, 1 h.

(i) = 90
(ii) = 87
(iii) = 95

(i) = 99
(iii) = 98

(i) = 69
(iii) = 96

S, Al, Cl,
Co, V n/r n/r [98]

Acetic acid 0.8 M CH3COOH and H2O2 (6%vol), S/L = 120 g/L, 50 ◦C, 30 min. 95.13 n/r n/r 130 * (0.1 C) n/r [143]

Pyrophosphoric
acid

9 M H4P2O7, oxygen as oxidant, S/L = 100 g/L, oxygen
flow = 20 L/min, 25 ◦C, 5 h. 97.98 ~100 n/r 150.2 91.31 (100) [179]

Sodium hypo-
chlorite NaClO (12% available Cl), S/L = 50 g/L, 30 ◦C, 2 h. 98.3 0.11 n/r Al ~0 154.3 92.7 (300) [117]

Iron salt 80 mM FeSO4·7H2O and 400 mM H2O2 (30%vol), slurry
density = 20 g/L, 40 ◦C, 30 min. 99.9 n/r n/r 138.9 (0.5 C) 93.6 (50) [180]

Organic solvent
4 M methanesulfonic acid (MSA), S/L = 80 g/L; 4 M
p-toluenesulfonic acid (TsOH), S/L = 60 g/L. Both with H2O2
(18%vol), 25 ◦C, 90 min.

MSA = 96
TsOH = 97 99 n/r

MSA: Cu,
Al

TsOH: Cu
80 n/r [181]

H2O2 H2O2 (20%vol), S/L = 15 g/L, 40 ◦C, 20 min. 96.3 n/r n/r 137.1 97.9 * (250) [172]

Ammonium
persulfate

(NH4)2S2O8 = 1.4 times the theoretical amount, S/L = 50 g/L, 30 ◦C,
30 min. 98.1 0.02 n/r Al = 0.06 130.2 98 (400) [170]

LFP and (NH4)2S2O8 in water for 30 min. 34.3 1.31 2.03 145.2 97.9 (200) [182]

(NH4)2S2O8 = 1.3 times the theoretical amount, S/L = 150 g/L,
25 ◦C, 1 h. 52.4 n/r n/r 156.1 (0.2 C) 98.4 (100) [171]
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4. Perspectives and Challenges with Direct Recycling
As can be seen, a lot of research has been done on the direct recycling of LFP battery

positive electrodes. Overall, all methods have their advantages and disadvantages, as
summarized in Table 4.

Table 4. Summary of the advantages and disadvantages of the different direct recycling methods, as
well as the indirect approach.

Method Advantages Disadvantages

Thermal (solid-state)

• Simple
• Few steps
• Minimized chemical

consumption

• Secondary pollution by
toxic gas exhaust

• Non-uniform Li
distribution

• Non-uniform crystallinity
and morphology

• Low scalability

Molten salt

• Simple
• Few steps
• Higher scalability
• Uniform Li distribution
• Uniform crystallinity and

morphology

• Low technology readiness
• LiNO3 is oxidative—need

for an extra reducing agent
• Still needs thermal

treatment

Hydrothermal

• High scalability
• Uniform Li distribution
• Uniform crystallinity and

morphology

• Industrial drive towards
dry methods

• Risk of HF formation
• High chemical

consumption
• Still needs thermal

treatment

Chemical

• Mild conditions—green
chemistry

• Low energy consumption
• Simple
• Potential high atom

economy
• Scalability and

applicability

• Performance issues for the
regenerated CAM—heat
treatment may be needed

• High chemical
consumption

• Possibly toxic reagents
needed—risk for
secondary pollution

Electrochemical

• Mild conditions
• Low energy consumption
• Reduced chemical usage
• Minimal secondary

pollution
• Minimal waste generation

• Relies on providing a
source of active Li+, such
as metallic Li or fresh LFP

• Low economic incentive
• Performance issues for the

regenerated materials

Indirect

• Fits existing LIB treatment
infrastructure

• Possibly applicable to the
black mass directly

• High performance
of products

• Many steps
• Higher complexity of the

processes
• High operational costs

Since none of them has really made it into a real industrial application, it is difficult to
determine which factor is the most important in the transition from a lab-scale technique
to an industrial practice. In fact, there are a couple of dilemmas to be solved before we
can expect to see these techniques being upscaled. First, there is the question of safety.
LIBs can induce (often justified) fear when handled, owing to their toxic and flammable,
sometimes even explosive, nature. What is more, manual disassembly of the amounts
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of discarded batteries that will need to be recycled would be an economically infeasible
process for industries to invest in, no matter how well the final product performs. Not only
would this take too much time, but workers being potentially exposed to electrolyte fumes
daily would surely become a work environment issue. In combination with the previously
discussed lack of standardization of the batteries, this means that a direct recycling process
should either be versatile/smart enough to be automated in at least a few different battery
types/dimensions with automated manual disassembly or be simple enough so that every
battery manufacturer can build a small recycling facility, where the process would be
adjusted to their specific products. The alternative would be a process that simply omits
the manual disassembly and works with whatever an existing LIB treatment process can
offer, i.e., the indirect approach. What will eventually be implemented by the industry and
at what form/scale is difficult to predict.

Table 2 presents a quantitative comparison of all the previously mentioned direct
recycling research in terms of the quality of the end product. More specifically, the best
(or most comparable) recorded results from each paper are shown, along with a brief
description of the applied method. By results, we mean the electrochemical performance
of the regenerated/resynthesized electrodes when tested, where the discharge capacity
at a specified current density is presented alongside the capacity retention after a certain
number of cycles at a certain current density. What can be seen is a wide distribution of
reported performance and the ways in which it is reported. Generally, the performance
tends to improve as the research progresses, but upon reading deeper into the publications,
it becomes clear that there is still a lot to be understood about the interactions inside and
outside of the battery materials. Many times, in fact, researchers do not seem to agree on
some basic questions, such as whether it is enough to supplement the lost active lithium
without further thermal treatment for the CAM to be considered regenerated. It is safe
to say that the technology readiness level of these techniques is still low, and despite
the extensive research, there is still a lot to be explained and solved before an industrial
application is in its place, all while the need for an efficient and feasible LFP recycling
method becomes more and more pressing.

When the LFP electrode is resynthesized through the indirect method, most of the
reported work has a leaching efficiency for lithium greater than 90%, and in many cases,
the leaching efficiency for lithium is greater than 98% (Table 3). These values are important
in complying with Regulation (EU) 2023/1542 of the European Parliament and of the
Council of 12 July 2023 concerning batteries and waste batteries, which determines that
by the year 2032, recycling processes must recover 80% of lithium. Generally, the final
products are Li2CO3 and FePO4, and high purity is reported. Most cases of LFP resynthesis
reported a specific capacity greater than 130 mAh/g at 1 C after 100 cycles, with capacity
retention averaging 95% (Table 3). This value is within the range of a new commercial LFP
electrode, which is 120 to 160 mAh/g [51,183–185]. Values close to the upper limit of SC can
be obtained when there is good separation of lithium and iron in the hydrometallurgical
process, as well as reduced amounts of impurities, such as aluminum and copper.

There is also the question of the efficiency and effectiveness of the proposed methods.
In most cases, iron is obtained as FePO4 and lithium is precipitated as Li2CO3 using
Na2CO3; however, there is no description of how much sodium salt (NaSO4 when sulfuric
acid is used as leaching agent, for example) is produced as a by-product in the precipitation
step. Furthermore, there is no description of the generation of effluents and their treatment
or disposal, such as the water used to wash the solid in the filtration step.



Batteries 2025, 11, 33 27 of 35

Future Outlooks

Given the growing stock of LIB waste and its content of critical raw materials, as well
as the upcoming EU-wide regulations, we can expect to see recycling efforts emerge in the
industrial sector. Even if the technology may not be fully ready yet, producers and recyclers
will be forced to act and will likely pick a technology to invest in. The three most important
factors in the choice making will probably be the cost of the technology, its simplicity and
versatility, and the quality of the end product. Despite its complexity, we believe that the
indirect approach will likely become the first choice of recyclers, mostly owing to its ability
to integrate with existing recycling outputs, i.e., the black mass.

Other techniques will probably be developed further until one technique satisfies
the criteria of industrial shareholders and becomes an attractive investment. So far, the
solid-state regeneration strategy has the highest potential for this, since it is the most
understood technique that is, in fact, used for the synthesis of fresh LFP. It is also relatively
simple and capable of producing well-performing regenerated LFP. The need for precise
quantification of lithium loss is still a challenge that needs to be overcome. Perhaps the
upcoming mandatory battery passports will contain enough information about a battery to
provide a rough estimate of its degradation state. Also, if automation and spectroscopy
technologies continue to be improved in other fields of research, dismantling and precise
characterization of discarded batteries will become less of a challenge in the future.

Considering the future of the entire battery market, it is important to realize that the
batteries themselves are continuously being developed. Given the status of lithium as a
critical raw material, the acquisition of which is challenged by concerns for environmental
pollution and human health, as well as a changing geopolitical climate, we expect the
development of new battery technologies to shift away from lithium-based electrodes and
towards more accessible materials, such as sodium. The development of Na-ion batteries
is, indeed, ongoing [186–189], and if successful, these batteries could eventually replace
Li-ion batteries altogether. Then, new recycling technologies will have to be developed.

5. Conclusions
High recovery of LFP battery elements is achieved through hydrometallurgy, and

direct positive electrode recycling is developing with promising industrial feasibility. It is
expected that a circular economy can be created for LFP batteries, enabling the recycling of
the positive and negative electrode and the electrolyte. To achieve this, the final product
from recycling must be of good quality, with low levels of impurities, so that it can be
used in the manufacture of new batteries. In the case of direct CAM regeneration, the
resulting electrochemical performance is of great importance, as it will determine the
incentive to develop methods for industrial applications. The direct thermal method is
the most studied, and, on average, specific capacities above 140 mAh/g are reported.
This method is improved by reducing the working temperature by molten salt, with an
SC of around 150 mAh/g. This route is promising for industrial applications and needs
further development. The “indirect” direct recycling, in which CAM is re-synthesized
after leaching of the elements, is extensively studied, and the reported SC results are
above 130 mAh/g. However, clarification is needed regarding the secondary products and
effluents that are formed, such as NaSO4 formed when pH is changed, and the water used
for washing the precipitated solid. Given the extensive research efforts and the state of
industrial recycling of LFP, it is clear that the ultimate recycling strategy is yet to be found
and that the development needs to continue. Despite achieving high discharge capacities
and capacity retentions, recycling methods also need to address issues such as technical
complexity, techno-economic feasibility, and safety. Therefore, more research in this area
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is necessary, and recycling strategies need to be further developed to achieve acceptable
technical suitability.
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