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Life Cycle of LiFePO, Batteries: Production, Recycling, and

Market Trends

Hossein Rostami,*™ " Johanna Valio,” Pekka Tynjils,”™“ Ulla Lassi,™ < and Pekka Suominen®

Significant attention has focused on olivine-structured LiFePO,
(LFP) as a promising cathode active material (CAM) for lithium-
ion batteries. This iron-based compound offers advantages over
commonly used Co and Ni due to its lower toxicity abundance,
and cost-effectiveness. Despite its current commercial use in
energy storage technology, there remains a need for cost-
effective production methods to create electrochemically active
LiFePO,. Consequently, there is ongoing interest in developing
innovative approaches for LiFePO, production. While LFP
batteries exhibit significant thermal stability, cycling perform-
ance, and environmental benefits, their growing adoption has
increased battery disposal rates. Improper disposal practices for
waste LFP batteries result in environmental degradation and

1. Introduction

The olivine structure of LiFePO, (LFP) has a hexagonally close-
packed oxygen array in which the octahedra share both edges
and faces (Figure 1a). The arrangement of cations in LiFePO,
differs notably from that in layered and spinel structures like
LCO and LMO, respectively. Unlike these structures, LiFePO,
lacks a continuous network of FeO4 edge-shared octahedra that
could enhance electronic conductivity. LiFePO, has emerged as
a top positive electrode material in the past decade thanks to a
deep understanding of its structural changes during lithium
insertion and clever manipulation of particle shapes. Based on
this one-electron process, 170 mAhg™' is the theoretical
capacity. However, because of electron and ion transport
restrictions, early attempts to remove Li from this material were
only able to remove around 0.6 e™.l" The primary hurdle to
achieving the theoretical capacity of LiFePO, is its low inherent
electronic conductivity. Also, lithium movement within the
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the depletion of valuable resources

This review comprehensively examines diverse synthesis ap-
proaches for generating LFP powders, encompassing conven-
tional methodologies alongside novel procedures. Furthermore,
it conducts an in-depth assessment of the methodologies
employed in recycling waste LFP batteries. Moreover, it
emphasizes the importance of LFP cathode recycling and
investigates pretreatment techniques to enhance understand-
ing. Additionally, it provides valuable insights into the recycling
process of used LFP batteries, aiming to raise awareness
regarding the market for retired LFP batteries and advocate for
the enduring sustainability of lithium-ion batteries.

olivine crystal structure occurs along one-dimensional channels,
with limited opportunities for crossing between these channels.
These narrow pathways are especially prone to blockage by
defects and impurities.” Several strategies have been inves-
tigated to mitigate the conductivity challenge, such as
diminishing particle dimensions and achieving uniformity in
particle size distribution, coating the particles with carbon,®®
or synthesizing compounds with carbon to envelop each
particle with a proficient electronic conductor,” Tailoring the
morphology and texture of the particle through low-temper-
ature synthesis routes,® and selective doping with cations to
increase the intrinsic conductivity.

The demand for LFP batteries as energy storage devices has
significantly increased due to their notable advantages, includ-
ing long lifespan, enhanced discharge and charge efficiency,
and safe usage. Furthermore, the appeal of LFP batteries is
further strengthened by the limited availability of critical raw
materials for NMC batteries and their cost-effectiveness, leading
to a surge in demand for LFP batteries. The rise in the
production of high-energy storage devices, electric vehicles
(EVs), and hybrid electric vehicles (HEVs) has resulted in a
significant surge in the utilization of LFP batteries.””’ Indeed, the
widespread utilization of LFP batteries elicits dual concerns
surrounding their impact on the economy and the environ-
ment. The high extraction costs and unpredictable product
quality associated with lithium production for LFP synthesis
provide economic challenges. The extensive consumption of
LFP batteries may lead to a significant issue in the future, as
many spent batteries accumulate despite their current opera-
tional lifespan."® Therefore, recycling these batteries aids in
preventing environmental pollution and reclaiming valuable
materials for reuse.

© 2024 The Authors. ChemPhysChem published by Wiley-VCH GmbH
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This review introduces the current state of recycling for
spent LFP batteries and analyzes various recycling technologies.
Additionally, it summarizes the latest advancements in novel
methods developed in recent years. Up until now, the recycling
of spent LFP batteries has mainly been carried out using two
traditional methods: (1) pyrometallurgy (i.e., direct regenera-
tion) and (2) hydrometallurgy (i.e., the leaching of individual
metals). This review outlines the procedures for synthesizing
(doped and coated) LFP powders, starting from the necessary
raw materials. Alongside established traditional synthesis routes
for LFP, it discusses various alternative methods. It also
examines the properties of LFP and introduces essential raw
materials for LFP within the battery value chain. Also, the review
addresses the limited coverage of recycling technologies for
spent LFP batteries, which often concentrate on conventional
methods or singular recovery approaches. It highlights critical
recycling techniques for LFP cathodes and provides an overview
of pretreatment technologies to enhance comprehension.
Moreover, it offers insights into the development of spent LFP
recycling, aiming to draw attention to the retired LFP market
and promote the long-term sustainability of lithium-ion
batteries.
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2. Synthesis of LFP

Since John Goodenough discovered the olivine phase’s electro-
chemical characteristics in 1997, numerous synthesis routes of
the olivine-type LiFePO, were explored."” A general distinction
can be made between processes that start in the solid phase
and those that commence in the solution phase.

The synthesis of lithium iron phosphate can be achieved
through solid-phase or liquid-phase methods. Solid phase
techniques like high-temperature reactions, carbothermal re-
duction, and microwave synthesis are favored for their
simplicity and suitability for industrial production. Lithium iron
phosphate is coated with pyrolytic carbon to enhance con-
ductivity in the carbothermal reduction method. Liquid phase
methods such as precipitation, sol-gel, and hydrothermal syn-
thesis, offer uniform mixing and better product consistency but
require high-pressure, high-temperature conditions, and com-
plex equipment, making mass production challenging. Fig-
ure 1b compares the solid-phase and liquid-phase synthesis
methods.
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Figure 1. (a) Schematic illustration of the olivine structure of LiFePO,, including FeO4 octahedra, PO, tetrahedra, and Li* one-dimensional diffusion channel
and the phase transition process. Copyright 2023 Elsevier. Reproduced with permission from reference'® and (b) Comparison of the process flow between

solid and liquid phase method for LFP synthesis.

2.1. Solid-State (Thermal) Synthesis of LFP

Solid-state synthesis is a traditional approach for producing
ceramics, involving multiple steps of thorough grinding and
heating the precise mixture of starting materials. This mixture
typically comprises iron salt, such as Fe(ll)-acetate or Fe(ll)-
oxalate, a lithium salt like lithium carbonate or lithium
hydroxide, and often includes ammonium phosphate as a
source of phosphorus.”*'” The reaction mixture is initially

ChemPhysChem 2024, e202400459 (3 of 27)

heated at 300-400°C in an inert atmosphere to decompose the
ligands. After regrinding, the powder is reheated at 400-800°C
for 10-24 h. Before the second grinding step, a carbon-
containing compound, such as carboxylic acid, can be added to
the precursor. This compound can serve as a carbon source in
the LiFePO,/C composite. The schematic presentation is given
in Figure 2a.

The purity of the material relies on growth parameters such
as calcination temperature and exposure time. During calcina-
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Figure 2. (a) Schematic illustration of solid-state synthesis for LFP, (b) TEM image of LiFePO,-PAS prepared at 700 °C for 4 h. Copyright 2008 Elsevier.

Reproduced with permission from reference®®”

with permission from reference.””!

tion, an inert nitrogen or argon or slightly reductive atmosphere
(argon or nitrogen with added hydrogen) is necessary due to
the iron oxidation state (+2). However, residual Fe** phase
presence is possible and frequently observed. Calcination above
800°C results in the formation of both trivalent Fe,O; and
Li;Fe,(PO,);. Trivalent Fe may form due to oxygen in the inert
gas flow or residual air trapped in particle pores. Another
drawback of this method is uncontrollable particle size growth
and agglomeration, limiting the application potential of larger
particles due to their small surface area. Despite being an
effective and easily industrialized method, the solid-state syn-
thesis requires repeated reheating and regrinding to enhance
final product homogeneity, rendering the processing time and
energy-consuming.">'”'® Additionally, researchers have modi-
fied traditional solid-state reactions, achieving LiFePO, prepara-
tion without using an inert gas flow. Researchers synthesized
the LiFePO, by heating Fe,O;, NH,H,PO,, and LiOH in deionized
water for three hours at 700°C."”

ChemPhysChem 2024, e202400459 (4 of 27)

and (c) a planar diagram illustrating the process of microwave heating. Copyright 2021 Elsevier. Reproduced

2.1.1. Carbothermal Reduction

Low electronic conductivity is the main problem, which makes
it challenging to use LiFePO, as a battery cathode chemical in
high-power applications such as HEVs. Several studies have
shown that the synthesis of LiFePO, with a coating of an
electronic conductor, such as a carbon layer, is an effective way
to increase the electrochemical properties of LiFePO,. The TEM
image in Figure 2b shows how the carbon layer covers the
LiFePO, particles. Several studies have been done to determine
the best process for synthesizing LiFePO,-C. Mi etal. have
presented a one-step process for synthesizing carbon-coated
LiFePO, cathodes.” The starting mixture consists of stoichio-
metric amounts of inexpensive FePO, -4H,0 and LiOH- H,0. The
starting mixture was ball-milled for 2 h in a planetary mill with a
nylon vessel and then mixed with polypropylene as a carbon
source and reductive agent. The mixture was annealed at 650 °C
for 10 h in a nitrogen atmosphere to synthesize carbon-coated
LiFePO, powder.””

High-performance LiFePO, cathode materials were pro-
duced through an advanced solid-state method utilizing starch

© 2024 The Authors. ChemPhysChem published by Wiley-VCH GmbH
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and PEG6000 as a complex carbon source. The wet-mixing
process in de-ionized water at 80°C enhanced precursor
stabilization during drying and addressed challenges associated
with mixing in a water medium. The starch gelatinization at
80°C resulted in a gel emulsion precursor, which, after
concentrated sedimentation during the drying process at
120°C, transformed into a compact dry gel. Finally, the obtained
dry gel was sintered at 700°C for 12 h to yield the LiFePO,/C
composite.”?” A study presents an efficient supercritical CO,
(SCCO,)-assisted ex-situ carbon-coating method for LFP. SCCO,
enhances carbon precursor penetration, yielding high-quality
carbon-coated LFP. The resulting layer has a higher graphitic
carbon content and fewer oxygen-derived groups, benefiting
electron transport.”? Additionally, an effective approach to
addressing the slow kinetics of LiFePO, involves integrating it
with large contact area materials, such as graphene and carbon
nanotubes, to create a large contact area. This approach is
widely used to develop high-rate hybrid electrodes, aiming to
minimize the carbon content in the resulting materials.'>*"

2.1.2. Microwave Heating

Microwave processing achieves rapid, uniform heating in
ceramics at lower temperatures than traditional methods. It has
been successfully applied in novel sintering for various
materials.”” Microwave heating differs from conventional
methods, which heat materials externally internally; instead,
microwave heating occurs at the molecular level, ensuring a
uniform temperature distribution throughout the material.*
Furthermore, this approach demonstrates high repeatability
and eliminates the requirement for reducing gas. Cost-effective
carbon, characterized by fast heat production, is selected as the
microwave absorbent to ensure effective heat generation.
Carbon can also generate reduced gas, protect ferrous ions and
eliminate iron ions. Figure 2c provides a schematic representa-
tion of microwave heating.””” Carbon is a popular microwave
absorber due to its affordability and rapid heating properties,
forming a reductive atmosphere to protect Fe(ll) and prevent
impurities during LiFePO, powder production. While carbon is
the primary microwave absorber, other materials like Fe,
glucose, and yeast cells can improve heat generation efficiency
and influence particle size, Li diffusion coefficient, and capacity
loss, resulting in larger particle sizes and potential
impurities.252”

2.2. Wet Chemical Processing

Wet chemical preparation methods, such as hydrothermal/
solvothermal, sol-gel, or co-precipitation techniques, possess a
distinct advantage over solid-state reactions in achieving
enhanced homogeneity and thorough mixing of the initial
compounds at the molecular level.

ChemPhysChem 2024, e202400459 (5 of 27)

2.2.1. Hydrothermal (Solvothermal) Synthesis

A fast, simple, cost-effective, energy-efficient, and easily scalable
method for generating small particles is hydrothermal or
solvothermal synthesis. The synthesis of lithium iron phosphate
via hydrothermal methods was initially demonstrated by mixing
FeSO,, H;PO,, and LiOH in a molar ratio of 1:1:3. To prevent
the formation of Fe(OH),, which readily oxidizes to FeO(OH), the
FeSO, and H;PO, solution were initially combined. Then, LiOH
solution was added to the mixture, followed by hydrothermal
processing at 120°C for up to 5 h.®" Nevertheless, the resulting
lithium-iron phosphate phase did not exhibit a high capacity
due to the disorder in the arrangement of lithium and iron,
with iron occupying the lithium sites.®? The results showed that
iron prevents lithium from moving through the one-dimen-
sional channels in the structure. Hence, it is essential to ensure
that iron and lithium are correctly arranged. The problem was
fixed when carbonaceous materials were heated to 700°C for
the hydrothermal material.®*¥ During the study in 2003, the
researchers concluded that “hydrothermal synthesis is not a
feasible approach for lithium iron phosphate”®¥ however,
through subsequent modifications to the synthesis conditions,
Chen etal. identified optimal hydrothermal parameters for
producing electrochemically active LiFePO,** It was deter-
mined that a synthesis temperature exceeding 175°C is
necessary to reduce iron disorder and achieve proper lattice
parameters and volume. Additionally, reductants like ascorbic
acid or sugar prevent the formation of surface ferric films.*%*”
Chen et al. noted hydrothermal synthesis produces well-crystal-
lized material with micron-sized particles, typically a few
hundred nanometers thick, where the short dimension aligns
with the diffusion direction Figure 3.5

In 2005, Lee et al. found that LiFePO, formation in super-
critical water occurred within a narrow pH range under neutral
or slightly basic conditions, with pH minimally affecting particle
size or shape.® Moreover, they observed that smaller and more
uniform particles were obtained in supercritical water synthesis
compared to subcritical water.® In addition to batch hydro-
thermal synthesis, the continuous hydrothermal technique was
utilized to synthesize pure lithium iron phosphate nano-
particles; see Figure 4 d. Also, the water flow rate significantly
influences particle morphology, and continuous hydrothermal
synthesis yields smaller and more uniform particles than batch
synthesis.*” Water temperature significantly affects the hydro-
thermal synthesis process for LiFePO, powders, influencing their
reaction rate, ionization degree, particle size, and crystalline
structure. The structure and electrochemical properties are
notably influenced by water flow rate and precursor
concentrations.”” In addition, various carbon sources, such as
sugar, ascorbic acid, carbon, multi-walled carbon nanotubes
(MWCNTs), and the organic surfactant acetyl trimethyl
ammonium bromide (CTAB), serve as reducing agents during
calcination to prevent the oxidation of Fe(ll).*? Hydrothermal
synthesis conducted with an organic surfactant compound like
CTAB facilitated the production of lithium iron phosphate
powders with high surface areas and enhanced electrochemical
performance.”® CTAB pyrolysis produced a carbon layer on the

© 2024 The Authors. ChemPhysChem published by Wiley-VCH GmbH
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Figure 3. Schematic illustration of hydrothermal synthesis of LFP from iron sulfate.

particle surface, generating a reducing environment that
prevented Fe?* oxidation.

Additionally, hydrothermal synthesis is suitable for prepar-
ing metal-doped lithium iron phosphates.* It was revealed
that the rotation speed in the reactor significantly affects the
formation of secondary particles, as evidenced by Figure 4(a—c),
SEM images of samples prepared at various speeds. At 280 rpm,
primary particles take on an elongated spheroidal shape. This
non-spherical morphology, consistent at 360 rpm, is attributed
to the olivine structure’s geometry. Conversely, the sample
prepared at 1150 rpm exhibits a distinct morphology. The
findings suggest that stirring at 280 rpm is optimal for
producing powder that enhances electrochemical properties.*

LFP obtained from various iron precursors highlights the
substantial impact of precursor selection on the synthesized
material’'s morphology (Figure 5). Notably, iron oxalate resulted
in hierarchical self-assembled nanoplates, Fe(acac); led to the
formation of thick plates with aggregation and a spindle-like
morphology, and Fe(gluconate), produced microcrystals shaped
like diamonds.”®

2.2.2. Sol-Gel Method

Sol-gel processing of inorganic ceramic and glass materials,
dating back to the mid-1800s, is primarily motivated by its
potential for higher purity and homogeneity alongside lower
processing temperatures than traditional ceramic powder
methods.”” Sol-gel processing is driven by its potential for
higher purity, homogeneity, and lower processing temperatures

ChemPhysChem 2024, e202400459 (6 of 27)

compared to traditional solid-state methods. Precursors like
lithium acetate, iron (Il) acetate, lithium phosphate, iron (lll)
citrate, lithium oxalate, and iron (ll) oxalate are commonly used
in this method. Sol-gel processing enables precise manipulation
of material structure at the nanometer level, starting from the
early processing stages. Sols consist of colloidal particles
dispersed in a liquid, whereas colloids are solid particles ranging
from one to a hundred nanometers in diameter. Gels are
interconnected, rigid networks with submicrometer-sized pores
and polymeric chains. Gels encompass various combinations of
substances, classified into four categories: well-ordered lamellar
structures, covalent polymeric networks, polymer networks
formed through physical aggregation, and particular disordered
structures. The precursors are dissolved in appropriate solvents,
such as N,N-dimethylformamide,® water with ascorbic acid, or
citric acid,”>" as chelating agent, ethylene glycol, and
ethanol.®? Examples of combinations of lithium and iron
sources include Lithium acetate and iron (Il) acetate,“**? lithium
phosphate and iron citrate with phosphoric acid,®® lithium
oxalate and iron (ll) oxalate, lithium carbonate and iron (II)
oxalate.”"” The sols are converted into gels using standard
procedures, followed by heating at temperatures between 500-
700°C in either an inert gas like argon or nitrogen or in a
slightly reductive atmosphere containing 5-10% hydrogen in
argon/nitrogen.***? These temperatures are lower than those
required by the solid-state method, and typically, a one-step
heat treatment is adequate to produce phase pure LiFePO,.
Besides improving precursor mixing for lower temperature
synthesis compared to solid-state methods, the sol-gel method
offers the advantage of coating evolving LiFePO, particles with

© 2024 The Authors. ChemPhysChem published by Wiley-VCH GmbH
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Figure 4. SEM image (a—c) of LFP synthesized using continuous stirring hydrothermal method at 280, 360, and 1150 rpm speed. Copyright 2014 Elsevier.

Reproduced with permission from reference'*!

with permission from.“%!

carbon from solvents or precursor ligands.®" Composites

containing carbon and iron phosphides can also be produced
using an aqueous sol-gel method with ethylene glycol as a
carbon source and a N,+5vol% H, calcination atmosphere.
Citrate in gel preparation facilitates hierarchical pore formation
in the meso and macro ranges.®’” During high-temperature
treatment under inert or reducing atmospheres, decomposing
organics coat the LiFePO, crystals with an amorphous carbon
surface layer. However, the presence of carbon coating reduces
the density of LiFePO, thereby decreasing the reversible
capacity of the electrode with an increasing amount of carbon.
The heating rate during calcination significantly influences the
structure of LiFePO, powders. A slow heating rate tends to
produce a rougher and less porous structure. Conversely, a high
heating rate leads to a more porous structure, impacting the
electrochemical properties of the powders.*? In general, several
precursors and solvents are used in Sol-gel synthesis to produce
LiFePO, powders; the solvent used significantly impacts the
powder’s structure. Although organic solvents can also be
employed, water is the most often utilized solvent.*

ChemPhysChem 2024, e202400459 (7 of 27)

and (d) LFP synthesized in continuous hydrothermal synthesis at 573 K. Copyright 2007 Elsevier. Reproduced

2.2.3. Co-Precipitation

Like sol-gel, the co-precipitation method improves purity,
crystallization, and particle sizes at lower temps. Homogeneous
lithium iron phosphate is synthesized through aqueous co-
precipitation of Fe’™ precursor and subsequent heat treatment
in nitrogen.® Researchers have noticed that raising the temper-
ature of a solution containing Li*, Fe?*, and P°>" ions above
105°C while adjusting the pH to between 6 and 10 promotes
the formation of LiFePO, rather than a mixture of Li,PO, and
Fe;(PO,),. To elevate the solution temperature above that of
pure water, water-miscible boiling point elevation additives
such as ethylene glycol, diethylene glycol, or N-methyl
formamide are introduced. Once the solution reaches the
solvent’s boiling point, LiFePO, begins to precipitate. Subse-
quently, the obtained precipitate is calcined at 500°C in a
slightly reducing atmosphere.®™ The precipitation step in LiFe-
PO, synthesis forms the crystalline phase, reducing the required
thermal treatment time and temperature compared to ceramic
synthesis.

Additionally, LiFePO, can be synthesized via aqueous
precipitation of FePO,-H,0 followed by carbothermal reduction
of a mixture containing iron (lll) phosphate precipitate and
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Figure 5. Morphologies of LFP using hydrothermal synthesis prepared from (a,b) Fe(oxalate), (c,d) Fe(acac);, (e,f) Fe-PMIDA, and (g,h) Fe(gluconate),. Copyright
2010 Royal Society of Chemistry. Reproduced with permission from reference."*®!

lithium carbonate with carbon as the reducing agent.*® Nano-
crystalline LiFePO, with enhanced electrochemical performance
was synthesized through a two-stage process involving lith-
iation of FePO,xH,0 with oxalic acid followed by calcination at
500°C.*” LiFePO,/C composite was successfully produced via
sonochemical precipitation and calcination, where Li;PO, and
FeSO, in a PVA aqueous solution underwent sonochemical
treatment, followed by calcination at 600°C.*® As a result, both
calcination and synthesis times were reduced, yielding a
powder of LiFePO4 particles coated with carbon that exhibited

ChemPhysChem 2024, e202400459 (8 of 27)

significant discharge capacity with excellent retention.*® LiFe-
PO, nanoplates (< 50 nm thickness) synthesized via coprecipita-
tion in ethylene glycol at 180°C show rapid crystallization
within 20 min. Feeding sequence influences crystal growth,
allowing tuning of orientation and particle size.”¥ LiFePO,
polycrystalline material synthesized via an eco-friendly co-
precipitation method shows amorphous structure and stable
performance up to 800°C. The material exhibits electronic
suitability with a band gap of 4.1eV and evolving Li* ions
conductivity for potential electronic applications.*® Moreover,
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coprecipitation can be combined with other techniques to
produce LiFePO, powders with controlled structures and
functionalities.”” Improving the structure and functionality of
LiFePO, powders is achieved by incorporating carbon or metal
dopants, effectively addressing challenges such as poor elec-
tronic conductivity and low Li* diffusion rates. This synergistic
effect results in improved electrochemical reactivity and
enhanced overall performance in Li-ion batteries.?

2.2.4. Ultrasonic Spray Pyrolysis

Ultrasonic spray pyrolysis generates droplets efficiently, offering
simplicity, cost-effectiveness, and extensive surface coverage.
Despite challenges in small droplet removal, it delivers stable
coatings, versatility in precursor solutions, and overall cost-
effective applications. Moreover, the process is highly effective
in swiftly producing fine, clean, and well-crystallized ceramic
particles with controlled size distribution, ensuring high purity,
easy synthesis process control, and precise particle size
dispersion. Spray pyrolysis holds significance as a technique for
producing ultrafine powders, providing clear advantages in
both process control and material quality.® The previously
described characteristics make the spray pyrolysis process a
good option in academics to produce LiFePO, powders to
improve electrochemical performance.®*” The synthesis proc-
ess involves atomizing a precursor solution using an ultrasonic
nebulizer, with the sprayed droplets transported to the reactor
by gas. The reactor temperature varies from 400-600°C, and
the resulting powders undergo additional sintering at 600-
800°C temperatures. Spray pyrolysis with carbon sources can
produce LiFePO,/C powders with lower particle sizes, increasing
specific surface area. Carbon-coated three-dimensional porous
LiFePO, microspheres are made in a fast processing time (about
10 min) with improved electrochemical characteristics, consis-
tent shape, and 60 um size by the use of a supercritical and
spray-dry combination approach.® Kashi et al. employed table
sugar, citric acid, and sucrose as carbon precursors during
ultrasonic spray pyrolysis and calcination to synthesize LFP—C
samples. The addition of sucrose effectively prevents agglomer-
ation during calcination, leading to a higher carbon content.
Electrochemical experiments for Li-ion storage show inferior
performance in carbon-free and uncalcined samples. However,
samples containing 2.5 and 5.0 g of sucrose per 100 ml LFP
precursor solution demonstrate excellent results.*® Metal dop-
ants also ensure high tap density and short production time for
commercially viable electrode materials. Synthesized LiFeTMPO,
nanoparticles by spray pyrolysis, especially LiMn,;Fe,;PO,,
demonstrate improved electrochemical performance and higher
practical energy density for cost-effective and high-performance
battery materials.®

2.2.5. Other Methods for Synthesis

In addition to the mentioned techniques, the quest for
innovative and alternative methodologies continues. Freeze-

ChemPhysChem 2024, e202400459 (9 of 27)

drying represents one such approach. The LiFePO,/C composite
was synthesized using LiH,PO,, FeCsHsO;, and nitrogen-doped
carbon nanotubes. After mixing the raw materials and N-CNTs
in water, the suspension was frozen with liquid nitrogen and
dried in a vacuum freezer. The solidified precursor was heated
in a tubular furnace under a reducing atmosphere to form the
composite.

Similarly, pristine LiFePO, and LiFePO,/C composites were
prepared without N-CNTs or with regular CNTs.”® While solid-
state reaction is commonly used for commercial LiFePO,
production, alternative, more cost-effective synthesis methods
are being explored. However, both LiFePO, and FePO, phases
exhibit poor electronic conductivity due to singular Fe cation
oxidation states (2 or 37), and limited lithium-ion movement
in one-dimensional tunnels hampers achieving high energy
density. Defects and impurities further hinder performance,
particularly at high currents.

By offering insights into the optimal approach based on the
synthesis process and synthesis product, this research is
anticipated to positively affect the LiFePO, manufacturing
sector. Table 1 presents a comparative analysis of many
techniques.

3. Recycling Processes
3.1. General

The recycling process for LiFePO, batteries encompasses several
essential steps, including battery collection, disassembly, crush-
ing, component separation, metal recovery, and the environ-
mentally friendly disposal of non-metallic materials. By follow-
ing these processes, recycling LiFePO, batteries brings notable
benefits like decreasing the need for raw materials, preserving
energy, and reducing greenhouse gas emissions linked to
battery production.

After collection, the batteries undergo crushing to create
small fragments, followed by component separation using
magnetic separation, sieving, and chemical processes. The
recovered metals, like lithium, iron, copper, and aluminum,
undergo further processing to obtain high-purity materials
suitable for reuse. Meanwhile, non-metallic items such as
plastics, papers, and electrolytes are disposed of properly to
safeguard the environment.

Figure 6 describes the recycling processes for used LiFePO,
batteries. After being retired from an electric vehicle, the used
battery undergoes capacity detection and pre-discharging to
ensure safety. It is then broken down into separate anode
plates, cathode plates, and other parts for treatment. The
cathode plates are cleaned and dried to produce aluminum foils
and LiFePO, powders. These powders are further processed
through ball-milling and spray drying after being annealed to
remove impurities and tested for element content.®” Following
the initial pretreatment, active materials in spent LiFePO,
batteries are separated using chemical and physical methods
like thermal treatment, alkaline leaching, or organic solvent.
Thermal processes sort materials based on their melting points,
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Table 1. A comparative analysis of the LiFePO, synthesis methods.
Method Materials & Experiment condi- Advantages Results Discharge Ref
concentration tion Capacity
Microwave - Li,CO; (99 %) 5-20 min in *Short reaction time *High electrochemical capacity 125 mAh/g 129
heating - NH,H,PO, 2.45 GHz, with a *Microwave heating and good cycle ability at 10 mA/g
(99 %) power level of is a promising method. * The discharge capacity and 60°C
- Fe(CH;C00), 500 W ~125 mAh/g
(95 %)
Solid-state - o-Fe,0;, -700°C for 3 h * Smaller particles size for LiFe- * A better electrochemical per- 138 mAh/g e
- LiOH-H,0 without PO, prepared from NH,H,PO, to formance in the sample pre- at 0.2C
- NH,2HPO, nitrogen gas flow that prepared from (NH,),HPO, pared from NH,H,PO, and 25°C
-5wt% glu-
cose and
40 wt % oxalic
acid
Carbothermal - FePO,-4H,0 - FePO, and LiOH * one-step reaction * Discharge capacity of 160 160 mAh/g 120
reduction - LiOH-H,0 ball-milled for 2 h * Suitable for mass production mAh/g at 0.1Cin 30°C. at0.1C
- Polypropy- - 36.8 g of PP per of LiFePO,/C and 30°C
lene (PP) mole FePO, at
650°C for 10 h
Solid-state re- - LiOH-H,0 calcined at 700°C * Produce particle ranges from * Active ingredient LiFePO, syn- 154 mAh/g 1)
action - Fe,0; for 2 h and sintered micrometers to nanometers thesized without carbon coat- at 0.2C
- H;PO, at 900°C for 6 h. * Produce single or multi com- ing and 25°C
ponent particles * The final phase of LiFePO, has
* Suitable for industrial applica- a space group Pnma, indicating
tion an olivine structure.
Carbothermal - FePO, - Calcined at 350°C * Controlled morphology for * Spherical particle morphology 164.8 mAh/ 72
reduction - Li,CO; for 5 h under N, LiFePO,/C improves tap density and high- gat0.1C
- Sucrose atmosphere. * Understanding how small par- rate performance and 25°C
- Took out the sam- ticles fill voids formed by large * Tap density: 1.3649 gcm™®
ple and ground it. particles, improving tap density and specific capacity of
- Calcined again at * Improved tap density and 94.85 mAh/g at 5C.
750°C for 10 h specific capacity
under N, flow.
- 15 mmol -10hin 180°C for *Using low temperature *Uniform synthesis of nanorod 73
Solvothermal LiOH.H,O heat treatment *No other impurities LiFePO4 via solvothermal proc- 167 mAh/g
- 5.5 mmol -3 hin 550°C for esses at0.2C
H,PO, carbonization *Good rate and cycle perform- and 25°C
-5 mmol ance at room temperature
FeSO,.7H,0
- Sucrose for
carbonization
Hydrothermal - FeSO,7H,0 - Sonication process * Reducing energy consumption * Sonication improved cathode 125 mAh/g 74
- H;PO, (85 %) in 30 min * Inexpensive, reducing overall performance. at0.1C
- LiOH (98 %) - Heating in auto- production costs * Smaller particles in the raw and 25°C
- ethylene gly- clave at 180°C for * Uniform particle size distribu- material mixture led to more
col 24 h. filter, dry. tion, enhancing product quality uniform growth of LFP crystals.
with a molar - Heating at 600°C
ratio of for 6 h.
3:1:1:1/3.
Sol-gel Stoichiometric - Dissolved in * Ideal for large-scale produc- * LFP particles obtained range 159 mAh/g sl
amounts of: ethanol and evapo- tion of LiFePO4 particles with between 50 and 100 nm. at0.2C
- LiCH,COO rate at 90°C for 4 h. high rate retention and capabil- * LFP cells exhibit an initial and 25°C
- Fe(CH;COO0), dry. ity. discharge capacity of
- H;PO, - Calcined at 400°C * Low calcination temperature, > 150 mAh/g at 50°C.
- CeH1004 for 1.5 h. high yield, and excellent cycle * No capacity fading at ambient
- Adipic acid - Calcined again at characterization temperature for up to 100
650-700°C for cycles.
2.5h.
Sol-gel - C6H807 - Sonication for 2 h * Use of tissue paper as a * Single-phase of orthorhombic re)
(1.455 g) in 10 ml H,0. template olivine structured LFP.
- FeC6H507 - Add tissue * Sol-gel process for microstruc- * Authenticated formation of 115 mAh/g
(1.106 g) paper and stirred at ture synthesis 1D LiFePO4 microstructures and at0.1C
- Li3PO4 60 °C until gel. * Tape-casting process for LiFe- particle clusters.
(161.4 mq), - Gel dried and cal- PO4-MWCNT sheets * Enhanced LiFePO4-MWCNT
- NH,H,PO, cinates at 600, 700, electrochemistry.
(345 mg) 800°C.
- Ttissue paper
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Table 1. continued

- Heated in a tubu-
lar furnace at
650°C under a re-
ducing atmosphere
(H,/Ar, 10/90) for
10 h.

Method Materials & Experiment condi- Advantages Results Discharge Ref
concentration tion Capacity
MWCNT
(100 mg)
Co-precipita- - Fe(NO;), - Co-precipitated * Inexpensive precursors used. * Homogeneous synthesis of 154 mAh/g 7
tion - LiNO, powder dispersed * Only water vapor produced, pure olivine LiFePO4. at0.2C
- (NH,),HPO, in sugar solution, making the process environ- * Excellent stability and 25°C
- ascorbic acid then dry and heat. mentally friendly * Conductivity of LFP/C compo-
- ammonia - Calcined at 350°C * LiFePO4 powder well distrib- site increased due to carbon
- Sugar (20 wt for 10 h. uted, avoiding agglomeration scaffold.
% of LFP) - Sintered at 600°C
for 16 h in nitrogen
flow.
Co-precipita- - Fe(NO;), - Hydrothermal * Innovative High Mixing Con- * Di-hydrous FePO, with micro- 162 mAh/g 8l
tion (1 M) mixed continuous tinuous Rotating Reactor spherical particles composed of at0.1C
-H,0, (1 M) at 3000 rpm. (HMCRR) Technology. uniform nanoplates with excel- and 25°C
- (NH,),HPO, - Precipitates * LiFePO,/C with mesoporous lent crystallinity.
(1 M) from the outlet to structure, larger specific surface * High-rate capacity with dis-
- Li,CO, batch reactor at area, and more uniform mor- charge capacity at 10C reaching
- Citric acid 300 rpm for 3 h. phology composed of nano pri- around 125.4 mAhg™".
- Anhydrous FePO,, mary particles compared to tra- * Enhanced properties of FePO,
Li,CO;, and citric ditional methods. inherited by LiFePO,/C pre-
acid mixed and cal- pared by HMCRR, showing im-
cined at 650°C for proved cycling stability and
10 h. outstanding high-rate capacity.
Ultrasonic - LiH,PO, - Dissolved in * Convenient home-made spray * Memory effect enhanced from 161 mAh/g 9l
Spray Drying (0.036 mol) 50 mL deionized drying equipment. 1.3 mV-2.9 mV as spray drying at0.1C
Method - FeCl, water and then us- * Spray drying temperature sig- temperature increased.
(0.036 mol) ing ultrasonic nificantly impacted memory ef- * Defect of Li-Fe anti-site
- LiOH atomizer. fect and specific capacity of blocked some [010] channels of
(0.00108 mol) - Tube furnace at electrode materials. LiFePO4 structure, causing re-
-HCI (15 ml 200°C-350°C. tardation of Li-ion migration.
37 %) - Spray dried LFP * Specific capacity reduced
- Sucrose powder for 1 h. from 161 mAh/g-151 mAh/g as
(0.85188 g) - Tube furnace at spray temperature increased.
650°C for 8 h.
Freeze-drying Stoichiometric - Dissolved in * Effective synthesis process us- * Specific capacity value of 146 mAh/g 1601
amounts 25 mL water and ing freeze-drying method. 164 mAhg™' obtained at C/40 at0.1C
(1072 mol) of frozen drop-by- * Homogeneous carbon covered rate. and 25°C
LFP: drop under liquid LiFePO, sample. * The capacity retention study
- CH0,.H,0 N,. showed very promising results,
- FeC,HsO, - Freeze-dried for with more than 97 % retention
- LiOH.H,O 48 h in Telstar Lab after 50 cycles.
- NH,.H,PO, Freeze-Dryer. * Good reversibility of the mate-
(1:1:1:1) - Calcined twice: rial demonstrated by cyclic vol-
350°C and 600°. tammetry.
Freeze-drying Stoichiometric - Dissolved in * Three-dimensional porous * Uniform dispersion of nitro- 159 mAh/g ol
amounts 20 mL water while LiFePO4 modified with uni- gen-doped carbon nanotubes at0.1C
(1072 mol) of stirring. formly dispersed nitrogen- inside the porous LiFePO,. and 25°C
LFP: - Instant freezing of doped carbon nanotubes. * Excellent electrochemical per-
- LiH2PO4 the suspension * Superior three-dimensional formance in terms of charge/
- FeC6H507 under liquid N, conductive network enhancing discharge tests, and electro-
- N-doped Car- - drying at —55°C electronic conductivity and ac- chemical impedance spectro-
bon Nano- in a vacuum freezer celerating lithium-ion diffusion. scopy.
tubes for 48 h.

while the chemical method involves dissolving aluminum foil in
an alkali solution to obtain LiFePO,, collected through filtration.

Recycling of LiFePO, batteries involves three main approaches:

ChemPhysChem 2024, e202400459 (11 of 27)

[82]

recovering valuable metals, regenerating and utilizing LiFePO,,
and preparing lithium ferrite.
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Figure 6. The recycling and repair processes for spent LFP. Copyright 2019 Elsevier. Reproduced with permission from reference.t"

3.2. Recycling Strategies of Spent LiFePO, Batteries

Pyrometallurgy and hydrometallurgy are commonly employed
methods for recycling used batteries. Pyrometallurgy involves
subjecting used lithium-ion batteries (LIBs) to high temper-
atures, leading to their physical breakdown. By adjusting the
molar ratio and subsequently recrystallizing and renewing the
constituent parts, valuable metals and components within the
spent LIBs can be recovered. On the other hand, the hydro-
metallurgical process focuses on the recovery of individual
metals like lithium (Li), cobalt (Co), manganese (Mn), nickel (Ni),
and iron (Fe) from old LIBs. This process begins by digesting the
used batteries in an appropriate solvent, such as acid, alkaline,
or natural organic acid, effectively dissolving the metallic
elements in the batteries.®*"

ChemPhysChem 2024, e202400459 (12 of 27)

3.2.1. Pyrometallurgy

This approach involves subjecting the material’s metal oxides to
high temperatures in a furnace to create an alloy using smelting
and calcination. The pyrometallurgical technique effectively
removes the separator, electrolyte, and binder from the battery
through evaporation. The success of the process depends on
various factors such as reaction time, temperature, and the type
of purge gas used, which can impact the efficiency of metal
recovery and may lead to the emission of hazardous gases. An
optimal temperature is carefully selected to burn off organic
compounds and polymers without causing undesirable phase
changes. Despite some loss of components, the pyrometallurgy
process is relatively safe and energy-efficient, thanks to the
occurrence of exothermic reactions. Furthermore, this method
requires minimal pretreatment and is well-suited for batteries
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that must be sorted appropriately.®™ The widely used techni-
ques for treating batteries include smelting, roasting/calcina-
tion, and pyrolysis. Additionally, there are ongoing studies on
microwave-assisted carbothermic reduction and salt-assisted
roasting. These methods are being explored for their effective-
ness in battery recycling and waste management.®

Spent batteries are heated to temperatures as high as
1400 °C during the smelting process, which is higher than the
melting point of metals and oxides. This leads to the creation of
slag and molten alloys. For example, this method successfully
recovered cathode materials like LCO, LFP, LMO, and NCM811.
Co, Cu, Ni, Fe, and P were efficiently recovered as alloys, while
Li and Mn were transformed into chloride and stored in the
dust using CaCl,. The process achieved high Co, Cu, Ni, Fe, and
P recovery within 80 min at 1450°C.®*” In a pyrometallurgical
procedure created by Umicore, the spent LIBs were melted
without prior preparation in a shaft furnace. An alloy made of
Co, Cu, Ni, and Fe was created as a result of the method.
However, lithium, manganese, and aluminum were lost in the
slag without any attempt at recovery. Using chlorination
roasting makes it possible to extract lithium from the slag.®®

The roasting technique is performed at temperatures below
the melting point, primarily aiming to reduce metals to a lower
valence stage. An illustrative roasting technique is carbothermal
reduction (CTR), in which reductant carbonaceous materials are
mixed with the cathode material and subjected to elevated
temperatures, typically ranging from 650-1000°C.%¥ In salt-
assisted roasting, the separation of Li and LiFePO, was done by
sodium sulfate-assisted roasting. After roasting, LFP transformed
into iron compounds (Fe,0; and FePO,) and water-soluble
LiNaSO,. Soaking the roasted material in water allowed solid-
liquid separation, yielding Li;PO, and FePO,® The principal
outcomes of both smelting and roasting methods encompass
the production of metal alloys, slag, gases, and precursor
materials that can be utilized in subsequent hydrometallurgical
processes.

Pyrolysis is heating metal-containing materials at high
temperatures without oxygen, leading to decomposition and
producing toxic gases. Vacuum pyrolysis, as an alternative
approach, can prevent the release of harmful gases into the
environment, but this technique consumes energy and neces-
sitates expensive equipment.”” The Umicore process consumes
5000 MJ energy per ton of processed batteries.®®

In the pyrometallurgical treatment of spent LIBs, the typical
recovery rates for Li, Fe, and P can vary based on the specific
process used. For instance, one study reported recovery rates of
approximately 98.93% for lithium using atmosphere-assisted
roasting.”” Zhang et al. studied the recycling of LFP batteries
using a sodium salt-assisted roasting method with two different
sodium salts: Na,CO; and NaOH. Na,CO, was used to break
down LFP, into iron and lithium salts. These were then
separated by magnetic separation, achieving a 99.2% lithium
recovery rate. In the second approach, NaOH oxidized LFP into
different compounds, resulting in a 92.7 % lithium recovery rate
after magnetic separation.® Li et al. used NaOH to oxidize Fe
(Il) in LFP at 150°C, breaking down its structure and releasing Li
and Fe. Magnetic separation yielded Fe;O, and a lithium
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recovery of 96%.” A pyrometallurgical recycling process was
tested using two reactor designs for recovering LFP with Al,O,
and MgO crucibles. In the Al,O; crucible, lithium recovery was
68.4%, and phosphorus recovery was 64.5%. In the MgO
crucible, phosphorus removal was 64%, and lithium removal
was 68 %.Y

However, pyrometallurgical processes are not advised due
to their high energy consumption, gas emissions, loss of lithium
during recycling, and strict requirements for specialist treatment
equipment.”” Hence, pyrometallurgy is not considered effective
for recycling LFP batteries.

3.2.2. Hydrometallurgy

Hydrometallurgy is essential for metal recycling and extraction,
providing a more sustainable and efficient alternative to tradi-
tional pyrometallurgical methods.®® Hydrometallurgy is used to
extract metals from ores or waste materials using liquid
solutions. It involves dissolving metals in a liquid, separating
and recovering the desired metals from the solution. Compared
to pyrometallurgy, hydrometallurgy has lower energy consump-
tion, reduces greenhouse gas emissions, and allows for the
extraction of specific metals with greater efficiency.”” These
techniques can be combined and adapted based on the
application, metal recovery goals, and environmental
considerations.”® Li*, Fe** or Fe*" solutions are acquired by
leaching materials with inorganic and organic acids or oxidation
reagents. It is possible to use appropriate acids along with
oxidizing agents like H,SO;, NH,OH, and H,O, during the
leaching process. Employing supporting agents during leaching
can achieve more effective recovery of metal ions from spent
LFP materials.® There are two forms of leaching utilized for
metal recovery: nonselective and selective recovery leaching. Li
is recovered from the leaching solution in the selective recovery
approach, and FePO, is obtained as a leaching residue. In
contrast, the nonselective strategy recovers the cathode into
the leach solution, including Li, Fe, and PO,.*”

3.2.2.1. Inorganic Acid Leaching

The cost-effectiveness and wide availability of H,SO, make it
stand out among mineral acids. It has also performed well in a
variety of industrial applications. The selective one-step acidic
extraction of lithium (Li) from the Li-Fe—P framework can be
represented by the following reaction:

2LiFePO, (s) + H,SO, (aq) + H,0, (aq) —
Li,SO, (aq) + 2FePO, (s) + 2H,0 (aq)

LiFePO, and Al in Al-bearing used LFP cathode powder
recycled using H,SO, leaching. The results demonstrated
leaching efficiencies of 91.53% for LFP and 15.98 % for Al under
ideal conditions. Furthermore, lowering the leaching temper-
ature effectively reduced Al dissolution during the acid leaching
of the used LFP cathode material’® During the leaching
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process, oxidizing agents like H,0,, H,SO;, and NH,OH can result
in more efficient recovery of metal ions from spent LFP
materials. For example, by employing stoichiometric H,SO, and
H,O,, Li can be selectively leached into the solution, while Fe
and P are retained in the leaching residue as FePO,. Under the
optimized conditions, the leaching rate for Li was 96.85%. The
recovered Li is precipitated as Li;PO, using Na;PO,, and the
FePO, in the leaching residue is directly recovered through a
burning process."® Another study examines an optimized
process for recovering LiFePO, from spent lithium-ion batteries
using various surfactants (CTAB, SDS, and PEG) on recovered
FePO,.2H,0. This approach achieves 98 % iron and 97 % lithium
leaching when the mixture is dissolved in 2.5 M sulfuric acid."*?

Li, Fe, Al, and Cu can be recovered substantially from used
LFP cathode material using the acid-alkaline leaching method,
resulting in a high retrieval rate. The approach involves three
fundamental steps: thermal pretreatment, acid leaching, alka-
line leaching, and precipitation. In the first step, the spent LFP
cathode powder is heated at 600°C for four hours, utilizing an
H,SO,-based acid to separate Al, Fe, and Cu. In the second step,
the leaching residue undergoes alkaline-based leaching to
recover Li as LiH,PO, through chemical precipitation. The entire
procedure is depicted in the provided Figure 7a."% To mitigate
the detrimental effects of high-concentration H,SO,, researchers
developed a high-temperature activation process to stabilize
the LFP olivine structures, followed by low-concentration acid
leaching for metal recovery. This effective method efficiently
removes impurities and oxidizes the LFP, resulting in a
successful and environmentally friendly battery recycling
process."™ The process achieves high leaching rates of Li, Fe,
and P, with approximately 85.56% Li and 99.58% Fe being
successfully recovered as Li;PO, and FePO,, offering a simple,
efficient, and industrially feasible approach for battery recycling.

Indeed, besides sulfuric acid, other acids can be used to
recycle LiFePO, batteries. Researchers have explored leaching
using other acids, such as phosphoric acid (H;PO,). In a
moderate approach, LFP has dissolved in 0.88 M H;PO, at
temperatures of 80°C, followed by filtration to eliminate
undissolved components. Subsequently, the resulting solution
underwent reflux to yield FePO,2H,0O precipitate. After thor-
ough washing with distilled water and ethanol, the residue was
dried at 80°C, achieving a notable leaching efficiency of Li
recovery of 99%. Also, nearly all the iron is formed into
FePO,.2H,0 residue.!"*”

Inorganic acids are preferred in hydrometallurgical proc-
esses for cost-effectiveness and rapid leaching rate in extracting
Li from LFP batteries. However, wastewater management and
toxicity concerns must be addressed. Optimization should focus
on minimizing acid concentration, reducing chemical consump-
tion, and enhancing Li product purity and reuse value,
considering the low economic value of LFP cathode material.

3.2.2.2. Organic Acid Leaching

Due to the potential risks and environmental impacts associ-
ated with using inorganic acids, mild organic acids such as

ChemPhysChem 2024, e202400459 (14 of 27)

Oxalic acid, citric acid, aspartic acid, acetic acid, and formic acid
are used as leaching reagents instead of inorganic acids. For
example, Formic acid has been employed as the solvent and
H,0O, as an oxidant in a selective leaching process for Li recovery
from LiFePO, spent."® Figure 7b depicts the developed process
for recovering lithium phosphate from the spent cathode
powder of LiFePO, batteries. The resulting product, Li;PO,, with
a purity greater than 99%, was precipitated in situ by directly
adding a saturated solution of Na;PO,. When oxalic acid leaches
the LFP material, it does not promote Fe’" oxidation but
precipitates FeC,0,. Conversely, other potential products such
as Li,C,0,, Li;PO,, and Fe;(PO,), demonstrate solubility in acidic
environments. The proposed reaction can be represented as
follows™:

12LiFePO, + 6H,C,0,.2H,0 — 3Li,G,0, + 3FeC,0,
+ 4H,PO, + 3Fe,(PO,), + 2Li(PO,) + 12 H,0

The researchers attained an impressive Li leaching efficiency
of 98% by employing 0.3 M oxalic acid at 80°C for 60 min, with
a solid/liquid ratio of 60 g/L. Using oxalic acid as a leaching
agent, it can efficiently precipitate approximately 92% of the
iron content as FeC,0,.2H,0 from LiFePO,."*” Another advant-
age of using oxalic acid as a leaching agent is that it does not
generate any secondary pollutants, making it environmentally
friendly and efficient."® An eco-friendly and cost-effective
process was developed using acetic acid as the leaching agent
to selectively recover valuable metals from spent LiFePO,
batteries. With optimized parameters, lithium leaching achieved
an efficiency of over 95.05% and a selectivity of approximately
94.08%. The resulting Li,CO; had a high purity of 99.95 wt %,
meeting battery-grade standards. The process is economically
viable and incorporates green chemistry principles, offering a
sustainable solution for recycling spent LiFePO, batteries.!*”

Generally, lithium may be selectively extracted using
organic acids, but large-scale recycling is not practical due to
their cost. A thorough investigation of risk-free alternatives to
organic acid leachates is crucial in creating an effective,
financially feasible procedure.

3.2.2.3. Oxidation Leaching

Oxidation leaching is a hydrometallurgical process involving
oxidizing agents to dissolve metals from ores or materials,
allowing for metal recovery and extraction. For instance, sodium
persulfate (Na,S,0g) can also be used to efficiently oxidize
LiFePO, to FePO, and cause lithium extraction from the cathode
without acid or alkali."'® It is shown that Na,5,0; as an oxidant
can facilitate the recycling of lithium from used LiFePO,
batteries. This method allows for efficient leaching of over 99%
lithium from the cathode without the use of acid or alkali. The
process maintains the olivine crystal structure of the raw
material, as shown in Figure 7c, and the resulting Li,CO,
product is of high purity (> 99 %).

In addition to sodium persulfate, another used and effective
oxidant for handling spent LiFePO, batteries is H,0,. It acts as a
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powerful oxidant, breaking down into oxygen and water
without introducing any impurities.""" However, the consider-
able costs and expenses associated with treating secondary
waste present practical and feasibility challenges when consid-
ering the implementation of these methods on an industrial
scale. To address these issues, another study investigates air
oxidation-water leaching as a cheap and eco-friendly alternative
for selectively extracting lithium from the spent LFP cathode
material. The research achieves high leaching efficiency of
lithium and effective separation of lithium and iron, showcasing
a clean and efficient technology for recycling spent LFP
batteries, aligning with the principles of green chemistry."'?

3.2.2.4. Bioleaching

Metal extraction from LIBs through bioleaching is an environ-
mentally friendly process. It operates under ambient conditions,
requiring less energy, resulting in fewer greenhouse gas
emissions, lower operational costs, and reduced contamination
and processing hazards compared to conventional pyrometal-
lurgical and hydrometallurgical methods."'® Currently, a study
successfully used Thiobacillus thioparus bacterium for efficient
and eco-friendly leaching of lithium from LFP battery cathodes,
achieving high recovery rates of 65-98 %. The recovered lithium
was transformed into Li;PO, and reused as a culture medium,

offering a sustainable solution for selectively reclaiming critical
metals in battery production. Future research should focus on
reducing reaction time, enhancing metal recovery at higher
density, and exploring different bacterial strains to minimize
acid consumption and waste treatment challenges."'

Although the bioleaching method is energy-efficient and
environmentally friendly, it has not been widely adopted due to
problems with long cultivation times, slow process kinetics, low
solid-to-liquid ratios, and metal toxicity. These issues call for
advancements in metabolite production, microorganism metal
tolerance, nutrient cultivation, and process kinetics."™” Table 2
displays the research findings on different leaching agents,
optimal conditions, and the efficacy of Li leaching.

3.3. Direct Regeneration

Direct regeneration is a non-destructive method for recycling
spent LFP cathodes, restoring their composition and structure
without damage. It substantially cuts recovery costs versus
traditional methods and surpasses other recycling technologies
in energy efficiency, emissions, and revenues. It demonstrates
technical superiority and promises widespread adoption.!'**'!
Various methods have been documented for the direct
regeneration of depleted LFP cathodes. These methods include
hydrothermal relithiation, molten salt repair, solid-state sinter-

Table 2. Metal recovery from spent LFP batteries using the hydrometallurgy method.
Leaching Solvent Leaching Condition Resultant (Recov- Resultant (Recov- Efficiency (%) Ref
system Solvent Temp (°C), Time Additive ered Li) ered Fe) Li Fe
conc. (M) (min)
Inorganic H,S0, 25 60, 240 - Li,CO,4 FePO, 97.2 985 (02
acid H,50, 2.0 70,120 - Li;PO, FePO, 977 933 e
H,S0, 0.3 60, 120 H,0, Li,PO, FePO, 969 003 bov
(2.2 vol%)
H,PO, 0.8 40, 40 H,0, (4 vol Li,PO, FePO, 976 112 07
%)
HCl 20 wt% 60, 120 H,0, (20 wt Li;PO, FeCl, 922 917 @
%)
Organic Oxalic acid 0.3 80, 60 - Li,C,0, FeC,0, 98 92 non
acid Acetic acid 08 50, 60 H,0, (6vol  Li,CO, FePO, 951 941 1
%)
Formic acid 1 30, 30 H,0, (5 vol Li;PO, FePO, 99.5 0.5 108l
%)
Methyl 4 25,90 H,0, (18%)  Li* Fe’! 94 95 )
Sulfonic
Oxidant Na,S,04 - 25,20 - Li,CO;4 FePO, >99 005 MO
H,0, 2.7 25, 240 - Li,CO, FePO, 954 - n20
(NH,),5,05 - 40, 60 - Li,SO, FePO, 99 - v2n
Fe,(SO,); NaCl - 60, 30 H,0, Li,CO, FePO, 95 0.1 0221
(0.6 mol/g)
air 600 mL/min 25,300 - Li,CO, FePO, 993 002 U@
Bioleaching  T.thioparus, - 700, 30-60 days - Li;PO, FePO, 98 - ma
bacteria
Lemon Juice 100% juice 25, 60 H,0, (6 vol Li,CO, FePO, 94.8 405 0
%)

ChemPhysChem 2024, e202400459 (16 of 27)

© 2024 The Authors. ChemPhysChem published by Wiley-VCH GmbH

85UB01 SUOWIWOD SA1E81D 3 [deotdde au Aq peusenob a1e sejoie YO ‘8sn JO S9Nl 1oy Alq18UIUO AS]IA LD (SUOTHPUOD-PUE-SLLIBYW0 A8 | 1M Afe.d joul[U0//:SdnLy) SUONIPUOD Pue SWB | 81 8eS " [1Z0z/TT/2T] uo AriqiTauluo Ao ‘AriqiTelAxsensr 10 AisieAun Ag 65001202 24do/Z00T OT/I0pwW00 A8 | Ate.q 1 pul|uoado.ne-Alis iweyoy/sdny woly papeojumod ‘0 ‘Tv9L65vT



Review
ChemPhysChem

doi.org/10.1002/cphc.202400459

Chemistry
Europe

European Chemical
Societies Publishing

ing, and electrochemical treatment. Hydrothermal relithiation is
a process used to reinsert lithium ions into spent lithium-ion
battery cathodes. Low-temperature hydrothermal relithiation is
a specific method that achieves this at temperatures at or
below 100°C, with the help of redox mediators like green
additives to improve the process efficiency.™ Xu etal.
introduced a clean hydrothermal relithiation process, involving
combining low-temperature aqueous solution relithiation with
rapid post-annealing. Through this method, they successfully
demonstrated the direct regeneration to heal the structural
defects of the spent LiFePO, cathode.'"” A one-step hydro-
thermal method was employed to regenerate spent LiFePO,
cathode material directly, utilizing Hydrazine as an electron
donor and reductant, enhancing electrochemical
performance.'® A green hydrothermal technique is proposed
for the direct regeneration of spent LiFePO,. The study
investigates the effects of hydrothermal conditions on product
performance, finding that controlling these conditions facili-
tates lithium supplementation and enhances electrochemical
performance. Under 200°C for 3 h (Figure 8a), the regenerated
LFP shows optimal electrochemical performance, demonstrat-
ing the potential of this green and efficient method for lithium-
rich lithium-based products.'”™ Yang etal. present a green
hydrothermal relithiation technique using Li,SO, solution as the
lithium source and Na,SO; as a reductant to directly regenerate
spent LFP. The impacts of hydrothermal temperature, Li

concentration, and reductant dose during LFP regeneration are
carefully investigated in this work.*® Following hydrothermal
regeneration, the particle size distribution (Figure 8b) exhibited
a narrow and high peak attributed to the dispersion of LFP
particles in the liquid phase."

Molten salt offers superior ionic concentration and diffusion
rates compared to aqueous solutions. Li-based eutectic molten
salts serve as both lithium sources and liquid mediums for
reacting with transition metal precursors, facilitating the syn-
thesis of high-performance active materials under ambient
pressure.™ Nitrate molten salt systems are suitable for low-
temperature lithium supplementation regeneration with layered
cathode materials such as LCO and NCM. However, this system
is not appropriate for regenerating LFP because nitrate salts,
being highly oxidative, tend to oxidize Fe’* to Fe**[™? To
address this issue, low-temperature lithium nitrate molten salt
along with a carbon reductive environment. By increasing the
temperature to 300°C, the melted lithium nitrate ensures close
contact between lithium ions and the surface of spent LFP
particles, compensating for lost lithium. This approach effec-
tively capitalizes on the low melting point benefit of nitrate."*”
Ji etal. used a multifunctional organic lithium salt (3,4-
dihydroxybenzonitrile dilithium) to restore the spent LiFePO,
cathode by direct regeneration. This interaction helps fill
vacancies and creates a reducing environment, preventing the
formation of Fe(lll) phases. Furthermore, when the salt under-
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Figure 8. (a) Regeneration of spent LFP cathode. Copyright 2022 Elsevier. Reproduced with permission from reference,

2% (b) Schematic illustration of the

hydrothermal regeneration mechanism and particle size distribution of spent LFP and regenerated LFP. Copyright 2023 Elsevier. Reproduced with permission
from reference,*” (c) the process of resynthesizing LiFePO,/C material. Copyright 2019 Elsevier. Reproduced with permission from reference,"*” and (d)
schematic description of Li recovery by electrochemical techniques. Copyright 2023 Elsevier. Reproduced with permission from reference.™”
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goes pyrolysis, it forms an amorphous conductive carbon layer.
This layer improves the transfer of lithium ions and electrons,
thereby enhancing the performance of the cathode. A rapid
ammonium sulfate (NH,),S0, salt is proposed for extracting
lithium and recycling FePO, from commercial LiFePO, cathode
materials. Compared with the traditional hydrometallurgy
recovery process, this method achieves fast delithiation of
LiFePO, within 5 min at 300°C and converts LiFePO, to FePO, in
an air atmosphere. As for regenerating methods, solid-state
sintering stands out as a universal technique and has proven to
be effective in restoring the capacity of degraded cathodes.!*
For example, a green solid route is introduced to resynthesize
LiFePO,/C materials from spent lithium-ion batteries, to recycle
valuable resources and reduce environmental pollution.” As
illustrated in Figure 8¢, the cathodes were crushed, dried, and
heated to remove the binder and separate the cathode powder.
Subsequent processes involved sintering, mixing with scrap
powder containing sucrose and Li,CO;, pressing into tablets,
and heating to resynthesize the LiFePO,/C materials with
varying Li,CO; addition amounts."® A solid-state method is
currently reported for regenerating spent LiFePO,, involving
powder homogenization followed by thoroughly mixing a
lithium source and a carbon source via spray drying. Sub-
sequently, carbon-coated lithium iron phosphate is regenerated
using a high-temperature solid-phase method. The regenerated
LiFePO,@C demonstrates restored lattice structure, uniform
surface carbon coating, and excellent electrochemical
properties."*® For direct recycling, scrap cathode materials with
a pristine structure can be regenerated through electrochemical
processes. A proposed relithiation method utilizes a three-
electrode system involving the intercalation of lithium ions into
scrapped LFP within an aqueous solution system. This process
employs an H-type electrolytic bath configuration with an
anion-exchange membrane, a zinc plate as the anode, scrapped
LFP suspension as the cathode, and a lithium salt aqueous
solution as the electrolyte, ultimately leading to LFP regener-
ation through a discharging process."® In addition, an electro-
chemical approach is employed for the selective recovery of
lithium from spent LiFePO, through anodic electrolysis (Fig-
ure 8 d). Optimized conditions result in high leaching rates for
Li (96.31%), while minimizing leaching of Fe (0.06%) and P
(0.62%), with an exceptional Li/Fe selectivity exceeding
99.9%.% The main reactions during electrolysis are as follows:

Anodic reaction : LiFePO, 4+ e~ — Li* + FePO,

Cathodic reaction : 2H* + 2e~ — H,(g)

Overall reaction : 2LiFePO, + 2H+ —
2Li+ + 2FePO, + H,(9)

3.4. New Progress in the Recycling of LiFePO,

When discussing metal separation units, eco-friendly and
sustainable recovery methods are consistently considered to

ChemPhysChem 2024, e202400459 (18 of 27)

have higher research value and significance. As a response,
researchers have been exploring innovative approaches for the
green recovery and reuse of LFP cathode materials. These
methods aim to achieve efficient metal reclamation while
promoting environmental sustainability and cost-effectiveness.
This section explores some strategies, highlighting their
potential to shape a more eco-friendly and economically viable
future for LFP recycling.

Researchers established a novel in-situ recycling process for
spent LFP batteries using ultrasound-assisted Fenton reaction
and direct cathode material regeneration. In this innovative
approach, an ultrasound-assisted Fenton reaction was utilized
to selectively remove PVDF binders, allowing for the recovery of
LiFePO, cathode materials from current collectors. They effec-
tively separated LiFePO, cathode materials from Al foils with a
high liberation rate. Under optimized conditions, about 97 % of
coating materials detached with minimal lithium loss. The
process involved hydroxyl radicals (*OH) degrading PVDF bind-
ers, facilitating cathode material separation. The exfoliated
cathode materials were directly regenerated and reused,
exhibiting electrochemical performance comparable to com-
mercial LiFePO,."*" A straightforward and eco-friendly approach
was employed to recycle spent LiFePO4 batteries. The method
involved combining the charging mechanism utilized in LiFePO,
batteries with a slurry electrolysis process. Researchers could
efficiently separate Li and FePO4 by anionic membrane without
requiring additional chemicals. chemicals. In aqueous recharge-
able LIBs, the charging mechanism of the LFP cathode material
involves oxidizing LFP to FePO, at a positive potential. During
this process, Li* ions are released into the aqueous electrolyte
and later recovered. Inspired by this mechanism, researchers
explored electrochemical Li extraction as a potential method for
recovering Li from LFP cathode materials. Utilizing electro-
chemical techniques to extract Li ions selectively presents a
promising and sustainable route for Li recycling in LIBs."*
During the slurry electrolysis process, lithium ions are easily
extracted and leached from the olivine structure of LiFePO,,
compensating for the oxidation from Fe?* to Fe*™ and leaving
FePO, in the leaching residue (Figure 9a).

Mechanochemical technology offers a promising approach
to recycling metals from liquid-liquid-phase LIBs through the
utilization of mechanical forces, such as milling or grinding, to
initiate chemical reactions that facilitate the separation and
extraction of valuable components from the battery
electrodes."* An economically viable acid-free mechanochem-
ical process has been developed for the selective recycling of
spent LFP batteries. Researchers selectively extract Li from LFP
cathode materials while preserving FePO,, using sodium citrate
as a co-milling agent. The method achieves 98.9% selectivity
and is economically viable, offering a promising solution for
efficient and environmentally friendly recycling."* Also, a
mechanochemical process was employed by co-grinding spent
LiFePO, with a cost-effective citric acid agent in a ball mill. After
grinding, the mixture is dissolved in deionized water and
filtered. By introducing H,O,, lithium extraction reaches an
impressive 99.35%, showcasing highly effective recovery. In
contrast, iron extraction is much lower at 3.86%, indicating
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Figure 9. (a) Schematic illustration of the leaching mechanism for extraction of Li*. Copyright 2020 Elsevier. Reproduced with permission from reference,*?
(b) mechanism of the mechanochemical treatment of spent LiFePO,. Copyright 2019 Elsevier. Reproduced with permission from reference,"*' (c) the
simultaneous recovery of valuable metals and iron from mixed types of spent LIBs. Copyright 2019 Royal Society of Chemistry. Reproduced with permission
from reference,"*” and (d) diagram for the rapid regeneration of spent LFP cathode materials. Copyright 2023 Elsevier. Reproduced with permission from
reference."*?
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selective lithium recovery over iron and using H,O instead of
H,O, leads to slightly lower extraction efficiencies for both
lithium (97.82%) and iron (95.62%) under optimal conditions.
The reaction proceeds through a minimization-cleavage-recom-
bination process, as illustrated in. Figure 9b. This figure
illustrates how the mechanochemical treatment of spent LiFe-
PO, results in the effective extraction of metals, demonstrating
the importance of mechanical force and chemical reactions in
the recycling process.!*”

Numerous studies have focused on recycling individual
spent cathode materials, deemed unsuitable for practical
applications. Recycled mixed cathode materials, including LFP,
LMO, LNCM, and LCO, creating a new process is noteworthy.
Zou etal. proposed a recovery process for mixed cathode
materials, such as LCO, LMO, LNCM, and LFP, which involves
leaching, precipitation, and synthesis steps to obtain purified
materials for cathode synthesis. Analysis results demonstrate
nearly 100% recovery of Ni, Mn, and Co, while approximately
80% of Li is recycled as Li,CO;." A closed-loop process is
proposed to simultaneously recover various metals from
complex waste streams of spent LIBs. This study explores
recycling valuable metals and iron from mixed types of spent
LIBs. It employs selective leaching and solid-phase fabrication
to recover them as new cathode materials, specifically LiFePO,
and LNMC (Figure 9¢)."” The recycling of mixed spent LIBs
often requires excessive acid consumption and the use of
multiple redox additives. A salt leaching method was imple-
mented to address this challenge, utilizing NH,Fe(SO,), as a
redox intermediate for synergistic recovery of valuable metals
from mixed spent ternary NCM and LFP batteries. This approach
achieves high efficiency and selectivity, preserving the environ-
ment through precipitate recovery and regeneration of new
materials.™® A synergistic redox strategy has been introduced
to recover all elements from mixed systems spent LFP and NCM
batteries, utilizing thermodynamic calculations to identify self-
promoting reactions. With a less acidic environment, this
method eliminated the need for additional agents and
produced over 100% leaching rates for manganese, nickel,
cobalt, and lithium."* As lithium-ion batteries degrade, their
capacity decreases due to irreversible lithium-ion consumption,
increased internal resistance, and structural damage, reducing
lithium in the cathode and increasing lithium in the anode.
Therefore, a graphite prelithiation strategy can directly reuse
residual lithium from spent graphite anodes to regenerate
degraded LiFePO,™™ A graphite prelithiation technique was
presented to restore wasted LFP and offset Li* ion loss.™"
However, due to the complex pretreatment required in this
process, there is a need for a faster method to regenerate spent
LFP to save energy and costs. An ultrafast heating method is
proposed to regenerate spent LFP within seconds, aiming to
achieve low energy consumption and high efficiency in
regeneration."*? This method, as illustrated in Figure 9d,
demonstrates the temperature variations during ultrafast calci-
nation. This process involves exposing the regenerated LiFePO,
cathodes to temperatures of 700°C, 800°C, and 900°C for a
duration of 20 s each. It visually outlines the key steps of the
high-temperature shock strategy for cathode regeneration.

ChemPhysChem 2024, e202400459 (20 of 27)

5. Analyzing the Operational Capacity for
Recycling LFP Batteries

5.1. Market Share

The global lithium-ion battery market, valued at USD 54.4
billion in 2023, is set to undergo robust growth, with a
projected compound annual growth rate of 20.3% from 2024-
2030. This surge is primarily driven by the automotive sector,
with a growing demand for lithium-ion batteries due to their
cost-effectiveness. Researchers highlight the significance of
energy storage as essential for human survival, as projections
indicate a demand for 2800 GWh of batteries by 2030 and
exceeding 9000 GWh by 2050. As nations shift towards electric
vehicles, surpassing 50 million globally by 2030, the necessity
for energy storage solutions becomes evident, especially with
replacing traditional fuel vehicles."™

LIBs serve primarily in consumer electronics, electromobility,
and stationary energy storage. Mobile phones in consumer
electronics rely on LCO (87 %) and NMC batteries (13 %) due to
their higher energy density than LFP batteries. LFP and LMO
batteries excel over LCO in cost and safety, making them
preferable choices. LFP batteries are widely used in EVs and
electrical storage systems due to their affordability, safety, and
durability. NCM batteries, valued for their high energy density,
are also standard in EVs, while NCA batteries encounter
production challenges. In contrast, LMO batteries have limited
market share due to their lower energy density and temper-
ature performance, allowing LFP and NCM batteries to domi-
nate the market."**'* This paper focuses on LIBs utilizing LFP
as the cathode active material. With 32,400 tonnes shipped in
2015, China, the world’s largest producer and consumer of
LiFePO,, held 65% of the market share worldwide.*® The
forecast indicates that the global LFP cathode active materials
market will grow significantly from 900,000 tonnes in 2021-
9,500,000 tonnes in 2030. This growth is accompanied by an
increasing relative market share, rising from 42%-51%. The
market share of various LIBs is illustrated in Figure 10, with
forecasts extending up to 2030.

5.2. Collection and Sorting

The public’s understanding of LIB management has grown over
recent decades as governments enact more battery collection
and disposal regulations, recognizing the need for an extensive
collection infrastructure. Just North America, Asia, and Europe
engage in LIB recycling. The EU has developed various policies
and strategies to advance battery technologies in alignment
with decarbonization, energy, raw materials, the circular
economy, and innovation. With a rising demand for batteries,
the EU stresses the importance of boosting production capacity
and reducing dependency on non-European suppliers, focusing
on achieving climate targets, enhancing industrial competitive-
ness, and ensuring environmental sustainability. This is facili-
tated through initiatives like the Strategic Action Plan for

© 2024 The Authors. ChemPhysChem published by Wiley-VCH GmbH
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Figure 10. LIBs on the global market by chemistries. Copyright CES Online 2024. Reproduced with permission from reference,"*” (paid subscription).

Batteries, which aims to secure raw materials, advance technol-
ogy, bolster battery production, cultivate skilled human
resources, and advocate for sustainable battery practices."™® In
Europe, regulations for battery management are governed by
directives such as Directive 2006/66/EC, Directive 2012/19/EU,
and Directive 2000/53/EC, which cover waste batteries, waste
electrical and electronic equipment, and end-of-life vehicles,
respectively. These directives aim to ensure proper collection,
recycling, and disposal of various types of batteries, including
those used in portable devices, vehicles, and industrial
applications. Despite efforts to meet recycling targets, chal-
lenges remain in enhancing collection efficiency and reducing
landfilling or incineration of spent LIBs.'*%¢"

Meanwhile, federal regulations under the Universal Waste
Regulations in the USA provide a framework for managing
hazardous waste, but LIBs are not considered hazardous and
are largely excluded. Some states have additional regulations
focusing on battery recycling, but there are no defined
recycling targets or penalties for noncompliance. Similarly, in
China, regulations are being developed to manage waste
traction batteries, driven by initiatives like the “Energy-saving
and New Energy Vehicles Industry Development Program,”
aiming to establish recycling networks and advanced processes
for battery reuse.'"*'*®'*® Collecting batteries, including LIBs,
Pb-acid batteries, NiCd batteries, and NiMH batteries, typically
involves placing them in designated containers at collection
centers or sorting them directly at treatment plants, often
performed manually. Once collected, LIBs are processed
collectively as mixed feed, although some industrial facilities
may sort them by sub-chemistry, such as LCO, LFP, or LMO.
However, detailed information about this sorting process is
often unavailable.!*®

ChemPhysChem 2024, e202400459 (21 of 27)

5.3. Recycling Market

The number of batteries available for recycling by 2030 is not
expected to grow at the same rate as the new battery market,
mainly due to longer battery lifetimes and increased reuse.
While the battery market is predicted to grow annually by
27.7% between 2020 and 2030, the recycling rate is forecasted
to decrease each year. Changes in the recycling rate depend on
factors such as battery production scrap volume and the reuse
rate, which will be closely monitored and refined in models to
improve accuracy. Additionally, regional dynamics, including
battery production and trade, influence the recycling ratio in
different markets. Key indicators for 2022 include monitoring
battery production capacity, prices for batteries intended for
reuse and recycling, and studies on production scrap and
alternative scrap sources to enhance modeling accuracy Circular
Energy Storage Research forecasts a significant rise in annual
return flows of LFP batteries, projecting an increase from
230,000 tonnes in 2022 to about 900,000 tonnes by 2025, as
depicted in Figure 11.*

According to the estimation of Circular Energy Storage, the
current industrial annual recycling capacity for LFP chemistry is
about 200 kilotons, thus falling short of the production waste
and Fol LFP batteries produced yearly."™” The situation is
expected to change rapidly within a few years: recycling is
expected to increase almost 10-fold to 1,900 kilotons by 2030,
while the amount of recyclables is estimated to be 815 kilotons,
of which the actual EolL batteries are 265 kilotons (Figure 12).
The majority of the recycling capacity increase is expected to
occur in China, where most LFP production is concentrated"*
and, thus, where the LFP production waste is born. A list of
current industrial operators recycling LFP chemistry is gathered
in Table 3.
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Table 3. Operational or pilot lithium-ion battery recycling plants having capacity/capability for recycling LFP chemistry. Data retrieved from reference.™”

Company Region Recycling Recycling Products of the recycling plant Recycling Source
capacity capacity (all the listed products, e.g. not process * Recycling capacity
2023, LFP, 2023, all only products from recycling LFP) phase - Products
tons chemistries, Other information: CES online
tons
Austin Ele- United 26 40 Chemical salts, lithium carbonate, Material re- *- CES online
ments States lithium hydroxide covery https://www.circularenergystor-

age-online.com/therecycling-
market/globalrecyclers/austin-el-

ements/houston
Brunp China 120 000 Aluminum metal, chemical salts, Pre-proc- *-CES online
copper metal, lithium carbonate, essing & https://www.circularenergystor-
precursors, cathode material Material re- age-online.com/therecycling-
covery market/globalrecyclers/brunp/
ningxiang
Argus Media

https://www.argusmedia.com/
en/news/2280302-chinas-brunp-
builds-yichang-battery-material-

complex
CALB China 1000 Aluminum metal, copper metal, Pre-proc- *-CES online
lithium carbonate, precursors essing & https://www.circularenergystor-
Material re- age-online.com/therecycling-
covery market/globalrecyclers/calb/
changzhou
Chizhou Xian China 6000 " Aluminum metal, copper metal, Pre-proc- * Company webpage
New material lithium carbonate, precursors essing & http://www.cnntech.cn/page/
Technology Material re- endchs.html
covery -
CES online: https://www.circular-
energystorage-online.com/
therecyclingmarket/globalrecy-
clers/chizhou-xian-new-material-
technology/chizhou
Full Circle Lith- North 500 Lithium carbonate, Aluminum met- Pre-proc- *- CES online
jum America al, Copper metal essing & https://www.circularenergystor-
Material re- age-online.com/therecycling-
covery market/globalrecyclers/full-
circle-lithium/nahunta
Ganzhou China 60 000 Aluminum metal, copper metal, Pre-proc- *- CES online
Longkai Tech- lithium carbonate, precursors essing & https://www.circularenergystor-
nology Material re- age-online.com/therecycling-
covery market/globalrecyclers/chizhou-
xian-new-material-technology/
chizhou
GEM China 3000 130 000 Precursors Pre-proc- *-https://cleantechnica.com/
essing & 2021/06/20/gem-is-a-gem-in-
Material re- the-battery-recycling-industry-
covery that-was-inspired-by-a-tooth-
paste-experiment/
& CES online
Guangdong China 12 000 Lithium carbonate, aluminum met- Pre-proc- -*CES online
Weima New al, chemical salts, copper metal essing &
Materials Material re-
covery
Guanghua China 50 000 Cobalt sulfate, nickel sulfate, man- Pre-proc- *CES online
Technology ganese sulfate, iron phosphate, lith- essing & - Company webpage https://
ium iron phosphate, lithium man- Material re- www.ghtech.com/Eapplication/
ganese iron phosphate, lithium covery recovery_100000000297454.
carbonate, and lithium carbonate html
concentrate
Hengchuang China 50 000 Lithium carbonate, aluminum met- Pre-proc- *-CES online
Ruineng Envi- al, chemical salts, copper metal essing &
ronmental Pro- Material re-
tection Tech- covery
nology
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Table 3. continued
Company Region Recycling Recycling Products of the recycling plant Recycling Source
capacity capacity (all the listed products, e.g. not process * Recycling capacity
2023, LFP, 2023, all only products from recycling LFP) phase - Products
tons chemistries, Other information: CES online
tons
Hunan Wu- China 12 000 lithium carbonate, aluminum metal, Pre-proc- *-CES online
chuang Recy- chemical salts, copper metal essing &
cling Technol- Material re-
ogy covery
Jiangxi Gan- China 70 000 anhydrous lithium chloride Battery Pre-proc- * CES online
feng Recycling grade lithium carbonate, lithium essing & - https://www.ganfenglithium.
Technology hydroxide and other products Material re- com/pro3_detail_en/id/164.html
covery
Kyburz Switzerland 300 Lithium iron phosphate, copper, Pre-proc- *CES online
graphite, aluminum, plastics, poly- essing https://www.circularenergystor-
mer foil age-online.com/therecycling-
market/globalrecyclers/kyburz/
freienstein
-https://kyburz-switzerland.ch/
en/battery-recycling
(Lanzhou Jin- China 25 000 Pre-proc-
chuan Re- essing &
source Recy- Material re-
cling Technol- covery
ogy)
Nantong Beix- China 20000 Lithium carbonate, aluminum met- Pre-proc- -*CES online
in New Energy al, chemical salts, copper metal essing &
Technology Material re-
covery
Ningxia Bai- China 15 000 Lithium carbonate, Pre-proc- *CES online
chuan New nickel sulfate, essing & - company webpages
Materials cobalt sulfate, manganese sulfate Material re- http://www.bcchem.com/en/
covery product/100.html
ReElement United 137 Chemical salts, lithium carbonate, Material re- *CES online + https://www.reele-
States lithium hydroxide covery menttech.com/
- https://www.reelementtech.
com/
Roth Interna- Germany 9 000 Copper metal, Aluminum metal, Pre-proc- *- CES online
tional Black mass essing https://www.circularenergystor-
age-online.com/therecycling-
market/globalrecyclers/roth-in-
ternational/wernberg-k%C3 %
Béblitz
Young Poon South Ko- 2 000 Chemical salts, lithium carbonate Pre-proc- *- CES online
rea essing & https://www.circularenergystor-
Material re- age-online.com/therecycling-
covery market/globalrecyclers/young-
poong/seoul
Zhejiang New China 50 000 Lithium carbonate, cobalt chloride, Pre-proc- *CES online
Era Zhong- cobalt sulfate, nickel sulfate, man- essing & - Company webpage http://en.
neng Cycle ganese tetroxide, Material re- zhongnengrecycling.com/prod-
covery uct/
(1): In CES online stated that only LFP accepted and thus the 6000 tonnes capacity to recycle would consist only LFP. In company webpages it is however
stated: “This project can recycle 6000 tons of spent ternary cathode materials annually”.

6. Future Challenges and Perspectives

Numerous researchers have extensively investigated the recy-
cling of spent LFP batteries. However, current methodologies
face significant limitations, and much of the research is

ChemPhysChem 2024, e202400459 (24 of 27)

conducted in laboratory settings. Expediting the transition from
experimental stages to large-scale industrial implementation is

imperative. Unlike NCM or LiCoO, batteries, the recycled
material from LFP cathodes lacks the value of precious metals.
Consequently, the intricate and costly recovery process ham-
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pers the industrialization of lithium iron phosphate battery
recycling efforts. The following briefly describes the challenges
encountered in the recycling of spent LFP batteries: 1) LFP
batteries have achieved a substantial market presence within
LIBs, mainly due to the rise of electromobility and stationary
energy storage. However, the prevalence of LFP in certain
regions poses unique challenges for future recycling programs.
2) Current universal recycling techniques, generally suitable for
layered oxides, are inadequate for LFP batteries. Mechanical
processing is being tested on a small scale, while hydro-
metallurgical processes are still in the laboratory’s experimental
stage, complicating the recycling process. 3) Compared to
layered oxides, LFP batteries contain fewer metals, which raises
questions about the financial viability of their recycling. The
solution is creating a closed-loop system emphasizing the
importance of refining costs over raw material prices, thereby
making LFP recycling economically feasible. 4) The preliminary
findings from the Life Cycle Assessment cast doubt on the
presumed environmental advantages of recycling LFP cells. This
underscores the imperative for a thorough examination
encompassing economic and environmental considerations.
Should profitability prove elusive, policy interventions such as
implementing a producer responsibility principle akin to the EU
model may be warranted. Collaborative endeavors in research
and development must be undertaken to establish econom-
ically viable and environmentally sustainable practices for
recycling LFP batteries. Alignment with sustainable resource
management principles and the capacity to adjust to changing
recycling issues are prerequisites for this 5) Future research and
development efforts should strongly emphasize creating flexi-
ble and scalable procedures specific to LFP batteries. In-depth
evaluations of the process’s effects on the environment and
economy must be performed at every stage. By methodically
addressing obstacles, scientists may identify crucial elements
impacting expenses and environmental effects, opening the
door for more successful LFP battery recycling programs.

7. Conclusions

Considerable attention has been drawn to LFP as a promising
cathode material for lithium-ion batteries, owing to its advan-
tages over conventional materials such as Co and Ni in terms of
toxicity and cost-effectiveness. Despite its current commercial
application, there is a pressing need for more economical
production methods. This review explores various synthesis
approaches for LFP powders and assesses techniques for
recycling spent LFP batteries, underscoring the importance of
recycling and advocating for lithium-ion battery sustainability.
While numerous researchers have delved into recycling spent
LFP batteries, current methodologies encounter significant
limitations, mainly due to experimental constraints in laboratory
settings. Challenges, including the absence of precious metals
in recycled LFP cathodes, impede industrialization efforts.
Future research endeavors should prioritize the development of
adaptable and scalable procedures tailored to LFP batteries,
accompanied by comprehensive evaluations of their environ-
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mental and economic impacts, thus facilitating the advance-
ment of more effective recycling initiatives.
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This review investigates various
synthesis methods for LiFePO, (LFP)
as a cathode material for lithium-ion
batteries, highlighting its advantages
over Co and Ni due to lower toxicity
and cost. It also explores recycling

Battery Factory

techniques for waste LFP batteries,
emphasizing the need for efficient
recycling to prevent environmental
harm, conserve resources, and ensure
the sustainability of lithium-ion
batteries.
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