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Abstract

Recycling of lithium-ion batteries (LIBs) requires efficient separation of active material from
current collectors to enable high-quality recovery of both the coating and the metal foil. In
this study, a water-based delamination process for anode foils was systematically investi-
gated under variations in temperature, particle size, ultrasonic power, and prior mechanical
stressing of the particles. Mechanically cut and pre-folded foil pieces were treated in a batch
setup at different temperatures (room temperature to 100 ◦C) and ultrasonic power levels
(50 and 100%). Results show that higher temperatures strongly promote delamination,
with 100% removal of the active layer achieved on the smooth foil side at 80 ◦C without
ultrasonic treatment. Ultrasonic treatment at moderate power (50%) yielded greater de-
lamination than at full power (100%), likely due to more effective cavitation dynamics at
moderate intensity. Mechanical pre-stressing by folding significantly reduced delamination,
with three folds effectively preventing separation. In comparison, mechanically commin-
uted particles from a granulator achieved similar delamination to three-folded particles
after 5 min treatment, and higher delamination after 30 min. These findings highlight the
importance of process parameters in achieving efficient aqueous delamination, providing
insights for scaling low-energy recycling processes for LIB production scrap.

Keywords: lithium-ion battery recycling; copper foil recovery; thermal decoating; aqueous
delamination; circular economy; anode recycling

1. Introduction

1.1. Background and Relevance

Global electric vehicle sales have increased to 6.6 million in 2021, with electric vehicles
accounting for 10% of the worldwide car market in 2021 and the global electric vehicles
fleet expected to account for 30% of all vehicles sold by 2030 [1]. In the EV sales outlook,
Bloomberg New Energy Finance forecasts a substantial rise in lithium-ion battery demand,
reaching 408 GWh by 2025 and 1293 GWh by 2030 [2].

However, this growth presents challenges related to resource consumption, as LIB pro-
duction requires large quantities of metals such as lithium, cobalt, nickel, and manganese.
With rising demand driven by modernization and electrification, the implementation of
efficient disposal and recycling strategies is essential to minimize environmental impacts
and promote sustainable waste management [3].

Recycling 2025, 10, 189 https://doi.org/10.3390/recycling10050189
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Moreover, production scrap can constitute up to 30% of the electrode mass during
manufacturing [4]. With a specific capacity of 300 Wh/kg, a production scrap rate of
300,000 metric tons can therefore be expected for 2030 [5].

Graphite, designated as a critical raw material by the EU [6], is the dominant anode
material in lithium-ion batteries due to its high electrical conductivity, layered carbon
structure enabling efficient ion intercalation, and relatively low cost. By 2030, the demand
for battery-grade graphite is projected to be four times higher than in 2023, when it reached
1000 kt for electric vehicles alone [7]. Copper, likewise, has extensive uses in defense
applications such as in the aerospace, naval, space, and electronics industries [8], and offers
high recovery value [9]. Therefore, efficient separation and recovery of anode materials,
particularly graphite and copper from spent lithium-ion batteries, is vital for maximizing
resource utilization and reducing environmental impacts.

Consequently, achieving the goal of improving the recyclability of these anode compo-
nents and reintegrating them into the supply chain is essential in reducing the overall CO2

footprint, ideally through approaches that minimize chemical and thermal processing.

1.2. Direct Recycling as an Approach

Direct recycling is a process that reuses battery materials without converting them
back to their raw chemical forms [9]. Unlike conventional methods such as pyrometallurgy
or hydrometallurgy, it recovers functional cathode particles without decomposition into
their constituent elements or dissolution and precipitation of the whole particle [10]. This
preserves the original crystal structure of the material, enabling direct reuse in battery
manufacturing and avoiding many process steps such as hydrometallurgy and resynthesis
of the active material [11].

By preventing the destruction of spent battery materials and directly restoring de-
graded electrode materials, direct recycling retains a significant portion of the energy
invested during the original manufacturing process [9,11]. This results in lower energy con-
sumption, shorter processing times, and reduced CO2 emissions compared to conventional
recycling methods [11]. In fact, if recycled products from each process are reused in LIB
manufacturing, GHG emissions can be reduced by 2.85% for pyrometallurgy, 10.24% for
hydrometallurgy, and 34.52% for direct recycling [12].

However, reconditioning of the recovered active materials may still be necessary
before reuse [11].

The success of this approach relies heavily on the ability to separate electrode coatings
cleanly and without structural damage, ensuring the recovery of pure, undamaged material
fractions. Current research initiatives, such as the U.S. Department of Energy’s ReCell
Center [13], are actively working to optimize these processes and promote the development
of a closed-loop battery recycling system.

1.3. Current Research Landscape

Lithium-ion battery recycling typically begins with discharge, disassembly, and sepa-
ration. Pyrometallurgy recovers metals such as cobalt and nickel through high-temperature
treatment but entails considerable energy consumption and environmental impacts from
combustion and calcination processes. Hydrometallurgy achieves higher recovery rates
using chemical leaching solutions, but it demands substantial reagent input and subsequent
wastewater treatment [14].

Among solvent-based delamination methods, N-methyl-2-pyrrolidone is widely used
due to its high polarity and thermal stability. However, increasing regulatory restrictions
and toxicity are driving efforts to replace it with safer alternatives [15]. Alternative reaction
media, such as AlCl3–NaCl molten salt and chloride–glycerol deep eutectic solvents, were

2
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explored for detaching cathode materials from aluminum foils, but both the morphology
and composition of the recovered cathode materials were altered [16].

Recently, the use of power ultrasound (10–1000 W/cm2, <100 kHz) has gained at-
tention as a green and energy-efficient alternative for LIB recycling. Ultrasound has
demonstrated potential in enhancing the delamination, separation, and regeneration of
electrode materials, offering significant advantages over conventional solvent or heat-based
methods [17].

1.4. Research Needs and Objectives

The rising demand for lithium-ion batteries calls for efficient and environmentally
sustainable recycling methods, particularly for the recovery of critical anode materials such
as graphite and copper. Existing delamination techniques typically involve high energy
consumption, use of toxic acids, and significant wastewater generation, which can result in
secondary pollution [18].

Although water-based delamination approaches have been explored, the quantitative
evaluation of the effects of comminution on the separation efficiency between graphite and
copper remains insufficient. This represents a significant research gap in the development
of optimized, scalable recycling processes.

To address this, the present study investigates a simple, chemical-free delamination
process using only water under systematically varied temperature conditions and particle
sizes. Supported by fundamental investigations on the influence of temperature and
particle size, the focus is on the effect of stressed, crushed particles. To further enhance
delamination efficiency, ultrasound treatment is explored as a complementary process.

The primary objective of this work is the investigation of water-based delamination
methods for recovering high-purity anode materials with minimal environmental impact.
The findings contribute to enhancing the overall recyclability of lithium-ion batteries while
ensuring high separation efficiency.

2. Results

2.1. Temperature

In Figure 1 the delamination progress is shown as a function of the temperature. There
is no delamination till T = 60 ◦C. At 80 ◦C the delamination jumps to 50%. Obviously, there
is a big difference in the delamination progress of the two sides of the foil. As you can also
see in Figure 2, the particles are delaminated just on the side with the smooth surface. Even
at T = 100 ◦C, the rough side remains coated.
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Figure 1. Delamination as a function of the temperature.
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Figure 2. Particles after delamination at 80 ◦C: the front side (left) shows the smooth, delaminated
surface, while the back side with the rough surface (right) remains coated.

2.2. Particle Size

Based on the findings in Section 2.1, the experiments were carried out at 80 ◦C. In
Figure 3 the delamination is shown as a function of the particle size. Across all particle
sizes, an overall delamination of 50% was observed. As before, delamination occurred
exclusively on the smooth side (100%), while the rough side remained completely intact
(0%) (see Figure 4).
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Figure 3. Delamination as a function of the particle size.

Figure 4. The 10 × 10 cm particles after delamination at 80 ◦C: the front side (left) shows the smooth,
delaminated surface, while the back side with the rough surface (right) remains coated.
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2.3. Ultrasonic Treatment

The results from the ultrasonic treatment are shown in Table 1. With an addition of
ultrasonic power of 100%, an increase in delamination at T = 20 ◦C from 0 to 29% was
observed. When reducing the ultrasonic power to 50%, the delamination increased to
65%. An increase in temperature (T = 60 ◦C) led to further improvements in delamination
(92.65%). Even after 3 min experimental time, a delamination of about 72% was observed.
In comparison to the initial experiments, there was better delamination behavior when
using ultrasonic stress than without it under otherwise identical conditions. You can see
the particles from the different experiments in Figures 5–8.

Table 1. Delamination results with ultrasonic treatment.

Nr. T [◦C] t [min] P [%] D [%]

V1 20 5 100 29.04
V2 20 5 50 64.69
V5 60 5 50 92.65
V6 60 3 50 71.69

Figure 5. Particles after treatment in experiment V1.

Figure 6. Particles after treatment in experiment V2.

Figure 7. Particles after treatment in experiment V5.

Figure 8. Particles after treatment in experiment V6.

2.4. Precrushing and Deformation

In Figures 9 and 10, the delamination as a function of the folds is shown. The difference
is that in the experiments shown in Figure 9, the side with the smooth surface was folded
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inward, whereas in the experiments shown in Figure 10, it was folded outward. When
folding the smooth surface to the inside, you can see one fold is enough to inhibit any
delamination. The slight increase after 3 folds is solely related to the stress caused by the
folding itself. When the smooth surface is folded outward, a different pattern emerges.
After a single fold, 100% of the smooth surface remains on the outside, resulting in 100%
delamination on this side. When the smooth surface is halved by a second fold, the
delaminated area is also reduced by half. From the third fold onward, no delamination
occurs. The rough side remained laminated in all cases. Figure 11 shows, on the one hand,
the delamination of folded but subsequently unfolded pieces. It can be seen that with an
increasing number of mechanical stresses—in this case, folds—the degree of delamination
decreases. The mechanically produced particles (granulator) were treated for 5 min in one
case and for 30 min in the other. The particles treated for 5 min exhibit a similar degree
of delamination (12.38%) to those folded three times. However, the delamination degree
could be further increased (36%) by extending the treatment duration. In Figures 12–15 the
particles from the experiments are shown for visualization of the results.
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Figure 9. Delamination as a function of the folds. Folding configuration with the smooth (active)
surface folded inward.
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Figure 10. Delamination as a function of the folds. Folding configuration with the smooth (active)
surface folded outward.
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Figure 11. Delamination for folded and subsequently unfolded pieces.

Figure 12. Particles after delamination test with the smooth (active) surface folded inward.

Figure 13. Particles after delamination test with the smooth (active) surface folded outward.

Figure 14. Particles after delamination tests on folded and subsequently unfolded pieces.
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Figure 15. Mechanically produced particles from a granulator after delamination treatment.

3. Discussion

This study demonstrates that aqueous delamination of LIB anode foils can be ef-
fectively achieved through adjustment of process parameters, particularly temperature,
ultrasonic power, and particle pre-treatment. Across all particle sizes, the smooth foil
side exhibited complete delamination under favorable conditions, whereas the dendritic,
rough side remained coated in all cases without additional processing steps. Temperature
proved to be the most influential factor, with elevated temperatures (80 ◦C) enabling 100%
delamination on the smooth surface even without ultrasonic support. This effect is likely
not caused by thermal softening of the binder (which remains thermally stable up to around
150 ◦C) but rather by a reduction in adhesive forces at the foil–coating interface induced
by enhanced capillary action. At higher temperatures, the viscosity and surface tension of
water decrease, facilitating deeper and faster penetration of the liquid into interfacial gaps
and pores. This penetration may further weaken the adhesion between the coating and
the foil, promoting more effective delamination. Ultrasonic treatment further enhanced
delamination, but only when applied at moderate intensity (50%). A possible explanation
is that moderate power promotes more stable cavitation behavior, generating effective
shear forces at the interface, whereas excessive power may lead to uncontrolled bubble
collapse and turbulent flow that reduce delamination efficiency. Mechanical pre-stressing
by folding reduced delamination efficiency, which can be attributed to a decrease in the
accessible active surface area and potential local compaction of the coating in the fold
region. Three successive folds prevented delamination entirely. Similarly, particles me-
chanically comminuted by a granulator showed reduced initial delamination after 5 min
treatment. An extended treatment time (30 min) overcame these effects, suggesting that
prolonged exposure compensates for reduced surface accessibility. These results showed
that efficient aqueous delamination depends on a combination of electrode surface rough-
ness, accessible surface area, thermal effects on binder adhesion, and cavitation behavior.
Moderate ultrasonic intensity at elevated temperatures appears to offer a favorable balance,
while excessive mechanical pre-stressing during comminution or fold formation should
be avoided. Future work should focus on scaling these findings to continuous systems,
optimizing residence time, and developing selective delamination strategies for both foil
sides to further improve process efficiency in LIB recycling.

4. Materials and Methods

A typical lithium-ion battery anode consists of graphite, conductive carbon, and a
binder, such as polyvinylidene difluoride or a combination of carboxymethyl cellulose and
styrene-butadiene rubber, coated onto a current copper collector [19].

The anode foils used in this study (Figure 16) consist of copper foil, produced by
electrolysis, coated with graphite using a polyvinylidene difluoride binder.

8
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Figure 16. Anode foil used in the experiments.

For characterization of the morphology of the foil, the uncoated part of the anode was
evaluated via microscope. As you can see in Figure 17, the surfaces of the two sides differ.
One side is smooth while the other side exhibits a more rough and dendritic morphology.
The reason for that lies in the production method of the foil. Compared to rolled foils, foils
produced by electrolysis exhibit two different surface structures.

Figure 17. Anode foil with smooth surface (left) and dendritic, rough surface (right).

Experiments were performed using water baths heated with a standard laboratory
heating device and continuous temperature monitoring. Mechanical stirring was applied
during all tests. Ultrasound-assisted delamination trials were carried out at Weber Entec
GmbH (76275 Ettlingen, Germany) using specialized equipment in the form of a Biopush
flow cell (Figure 18).

Figure 18. BioPush flow cell setup by Weber Entec GmbH.
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To simulate real recycling conditions, the foils were comminuted using two devices.
One was a rotary shear and the other one a granulator, resulting in fragments with various
sizes and deformations (e.g., bends and folded edges).

The degree of delamination is defined as the percentage of the copper foil surface
from which the graphite coating has been removed. It is calculated using image analysis
in ImageJ software (Version 1.54p), as in Equation (1). Therefore, every particle was
photographed separately under flat conditions to avoid inaccuracies.

Delamination[%] =
Area decoated

Area total
∗ 100 (1)

4.1. Experimental Series
4.1.1. Temperature

A systematic series of delamination experiments was performed at temperatures
between 20 ◦C and 100 ◦C (20 ◦C, 40 ◦C, 60 ◦C, 80 ◦C, 100 ◦C), using a fixed stirring time
of 5 min, which was defined based on the investigations by Bai et al. [19] to study the
influence of temperature on coating removal. For this purpose, the anode foil was cut into
pieces measuring 1 × 1 cm.

4.1.2. Particle Size

To evaluate the effect of particle size on delamination, foil fragments measuring
1 × 1 cm, 3 × 3 cm, 5 × 5 cm, and 10 × 10 cm were prepared and treated at 80 ◦C for 5 min
under constant stirring.

4.1.3. Ultrasonic Treatment

For the ultrasonic stress tests 1 × 1 cm particles were prepared. Both the influence of
ultrasonic power (50 and 100%) and that of temperature (20 ◦C and 60 ◦C) were examined.

4.1.4. Precrushing and Deformation

To systematically investigate the influence of mechanical deformation, the particles
were intentionally folded in a defined manner. The effect of one to three consecutive
foldings was examined. For this purpose, 3 × 3 cm particles were folded once in the middle.
In one scenario, the particles were unfolded again, simulating the fragmentation process in
a granulator or rotary shear. In the second scenario, the folded particles were treated in
their closed state.

In addition, the delamination behavior of the mechanically crushed particles
was investigated.
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Abstract: In this study, graphene production via liquid-phase exfoliation assisted by
sonication was evaluated using deionized water as a solvent and two graphite sources: one
recovered from spent lithium-ion batteries (LIBs) and a commercial counterpart. A 750
W, 20 kHz ultrasonic processor was used, with sonication amplitudes ranging from 50%
to 80% for two hours while maintaining a constant temperature of 45 ◦C. The resulting
dispersions were left undisturbed for 24 h at ambient temperature to allow natural phase
separation between decanted and dispersed fractions. These fractions were subsequently
dried and weighed to determine exfoliation yield. High-quality graphene was successfully
obtained via direct liquid-phase exfoliation of graphite recovered from LIBs, assisted by
sonication in deionized water. Graphene formation was confirmed in both suspended and
decanted fractions after two hours of sonication at 80% amplitude through complementary
characterization techniques, including UV-Vis, Raman spectroscopy, HRTEM, and XRD.
Comparative experiments using thermally pretreated battery graphite and commercial
graphite revealed that graphene dispersions derived from untreated LIB-derived graphite
exhibited greater long-term stability than those obtained from commercial or thermally
pretreated battery graphite before sonication.

Keywords: graphite; spent; lithium-ion batteries; direct liquid phase exfoliation; graphene

1. Introduction

Graphene production has been the subject of extensive research due to its remarkable
physical, chemical, and electronic properties, including high electrical conductivity, me-
chanical flexibility, and large surface area [1–3]. Graphene can be synthesized by several
methods, with the specific method significantly impacting the resulting graphene type,
as synthesis procedures can induce structural defects in accordance with the second law
of thermodynamics [4]. The top-down method uses graphite as precursor. This method
relies on the principle of exfoliating graphite, which serves as the initial material. Graphite,
essentially a stack of graphene layers bound by Van der Waals forces, undergoes exfoli-
ation through mechanical or micro-mechanical means, graphite intercalation, nanotube
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slicing utilizing carbon nanotubes as precursors, pyrolysis, reduction of graphite oxide,
electrochemical exfoliation, sonication, and ball milling [5].

In recent years, innovative methods by liquid phase exfoliation (LPE) have emerged
focused on the use of solvents and ultrasound, with the aim of reducing production costs
and using more environmentally friendly raw materials [5–10]. The research develop-
ment about LPE involves flaking natural graphite through sonication (cavitation) or high
shear mixing under mild operating conditions [5,9–12]. This technique has enabled the
production of graphene from various raw materials, including natural graphite, expanded
graphite, and, more recently, graphite recovered from the anodes of spent lithium-ion bat-
teries. However, the synthesis of pure natural graphite for graphene production typically
involves high energy input and the use of toxic organic solvents, rendering such production
methods either costly or potentially environmentally hazardous [9,13–15]. Additionally,
natural graphite may not always be an optimal choice for graphene synthesis. Furthermore,
natural graphite has been designated as a critical resource by the European Union (EU),
indicating a high risk of supply shortages that could significantly impact the economy [16].

The production of graphene from waste materials holds great promises for reducing its
long-term cost. The global demand for lithium-ion batteries (LIBs) is projected to surge from
185 GWh in 2020 to over 2000 GWh by 2030, largely driven by emerging applications such
as electric vehicle (EV) technology [17]. However, this rapid increase in demand is expected
to lead to significant waste disposal challenges as these batteries reach the end of their
lifespan. Consequently, battery reuse and recycling have garnered considerable attention
as measures to mitigate environmental impacts. Researchers have recently begun focusing
on anode recycling, which constitutes 12–21% of the total mass of LIBs composition [4,9].
Utilization of substantial quantities of waste graphite from LIBs presents a significant
opportunity for graphene production to contribute to waste management and the circular
economy. In recent years, researchers have increasingly focused their efforts on producing
graphene from LIBs graphite, recognizing its potential to provide a balance between
scalability and quality in a cost-effective manner [6,18–23]. However, in most studies
conducted to date, the focus has primarily been on characterizing the dispersed graphene
fraction, while the sedimented fraction has received little attention. This asption is largely
based on the premise that most graphene is obtained in the dispersed fraction.

Previous research has demonstrated that graphite recovered from LIBs has the poten-
tial to serve as a viable source of graphene, contributing not only to the sustainable man-
agement of hazardous waste but also to the production of high-value material [17,20,24].
However, a key limitation of these studies is the lack of evaluation of the sedimented
fraction of the processed graphite, which may contain particles with properties similar or
complementary to those of the dispersed graphene fraction. This gap in literature under-
scores the need for a more comprehensive approach that includes the full characterization
of the exfoliated material, encompassing both the dispersed and sedimented fractions, to
gain a complete understanding of the distribution and quality of the graphene obtained.

Additionally, in liquid-phase graphite exfoliation for graphene production, sonication
plays a crucial role, as the applied ultrasound amplitude directly influences the degree of
exfoliation and, consequently, the yield and quality of the resulting graphene [6,25,26]. De-
spite this, there is a notable lack of studies investigating the impact of sonication amplitude
on the properties of graphene derived from graphite recovered from LIBs. Most research
has focused on fixed amplitudes or optimizing other parameters, such as solvent type or
sonication duration, without thoroughly examining the relationship between sonication
amplitudes and process efficiency. This gap highlights the need for a systematic investiga-
tion of different sonication amplitudes to gain a deeper understanding of their influence on
graphite exfoliation and the quality of the resulting graphene.
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For these reasons, the present study focuses on the production of graphene from the
graphite contained in the anodes of LIBs via ultrasound-assisted liquid-phase exfoliation,
using water as the solvent. Water was selected due to its low cost, availability, and
environmental safety, offering a more sustainable approach to graphene synthesis. The
primary objective was to investigate the effect of sonication amplitude on both graphene
yield and its structural and composition. Additionally, a comprehensive physicochemical
characterization of both the sedimented and dispersed fractions was conducted, enabling a
holistic evaluation of the material properties in both phases.

This innovative approach not only optimizes the graphene production process but also
complements existing research by providing critical insights into the influence of sonication
amplitude on the exfoliation of recycled graphite. Furthermore, it expands the current
understanding of the sedimented fraction, which has remained largely unexplored. The
findings of this study may serve as a valuable reference for future research on graphene
recovery from electronic waste and the development of more sustainable and cost-effective
production techniques.

2. Materials and Methods

The pretreatment of LIBs involved multiple steps, including safe discharge, manual
dismantling, crushing, screening, and basic cleaning. Initially, different types of spent
LIBs were placed in separate discharge tanks and submerged in a 5% sodium chloride
solution for 24 h to ensure complete and safe discharge and washed with deionized water.
Afterward, the discharged LIBs manually disassembled, and the graphite-based negative
electrode strips were extracted. These graphite strips, sourced from various LIBs, were
then fed into a universal crusher and pulverized for 5 min, followed by sieving through an
80-mesh screen to achieve a uniform particle size.

Graphene production was carried out via liquid-phase exfoliation assisted by ultra-
sonic homogenization, using deionized water as the solvent. A Cole-Parmer 750-Watt,
20 kHz ultrasonic processor was employed for this purpose. In each experiment, 100 mg
of graphite recovered from spent LIBs was dispersed in 150 mL of deionized water in
a 200 mL of 50-mm-diameter glass beaker. The suspension was then subjected to ultra-
sonic homogenization at varying amplitudes for 2 h while maintaining the temperature at
45 ± 2 ◦C using an external cooling system with continuous water circulation around the
reaction vessel. The specific sonication conditions (amplitude and graphene raw) investi-
gated for aqueous liquid-phase exfoliation of graphite are detailed in Table 1. Sonication
was performed using amplitudes of 50% and 80%. These values were selected based on
reports indicating that an amplitude of approximately 70% enhances graphite exfoliation
in similar systems [27]. Thus, 50% and 80% were chosen as reference points below and
above this threshold, respectively, to evaluate their effect on the exfoliation process.

After the sonication process, a thin surface layer with a silver-gray color was observed,
corresponding to unexfoliated material. This fraction was carefully removed using a glass
Pasteur pipette (mass < 1% of the initial graphite) and excluded from the yield analysis.
Subsequently, the dispersions were centrifuged at 6000 rpm for 30 min. The resulting
fractions—supernatant (dispersed fraction) and sediment (decanted fraction)—were care-
fully separated and dried in an oven at 80 ◦C until constant weight was reached. The
approximate graphene yield in each fraction was estimated using a gravimetric method
by dividing the dry mass of each fraction by the sum of the total dry masses of both
fractions, multiplied by 100%. This approach was adopted as a relative approximation
of the exfoliated material distribution, following similar methodologies reported in the
literature [28–32]. Although this method does not provide a fully precise quantification
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of pure graphene content, the structural analyses included in this study indicate that both
fractions contain material with graphene-like characteristics.

Table 1. Codes and experimental conditions for evaluated material types.

Material Graphene Obtention Conditions

Gf-C Commercial graphite, (Flakes, Sigma Aldrich).
GPi Graphite from LIBs.

Gn-C Graphene commercial (Graphene nanoplatelets, Sigma Aldrich).

Gc-S5-De Graphene from commercial graphite under sonication at 50%
amplitude for 2 h followed by decantation.

Gc-S5-Di Graphene from commercial graphite by sonication at 50% amplitude
for 2 h and contained in the dispersed fraction.

Gc-S8-De Graphene from commercial graphite under sonication at 80%
amplitude for 2 h followed by decantation.

Gc-S8-Di Graphene obtained from commercial graphite by sonication at 80%
amplitude for 2 h and contained in the dispersed fraction.

Gn-S5-De Graphene from LIBs graphite under sonication at 50% amplitude for
2 h followed by decantation.

Gn-S5-Di Graphene from LIBs graphite by sonication at 50% amplitude for 2 h
and contained in the dispersed fraction.

Gn-S8-De Graphene from LIBs graphite under sonication at 80% amplitude for
2 h followed by decantation.

Gn-S8-Di Graphene from LIBs graphite by sonication at 80% amplitude for 2 h
and contained in the dispersed fraction.

The tests were conducted using commercial graphite and graphite extracted from
spent LIBs to investigate the differences between the graphene obtained from each source.
Additionally, commercial graphene and graphene oxide were used as reference materials
for characterization purposes, allowing for a comparative analysis of their properties with
those of the materials obtained in this study.

3. Material Characterization

An initial characterization was performed to determine the basic physicochemical
properties and chemical composition of both the dispersed and sedimented fractions. The
analyzed properties included density by volumetric displacement (pycnometer method)
using water as the reference fluid (USP-699 Density of Solids), Brunauer-Emmett-Teller
(BET) surface area, average pore volume, average pore diameter, dispersion pH, zeta
potential, dispersion conductivity, and contact angle. graphene and characterize its struc-
tural and physicochemical properties. Additionally, more advanced analytical techniques
were employed to confirm the formation of graphene and characterize its structural and
physicochemical properties.

The metal composition was determined using Atomic Absorption Spectroscopy
(AAS) on an Agilent 240 FS atomic absorption spectrophotometer, employing an air-
acetylene flame.

For the contact angle analysis, the different materials were compacted onto a glass
sample holder using axial pressure to form a flat and uniform surface. Contact angles were
measured for two water volumes. Initially, a single water (~50 μL) droplet was deposited
on the surface of each material, and high-resolution photographs were taken at an initial
time (1 s) and monitored over a period of 10 s. Subsequently, four additional droplets
(~200 μL) were added to assess the material’s stability and permeability. Each image
was analyzed using the LB-ADSA (Liquid Bridge—Axisymmetric Drop Shape Analysis)
method, implemented in the ImageJ V1.54k software with the Drop Shape Analysis (DSA)
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plugin [33]. This method numerically solves the Laplace-Young equation, which relates the
axisymmetric shape of the droplet to surface tension and gravitational forces. This approach
compensated for roughness effects, ensuring reliable measurements on the compacted
material surfaces.

The specific surface area of the samples was determined by nitrogen (N2) physisorption
at 77 K using the Brunauer–Emmett–Teller (BET) method on a Quantachrome Autosorb
Automated Gas Sorption System. Prior to measurement, the samples were degassed under
vacuum at 380 ◦C for 12 h.

Zeta potential measurements were performed on a Malvern ZEN 2600 equipment,
Malvern, UK.

XPS analyses were carried out on samples using an AES-XPS PHI-548 spectrometer,
Amsterdam, The Netherlands in which the samples were excited by an unmonochromatized
Al Kα line at 1486.6 eV. The working pressure was <1 × 10−10 Pa. Survey scans were
obtained in the range from 1205 to (−10) eV energy interval at 1.0 eV per step and pass
energy of 100 eV. Additionally, the high-resolution XPS scans were completed at 0.2 eV
energy steps and pass energy of 50 eV (the constant pass energy mode).

High-resolution transmission electron microscopy (HRTEM) and energy-dispersive
X-ray spectroscopy (EDS) were conducted using an INCA Oxford Si (Li) detector integrated
into a JEOL 2100F electron microscope, Tokyo, Japan. The microscope operated at an
accelerating voltage of 200 kV, providing a resolution of 0.19 nm.

Ultraviolet–Visible (UV–Vis) spectroscopy, recorded with a Shimadzu UV–Vis spec-
trophotometer, Kyoto, Japan to identify the formation of graphene in the samples. The
dispersed fraction was analyzed directly, while the decanted fraction required the dried
samples to be dispersed in distilled water by agitation with a magnetic stirrer. Immediately
after, all dispersions were transferred into 10 × 10 mm vials and measured to prevent
partial agglomeration of the flakes and their sedimentation in the aqueous solution. Each
UV–Vis spectrum was collected with an acquisition time of 20 s within the spectral range
of 200 to 800 nm, covering the region where graphene-related peaks are expected.

X-ray diffraction (XRD) analysis was performed using a Rigaku, Tokyo, Japan, D-Max
2200 Series diffractometer equipped with Cu-Kα radiation (λ = 1.54 Å). The scanning rate
was set at 3◦ per minute, with an operating tube voltage and current of 40 kV and 40 mA,
respectively. Diffraction patterns were recorded over a 2θ angular range of 2–90◦.

Raman analyses were performed at room temperature using a Horiba Jobin Yvon,
Stow, MA, USA, Labram HR confocal Raman spectrometer, equipped with a 632.81 nm
laser. The spectra were recorded in the range of 600 to 4000 cm−1.

H2-Temperature programmed reduction (H2-TPR) of the materials was carried out at
10 ◦C/min from 25 ◦C up to 900 ◦C, in the presence of 10% H2/Ar (Infra). The gas flow rate
was 25 mL/min and it was kept constant using a mass flow controller. The apparatus was
calibrated by reduction of 30 mg of CuO powder (99%, Merck, Rahway, NJ, USA) under
the same experimental conditions.

Attenuated total reflectance-Fourier transform spectroscopy (ATR-FTIR) analyses were
carried out over the wave number range of 4000–500 cm−1 using a Shimadzu IRAffinity-1S.

4. Results and Discussion

4.1. Metal Composition

The analysis was conducted using AAS identified trace metallic impurities in the se-
lected materials (Table 2). Specifically, elements such as cobalt (Co), nickel (Ni), manganese
(Mn), lithium (Li), and copper (Cu) were detected. However, these impurities were not
found in commercial graphite (Gf-C), indicating a high purity of the source material. In
contrast, recycled graphite from LIBs (GPi) exhibited significant amounts of these elements,
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reflecting the composition of the internal components of the batteries, particularly those
used in cathodes and current collectors [34–36].

Table 2. Composition metal trace in some materials.

Material
Metal Composition (% wt.)

Co Ni Mn Li Cu Al

Gf-C 0.000 0.000 0.000 0.000 0.000 0.000
GPi 0.231 0.004 0.136 0.115 1.272 0.000

Gn-S8-Di 0.217 0.004 0.018 0.000 0.465 0.000
Gn-S8-De 0.231 0.006 0.085 0.000 1.031 0.000

In the graphene obtained via liquid-phase exfoliation, both in the dispersed fraction
(Gn-S8-Di) and the sedimented fraction (Gn-S8-De), metallic impurities were detected at
varying concentrations, with Co, Ni, Mn, and Cu being the most prominent. However,
lithium was not identified in either graphene fraction, suggesting that the ultrasound-
assisted exfoliation process facilitated the removal of this metal. This result may be at-
tributed to the solubility of the electrolyte and the deintercalation of Li during treatment, a
phenomenon previously reported in studies on anode material recovery from LIBs [17].

The absence of metallic impurities in commercial graphite aligns with its use in
applications requiring high purity standards. On the other hand, the detected impurities
in recycled graphite originate directly from materials used in LIBs manufacturing. Co
and Ni are commonly found in cathodes, while Cu is used in current collectors. During
the recycling process, residual traces of these materials often remain in the recovered
graphite, affecting its chemical composition. The results obtained are consistent with
findings reported in the scientific literature. Previous studies have identified metallic
impurities in graphene produced from the exfoliation of graphite recovered from LIBs,
highlighting the persistence of elements such as Co, Al, Cu, and Mn, which confirm the
presence of residues from cathode materials and other internal battery components [17].

On the other hand, X-ray photoelectron spectroscopy (XPS) analysis confirmed
the presence of metallic impurities and complemented the observations made by AAS.
Figures 1 and 2 show the XPS spectra of the sonicated materials at 80% amplitude for the
sedimented fraction of both commercial graphite (Gc-S8-De) and graphite recovered from
LIBs (Gn-S8-De). This analysis is crucial for evaluating the purity of the obtained graphene
and the presence of residual metallic impurities, which are key factors for its potential
applications, particularly in catalytic systems [37].

Figure 1. XPS spectra of the Gc-S8-De material.
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Figure 2. XPS spectra of the Gn-S8-De material.

Figure 1, corresponding to the material derived from commercial graphite (Gc-S8-De),
presents an XPS spectrum dominated by the C 1s bands at 284.1 eV, characteristic of
C–C and C=C bonds associated with graphene structures along with its π–π* plasmon,
confirming the presence of graphene structure after sonication.

In contrast, the spectrum shown in Figure 2, corresponding to the material derived
from graphite recovered from LIBs (Gn-S8-De), reveals a more complex surface composition.
In addition to the C 1s (284.1 eV) and O 1s (532.1 eV) bands, contributions at 932.5 eV
(Cu 2p3/2) and 953.5 eV (Cu 2p1/2), corresponding to copper, as well as signals at 852.6 eV
for nickel (Ni 2p3/2) and 101.4 eV associated with cobalt (Co 2p), were identified.

The presence of these transition metals, which are typical of LIB cathodes, indicates
that some residual metallic impurities persist after the exfoliation process. This partial
incorporation of metals into the carbonaceous matrix could significantly modify the elec-
tronic properties of graphene, creating opportunities for its application in heterogeneous
catalysis, where Cu, Co, Mn, and Ni could act as active sites or promoters, or in energy
storage devices, where these metallic species may enhance charge storage capacity and
transfer [38,39]. If high-purity graphene is required, these findings highlight the need
for additional purification processes. However, the controlled presence of these metals
could be strategically leveraged to develop functional materials with properties tailored to
specific applications.

4.2. Zeta Potential

The zeta potential (ζ) analysis is a measure of the electrical charge on the surface
of dispersed particles in a liquid and is used to assess their colloidal stability in water.
High absolute values (greater than ±30 mV) indicate electrostatic repulsion between
particles, which prevents aggregation and promotes stable dispersions [25,40,41]. The
results obtained in this study, presented in Table 3, show predominantly negative values,
consistent with Lewis-type charge transfer at the particle-solvent interface. Highly negative
zeta potential values (ζ < −40 mV) in aqueous graphene dispersions are primarily attributed
to the ionization of oxygen-containing functional groups (e.g., -COOH, -OH) on the material
surface. These groups undergo deprotonation in neutral or alkaline media, generating
negatively charged species (-COO−, -O−) that induce electrostatic repulsion between
particles [41,42]. Additionally, the adsorption of hydroxyl ions (OH−) onto the graphene
surface, which is favored at high pH, further increases the negative charge density. These
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mechanisms align with the DLVO theory, wherein electrostatic repulsion predominates
over van der Waals forces, thereby stabilizing the colloidal dispersion [43]. Although
Lewis acid-base interactions may occur at defective sites on graphene (e.g., edges with
electron-deficient sp2 carbon), their contribution to surface charge is secondary in aqueous
systems, where ionic and pH-dependent effects dominate [41,43].

Table 3. Physicochemical properties for different materials. Experimental data for the materials
characterization. Data generated by the authors.

Material
Density Solid

(g/mL)

BET Surface

Area (m2/g)

Average

Pore Volume

BJH (cm3/g)

Average

Pore

Diameter

(nm)

PH

Dispersion

Zeta

Potential

(mV)

Dispersion

Conductivity

(μS/cm)

Contact

Angle

(◦)

Gf-C 0.366 2.11 0.008 15.45 8.48 - - 148.1
GPi 0.760 5.13 0.036 22.35 8.15 - - 143.9

Gn-C 0.065 49.05 0.096 11.97 8.91 −47.8 - 19.4
Gc-S5-De 0.293 3.18 0.010 24.75 8.81 −45.9 50.2 149.3
Gc-S5-Di 0.217 6.97 0.030 38.00 8.57 −48.5 70.6 138.4
Gc-S8-De 0.254 2.06 0.005 39.73 9.11 −43.7 91.2 143.5
Gc-S8-Di 0.202 4.39 0.020 37.56 9.33 −50.8 104.3 22.1
Gn-S5-De 0.654 5.01 0.021 22.53 7.35 −43.4 143 147.2
Gn-S5-Di 0.409 14.39 0.060 22.85 9.41 −58.6 265 135.4
Gn-S8-De 0.575 4.81 0.020 23.09 7.73 −42.4 164 21.5
Gn-S8-Di 0.249 14.75 0.060 17.63 9.85 −58.0 352 13.9

A difference in stability is observed between the dispersed (Di) and decanted (De)
fractions of each material. In all cases, for each type of raw material, the dispersed fractions
exhibit higher zeta potential magnitudes than the decanted fraction. For example, for
graphene derived from commercial graphite at 50% sonication, the dispersed fraction
(Gc-S5-Di) has a zeta potential of −58.6 mV, while the decanted fraction (Gc-S5-De) shows
−45.9 mV. This trend is consistent in materials derived from LIBs, indicating that dispersed
fractions are more stable due to their higher surface charge, which enhances electrostatic
repulsion and prevents sedimentation. This behavior is attributed to the sonication process,
which increases the surface charge of graphene by introducing defects, exposing a greater
surface area of graphene layers, and consequently leading to a higher exposure of ionized
functional groups.

Regarding the influence of sonication amplitude, the data show that graphene obtained
at 80% and 50% amplitude tends to have very similar zeta potential values. This suggests
that stability is comparable among materials derived from the same raw source, which is
consistent with the stability images (Table 4), where suspensions of materials sonicated at
80% exhibited greater stability.

Moreover, graphene derived from LIBs exhibits zeta potential values further from
zero in its dispersed fractions compared to that from commercial graphite. For example,
the material (Gn-S5-Di) obtained at 50% sonication amplitude shows a zeta potential of
−58.6 mV, while Gc-S5-Di has −48.5 mV. Similarly, at 80% amplitude, Gn-S8-Di reaches
−58.0 mV, whereas Gc-S8-Di shows −50.8 mV. This indicates that materials derived from
LIBs (dispersed fraction) are more stable in dispersion. In contrast, the zeta potential of
the decanted fractions showed similar values regardless of the graphite source, which is
consistent given that this fraction settled immediately after the exfoliation process.
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Table 4. Dispersion stabilization time and yields for the decanted and suspended fractions.

Sample Yield (%) Dispersion Stabilization Time (Days)

Di De 0 15 30 60 90 180

Gc-S5 4.46 95.54      

Gc-S8 5.55 94.45      

Gn-S5 8.60 91.4       

Gn-S8 9.95 90.05       

Gn-C - -       

As explained in the analysis of the stability of different material dispersions, the
greater stability observed in materials derived from LIBs may be related to the presence
of residual metals. These metals modify the surface charge of the particles, specifically
through the adsorption of metal ions onto the graphene surface, generating additional
charges that increase the absolute value of the zeta potential. This modification in surface
charge enhances electrostatic repulsion between particles of the same charge, reducing
aggregation tendencies and promoting greater suspension stability [44]. Additionally,
certain metals can serve as active sites for the formation of oxygenated functional groups
during treatment processes, further contributing to an increase in surface charge. Together,
these factors explain why LIB-derived materials, particularly Gn-S5-Di and Gn-S8-Di,
exhibit greater stability compared to those obtained from commercial graphite.

On the other hand, if graphene has a low zeta potential value (close to 0 mV), it
means that electrostatic repulsion forces between particles are weak or nonexistent. In
this case, graphene particles tend to aggregate rapidly due to Van der Waals attraction
forces. This aggregation leads to particle sedimentation, preventing effective dispersion
in water and causing the formation of large flocs or aggregates [43]. Pure graphene
without functionalization, or exfoliated graphite that has not been properly processed
through sonication or chemically modified, typically exhibits low zeta potential values
and, consequently, low dispersion capacity in water. Although this value is not listed in
Table 3, this observation is consistent with the stability images in Table 4, where commercial
graphene sedimented within a few days after dispersion preparation.
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In other words, the analysis of the results reveals that materials derived from LIBs
exhibit greater colloidal stability compared to those from commercial graphite. Moreover,
while sonication at 80% amplitude enhances exfoliation, the zeta potential values suggest
that optimal stability is achieved at 50% amplitude. Finally, dispersed fractions demon-
strate greater stability than decanted fractions, highlighting the importance of controlling
sonication conditions to obtain materials with optimal properties for specific applications.

The differences in zeta potential (Z) values between materials derived from commer-
cial graphite and those recovered from lithium-ion batteries (LIBs) (ranging from −42.4 to
−58.6 mV) demonstrate the influence of material origin and prior treatment on dispersion
properties. Although both values fall within a narrow range associated with colloidal
stability, the ~16 mV gap can be linked to enhanced aggregation resistance and long-term
dispersion uniformity in materials with higher absolute zeta potential values, as reported
in previous studies [44,45]. Such works indicate that even moderate differences in zeta
potential may significantly influence dispersion stability and homogeneity, particularly
in systems like composites or coatings there is a minimal difference between 50% and
80% amplitude, suggesting that graphene with these properties can be obtained at 50%
amplitude while achieving energy savings compared to 80% amplitude sonication. The dif-
ferences observed between graphene derived from commercial graphite and that recovered
from LIBs emphasize the influence of material origin and prior treatment on the dispersion
properties of graphene.

For a long time, graphite was considered hydrophobic.

4.3. Contact Angle

For a long time, graphite was considered hydrophobic, with a water contact angle of
90◦ or higher [46]. However, it has been found that this hydrophobicity may be related
to the presence of active sites on the material [47]. Additionally, studies have shown that
the wettability of monolayer and bilayer graphene is significantly higher than that of
graphite, exhibiting a water contact angle of θ < 30◦ [6]. The rigorous determination of
hydrophobicity in carbonaceous materials, such as graphite and graphene, requires the
integration of precise contact angle (θ) measurements with theoretical models adapted to
rough or porous surfaces [48,49].

Wetting is the phenomenon in which a liquid spreads over a solid surface upon
contact. The contact angle is commonly used to describe the degree of wetting, where
Young’s equation (Equation (1)) defines the equilibrium state of a resting droplet on an
ideal, smooth surface.

γsv = γlv cosθY + γsl (1)

where γsv, γlv y γsl correspond to the interfacial surface tensions of the solid–vapor,
liquid–vapor, and solid–liquid interfaces, respectively, and θY is the resulting contact an-
gle [50]. A hydrophilic surface typically exhibits a contact angle in the range of 10◦ < θ < 90◦,
while hydrophobic surfaces fall within 90◦ < θ < 150◦. Surfaces with are classified as
ultrahydrophilic, whereas those with θ 150◦ < θ < 180◦ are considered superhydropho-
bic [51–53]. However, this model assumes an ideal, perfectly smooth surface. For rough
surfaces, such as compressed powder materials, wetting behavior can be understood
through two principal models: the Wenzel model and the Cassie-Baxter model. The Wen-
zel model is particularly applicable to hydrophilic materials, as it describes a liquid making
uniform contact with the surface, regardless of the roughness or porosity. In this case,
liquid adsorption into surface pores or irregularities is a defining characteristic, and if the
material’s porosity allows, complete penetration of the liquid into surface asperities occurs,
leading to total wetting [50]. This behavior is characteristic of hydrophilic surfaces, where
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the presence of polar functional groups (such as -OH, -COOH) in graphene or graphite
enhances water interaction [44,51,54].

On the other hand, the Cassie-Baxter model describes heterogeneous wetting, in which
the water droplet remains suspended on the peaks of a rough surface while air becomes
trapped in the valleys. This condition is known as the Cassie-Baxter state Where γsv, γlv

y γsl correspond to the interfacial surface tensions of the solid–vapor, liquid–vapor, and
solid–liquid interfaces, respectively, and θY is the resulting contact angle [50]. A hydrophilic
surface typically exhibits a contact angle in the range of 10◦ < θ < 90◦, while hydrophobic
surfaces fall within 90◦ < θ < 150◦. Surfaces with are classified as ultrahydrophilic, whereas
those with θ 150◦ < θ < 180◦ are considered superhydrophobic [51–53]. However, this
model assumes an ideal, perfectly smooth surface. For rough surfaces, such as compressed
powder materials, wetting behavior can be understood through two principal models: the
Wenzel model and the Cassie-Baxter model. The Wenzel model is particularly applicable
to hydrophilic materials, as it describes a liquid making uniform contact with the surface,
regardless of the roughness or porosity. In this case, liquid adsorption into surface pores
or irregularities is a defining characteristic, and if the material’s porosity allows, complete
penetration of the liquid into surface asperities occurs, leading to total wetting [50]. This
behavior is characteristic of hydrophilic surfaces, where the presence of polar functional
groups (such as -OH or -COOH and epoxides) in graphene or graphite enhances water
interaction [44,51,54].

On the other hand, the Cassie-Baxter model describes heterogeneous wetting, in which
the water droplet remains suspended on the peaks of a rough surface while air becomes
trapped in the valleys. This condition is known as the Cassie-Baxter state [50,55]. In this
regime, the formation of liquid marbles can be observed, where liquid droplets (typically
water) are coated with hydrophobic particles that prevent wetting [56]. This behavior is
characteristic of superhydrophobic materials [55], in which surface roughness traps air
pockets, creating a liquid-air-solid interface. The presence of liquid marbles, which roll
freely across the surface, is a key indicator of the Cassie-Baxter state. This phenomenon
is commonly observed in materials with micro- or nanostructures that minimize contact
between the liquid and the solid, such as graphene functionalized with nonpolar groups or
surfaces with hydrophobic coatings [50].

A modified Young’s model (θ > 90◦\theta > 90ˆ\circθ > 90◦ without liquid marble
formation) describes intrinsically hydrophobic surfaces, where the contact angle exceeds
90◦ but does not reach superhydrophobicity. This behavior is attributed to the presence of
non-oxidized graphene domains (sp2), which are inherently hydrophobic due to their low
surface energy [48]. Unlike the Cassie-Baxter model, liquid marbles do not form because
there is no significant surface roughness to trap air [53].

The combination of these data with qualitative criteria, such as the formation of liquid
marbles or liquid absorption, allows for the classification of hydrophobicity according
to these models. Table 3 presents the details contact angle of the materials. Based on
these parameters, it was determined that the initial graphite samples Gpi (θ = 143.9◦) and
Gf-C (θ = 148.1◦) exhibited superhydrophobicity (Cassie-Baxter model) with the formation
of stable liquid marbles. In contrast, commercial graphene (Gn-C, θ = 19.4◦) displayed
extreme hydrophilicity (Wenzel model), absorbing the droplet in less than 2 s.

For materials derived from commercial graphite subjected to sonication at 50% am-
plitude, the sedimented fraction (Gc-S5-De, θ = 149.3◦) retained the hydrophobicity of
the original graphite, while the dispersed fraction (Gc-S5-Di, θ = 138.4◦) showed a slight
decrease in contact angle, although it maintained the formation of liquid marbles. In the
case of sonication at 80% amplitude, only the sedimented fraction (Gc-S8-De) preserved
the hydrophobic properties of the starting graphite, with a moderate reduction in contact
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angle (θ = 143.5◦) and the formation of a partial liquid marble. Conversely, the dispersed
fraction (Gc-S8-Di) exhibited a transition toward extreme hydrophilicity (θ = 22.1◦ within
the first second), with complete absorption occurring in less than 5 s.

For materials obtained from graphite recovered from LIBs and sonicated at 50% ampli-
tude, a similar trend was observed: the sedimented fraction (Gn-S5-De, θ = 147.2◦) and the
dispersed fraction (Gn-S5-Di, θ = 135.4◦) retained high hydrophobicity with liquid marble
formation. However, when sonication was increased to 80%, both fractions (Gn-S8-De and
Gn-S8-Di, with θ = 21.5◦ and θ = 13.9◦ within the first second, respectively) transitioned
toward extreme hydrophilicity, with complete absorption in less than 5 s.

Based on the literature, where contact angle increases of approximately 1◦ have been
reported for a volume increment of 15 μL [57], it can be inferred that the contact angle varia-
tion obtained in this study (Δθ\Delta\thetaΔθ close to or below 10◦ for a volume increment
of ~200 μL) suggests a uniform chemical hydrophobicity at the macroscopic scale.

The images in Figure A1 (Appendix A) confirm that, in materials sonicated at 50%
amplitude, the sedimented fraction formed partial liquid marbles, whereas the dispersed
fraction exhibited more extensive liquid coverage. This behavior suggests that these
materials retain their hydrophobic properties and promote the formation of a partial liquid
marble. Additionally, the low variation in Δθ implies that the observed hydrophobicity is
homogeneous at the macroscopic level, although the incomplete formation of liquid marbles
reveals potential heterogeneity in surface roughness. It is proposed that the limited mobility
of sedimented particles in the decanted fraction restricts their ability to fully coat the air-
liquid interface, whereas in materials processed at high amplitude (S8-Di), fragmentation
into nanoparticles and surface oxidation promote localized liquid absorption.

On the other hand, sonication at 80% amplitude in the dispersed fraction homogenizes
the extreme hydrophilic response, regardless of the starting graphite, possibly due to the
generation of polar functional groups such as -OH and -COOH, and may also promote
the formation of ether-type epoxide groups during sonication, which increases the solid-
liquid interfacial energy and favors complete wetting. The fragmentation of graphite into
nanoparticles creates a porous structure that facilitates liquid penetration via capillary
action, in accordance with the Wenzel model. Furthermore, the presence of trace metals
(Co, Cu, etc.) could act as active sites for oxidation reactions, promoting the hydrophilicity
of the materials.

Overall, it is concluded that sonication at 50% amplitude favors the production of
superhydrophobic materials, whereas amplitudes of 80% induce extreme hydrophilicity,
except in the case of materials derived from commercial graphite. These findings suggest
a multifaceted approach to designing materials with controlled wetting properties by
adjusting ultrasonic treatment intensity and surface morphology.

In this regime, the formation of liquid marbles can be observed, where liquid droplets
(typically water) are coated with hydrophobic particles that prevent wetting [56]. This
behavior is characteristic of superhydrophobic materials [55], in which surface roughness
traps air pockets, creating a liquid-air-solid interface. The presence of liquid marbles, which
roll freely across the surface, is a key indicator of the Cassie-Baxter state. This phenomenon
is commonly observed in materials with micro- or nanostructures that minimize contact
between the liquid and the solid, such as graphene functionalized with nonpolar groups or
surfaces with hydrophobic coatings [50].

4.4. Textural Properties

The textural analysis of the materials indicates that they fall within the mesoporous
range (2–50 nm). Specific surface area (BET) measurements revealed that the decanted
fraction did not exhibit significant changes compared to the starting graphite [58]. In
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contrast, the dispersed fraction of graphene showed substantial increases in specific surface
area, with an approximate 100% increase for materials derived from commercial graphite
and up to 200% for those obtained from LIB graphite. This significant increase in the
dispersed fraction can be attributed to the greater exposure of internal surfaces following
exfoliation. The enhancement in the surface area of LIB-derived graphene is likely due to
a combination of exfoliation, pre-existing defects, and the formation of few-layer sheets,
which promote the opening of new active surfaces [58]. Conversely, the decanted fraction
exhibited minimal increases, likely due to its composition of thicker (~3-layer) and less
exfoliated sheets, which restrict access to internal surfaces.

Regarding pore diameter, materials derived from commercial graphite exhibited a
significant increase, ranging from 70% to 160%, from 15.45 nm in the original commercial
graphite to 39.73 nm in the decanted fraction sonicated at 80% amplitude. In contrast,
materials derived from LIB graphite maintained a nearly constant pore diameter of ap-
proximately 22.4 nm, with no clear correlation between pore size and recovered fraction
(dispersed or decanted) or sonication amplitude (50% or 80%).

The observed expansion in pore diameter for materials derived from commercial
graphite, particularly in the decanted fraction, can be attributed to the more ordered and
less defective initial structure of this type of graphite [35]. During sonication, mechan-
ical stresses and cavitation promote mesopore growth by widening pre-existing pores.
This effect is more pronounced in the decanted fraction because the partially exfoliated,
multi-layered sheets (approximately three layers, according to Raman analysis) can retain
expanded porous structures. In contrast, the constant pore diameter in graphene derived
from LIBs suggests that these materials already possess a more heterogeneous and defective
porous structure due to charge-discharge cycles during their use. This is consistent with
their slightly larger initial pore diameter compared to commercial graphite, making them
less sensitive to sonication-induced modifications in pore diameter.

Regarding pore volume, the decanted fraction materials remained nearly unchanged
compared to reference graphite, whereas the dispersed fraction materials exhibited a
substantial increase in pore volume-approximately 100% for LIB-derived materials and
up to 200% for those obtained from commercial graphite. The significant increase in pore
volume in the dispersed fraction can be explained by the formation of thin graphene sheets
(approximately two layers), which provide greater accessibility to internal pores. Sonication
at 80% amplitude facilitates the near-complete exfoliation of these sheets, generating open
structures with increased available pore volume. For LIB-derived materials, the moderate
increase in pore volume may be related to residual impurities and structural defects that
restrict pore growth.

4.5. Dispersion Conductivities

The electrical conductivity results of the material dispersions (Table 3) reveal signifi-
cant correlations between the graphite source, sonication amplitude, and recovered fraction.
In general, materials derived from graphite recovered from LIBs exhibit significantly higher
conductivity than those obtained from commercial graphite. For instance, the dispersed
fraction (Di) of LIB-derived graphene sonicated at 80% amplitude (Gn-S8-Di) reaches
352 mS/cm, approximately 3.4 times higher than its commercial counterpart (Gc-S8-Di:
104.3 mS/cm).

The graphite source plays a crucial role in determining the conductivity behavior
of the different graphene dispersions. LIB-derived graphene (Gn) not only outperforms
commercial graphene (Gc) in this property but even under lower sonication conditions
(50% amplitude), Gn-S5-Di (265 mS/cm) surpasses Gc-S8-Di (104.3 mS/cm), which was
processed at 80% amplitude. This advantage may be related to the electrochemical history
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of LIB graphite. During charge/discharge cycles, the repeated intercalation of various met-
als induces a controlled expansion of the layered structure, effectively “pre-conditioning”
the material for more efficient exfoliation. Additionally, the presence of metallic impu-
rities enhances the conductivity of the recovered graphite, which could be beneficial for
electronic applications.

This pronounced difference suggests that LIB-derived graphite possesses intrinsic
structural characteristics that favor the production of high-conductivity graphene. This find-
ing aligns with the zeta potential values, where materials derived from recovered graphite
exhibited higher absolute values compared to those obtained from commercial graphite.

The sonication amplitude proved to be a significant factor, regardless of the graphite
source or recovered fraction. As the amplitude increased, the conductivity of all disper-
sions improved. For instance, in the decanted fraction of commercial graphite, Gc-S8-De
(91.2 mS/cm) exhibited an 81% increase compared to Gc-S5-De (50.2 mS/cm). Similarly, in
LIB-derived graphite (Gn), Gn-S8-De (164 mS/cm) surpassed Gn-S5-De (143 mS/cm) by
15%. This trend aligns with the observed zeta potential values.

This behavior may be attributed to the greater mechanical energy transfer at higher
amplitudes, which effectively breaks the interlayer Van der Waals bonds, reducing the num-
ber of layers. However, this decrease in layer count is only evident in Raman spectroscopy
for the dispersed fraction at 80% amplitude. Additionally, in all cases, the dispersed frac-
tions (Di) exhibited significantly higher conductivities than the decanted fractions (De).
For example, in LIB-derived graphite treated at 50% amplitude, Gn-S5-Di (265 mS/cm)
exceeded Gn-S5-De (143 mS/cm) by 85%.

4.6. Density Solids

The density of all analyzed materials decreased compared to the original graphite,
which is consistent with the exfoliation process. The most significant reduction in density
was observed in the dispersed fraction, particularly in LIB-derived graphene subjected
to sonication at 80% amplitude (Gn-S8-Di). This effect is attributed to the presence of
thin layers, approximately two in number, which lead to less compact structures. The
observed decrease in density across all cases aligns with the exfoliation process, where
layer separation reduces material compaction.

4.7. Dispersion Stability and Exfoliation Yields

The results indicated that both the sonication amplitude and the type of graphite
used significantly influenced the dispersion stability and exfoliation efficiency. Notably,
graphite recovered from LIBs yielded more stable dispersions compared to commercial
graphite. Furthermore, increasing the sonication amplitude from 50% to 80% enhanced
graphene formation in the dispersed fraction, as evidenced by a more intense coloration of
the suspensions, indicative of a higher concentration of exfoliated material.

As summarized in Table 4, the exfoliation yield varied depending on the graphite type
and sonication conditions. Commercial graphite subjected to 50% sonication amplitude
exhibited a limited exfoliation yield, with 95.54% of the material remaining in the decanted
fraction and only 4.46% in the dispersed fraction. Increasing the sonication amplitude to
80% resulted in a slight improvement, with the dispersed fraction reaching 5.55% and the
decanted fraction accounting for 94.45%. This suggests that while higher sonication energy
may promote exfoliation, the effect is less pronounced for commercial graphite, likely due
to its lower intrinsic exfoliation susceptibility in the absence of natural stabilizers.

In contrast, graphite recovered from LIBs demonstrated superior exfoliation efficiency
under identical conditions. At 50% sonication amplitude, the dispersed fraction reached
8.60%, increasing to 9.95% at 80% amplitude. Although the absolute difference in exfoliated
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material was not drastic, the dispersions derived from LIB-derived graphite exhibited
significantly greater long-term stability, indicating a reduced tendency for aggregation and
sedimentation of exfoliated graphene.

This behavior can be attributed to the presence of trace metal impurities in the recycled
graphite from LIBs, such as manganese, nickel, cobalt and copper (identified by both AAS
and XPS), which may act as counter-cations within the dispersion. These metallic species
could interact with the surface of exfoliated graphene, enhancing its stabilization in the
aqueous medium and mitigating its propensity to reaggregate. Consequently, dispersions
obtained from LIB-derived graphite exhibited superior stability and lower sedimentation
rates compared to those derived from commercial graphite, even when the amount of
exfoliated material was comparable.

These findings align with prior literature reports [6,7,9,59–61], which have demon-
strated that liquid-phase exfoliation efficiency and graphene dispersion stability are influ-
enced by factors such as sonication energy, precursor surface chemistry, and the presence of
stabilizing species. In this context, the presence of metallic traces in recycled LIB graphite
appears to play a critical role in enhancing dispersion stability, presenting a potential
advantage for graphene production from battery waste.

On the other hand, sonication amplitude and graphite origin are key factors influenc-
ing graphene production via liquid-phase exfoliation. While higher sonication amplitudes
moderately improve exfoliation efficiency, dispersion stability is significantly enhanced
by the presence of metallic species in LIB-derived graphite. This finding highlights a
potential advantage in leveraging battery waste for the sustainable synthesis of advanced
nanomaterials, offering promising prospects for large-scale graphene production.

4.8. UV-Vis Analysis

A preliminary characterization was conducted to confirm the formation of graphene
in the different samples, with Ultraviolet–Visible (UV-Vis) spectroscopy being the first
technique used for this purpose. The UV-Vis spectra were analyzed to detect characteristic
peaks associated with the presence of graphene in the dispersed and decanted fractions
of the materials obtained from both commercial graphite and discarded battery graphite
after ultrasonic exfoliation. The UV-Vis spectra are displayed in Figure 3. This technique
allowed for the initial identification of graphene-related features and provided insights
into the extent of graphene formation under the different experimental conditions.

Figure 3. UV-Vis spectra of different materials.
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In the analysis of these spectra, no band was identified in either the graphite from
discarded batteries or the commercial graphite. It is important to note that the absence of
specific bands in the UV-Vis spectra for both types of graphite is consistent with findings
reported in the literature [12,15,62]. According to studies, graphite itself does not exhibit
distinct UV-Vis absorption bands in the 200–800 nm range, as the conjugated π-electron
system of graphite typically absorbs in a different region, primarily in the infrared or
visible range. Therefore, the lack of observable bands in this region for both commercial
and discarded battery graphite aligns with the expected behavior for unmodified graphite,
which does not possess the specific electronic transitions seen in graphene oxide or reduced
graphene oxide. This result highlights the need for further processing or exfoliation to
induce the characteristic features of graphene, such as the π-π* transition, which would
appear in the UV-Vis spectra.

However, for the commercial graphene, a broad band was identified with a center
around 265 nm [12,62], which is characteristic of graphene and is associated with the sp2

hybridization of the C=C bonds in graphene [14,63]. Specifically, this band was more
pronounced in materials sonicated from LIB graphite compared to those from commercial
graphite, when compared at the same sonication percentage. Similarly, it was found that
materials sonicated at a higher amplitude percentage (80%) exhibited a more pronounced
band compared to those sonicated at 50%. Additionally, the materials from the dispersed
fraction showed a higher intensity of this band, suggesting a greater amount of graphene
is present in this fraction, although it cannot be ruled out that some graphene may also
be present in the decanted fraction. Thus, based on this technique, it is initially evident
that materials obtained via sonication at 80% amplitude from battery graphite, particularly
those recovered in the dispersed fraction, contain a higher amount of graphene.

4.9. DRX Analysis

Figure 4 presents the diffractograms obtained for the different materials. All samples
exhibit several common peaks associated with the characteristic crystalline phases of car-
bonaceous materials. The most prominent peaks correspond to the (002), (100), (101), (004),
and (103) planes, located at 2θ angles of 26.1◦, 42.4◦, 44.5◦, 54.7◦, and 59.9◦, respectively.
These reflections indicate the laminar structure and degree of crystalline ordering typical
of this type of material [11,64,65].

Figure 4. XRD spectra of different materials.
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Additionally, in graphene derived from graphite recovered from LIBs, two additional
peaks associated with copper oxide (CuO: tenorite) are identified at 2θ angles of 38.7◦

and 65.5◦, corresponding to the (111) and (022) planes, respectively [66,67]. However,
these peaks are observed only in the dispersed fraction of these materials (Gn-S5-Di and
Gn-S8-Di). This finding is consistent with AAS and XPS results, which identified metal
impurities, including Cu. Other metals were not detected by this analysis, likely because
their concentrations were below the detection limit of the technique or due to their specific
distribution within the graphene structure [68].

The presence of Cu may result from its accumulation in graphite during the electro-
chemical cycling of charge and discharge in LIBs or from the graphite recovery process
from the copper foils on which it is deposited. This hypothesis aligns with AAS analyses,
which identified Cu contents ranging from 0.465 to 1.271 wt% in materials recovered from
LIBs. The fact that these CuO peaks appear only in the dispersed fraction suggests that
CuO nanoparticles may localize during exfoliation. Their weak affinity with exfoliated
carbon layers could promote the formation of ordered crystalline domains, increasing
the XRD detection limit (~1–5%) despite their low overall concentration. In contrast, in
non-dispersed fractions, such as unexfoliated graphite or sedimented residues, Cu likely
remains diluted within the graphite matrix or in amorphous forms, preventing its detec-
tion [64,66]. Based on this, it can be inferred that the dispersed fraction of LIB-derived
graphene exhibits a structure similar to that of commercial graphene, likely to consist of
very few stacked layers.

The most prominent peak characteristic of carbonaceous materials appears at 26.1◦,
corresponding to the (002) plane of graphite, which indicates graphene layer stacking.
Figure 4 shows that commercial graphite (Gf-C) exhibits the most intense peak, reflecting
a highly ordered structure with minimal defects. In contrast, graphite recovered from
LIBs (Gpi) shows a peak intensity reduced to approximately one-third of that of Gf-C,
suggesting lower stacking order due to degradation during its use in LIBs. This process
induces defects and increases interlayer spacing, leading to a less crystalline and more
turbostratic structure [69]. Meanwhile, commercial graphene (Gn-C) presents the lowest
(002) peak intensity, indicating a highly defective structure or very few stacked layers with
weak interlayer interactions. The progressive decrease in peak intensity reflects a reduction
in layer stacking, which aligns with increased turbostratic disorder (order within each
plane but with random orientation) [5,70].

Figure 5 presents the second most intense peak, identified at 54.7◦, assigned to the
higher-order (004) plane. This reflection is particularly useful for estimating the exfoliation
level of the evaluated materials, as higher-order planes like (004) require a more periodic
stacking of layers to produce constructive interference. This characteristic enhances its
sensitivity to layer ordering, especially since reflections at angles greater than 50◦ are more
widely spaced, reducing phase ambiguity. It can be observed that commercial graphite
(Gf-C) exhibits the highest intensity for this peak, followed by battery-derived graphite
(Gpi), whereas commercial graphene (Gn-C) shows the lowest intensity, consistent with its
disordered or few-layered structure.

Additionally, Figure 5 illustrates that sonicated materials display a broad variation in
intensity depending on the graphite source and analyzed fraction. For instance, graphene
derived from commercial graphite exhibits higher peak intensity than that from LIBs.
Moreover, the dispersed fraction of LIB-derived materials presents the lowest intensity,
approximately 30% higher than commercial graphene. In contrast, the dispersed fraction of
materials originating from commercial graphite exceeds commercial graphene by approx-
imately 500%, suggesting that the recovered dispersed fraction of LIB-derived graphite
possesses a layer count approaching that of graphene.
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Figure 5. XRD spectra zoom of different peaks. DRX spectra zoom of different materials, (a) peak
zoom at 26.1 ◦ of reference materials Gn-C, Gpi and Gf-C, (b) peak zoom at 54.7 ◦ of reference
materials Gn-C, Gpi and Gf-C, and (c) peak zoom at 54.7 ◦ of the other sonicated materials.

Furthermore, Figure 4 reveals that the dispersed fraction of LIB-derived graphene does
not exhibit the 2θ ≈ 59.9◦ peak corresponding to the (103) plane. This peak serves as a key
marker for assessing three-dimensional (3D) order in crystalline graphite, as it corresponds
to a non-basal reflection (hkl with h, l �= 0). Its presence requires atomic correlation in three
dimensions due to the ordered stacking of layers along the c-axis (ABAB sequence) and
lateral alignment in the basal plane (a–b) [71]. Therefore, the presence of this peak confirms
a 3D structure, whereas its attenuation or absence indicates disorder or partial to complete
exfoliation. Based on this, the complete disappearance of this peak in the dispersed fraction
of graphene (Gn-S5-Di and Gn-S8-Di) signifies a significant loss of 3D order, indicating
exfoliation approaching few-layer graphene. This result is consistent with the behavior
observed in commercial graphene, which lacks the (103) peak due to its inherent 2D or
few-layer nature [36,72].

According to the literature [5,70,73,74], XRD analysis is an essential tool for determin-
ing key properties such as interlayer spacing (d002) and average crystallite size (DGP).
In carbonaceous materials like graphite, these parameters are obtained from the analysis
of the (002) peak, which characterizes the stacking of graphene layers, using Bragg’s law
(nλ = 2d sinθ) and the Scherrer equation (DGP = Kλ/βcosθ), where K is a shape factor
(typically 0.89 for (002) planes), λ is the wavelength of the radiation (0.15406 nm), β is the
full width at half maximum (FWHM) of the peak, and θ is the diffraction angle. Based on
these values, the approximate number of layers (NL) was determined using the relation
NL = DGP/d002, where d002 was experimentally obtained for each material based on its
specific diffraction angle [73].

This approach has been widely applied in the literature for carbonaceous materials
derived from commercial sources and even recycled LIBs [10,14,73,75]. However, it is
important to consider that the application of the Scherrer equation assumes a spherical crys-
tallite morphology, which introduces uncertainties in layered materials such as graphene.
In these materials, anisotropy and the presence of defects may alter the correlation between
particle diameter and interlayer spacing. Nonetheless, despite these limitations, this tech-
nique remains fundamental for comparative studies and process optimization, provided
that its scope and limitations are carefully considered, particularly in the context of highly
exfoliated or disordered systems.
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Table 5 presents the NL results for each material. Based on these results, the evaluated
materials can be categorized into two main groups: those derived from commercial graphite
and those obtained from LIBs. The NL values reveal general trends associated with the
exfoliation process and the inherent limitations of the XRD technique. First, it is observed
that materials derived from commercial graphite exhibit a layer count ranging from 2.5
to 3.7, with a moderate reduction in NL as the sonication amplitude increases from 50%
to 80%. For instance, in the sedimented fraction, NL decreases from 3.0 (Gc-S5-De) to 2.5
(Gc-S8-De), while in the dispersed fraction, it decreases from 3.7 (Gc-S5-Di) to 2.7 (Gc-S8-Di).
This trend suggests that higher ultrasonic energy (80% amplitude) promotes slightly more
efficient exfoliation, although the effect is limited, likely due to a balance between crystallite
fragmentation and actual layer separation.

Table 5. Physicochemical Properties of the Materials (Commercial Graphite, LIBs-Derived Graphite,
and Graphene).

Material
Graphene Layers
Number (XRD)

I2D/IG ID/IG
Graphene Layers
Number (Raman)

Gf-C ~2.0 0.18 0.12 >6.0
GPi ~2.0 0.16 0.19 >6.0

Gn-C ~0.7 0.76 0.46 ~2.0
Gc-S5-De ~3.0 0.46 0.08 ~3.0
Gc-S5-Di ~3.7 0.52 0.15 ~3.0
Gc-S8-De ~2.5 0.51 0.13 ~3.0
Gc-S8-Di ~2.7 0.68 0.18 ~2.0
Gn-S5-De ~2.0 0.50 0.18 ~3.0
Gn-S5-Di ~2.1 0.53 0.48 ~3.0
Gn-S8-De ~2.1 0.49 0.19 ~3.0
Gn-S8-Di ~2.5 0.74 0.39 ~2.0

In contrast, graphene derived from LIB-recovered graphite consistently shows NL
values between 2.0 and 2.5, regardless of the applied amplitude. This indicates a slightly
higher degree of exfoliation compared to graphene derived from commercial graphite [62],
which may be attributed to an enhanced exfoliation capability even at lower sonication
amplitudes. This behavior is likely related to the presence of structural defects or impurities
in the recycled graphite source, as identified by both AAS and XPS.

A particular aspect of the results is observed in the NL values obtained for Gf-C and
GPi graphite (~2.0 layers), which are unexpectedly low for a graphitic material. This can
be attributed to specific limitations of the XRD method, as the Scherrer equation assumes
the presence of well-defined and separated crystalline domains. However, in graphite,
the layered morphology and the possible presence of turbostratic disorder (rotationally
misaligned layers) induce an artificial broadening of the (002) peak, which reduces the
calculated DGP and, consequently, severely underestimates NL.

Additionally, the technique may not be well-suited for detecting extremely tightly
stacked layers, which could explain the observed underestimation in the analyzed graphite.
Based on these observations, the XRD-based exfoliation efficiency analysis suggests that
the sonication treatments promote layer separation in both the decanted and dispersed
fractions of materials derived from LIBs and commercial graphite. However, given the
limitations of the technique, complementary analyses using Raman spectroscopy and
HRTEM are necessary to achieve a more precise characterization of the exfoliation degree.
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4.10. Raman Analysis

The Raman spectra of all materials (Figure 6) exhibited three characteristic bands of
crystallized carbonaceous materials with sp2 hybridization: the D band at ~1360 cm−1,
attributed to the A1g mode activated by structural defects at graphene ring edges; the G
band at ~1580 cm−1, associated with the E2g vibrational mode of C-C bond stretching;
and the 2D band at ~2710 cm−1, corresponding to the second harmonic of the D band,
generated by double resonant phonon scattering [17,75–77]. These bands provide key
structural insights, such as the number of layers and defect density, through the analysis
of their relative intensities. The I2D/IG ratio is a critical parameter for determining the
exfoliation degree, where values close to or above 1.6 indicate monolayer graphene, values
around 0.8 suggest few-layer structures (~2 layers), values near 0.3 correspond to multilayer
graphene (~3 layers), and a further reduction to ~0.07 reflects graphite-like behavior,
indicating insufficient exfoliation [12,75,78,79]. Additionally, an increase in the ID/IG ratio
signifies a higher density of defects, fractures, or topological imperfections in the carbon
network [17,76,80].

Figure 6. Raman spectra of different materials.

The results presented in Table 5 show the intensity ratio values for all evaluated
materials. When comparing the reference materials (Gf-C, Gpi, and Gn-C), it is observed
that both commercial graphite and graphite recovered from LIBs exhibit I2D/IG values
significantly lower than 0.3 (0.18 and 0.16, respectively). This indicates that these materials
are predominantly composed of highly ordered multilayer structures, whereas commercial
graphene presents an I2D/IG value of 0.76, characteristic of ~2-layer materials [76,81].

Figure 5a,b illustrate the evolution of the I2D/IG and ID/IG intensity ratios, respec-
tively, as a function of the analyzed fraction (decanted or dispersed) for each material.
These results provide insight into the number of layers based on these parameters. The
I2D/IG values reveal that all sonicated materials, both from commercial graphite and LIBs,
exhibit graphene-like characteristics, even those processed at lower amplitudes (50%).
However, this ratio is slightly higher for materials derived from LIB graphite, which may
be associated with the presence of impurities that facilitate the exfoliation process during
localized sonication.

Additionally, the decanted fractions displayed similar I2D/IG values (ranging from 0.46
to 0.51), indicating a reduction to a comparable number of layers (~3 layers) [76], compared
to the original multilayer graphite, regardless of the sonication amplitude or material.
In contrast, in the graphene obtained from the dispersed fraction, the effect of increased
amplitude on exfoliation is more pronounced. For instance, in LIB-derived materials, this
ratio increased from 0.53 to 0.74 when sonicated at 50% and 80%, respectively. Furthermore,
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in both graphite sources (commercial and LIBs) sonicated at 80%, the dispersed fraction
exhibited I2D/IG values closer to those of commercial graphene (~2 layers), with Gc-S8-Di
showing the highest similarity to commercial graphene.

On the other hand, Figure 7b presents the ID/IG ratio as an estimate of the defect den-
sity or structural disorder [82]. As observed, commercial graphite exhibits an ID/IG value
of 0.12, indicative of a highly ordered structure, whereas LIB-recovered graphite shows a
higher value (0.19), suggesting greater disorder. In contrast, commercial graphene presents
an ID/IG of 0.46, reflecting a more fragmented structural network [9,77,83], consistent with
its low surface area and non-pristine monolayer nature.

Figure 7. (a) I2D/IG ratio as an estimate of number of layer and (b) ID/IG ratio as an estimate of
defect density or structural disorder.

Figure 7b also reveals that materials derived from commercial graphite retain a supe-
rior structural organization in all cases compared to those obtained from LIBs. The higher
ID/IG values in LIB-derived materials coincide with the presence of impurities and the
electrochemical history of the precursor. Additionally, it is observed that the decanted
fractions of both materials exhibit similar ID/IG values regardless of sonication amplitude
but consistently lower than their corresponding dispersed fractions. This suggests that
the decanted material retains a more ordered structure, whereas the dispersed fractions,
subjected to more intense exfoliation, accumulate greater fragmentation and defects.

These findings, together with the calculated number of layers, confirm the successful
exfoliation of graphene in both fractions across all materials. However, the resulting
graphene varies in quality. Mechanical exfoliation effectively reduces the number of layers
while increasing structural disorder, a trend more pronounced in graphene derived from
LIBs. This behavior may be attributed to the presence of residual metallic impurities and the
degradation of the carbon network during battery life cycles. Notably, defect density could
be a critical factor in applications sensitive to electronic, mechanical, or catalytic properties.
Although sonication at higher amplitude (80%) enhances exfoliation in dispersed LIB
fractions, bringing them closer to commercial graphene, the significant increase in defect
density implies a trade-off between exfoliation efficiency and structural preservation. This
balance could be strategically managed depending on specific application requirements.

4.11. HRTEM Analysis

Figure 8 presents the HRTEM micrographs corresponding to commercial graphene
and the samples obtained in this study. The images reveal thin sheets with regular edges in
the case of commercial graphene, while the graphene obtained through exfoliation exhibits
irregular edges, characteristic of the two-dimensional structure of graphene. The presence
of a few layers, generally between one and three, is a key indicator of graphene formation,
although it is important to note that ideal graphene is monolayer, whereas multilayer
graphene exhibits properties more like graphite.
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Figure 8. HRTEM micrographs of commercial graphene and the samples obtained.

In all images, the graphene sheets appear partially overlapped or folded, attributed to
surface interactions and the exfoliation process. However, commercial graphene shows a
greater number of semitransparent regions compared to the samples obtained from both
types of graphite, confirmed by the presence of areas with lower contrast, indicating a
smaller number of layers in these samples. In contrast, the exfoliated samples display
more dark areas corresponding to stacks of multiple layers. These findings are consistent
with results obtained through XRD and Raman spectroscopy, indicating several layers
approximately between 1 and 3 for all samples.

Additionally, the micrographs reveal significant differences in the purity of the ob-
tained materials. Commercial graphene reflects high purity, evidenced by the absence
of impurities, indicating superior quality, likely due to a controlled synthesis process.
In contrast, graphene derived from the graphite of LIBs shows the presence of various
nanoparticles, in some cases homogeneously distributed, attributable to residual metals
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such as Cu, Mn, and Co from the batteries. These metals were identified through techniques
like AAS and XPS, indicating lower quality in these materials. However, the presence of
impurities in graphene is not always a negative factor, as they could have a positive effect
if these materials are intended for catalytic applications, given that these nanoscale metals
can catalyze various reactions.

It is important to note that HRTEM analysis did not reveal significant differences
between the various materials obtained from LIBs, commercial graphene, and those derived
from commercial graphite, except for the presence of impurities, which are clearly observed
in graphene from LIBs. Additionally, it was not possible to identify differences between
the materials obtained at different amplitude percentages. These results are consistent
with previous studies that have reported the presence of metallic impurities on graphene
obtained from recycled LIBs. For example, in the study by [35,59], the presence of metallic
nanoparticles in recycled graphene was observed, which influenced the electrochemical
properties of the material.

On the other hand, the HRTEM micrographs provide visual evidence of the structural
and purity differences between commercial graphene and those obtained by exfoliation of
graphite from spent batteries and commercial graphite. These observations are fundamental
to understanding the properties and potential applications of the materials obtained.

4.12. H2-TPR Analysis

Figures 9 and 10 present the general and deconvoluted H2-TPR profiles of the materials,
respectively, providing insight into their reducibility. Furthermore, Table 6 summarizes the
H2 consumption associated with each reduction event, enabling a quantitative comparison
of the materials’ reduction behavior. The results reveal notable differences between the
samples derived from commercial graphite and those obtained from recycled graphite from
spent LIBs. In general, the observed reduction events can be attributed to the presence of
oxygen-containing functional groups and the reduction of metal impurities, particularly
copper and manganese oxides in the case of materials derived from LIB graphite.

Figure 9. Deconvoluted H2-TPR profiles of different materials.
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Figure 10. Deconvoluted H2-TPR profiles of different materials.

Table 6. Associated H2 consumption with each reduction event for the materials.

Material Reduction Temperature Event (◦C) Hydrogen Consumption (mmol H2/g Material)

T1 T2 T3 T4 T5 T6 T1 T2 T3 T4 T5 T6 Total

Gf-C 527 669 769 - - - 0.012 0.005 0.012 - - - 0.028
Gpi 147 273 376 533 659 905 0.006 0.009 0.009 0.007 0.016 0.005 0.053

Gn-C 380 508 625 - - - 0.006 0.011 0.010 - - - 0.028
Gn-O 424 562 742 - - - 0.009 0.107 0.013 - - - 0.129

Gc-S5-De 546 669 736 832 - - 0.012 0.005 0.007 0.007 - - 0.030
Gc-S5-Di 639 663 737 815 924 - 0.026 0.006 0.008 0.008 0.005 - 0.053
Gc-S8-De 526 674 769 912 - - 0.009 0.006 0.006 0.005 - - 0.026
Gc-S8-Di 419 574 659 735 822 - 0.010 0.013 0.007 0.012 0.011 - 0.053
Gn-S5-De 263 363 535 604 761 - 0.005 0.010 0.006 0.008 0.010 - 0.038
Gn-S5-Di 286 348 394 545 651 839 0.011 0.009 0.010 0.011 0.007 0.006 0.054
Gn-S8-De 272 370 537 650 844 - 0.006 0.009 0.006 0.009 0.006 - 0.037
Gn-S8-Di 276 335 395 530 652 841 0.012 0.012 0.010 0.008 0.008 0.008 0.058

The samples obtained from commercial graphite exhibited reduction events at higher
temperatures, exceeding 500 ◦C. This behavior suggests a lower concentration of oxygen-
containing functional groups and a more ordered structure, resulting in reduced reactivity
toward hydrogen. In these samples, the total hydrogen consumption ranged from 0.026 to
0.053 mmol H2/g (Table 6), indicating a relatively low number of reducible species.

In contrast, the samples obtained from recycled LIBs graphite displayed multiple
reduction events at lower temperatures, around 300 ◦C. This behavior suggests a higher
content of oxygen-functionalized groups, such as epoxides and hydroxyls, which typically
reduce within this temperature range. Moreover, these samples exhibited higher hydrogen
consumption, with values ranging from 0.028 to 0.058 mmol H2/g (Table 6). This increased
reactivity could be related to a higher concentration of metal impurities and a more defective
structure compared to the materials derived from commercial graphite. These results can
be explained by several key factors related to the nature of the material, the presence of
impurities, and the conditions of the exfoliation process.

The fact that graphene materials derived from commercial graphite exhibit reduction
peaks at higher temperatures (>500 ◦C), while those from spent LIBs show reduction events
at lower temperatures (~300 ◦C), suggests significant differences in chemical composition
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and structural characteristics. One plausible explanation is the presence of metal impurities
in the graphene derived from LIBs, which may act as catalytic centers, facilitating the
reduction of oxygen-functionalized groups at lower temperatures. Indeed, AAS analysis
revealed the presence of Mn, Li, Cu, and Al in variable concentrations, with higher levels in
the dispersed fraction. Based on the comparison of the TPR profiles of materials obtained
from LIBs and commercial graphite, it is evident that the presence of these metals influences
the reduction behavior, either by forming oxidized species that are reduced within specific
temperature ranges or by modifying the hydrogen-carbon matrix interactions. These effects
are discussed in detail in the TPR results section.

Moreover, in LIBs, the anode graphite can be contaminated with residues from the
cathode or electrolyte, which contain metal oxides (e.g., MnO2 from LiMn2O4 cathodes, Cu
from current collectors). Although the material was not intentionally subjected to oxida-
tion processes or high temperatures, it is possible that the liquid-phase exfoliation using
ultrasound may have induced slight surface oxidation of exposed metals due to conditions
inherent to the process itself. This phenomenon has been reported in studies on colloidal
dispersion and nanoparticle synthesis. Additionally, in aqueous environments, Mn and Cu
can exist in different oxidation states depending on pH and redox potential. Cu can oxidize
to Cu2+ and form species such as Cu(OH)2 or CuO under certain conditions, whereas
Mn can exist in soluble forms or as colloidal MnO2. Furthermore, the detection of metal
impurities by AAS and XPS suggests that these metals may be present in various forms,
including metallic nanoparticles, oxides, or even species adsorbed on the graphene surface.

According to the literature, oxygen-functionalized groups in carbonaceous materials
undergo reduction within distinct temperature ranges. Specifically, epoxide and hydroxyl
groups typically reduce between 200 and 400 ◦C, while carbonyl and carboxyl groups
generally reduce within the 400–600 ◦C range [84,85]. Additionally, the presence of metal
impurities can modify the reduction profiles, as certain metals, such as copper (Cu) and
manganese (Mn), form oxides that reduce at characteristic temperatures. In this regard,
copper oxides (CuO, Cu2O) commonly reduce between 200 and 300 ◦C, whereas manganese
oxides (MnO2, Mn2O3) typically reduce within the 300–500 ◦C range [84,86]. Therefore, the
observed reduction peaks in the samples can be attributed to both the decomposition of
these oxygen-functionalized groups and the reduction of metal oxides present as impurities.

On the other hand, the use of water as a solvent in the liquid-phase exfoliation process
may have played a significant role in the surface composition of the materials obtained.
In the presence of water, hydrolysis could promote the formation of additional oxygen-
containing functional groups, such as hydroxyls and carboxyls, which would explain
the higher hydrogen consumption observed during the reduction process. Furthermore,
the ultrasonic treatment applied during exfoliation induces structural defects, which can
enhance the material reactivity.

An additional factor influencing the reducibility of the materials is the sonication
applied during sample preparation. A higher sonication amplitude tends to increase the
number of structural defects and the presence of oxygen-containing functional groups,
which in turn leads to higher hydrogen consumption during the reduction process. This
effect is more pronounced in samples derived from recycled graphite, where the exfoliation
induced by sonication enhances the accessibility of reducible species to hydrogen gas.

4.13. Surface Analysis by DRIFT-ATR

The results of the surface analysis by FTIR-ATR are shown in Figure 11. The spectra
of all materials reveal the presence of different bands. A broad band between 3200 cm−1

and 3500 cm−1, centered at 3450 cm−1, is associated with the stretching of hydroxyl (-OH)
groups and adsorbed water. This band appears more intense in materials derived from
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commercial graphite (Gf-C, Gpi, Gc-S5-De, and Gc-S8-De) compared to those obtained
from LIB-recovered graphite (Gn-S5-Di, Gn-S8-Di, and Di), suggesting that the commer-
cial material has a greater tendency to retain these functional groups after the applied
treatments. Additionally, the suspended fraction in sonicated materials exhibits greater
intensity in this region than the decanted fraction, which may be attributed to a higher
specific surface area and a greater dispersion of oxygen-containing groups in this fraction.

Figure 11. FTIR-ATR spectra of the materials.

A second band, located between 1600 cm−1 and 1700 cm−1 and centered at 1650 cm−1,
corresponds to the stretching of C=O bonds. This band is more intense in materials derived
from commercial graphite compared to those from LIBs, indicating a higher degree of
functionalization with carbonyl groups. Among these, Gn-S8-Di exhibits the highest
intensity, suggesting that higher-power sonication promotes more effective oxidation. The
difference in C=O band intensity may be related to the initial structure of the precursor
material since LIB-recovered graphite may contain fewer surface defects susceptible to
oxidation. In contrast, commercial graphite, having undergone industrial treatment, might
have greater accessibility for carbonyl group formation.

Additionally, weak bands are observed between 2925 cm−1 and 2850 cm−1 in some
materials (Gf-C, Gpi, Gn-S5-Di, Gc-S5-De, Gn-S8-De, and Gc-S8-De), attributed to the C-H
stretching of methyl and methylene groups. The presence of these bands suggests that,
despite the applied treatments, residual aliphatic structures persist, likely originating from
the graphite precursor of the graphene. The intensity of these bands is low in all cases
but slightly more pronounced in materials derived from commercial graphite, suggesting
that these materials retain a higher surface composition of such compounds. Furthermore,
the band at 1580 cm−1, related to C=C stretching, is more prominent in graphene derived
from commercial graphite in both decanted and suspended fractions, indicating a greater
presence of surface functional groups.

At around 1400 cm−1, most materials, except for commercial graphene, exhibit a very
weak band, which is slightly more evident in LIB-recovered materials subjected to 80%
sonication. This suggests that sonication may induce structural changes that enhance
the presence of vibrational modes associated with OH or CH bond deformation. Finally,
in the 1100–1050 cm−1 region, two small bands appear, associated with C=O and C-C
bonds. These bands are more pronounced in Gf-C and, to a lesser extent, in Gc-S5-De and
Gc-S8-De, whereas they appear with even lower intensity in Gn-S5-Di. The presence of
these bands suggests that some materials retain residual oxygenated structures after the
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applied treatments. Their relative intensity may be linked to the oxidation degree induced
by the sonication process and the nature of the precursor material.

These results suggest that sonication has a significant effect on surface functionaliza-
tion and the intensity of the observed bands. In general, sonicated materials exhibit more
pronounced bands, indicating that this treatment enhances the exposure and generation of
functional groups. Additionally, the difference between the suspended and decanted frac-
tions suggests that sonication may induce greater fragmentation, increasing the accessibility
of oxygen-containing groups in the more dispersed fraction.

For materials derived from LIBs, the lower intensity of carbonyl groups compared to
those from commercial graphite suggests that the initial structure of the precursor plays a
key role in the final surface composition. The fact that Gn-S8-Di exhibits higher carbonyl
band intensity compared to other recycled materials indicates that the combination of
high-power sonication and the chemical history of the starting material can influence the
evolution of functional groups. This differential oxidation could be strategically exploited
for specific applications.

5. Conclusions

These findings demonstrate that tip-sonotrode-assisted sonication is highly effective
in modifying the textural properties of carbon-based materials. The production of dis-
persed fraction graphene with characteristics similar to commercial graphene (two layers)
highlights the efficiency of the process, particularly for commercial graphite. Meanwhile,
LIB-derived graphene offers additional sustainability advantages by contributing to the
valorization of hazardous waste.

These results highlight that the combination of high sonication amplitude (80%), dis-
persed fraction (Di), and recycled battery graphite maximizes the conditions for producing
conductive graphene. This not only validates LIB recycling as a sustainable strategy but
also suggests that “used” materials can outperform their virgin counterparts in specific
applications. This finding highlights a potential advantage in leveraging battery waste
for the sustainable synthesis of advanced nanomaterials, offering promising prospects for
large-scale graphene production.

In summary, increasing the sonication amplitude from 50% to 80% results in progres-
sive exfoliation, reducing the number of layers. The sonication treatment significantly
modifies the structure of both processed graphite, promoting mechanical exfoliation and
graphene layer separation. Notably, LIB-derived graphite is more susceptible to this
treatment. These findings emphasize the critical influence of sonication amplitude in
achieving efficient exfoliation, particularly in the dispersed fraction, to obtain few-layer
graphene structures.

Although water is generally considered an optimal dispersion medium due to its
ubiquity and cost-effectiveness, most studies on liquid phase exfoliation have been carried
out using organic solvents and surfactants as they have shown that dispersion stability
of graphene derived from commercial graphite is so low, this is due to the hydrophobic
nature of commercial graphite. Here, graphite is exfoliated from LIBs directly in pure water,
circumventing the need for chemical agents or surfactants. The presence of impurities in
graphite sourced from LIBs, such as metals and organic solvents, has been found to promote
both exfoliation and the stable dispersion of graphene in water. This work demonstrates
that it is possible to valorize the anodic graphitic material waste from spend LIBs as
inputs for multilayer graphene production by exfoliation in the liquid phase; a simple,
economical and environmentally friendly method. In contrast to the productivity exhibited
by graphene derived from pristine graphite powders procured from Sigma-Aldrich, the
graphene extracted from battery anodes showcased a remarkable fourfold increase in yield.
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This underscores the paramount significance of graphene sourced from batteries in terms
of productivity enhancement.

These results confirm that combining recycled graphite from LIBs, high sonication
amplitudes, and appropriate fraction selection creates optimal conditions for producing
conductive graphene. Notably, recycled materials can outperform their virgin counterparts
in terms of yield and aqueous dispersion behavior, making them highly relevant for
real-world applications such as printed electronics, conductive inks, sensors, and energy
storage devices.

Despite the promising results, this study has certain limitations. A more detailed
mechanistic analysis of the role of impurities in the exfoliation behavior is still needed.
Furthermore, while the process shows potential for scale-up, additional work is required to
optimize energy consumption and assess the process from a life cycle perspective. Future
research should focus on a deeper physicochemical characterization of impurity–graphite
interactions, process evaluation at pilot scale, and validation for industrial applications.

Overall, this work presents a practical, economical, and environmentally friendly
strategy for producing multilayer graphene from battery waste, aligning with circular
economy principles and advancing the sustainable development of advanced nanoma-
terials. Moreover, it expands existing knowledge by validating the use of pure water as
a dispersion medium and demonstrating the potential of waste-derived precursors for
functional graphene production.
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Appendix A

Figure A1 shows the behavior of the different materials upon contact with a 200 μL
water droplet. The images were captured exactly one second after the droplet was de-
posited, allowing the observation of their hydrophilic or hydrophobic characteristics based
on the resulting contact angle. These differences in wettability were analyzed using the
LB-ADSA method, providing a visual comparison of surface interactions across the various
samples.
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Figure A1. Photographs of the contact angle measurements obtained using the LB-ADSA method
for the different materials: (a) Gf-C, (b) GPi, (c) Gn-C, (d) Gc-S5-De, (e) Gc-S5-Di, (f) Gc-S8-De,
(g) Gc-S8-Di, (h) Gn-S5-De, (i) Gn-S5-Di, (j) Gn-S8-De, and (k) Gn-S8-Di. The green line shown
in each image is generated by the LB-ADSA software and is used to define the droplet profile for
accurate contact angle measurement.
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Abstract: This study investigates graphite separation from Lithium-Ion Battery (LIB) black
mass (which is a mixture of anode and cathode materials) via froth flotation coupled with
an open-loop recycling approach for the graphite (froth) product. Black mass samples
originating from different LIB types were used to produce a carbon-poor and a carbon-
enriched fractions. The optimization of the flotation parameters was carried out depending
on the black mass chemistry, i.e., the number of flotation stages and the dosing of flotation
agents. The carbon-enriched product (with a carbon content of 92 wt.%, corresponding
to a recovery of 89%) was subsequently used as a secondary carbon source for refractory
material (magnesia carbon brick). Analyses of brick chemistry, as well as thermo-mechanic
properties in terms of density, porosity, cold crushing strength (CCS), hot modulus of
rupture (HMOR—the maximum bending stress that can be applied to a material before it
breaks), and thermal conductivity showed no negative influence on brick quality. It could
be demonstrated that flotation graphite can principally be used as a secondary source for
non-battery applications. This is a highly valuable example that contributes to a more
complete closure of a battery’s life cycle in terms of circular economy.

Keywords: lithium-ion batteries; black mass; froth flotation; graphite; recycling; refractory
industry; open-loop recycling; circular economy; critical raw materials

1. Introduction

Currently, graphite is the most widely used anode material for Lithium-Ion Batteries
(LIBs). Its low electrochemical potential, low cost, low toxicity, high energy density (high
capacity with a low de-/lithiation potential), and very long life cycle make it ideally suited
for a variety of applications, such as batteries for devices, transportation, and grid-based
storage [1–3]. Within an LIB, the graphite anode is the negative electrode that is responsible
for storing and releasing electrons during the charging and discharging process; a typical
electrical vehicle battery contains around 50–100 kg of graphite [4].

Graphite is of high economic importance not only for electric vehicles but also for
other industries (e.g., refractory materials or bearings) and due to its global availability,
graphite is defined as a critical raw material by the European Commission [5]. Therefore,
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the recovery of graphite from spent LIBs is an essential aspect to save primary graphite
resources and to close material cycles with regard to LIB recycling.

Reusing recovered graphite from LIBs can generally follow a closed-loop or an open-
loop approach. A closed-loop approach means the direct reuse of the graphite for the
anode of an LIB. Although closed-loop recycling is obvious and there are enhanced levels
of recycling targets set by the European Parliament within the latest regulation amendment
concerning batteries and waste batteries (Regulation EU 2023/1542 [6]), it is difficult to meet
the strict quality requirements for LIB-grade graphite with the current methods. For this
reason, a significant amount of research efforts is aimed at open-loop recycling as a feasible
and necessary alternative to closed-loop recycling. An open-loop approach includes the use
of secondary graphite for other purposes. An exemplary open-loop approach is the use of
graphite for organic wastewater treatment. In this case, graphite (or generally carbon) can
support the catalytic degradation of pollutants; however, the mechanism of its influence on
preparation and catalysis has not been studied in depth at present [7].

The mechanical recycling processes of graphite from active material (also called black
mass, which is a fine-grained fraction originating from mechanical–thermal end-of-life
battery treatment processes) represent one possibility to recover graphite. The centrifugal
fractionation of an aqueous anode slurry using a decanter centrifuge containing carbon
black mass and graphite to separate the graphite from the carbon black mass revealed
a graphite recovery level of up to 90% [8]. However, this technology was not applied
to an actual black mass slurry from end-of-life LIBs to separate the carbon black mass
(graphite). Another mechanically based approach to reuse graphite from spent LIBs is
directly recycling LIB electrode materials. Electrodes are comminuted in a cutting mill
down to ~20 mm pieces and are put into a stirred vessel for a solvent-based recovery,
whereas water is used as a solvent for the anode. A graphite recovery rate of 96% was
found in small-scale tests (50 g batch per trial). A sieved fraction (500 μm grain size) was
used for electrode production and was tested regarding its electrochemical performance.
Regarding the cell performance of the LIBs produced, cells with a recyclate share of 10%
achieved similar performances to the respective reference cells without recyclate [9].

The coupling of mechanical and pyrometallurgical treatments of spent LIBs focuses
on recovering electrode materials including graphite. An LIB discharged in a 15% sodium
chloride solution and disassembled after it was air-dried was treated in a pyrolysis reactor
at 650 ◦C under a nitrogen atmosphere, whereas the anode and cathode were processed
separately. The pyrolyzed electrode plates were ground in a ball mill and were subse-
quently sieved. Analyses revealed an anode graphite recovery rate of 86.9% [10]. It was
also determined that the reductive pyrolysis gases reduced the chemical valences of the
recovered metals. In contrast, the graphitization degree of the recovered graphite decreased
dramatically because of the presence of pyrolysis char [10]. This reduced graphitization
degree may also affect the electrochemical performance of the graphite when reusing it in
an LIB, which was not in the scope of the study by Zhao et al. [10].

Additionally, the recycling of carbon from other industrial sectors for possible reuse
in LIBs has been explored [11]. Exemplarily, dust from a blast furnace cast house (dust
generated during hot metal tapping from the blast furnace) was purified by applying a
flotation–acid leaching treatment process, where a mixture of hydrochloric acid and hy-
drofluoric acid (HCl-HF) was used. A maximum graphite content of 95.6% was reached in
a separate concentrate. The use of the recovered graphite in an LIB anode was also studied,
revealing a high reversible capacity of ~370 mAh·g−1 and a coulombic efficiency of 99.6%
after 350 cycles [11]. Although promising electrochemical properties were demonstrated,
blast furnace cast house dust availability is somewhat limited on the market since it is
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mainly internally recycled within an integrated steel plant (reuse in the sinter plant or the
blast furnace [12]).

A closed-loop approach was explored by treating spent graphite separated in a lab-
scale microwave oven to remove impurities and to expand the graphite interlayers, whereas
puffed graphite was produced. Accompanied treatment was performed with K2S2O8

and H3PO4 to support the interlayer expansion. This method of graphite processing
aimed to provide a graphite quality that is suitable for anode production. In a further
step of the study conducted by Jia et al. [13], FeCl3 6 H2O was added to the puffed
graphite in an ultrasonic bath to integrate Fe2O3 into the carbon layers, forming a sandwich
composite with a high Lithium storage capacity. Electrochemical investigations revealed
a specific capacity of 1100 mAh g−1 at 200 mA g−1, delivering a stable performance
for ~500 cycles. The potential of this technology in larger-scale trials has not yet been
proven. Another research approach related to direct graphite recycling separated the
graphite via washing in water and dimethyl carbonate followed by thermal treatment
for graphite purification and re-graphitization. A total of 53% of the initial graphite was
recovered [14]. Electrochemical properties were also tested, showing a battery capacity of
80% after 170 continuous charge/discharge cycles [14]. No validation on a larger scale was
carried out within this study. Apart from LIBs, Sodium-Ion Batteries (SIBs) are considered
as an alternative to traditional LIBs due to their potential advantages, such as abundance,
the uniform geographical distribution of sodium, and low cost per kWh [15]. Related
research was conducted to quantify the reuse of spent graphite separated via treatment in a
dimethyl formamide bath before being ground. A SIB was produced using the recovered
graphite as the anode and a carbon-coated Na3V2(PO4) as the cathode. Electrochemical
properties were investigated using voltammetry and cyclic charging/discharging, whereas
a stable performance was found for a duration of 300 cycles [15].

To recover graphite from spent LIBs, hydrometallurgical treatment (acid leaching
using HCl or sulfuric acid—H2SO4), heat treatment (pyrolysis), or water leaching, as well
as flotation, are known exemplary techniques [7]. Leaching, grinding, and pyrolysis can be
used as supporting technologies for flotation processes. Froth flotation using the wettability
properties of material surfaces as a basis is also a known flotation technique to separate
graphite from the black mass [16]. For leaching-assisted flotation, a postprocessing of
the leaching solution is important since soluble Lithium salt is being transferred into the
leaching solution; however, a graphite purity of 84% was reported in the literature [7]. In
recent years, froth flotation has been applied to the <100 μm black mass fraction to obtain a
high-metal-grade product before hydrometallurgical treatment. Some authors have also
proposed the use of froth flotation to directly recover lithium metal oxide particles enabling
high material recovery from black mass when combining flotation and hydrometallurgy.
Recovering graphite together with metal-rich fractions from black mass increases consider-
ably the overall recovery efficiency during LIBs recycling as graphite represents 14–22 wt.%
of a LIB [17]. The use of frothing agents, such as Methyl Isobutyl Carbinol (further referred
as MIBC), increases the hydrophobicity of graphite particles supporting one advantage
of the flotation technique for enhanced graphite separation. Further advantage of froth
flotation is lower energy demand compared to heat treatment (pyrolysis) for graphite
separation. Studies exist using synthetically produced black mass (mixing of pure NMC
(Nickel–Manganese–Cobalt Oxide) cathode and anode materials) together with a mixture
of MIBC and kerosene as collector [17]. Similar results were found out in other studies [18];
however, synthetically mixed black mass was used in many other research works, and not
black mass from real industrial LIB processes.

Closed-loop recycling approaches reported for the black mass coming from spent
LIBs in the literature regarding the reuse of secondary graphite from flotation for battery
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production are often hindered by the quality of the derived flotation product. The graphite
for LIB anodes should meet the highest quality standards.

While previous studies have demonstrated the feasibility of graphite recovery from
spent LIBs using various mechanical, hydrometallurgical, and pyrometallurgical ap-
proaches, there is limited research on the scalability and optimization of froth flotation
for graphite recovery. Whilst closed-loop recycling practices might be most favorable,
certain shares of the other elements, e.g., Ni, Co, Mn, Al, and Cu, are transferred into
the carbon-rich froth product. This may hinder the direct reuse of the flotation graphite
for battery anodes, which gives way to the potential for open-loop recycling applications,
such as the use of recovered graphite in refractory materials; this remains underexplored,
highlighting the need for comprehensive studies that bridge this knowledge gap. This
challenge of transferring metals into the graphite-rich fraction was also discovered by
studies in which industrially produced black mass was used in a froth flotation together
with ESCAIDTM (hydrocarbon fluid from Exxon Mobil) as collector and MIBC as frother.
The resulting graphite product comprised metals from the black mass feed inducing the
need of a chemical post-processing (reaction with caustic soda at ~500 ◦C) to derive a
graphite product being useable for LIB again [19]. There is a lack of research work to better
understand the behavior of graphite separated from froth flotation in non-battery applica-
tions. Additionally, it was not yet clearly demonstrated how the flotation graphite can be
used without any other subsequent treatment, such as hydroleaching, or another physical
treatment e.g., with caustic soda, at higher temperatures. Therefore, the focus of this study
is to evaluate the open-loop recycling possibilities of the graphite separated from LIB black
mass (a mixture of anode and cathode materials) in refractory applications without any
other treatment than froth flotation. In the current study, froth flotation is applied to black
mass samples from different LIB types to produce a carbon-poor and a carbon-enriched
fraction and to vary flotation parameters and flotation reagents to optimize the graphite
fraction purity (i.e., the flotation efficiency). Froth flotation is a wet mechanical sorting
process in which different solid–fine disperse materials are separated due to their different
surface wettability. The most hydrophobic materials attach to rising air bubbles in the aque-
ous media and are recovered in the froth product, whereas hydrophilic materials remain
in the pulp (cell product) [20,21]. The graphite contained in the black mass is naturally
hydrophobic; therefore, it is expected to recover it in the froth product [22]. The sorting can
be enhanced by the addition of reagents (surfactants). Reagents, which enhance the natural
hydrophobic surface of the graphite, such as kerosene, diesel or n-dodecan, are called
collectors. With other reagents, the froth is stabilized for process control [23]. Sometimes
dispersants are added to prevent undesired aggregates [24]. For the refractory industry,
carbon represents an important raw material to produce magnesia carbon (MgO-C) bricks.
Such bricks are used for the steel industry in metallurgical aggregates, such as for crude
steelmaking using a Basic Oxygen Furnace (BOF) or an Electric Arc Furnace (EAF), as well
as in metallurgical ladles that are used for crude steel refining (secondary metallurgical
operation). The carbon-enriched product is evaluated in terms of its use as a secondary
carbon source for a refractory material (magnesia carbon bricks, which are used in the iron
and steel industry).

Finally, an outlook also demonstrates the required use of carbon sources for future
steelmaking, even after the ongoing transformation to low-carbon steelmaking processes
is complete.

2. Materials and Methods

Five black mass samples, comprising a mixture of anode and cathode materials, from
a mechanical recycling process of thermally pre-treated end-of-life LIBs were provided
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by an industrial project partner and used for the froth flotation tests [25]. The sample
nomenclature is as follows:

• NMC (Nickel–Manganese–Cobalt Oxide) cathode material + graphite anode material
with Copper (Cu) and Aluminum (Al) as conductive foils, whereas two different black
mass batches used (denoted as NMC 1 and NMC 2).

• LFP (Lithium–Iron–Phosphate) cathode material + graphite anode material with Cu
and Al as conductive foils (denoted as LFP).

• LIBs from power tools, pedelecs, and e-bikes, as well as a mixture of NMC and LCO
(Lithium–Cobalt–Oxide), cathode materials + graphite anode material with Cu and Al
as conductive foils (denoted as PSP).

• LIBs from mobile phones and laptops, as well as a mixture of NMC and LCO, cathode
materials + graphite anode material with Cu and Al as conductive foils (denoted
as HL).

2.1. Material Characterization

The characterization of the black mass mainly comprised particle size distribution,
evaluation, chemical analysis, and density measurements. The particle size distribution
was determined using a dry ultrasonic-assisted sieve analysis according to DIN ISO 3310-1.
X-ray diffraction (XRD, Siemens D5000 system, Siemens AG, Munich/Germany), and X-ray
fluorescence (XRF, NITON XL3t 980, Thermo Fishher Inc., Munich/Germany) as well as a
carbon analyzer (LECO CS744, combustion method) were used for qualitative chemical
analysis and quantitative elemental analysis, respectively. The latter carbon analyzer was
also used to quantify the carbon contents in the flotation products. Finally, density was
determined by applying helium pycnometry according to DIN 66137 with a Multivolume
Pycnometer from Micromeritics.

2.1.1. Particle Size Distribution (PSD)

Figure 1 shows the particle size distributions of the five black mass samples. The
particle size distribution shows that approx. 90% of the NMC 1, LFP, and PSP samples are
<45 μm. The HL and NMC 2 samples are coarser, with 90% < 90 μm.

Figure 1. Particle size distributions of the black mass samples derived from sieve analyses.
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2.1.2. Chemical Composition and Density

From the investigation of the element distribution in the particle size fractions, it was
found that there is an enrichment for Al and Cu in fractions >45 μm. For each of the 5 black
mass samples, the share of Al in fractions >45 μm was approx. 32–49% and the share of
copper was approx. 36–60%. The carbon share for all the samples >45 μm was approx.
1–4%. A minor recovery of 4–7% nickel, cobalt, and manganese (Ni+Co+Mn) in fractions
>45 μm was found for NMC1, NMC2, PSP, and HL samples. For the LFP sample, approx.
4% of Iron (Fe) was recovered in fractions >45 μm. In summary, the majority (>90–95%) of
the metal content in the cathode active materials, as well as in the anode active materials,
accumulates in the fractions <45 μm. In contrast, the residues of current collector foils,
consisting of Al and Cu, are enriched in fractions >45 μm. For this reason, the samples
were sieved with a mesh size of 45 μm prior to flotation in order to reduce the aluminum
and copper content for the flotation feed.

Table 1 lists the chemical composition and the density of the black mass samples used
for the investigations with particle size <45 μm. The main chemical elements underline the
cathode materials that were present in the samples (e.g., PSP and HL black mass samples
mainly contain NMC, with LCO as the second most abundant cathode active material).
From the XRD measurements, it can also be seen that during thermal treatment, active
materials NMC and LCO were reduced to NiO, MnO, and CoO, or were even further
reduced to metallic Co and Ni.

Table 1. Chemical analysis (extraction showing some of the elements) and density of the black mass
samples with particle size <45 μm.

Property Unit NMC 1 NMC 2 LFP PSP HL

Nickel + Cobalt + Manganese (Ni+Co+Mn) wt.% 38.0 28.4 0.6 35.5 41.0
Iron + Phosphorus (Fe+P) wt.% 1.8 1.7 33.3 3.9 1.3
Aluminum + Copper (Al+Cu) wt.% 8.3 19.3 8.5 9.8 10.4
Carbon wt.% 37.6 n.a. * 32.6 33.9 36.5
Density g/cm3 3.1 n.a. * 2.8 3.1 3.4

* not explicitly analyzed.

2.2. Froth Flotation for Graphite Separation

A laboratory Denver D-12 mechanical flotation machine (Metso AG, former Denver
Ltd., Sparks, NV, USA) with up to 2.4 L of cell volume (see Figure 2) was used for the froth
flotation tests. At the beginning of the test, the dry sample was dispersed in deionized
water, with a resulting solid content of 200 g solids per liter of suspension. Then, the
conditioning of the reagents was carried out with a rotational speed of 2000 rpm. The
conditioning times for the dispersant were 10 min and 5 min for the collector and 1 min for
the frother. The same conditioning times and rotational speed were used for subsequent
reagent doses. After the first conditioning, deionized water was added to the suspension
to achieve a solid content of 100 g L−1 for the froth flotation. During froth flotation, a
rotational speed of 1000 rpm was applied. Regarding the air flow rate, 1.5 L min−1 was used
for the 1.2 L cell, and 2 L min−1 was used for the 2.4 L cell. All recovered products were
dewatered via vacuum filtration and were subsequently dried at approx. 105 ◦C. Finally,
the dried products were deagglomerated and homogenized with a mortar and pestle for
the following sample splitting and analysis. Two primary goals should be achieved during
the tests, which are the production of a carbon-rich fraction (a high-carbon product, which
is denoted as the froth product since the carbon is expected to accumulate in the froth) and
a carbon-poor fraction (a low-carbon product, which is denoted as the cell product).
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Figure 2. Laboratory Denver D-12 flotation machine (with 1.2 and 2.4 L cells).

The flotation tests are performed according to the general flotation scheme shown in
Figure 3 to achieve a low-carbon product and a high-carbon product. The flotation scheme
consists of different flotation stages—the rougher, scavenger, and cleaner stages. The test
procedure is defined in a way to reach the desired froth and cell products. The upper part
of Figure 3 represents the process steps for the low-carbon (Low-C) product, whereas the
lower part depicts the process steps for the carbon-rich (High-C) product.

Figure 3. General scheme of the performed flotation tests for graphite separation.

To achieve a low-carbon product (the cell product), the samples are subjected to one
rougher and several scavenger stages until there is no further froth formation. After these
flotation stages, several intermediate froth products (carbon-enriched) and one cell product
(Low-C) are obtained. With the froth products from the rougher and scavenger stages, a
cleaner flotation is performed in sub-stages. The obtained froth products subsequently
form the final high-carbon (High-C) froth product. The cell products derived from the
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cleaner stages are considered as intermediate products. As shown in Figure 3, flotation
reagents are added at different steps during the flotation process. Based on findings from a
prior study, kerosene and diesel were used as collectors, while FLOTANOLTM 7026 from
Clariant (Muttenz, Switzerland) (referred to as pine oil) and Methyl–Isobutyl–Carbinol
(referred to as MIBC) from Merck (Darmstadt, Germany) were used as frothers [26–30]. A
ligninsulfonate from Borregaard (Sarpsborg, Norway) (PioneraTM DP-750) was applied as
the dispersant.

To evaluate the use of the flotation graphite as a secondary raw material in refractory
products representing an open-loop recycling approach for the flotation graphite, a Magne-
sia Carbon brick was chosen in this study (MgO-C). Two MgO-C bricks were compared,
one standard MgO-C brick mixture (low-carbon MgO-C brick with ~3 wt.% carbon) and a
mixture in which 1 wt.% of the carbon was substituted by the flotation graphite. Results
of material analyses in terms of thermal and mechanical strength are discussed below
(Section 3.3).

3. Results

In the following section, the results, especially in relation to the qualities of the froth
product (carbon-rich fraction) and the cell product (carbon-poor fraction) obtained, are
analyzed and compared.

3.1. Flotation Results for the NMC, PSP, and LFP Black Mass

Figure 4 shows an exemplary illustration of the flotation test results for the NMC 1 and
NMC 2 black mass samples, illustrated in the form of Mayer upgrading curves. This kind
of diagram is a visualization of the separation efficiency that enables the evaluation of the
flotation tests without the need to execute an explicit carbon analysis. The corresponding
test results in the form of the grade of the final froth product (all froth products together)
are given for the best sorting results in Table 2.

Figure 4. Flotation results for NMC 1 and 2 samples in the form of Mayer upgrading curves.
Abbreviations: K—kerosene; D—diesel; M—MIBC; P—Pine oil; L—ligninsulfonate.

In Figure 4, the mis-recovery of Ni+Co+Mn (which is the undesirable recovery of
these elements into the froth product) from the NMC samples is represented on the y-axis,
while the mass recovery into the froth product is represented on the x-axis. Two conceptual
curves are shown in Figure 4. One of them is the ideal splitting (straight dashed-dotted
line) representing a separation process without any enrichment of the carbon in the froth
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product (worst case). The other curve represents the ideal separation (dashed line) and
ranges horizontally in the first part up to the optimum mass recovery at a mis-recovery
of 0%. The optimum mass recovery corresponds to the carbon grade in the flotation feed
(NMC1 37.6 wt.% carbon, see Table 1). This point (“target”) represents a total recovery
of the carbon in the froth product without any impurities of Ni+Co+Mn (best case). In
the second part, the curve runs straight to 100% mis-recovery into the froth product and
100% mass recovery into the froth product. This means that any further mass recovery
would lead to a mis-recovery of Ni+Co+Mn. The result is a triangular area between the
two conceptual curves. Upgrading curves within this area represent sorting results with an
enrichment of carbon in the froth product. The closer the upgrading curve is to the ideal
separation and the closer it ends to the target point, the better the sorting result. This means
that there is less mis-recovery and therefore the graphite is more selectively enriched and
recovered into the froth product. Conversely, this means that upgrading curves close to the
ideal splitting mean a poor sorting result. In this case, a higher mis-recovery of Ni+Co+Mn
takes place. This means a non-selective enrichment of the graphite in the froth product.
Upgrading curves to the left of this triangular area would represent a separation result
that corresponds to an enrichment of Ni+Co+Mn in the froth product instead of carbon,
whereas upgrading curves to the right are not physically possible. Each data point on
the upgrading curves shown in Figure 4 represents a rougher and subsequent scavenger
stage (further details stages numbers and reagent dosages can be found in Appendix A,
Table A1).

Table 2. Chemical analyses (excerpt of analyzed elements) of the froth and cell products for the NMC
and PSP black mass samples (values given in wt.%).

Flotation Test

Froth Product Cell Product

C
wt.%

Ni+Co+Mn
wt.%

Al+Cu
wt.%

C
wt.%

Ni+Co+Mn
wt.%

Al+Cu
wt.%

NMC 1_11 1 65.6 27.8 3.5 6.6 53.3 16.9
NMC 1_12 1 63.2 29.6 4.0 9.8 52.9 17.4
NMC2_17 2 n.a. 8.7 5.2 n.a. 35.4 29.6
PSP_02 3 63.0 26.8 3.3 5.3 46.8 17.2

1 Black mass sample NMC 1; 2 black mass sample NMC 2; 3 black mass sample PSP.

The flotation testing for sample NMC1 can be divided into two different reagent
regimes. From Figure 4, the trend can be seen that the upgrading curves for the regime
that uses ligninsulfonate as dispersant, diesel as collector, and pine oil as frother (further
referred as regime LDP) are underneath the upgrading curves for the regime that uses
kerosene as collector and MIBC as frother (further referred as regime KM). From this, it
can be concluded that the sorting results for regime LDP are better. However, with a mass
recovery between 42 and 62% and a mis-recovery of Ni+Co+Mn between 37 and 51%, all
upgrading curves for sample NMC1 exceed the optimum mass recovery of the “target
point” (37.6%) and are close to the ideal splitting and therefore represent an inadequate
sorting result. Nevertheless, it can be stated that the variation of the reagent dosage in
regime KM has nearly no influence on the sorting result (in terms of selective enrichment
of carbon). For the LDP regime, a higher dosage of lignosulfonate requires an increased
dosage of diesel and pine oil. However, the upgrading curves are almost on top of each
other in this case, which means that the sorting result (selective enrichment of carbon) is
not affected. The upgrading curve for sample NMC2 with reagent regime LDP is clearly
below that of sample NMC1 and thus shows the most selective enrichment of carbon in the
froth product.
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The exemplary chosen grades of the froth and the cell products reflect the findings
from Figure 4 in absolute values (see Table 2). The analyses shown here only include the
elements of main interest (C, Co, Ni, Mn, Al, Cu). The high mis-recovery of Ni+Co+Mn into
the froth product (approx. 40%) for sample NMC 1 corresponds to a grade of approx. 28 to
30 wt.%. As a result, the carbon grade is only enriched to approx. 63 to 65 wt.%. Sample
NMC 2 shows a more selectively enriched froth product since the grade of Ni+Co+Mn is
only at approx. 9 wt.%. Al+Cu are enriched in the cell product and the final carbon grade
in the cell product account in the range between approx. 7 and 10 wt.%. Tests with the LFP
sample are unsuccessful since the sample is non-dispersible in water.

For the PSP black mass sample (mixture of graphite anode material and NMC as well
as LCO cathode material), the flotation results are given in Figure 5 as MAYER upgrading
curves. For the tests, the reagent regime LDP is applied with different dosages and numbers
of flotation stages. The resulting upgrading curves are quite similar to those of sample
NMC 1. With a mass recovery between 38 and 51% and a mis-recovery of Ni+Co+Mn
between 27 and 41%, all curves exceed the optimum mass recovery of 33.9%. Thus, these
sorting results are also inadequate regarding the selective enrichment of carbon in the froth
product. The absolute values in the form of the grade of the final froth product are given in
Table 2 (last row), which are comparable to those from sample NMC 1.

Figure 5. Flotation results for the PSP sample in the form of Mayer upgrading curves. Abbreviations:
D—diesel; P—pine oil; L—ligninsulfonate.

3.2. Flotation Results for the HL Black Mass

Table 3 summarizes some exemplary compositions of the froth and cell products
for the HL black mass samples (mixture of graphite anode material and NMC as well
LCO as cathode material). All flotation test results are shown as MAYER upgrading
curves in Figure 6. With a mis-recovery between 15 and 20% for Ni+Co+Mn into the froth
product with a corresponding mass recovery into the froth product between 34 and 45%
the upgrading curves are close to the ideal separation curve, and they end near the “target
point”. This shows an acceptable selective enrichment of carbon in the froth product. The
use of ligninsulfonate as a dispersant shows that a lower misrecovery and thus a more
selective enrichment of carbon is achieved (upgrading curve HL_07 is above the others).
Furthermore, the use of pine oil instead of MIBC as a frother shows that the same sorting
result is achieved, whereby the dosage of collector and frother can be reduced in total
(comparison HL_01). Further optimization of the reagent regime shows no improvement
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in the sorting result. However, it can also be determined for sample HL that a lower dosage
of lignosulfonate leads to a decrease in the required diesel and pine oil dosage.

Table 3. Chemical analyses (excerpt of the analyzed elements) of the froth and cell products for the
HL black mass samples (values given in wt.%).

Flotation
Test

Froth Product Cell Product

C
wt.%

Ni+Co+Mn
wt.%

Al+Cu
wt.%

C
wt.%

Ni+Co+Mn
wt.%

Al+Cu
wt.%

HL_02 84.8 14.7 3.6 3.6 60.3 22.1
HL_03 86.0 14.4 3.6 4.7. 59.0 21.0

Figure 6. Flotation results for the HL sample in the form of Mayer upgrading curves. Abbreviations:
D—diesel; P—pine oil; L—ligninsulfonate.

Froth products with a carbon content of approx. 85 wt.% are thus achieved, which
contain impurities of approx. 15 wt.% Ni+Co+Mn.

Based on the findings from the rougher and scavenger stages, a test with a cleaner
stage was performed. The test parameters and results can be found in Table 4. With the
rougher stage and two scavenger stages, a carbon recovery of 94% with a carbon grade of
86 wt.% could be achieved in the froth product (see columns “Carbon grade” and “Carbon
recovery” in the line “Ro-Scav2-Froth” in Table 4). A further improvement in the carbon
grade was achievable with the cleaner flotation stage ranging from 94 to 91 wt.%, with
recovery from 63 to 89% (see columns “Carbon grade” and “Carbon recovery” in lines
“Clnr1-Froth1” to “Cnlr1-Froth4” in Table 4). In the resulting high-carbon product, the
main impurities are Ni, Co, Mn, Al, and Cu. The final high-carbon product (denoted as
“Clnr1-Froth4” in Table 4) was used as a secondary carbon source for refractory material
tests (see Section 3.3).

Table 4. Cleaner flotation results for the HL sample based on the main components. Abbreviations:
Ro—rougher; Scav—scavenger; Clnr—cleaner; L—lignisulfonate; D—diesel; P—pine oil. The values
of the mass recovery, carbon grade, and carbon recovery for the froth products gathered from the
cleaner stages Clnr1-Froth1 to Clnr4-Froth4 are given in cumulative form.

Stage-Product

Reagent Dosage
g t−1

Mass
Recovery

Carbon
Grade

Carbon
Recovery

L D P % wt.% %

Ro-Feed 200 100 37.9 100
Ro-Scav2-Froth 1000 60 41.3 86.3 94.1

Scav2-Cell 58.7 3.8 5.9

55



Recycling 2025, 10, 75

Table 4. Cont.

Stage-Product

Reagent Dosage
g t−1

Mass
Recovery

Carbon
Grade

Carbon
Recovery

L D P % wt.% %

Clnr1-Feed 100 41.3 86.3 94.1
Clnr1-Froth1 125 7.5 15 94.2 37.3
Clnr1-Froth2 100 7.5 25.5 94.0 63.3
Clnr1-Froth3 100 7.5 31.7 93.4 78.3
Clnr1-Froth4 100 7.5 36.7 91.9 89.0

Clnr1-Cell 4.64 42.3 5.2

3.3. Evaluation of the Flotation Graphite as a Secondary Raw Material for Refractory Production

As described and illustrated in Sections 3.1 and 3.2, certain shares of the other elements,
Ni, Co, Mn, Al, and Cu, are transferred into the carbon-rich froth product. This may hinder
a direct reuse of the flotation graphite for battery anodes. Open-loop recycling practices
contribute towards higher recycling rates of LIB fractions. For the refractory industry,
carbon represents an important raw material to produce magnesia carbon (MgO-C) bricks.
Such bricks are used for the steel industry in metallurgical aggregates, such as for crude
steelmaking via a Basic Oxygen Furnace (BOF) or an Electric Arc Furnace (EAF), as well as
in metallurgical ladles that are used for crude steel refining (as a secondary metallurgical
operation). To evaluate the use of the flotation graphite as a secondary raw material in
MgO-C brick products, two MgO-C bricks were compared—one standard MgO-C brick
mixture (low-carbon MgO-C brick with ~3 wt.% carbon) and a mixture in which 1 wt.% of
the carbon was substituted by flotation graphite. The addition of carbon black, and in this
case the flotation graphite, is aiming a porosity reduction in the MgO-C brick. A typical
amount for the pore filling materials is 1 wt.%. Adding more of this ultra-fine material (soot
fraction as standard source) induces negative production-related issues. This is why 1 wt.%
was selected as the ratio for the flotation graphite substitution and not the whole 3 wt.%.
Figure 7 shows a cut section of the two studied MgO-C bricks (A: standard refractory
brick with 3 wt.% carbon; B: refractory brick with 1 wt.% recycled graphite content). Both
samples show a flawless microstructure with an overall homogeneous distribution of the
components, which is an important indicator that flotation graphite does not negatively
affect the brick structure.

 

Figure 7. Low-carbon-containing MgO-C brick with standard carbon mixture (A); flotation graphite
partially substituting the soot fraction (B).

Certain relevant properties were determined via chemical analysis and physical pa-
rameters, such as density, porosity, cold crushing strength (CCS), hot modulus of rupture
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(HMOR—the maximum bending stress that can be applied to that material before it breaks),
thermal conductivity, or hot relaxation. Figure 8 shows a comparison of the thermal con-
ductivity for both tested bricks. Thermal conductivity is slightly higher for the brick with
flotation graphite (e.g., ~8 W m−1 K−1 at 600 ◦C for the brick with the flotation graphite
compared to ~7 W m−1 K−1 for the standard brick) but still within an acceptable range
according to the expertise of refractory producers. No further material properties were
analyzed since the ones mentioned here represent the main important parameters to com-
pare the principal quality of refractory bricks independent of the raw materials used. From
refractory producer side, it can therefore be considered that the brick comprising flotation
graphite seems to be mechanically and thermally stable from current state of knowledge.

Figure 8. Thermal conductivity of a standard MgO-C brick (A) and a brick with flotation graphite (B).

Table 5 shows the trends in some of the physical parameters when partially substitut-
ing standard carbon (fine-grained pore filling soot fraction) with flotation graphite.

Table 5. Comparison of physical parameters for a MgO-C brick when using flotation graphite instead
of the standard carbon fine.

Parameter Standard MgO-C Brick
MgO-C Brick with

1 wt.% Flotation Graphite

Before coking at 1500 ◦C

Bulk density [g/cm3] 3.16 3.17

Apparent porosity [%vol] 5.7 5.9

CCS [MPa] 69 59

HMOR 1400 ◦C [MPa] 7.8 6.9

HMOR 1500 ◦C [MPa] 5.1 5.0

After coking at 1500 ◦C

Bulk density [g/cm3] 3.12 3.13

Apparent porosity [%vol] 10.0% 9.9

CCS [MPa] 38% 44

Although some mechanical parameters that are important for brick strength are lower
when using flotation graphite (cf. CCS and HMOR), the values for the coked sample (coking
at 1500 ◦C) lead to the assumption that the recycling graphite from the froth flotation is
principally suitable as a carbon source for MgO-C bricks.

4. Discussion

As shown in Section 3, a certain degree of selectivity is reached when applying froth
flotation to black mass samples. However, it was also found that not all black mass
samples, especially when considering the cathode material fractions, show the same level
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of selectivity, which leads to a mis-recovery of undesired elements (i.e., Co, Ni, Mn, Al, and
Cu) into the carbon-rich flotation product.

4.1. Comparison of Black Mass Types According to the Carbon Content

An extended carbon determination was carried out for the most optimum test results
obtained so far. Therefore, specific test results are shown in the form of FUERSTENAU-2
upgrading curves in Figure 9.

Figure 9. Carbon recovery in the froth product (FUERSTENAU-2 upgrading curves) for the different
black mass types; abbreviations of dosing reagents and their quantities used are also mentioned
(D—diesel, P—pine oil, L—ligninsulfonate).

In Figure 9, the recovery of carbon into the froth product is shown on the y-axis, while
the recovery of tailings (i.e., every other element except carbon) into the froth product
is shown on the x-axis. There are two conceptual curves; the first is a diagonal dashed
line depicting ideal splitting with the meaning of no selective carbon enrichment in the
froth product (worst case). The other ideal curve is represented by the y-axis, depicting
an ideal separation (best case). Upgrading curves inside of the triangular area between
those two conceptual curves have a selective enrichment of carbon into the froth product.
This is because the recovery of carbon is higher than the recovery of the tailings. For
selective carbon separation, the aim is that the end of the upgrading curves is near the left
upper corner.

The results reveal that each black mass sample needs a different reagent regime and
flotation scheme. High carbon recovery rates in the froth product of 90% or even higher are
reached for all black mass samples (except the LFP black mass sample as it could not be
completely dispersed in water; see Section 3.1). The NMC and PSP samples show a similar
tailings recovery rate of ~30%. The HL sample shows the lowest undesired recovery of
non-carbon elements in the froth product (~10%), representing the best flotation behavior
in terms of a selective carbon enrichment into the froth product. Figure 10 illustrates the
carbon recovery in the froth product, depending on the corresponding carbon content
(HALBICH upgrading curves).
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Figure 10. Carbon enrichment (HALBICH upgrading curves; carbon recovery rate versus carbon
content) in the froth product of the black mass samples used.

The y-axis shows the carbon content in the froth product, whereas the carbon recovery
into the froth product is displayed on the x-axis. The curve begins with a recovery of 0%,
representing the feed material (corresponding to an initial carbon content in the black mass
samples of ~40 wt.%). The curves must be interpreted from left to right, where each data
point on the curve represents an intermediate froth product during the flotation scheme
(i.e., after every rougher and scavenger stage). It is evident that the HL black mass sample
shows the best separation selectivity for the chosen flotation parameters and reagents. The
final carbon contents in the froth product of ~90 wt.% are reached. The PSP black mass
shows the second best flotation selectivity, followed by the NMC samples (NMC 1 and
NMC 2).

It is also relevant to have a closer look into the quality of the cell product to evaluate
flotation efficiency. Therefore, Figure 11 illustrates the flotation results in the form of
HALBICH upgrading curves.

Figure 11. Carbon recovery and content in the cell product (HALBICH upgrading curves) of the
different black mass types.
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The y-axis displays the recovery of carbon in the cell product, while the carbon content
in the cell product is shown on the x-axis. The curve begins with a recovery of 100%,
representing the feed material. The curves must be interpreted from right to left, where
each data point on the curves represents an intermediate cell product during the flotation
scheme (i.e., after every scavenger step). The recovery of carbon was in the range of 5–10%
for the different black mass samples with corresponding carbon contents between 4 and
10 wt.%. In case a certain carbon content was valuable, e.g., to reduce the demand of a
reducing agent during a subsequent pyrometallurgical black mass treatment (assuming
that solid carbon powder is used to pyrometallurgically reduce metals from the black mass),
the flotation process can principally be stopped at any position on the curve, i.e., after a
certain number of scavenger steps.

4.2. Use of Flotation Graphite as a Secondary Carbon Carrier in Other Energy-Intensive Industries

The principal suitability to use the flotation graphite in the energy-intensive refractory
industry as a secondary raw material for MgO-C refractory bricks was demonstrated in
Section 3.3. The steel industry is another important energy- and resource-intensive sector
that requires certain quantities of carbon. Even in future decarbonized steel production
routes, carbon is still required to a certain extent. For example, carbon sources are of
great importance in the Electric Arc Furnace (EAF), occupying two main roles. On the one
hand, it is required for energetic use as an additional (chemical energy) input alongside
electrical energy. On the other hand, carbon sources are used as slag foaming agents.
Solid carbon sources are principally used in the EAF in two ways. The charge carbon is
used together with scrap or other iron sources (e.g., sponge iron originating from a direct
reduction in the briquetted form, i.e., hot briquetted iron—HBI) into the EAF, together
with additives, at the beginning of the heating process. This carbon serves to carburize
the melt, thereby contributing to slag foaming and, via the direct oxidation of the carbon
during meltdown, achieving a chemical energy input. On the other hand, the injection
carbon is brought into the EAF via lances or injectors, together with oxygen, to generate
CO/CO2 bubbles within the slag and thereby foaming the slag [31]. According to the Best
Available Techniques (BATs) reference document for iron and steel production, ~15 kg of
coal is used per ton of steel produced in the EAF (sum of charge and injected carbon) [12].
Slag foaming in the EAF is a well-established and widely used method to significantly
increase the efficiency of the energy transfer in the furnace. The shielding of the electric arcs
by the foaming slag reduces the energy loss via the water-cooled furnace walls and roof,
thus enabling a significantly improved energy transfer from the arc to the melt. In addition,
slag foaming has a stabilizing effect on the arcs and reduces the noise emissions of the
EAF. Approximately 5–10 kg of injected carbon is used in EAFs per ton of crude steel [32].
In particular, the use of flotation graphite as an injection carbon could be interesting
considering the grain size of ~45 μm being principally useful for an injection system. One
critical point here is the content of undesired metals coming with the flotation graphite
into the EAF process, other than the carbon, which are, depending on the black mass feed
material used, Co, Cu, Ni, Mn, or Al. Special attention is necessary since some metals, such
as Cu, cannot be removed from the steel melt anymore. Depending on the final steel grade
to be produced, different tramp element levels must be kept. Furthermore, tramp elements
can negatively influence steel properties during further downstream processing.

5. Conclusions

This study investigated the question of open-loop recycling for graphite separated
from LIB black mass (which is a mixture of anode and cathode materials) via froth flotation.
Black mass samples originating from different LIB types were used to produce a carbon-
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poor and a carbon-enriched fraction. The optimization of the flotation parameters was
carried out depending on the black mass chemistry, i.e., the number of flotation stages (i.e.,
carbon separation and cleaning stages) and the dosing of flotation agents. The following
main findings were discussed:

• Black mass containing NMC and LCO cathode materials could be treated using froth
flotation with graphite recovery rates in the range between 90 and 95%; the low-carbon
(cell) products showed final carbon contents between 4 and 10 wt.% (as such, the goal
to derive a low-carbon product was reached).

• The currently investigated black mass containing the LFP cathode material did not
disperse well in water and therefore showed no selectivity with regard to graphite
separation via froth flotation (dispersion may be different with other LFP samples).

• For each of the different black mass samples investigated, a separate flotation scheme
including a reagent regime must be developed. There is likely an influence of the
conditions during the thermal LIB pre-processing step or another influence of the
different cell geometries on the separation efficiency (this hypothesis needs to be
investigated more intensively). The black mass sample HL (mixture of NMC and LCO
cathode and graphite anode material) and the NMC black mass samples showed the
highest selectivity (carbon-enriched product with 8–10 wt.% of undesired metals Co,
Cu, Ni, Mn, and Al from the black mass). The PSP black mass (also a mixture of NMC
and LCO cathode and graphite anode material) showed less selectivity with ~30 wt.%
undesired metal contents in the carbon-enriched product.

• A flotation scheme was elaborated, comprising rougher and scavenger steps, and
the separation of carbon-enriched products was achieved. Additionally, the flotation
concept allows for a certain flexibility in terms of required product quality, i.e., it is
possible to end the flotation process at an earlier stage (i.e., at a lower number of
scavenger stages) to end with a higher carbon content in the cell product (if carbon is
required as a reducing agent for a subsequent pyrometallurgical treatment to recover
metals from the black mass).

• The carbon-enriched product was used as a secondary carbon source for a refrac-
tory material (magnesia carbon bricks), whereas an analysis of the brick chemistry,
as well as thermo-mechanic properties in terms of density, porosity, cold crushing
strength, hot modulus of rupture (the maximum bending stress that can be applied to
a material before it breaks), or thermal conductivity, showed no negative influence on
brick quality.

• It could be demonstrated that flotation graphite can be used as a secondary source for
non-battery applications, representing a valuable positive example that contributes to
a more complete closure of the battery life cycle and thus to a more circular economy.

For future research, several following challenges should be considered, whereas more
insights into economic and environmental impact analyses would also be required to gain
more information about the potential to implement specific flotation steps into existing LIB
recycling processes:

• Upscaling of the currently used froth flotation (process sequence and flotation reagents)
to obtain more reproducible data about the expected graphite product quality includ-
ing impurities (tramp elements) present in the flotation graphite.

• Elaboration of a comprehensive connection between operating conditions of the ther-
mal spent LIB pre-processing step and carbon separation efficiencies obtained via
froth flotation.

• In case the flotation graphite is considered to be used for open-loop recycling practices
in industrial sectors other than battery production, different application-oriented
scenarios must be comprehensively investigated; in case the flotation graphite is used
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as carbon carrier in an EAF for crude steelmaking, slag foaming efficiency, as well
as the transfer of tramp elements into the metal melt, should be comprehensively
investigated; in case the flotation graphite is used for refractory production (magnesia-
carbon bricks), the high-temperature behavior of the bricks with the flotation graphite
should be investigated in long-term trials.

• In-depth discussion on the economic viability of open-loop recycling approaches
compared to other graphite recovery methods.

• Comparison of the environmental impact of graphite flotation and subsequent graphite
recycling versus primary graphite production to gain added value with regards to
circular economy contributions.

Author Contributions: Conceptualization: J.R. and S.S.; methodology: J.R. and S.S.; validation: S.S.,
B.R., A.A. and H.K.; formal analysis: J.R.; investigation: S.S., S.M. and B.R.; resources: S.S., A.A. and
H.K.; data curation: S.S.; writing—original draft preparation: J.R.; writing—review and editing: S.S.,
B.R., S.M., A.A., H.K, T.N. and S.L.; visualization: S.S. and J.R.; supervision: B.R., A.A. and H.K.;
project administration: B.R. and J.R.; funding acquisition: J.R. and S.L. All authors have read and
agreed to the published version of the manuscript.

Funding: This research was funded by the Austrian Research Promotion Agency (grant number
888343/FO999888343).

Data Availability Statement: The data are contained in the study.

Acknowledgments: The authors gratefully acknowledge the funding support of K1-MET GmbH,
the metallurgical competence center. The Module FuLIBatteR is supported by COMET (Competence
Center for Excellent Technologies), the Austrian program for competence centers. COMET is funded
by the Federal Ministry for Climate Action, Environment, Energy, Mobility, Innovation and Technol-
ogy, the Federal Ministry for Labour and Economy, the Federal States of Upper Austria and Styria,
as well as the Styrian Business Promotion Agency (SFG). Furthermore, Upper Austrian Research
GmbH continuously supports the Module. In addition to the public funding from COMET, this
Module is partially financed by the company partners Audi, BRAIN Biotech, Ebner Industrieofenbau,
RHI Magnesita, Saubermacher, TÜV SÜD Landesgesellschaft Österreich, VTU Engineering, and
voestalpine High-Performance Metals, as well as the scientific partners ACIB, Coventry University,
Montanuniversitaet Leoben, BOKU University, and UVR-FIA.

Conflicts of Interest: Astrid Arnberger was employed by the company Saubermacher Dienstleistungs
AG. Hartwig Kunanz was employed by the company RHI Magnesita GmbH. The authors declare no
conflicts of interest.

Appendix A

The current appendix (Table A1) is dedicated to Section 2.2 and represents an amend-
ment to Figure 3 to explain the different flotation agents used for the black mass samples.

Table A1. Summary of flotation stages, reagents, and dosages (g/t) for the tested black mass samples.

Test No. Flotation Stage
Reagent

Test No. Flotation Stage
Reagent

Type and Dosage in g/t Type and Dosage in g/t

NMC_1_05
Ro * K 250; M 150

PSP_02
Ro L 500; D 500; P 30

Scav1 K 150; M 50 Scav1 D 500; P 15
Total K 400; M 200 Total L 500; D 1000; P 45
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Table A1. Cont.

Test No. Flotation Stage
Reagent

Test No. Flotation Stage
Reagent

Type and Dosage in g/t Type and Dosage in g/t

NMC_1_06
Ro K 800; M 150

PSP_03

Ro D 500; P 10
Scav1 K 150 Scav1 D 250; P 10
Total K 950; M 150 Scav2 D 250; P 10

NMC_1_07
Ro K 250; M 250 Scav3 D 250; P 10

Scav1 K 150; M 50 Total D 1250; P 40

Total K 400; M 300

HL_01

Ro L 500; D 800; M 100

NMC_1_11

Ro L 500; D 500; P 30 Scav1 D 500; M 100
Scav1 D 250; P 15 Scav2 D 500; M 100
Scav2 D 250; P 15 Scav3 D 500; M 100
Scav3 D 250; P 15 Scav4 D 500; M 100
Scav4 D 250; P 15 Total L 500; D 2800; M 500

Scav5 D 250; P 20

HL_02

Ro L 500; D 500; P 30
Total L 500; D 1750; P 110 Scav1 D 250; P 15

NMC_1_12

Ro L 200; D 500; P 30 Scav2 D 250; P 15
Scav1 D 250; P 15 Scav3 D 250; P 15
Scav2 D 250; P 15 Scav4 D 500; P 20
Scav3 D 250; P 15 Total L 500; D 1750; P 95

Scav4 D 250; P 15

HL_03

Ro L 200; D 500; P 30
Scav5 D 300; P 20 Scav1 D 250; P 15
Total L 200; D 1800; P 110 Scav2 D 250; P 15

NMC_1_13

Ro L 1000; D 1300; P 30 Scav3 D 250; P 15
Scav1 D 250; P 15 Total L 200; D 1250; P 75

Scav2 D 250; P 15

HL_06

Ro L 200; D 500; P 30
Scav3 D 250; P 15 Scav1 D 250; P 15
Total L 1000; D 2050; P 75 Scav2 D 250; P 15

NMC_2_17

Ro L 200; D 500; P 30 Total L 200; D 1000; P 60

Scav1 D 500; P 15
HL_07

Ro D 500; P 30
Scav2 D 250; P 15 Scav1 D 250; P 15
Scav3 D 500; P 15 Total D 750; P 45

Total L 200; D 1750; P 75

PSP_01

Ro L 500; D 100; P 10
Scav1 D 100; P 10
Scav2 D 100; P 10
Scav3 D 100; P 10
Scav4 D 100; P 10
Total L 500; D 600; P 50

* Ro—Roughger; Scav—Scavenger.
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Abstract

The upcycling of spent lithium-ion battery graphite constitutes an essential pathway for
mitigating manufacturing expenditures and alleviating ecological burdens. This study
proposes an integrated strategy to upcycle spent graphite into high-performance porous
expanded graphite (PEG) anodes, leveraging flash Joule heating (FJH) as a core technique
for efficient decontamination, interlayer expansion, and active etching. Results show that
the binders and impurities are efficiently removed by FJH treatment, and the graphite
interlayer spacing is expanded. The iron oxide, which acts as an etching reagent, can then
be easily intercalated and laid into the decontaminated graphite for subsequent etching. A
subsequent FJH treatment simultaneously releases oxidized intercalants and triggers in-situ
metal oxide etching, yielding PEG with a rich porous architecture and enhanced specific
surface area. This method successfully prepared high-performance porous expanded
graphite anode material with a mesoporous structure. The resulting anode delivers a
remarkable capacity retention of 419 mAh·g−1 after 600 cycles at 2C, outperforming the
performance of commercial graphite anodes. This innovative approach offers a promising
route for sustainable graphite reclamation.

Keywords: flash Joule heating; spent graphite; porous expanded graphite; anode;
high-value reutilization

1. Introduction

In response to environmental pollution and the energy crisis, electric vehicles (EVs) are
rapidly becoming widespread, and lithium-ion batteries (LIBs) are becoming increasingly
prevalent [1]. Given their limited service life (typically 3–10 years [2–4]), a surge in spent
LIBs is projected over the next 15 years. Improper disposal of spent LIBs likely leads to
environmental and safety hazards since mechanical damage may trigger fires or explosions
via thermal runaway [5,6] with toxic gases, i.e., phosphorous oxyfluoride (POF3), hydroflu-
oric acid (HF) gases, and particulate matter being released during thermal processes [7,8].
Additionally, the leakage of heavy metals (Ni, Co, Mn) and organic electrolytes from dis-
carded LIBs may cause soil and water contamination [9]. As a special waste with abundant
strategic metals (i.e., Co and Ni) and valuable graphite, the improper disposal means a
waste of valuable resources. Consequently, advanced recycling is imperative not only to
mitigate hazards but also to establish closed-loop sustainability for LIBs.

Recycling 2025, 10, 171 https://doi.org/10.3390/recycling10050171
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Current recycling paradigms prioritize cathode metal recovery (e.g., Co, Ni) while
undervaluing graphite—a critical anode material requiring energy-intensive production
(cost USD 8000–13,000/ton [10]). Graphite constitutes 12–21 wt.% of LIB, representing
10% to 15% of total battery production costs. It is projected that global volumes will
reach 7.5 million tons by 2037, and the global graphite market is projected to attain a
valuation of tens of billions of USD [11,12]. However, most spent graphite is currently
either landfilled or downcycled as reducing agents [13,14]. This significant economic value,
compounded by potential environmental hazards, underscores the urgency for efficient
graphite reclamation technologies.

The recycling of spent graphite (SG) primarily proceeds via three technical pathways:
decontamination-regeneration, high-value conversion, and structural modification. The
decontamination-regeneration approach focuses on direct anode reuse by eliminating
solid electrolyte interphase (SEI) residues and metallic impurities (e.g., Cu, Al) through
acid leaching or high-temperature calcination treatment. Yu et al. [15] implemented ultra-
high-temperature calcination (3000 ◦C, 6 h, N2 atmosphere) for lattice reconstruction;
the obtained regenerated graphite has an initial charge capacity of 352.5 mAh·g−1 at
a current density of 0.1 A·g−1 and a capacity retention rate of 93.52% after 500 cycles.
Zhang et al. [16] proposed an environmentally friendly and economical modification
method based on sulfate roasting, using sodium fluoride as an auxiliary additive. By
low-temperature roasting at 250 ◦C to recycle waste graphite, graphite with a purity as high
as 99.55% can be obtained, with an initial charge capacity of 333.9 mAh·g−1, and a capacity
retention rate of 91.2% after 400 cycles. Gao et al. [17] used low-temperature sulfation
roasting followed by acid leaching to produce recovered graphite (RG) with a purity of
99.13%. This RG exhibited an initial irreversible capacity of 353.4 mAh·g−1 at 0.1C. While
effective, these methods incur prohibitive energy/reagent consumption, require complex
infrastructure, and their recycled graphite underperforms commercial graphite, failing to
match its electrochemical properties.

High-value conversion routes transform SG into advanced materials like graphene,
typically using modified Hummers’ methods. For instance, Xie et al. [18] used an improved
Hummers method to prepare graphene from SG. They optimized the ratio of SG to oxidizing
agent (KMnO4) and found the best mass ratio to be 1:3. They oxidized SG with the most
appropriate proportion and thermally reduced the resulting graphene oxide, successfully
producing reduced graphene oxide with a disordered few-layer structure. Zhang et al. [19]
treated the lithiated graphite of spent LIBs under the conditions of a controlled flow
mixture gas of H2O/Ar and then extracted lithium by the dissolution–vapor method. After
that, holey graphene was prepared using the common Hummer’s method. Although
value-added graphene was ultimately produced, these processes remain fundamentally
hampered by inefficient exfoliation. Furthermore, the exfoliated graphene tends to restack
due to strong π-π interactions and van der Waals forces between adjacent nanosheets [20–
22], significantly limiting its practical applications and industrial scalability.

Structural modification strategies represent compromise solutions that enhance anode
performance through microstructural regulation via surface coating [23] or elemental dop-
ing (e.g., N-doping) [24] or interlayer expansion [25] and pore engineering. Xiao et al. [23]
used an effective graphite modification approach involving liquid-phase impregnation
of asphalt onto spent graphite surfaces, followed by carbonization treatment to form a
uniform amorphous carbon coating layer. The modified graphite anode achieved a high
initial specific capacity of 403 mAh g−1 at 0.1C, demonstrating a cycling stability with 97.8%
capacity retention after 110 cycles. Xu et al. [24] successfully induced g-C3N4 between the
layers of acid-treated graphite through physically mixing SG and urea thoroughly, followed
by a two-stage thermal treatment (550 ◦C, 3 h, and 800 ◦C, 1 h) in an argon atmosphere, in
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which urea served as a nitrogen source and was completely pyrolyzed to form g-C3N4. The
novel regenerated graphite (N-RG) with nitrogen doping and enlarged interlayer spacing
anode delivered a capacity of 465.8 mAh g−1 at 0.1 A g−1 after 200 cycles. Gong et al. [25]
regenerated SG into high-performance expanded graphite anode material through oxida-
tion intercalation. This approach enhances ion transport by expanding interlayer spacings
to 0.392 nm (vs. 0.338 nm in SG) and generating hierarchical pore networks, effectively im-
proving the performance of the regenerated anode. These structural modification strategies
demonstrate viable pathways for enhancing anode kinetics, with capacity achievements
approaching 370 mA g−1 after 1000 cycles at 1C. Obviously, expanded graphite, due to
its larger interlayer spacing, is conducive to ion transmission, effectively improving the
performance of the regenerated anode.

Building upon the aforementioned work, a pivotal concept can be established: skip-
ping energy-intensive exfoliation to focus solely on layer expansion and pore engineering
sufficiently enhances ion diffusion kinetics while preserving structural integrity. This
approach can not only improve the electrochemical performance of recycled graphite
materials but also significantly reduce production costs. Different from graphite, the SG
contains impurities, which hinder the intercalation. To address these issues and overcome
existing challenges—including constrained electrochemical improvements and marginal
economic returns from regeneration, and graphene’s inherent energy-intensive exfoliation
requirements and restacking tendency—we propose an innovative approach to integrate
the decontamination and structure modification through Flashed Joule heating (FJH) to
achieve simultaneous purification and structural engineering with ultrafast processing
and a minimized ecological footprint. Flashed Joule heating (FJH), which is character-
ized by instant thermal shocks (>2000 K, <100 ms pulse), can eliminate impurities and
engineer structures through thermal shock-induced volatilization, layer expansion, and
defect-mediated pore formation. Capitalizing on these dual functionalities, we propose
a three-stage upcycling protocol. Firstly, primary FJH decontamination yields purified
graphite; secondly, the purified graphite is subjected to oxidation intercalation with in
situ metal oxide deposition to achieve chemical functionalization; lastly, controlled expan-
sion/etching was triggered by a secondary FJH to fabricate porous expanded graphite
(PEG). The efficacy of this SG upcycling method for fabricating high-value PEG and its
potential as a battery material in enhancing electrochemical performance was comprehen-
sively evaluated by galvanostatic charge–discharge cycling, electrochemical impedance
spectroscopy (EIS), and cyclic voltammetry (CV) with a target to establish a pioneering SG
recovery paradigm.

2. Results and Discussion

2.1. Characterization of Materials

Figure 1 shows the SEM images of the key step products. Figure 1a delineates the pris-
tine morphology of SG, revealing a pronounced agglomeration of particulate constituents
interwoven with lamellar frameworks, where layered architectures are substantially ob-
scured by pervasive adherent flocculent contaminants. These surface impurities, primarily
comprising organic polymeric binders, fragmented graphite debris, electrolyte decom-
position byproducts, and residual solid electrolyte interphase (SEI) films, collectively
establish tortuous diffusion barriers that disrupt lithium-ion (Li+) transport pathways.
Such microstructural heterogeneity directly contributes to irreversible capacity loss and
Columbic efficiency deterioration, as extensively documented in electrochemical degrada-
tion studies [26].
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Figure 1. SEM of (a) SG, (b) FJH-80, (c) HTT-1200, (d) GO-FJH, (e) GO-HTT, (f) EG-Fe3+-FJH,
(g) EG-Fe3+-HTT, (h) EG-Fe2+-FJH, (i) EG-Fe2+-HTT, (j) FF70-Fe3+, (k) FF90-Fe3+, (l) HF70-Fe3+,
(m) HF90-Fe3+.

In order to decontaminate SG, HTT and FJH treatments were, respectively, applied
to SG. At the processing temperatures of HTT and FJH, the high temperature induces
rapid decomposition of the binder, while the metal elements (mainly lithium compounds)
will be evaporated. Furthermore, Dong et al. found the conductive agent (i.e., super P)
will react with the decomposition products of the binder to form graphene [27]. Crucially,
distinct morphological differentiation emerges between treatment modalities: FJH induces
conspicuous edge curling and localized delamination (Figure 1b), while high-temperature
treatment maintains predominantly planar layer configurations with preserved basal plane
integrity (Figure 1c). The FJH treatment induces obvious edge curling and local peeling,
forming a microstructure distinct from SG and HTT samples; this morphology is more
conducive to the ingress of intercalants and oxidants into graphite layers during subsequent
GO preparation. The XRD test results also confirm this point, as shown in Figure S1 [28],
the (002) reflection of FJH-80 undergoes progressive displacement toward lower diffraction
angles relative to SG, while HTT-1200 exhibits systematic migration toward higher angular
positions. These directional shifts indicate significantly different interlayer reconfigurations:
expansive dilation in FJH-80 compared with compressive contraction in HTT-1200, as
rigorously supported by Bragg’s law [29] computations detailed in Table S1.
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In order to achieve the expansion and layering of the SG and etching in the second FJH,
the oxidation intercalation and the hydrothermal deposition of active metal oxides on the
SG were carried out after decontamination. Figures 1d,e and S2 show graphite oxide (GO)
synthesized by the modified Hummers’ method. This morphology demonstrates a high
degree of graphite exfoliation. GO-FJH displays a prominent (001) reflection with substan-
tially greater integrated intensity than GO-HTT in XRD images (Figure S2). Comparative
assessment of iron oxide nanocomposites (Figure 1f–i) reveals significant nanoscale particle
size differentiation governed by precursor chemistry: hydrothermal treatment by iron (III)
acetate precursors yields coarser, irregular iron oxide nanoparticles, contrasting markedly
with the finer, more homogeneous crystallites generated from hydrothermal treatment by
iron (II) acetate. This valence-dependent nucleation behavior is further corroborated by in-
tensified Fe and O elemental signatures and spatial distribution gradients in corresponding
EDS mappings, reflecting distinct growth kinetics during composite formation.

Subsequently, the second FJH was used to achieve the release of intercalated substances
and the etching of graphite layers. Structural transformations following flash etching
(Figure 1j–m) exhibit substantial layer exfoliation and incipient pore network development,
mechanistically attributed to rapid decomposition of intercalated reagents and CO2 and CO
venting during redox reactions between iron oxides and carbon matrices under ultrafast
thermal activation. The violent gas evolution generates internal stresses that forcibly
separate graphite layers, creating interconnected void spaces essential for enhanced ionic
accessibility [24].

Through the structural analysis of the four PEG materials, FF70-3, FF90-3, HF70-3, and
HF90-3 (Figure 2a–d), voltage-dependent cavity formation dynamics is further elucidated:
90V treatment generates larger porous structures (0.1–5 μm) with branched channel struc-
tures, while 70V processing establishes smaller porous structures (4–500 nm) exhibiting
higher areal density. Figure 2e–h show the pore size distribution diagrams of FF70-3, FF90-3,
HF70-3, and HF90-3, respectively. The size distribution data of the aperture was collected
and analyzed by Nano Measurer 1.2 software, while the porosity was statistically calculated
by Fiji ImageJ 1.54p software. It is not difficult to observe that the GO composites treated by
FJH formed a hierarchical pore structure. Pores produced by 90 V flash evaporation etching
are exclusively macropores (>50 nm). In contrast, pores formed at 70 V show a broader
distribution, with nearly half concentrated below 50 nm. Thanks to the existence of the dual
lithium storage mechanism, this synergistic structural optimization established abundant
lithium-ion adsorption sites and shortened the length of the diffusion path [23,30].

According to the area proportion of pore structure on the graphite layer in Figure 2i,
FF70-3 and FF90-3 are much larger than HF70-3 and HF90-3, respectively, indicating that
the proportion of pore area of the materials prepared from FJH decontamination is generally
greater than that of HTT decontamination. This is attributed to the higher oxidation degree
of GO-FJH, which has more oxidation functional groups to facilitate the deposition of metal
oxides [31,32]. The increase in the amount of deposited metal oxides resulted in more holes
formed during the subsequent etching process and a larger proportion of combined hole
area. Moreover, within the same decontamination method, the etching degree of 90 V is
larger than that of 70 V. This is because a higher etching voltage brings a higher etching
temperature, which leads to a larger etching range, thereby resulting in a larger proportion
of pore area. Therefore, the higher oxidation degree, combined with higher flash etching
temperature, results in more etching pores and a larger proportion of pore area in the
later stage.
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Figure 2. SEM of (a) FF70-3, (b) FF90-3’s local morphology (and overall morphology in the red
box), (c) HF70-3, (d) HF90-3’s local morphology (and overall morphology in the red box). Pore size
distribution plots for the following four samples: (e) FF70-3, (f) FF90-3, (g) HF70-3, (h) HF90-3, (i) the
ratio of the holes in the four samples of FF70-3, FF90-3, HF70-3, and HF90-3 to the surface area of the
graphite flake layer, and the number of samples N = 5.

Figure 3 presents some TEM images of more microscopic structures to complement the
deficiencies of the SEM images. Comparative examination of Figure 3a–d reveals distinct
iron oxide nucleation patterns dictated by precursor chemistry. Iron (III) acetate-assisted
hydrothermal treatment (Figure 3a,b) promotes the conspicuous formation of nano-scaled
iron oxide particulates uniformly dispersed across graphene lamellae, exhibiting well-
defined crystalline interfaces with carbon matrices. In contrast, iron (II) acetate systems
(Figure 3c,d) generate significantly refined nanoparticles, with EG-Fe2+-FJH and EG-Fe2+-
HTT measuring approximately 1.3 nm and 1.8 nm, respectively—dimensions approaching
quantum-confined regimes. As shown in Figure S3, iron (II) acetate composites (EG-Fe2+-
FJH/HTT) present featureless diffraction patterns despite confirmed nanoparticle existence
via TEM characterization. This apparent paradox arises from nanoscale confinement effects:
critically diminished crystalline domains induce extensive peak broadening that obscures
discrete Bragg reflections, causing diffraction signatures to dissipate into the amorphous
background continuum [33]. It is found that, whether iron (II) acetate or iron (III) acetate is
used as the iron source, the attachment density of metal oxides on the graphite layers is
greater when using GO-FJH as the hydrothermal raw material in comparison to GO-HTT.
Combined with the previous analysis in the SEM section, this further verifies from another
side that the oxidation degree of GO-FJH is higher.

Post-etching microstructures (Figure 3e,f) exhibit two observable characteristics: well-
defined nanopores generated through metal oxide-catalyzed gasification and preserved
graphitic domain integrity. This structure conclusively validates the efficacy of FJH for
precision etching, which targets decomposition of metal oxide–graphene interfaces while
maintaining structural coherence in adjacent carbon frameworks. The simultaneous pres-
ence of edge-located pores and in-plane defects establishes complementary ion-diffusion
pathways, synergistically enhancing electrochemical kinetics as quantified in subsequent
performance evaluations.
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Figure 3. TEM of (a) EG-Fe3+-FJH, (b) EG-Fe3+-HTT, (c) EG-Fe2+-FJH, (d) EG-Fe2+-HTT, (e) FF70-Fe3+,
and (f) HF70-Fe3+.

Nitrogen adsorption–desorption isotherms of the PEG materials exhibit two different
characteristics. FF70-3, FF90-3, HF70-3, and HF90-3 (Figure 4a,b) consistently exhibit
characteristic Type IV profiles with well-defined hysteresis loops, confirming mesoporous
dominance across these materials. Comparative assessment reveals significantly intensified
hysteresis behavior in FF70-3 and HF70-3 relative to FF90-3 and HF90-3, indicative of greater
mesopore volume fractions in the former materials. This structural difference has profound
electrochemical implications: mesoporous architectures effectively mitigate ionic diffusion
resistance while enhancing electrolyte wettability, which are critical factors governing
electrode kinetics [34]. In marked contrast, FF70-2 and HF70-2 display prototypical Type
II isotherms diagnostic of microporous frameworks. In addition, all the PEG samples
have macropores, and accelerated adsorption at elevated relative pressures (P/P0 > 0.9)
occurs for all samples, providing compelling evidence for coexisting macropores within
these micro-mesoporous matrices [35]. Pore size distribution analysis further demonstrates
better microstructural uniformity in FF70-2 compared with HF70-2, which is manifested
through sharper micropore distribution peaks. This enhanced homogeneity aligns precisely
with prior TEM observations of more orderly iron oxide nanoparticle distributions on
EG-Fe2+-FJH precursors, establishing methodological consistency across complementary
characterization techniques.

Specific surface area quantification (Table S2) documents 166.831 m2 g−1 for FF70-2
and 140.473 m2 g−1 for HF70-2, stemming from micropore structure, indicating more active
sites for lithium storage. In contrast, FF70-3/HF70-3 demonstrates a more mesoporous
structure (Figure 4c,d), expanding ion-accessible interfacial domains that can facilitate
rapid charge transfer as well as reduce ionic diffusion path lengths through interconnected
pore networks. Crucially, FF70-3 and HF70-3 exhibit substantially greater specific areas and
mesopore volumes than those of FF90-3/HF90-3, indicating larger electrochemically active
surface areas and enhanced site availability for lithium storage. Owing to excessive etching
of the graphite layers to generate macropores, the specific surface area and active sites of the
FF90-3/HF90-3was remarkably reduced, thereby limiting the lithium storage performance.
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Figure 4. Isothermal adsorption and desorption curves of (a) flash Joule heating series: FF70-3,
FF90-3, FF70-2, and FJH-80, (b) High-temperature treatment: HF70-3, HF90-3, HF70-2, and HTT-1200.
DFT Pore size distribution of (c) flash Joule heating series: FF70-3, FF90-3, FF70-2, and FJH-80,
(d) High-temperature treatment: HF70-3, HF90-3, HF70-2, and HTT-1200.

2.2. Electrochemical Characterization

Long-cycle tests under two C-rate regimes (0.1C and 2C, 1C = 600 mAh g−1) were
conducted to evaluate the electrochemical performance of the prepared PEG. As demon-
strated in Figure 5a, in accordance with the porous architectures derived from FJH-assisted
expansion and etching, the PEG exhibited distinct outstanding specific capacities of
550.8 mAh g−1 (FF90-3), 633.9 mAh g−1 (FF70-3) and 751.5 mAh g−1 (FF70-2), in com-
parison to the 243.7 mAh g−1 (FJH-80), indicating the porous structure can greatly enhance
the electrochemical performance. This excellent performance of FF70-2 reveals a significant
enhancement in lithium storage capability for composites synthesized via hydrothermal
processing with iron (II) acetate precursors compared with those incorporating iron (III)
acetate under low-rate discharge conditions (0.1C). This is primarily attributed to the large
specific surface area of FF70-2, which provides more active sites for lithium storage. It is
worth noting that in Figure S4, the apparent “activation” behavior is observed for FF70-2 at
0.1C in long cycling. This is attributed to gradual electrolyte infiltration and wetting in the
predominantly microporous FF70-2. This effect can increase the accessible active surface
over the first tens of cycles. The sharp decline in capacity around the 90th cycle might
be due to a collapse in the material structure, resulting in a sudden reduction in specific
surface area and ion transport channels [36].
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Figure 5. Electrochemical performance of different expanded porous graphite anode materials (The
black arrow indicates the corresponding Y-coordinate of the curve.): (a) Specific capacity of flash Joule
heating series at 0.1C. (b) Specific capacity of flash Joule heating series at 2C. (c) Specific capacity
of 4 groups mixed with iron (III) acetate by hydrothermal method, FJH-80, and HTT-1200 at 2C.
(d) Specific capacity of 4 groups treated with 70 V Flash Joule Heating etching at various rates.

Under high-rate discharge conditions (2C), as shown in Figure 5b, the specific ca-
pacities exhibit significant variation, exhibiting 237 mAh g−1 for FF90-3, 419 mAh g−1

for FF70-3, 181.9 mAh g−1 for FF70-2, and 98.1 mAh g−1 for FJH-80. Compared with
FF70-2 treated with iron (II) acetate, FF70-3 treated with iron (III) acetate exhibits better
performance, which is primarily attributed to the rich mesoporous structure of FF70-3.
While sub-2 nm pores enhance low-rate capacity through increased surface adsorption, the
promotion of ion transmission is limited. In contrast, the mesoporous structure is more
conducive to the transmission of lithium ions, especially under high-rate conditions. As
shown in Figure S5, during the testing process, the performance of FF70-3 exhibited a
fluctuating state. The fluctuations were modest and consistent with stochastic wetting in
porous carbons.

It can be observed from Figure 5c that the initial decontamination method plays an
important role in the electrochemical performance of the final PEG. Overall, the PEG
prepared from FJH-decontaminated graphite exhibits higher specific capacity than that
of HTT-decontaminated graphite, regardless of whether the subsequent FJH for layer
expansion and etching occurs at 70 V or 90 V. This increased capacity is mainly attributed
to the greater layer spacing produced by FJH to facilitate the introduction of oxygen-
containing functional groups in the graphite oxidation process, which will further induce
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a higher attachment of iron oxide particles and finally result in an increased number of
pores within the porous material during the subsequent FJH treatment. Furthermore, for
both types of PEG prepared from FJH and HTT decontamination, the subsequent FJH at 70
V exhibits higher specific capacity than that at 90 V. This phenomenon can be explained
by the fact that higher voltage leads to higher FJH temperatures, and as a result, the pore
structure becomes large in size and more interconnected, leading to a reduction in the
number of active sites.

Comprehensive rate capability assessment (Figure 5d) reveals that FF70-3 deliv-
ers exceptional electrochemical performance. FF70-3 achieves specific capacities of
653.8 mAh g−1 at 0.2C, 503.3 mAh g−1 at 0.4C, 388.5 mAh g−1 at 1C, 324 mAh g−1 at
2C, and 266.4 mAh g−1 at 4C. By comparing the performance of FF70-3 with that of com-
mercial graphite measured in our previous work, it can be concluded that the performance
of FF70-3 is far superior to that of commercial graphite [37]. Significantly, FF70-3 exhibits
an exceptional capacity recovery fidelity of 99.54% during rate cycling transitions, main-
taining near-complete capacity restoration upon reverting from high-rate (4C) to low-rate
(0.2C) operation. The distinct rate-dependent performance profiles elucidate a critical pore
architecture-function interdependence: iron (II) acetate-derived composites (e.g., FF70-2)
achieve enhanced low-rate capacities due to optimized nanoscale porosity maximizing
interfacial contact area, whereas iron (III) acetate-derived FF70-3 exhibits better electrochem-
ical performance at high rates owing to its hierarchical mesoporous network facilitating
rapid ion diffusion. This performance bifurcation conclusively validates the previously
postulated mechanism wherein micropore dimensions induce transport limitations dur-
ing high-current operation through geometric confinement phenomena. In contrast, the
mesoporous structure formed in FF70-3 can not only remarkably promote ion diffusion but
also accommodate repetitive lithium intercalation/extraction without causing irreversible
deformation. This synergistic integration of rapid ion transport capability and mechanical
stability establishes a foundational paradigm for advanced energy storage materials.

Electrode reaction kinetics were rigorously interrogated through electrochemical
impedance spectroscopy (EIS), revealing fundamental correlations between pore archi-
tecture and charge transfer dynamics. As shown in Figure 6a, the composite designated
FF70-3 exhibits minimal interfacial charge transfer resistance (Rct). It signifies optimized
reaction kinetics at the electrode-electrolyte interface. These enhancements originate in
the material’s hierarchical mesoporous architecture, which establishes efficient ionic perco-
lation pathways that dramatically reduce lithium-ion diffusion lengths while preserving
structural continuity of the conductive network. Through the fitting and analysis of ZView3
software, comparative analysis identifies FF70-2 exhibits intermediate impedance charac-
teristics, with an Rct of 141.6 Ω. While its ultra-high specific surface area derived from
nanoscale porosity provides abundant lithium adsorption sites, the diffusion pathways are
constrained to impede lithium-ion penetration into graphitic interlayers [38]. The most
pronounced impedance occurs in FF90-3, with an Rct of 177.4 Ω, where 90V FJH triggers
destructive structural evolution. Excessive thermal energy input during high-voltage etch-
ing probably induces carbon lattice fragmentation, generating macropores that disrupt
the intrinsic conductive network through graphene sheet disconnection. This irreversible
damage creates electron transport bottlenecks, particularly evident in the middle-frequency
semicircle expansion. The compromised electrical percolation pathway fundamentally
limits charge transfer efficiency.

75



Recycling 2025, 10, 171

Figure 6. Nyquist plots of flash Joule heating series (a) before cycling and (b) after 600 cycles at 2C.
Voltage-specific capacity diagram in the first complete cycle of (c) FJH series and (d) HTT series.

Figure 6b shows the EIS plots of the three materials after 600 cycles at 2C. The Rsei

and Rct after cycling are presented in Table S3. It is obvious that a distinct semi-circle
corresponding to Rsei can be observed in the high-frequency region for all three samples,
which indicates the formation of the SEI layer during the cycling process. Among them,
FF70-2 has the largest Rsei, which is attributed to its larger specific surface area that gener-
ates a thicker SEI layer, resulting in a high resistance in this part. Meanwhile, a relatively
large slope in the low-frequency region can be observed for FF70-2, which may be due
to the formation of the SEI film blocking the microporous structure and hindering the
transport of lithium ions. In contrast, the slopes in the low-frequency region of FF70-3 and
FF90-3 are close to the ideal 45◦. FF70-3 also shows an almost ideal diffusion state and the
smallest Rct, which demonstrates the better electrochemical performance of FF70-3 under
high-rate conditions.

Galvanostatic charge–discharge profiles (Figure 6c) corroborate these observations,
revealing FF70-2’s distinctive voltage plateau depression and premature capacity fade.
This performance deterioration stems from compromised structural integrity: the ultrahigh
porosity fraction undermines mechanical coherence, inducing localized framework collapse
during initial lithium insertion cycles. The resultant loss of percolation pathways and
active material isolation creates irreversible capacity loss mechanisms that manifest as
abrupt voltage drops during subsequent cycling (Figure 5a). The voltage-specific capacity
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diagrams of the first cycle for the FJH series and HTT series are shown in Figure 6c,d. It
can be observed from the figures that the larger the specific surface area, the smaller the
initial coulombic efficiency (ICE). This is because a larger specific surface area consumes
more lithium ions when forming the SEI layer in the first cycle, resulting in a lower ICE.
The ICE, initial specific capacity, and specific capacity after 600 cycles under 2C conditions
for the two groups of eight samples are shown in Table S4.

Cyclic voltametric profiling at 0.1 mV s−1 provides complementary kinetic insights
(Figure 7a). All samples exhibit characteristic electrochemical signatures: an irreversible
reduction peak between 0.5 and 0.75 V during initial cycling corresponds to electrolyte
reduction and concomitant SEI formation, while reversible redox pairs below 0.5 V sig-
nify lithium intercalation/deintercalation within graphitic domains. The near-perfect
superimposition of second and third cycle voltammograms confirms good electrochemical
reversibility in FF90-3, FF70-3, and FJH-80.

Figure 7. CV curves of (a) the first three cycles at 0.1 mV s−1 scan rate for FF70-3 and (b) FF70-3 at
0.1, 0.3, 0.5, 0.7, 0.9 mV s−1 scan rates. (c) The fitting curves based on ν1/2 and peak current from CV
results at different sweep rates. (d) Log(i) versus log(v) at peak A, peak B, and peak C.

Cyclic voltammetry (CV) analysis spanning scan rates from 0.1 to 0.9 mV s−1

(Figure 7b) probes the lithiation–delithiation kinetics. Well-defined redox peaks emerge at
characteristic potentials of 0.1 V (corresponding to LiC6 formation during discharge) and
0.2 V (associated with LiC6 decomposition during charge), demonstrating highly reversible
phase transformation behavior. Progressive CV curve broadening with increasing scan rates
signifies good electrochemical stability; at the same time, ΔEp is also gradually increasing
(Table S5). Crucially, Figure S6 quantitatively validates that FF70-3’s charge storage capac-
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ity and cycling durability consistently surpass alternative regenerated graphite materials
documented in prior studies [15,16,19,24,39–41], establishing its performance superiority.

By fitting the peak currents of the three redox peaks and the square roots of their
corresponding voltages at different scan rates, three straight lines can be obtained. The
slopes of these lines are related to the diffusion coefficient of lithium ions, and the diffusion
coefficient can be calculated through the Randles–Ševčík equation.

IP = 269, 000n1.5 ACD0.5ν0.5

here, ν is the scan rate set in CV, with units of V/s; D is the diffusion coefficient, with units
of cm2 s−1; C is the ion concentration, with units of mol/cm3; A is the electrode area, with
units of cm2, which can generally be considered as the geometric area of the electrode
sheet; and n is the number of electrons transferred in the redox reaction, with n = 1 for a
single-electron reaction. IP/ν0.5 is the slope in Figure 7c. Through calculation, it can be
obtained that the diffusion coefficient of FF70-3 is in the range of 10−7 to 10−8 cm2 s−1,
which is much higher than that of commercial graphite at 10−10 cm2 s−1, proving that its
mesoporous structure can effectively enhance the ion transport capacity. As shown in the
Figure 7d, by calculating the b values corresponding to the three redox peaks, it can be
found that all the b values are between 0.5 and 1.0 and are closer to 1.0. This indicates that
the reaction is less limited by ion diffusion kinetics, further demonstrating the impact of
the porous structure on improving performance.

3. Materials and Methods

3.1. Materials

Spent LIBs were bought from Shandong Jiuli Electronic Technology Co., Ltd., Jinan,
China. Iron (II) acetate tetrahydrate (C4H6O4Fe, 95%, Fe 21% min), iron (III) acetate poly-
hydrate (C4H7FeO5·nH2O, AR), and ethylene glycol (C2H6O2, AR, 98%) were purchased
from Shanghai McLean Biochemical Co., Ltd., Shanghai, China. Potassium permanganate
(KMnO4, AR, 99%), sulfuric acid (H2SO4, AR), nitric acid (HNO3, AR), and hydrogen
peroxide (H2O2, AR, 30%) were purchased from Sinopharm Chemical Reagent Co., Ltd.,
Shanghai, China.

3.2. Acquisition of Spent Graphite

The spent LIBs were subjected to a deep discharge process, followed by disassembly.
Spent LIBs refer to those that have lost their value for continued use. The batteries used in
this experiment were originally used in EVs. The copper foil, which had the anode material
attached, was immersed in a 1 mol/L KOH solution to facilitate the separation of the anode
material from the copper foil. Subsequently, the resulting material was washed with acid
and deionized water until its pH reached approximately 7. The powder was then dried
to yield SG. Electrochemical tests were conducted on SG, revealing its electrochemical
performance is bad, as illustrated in Figure S7.

3.3. Preparation of Materials

The SG was sieved through a 350-mesh sieve and processed via two distinct
routes: flash Joule heating at 80 V (denoted as FJH-80) and high-temperature treatment
(HTT) ≥ 1200 ◦C (denoted as HTT-1200). These pretreated materials were converted to
graphite oxide (GO) using a modified Hummers’ method [42]. The GO prepared by using
FJH-80 and HTT-1200 was, respectively, denoted as GO-FJH and GO-HTT. Specific methods
are detailed in the Supplementary Materials.

For the synthesis of composites, 0.4 g of iron (III) acetate polyhydrate (Fe(CH3COO)3·nH2O)
or iron (II) acetate tetrahydrate (Fe(CH3COO)2·4H2O) was dissolved in 60 mL of ethylene

78



Recycling 2025, 10, 171

glycol using ultrasonication for 1 h at 100 W in an ice bath. Simultaneously, 0.5 g of GO-FJH
or GO-HTT was dispersed in 100 mL of EG under the same conditions to create 5 mg/mL
suspensions. The iron (III) or iron (II) acetate solutions were gradually added to the GO
dispersions, followed by 2 h of magnetic stirring. The resulting mixtures were transferred
to autoclaves for hydrothermal treatment at 180 ◦C for 8 h. After cooling, the products were
filtered, washed with water, and vacuum-dried at 70 ◦C for 8 h to yield four composites:
EG-Fe3+-FJH, EG-Fe3+-HTT, EG-Fe2+-FJH, and EG-Fe2+-HTT.

Each composite (0.18 g) underwent FJH in an inert atmosphere. The EG-Fe3+-FJH
composite also received 15 pulses at 70 V and 90 V, yielding FF70-Fe3+ and FF90-Fe3+. The
EG-Fe3+-HTT composite received 15 pulses at 70 V and 90 V, resulting in the formation
of HF70-Fe3+ and HF90-Fe3+. Both the EG-Fe2+-FJH and EG-Fe2+-HTT composites were
subjected to 15 pulses at 70 V, producing FF70-Fe2+ and HF70-Fe2+, respectively. Following
this, the materials were acid-washed with 5 mol/L HNO3 using magnetic stirring for 2 h.
They were then rinsed to neutrality and freeze-dried to obtain porous expanded graphite,
designated as FF70-3, FF90-3, HF70-3, HF90-3, FF70-2, and HF70-2. Here, the first “H” or
“F” refers to the graphite treated with HTT or FJH for impurity removal, the second “F70”
or “F90” indicates the etching voltage of FJH being 70 V or 90 V, and the last “2” or “3”
represents the valence state of iron in iron acetate during the loading process. The complete
preparation process is shown in Figure 8.

 

Figure 8. Experimental procedure diagram.

3.4. Characterization and Electrochemical Performance

Surface morphology and microstructure of the graphite specimens were imaged
using scanning electron microscopy (SEM; Zeiss SUPRATM55, Oberkochen, Germany)
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and transmission electron microscopy (TEM; HITACHI HT7700, Tokyo, Japan). Elemental
composition across sample surfaces was routinely determined through X-ray energy-
dispersive spectroscopy (EDS) integrated with the SEM platform. Crystalline structure
properties were characterized by X-ray diffraction (XRD; Rigaku Miniflex600, Tokyo, Japan)
employing Cu Kα radiation at a scanning rate of 5◦/min over the 2θ range of 10◦ to 80◦.
Surface area and pore size distribution were modeled from N2; adsorption–desorption
isotherms (Quanta Chrome Instruments Co., Ltd., Boynton Beach, FL, USA).

Electrochemical assessments employed CR2025 coin cells fabricated in an argon-filled
glove box (H2O and O2 < 0.1 ppm). Electrode slurries were prepared by blending sodium
carboxymethyl cellulose (CMC), Super P carbon, and active material at a 1:2:7 mass ratio.
After thorough mixing, homogeneous slurry coatings were applied onto copper foils, fol-
lowed by vacuum drying (70 ◦C, 10 h). The resulting electrodes displayed ∼20 μm coating
thickness with active material loadings of 0.56–0.84 mg. Lithium foil counter electrodes
and Celgard 2400 polypropylene separators were utilized. The electrolyte contained 1.0 M
LiPF6 in ethylene carbonate/dimethyl carbonate (EC:DMC = 3:7, v/v). Assembled cells
underwent 10-h stabilization before testing. Galvanostatic charge–discharge cycling was
performed at ambient temperature using a LAND tester (CT3001A, Wuhan Lanhe, Wuhan,
China) within 0.01–3.0 V. Cyclic voltammetry (CV) measurements employed CHI 660e
electrochemical workstation (Shanghai Chenhua, Shanghai, China) with 0.01–3.0 V (vs.
Li+/Li) sweeps at 0.1–0.9 mV s−1 scan rates. Electrochemical impedance spectroscopy
(EIS) was subsequently conducted on the same instrument with 10 mV AC amplitude over
100 kHz to 0.01 Hz frequencies.

4. Conclusions

In summary, this research successfully achieves high-value recovery and resource
utilization of graphite from spent lithium-ion battery anodes through the innovative integra-
tion of flash Joule heating technology with precision structural engineering. The experimen-
tal framework systematically examines the influences of three critical processing variables:
decontamination methodologies (comparing flash Joule heating with high-temperature
treatment), transition metal valence states in acetate precursors (iron (II) versus iron (III)),
and etching voltages (70 V versus 90 V). The characterization results show that FJH has
a better effect than HTT for SG decontamination and induces a larger interlayer spacing.
The GO-FJH prepared in this way has a higher degree of oxidation and can load more iron
oxides during the loading process. The iron oxide nanoparticles formed on the graphite
layer by the combination of hydrothermal treatment and iron (II) acetate are significantly
smaller than those formed by iron (III) acetate. Under the flash etching condition of 70 V,
the composites synthesized via hydrothermal processing with iron (III) mainly form meso-
macropores. Thanks to the hierarchical structure of mesopores and macropores formed
during the process, this structure provides more lithium-ion transmission channels, greatly
promoting the transmission of ions and enhancing the long-cycle performance of FF70-3.
In the electrochemical test, the capacity of FF70-3 remains as high as 419 mAh g−1 after
600 cycles at a high rate of 2C, with a capacity retention rate of 70.18%. This investigation
establishes a scientifically grounded and technologically viable pathway for transform-
ing waste graphite into high-performance anodes, providing substantial guidance for
sustainable energy material development with promising application prospects.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/recycling10050171/s1, Figure S1: XRD of SG, FJH-80, and HTT-
1200; Figure S2: XRD of GO-FJH and GO-HTT; Figure S3: XRD of EG-Fe2+-FJH, EG-Fe2+-HTT,
EG-Fe3+-FJH, and EG-Fe3+-HTT; Figure S4: Voltage-specific capacity diagram in the 1st, 10th, 30th,
50th, and 100th cycle of FF70-2 at 0.1C; Figure S5: Voltage-specific capacity diagram in the 1st, 50th,
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150th, 300th, and 600th cycle of FF70-3 at 2C; Figure S6: Comparison with previous work performance;
Figure S7: Electrochemical performance of SG at 2C; Table S1: SG, FJH-80, HTT-1200 corresponding
to the glancing angle and (002) crystal plane spacing; Table S2: Specific surface area of (a) micropore,
(b) meso- and macropore, (c) micropore volume, and (d) total pore volume; Table S3: Rsei and Rct
values after 600 cycles under 2C conditions for FF70-3, FF90-3, and FF70-2; Table S4: The initial
coulombic efficiency, initial specific capacity, and specific capacity after 600 cycles of all products
mentioned in this article are based on 2C; Table S5: The relationship between scan rate and ΔEp.
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Abstract: Effective and environmentally benign removal of polyvinylidene fluoride (PVDF)
binders from spent battery electrodes remains a critical hurdle in sustainable recycling,
primarily due to issues related to the mitigation of fluorinated compound emissions. This
work evaluates PVDF binder removal from cathode active material using either a green
solvent-based dissolution process or pyrolysis, analyzed by time-of-flight secondary ion
mass spectrometry (ToF-SIMS). The solvent pretreatment involved mixing dihydrolevoglu-
cosenone (Cyrene™) with PVDF-coated NMC811 at 100 ◦C, followed by hot filtration
to separate the Cyrene-PVDF solution. Pyrolysis was conducted at 800 ◦C under an ar-
gon atmosphere. Positive ToF-SIMS spectra for Cyrene showed characteristic peaks at
ketene (42 m/z) and 1,3-dioxole (86 m/z), along with intense C2H3O+, C3H3O+, C4H7

+, and
C3H5O+ peaks. The characteristic peaks used to identify PVDF were C3H2F5

+ (133 m/z),
C3H2F3

+ (95 m/z), and C3HF4
+ (113 m/z). Both processes resulted in PVDF removal, with

pyrolysis demonstrating higher effectiveness. Particle agglomeration was observed in both
pretreated NMC811 samples, however agglomeration was more pronounced with Cyrene
pretreatment due to PVDF redeposition. Following pyrolysis, PVDF was transformed into
a defluorinated carbonaceous material.

Keywords: dihydrolevoglucosenone; pyrolysis; Tof-SIMS; PVDF; spent LIBs; battery
recycling

1. Introduction

The demand for lithium-ion batteries (LIBs) is rapidly increasing, a trend that is ex-
pected to continue for the foreseeable future [1]. One major concern faced by the battery
industry is the increasing number of spent LIBs entering the recycling value chain, as they
pose a risk to the environment and by extension our society [2]. As a result, much research
has been conducted on different processing techniques that can be employed when recy-
cling spent LIBs, these include direct recycling, hydrometallurgy and pyrometallurgy [3,4].
Pinegar and Smith [5] reviewed some of the most well-known commercial battery recycling
processes, these include the Umicore, Inmetco, Glencore, Accurec, Retriev, Recupyl and

Recycling 2025, 10, 56 https://doi.org/10.3390/recycling10020056
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EcoBat processes. Regardless of the processing technique chosen, there are a variety of
processing stages that need to be employed to deal with the complex nature of battery
material. Informative reviews [1,6] which thoroughly discuss the different processing
stages that can be employed when recycling spent LIBs are also available. The choice of
process is highly dependent on the chemistry of the spent batteries as some batteries are low
value (lithium iron phosphate) while others hold significantly more value (nickel and cobalt
based batteries), thus it is necessary to understand the market in which they are operating.
A life cycle assessment also provides a good resource for better understanding the battery
value chain, as such highlighted in the review article of Arshad and coworkers [3]. Finally,
to understand the battery industry in an Australian context, the latest market data for
the battery industry by Langdon and coworker [7], provided an overview by mapping of
battery flows, including battery sales, batteries in use, and spent batteries collection and
reprocessing, by battery chemistry, format or size and application.

Lithium-ion batteries contain several components that can negatively impact the envi-
ronment, including perfluoroalkyl and polyfluoroalkyl substances (PFAS). Perfluoroalkyl
and polyfluoroalkyl substances describe a large group of synthetic fluorinated organic
compounds, which are chemically stable due to the presence of strong C-F bonds [8]. They
are persistent chemicals meaning they do not degrade easily and thus accumulate in the
environment [9].

The release of PFAS into the environment can result in devastating environmental,
financial, and health implications for the surrounding communities (e.g., requires expensive
environmental remediation, can damage the immune system, thyroid, and liver [9,10],
particularly when the material is either in a soluble or in a micro-dispersed solid form,
making these material highly mobile in the environment. The potential environmental
and health risks linked with PFAS have prompted governing bodies like the European
Commission to propose banning their usage. If successful, such legislation could be
implemented as soon as 2026 [11], however, significant quantities of spent batteries would
require safe recycling techniques.

Polyvinylidene fluoride (PVDF), is one such PFAS and has applications in a host
of different industries, due to its good physical and chemical properties which make it
resistant to chemical and thermal degradation [12,13]. Polyvinylidene fluoride is ideal to
be used as a binder in LIBs as it allows for the strong adhesion of cathode active material
(CAM) particles to the conductive Al foil and absorption of the electrolyte, thereby allowing
for the transfer of lithium (Li) ions to the CAM material, and offering a high degree
of electrochemical stability [1,12,14,15]. Water soluble binders such as carboxymethyl
cellulose-styrene-butadiene rubber (CMC-SBR) offer alternatives to PFAS binders [14,16],
however they are more likely applied to the anode electrodes.

The focus of this study is to compare the effectiveness of greener technologies (i.e.,
technologies that have a smaller environmental impact than current industrial technologies)
in removing binders from cathode materials as found in nickel-manganese-cobalt (NMC)
based lithium-ion batteries (LIBs), specifically PVDF as it is the state-of-the-art binder used
in CAMs and some anodes [17].

During battery recycling, it is important to remove binders prior to any processing
techniques as they can affect the recovery/separation efficiencies of processes such as
flotation and leaching. In the case of froth flotation, binders alter the surface wettability
of CAMs and anode active materials (AAMs, i.e., graphite), reducing their separation
efficiency [18–20]. On the other hand, during leaching, the presence of PVDF on CAMs
particles can impact the dissolution of target metals [21,22]. The PVDF binder adheres the
CAMs to the Al foil and binds the individual CAM particles to one another resulting in
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the formation of agglomerates post crushing/shredding [23]. The decrease in the exposed
CAM particle surface area leads to reductions in the leaching efficiencies of CAM.

Currently, two main strategies are employed to remove PVDF during LIBs recycling,
namely thermal pretreatment or chemical dissolution [24]. In this context, thermal pre-
treatment describes a process that operates at elevated temperatures (400–600 ◦C) for
the decomposition of an organic binder [17] and is typically performed under an inert
atmosphere to prevent graphite oxidation. Pyrolysis is one of the most common thermal
pretreatments employed to remove PVDF from spent LIBs/CAM and the decomposition of
PVDF occurs at temperatures between 400 ◦C and 500 ◦C [17,25,26]. The main advantages
of using pyrolysis include its effectiveness in removing PVDF [27] as well as the reduc-
tion in overall process complexity as spent batteries can be pyrolyzed without the need
for a separate battery discharge stage, as typically seen when using hydrometallurgical
routes [28]. However, there are numerous drawbacks, including the generation of toxic
off-gases from the decomposition of PVDF and other organics [17]. Off-gases include halo-
genated hydrocarbons, hydrofluoric acid (HF), polynuclear organic substances and other
toxic hydrocarbons [27,29,30], all of which are harmful to the environment and human and
animal health. Scrubbing of the gases provides an “end-of-pipe” solution, but transfers
many problems to liquid effluents that requires costly downstream treatment.

An alternative to pyrolysis is the dissolution of PVDF in dipolar aprotic solvents, the
most common of which include dimethylacetamide (DMA), dimethylformamide (DMF)
and N-methyl-2-pyrrolidone (NMP) [14,31]. These solvents are often toxic, adversely
affect the human reproductive system and cause numerous health issues [32,33]. As such,
the use of solvents such as NMP are strictly regulated [24]. Thus, many researchers are
investigating greener solvents that can be used for PVDF dissolution.

Dihydrolevoglucosenone (refer to Figure 1), going by the commercial name of
“Cyrene™”, shows promise in replacing the aforementioned solvents for PVDF disso-
lution [34–36]. Cyrene is a bio-derived dipolar aprotic solvent that is produced through
the pyrolysis of cellulose, e.g., from agricultural and wood-derived wastes, producing lev-
oglucosenone which is then hydrogenated, creating dihydrolevoglucosenone [33]. Cyrene
has a high boiling point (227 ◦C), is miscible in water and thus offers a system in which
the solvent polarity can be adjusted by altering the water to Cyrene ratio [31,33]. The
advantages of using Cyrene, as opposed to conventional dipolar aprotic solvents, includes
no significant toxicity, non-mutagenic, non-genotoxic, and readily biodegradable within
28 days [37].

Figure 1. Structure of dihydrolevoglucosenone (adapted from Sigma-Aldrich [37]).

Heating is essential for dissolving PVDF in Cyrene. Previous research [38,39] has
demonstrated that temperatures exceeding 80 ◦C are necessary to achieve dissolution.
Once dissolved, PVDF can be recovered through thermally induced phase separation (TIPS)
as it precipitates from Cyrene upon cooling [36,38]. For battery recycling applications, it
is crucial to consider Cyrene’s sensitivity to strongly oxidizing, reducing, acidic, or basic
environments [33]. This is particularly relevant because metals like cobalt (Co) and nickel
(Ni), commonly found in batteries, are strong reducing agents.

One of the most challenging aspects of the PVDF removal process is in the analysis of
PVDF residuals in the CAM or black mass material (fine fraction from LIB comminution).
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Common analytical techniques such as inductively coupled plasma mass spectrometry (ICP-
MS), energy dispersive X-ray spectroscopy (EDS), X-ray fluorescence spectroscopy (XRF),
and X-ray diffraction spectroscopy (XRD) have trouble analysing light elements [40,41] and
several of the above techniques (EDS, XRF, and ICP-MS) cannot be applied when analysing
organic compounds.

Industrially, there was previously little incentive for companies to analyse residual
PVDF, however as the EU tightens its regulations around PFAS materials, companies are
becoming more interested in accounting for PVDF in their process streams. Currently,
most of the research utilizes combinations of Fourier-transform infrared spectroscopy
(FTIR), Raman spectroscopy, and EDS when trying to identify the extent to which PVDF is
removed [38,42,43] as well as inductively coupled plasma optical emission spectroscopy
(ICP-OES) to identify any deportment of lithium or other metal species during Cyrene
pre-treatment [38]. The amount of fluorine in the sample before and after the pre-treatment
can be analysed by quantitative EDS [24,38]). FTIR and Raman spectroscopy can be used
to identify the presence of PVDF in a sample as well as provide insight into the structure of
PVDF [38,43].

Time-of-flight secondary ion mass spectrometry (ToF-SIMS) is a surface-sensitive
analytical technique capable of detecting light elements, trace elements, and organic com-
pounds. Sui and co-workers [40] investigated the analysis of battery materials using a
combination of ToF-SIMS and focused ion beam —scanning electron microscope (FIB-SEM)
to perform nano-scale chemical mapping on LIB CAM and analysis on the mobility or lack
thereof of elements such as Li, Co and Mn during the charging and discharging of LIBs.

To the best of authors’ knowledge, ToF-SIMS has not been used to qualitatively
evaluate the removal of PVDF during LIB recycling through pyrolysis and Cyrene-based
pre-treatment techniques. The sensitivity of the technique, coupled with the ability to
produce high spatial-resolution chemical/molecular maps makes ToF-SIMS a suitable
analysis technique for detecting light elements and organic binders in battery materials.
The aim of this research is to investigate the removal of PVDF through either Cyrene or
pyrolysis pretreatments. Using ToF-SIMS, this research also aims to identify the unique
spectra of pristine Cyrene and PVDF, which can then be applied to identify their presence
in battery materials. Techniques such as Raman spectroscopy, FTIR, and SEM are used to
support the ToF-SIMS findings.

2. Methods & Materials

2.1. Materials

Various battery materials were studied to determine the presence and removal
of PVDF on battery materials namely, pristine CAM without PVDF—NMC 111
(LiNi0.33Mn0.33Co0.33O2, MSE supplies, Product No. PO0126), PVDF-coated CAM—NMC
811 (PVDF—LiNi0.8Mn0.1Co0.1O2, Targray, Lot No. NMC 811-003T) and battery grade
PVDF (≥99.6%, MSE supplies, batch No. 22420A2, Tucson, AZ, USA). Cyrene solvent
(99.3% dihdyrolevoglucosenone, batch no. DCyD12_220308) with a purity of 99.28% was
supplied by the Circa Group, Melbourne, Australia.

2.2. Methods
2.2.1. PVDF Dissolution—Cyrene Pretreatment Experiments

The dissolution of PVDF was initially investigated by dissolving 0.5 g pure PVDF into
20 mL Cyrene at 100 ◦C. Figure 2 depicts a simple Cyrene-PVDF dissolution experiment
which involved mixing PVDF powder with Cyrene at room temperature (A), heating the
mixture to 100 ◦C and achieving complete PVDF dissolution (B) and cooling the solution to
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50 ◦C, resulting in the formation of a gel-like material (C). The room temperature Cyrene-
PVDF mixture (D) was centrifuged to recover a single lump of PVDF (E).

 
Figure 2. PVDF dissolution with Cyrene: Cyrene-PVDF mixture at room temperature, (A) heated
solution at 100 ◦C (B), mixture cooled at 53 ◦C (C), mixture at room temperature (D), and recovered
PVDF after centrifugation of mixture at room temperature (E).

To determine the effect of Cyrene pretreatment at elevated temperatures on pristine
CAM, 5 g NMC 111 and 30 mL Cyrene were mixed, heated, and held at 100 ◦C for 1 h.
The heated NMC 111-Cyrene mixture was separated by a heated vacuum filtration using a
filter paper (Whatman®, GE Healthcare Companies, Chicago, IL, USA) with a pore size of
11 μm. Heated filtration was achieved by placing a typical Büchner funnel filtration set
up into a drying oven at 100 ◦C. To investigate the removal of PVDF from CAM, 5 g of
NMC 811 coated with PVDF was contacted with 30 mL of Cyrene following the procedure
above. If no heated filtration was used, the Cyrene-PVDF solution was observed to be more
viscous than pure Cyrene, leading to a longer filtration time. This causes cooling of the
solution to temperatures below 80 ◦C. After filtration, the Cyrene-PVDF solution was cooled
down to room temperature, after which the mixture was vacuum-filtered or centrifuged to
recover PVDF.

2.2.2. PVDF Removal—Pyrolysis Pretreatment Experiments

Pyrolysis pretreatment was simulated using thermogravimetric analysis (TGA) equip-
ment. Approximately 30 mg of PVDF-coated NMC 811 was loaded into an alumina crucible
and heated to 800 ◦C. The samples were held at 800 ◦C for 5 min, ensuring that enough
time was given for PVDF decomposition.

The above pre-treatments of pristine materials resulted in the production of: two
NMC 111 samples: no pretreatment and pretreated with Cyrene. Along with, four NMC
811 samples, two of which were treated identically to the NMC 111 above, however the
third sample was washed post-filtration, and the fourth sample underwent a simulated
pyrolysis pretreatment. Figure S1 in the Supplementary Material presents detailed process
flow diagrams that describe the preparation of each material examined in this research.

2.3. Analytical Techniques
2.3.1. Scanning Electron Microscope (SEM)

The surface morphologies of the pristine, Cyrene pretreated, and pyrolysed CAM
were characterized using SEM. The loose powder samples were mounted on aluminium
stubs using double-sided carbon tape (PELCO Tabs TM, 6 mm OD from TED PELLA, Inc.,
Redding, CA, USA). Two SEMs were used, namely the TESCAN LYRA3 field emission
SEM (Tescan, Brno, Czech Republic) at the John de Laeter Centre (JdLC), Curtin University,
Perth, Australia and the FEI Quanta 600 F SEM (FEI, Hillsboro, OR, USA) at the Helmholtz
Institute Freiberg for Resource Technology (HIF), Dresden, Germany. False colour images
were produced at HIF by superimposing the secondary and backscattered electron (BSE)
images. The BSE image provides information pertaining to material composition (variations
in densities), with blue representing elements with high densities (i.e., Ni, Co, Mn) and
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black colouring the lighter elements such as carbon. The SE image provides topographical
information of the analysed surface and has been given an orange colour.

2.3.2. Thermogravimetric Analyser (TGA)

TGA was performed on PVDF and PVDF-coated NMC 811 to determine the decom-
position temperature of PVDF. Pyrolysis was simulated using TGA, namely the Mettler
Toledo TCA/DSC 1 STAR System, Chicago, IL, USA. 25–30 mg samples were weighed out
into platinum crucibles and were heated from 35 ◦C to 800 ◦C at a rate of 10 K/min in an
argon atmosphere (gas flow rate = 25 mL/min). The samples were held at 800 ◦C for 5 min,
after which they were cooled down to 35 ◦C at a rate of 10 K/min.

2.3.3. Fourier-Transform Infrared Spectroscopy (FTIR)

FTIR spectroscopy was used to identify the presence of PVDF in both the untreated
and Cyrene-pretreated CAM as well as to determine any changes in PVDF and Cyrene
(chemical or thermal) during the pretreatment process. A PerkinElmer Springfield the
United States Spectrum 100 FT-IR Spectrometer (PerkinElmer, Waltham, MA, USA) with a
diamond/ZnSe crystal was used and the analysis was conducted over a wavelength range
of 600–4000 cm−1 with a resolution of 4 cm−1.

2.3.4. Raman Spectroscopy

Raman spectroscopy was used to determine if Cyrene post-PVDF dissolution con-
tained residual PVDF or if Cyrene or PVDF underwent any chemical or thermal degra-
dation during the pretreatment. The analysis was conducted using a LabRam HR 800
confocal Raman microscope HORIBA France SAS, Palaiseau, France and the spectra were
interpreted and analysed using LabSpec5. The excitation wavelength of the laser was
632.817 nm at a laser intensity of 2 mW, a spectrometer grating of 600/mm was used and
spectra from Raman shifts of 200 cm−1 to 3500 cm−1 were acquired. The lens used was at
a 10× magnification (NA of 0.25) and the spectra were recorded with 5 s exposures and
5 repetitions.

2.3.5. Time-of-Flight Secondary Ion Mass Spectrometry (ToF-SIMS)

ToF-SIMS was used to investigate the surface of the CAM particles in order to char-
acterise organic materials and map their spatial distribution. Prior to ToF-SIMS analysis,
the powdered samples were pressed into pellets. The powder was loaded into a pellet dye
and then pressed at 2000 kg for 1 min using the 5T electric press (model YLJ-5TA, KJ MTI
Group, St Richmond, CA, USA). The final pellets had a diameter of approximately 5.5 mm
and a thickness of 0.5 mm.

The ToF-SIMS analyses were carried out on a M6 instrument (IONTOF GmbH, Mün-
ster, Germany) at the JdLC. The instrument was operated in Spectrometry mode with a
30 kV Bi3+ primary ion source at a pulsed current of 0.06–0.14 pA. Positive ions were
collected using High Mass Resolution mode for the mass analyser at a cycle time of 100 μs.
The analytical conditions resulted in a lateral resolution of ~3 μm and a mass resolution of
>10,000 M/ΔM. A random primary ion beam raster pattern and an electron flood gun was
used to minimise charging effects during the analysis. SIMS maps were collected over a
50 to 200 μm field of view with 128 × 128 pixels in each frame. The mass spectra included
all masses up to 250 mass/charge ratio. To remove surface contamination, the field of view
was pre-sputtered with a Ar2000

+ cluster ion source (10 kV, 8 nA) over a 500 × 500 μm area
for 30 s. Data were analysed with Surface Lab version 7.3.
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3. Results and Discussion

3.1. Pure PVDF Dissolution

The dissolution experiment demonstrated the ability of Cyrene to dissolve PVDF at
elevated temperatures and the recovery of PVDF from solution upon cooling, which is
consistent with the findings of previous research [38,39]. The recovered solution and solid
were analysed using Raman spectroscopy to determine whether the Cyrene (post-PVDF
dissolution) contained residual PVDF or underwent any changes (i.e., chemical or thermal
degradation). The characteristic Raman shifts for different PVDF phases are: α-phases (410,
489, 611/612, 795) cm−1, β-phase (839 cm−1) and γ-phase (874 cm−1) [42,43].

Figure 3A shows a comparison between the Raman shifts obtained from a pure PVDF
sample to that of Cyrene post-PVDF dissolution. These results illustrate that no PVDF
is detected in the spent Cyrene solvent, suggesting that there is no build-up of PVDF in
the Cyrene solvent. To confirm that Cyrene did not undergo any chemical or thermal
degradation, a comparison of the Raman shifts for pure Cyrene and Cyrene post-PVDF
dissolution are shown in Figure 3B. It was observed that peaks in the fingerprint region
(300–1900 cm−1) are retained, and no new peaks appeared, implying that Cyrene did not
undergo chemical or thermal degradation on the basis of this analysis. However, a minimal
shift to higher energies after PVDF removal is observed in the peaks which can be explained
by a change in molecular strains and stresses, as a result of heating Cyrene to 100 ◦C.

The above results allude to the possibility of recycling Cyrene as there is no build-up of
PVDF in solution and no chemical/thermal degradation. Raman analysis on the recovered
PVDF (Figure 3C) shows similar Raman peaks, however residual amounts of Cyrene were
retained. This is most likely due to the high viscosity of Cyrene, making it difficult to
completely remove through centrifugation. The high boiling point of Cyrene (227 ◦C)
also requires elevated temperatures to completely remove Cyrene from PVDF. Thus, any
PVDF recovered through this process should be washed thoroughly with water to remove
residual Cyrene.

3.2. Cyrene Solvent Treatment

All reported solvents and diluents of PVDF fall under the dipolar aprotic category [36].
Cyrene, a dipolar aprotic solvent, is theoretically capable of dissolving PVDF. The Hansen
solubility parameters of Cyrene (dispersion δD: 18.8; polar δp: 10.6; and hydrogen bonding
δH: 6.9) are nearly identical to those of the conventional solvent NMP (δD: 18.0; δp: 12.3;
and δH: 7.2) [36], suggesting that Cyrene should be able to dissolve PVDF under specific
conditions. However, some research [35] has highlighted that the solubility of PVDF can
vary significantly with molecular weight. More so, the higher viscosity of the Cyrene-PVDF
solution likely played a critical role. It has been reported [44] that a PVDF-Cyrene solution
exhibited a high viscosity of 810 mPa·s. As a comparison, PVDF at 10% w/v in NMP has
viscosities of 120 mPa·s (Mw = 2.7 × 105 g/mol) or 350 mPa·s (Mw = 4.4 × 105 g/mol).

The high viscosity negatively impacted filtration, consequently hindering the separa-
tion of the Cyrene-PVDF solution from NMC 811. This led to extended filtration times and
cooling of the solution below 80 ◦C, triggering thermally induced phase separation (TIPS) of
PVDF and thus resulted in the non-selective redeposition of PVDF onto the NMC particles.
Hot water (100 ◦C) was added to aid filtration. Figure 4A presents a false-coloured SEM
image of pristine NMC 811 particles in comparison with those post-Cyrene pretreatment in
Figure 4B,C. In these images, blue particles represent NMC 811, while dark gray material
indicates PVDF coating. Figure 4A shows minimal particle agglomeration in the untreated
material, with agglomerate sizes not exceeding 50–100 μm. However, Figure 4B–D demon-
strate a significant increase in agglomeration post-Cyrene pretreatment, with agglomerates
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reaching up to 500 μm. This increased agglomeration is attributed to PVDF redeposition
during filtration.

(A)

(C)

(B)

Figure 3. Raman spectra of pristine PVDF and recovered Cyrene after PVDF dissolution (A), pristine
Cyrene and recovered Cyrene (B), and pristine Cyrene and PVDF and recovered PVDF (C).
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Figure 4. SEM images of NMC and PVDF material. NMC 811 coated with PVDF (A), NMC 811 post
Cyrene pretreatment (only washing with 100 ◦C water) (B–D), SEM-BSE of NMC 811 post Cyrene
pretreatment (E,F), FTIR spectra of PVDF recovered from Cyrene solution (G). Cyrene-water solution
and recovered PVDF (H). SEM image of recovered PVDF (I).

To mitigate PVDF redeposition, hot filtration was performed in an oven. The re-
sults are presented in the SEM-BSE images of Figure 4E,F. In these images, lighter (white)
particles represent NMC 811, and dark gray regions indicate PVDF. Figure 4E, F, sim-
ilar to Figure 4A, exhibit particle agglomeration with a maximum agglomerate size of
50–150 μm, demonstrating a significant reduction in agglomeration compared to the non-
heated filtration (Figure 4B–D).

Upon cooling the Cyrene-water filtrate to room temperature, a polymer-like material
formed (Figure 4H). The SEM image in Figure 4I revealed the presence of fine NMC 811
particles within this material. This contamination can be minimized by using filter paper
with a smaller pore size, albeit at the cost of slower filtration rates. The FTIR spectrum
in Figure 4G confirmed the material’s composition as PVDF, showing three characteristic
peaks at 874, 1182, and 1404 cm−1. These peaks, although slightly shifted, confirm partial
PVDF removal.

3.3. ToF-SIMS Base Spectra for Cyrene and PVDF

ToF-SIMS was used to characterise both the organic and inorganic components/
molecules present in the samples. Molecules fragment during the SIMS ionisation process
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and as such the resultant mass spectra contains a series of characteristic peaks from the
parent and fragment ions. In order to identify the presence of PVDF ((C2H2F2)n) and Cyrene
(C6H8O3) in CAM, pristine materials were first analysed to determine the characteristic
ions. This is illustrated in Figure 5A where the positive ToF-SIMS spectra for PVDF are
provided. According to Feng et al. [45], PVDF fragments into carbon-containing molecules
with 1, 2 or at most 3 carbon atoms. Feng and co-workers identified C3H2F5

+ (133 m/z) as a
characteristic PVDF peak along with several fluorinated peaks, some of which are present
in Figure 5A. In this research, the characteristic C3H2F5

+ peak at 133 m/z along with two
other larger fluorinated molecules, namely C3H2F3

+ (95 m/z) and C3HF4
+ (113 m/z) were

used to identify PVDF.

Figure 5. Positive ToF-SIMS spectra of PVDF (A), comparison of the spectra for NMC 111 and NMC
811 coated in PVDF (B), and characteristic PVDF peaks from Figure 4B (C–E).
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To confirm whether the PVDF peaks identified above could be detected in a battery
material, the positive ToF-SIMS spectra from pristine NMC 111 and PVDF-coated NMC
811 powders were compared. As expected, the only difference between NMC 811 and 111
would be the peak intensities for the different metals as well as the PVDF peaks. Figure 5B
shows that the base NMC spectra are almost identical, with only varying metal intensities
due to different metal concentrations. The spectra for the PVDF-coated NMC 811 contains
extra peaks including those of the three heavier fluorinated compounds mentioned above
(see Figure 5C–E), confirming the capabilities of ToF-SIMS in detecting PVDF coatings in
battery materials.

The positive ToF-SIMS spectra for Cyrene were also determined, which to the best of
our knowledge had not yet been reported in literature. Liu et al. [46] proposed that when
Cyrene molecule is hit by an electron beam during electron impact mass spectrometry (EI-
MS), it fragments into smaller molecules, namely ketene (42 m/z), 2-methylene-1,3-dioxole
(84 m/z), 2-methylene-1,3-dioxolane (85 m/z), and 1,3-dioxole (86 m/z). When analysing
Cyrene with ToF-SIMS, similar compounds to those found by Liu and coworkers [46]
were identified. For the analysis, Cyrene in liquid form was applied to silicon wafers and
placed into a vacuum chamber to determine its stability under vacuum. After two days,
the excess liquid was subsequently removed to obtain a thin layer of Cyrene on the silicon
wafer. Figure 6A presents the positive ToF-SIMS spectra for Cyrene, the ketene (42 m/z)
and 1,3-dioxole (86 m/z) molecules were detected along with intense C2H3O+, C3H3O+,
C4H7

+ and C3H5O+ peaks which is well comparable to the fragmentation patterns from
EI-MS [46].

A molecule with a m/z of 146 (higher than that of Cyrene) was also noted and identified
as a hydrated Cyrene molecule with the formula C6H10O4 (Cyrene—C6H8O3). Further
investigations around the heavier molecules will be conducted as this will shed light on
possible compounds/chains that Cyrene may form. Due to Cyrene’s low volatility and
high viscosity, its presence on the surface of CAMs after exposure/contact is also investi-
gated. Figure 5B compares the spectra for pristine NMC111 to that of NMC111 soaked in
Cyrene. This comparison illustrates (see Figure 5C,D) that ketene (42 m/z) and 1,3-dioxole
(86 m/z) were detected on the surface of NMC111, showing that ToF-SIMS can be used
when identifying Cyrene in battery materials.

3.4. ToF-SIMS as a Technique for Process Evaluation

Positive ToF-SIMS spectra (Figures 5A and 6A) were used to verify Cyrene or pyrolysis
as methods for PVDF removal. Contrary to expectations, the intensity of PVDF peaks was
higher after Cyrene pretreatment (Figure 6F–H). Two possible explanations exist for this
increase. First, the SIMS matrix effect, where secondary ion intensity depends on both
element/molecule concentration and material composition. Second, and more likely,
PVDF redeposition onto particle surfaces, as demonstrated in the pure PVDF dissolution
experiments showing PVDF segregation from Cyrene below 80 ◦C. Figure 7A–C show
substantial PVDF presence post-Cyrene pretreatment. PVDF redeposition results in particle
agglomeration (Figure 4B–D). Uncontrolled PVDF redeposition during cooling leads to
thick coatings, unlike those applied by cell manufacturers, resulting in higher PVDF
readings. Figure 7C visually demonstrates this, showing a ~4 μm NMC particle coated by
~4 μm of PVDF. To confirm these coatings as PVDF, Figure 7D presents a chemical mapping
using ToF-SIMS peak information, with green areas representing Li (NMC 811) and red
areas shows C3H4F+, representing PVDF.
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Figure 6. Positive ToF-SIMS spectra of Cyrene (A), comparison of the spectra for NMC 111 and
Cyrene washed NMC 111 (B), characteristic Cyrene peaks from Figure 5B (C–E), and characteristic
PVDF peaks after Cyrene pretreatment of NMC811 (F–H).
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Figure 7. SEM and ToF-SIMS chemical mapping of the treated battery materials. Cyrene pretreated
NMC 811 (A–C), ToF-SIMS chemical mapping of Cyrene pretreated NMC 811 (D), pyrolyzed NMC
811 samples (E–G), ToF-SIMS chemical mapping of pyrolyzed NMC 811 (H), NMC 811 particle after
pyrolysis (I), chemical mapping of the characteristic PVDF peaks after pyrolysis (J) and residue from
PVDF pyrolysis at 800 ◦C (K).

While ToF-SIMS is limited in providing quantitative PVDF or Cyrene concentrations,
it can qualitatively indicate pretreatment effectiveness. ToF-SIMS analysis of pyrolyzed
samples (Figure S2) showed minimal PVDF peak intensities, suggesting low residual PVDF.
ToF-SIMS chemical mapping (Figure 7H) of pyrolyzed material revealed C4H7

+, consistent
with de-fluorination. SEM imaging (Figure 7I) visualized organic matter distribution in
pyrolyzed samples, revealing two regions on NMC 811 particles. The red zone, likely
organic residue from PVDF decomposition, and the green region, likely residual PVDF
(Figure 7J). Chemical mapping (Figure 7J) identified traces of fluorinated hydrocarbons
C3H4F+ and C3HF4

+, characteristics of PVDF. Li et al. [47] reported incomplete PVDF
pyrolysis, with up to 26% residual mass, consistent with the 29% residue observed in TGA
at 800 ◦C (Figure S3). SEM imaging (Figure 7K) showed that pyrolyzed PVDF particles
retained their spherical shape, suggesting minimal change in residual PVDF on NMC 811.
Pyrolyzed residue exhibited a melt texture (Figure 7G), binding NMC 811 particles and
causing ~100 μm agglomerates. This carbonaceous coating may alter surface properties
affecting subsequent recycling processes such as froth flotation.

Comparing Figure 7D,J, pyrolysis demonstrates substantially less PVDF than Cyrene
pretreatment. Thus, pyrolysis is currently more effective. However, Cyrene solvent
pretreatment is yet to be optimized, and thus it remains a promising technique for
PVDF removal.
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4. Conclusions

The recycling of spent LIBs presents a significant challenge in dealing with PVDF
binder, which hinders particle liberation and alters the surface properties of active materials.
Methods like thermal treatment and solvent-based techniques are commonly used to
remove the PVDF binder. However, accurately quantifying their efficiency for binder
removal using conventional analytical tools has remained a challenge. In response to this,
this study utilised ToF-SIMS to produce high spatial-resolution chemical maps of cathodic
material, offering a detailed insight into the distribution of PVDF within CAM. The positive
ToF-SIMS characteristic peaks for Cyrene and PVDF were also identified. Cyrene had two
characteristic peaks, namely ketene (42 m/z) and 1,3-dioxole (86 m/z) along with intense
C2H3O+, C3H3O+, C4H7

+ and C3H5O+ peaks. While the characteristic peaks for PVDF
were identified to be C3H2F5

+ (133 m/z), C3H2F3
+ (95 m/z) and C3HF4

+ (113 m/z).
The SEM and ToF-SIMS analysis concluded that both the Cyrene and pyrolysis pre-

treatments remove PVDF. However, both techniques do not fully remove the binder and
lead to some degree of particle agglomeration. When using Cyrene pretreatment, the PVDF
redeposited onto the CAM, resulting in thick layers of PVDF on the particle surfaces and
large amounts of particle agglomeration. It was determined that the amount of PVDF
redeposition could be minimized using hot filtration (>100 ◦C). After dissolution of pristine
PVDF with Cyrene, both the recovered PVDF and spent Cyrene showed no residual PVDF
in the Cyrene (post cooling). The recovered PVDF only contained some excess Cyrene
which in theory can be removed through water rinsing. On the other hand when the
CAM is pyrolyzed, a large amount of the PVDF decomposed (producing toxic halogenated
hydrocarbons), leaving behind a carbonaceous material, that still binds the CAM particles
to one another.

As of our current understanding, thermal treatment (i.e., pyrolysis) stands out as the
most effective method for removing PVDF from CAMs. Nonetheless, this research has
unveiled a promising alternative: the solvent-pretreatment of CAM with Cyrene, followed
by a hot filtration process to separate the Cyrene-PVDF solution. It is crucial to underscore
the substantial potential of the Cyrene pretreatment method. Through optimization of
the operating parameters, Cyrene pretreatment could become a competitive alternative to
pyrolysis, particularly when considering its ability to recover PVDF in an unaltered state
and the elimination of harmful halogenated hydrocarbons as a waste product.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/recycling10020056/s1. Figure S1. Process flow diagrams for
pre-treatment of PVDF (A), and NMC 111 and PVDF-coated NMC 811 (B). Figure S2. Comparison
of positive ToF-SIMS spectra for NMC 811 post Cyrene and pyrolysis pretreatments (A). Enlarged
images around characteristic PVDF peaks (B–D). Figure S3. TGA curve of pristine PVDF, 800 ◦C
under Ar atmosphere at a heating rate of 10 K/min.
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Abstract: The rapid expansion of lithium-ion batteries (LIBs), largely driven by the rising
demand for electric vehicles, will lead to a significant increase in end-of-life (EOL) batteries,
necessitating efficient recycling processes, which must be accompanied by equally efficient
purification steps. This study addresses the challenge of reusing organic electrolyte solvents
from spent LIBs, a key component often overlooked in existing recycling strategies. To
address this issue, we developed a gas chromatography (GC) method. A variety of spent
electrolyte samples of different origin, including mechanical-thermal pretreatment or direct
cell recovery, were analyzed by quantification of common solvents and identified organic
impurities. Results demonstrated that the composition of the recovered electrolytes was
highly variable, with concentrations fluctuating. Impurities were identified, which may
originate from various sources throughout the lifespan of an LIB and have the potential
to reduce the performance of second-life LIBs by reusing the electrolyte without any
purification. The findings highlight the necessity for advanced purification methods
like a distillation process to remove these impurities and ensure the viability of recycled
electrolytes in maintaining the performance and safety standards required for LIBs. This
research contributes to the broader goal of enhancing the sustainability and reuse of
battery materials.

Keywords: lithium-ion batteries; spent electrolyte; recycling; circular economy; analytics;
gas chromatography; impurities; distillation; rectification

1. Introduction

As a consequence of the significant increase in the production of secondary batteries
such as lithium-ion batteries (LIBs) and sodium-ion batteries, the global production capacity
of over 1 TWh was reached for the first time in 2023 [1]. Based on the currently announced
production facilities, a further increase in production is projected to reach approximately
9 TWh by 2030, with the majority of the market expected to be for battery electric vehicles
(BEVs) [2]. Consequently, an increase in end-of-life (EOL) batteries can be expected with
a time delay due to the lifespan of a LIB. Based on calculations from Fraunhofer ISI [3],
it is estimated that approximately 420 kt of EOL batteries will be incurred in 2030, rising
to approximately 2100 kt in 2040. It is anticipated that a large proportion of the battery
waste will continue to originate from cell production. Assuming that the current forecasts
materialize, the proportion of EOL LIBs from BEVs will increase from around 20% in 2035
to around 50% in 2040 [3]. Once a battery has reached EOL, it can either be downgraded
for a second, less demanding use, e.g., as stationary storage, or recycled in order to recover
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the materials. The recycling of LIBs is regulated by the European Union, which has set
a target recycling quota of 70% by average weight by the end of 2030 [4]. In order to
achieve this recycling quota and close the material cycle, the recovery and processing of the
electrolyte is becoming increasingly important. The electrolyte accounts for approximately
8–16 wt-% [5] and is therefore a substantial waste product on a kiloton scale.

Electrolytes used in LIBs usually consist of a lithium salt dissolved in an organic sol-
vent mixture comprising a minimum of two components. Additionally, they are frequently
combined with additives [6]. The electrolyte solvents are typically a combination of a cyclic
carbonate, such as ethylene carbonate (EC) or propylene carbonate (PC), and at least one
linear carbonate, such as dimethyl carbonate (DMC), ethyl methyl carbonate (EMC), or
diethyl carbonate (DEC) [7–9]. Furthermore, other solvents, such as fluorobenzene (FB),
are commonly used in commercial LIBs [10,11]. The advantages of FB include a positive
influence on the formation of a stable solid electrolyte interface (SEI) between the anode
and the electrolyte enriched in lithium fluoride (LiF) [12,13].

Additives are added to the electrolyte in order to enhance the characteristics of the
LIB. Film-forming additives, such as vinylene carbonate (VC) or fluoroethylene carbonate
(FEC), are utilized to optimize the interfaces between the electrodes and the electrolyte,
thereby enhancing the lifespan and performance [8,14,15]. Cyclohexylbenzene (CHB) is a
commonly employed overcharge protection additive [16].

Processes for recovering the solvents already exist. One option is a mechanical-thermal
pre-treatment of the LIB. This process involves shredding the LIB, with the organic volatile
electrolyte solvents subsequently separated from the solids through vacuum-drying in an
inert gas atmosphere. This allows for the recovery of part of the electrolyte as conden-
sate [17,18]. However, these solvents have not yet been considered for further processing;
instead, they are thermally utilized. An alternative approach for the recovery of the
electrolyte is sub- and supercritical CO2 extraction [19–21]. In either case, the recovered
electrolytes contain impurities that can be attributed to various sources. On the one hand,
decomposition reactions within the cell can result in the liberation of impurities. These
reactions are primarily observed during electrochemical ageing. Initially, this occurs during
the formation and growth of the SEI within the cell [22–25] and subsequently during calen-
dar ageing [19,22–24,26–30]. However, this phenomenon is also evident in thermal ageing,
see, e.g., [22,23,27–29,31–34]. On the other hand, inadequate storage, particularly over an
extended period of time in an atmosphere with a high water content or an excessively high
temperature, can also result in the formation of contaminants. These include a reaction
between the organic carbonates and water, as well as the transesterification of the organic
carbonates to form impurities such as ethanol (EtOH) or methanol (MeOH), among oth-
ers [24,35,36]. The recycling process itself may also be a potential source of contamination
of the electrolyte. The degradation products of the electrolyte are analyzed during ageing
and/or after removal from the electrolyte using suitable analytical methods, including
gas chromatography-flame ionization detection (GC-FID), gas chromatography-mass spec-
trometry (GC-MS), high-performance liquid chromatography (HPLC), Fourier transform
infrared spectroscopy (FT-IR), nuclear magnetic resonance spectroscopy (NMR), and others.
However, the composition of the utilized electrolyte and cell material was clearly defined,
and the experimental parameters are well established and contingent upon the specific
field of investigation. Nevertheless, this is not the case in the context of industrial recycling
of LIBs, where a significant number of different LIBs are processed, which differ in terms
of their cell chemistry with various formulations for the solvent mixtures initially used.
The recycling of LIBs from different manufacturers and battery generations with differ-
ent life histories, recycled all together, can result in notable variation in the composition
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of the recovered electrolyte. Consequently, a diverse range of substances with varying
compositions from all LIBs tend to accumulate in the recovered electrolyte.

Further studies have demonstrated that, in addition to the recovery of the initial
electrolyte solvents, the removal of decomposition products and impurities, such as water,
hydrofluoric acid (HF), and others, is crucial for the reuse of the recovered electrolyte.
Liu et al. [37] recovered electrolytes through CO2 extraction, and the extract was purified
by anion exchange and molecular sieves to reduce the HF and water content. No further
processing of the recovered electrolyte was carried out. In comparison to commercial
electrolytes, the recovered electrolyte showed a reduced performance. It was postulated
that additional purification steps for reclaimed electrolytes are necessary [37]. Xu et al. [38]
pursued an approach for the reuse of spent electrolyte solvents with treatment by vacuum
distillation. Compared to commercial electrolytes, the electrochemical performance of the
recovered electrolyte was satisfactory in both charging and discharging, which substan-
tiates the efficacy of the purification strategy for the recovered electrolyte, for instance,
through distillation.

In order to illustrate the issue of recycling waste and to investigate the purification of
recovered electrolyte solvents in more detail, a GC method was developed for analyzing
organic electrolyte solvents from spent LIBs. So far, no standard GC method is available
that allows for the detailed analysis of these complex mixtures. Due to the absence of
a diluent, which is a rather unconventional technique for the analysis by GC, the newly
developed method underwent a validation procedure. Samples were obtained directly
from LIB cells or recycling processes at both laboratory and pilot plant scales. The aim
was to quantify the frequently occurring components using GC-FID and to identify other
substances, to the greatest possible extent, using GC-MS. The GC-MS analysis approach
was used to generate a dataset of potential substances present in the recovered electrolyte
solvents with the objective of aiding the design of future distillation approaches. These
compounds are discussed and categorized in the context of their origin. This represents a
pragmatic approach, focusing on the identification of potential impurities.

2. Materials and Methods

2.1. Chemicals and Reagents

DMC (≥99.8%), DEC (≥99.8%), and PC (≥99.7%) were supplied by Carl Roth
(Karlsruhe, Germany). MeOH (≥ 99.8%), FB (99%), EC (99%), CHB (98%), chlorobenzene
(CB, >99%), and acetonitrile (AcN, ≥99.8%) were supplied by Fisher Scientific (Schwerte,
Germany). FEC (battery grade) and VC (battery grade) were supplied by BASF (Florham
Park, NJ, USA). EMC (≥99.95%), EtOH (≥99.8%), acetone (≥99.8%), and sodium hydrogen
carbonate (NaHCO3, ≥99.7% Merck) were supplied by E-Lyte (Münster, Germany), Sigma-
Aldrich (Taufkirchen, Germany), VWR International (Darmstadt, Germany), and Merck
(Darmstadt, Germany). Commercial battery electrolyte (LP57) containing 1M lithium
hexafluorophosphate (LiPF6) dissolved in a 7:3 mass ratio of EMC:EC supplied by E-Lyte
(Münster, Germany).

2.2. Spent Electrolytes

The recovered electrolyte samples from used LIBs were obtained by third parties and
various battery sources, all in the context of commercial LIB recycling. Hence, detailed
information on lifetime and life cycles was not always available. Presumably, Samples A
and B originate from test cells with only a few cycles and Sample CO from a mixture of EOL
LIBs, test cells, and production scrap. The recovered samples were stored at 4 ◦C under
atmospheric conditions.
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Sample A, see Figure A1, was obtained from a prismatic cell with a nickel-manganese-
cobalt (NMC) chemistry on the cathode side and a graphite chemistry on the anode side.
Approximately 5 mL of surplus electrolyte directly accessible after opening the cell by
cutting the housing under inert conditions in a glovebox was removed to obtain this sample.

Two electrolyte samples were obtained from the mechanical-thermal pre-treatment
of the recycling route: Sample B, see Figure A1, was obtained from a pouch cell
(NMC/graphite chemistry), which was shredded first and subsequently subjected to
vacuum-drying in a laboratory scale under an inert atmosphere. The volatile compounds
were recovered by means of condensation (approximately 10 mL).

A total of 5 L of Sample CO, see Figure A1, was obtained from a pilot LIB recycling
facility, and the cell chemistry was largely unknown; however, it can be assumed that most
of the material originated from modules that had an NMC/graphite chemistry. All modules
were shredded and treated in a similar manner to Sample B. Due to the vacuum-drying
in an inert gas atmosphere followed by condensation, the recovered samples contained
only volatile organic compounds, as the conduction salts remain in the solid fraction in
this process.

Due to the absence of conduction salt and the large volume of accessible samples,
approximately 400 mL of Sample CO was distilled under atmospheric conditions in a
laboratory setup located within a fume hood. This setup comprised a heating plate, a flat
bottom flask containing the sample, a magnetic stirring bar, a condenser operated with a
water cooler, and a flat bottom flask to collect the condensate. See Figure A2 for a visual
representation of this setup. After distillation, approximately 390 mL were collected as
distillate (Sample CD, see Figure A1) and 8 mL as residue (Sample CR, see Figure A1). All
samples were prepared as outlined in Section 2.5 and analyzed by GC-FID and GC-MS
(Sections 2.3 and 2.4, respectively).

2.3. GC-Method

In order to perform a quantitative analysis of the specified components, the following GC
method was developed. GC SCION 45 (SCION Instruments, Goes, The Netherlands) equipped
with an FID, combined with the autosampler Combi PAL-XT (CTC Analytics, Zwingen,
Switzerland), was utilized via the SCION Instrument CDS software, version 3.0.1.16. A Rxi-
624Sil MS Capillary column (30 m, 0.25 mm ID, 1.4 μm), provided by Restek (Bad Homburg,
Germany), was used for this study. Prior to and after each injection, the 1.2 μL syringe
was rinsed with acetone in order to prevent cross-contamination between samples. The
1177-type injector was set at a temperature of 280 ◦C using a split-liner (borosilicate) HP
78.5 × 6.3 × 4 mm and a split ratio of 1:200. The injection volume was 0.2 μL. Nitrogen was
employed as the carrier gas with a flow rate of 0.63 mL·min−1. The temperature program
was 60 ◦C (1 min)—20 ◦C·min−1—200 ◦C (0 min)—40 ◦C·min−1—260 ◦C (5 min). FID
temperature was maintained at 350 ◦C, while gases were set at 300 mL·min−1, 30 mL·min−1,
and 25 mL·min−1 for synthetic air, hydrogen, and nitrogen (makeup gas), respectively.

2.4. GC-MS Identification of LIBs Compounds

For the identification of unknown components, GC-MS measurements were con-
ducted using an Agilent Technologies 6890 N (Agilent Technologies Deutschland GmbH,
Böblingen, Germany) gas chromatograph coupled to an Agilent Technologies 5975B mass
spectrometer (Agilent Technologies Deutschland GmbH, Böblingen, Germany). GC-column
and temperature program was identical to the GC-FID method (Section 2.3), but helium
was used as the carrier gas with a flow rate of 1.0 mL·min−1. Split ratio was set at 1:20, and
the injection volume was 1 μL. The MS temperatures of the analyzer and source were set
at 150 ◦C and 230 ◦C, respectively, and the mass range was recorded from 29 to 450 m/z.
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The identification of separated components was achieved by comparing spectra using the
NIST23 library program and spectra database.

2.5. Sample Preparation

For validation of the GC method (see Section 2.6), samples were prepared with syn-
thetic substances in accordance with Section 2.1. To initiate the validation process, each
pure substance (except for EC) was individually measured without further preparation by
GC-FID. Due to the normal melting point of EC at 36.4 ◦C, EC was previously dissolved in
EMC. Subsequently, a standard mixture comprising all components was prepared for the
purpose of testing the selectivity of the method. This mixture was then combined with the
internal standard (InSt) AcN in a 2:1 solvent-to-acetonitrile volumetric ratio and analyzed
by GC-FID. Additionally, LP57 was also prepared and analyzed under atmospheric condi-
tions in the same way to investigate whether the LiPF6 contained therein had any influence
on the analytic procedure and results.

In order to conduct calibration and linearity experiments without the use of a diluent,
stock solutions (StSo) of the binary mixtures MeOH/EtOH, FB/DEC, and DMC/EMC were
prepared in the range of 0.1–95 gi/gtot,StSo. Moreover, stock solutions of VC/FEC/EC/PC
in the range of 0.1–50 gi/gtot,StSo were prepared and, if necessary, filled with DMC. Ad-
ditionally, stock solutions for CB/CHB in the range of CHB = 0.1–50 gCHB/gtot,StSo were
prepared. CB, which exhibited no reaction with the other compounds mentioned and is a
well-known component in the field of distillation, was incorporated into the quantification
process as a planned component for future processing steps in a distillation procedure.
Subsequently, the stock solutions were prepared with the InSt AcN at a 2:1 solvent-to-
acetonitrile volumetric ratio per vial. To extend the range of the calibration, pure MeOH,
EtOH, CB, DMC, EMC, DEC, and FB were also prepared in a volumetric ratio of 2:1, 2.1:1,
and 2.2:1, respectively, thus achieving a total range of these components in the vials of
0.067–0.6875 gi/gtot.

The masses of all stock solutions and samples in the vials were determined gravimet-
rically using a PRACTUM 224-1S balance (Sartorius Lab Instruments, Göttingen, Germany)
and were prepared using a HandyStep touch repetitive pipettes (Brand, Wertheim, Germany).

As the recovered samples derived from spent LIBs may contain acids with the potential
to cause damage to the GC system, the acids were neutralized prior to analysis by the
addition of NaHCO3. To ensure the neutralization with NaHCO3, a series of preliminary
tests were carried out. For the neutralization, a spatula tip of NaHCO3 was added to
approximately 5 mL of each sample, mentioned in Section 2.2. If a gas release were
observed, this procedure was repeated until no more gas was released. This resulted in the
formation of carbon dioxide, a sodium salt of the acid as a solid, and water as a reaction
product. Excess sodium hydroxide carbonate and potential sodium salts were separated by
centrifugation. The prepared samples were mixed in triplicates with the internal standard
acetonitrile in a volumetric ratio of 2:1 and measured by GC-FID. In order to investigate the
influence of neutralization on the analysis, a second measurement of the standard mixture
was conducted. This was prepared in the same way by adding NaHCO3 and then analyzed
by GC-FID in comparison with the initial measurement.

Prior to switching to no diluent, GC-MS measurements were conducted. Conse-
quently, the preparation of samples for GC-MS measurements differed from the previously
described procedure. Instead, 100 μL of the prepared electrolyte samples were diluted in
1250 μL methanol by adding 150 μL of an InSt, which had a concentration of 30 mg/mL
acetonitrile diluted in MeOH.
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2.6. GC-Validation Procedure

The method was validated in accordance with ICH R2(Q2) [39] and FDA [40] guide-
lines. Therefore, selectivity, linearity, range, limit of quantification (LOQ), limit of detection
(LOD), accuracy, and precision were determined.

Selectivity of the method was evaluated in conjunction with its system suitability. In
order to achieve this, blank samples of pure acetone, pure AcN, as well as the samples
of each substance and the sample containing all substances, see Section 2.5, were injected
and measured in triplicate. The clear separation and unambiguous assignment of the
peaks were assessed based on the resolution RS, with a satisfactory resolution defined as
RS > 1.5 [41]. Additionally, the asymmetry factor and number of theoretical plates were
determined according to USP 621 [42].

The linear dependence of the signal (ratio of analyte peak area to the peak area of
InSt Ai·AAcN

−1) in relation to the ratio of the mass of the analytes to the mass of the
InSt mi·mAcN

−1 was evaluated. For the purpose of analysis, different mass ratios were
determined by quintuplicate measurements, and Equation (1) was applied to these values.

Ai · AAcN
−1 = a · mi · mAcN

−1 + b (1)

The slope a and y-intercept b are the regression parameters. In order to ascertain the
presence of linearity, the coefficient of determination, R², is employed.

The range is defined by the upper and lower bounds of the calibration, which are
determined by the linearity of the set mass ratios. Due to the wide concentration ranges,
the calibration was divided into three categories: low, medium, and high. Each category
was assigned its own calibration curve.

LOD and LOQ were calculated in accordance with the Guidance Document on the
Estimation of LOD and LOQ for Measurements in the Field of Contaminants in Feed and
Food [43]. The limits were established using a sample in which all solvents were dissolved
in pure CB, with a mass lower than the minimum mass required for the calibration range.
The stock solution was prepared once, and the samples for LOD determination were
prepared 10 times individually, with each sample measured once. LOD and LOQ were
calculated using Equations (2) and (3), with the slope a from the calibration and the standard
deviation sy,b from these measurements.

LOD = 3.9 · sy,b

b
(2)

LOQ = 3.3 · LOD (3)

Accuracy and precision of the method were evaluated using the recovery percent-
age %Ri, defined as the ratio of the measured value mi,meas to the theoretical value mi,th.,
Equation (4), and the relative standard deviation (RSD). %Ri and RSD were determined for
nine separate solutions in which the components were mixed together in different mass
ratios and combinations. Additionally, the sample, which contains all the aforementioned
components, was used for this purpose. From these solutions, five separately applied
samples were each measured.

%Ri =
mi,meas.

mi,th.
(4)

3. Results and Discussion

3.1. Method Development

In the course of method development, a number of different solvents was tested for
sample dilution, including methanol, ethanol, chlorobenzene, toluene, and others. The
GC-separation of most of these solvents would have been suitable because there was no
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chromatographic overlap between the solvent and the target analytes. However, most of
the solvents led to highly asymmetric peaks of the target components. Only the use of
methanol or ethanol as a solvent, which eluted earlier than the target compounds, resulted
in symmetrical and reproducible target peaks.

However, it was noticed that methanol-diluted samples with a high EMC and low
DMC content (stored for extended periods of time) contained ethanol. This observation
can be explained by the transesterification of EMC with MeOH to form DMC and EtOH,
Equation (5) [35].

C4H8O3 + CH3OH � C3H6O3 + C2H5OH (5)

Pilot experiments confirmed that samples that had been dissolved in methanol showed
an ethanol content of <1.0 gEtOH/gtot, whereas the samples that had not been dissolved
in a solvent exhibited no or significantly lower DMC and EtOH. To avoid such solvent-
derived alterations of the samples, the method was revised and changed to direct injection
of undiluted samples. Since GC-FID is an analytical technique for trace analysis, direct
injection of undiluted samples is rather unusual. However, by decreasing the injection
volume to 0.2 μL and increasing the split ratio to 1:200, peak shape and peak size could be
obtained in the usual dimensions. Furthermore, the only sample preparation step was the
addition of the InSt AcN. Utilization of nitrogen as a mobile phase keeps costs within a
manageable range. The method has undergone a validation procedure due to the absence
of a solvent, which is a rather unconventional technique for GC analysis.

3.2. Method Validation
3.2.1. Selectivity and System Suitability

The chromatogram, see Figure A3, of the sample, which was composed entirely of all
synthetic components, indicated the absence of degradation products and demonstrated
that the resolution of all components was at least RS > 3 and that the number of theoretical
plates (NTP) was >170,000. No effect of NaHCO3 addition was observed (Figure A3).
During the linearity measurements, the asymmetry factors for all components were found
to range between 0.73 and 1.52.

As shown in Figure A4, the chromatogram of LP57 revealed the presence of multiple
peaks, of which 99.5% of the peak area is attributed to AcN, EMC, and EC. The presence
of trace peaks has also been observed, and it has been theorized that these are generated
during preparation under atmospheric conditions or in the GC itself due to decomposition
reactions involving LiPF6. As this method only leads to a small proportion of decomposition
products, as can be seen from the peak area fraction of the known components, it is also
capable of analyzing samples containing conduction salt. However, if decomposition
reactions are to be avoided completely, it is necessary to handle the samples in an inert
atmosphere and remove the dissolved conductive salt prior to analysis.

3.2.2. Linearity, Range, LOQ, and LOD

Given the large calibration range, the process was subdivided into two or more
calibration curves, with each calibration line comprising a minimum of five calibration
points. Table A1 presents the range of each calibration, the calibration parameters, the
coefficient of determination R2, and the LOQ and LOD. For each individual calibration, R2

exceeds the recommended threshold value of 0.99, as suggested by [41]. Moreover, Figure 1
illustrates the calibration results as example for the solvents EMC and DMC. The highest
LOD were identified for DMC with a value of 0.4189 mgDMC·gAcN

−1.
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(a) (b) 

Figure 1. Calibration points and linear regressions for (a) EMC and (b) DMC.

3.2.3. Accuracy and Precision

The accuracy and precision for the low and medium calibration curves were checked
at least once for all components. This resulted in 54 measurement results, which are
presented in Table A2. Of these measurements, which also include the sample of the
standard mixture prepared with NaHCO3, 52 show a %R in the range 90–110, of which 44
are in the range 95–105. Only two measurements showed a %R > 110. The lowest recovery
rate was observed for low calibrations of FB, with a value of %R = 90.39. In contrast, the
highest recovery rate was observed for the medium calibration of EC, with an approximate
value of %R = 116. The RSD for all components was ≤6.01%, except for two measurements
for EC and CHB, where the RSD was <6.70%.

3.3. Composition and Impurities of Spent Electrolytes

A total of 106 peaks were identified across all samples, of which 42 could be unam-
biguously assigned based on the MS spectra and library spectra (NIST23) comparison using
a match factor >800 as the criterion for identification. In general, it should be noted that in
14 cases, the assignment of certain peaks did not meet this level of certainty. However, these
peaks could be adequately proposed based on literature data. A total of 50 peaks could only
be characterized insufficiently and were registered as unknowns. These unknowns were
only observed as trace components. If it turns out that one or more of these components
play an important role in the recycling process, they would have to be specifically enriched
in order to elucidate the structure of the component. Currently, there is no evidence for
this.

The analysis of the samples revealed similarities in their composition and the identified
substances. Upon neutralization of the samples with NaHCO3, no visible gas formation
was observed in any sample, which leads to the conclusion that the samples have no or
very low acid content. It is evident that the procedure described above does not allow
for the ascertainment of acidity levels. Consequently, any attempt to determine acidity
levels would have to be conducted in a supplementary manner using a titration system, for
example. Furthermore, all samples were found to contain EtOH, MeOH, DMC, EMC, DEC,
and EC. The presence of carbonates can be attributed to their utilization as a solvent for the
conducting salt. It seems feasible that the low concentration of some solvents, particularly
DMC and DEC, may not have originated from their initial use as solvents but rather as a
decomposition product within the cell during the recycling process or as a consequence of
storage of the recovered electrolyte under ambient conditions. Matadi et al. [44] observed
the presence of DMC and DEC during calendar ageing where initially the electrolyte
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solvent EMC/EC was used. This phenomenon can be explained by the reduction of EMC
on lithiated graphite surface [44,45]. The aforementioned reactions (Equations (6) and (7))
were published by Kim et al. [45], which demonstrated that EMC decomposes to an alkoxide
like (MeO− or EtO−) and an alkyl formate radical. This can lead to a reaction between the
alkoxides and EMC to form DMC or DEC and the other alkoxide (EtO− or MeO−).

C4H8O3 + e− → CH3O− + C3O2H5 (6)

C4H8O3 + e− → C2H5O− + C2O2H3 (7)

This provides an explanation for the low content of DMC and DEC, as well as the
presence of MeOH and EtOH in the samples. Another route can be the disproportionation
of EMC to DMC and DEC or the transesterification of EMC and MeOH or EtOH to DMC
and EtOH or DEC and MeOH. See Equations (5), (8), and (9) [35]. Moreover, water, for
instance, from the ambient environment can react with EMC due to inadequate storage
conditions, resulting in the contamination with degradation products, including DMC,
DEC, MeOH, and EtOH [46].

2 C4H8O3 � C3H6O3 + C5H10O3 (8)

C4H8O3 + C2H5OH � C5H10O3 + CH3OH (9)

The two-phase formation in Sample B indicates the inclusion of water. The carbonates
exhibit a mixing gap with water [47]. The aqueous droplet, which measured approximately
5 mm in diameter, was too small to be analyzed. To determine the water content in each
sample, Karl Fischer titration (KFT) could be performed.

The calibrated components PC, FEC, and VC were suspected but not identified in any
of the samples. This can be attributed to the fact that they were not initially utilized for
the electrolyte or due to their decomposition during SEI formation. The former option is
more plausible in the case of PC, given that PC has the potential to cause the exfoliation
of graphene on the anode side. In contrast, EC has been demonstrated to form a more
stable SEI protective film on graphitic anodes in comparison to PC [6,7]. Consequently, the
detection of EC in all samples provides compelling evidence that no additional PC was
utilized. In the case of VC and FEC, which are used as SEI building additives, it is more
probable that if they were initially used, these additives were fully decomposed during the
formation process.

3.3.1. Sample A—Electrolyte Directly Out of Prismatic Cell

The electrolyte sample exhibited a brown hue (see Figure A1) and displayed a total
of 25 peaks combined in the GC-MS and GC-FID measurements, as illustrated in Figure 2
in partial scale as well as in Figure A5 in full scale and listed in Table A3. Of these,
11 substances could not be further identified. It should be noted that the chromatograms of
the GC-MS and GC-FID measurements can be aligned, allowing for the clear assignment
of individual peaks in the unaltered (undiluted) GC-FID run using the identification data
from the GC-MS analysis (Figure 2). Nevertheless, there are isolated cases in which peaks
are observed in only one of the two analytical approaches. To illustrate, substances with
a retention time of less than 3.4 min in the FID are undetectable in the MS because of the
solvent delay feature used in GC-MS to protect the filament and the detector from damage
due to the excessive solvent content. Additionally, acetone can only be detected in the FID
since it was only employed for GC-FID as a rinsing solvent. Moreover, Sample A displays
Peak 7 in the GC-FID measurement, whereas Peaks 15 and 24 are only present in the MS
measurement, neither of which are observed in the other chromatograms. As a result, those
remain unassigned.
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Figure 2. Comparison of gas chromatograms detected with GC-MS (top) and GC-FID (bottom)
for Sample A.

The GC-FID measurements demonstrate a peak area fraction of the quantifiable
components (knowns) of 97.8% (including AcN). This finding, at least qualitatively, sug-
gests that the quantity of non-quantifiable components is, for the moment, negligible,
with a peak area fraction of 2.2%. The analysis of Sample A, conducted using the cali-
brated GC-FID method, revealed the presence of DMC (375.57 ± 1.78 mg·mL−1), EMC
(312.64 ± 2.60 mg·mL−1), DEC (9.05 ± 0.10 mg·mL−1), EC (322.11 ± 11.07 mg·mL−1), and
CHB (39.35 ± 0.86 mg·mL−1). The elevated concentration of DMC, EMC, and EC indicates
that a solvent mixture of these three components was utilized within the cell, with a proba-
ble ratio of DMC:EMC:EC of 1:1:1. It seems reasonable to postulate that CHB was added
as an additive and that the low proportion of DEC was the result of the aforementioned
reaction of DMC or EMC during the ageing of the cell. This also provides an explanation
for the low concentration of MeOH.

In the case of Sample A, the presence of a dissolved conducting salt, which is expected
to remain in the sample due to the nature of the recovery process, suggests that reactions
during storage and handling under atmospheric conditions or in the GC with the setup
method may influence the chromatogram. This is evident in the comparison with the
chromatograph of LP57 (Figure A4). The occurrence of Peaks 1, 2, 7, 11, 14, 18, and 20 in
Sample A is consistent with the peaks observed in LP57, suggesting they may be attributed
to decomposition products resulting from sample handling or GC-analysis. While the
treatment presented here of samples containing conduction salt leads to an increase in
conversion components, these only contribute a small proportion to the total peak area,
as already explained in Section 3.2.1. Thus, it can be deduced that the decomposition
products occurring in traces only have a minor influence on the concentrations. However,
in instances where a comprehensive characterization of a sample containing conduction
salts is required, the aforementioned changes in sample preparation and treatment (see
Section 3.2.1) and the use of ion chromatography (IC) are nevertheless valuable.

Furthermore, analysis identified the presence of trimethyl phosphate (TMP) and an R-
dimethyl phosphate. The most probable match in the database for the residue was identified
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as an R=ethyl or butyl. TMP is employed in LIB as a flame-retardant additive [48,49] and
also occurs as an ageing product. This is demonstrated by Weber et al. [34] in the ageing of
LIB cells under defined conditions and thermal treatment at 95 ◦C. However, as TMP has
the same retention time as a peak in the LP57 analysis, it is possible that this peak is also
TMP and the thermal treatment in the GC could lead to the formation of TMP and others.
The formation of TMP and other phosphates, such as R-dimethyl phosphate with two
methyl groups and one residue, can be explained by successive reactions of phosphorus
fluoridates with organic carbonates. Alternatively, TMP may be formed in the reaction of
phosphorus fluoridates with MeOLi, which results in the release of LiF and the subsequent
formation of TMP [22,23].

Similarly, Lemordant et al. [50] identified the presence of oligoethylene glycols in the
analysis of the electrolyte following its formation. One of the mass spectra presented in
the study is analogous to the spectrum of Peak 21 and was also attributed to dimethyl
diglycol carbonate. However, Lemordant et al. posit that this spectrum is more consis-
tent with oligocarbonates. Nevertheless, the occurrence of diglycolcarbonates cannot be
discounted. This is because diglycolcarbonates are well documented in the context of
electrolyte ageing, as evidenced by the studies of Takeda et al. [29] and Gachot et al. [23].
Takeda et al. [29] identified the presence of diethyl diglycolcarbonate in the cell ageing of
a DEC/EC electrolyte. In contrast, Gachot et al. [23] identified dimethyl diglycol carbon-
ate in an EC/DMC electrolyte derived with a reaction scheme based on oligocarbonates,
including diethyl-2,5-dioxahexane carboxylate (DEDOHC). It should be noted that oligo-
carbonates, including dimethyl-2,5-dioxahexane carboxylate (DMDOHC), ethylmethyl-
2,5-dioxahexane carboxylate (EMDOHC), and DEDOHC, have been identified as ageing
products in LIB electrolytes [19,23–25,27,29,51]. This hypothesis is also supported by the
occurrence of Peak 22, DEDOHC. This is due to the fact that DEDOHC can be formed from
dioxahexane carboxylate compounds in conjunction with the action of lithium alkoxides
and the presence of linear organic carbonates [23]. Additionally, a nucleophilic attack
of a lithium alkoxide on EC and a linear carbonate may occur [51]. In a recent study,
Hofmann et al. (2023) [24] examined the formation of dicarbonates, including DMDOHC,
DEDOHC, and EMDOHC. The researchers investigated the formation of these dicarbonate
products both with and without the presence of conductive salts, such as LiPF6. Their
findings suggest that the formation of these dicarbonates is enhanced in the presence of
conductive salts.

A comparison with the database for Peak 25 did not permit a clear assignment to
one substance while indicating a match factor >900 for two possible compounds. The
comparison with 2-vinylnaphthalenes, as well as with biphylene (BP), demonstrated a high
degree of spectral agreement. Nevertheless, a further occurrence of 2-vinylnaphthalenes
from spent LIBs is not documented in the existing literature. Conversely, the utilization of
BP as a flame-retardant additive in LIBs is well known. Consequently, the impact of BP
has been subjected to comprehensive examination within the existing literature [44,52–55].
For example, Lee et al. [52] demonstrate that BP can be employed as a stand-alone agent
or in conjunction with other additives, such as CHB. The combination of BP and CHB has
been demonstrated to offer enhanced overcharge protection compared to the use of either
compound alone. Consequently, BP is frequently employed in LIBs and is regarded as a
more plausible candidate for Peak 25. Therefore, it can be assumed that a combination of
BP and CHB was initially utilized in this cell.

Additionally, octadecamethylcyclononasiloxane (Peak 24) was identified, yet the
match (793) is insufficient for a definitive assignment, and this substance is not documented
in the literature in relation to LIBs. Nevertheless, it appears to be a siloxane, which was
also identified in Sample B and is discussed in greater detail there.
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3.3.2. Sample B—Condensate from Mechanical-Thermal Recycling Route in Laboratory Scale

The sample resulting from the mechanical-thermal drying step during the recycling of
a LIB on a laboratory scale exhibits 13 peaks, displayed in Figure 3 in partial scale as well as
in Figure A6 in full scale and Table A4. Nine of these can be identified. These include DMC
(2.67 ± 0.03 mg·mL−1), EMC (964.62 ± 12.67 mg·mL−1), DEC (10.75 ± 0.19 mg·mL−1),
and EC (10.40 ± 7.77 mg·mL−1). In this instance, the peak area fraction of quantifiable
components was found to be 99.97%, a value that can be attributed to three factors. Firstly,
there was a low number of non-quantifiable peaks. Secondly, there was the method of
recovery, where the conduction salt and components with low saturation vapor pressure
and low concentration remain in the solid fraction of the shredded LIB. The absence of
conduction salt has been identified as a factor that reduces the likelihood of decomposition
products. Additionally, the utilization of the LIB may be restricted to a test level, with
a reduced number of cycles, as outlined in Section 2.2, thereby leading to a reduced
generation of decomposition products.

 

Figure 3. Chromatogram detected by GC-FID from Sample B recovered through mechanical disclo-
sure combined with thermal drying.

In comparison to Sample A, the EC content is notably reduced. This is due to the fact
that the recovery via drying enables low-boiling components, in particular, and heavier-
boiling components, such as EC or CHB, to remain in the solid fraction of the crushed
LIB [18]. Based on the available information, it can be concluded that a solvent mixture
comprising EMC and EC was employed for the cell. The low proportions of DMC and
DEC suggest that the mentioned transesterification of EMC occurred.

Moreover, ethylene glycol (MEG) was identified in the MS sample. This can be
attributed to inadequate storage of the sample, resulting in water retention and subsequent
hydrolysis of EC [36,46,56], or to the addition of methanol and the transformation of EC to
EG and DMC [57,58].

In addition, octamethylcyclotetrasiloxane has also been identified in the MS sample.
In general, siloxanes can be added to the electrolyte to facilitate the formation of interfaces
between the electrolyte and the cathode and anode surfaces, among other functions [59].
Research is also being conducted on octamethylcyclotetrasiloxanes, which Wang et al. [60]
added as an additive in an EC:EMC:DMC electrolyte. In addition to their use in additives,
siloxanes such as dodecamethylcyclohexasiloxanes have also been detected in investiga-
tions of thermal runaways on LIBs in particulate recoils. It is assumed that this is due to
the used instruments. In this instance, the identified siloxanes may also manifest in the
chromatogram through column bleeding. Both are possible explanations for the occurrence
of siloxanes in Sample A.
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3.3.3. Sample C—Condensate from Mechanical-Thermal Recycling Route in Pilot Scale

A total of 68 peaks were identified in the chromatograms of the three samples CO, CD,
and CR, as illustrated in Figure 4 in partial scale as well as in Figure A7 in full scale. Of these,
25 could be assigned using the NIST database with good agreement; 8 showed moderate
agreement with the database. However, the proposed structures could be justified with
additional literature data, and 33 peaks could not be assigned (see Table A5).

Figure 4. GC-FID chromatograms of Sample CO (origin, center), Sample CD (distillate, top), and
Sample CR (residue, bottom).

The original Sample CO exhibited 23 peaks, in addition to the known quantifiable
components MeOH (1.23 ± 0.02 mg·mL−1), EtOH (1.03 ± 0.01 mg·mL−1), and DMC
(52.48 ± 0.23 mg·mL−1), FB (48.08 ± 0.22 mg·mL−1), EMC (831.45 ± 6.06 mg·mL−1), DEC
(21. 58 ± 0.21 mg·mL−1), EC (10.87 ± 0.09 mg·mL−1), and CHB (1.07 ± 0.01 mg·mL−1).
The analysis also encompassed 3 unknowns and 12 other substances.

In comparison to Sample B, a reduced concentration of EMC and a comparable EC
concentration can be recorded. The higher concentrations of MeOH, EtOH, DMC, and
DEC in Sample CO can be attributed to two reasons. Firstly, the use of a different initial
electrolyte is likely due to the appearance of FB. Secondly, the recycling of multiple LIBs,
which may differ in initially used electrolytes as well in lifetime and life cycles, can also
explain the higher number of impurities. However, this sample probably represents a more
realistic scenario, as it will be observed in the future for the recycling of LIBs of different
lifetimes and manufacturing technologies.

After distillation of the original Sample CO leading to the distillate, Sample CD, and the
residue, Sample CR, alterations were observed in both samples. These are demonstrated in

113



Recycling 2025, 10, 19

the material balance presented in Figure 5. The distillate exhibited an elevated concentration
of low-boiling components (e.g., EMC, reaching 866.72 ± 9.61 mg·mL−1), along with a
complete transfer of light-boiling components (e.g., FB, benzene, or DMC) to the distillate.
Conversely, the residue CR demonstrated an enrichment of high-boiling components
(e.g., EC or CHB). This also resulted in a significant number of components that were
not previously detected because they were below the LOD in Sample CO but became
quantifiable after distillation due to the concentration increase in Sample CR. While the
proportion of quantifiable components in Sample CO is 99.7%, there was a slight increase
to 99.8% for Sample CD and a decrease to 90.6% for the residue, Sample CR, suggesting
an accumulation of impurities in the residue, as previously mentioned. Consequently,
63 peaks were identified in the residue, Sample CR, and peaks that had previously been
unclassifiable in Sample CO could be assigned to individual substances in Sample CR due
to the presence of clear mass spectra and identical retention times, as depicted with the
chromatograms displayed one above the other in Figure 4 in partial scale as well as in
Figure A7 in full scale.

Figure 5. Mass concentrations of Samples CO, CD, and CR.

The elevated number of peaks observed in Sample CR is attributable to the fact that
this sample originated from a pilot plant where a substantial quantity of spent LIBs were
recycled in batch, and the impurities were subsequently concentrated through distilla-
tion. It can be assumed that the additional heat input during distillation led to further
decomposition of the solvents and an increase in decomposition products. To avoid the
accumulation of decomposition products during the electrolyte purification process, a more
thermally gentle treatment, such as distillation or evaporation under vacuum conditions,
would be preferable.

Examination of the identified components reveals the presence of trimethoxyborane
(TMB) and tert-butylbenzene, which both can be added to the electrolyte as additives.
TMB has been shown to enhance the stability of the interface between the electrode and
electrolyte at high voltages, while the formation of a protective layer on the cathode surface
inhibits the decomposition of the electrolyte and prevents the structural degradation of
the electrode [61,62]. In general, tert-alkylbenzenes can be employed in combination with
biphenyl, resulting in enhanced overcharge inhibition [63]. This is consistent with the
observation of a peak in Sample CR, which could be attributed to both biphenyl and
2-vinylnaphthalene, as discussed in Section 3.3.1.

In addition to tert-alkylbenzene, further substances containing benzene rings were
identified in the samples, including benzene, fluorostyrene, BP, 2-vinylnaphthalene, and
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5-methylquinoline. Benzene can be introduced either through the addition of an elec-
trolyte [10] or as a result of a decomposition reaction in the electrolytes themselves [64].
Benzene was identified in the investigation of thermal decomposition by Chen et al. [64].
The occurrence of benzene can be explained by a decomposition reaction from EC, PC, and
DEC to ethene and methyl-ethene via ethyne and methyl-ethyne, which then undergoes
further decomposition to form benzene and methyl-benzene. An alternative hypothesis is
that FB releases fluorine through cell ageing reactions during SEI formation, resulting in
the incorporation of LiF into the SEI and the formation of benzene in the electrolyte. The
occurrence of fluorostyrene is likely to be derived from a reaction based on FB, although
this has not yet been documented in the literature, as little information on the influence of
FB is available in the public domain.

Additionally, the presence of dioxanes and dioxalanes was identified by mass spec-
trometry. The presence of 1,4-dioxanes is identified in two distinct contexts in literature:
during the thermal ageing of EMC/EC (1 mol LiPF6) electrolytes [32] and on the anode
and cathode sides, where the electrolyte was to be washed out in both cases [30]. Fur-
thermore, Gachot et al. [22] identified the presence of 2-methyl-1,3-dioxalane in addition
to 1,4-dioxanes, even after the cycling of cells. Although the latter was not detected in
the present study, it only shows a longer alkyl residue up to 2-ethyl-1,3-dioxalane. This
indicates that comparable reaction mechanisms for the formation of dioxalanes, as well as
dioxanes such as 2,5-dimethyl-1,4-dioxanes, may occur within the cell.

The electrolyte samples were found to contain several other ester compounds, includ-
ing methyl octanoate, ethyl octanoate, an isomer of octyl cyclohexane, 1-methoxy-2-propyl
acetate, 2-hydroxyethyl octanoate, and butyl caprylate. The group of esters is well docu-
mented in the context of aged electrolytes in LIBs, with the majority of research focusing on
short-chain ester compounds. A reaction of linear carbonates, such as DMC, with a lithium
cation can result in the formation of radicals, including the methyl radical and the methyl
carboxyl radical [22]. Similarly, it is conceivable that ethyl radicals and ethyl carboxy radi-
cals are formed by the living reaction mechanism with EMC or DEC. Consequently, alkyl
radicals, hydrogen ions (hydronium ions), and carboxy radicals may undergo a reaction
to form acetate or (methyl) formate. It can be assumed that ethene, which can be formed
during the reaction of EC with Li+ [23,26], is attacked by the radicals. This could result in
a chain elongation of the carboxy radical, which can be terminated by the reaction with
an alkyl radical or H+. This would explain the occurrence of the majority of the listed
esters [65]. In addition, long-chain ester compounds were identified, which were attributed
to a similar rationale and a reaction with ethene.

Although there is considerable overlap between the components listed here and those
identified in the literature, the origin of certain components, such as 1,1-dimethoxypropane,
1-butanol, 1,1-dimethoxy-2-methylpropane, 1-butoxy-2-propanol, ethyl butyl carbonate,
and 4,4-dimethyl-2-oxazolidinone, remains unexplained. Despite an extensive literature
search, no evidence of corresponding ageing processes could be found.

The analysis of Sample CO illustrates the difficulties associated with the preparation of
recycled electrolytes. The impact of individual impurities remains unknown; therefore, the
purification of target solvents, such as linear carbonates or FB, requires further investigation.

4. Conclusions

This contribution presents a new GC-FID and GC-MS method capable of identifying
the organic components of recovered electrolytes originating from spent LIBs.

The method was applied to three samples of spent electrolytes, of which Sample A
was recovered directly from the cell and Sample B and CO were recovered from shredded
LIB scrap through vacuum-drying in an inert gas atmosphere. In addition, Sample CO
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from a recycling plant in pilot scale was distilled, resulting in a distillate (Sample CD) and a
residue fraction (Sample CR).

The analyses enabled the formulation of conclusions regarding the solvents and
additives employed. Quantification and measurement of some of the most-used solvents
for LIB electrolytes, EMC, DEC, and DMC and EC were conducted in all samples. The
analysis revealed that EMC was present in the highest concentrations in almost all original
samples. Although DMC and DEC were detected in the samples, this can be partly
attributed to a decomposition reaction due to their low concentrations in Samples B and CO.
The presence of MeOH and EtOH, which are also present in traces in all samples, can be
explained in a similar manner. In summary, conclusions can be drawn about the solvents
used, but these are also strongly influenced by the recovery method of the electrolyte
samples. For example, the comparatively low EC content in Samples B and CO can be
explained by the fact that, due to the low saturation vapor pressure of EC, the drying
process during vacuum-drying is insufficient; therefore, less EC is present in the recovered
electrolyte sample. The presence of common additives such as CHB or BP, along with the
occurrence of decomposition products, which are formed during cell ageing, including
methyl octanoate, ethyl octanoate, and DEDOHC, has been proven. Notably, the presence
of FB and benzene-ring-containing substances in Sample CO, which are absent in all other
samples, is an important finding.

Additionally, some components remain unidentified, and their provenance may be
traced back to formed components inside the LIB, alternatively attributed to the handling
of the samples and the conditions in the GC, or perhaps have been formed during the
distillation process. While the analytics employed offer insight into the composition of
the recovered electrolyte samples and draw attention to potential processing challenges,
it should be noted that further analyses and, if necessary, further analysis techniques
are necessary for a comprehensive characterization of samples from spent LIB. These
may include IC to determine the salt content, KFT to determine the water content, or
an enrichment for specific, as yet unknown, contaminations to elucidate the structure
of the components. These investigations are an important step to learn how complex
these recovered electrolyte mixtures from spent LIBs are, elucidate the structures of the
main components, and determine what processes might be involved in the formation of
degradation products and trace components. This was particularly evident for Sample CD

obtained by distillation. The sample exhibited a distinct chromatogram, indicating that the
process of distillation or rectification may facilitate the recovery and reuse of electrolyte
solvents. Moreover, the retention times of certain components, including high-boiling DEC,
EC, and CHB, provide further support for this conclusion. To reuse the target solvents, it
is necessary to separate alcohols such MEOH and EtOH from decomposition reactions in
addition to other impurities. The distillation of Sample CO enabled the identification of
some of these components, with most of these components being primarily impurities and
consistent with the findings of existing literature.

Finally, a comparison of all samples revealed considerable variations in their composi-
tion and the components present, which provides an outlook of what can be expected from
future large-scale industrial LIB recycling processes. Studies like those presented here will
help to find out whether a single general process can be carried out to enable sustainable
reuse of electrolyte materials in new battery cells. The analytical techniques presented here
will not only help in the development and optimization of such processes but will also be
essential in ensuring the quality of the recycled materials.
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Nomenclature

Symbol Description

Ai peak area from component i
a slope
b y-intercept
mi mass of component i
mi,meas measured value (mass) of component i
mi,th theoretical value (mass) of component i
R² coefficient of determination
RS resolution
sy,b standard deviation
%Ri recovery percentage of component i
Abbreviations Description

AcN acetonitrile
BEVs battery electric vehicles
BP biphylene
CB chlorobenzene
CHB cyclohexylbenzene
DEC diethyl carbonate
DEDOHC diethyl-2,5-dioxahexane carboxylate
DMC dimethyl carbonate
DMDOHC dimethyl-2,5-dioxahexane carboxylate
EC ethylene carbonate
EMC ethyl methyl carbonate
EMDOHC ethylmethyl-2,5-dioxahexane carboxylate
EOL end-of-life
EtOH ethanol
FB fluorobenzene
FEC fluoroethylene carbonate
FID flame ionization detection
GC gas chromatography
HF hydrofluoric acid
IC ion chromatography
InSt internal standard
KFT Karl Fischer titration
LIB lithium-ion battery
LiF lithium fluoride
LiPF6 lithium hexafluorophosphate
LOD limit of detection
LOQ limit of quantification
MEG ethylene glycol
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MeOH methanol
MS mass spectrometry
NaHCO3 sodium hydrogen carbonate
NMC nickel-manganese-cobalt
PC propylene carbonate
RS resolution
RSD relative standard deviation
SEI solid electrolyte interface
StSo stock solution
TMB trimethoxyborane
TMP trimethyl phosphate
VC vinylene carbonate

Appendix A

Appendix A.1. Samples and Setup

 

 

 

 
 

(a) Sample A (b) Sample B (c) Sample CO (d) Sample CD (e) Sample CR 

Figure A1. Photo of each sample. (a) Sample A after sample preparation. (b) Sample B after addition
of NaHCO3 (right) and after sample preparation (left). (c) Sample CO (right) and after sample
preparation (left). (d) Sample CD after addition of NaHCO3 (right) after sample preparation (left).
(e) Sample CR (right) and after sample preparation (left).

 

Figure A2. Experimental setup for the distillation of sample CO.
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Appendix A.2. Additional Information for Method Validation

(a) GC-FID chromatogram of the standard mixture.

 
(b) GC-FID chromatogram of the standard mixture after preparation with NaHCO3.

Figure A3. GC-FID chromatograms of standard mixture comprising all components for validating
the selectivity of the method (a) without and (b) with NaHCO3 preparation.

(a) GC-FID chromatogram of LP57 in full scale.

(b) GC-FID chromatogram of LP57 in partial scale.

Figure A4. GC-FID chromatograms of LP57 in (a) full scale and (b) partial scale.
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Table A1. Range, slope a, intercept b, and coefficient of determination R² for each calibration curve
and LOD and LOQ for each component.

Substance Upper Limit Lower Limit a b R² LOD LOQ

gi
gAcN

gi
gAcN

μVmini · gAcN
μVminAcN · gi

μVmini
μVminAcN

- mgi
gAcN

mgi
gAcN

MeOH 0.2131 0.0031 0.7419 −1.1167 × 10−3 0.9994 0.0877 0.2893
1.8247 0.2131 0.7519 2.2946 × 10−3 0.9998
2.2128 1.8247 0.7735 −3.8319 × 10−2 0.9987

EtOH 0.2028 0.0031 1.0587 1.5370 × 10−5 0.9995 0.0917 0.3027
1.8136 0.2028 1.1243 −1.5579 × 10−2 0.9999
2.2143 1.8136 0.9866 2.4923 × 10−1 0.9968

FB 0.2486 0.0037 2.2373 −1.3387 × 10−3 0.9993 0.0948 0.3129
2.3244 0.2486 2.0201 2.7882 × 10−2 0.9999
2.8624 2.3244 2.1570 −2.7103 × 10−1 0.9948

DMC 0.2613 0.0047 0.3897 1.0010 × 10−4 0.9998 0.4189 1.3823
2.4424 0.2613 0.4135 −8.8866 × 10−3 0.9999
2.9646 2.4424 0.3965 3.4019 × 10−2 0.9974

EMC 0.2823 0.0043 0.7326 −8.5645 × 10−4 0.9998 0.1101 0.3635
2.3473 0.2823 0.7412 −1.3123 × 10−3 0.9997
2.8326 2.3473 0.7296 2.1402 × 10−2 0.9991

DEC 0.2731 0.0040 0.8916 −8.3882 × 10−4 0.9968 0.0460 0.1518
2.2376 0.2731 0.8911 1.6395 × 10−2 0.9997
2.7289 2.2376 0.8777 3.1273 × 10−2 0.9951

VC 0.2554 0.0065 0.3563 2.8799 × 10−4 1.0000 0.3263 1.0767
1.7008 0.2554 0.3585 −2.7006 × 10−4 0.9995

FEC 0.2461 0.0178 0.2448 −4.8183 × 10−4 1.0000 0.2618 0.8639
1.7090 0.2461 0.2203 −2.0051 × 10−3 0.9943

PC 0.2577 0.0069 0.6279 −2.9934 × 10−4 0.9995 0.1526 0.5037
1.7050 0.2577 0.5700 −1.4452 × 10−3 0.9965

EC 0.2415 0.0032 0.3564 −2.1831 × 10−4 0.9999 0.0999 0.3296
1.6764 0.2415 0.3148 1.8939 × 10−3 0.9976

CHB 0.2597 0.0061 2.4046 −1.1336 × 10−3 1.0000 0.2924 0.9649
1.3052 0.2597 2.5992 −5.7071 × 10−2 0.9994

CB 2.5251 3.1126 1.6368 2.5157 × 10−1 0.9908 - -
3.1126 2.5251 2.0577 −8.9418 × 10−1 0.9908

Table A2. %R and RSD of all measurements for checking accuracy and precision for all components.

mi,th mi,meas. %R RSD mi,th mi,meas. %R RSD

mg mg % % mg mg % %

MeOH EC

82.47 80.54 97.65 1.93 53.21 51.68 97.13 3.9
358.38 360.41 100.57 0.87 538.85 626.93 116.35 6.5
31.31 29.35 93.74 5.22 54.44 57.1 104.88 3.53
31.42 28.76 91.53 5.23 54.63 55.63 101.83 5.34

EtOH FB

85.45 85.55 100.12 0.78 804.28 813.56 101.15 1.37
396.57 393.14 99.14 0.42 39.95 36.11 90.39 1.7
33.33 31.97 95.93 1.98 42.28 38.48 91.02 3.12
33.45 32.17 96.19 1.39 42.43 39.51 93.12 2.36

120



Recycling 2025, 10, 19

Table A2. Cont.

mi,th mi,meas. %R RSD mi,th mi,meas. %R RSD

mg mg % % mg mg % %

DEC FEC

845.01 852.75 100.92 1.88 50.56 47.78 94.5 2.39
91.57 88.44 96.58 1.05 567.94 562.48 99.04 1.8
42.62 41.6 97.61 5.98 61.17 63.43 103.7 4.24

856.04 860.31 100.5 2.13 83.51 84.76 101.51 2.6
42.76 42.13 98.51 3.15 61.39 62.54 101.89 4.6

PC CHB

52.11 55.59 106.69 3.13 51.52 53.96 104.73 2.68
629.39 639.28 101.57 2.52 41.18 42.31 102.74 6.43
53.47 55.58 103.96 3.98 53.98 54.07 100.18 6.69
78.76 87.06 110.54 3.61 211.66 210.41 99.41 3.64
53.65 54.55 101.68 5.12 41.32 42.59 103.07 4.94

DMC VC

480.45 480.85 100.08 1.69 53.63 54.03 100.75 4.12
117.08 121.72 103.96 2.60 539.12 576.81 106.99 3.94
46.04 45.22 98.23 3.49 59.84 59.85 100.02 4.25
46.2 46.2 100.00 2.12 60.04 59.25 98.69 3.63

EMC CB

477.21 483.47 101.31 2.92 953.32 960.49 100.75 3.59
96.35 97.29 100.97 3.11 627.96 623.17 99.24 2.82
43.49 42.18 97.00 5.03 584.84 582.65 99.63 5.02
79.51 77.69 97.71 3.04 586.87 590.3 100.58 2.76

209.08 207.23 99.11 2.43
43.64 42.93 98.39 2.73

Appendix A.3. Full-Scale Chromatograms and Overview of Appeared Peaks

(a) GC-FID chromatogram of Sample A in full scale.

(b) GC-MS chromatogram of Sample A in full scale.

Figure A5. Chromatogram of Sample A in full-scale for (a) GC-FID and (b) GC-MS.
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Table A3. List of peaks and the assignment for Sample A.

Peak-ID Substance Match Factor Concentration

mg·mL−1

1 FID Unknown Tr
2 FID Unknown Tr
3 FID,p MeOH 0.80 ± 0.09
4 Unknown 701 Tr
5 FID Acetone Tr
6 AcN 912 Tr
7 FID Unknown Tr
8 Unknown 557 Tr
9 DMC 894 375.57 ± 1.78
10 EMC 806 312.64 ± 2.59
11 Unknown 736 Tr
12 DEC 817 9.05 ± 0.10
13 Unknown 677 Tr
14 Trimethylphosphate 903 Tr
15 MS Unknown 710 Tr
16 t,p R-Dimethylphosphat with R: Ethyl or Butyl 757–780 Tr
17 EC 888 322.11 ± 11.07
18 Unknown 552 Tr
19 Unknown 582 Tr
20 Unknown 687 Tr
21 p Dimethyl diglycolcarbonate 613 Tr
22 p Diethyl-2,5-dioxahexane carboxylate 733 Tr
23 CHB 944 39.35 ± 0.86
24 MS,p Octadecamethylcyclononasiloxane 793 Tr
25 t,p 2-Vinylnaphthalene 945 Tr
25 t,p Biphenyl 941 Tr

MS only detected via MS, FID only detected via FID, p putative, t tentatively.

Table A4. List of peaks and the assignment for Sample B.

Peak-ID Substance Match Factor Concentration

mg·mL−1

1 FID MeOH 0.73 ± 0.01
2 EtOH 807 0.22 ± 0.01
3 AcN 876 Tr
4 MS Unknown 785 Tr
5 DMC 877 2.67 ± 0.03
6 EMC 820 964.62 ± 12.67
7 MS MEG 813 Tr
8 DEC 857 10.75 ± 0.19
9 Unknown 507 Tr
10 MS Octamethylcyclotetrasiloxane 811 Tr
11 MS Unknown 596 Tr
12 p EC 764 10.40 ± 7.77
13 Unknown Tr

MS only detected via MS, FID only detected via FID, p putative, t tentatively.
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Figure A6. GC-FID chromatogram of Sample B in full scale.

 

Figure A7. Full-scale GC-FID chromatograms of Sample CO (origin, (center)), Sample CD (distillate,
(top)), and Sample CR (residue, (bottom)).
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Table A5. List of peaks and the assignment for sample CO, CD, and CR.

Peak-ID Substance Concentration in Sample mg·mL−1

CO CD CR

1 FID MeOH 1.23 ± 0.02 1.17 ± 0.02 0.87 ± 0.07
2 EtOH 1.03 ± 0.01 1.14 ± 0.01 0.70 ± 0.081
3 FID Acetone Tr Tr
4 can Tr Tr Tr
5 MS Trimethoxyborane Tr
6 Unknown Tr Tr
7 DMC 52.48 ± 0.23 52.93 ± 0.45
8 p Benzene Tr Tr
9 FB 48.08 ± 0.22 47.50 ± 0.39
10 1,1-dimethoxypropane Tr
11 1-Butanol Tr
12 EMC 831.45 ± 6.06 866.72 ± 9.61 266.86 ± 4.78
13 p 1,4-Dioxane Tr
14 1,1-dimethoxy-2-methylpropane Tr
15 2-ethyl-1,3-dioxolane Tr Tr
16 p MEG Tr Tr
17 MS Unknown Tr
18 DEC 21.58 ± 0.21 23.89 ± 0.27 78.51 ± 1.62
19 Unknown Tr
20 p 2,5-Dimethyl-1,4-dioxane Tr Tr
21 Unknown Tr
22 Unknown Tr
23 Unknown Tr Tr Tr
24 FID Unknown Tr
25 1-Methoxy-2-propyl acetate Tr Tr
26 FID Unknown Tr
27 Unknown Tr
28 p Fluorostyrene Tr
29 Unknown Tr
30 1-Butoxy-2-propanol Tr Tr Tr
31 p Ethyl butyl carbonate Tr Tr Tr
32 MS Unknown Tr Tr
33 tert-Butylbenzene Tr Tr Tr
34 Unknown Tr
35 Unknown Tr
36 Unknown Tr
37 EC 10.87 ± 0.09 0.84 ± 0.02 577.65 ± 18.11
38 Methyl octanoate Tr Tr
39 Unknown Tr
40 Unknown Tr
41 Unknown Tr
42 Ethyl octanoate Tr Tr
43 Unknown Tr
44 t Isomer of octyl crylate Tr Tr
45 MS Unknown Tr
46 Unknown Tr
47 Unknown Tr
48 MS Unknown Tr
49 4,4-Dimethyl-2-oxazolidinone Tr Tr
50 diethyl-2,5-dioxahexane dicarboxylate Tr
51 CHB 1.07 ± 0.01 0.34 ± 0.01 39.09 ± 1.08
52 MS Butyl caprylate Tr
53 MS 5-Methylquinoxaline Tr
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Table A5. Cont.

Peak-ID Substance Concentration in Sample mg·mL−1

CO CD CR

54 MS Unknown Tr
55 t,p Biphenyl Tr
55 t,p 2-Vinylnaphthalene Tr
56 MS 2-Hydroxyethyl octanoate Tr
57 FID Unknown Tr
58 FID Unknown Tr
59 FID Unknown Tr
60 FID Unknown Tr
61 FID Unknown Tr
62 FID Unknown Tr
63 FID Unknown Tr
64 FID Unknown Tr
65 FID Unknown Tr
66 FID Unknown Tr
67 FID Unknown Tr
68 FID Unknown Tr

MS only detected via MS, FID only detected via FID, p putative, t tentatively.
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Abstract

The recycling of lithium-ion batteries is picking up rather slowly, although recent rapid
growth in consumption and increasing prevalence of battery electric vehicles have increased
the quantity of recoverable material from past years of production. Yet, the diversity of
different product types i.e., chemistries and product life spans complicates the recovery of
raw materials. At present, large-scale industrial recycling of lithium-ion batteries employs
(1) pyrometallurgy, with downstream hydrometallurgy for recovery of refined metals/salts;
and (2) hydrometallurgy, requiring upstream mechanical shredding of cells and/or mod-
ules. Regulatory requirements, especially in Europe, and the high industry concentration
along the lithium-ion battery value chain drive recycling efforts forward. The present
study aims to quantify the potential contribution of 2nd lithium from recycling to battery
production on a global and European scale up to 2050. The overall recycling output of
lithium in any given year depends on the interactions between several different factors,
including past production, battery lifetime distributions, and recovery rates, all of which
are uncertain. The simplest way to propagate input uncertainties to the final results is to
use Monte Carlo-type simulations. Calculations were done separately for EVs and portable
batteries. The overall supply of lithium from recycling is the sum of the contributions from
EVs and portable electronics from both the EU and the RoW in each battery production
scenario. Results show a total global supply of recycled lithium below 20% in each scenario
until 2050. On the EU level, the contribution of recycled lithium may reach up to 50% due
to the high collection and recovery rate targets.

Keywords: lithium; lithium-ion batteries; recycling; Monte Carlo simulation; policy

1. Introduction

Lithium-ion batteries (LIBs) are currently the most important commercially avail-
able battery type for applications such as consumer electronics, e-mobility, and energy
storage [1,2]. According to the EU’s Green Deal, LIB production will increase and needs
to be optimised in terms of production scrap rates, materials used, and design for recy-
cling [3]. However, most battery raw materials such as lithium, cobalt, nickel, graphite,
and manganese currently come from primary resources characterised by a considerable
CO2 footprint [4]. An increase in the recycled content of the raw materials used for battery
production could improve the CO2 footprint of the batteries [5]. However, recycling LIBs
not only faces issues regarding collection and return rates of End-of-Life (EoL) material
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but is also a technically complex process combined with safety issues [6]. The ramp-up
of e-mobility and the resulting increase in demand for battery raw materials have made
the recycling of LIBs not only ecologically necessary but also increasingly economically
attractive in recent years [5].

According to Circular Energy Storage [7], current global production figures for battery
cells are approximately 800 GWh. European production accounts for approximately a
quarter, with 200 GWh for 2023. Forecasts for global battery cell production put the
figure up to 20,000 GWh in 2050 to achieve the Net Zero Pathway [8]. In Europe, LIB cell
production capacity could increase to around 1000 GWh by 2030. At the same time, global
new scrap volumes (production scrap) of about 141 GWh are expected by 2030, including
about 45 GWh in Europe (Figure 1) [7]. Leaps and bounds in recycling capacities in China,
the USA and Europe show the growing trend in this sector.

Figure 1. Status quo of the estimated global (A) and European (B) recycling capacities, return volumes
of EoL batteries available for recycling (afr) and production scrap in 2023 and estimates for 2030 in
GWh (Data source and forecasts [7].

Despite the rapid growth in consumption and increasing market penetration rates
of battery electric vehicles, there are tight limits to recycling, as the volume of material
available for recycling does not depend on the current annual battery production, but on
past production years, product types, i.e., chemistries, and product lifetime.

Current global return volumes of LIBs available for recycling are about 74 GWh
(Figure 1A), and approx. seven GWh at the European level (Figure 1B). Expected volumes
in 2030 are about 188 GWh global, or 20 GWh in Europe, which is a considerable increase
(Figure 1A,B) [7]. As the number of battery cell production facilities is growing rapidly,
production scrap will account for the larger share of materials to be recycled in terms of
volume compared to EoL material until 2030 (in Europe). From a global perspective, the
EoL volume will already account for the largest share in 2030 due to the Chinese EoL
volumes and due to the fact that production scrap, especially in China is already zeroing
out. The increased EoL battery volumes are also expected from 2030 onwards in Europe [7].
Considering the volumes of EoL batteries and production scrap, there is currently an
overcapacity of recycling facilities on a global scale (combined pre- and post-treatment).
However, increased battery cell production and projected recycling capacities point to a
large gap in 2030 globally, which implies not enough capacities to process the material
available for recycling. In Europe, we might see the opposite in terms of overcapacities and
less material availability because of unregulated exports of EoL material as well as recycled
spent batteries in the form of black mass. Numerous announcements for new recycling
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facilities are being published on a weekly basis, which makes it difficult to keep track of
recycling capacities, globally and in Europe, in the mid- to long-term. In contrast, however,
there are also many cancellations and postponements for recycling plants now.

The aim of the present study is to quantify the potential contribution of secondary
lithium from lithium-ion battery recycling to battery production on a global scale up to
2050. Available estimates for the supply of secondary lithium from current studies consider
either regional estimations on a country level [9–12] or scenarios based on the recycling
potential from EoL-EV batteries only [13,14]. In addition, those studies do not consider
uncertainties on all the input parameters relevant to the outputs.

To further refine those estimates, the authors of this study gathered detailed global
data on lithium, from EVs and portable electronics as well as production scrap, to enable
better estimates of the future production of cathode material for battery cells, based on
secondary lithium supply. A key novelty of this paper is the detailed incorporation of
uncertainties into the estimation procedure to account for major current knowledge gaps.
This requires consideration of the main factors impacting the availability of secondary
resources: (1) LIB types and chemical material compositions, (2) recycling technologies and
new developments in this research area, (3) battery lifetime and usage profiles, (4) collection
and recovery rates, and (5) governmental/regulatory factors (registration, evaluation,
authorisation and restriction of chemicals). Furthermore, additional factors such as new
cathode and anode material developments, the development of new recycling technologies,
as well as the extension of recycling capacities worldwide will also affect secondary supply
in the long term and will be discussed.

2. Current Recycling Routes

Recycling routes for lithium-ion batteries have been summarised and reviewed fre-
quently by many authors and are briefly addressed below [15–21]. After the collection and
registration of EoL LIBs from either consumer electronics or EVs, the general process for
the recycling of LIBs comprises the following steps (Figure 2):

1. Preparation: sorting, disassembly, discharging (optional)
2. Thermal and/or mechanical pre-treatment (optional)
3. Main processes: pyro- and/or hydrometallurgy; direct recycling

After preparation, the aluminium casing, copper cables, and plastic are recycled and
returned to the general production cycle. Physical processes typically involve pre-treatment
including disassembly, crushing, screening, magnetic separation, washing, and heat treat-
ment. Chemical processes are grouped into pyro- and hydrometallurgical processes, which
usually require leaching, separation, extraction and chemical/electrochemical precipita-
tion [22].

Pyrometallurgy uses high-temperature processes usually above 1400 ◦C [23] with the
addition of slag formers to convert waste battery materials (i.e., entire battery systems;
dismantling at the cell level is not necessary) into metal alloy containing cobalt, nickel, and
some of the original manganese and copper. This metal alloy can then be processed by
hydrometallurgy, whereby cobalt, nickel, and manganese sulphates are obtained and sub-
sequently used for new batteries or other products. During pyrometallurgical processing,
lithium, manganese, aluminium, and if present oxidized iron, are transferred to the slag,
whereas graphite serves as a reducing agent and burns off. Manganese and lithium can
be recovered by hydrometallurgy from the slag. Aluminium and iron can currently not
be recovered economically. The lithium content of the slag is generally comparable to the
lithium content of spodumene concentrates with approx. 2.79% lithium [15].

The purely hydrometallurgical route uses an initial thermal and mechanical pre-
treatment of the LIBs. Thermal pre-treatment serves to remove bonding material, which
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typically consists of polyvinylidene fluoride (PVDF) or polytetrafluoroethylene (PTFE). In
the next step, the battery modules are mechanically crushed (shredded) under a protective
atmosphere and turned into a wet mass by the released liquid electrolyte. Further fractions
with high product contents, which can be recovered mechanically as well, are copper
and aluminium concentrate (from the anode and cathode foils of the LIB cells) and the
steel/casing fractions. Yield and purity of individual recycled products can be increased by
suitable measures (e.g., avoidance of overgrinding). Through drying, sieving, and magnetic
separation, the shredded material becomes finer. Finally, the so-called “black mass” is
produced, which consists mostly of fine particles of mixed cathode and anode materials,
thus containing lithium, manganese, cobalt, nickel, and graphite. Contents of valuable
materials, particularly cobalt, nickel, and graphite are highly variable, as the composition
of LIBs differs significantly depending on the manufacturer. Black mass is then separated
into its components using various dissolution processes (including solvent extraction).
Theoretically, graphite could be recovered, but this is currently not done on an industrial
scale and in a reusable form [24,25].

Figure 2. Overview of commercial processes for lithium-ion battery recycling. Modified after [11,21].

3. Materials and Methods

The following subsections initially describe the general estimation approach. They
then deal with the input data, their sources and uncertainties, and any assumptions that
were made in order to compile the final estimates.

3.1. General Approach

Since the overall recycling output of lithium, in any given year, depends on the
interactions between a number of different factors, including past production, battery
lifetime distributions, collection rates, and recovery rates, the simplest way to propagate
input uncertainties to the final results is to use Monte Carlo-type simulations. Monte Carlo
simulations serve as the methodological basis for the solution approach pursued in the
present study. These simulations are a widely used tool in the natural sciences, as they
allow the modelling of the dynamics of complex systems by means of the composition
of relatively simple individual components. One of the most important applications in
current research is the quantitative analysis of probabilistic systems, which are relevant in
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a wide range of areas from solid-state physics to climate research. Monte Carlo simulations
are an extremely versatile tool and, due to their great flexibility, are particularly suitable for
the task to be solved in the present study. Two specific components are required as input
here: firstly, a concrete simulation structure and secondly, probability density distributions
for the input variables to be considered.

Monte Carlo simulation allows for the specification of all input data in terms of known
or assumed probability distributions reflecting their inherent uncertainties. The outputs
are then numerically generated probability distributions of the desired quantities. Similar
strategies were previously used to estimate the likely availabilities of by-products such as
Ga, Ge, In, and Te from global raw material streams [26,27].

To show the effect of future market growth on the likely supply of secondary lithium
in a more simplified way, three separate estimates corresponding to low, medium, and
high future production scenarios were made, instead of simulating a continuous distribu-
tion of production scenarios. For each of the three scenarios, 1000 simulations were run,
using input parameters drawn randomly from distributions described in the following
subsections.

Simulated input parameters were then fed through a calculation procedure to quantify
lithium recycling flows. Figure 3 schematically shows the overall structure of this procedure.
The total amount of EoL batteries available each year (in GWh/yr) is estimated from past
production figures and a specified battery lifetime distribution as:

BT
EoL =

N

∑
i=1

PT−i ∗
(

FT−i
t (t = i)− FT−i

t (t = i − 1)
)

(1)

where T is the year, for which the amount of EoL batteries is calculated, PT−i is the
battery production in year T − i, FT−i

t (t = i) is the cumulative failure rate of the batteries
produced in year T − i at i years after their production (from lifetime distribution), and N
is the number of years into the past, to which the sum is evaluated. In the present case,
N = 20 years was used, since it is expected that most batteries will have failed after this
time given current and likely future lifetime distributions (see below).

Figure 3. Simulation structure of input parameters to quantify lithium recycling flows.

In addition, production scraps were considered as a fixed percentage of the production,
denoted by the scrap rate SR, in each year:
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ScrapT = PT ∗ SRT (2)

The quantity BT
EoL is then multiplied with the corresponding collection rate, CollT ,

added to Scrap, and the total multiplied by the lithium content in the batteries, CLi, and the
recovery rate of lithium for year T, RecT , to calculate overall lithium supply from recycling
in a given year in each simulation:

LiT
recycling =

(
BT

EoL ∗ CollT + ScrapT
)
∗ CLi ∗ RecT (3)

The overall recycling contribution of lithium to battery production is then equal to:

LiT
recycl−pptn =

LiT
recycling

(PT ∗ CLi ∗ (1 + SRT))
(4)

These calculations were done separately for EV and portable batteries, and also for
the EU as well as the rest of the world. These separations were made, since lifetime
distributions for EV and portable batteries are expected to be different, and also because
EU collection and recovery rates were used as upper limits in the models, with the rest of
the world either having lower or similar rates. The underlying assumptions are described
further below. Finally, the overall supply of lithium from recycling is the sum of the
contributions from EVs and portable electronics from both the EU and the rest of the world.

3.2. Past and Future Battery Production

Past production numbers for both EV and portable batteries are based on reports by
Circular Energy Storage [7] for Europe and the rest of the world, and go back until the year
2000. The three scenarios that were used for future production are based on an evaluation
of the literature studies presented in Table 1 and are included in Supplementary Materials,
Table S1.

For portable batteries, only one forecast of future production numbers was used,
assuming moderate growth rates of ~1.5% per year until 2050. This is loosely based on the
forecasts by Circular Energy Storage [7] up to 2030, and the assumption that the portable
electronics market is a relatively mature market already. Since the expected contributions
of portable batteries to the future market growth are so low, uncertainties on these forecasts
are negligible for the present study.

The main differences between the three production scenarios arise from the forecasts
for EV battery production. In the low-production scenario, a combination of the scenarios
put forward by Öko Institut [28] and Avicenne Energy [29] was used, as well as the
low-demand scenario of Moores [30], with global production at ~1500 GWh/a in 2030,
~4000 GWh/a in 2040, and ~5000 GWh/a in 2050. For the high-production scenario,
reference points of ~6000 GWh/a in 2030, ~10,000 GWh/a in 2040, and ~20,000 GWh/a in
2050 were used, based mostly on the high-production scenario of Benchmark Minerals [8]
Finally, 50% of the high-production scenario values were used for the medium-production
case. In order to interpolate smoothly between current production and these future figures,
third-order polynomial fits as shown in Figure 4 were used.

For the proportions of EV and portable batteries consumed in Europe, estimates by
Circular Energy Storage [7] were used for past production. For future years, the assumption
was made that the proportions of EV and portable batteries used in Europe as a fraction of
global demand would be constant with time and fall somewhere between 20 and 30% of
the world market. A uniform distribution between 20 and 30% was used to include this
uncertainty in the simulations.
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Figure 4. Scenarios for future Li-ion battery production used in our analysis. Low production means
the lowest assumption of projected production from studies in Table 1. High production means the
upper end of projected production from studies in Table 1. The vertical line marks the year 2023.

3.3. Lithium Contents in Batteries

Lithium contents in different battery types were compiled from the literature and are
summarized in Table 2. Most of the values range between 0.08 and 0.12 kg/kWh. To convert
estimates of recycled LIBs capacity to lithium contents, an average value of 0.10 kg/kWh
was applied. Uncertainties for lithium contents in our estimates were not explicitly included.
Rather, all calculations were done in terms of battery capacities (GWh) and results were
subsequently converted to million tons of lithium carbonate equivalent (LCE).

Table 2. Specific lithium requirements for various cathode materials [kg/kWh]. NMC–Nickel-
Manganese-Cobalt, NCA–Nickel-Cobalt-Aluminium, LFP–Lithium-Iron-Phosphate, LMO–Lithium-
Manganese-Oxide, LMNO–Lithium-Manganese-Nickel-Oxide, LMFP–Lithium-Manganese-Iron-
Phosphate [35].

Cathode Material Lithium Content

NMC 0.096–0.123

NCA 0.095–0.098

LFP 0.084

LMO 0.080

LMNO 0.065

LMFP 0.082
Note: NMC cathode material includes NMC 111, 532, 622, and 811.

This approach is equivalent to assuming that lithium contents in batteries are constant
over time. In this case, the overall lithium contents do not matter, since the proportions
of recycled versus consumed lithium in any given year will remain the same as recycled
vs. consumed battery capacities in GWh. Only if lithium contents increased or decreased
systematically over time, differences in the results should be expected. While this may
happen in the future, it is hard to predict in which direction the variation will tend. If more
LFP batteries are used, then somewhat lower future lithium contents would be expected. If
solid-state batteries gain importance, lithium contents in future batteries might be higher,
between 0.26 and 0.52 kg/kWh [36]. There are no data available for the lithium content
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in Li-sulfur batteries, but [36] assume a lithium content of 1.2 kg/kWh, based on data for
high cathode metal demand values for LIBs [37].

Decreasing future lithium contents in batteries would mean a faster growth of potential
recycling contributions to overall supply than in our simulations while increasing lithium
contents would mean slower growth of the recycling contributions. However, since these
effects are expected to be small as long as LIBs are the main battery type (≤10% relative
variation), this was not included in our estimation. Other sources of uncertainty, such as
battery lifetimes and recycling and collection rates are much more important.

3.4. Battery Lifetimes

Distributions of battery lifetimes are one of the most critical inputs into the simulations
since they are an important determinant for the amount of EoL batteries available each year
for recycling (cf. Equation (1)). Unfortunately, very little primary information is available
on the lifetime distributions for batteries actually used in vehicles and portable electronics.
This is probably because lifetime distributions are classified as confidential information by
individual companies.

Due to the lack of information, available data points and a set of assumptions were
used to estimate the likely shape of battery lifetime distributions for EVs and portable
electronics. Available data points are warranty periods offered by manufacturers for their
products and a selection is listed in Table 3. Assumptions concern the likely properties of
the engineered lifetime distributions compatible with these warranty periods.

Table 3. Summary table of warranty periods offered by manufacturers for their products.

Manufacture Warranty Period Reference

BYD 8 years [38]

Hyundai 8 years [39]

KIA 8 years [40]

Tesla 8 years [41]

Volkswagen 8 years [42]

For EV batteries, most manufacturers currently offer eight-year warranty periods
(Table 3). Offering such a long warranty period can only be economical if the vast majority
of batteries are expected to survive for at least this amount of time. Therefore, it was
assumed that the likely survival rate of current EV battery packs ranges between 80–95% for
the first eight years. On the other hand, manufacturers cannot be assumed to have an
interest in producing battery packs that last substantially longer than the warranty period.
This is because battery exchanges are expected to be a major source of revenue. Therefore,
we assumed that median lifetimes (50% cumulative failure) are around two years longer
than the warranty period, i.e., 10 years at present.

Using these constraints and assuming a simple two-parameter probability distribution
model, it is possible to estimate the corresponding sets of distribution parameters: one for
an 80% survival rate at eight years, the other for a 95% survival rate at eight years; and both
with a 50% survival rate at 10 years. A two-parameter Weibull distribution was used here
with estimated α (=shape) and β (=scale) parameters for both cases. The results are shown
graphically in Figure 5A,B. Random linear mixing of the two-parameter sets according to a
uniform distribution was then used to generate the specific parameters for the distributions
used in each simulation.
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Figure 5. (A) Reconstructed EV battery lifetime distributions (Weibull) for the 8-year warranty period,
as described in main text. The vertical line shows the end of the 8-year period. (B) Reconstructed
portable battery lifetime distributions (Weibull) for the 2-year warranty period, as described in main
text. The vertical line shows the end of the 2-year period.

Uncertainties with respect to the present shape of battery lifetime distributions are not
the only relevant uncertainties for the present paper. Uncertainties also exist for the past
and future evolution of these distributions. For the past, a slow increase in a lifetime from a
warranty-relevant period of five years in 2007 to eight years in 2020 (at an 80–95% survival
rate) was assumed. Ranges for the distribution parameters α and β for the batteries
produced in these years were estimated under similar assumptions as above, assuming
failure rates of 80–95% at the end of the warranty-relevant period, and 50% two years after.
For the future development of EV batteries, two end-member cases were assumed: (a) that
EV battery lifetimes would not improve further, i.e., that the current distributions apply
in the future, and (b) that battery lifetimes keep increasing until 2030, reaching a value of
15 years for the warranty-relevant period in 2030, and then remain constant. Distribution
parameters for the future were estimated as linear mixtures between these two endmember
cases, using a uniform distribution (0–1) to simulate the proportion of mixing. Therefore,
average battery lifetimes in the simulations increase over time, reaching about ~11 years in
2030 (at the 80–95% failure rate).

For portable electronics, the derivation of lifetime distribution parameters and their
uncertainties followed a similar logic as for the EV batteries above. However, warranty
periods of two years [43] were used (at 80–95% failure rate), assuming 50% of failures
to occur after three years. This was assumed to improve slightly to three years for the
warranty-relevant period by 2035, and 4.5 years for the 50% cumulative failure rate. Table 1
in the electronic supplement summarizes the parameter sets used to describe the past and
future trends in EVs and portable batteries.
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3.5. Production Scrap Rate

As already noted in Equations (2)–(4) the potential contribution of production scraps
to total lithium production was also considered. By definition, these are faulty products
(e.g., battery packs, cell banks, individual cells), which never enter the market, rather
than wastes of cathode or anode materials. These products must be treated in the same
way as EoL batteries to recover the contained materials since they are already assembled.
It is therefore essential to consider these wastes together with EoL batteries as a source
of secondary lithium supply. In addition, scrap rates also affect lithium demand since
their production uses up lithium that should normally have gone into finished products
(Equation (4)). Therefore, the actual use of lithium for batteries must be higher than the
demand for finished batteries by the scrap rate, and thus lithium production was adjusted
accordingly in each simulation.

Since current rates of scrap production are unknown, a uniform distribution between
two end-member scenarios was used and applied to all battery types: (1) a current scrap
rate of 10%, decreasing to 5% in 2035, and (2) a current scrap rate of 5% now, decreasing to
3% in 2035. Values were assumed to be comparatively low, i.e., generally <10% because
there are strong economic incentives to minimize them. The assumed decreases over time
are intended to reflect the expected maturation of the production technology with increases
in volume, and associated reductions in scrap rates. After 2035, production scrap rates are
assumed to remain constant.

3.6. Collection Rates

Once batteries reach the end of their service life, they must be collected in order
to become available for recycling. This process is generally not perfectly efficient, i.e.,
collection rates are typically lower than 100%. It is assumed in this paper that collection
rates differ by battery type, with EV batteries being more likely to be collected.

In the simulations, current EU collection rates for EV batteries are assumed to be
at 90% [44] with a gradual increase to 100% by 2050 in all cases. This is an optimistic
scenario, but very high collection rates of >90% are probable since manufacturers are likely
to develop their own collection systems. Besides the batteries and their material contents
represent a major contribution to the material costs of electric vehicles, which is likely to
continue into the future.

For portable batteries, collection rates in the EU are assumed to rise rather linearly
from 47.4% in 2018 [45] to 63% in 2027 and then 73% in 2030, following EU targets. After
this, portable battery collection rates in the EU are considered to remain approximately
constant at the proposed 2030 level.

EU collection rates constitute a best-case scenario since the EU is currently implement-
ing measures and regulations to support a circular economy. For the rest of the world, this
is not generally the case [46], and lower collection rates for both EV and portable batteries
are therefore probable. However, the exact future rates are uncertain. Therefore, a uniform
probability distribution between a best-case and worst-case scenario is assumed in order to
describe uncertainties regarding global collection rates. In the worst-case scenario, average
collection rates for EV batteries and portable batteries in non-EU countries are assumed to
be 50 and 0%, respectively. In the best-case scenario, collection rates similar to EU rates
are assumed.

Since scrap is produced within the supply chain, it is reasonable to assume that this
material will enter directly into recycling processes. Collection rates for production scrap
can therefore be assumed to be 100%, unlike for EoL batteries.
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3.7. Recovery Rate

The current recovery rate of lithium from LIBs is highly uncertain, but probably very
low, since recovery is not economic at the moment [47]. Therefore, recyclers will probably
follow regulations imposed upon them by governments. In the EU, legally mandated
recovery rates for lithium will be 50% in 2028, and 80% in 2032 [3]. For our calculations, it
was assumed that EU recovery rates for lithium will show a linear increase from 0% today
to the target rate of 50% in 2028, and subsequently 80% in 2032. Thereafter, the lithium
recovery rate was assumed to remain constant at the 2032 level. For the rest of the world,
two scenarios were assumed, a worst-case scenario with a recovery rate of 0% as well as a
best-case scenario with a recovery rate similar to those mandated in the EU, with a uniform
probability distribution describing the likelihoods of intermediate cases.

4. Global Results

In the following subsections, we briefly summarise the global results of the statistical
analysis for each production scenario. Figure 6 summarises these results for all production
scenarios, showing both the median estimates and 95% confidence intervals (C.I.s) through
time. While differences exist in the absolute production, scrap, and EoL battery quantities
(in terms of Mt/a of LCE) between scenarios, it is noteworthy that they all follow similar
trends. The estimates for collected batteries plus scrap as a proportion of total production
generally stay below 40%, while estimated recycling contributions are unlikely to reach the
20% mark by 2050 in all of the production scenarios.

Figure 6. Global results of the statistical analysis. Panel (A–D) low production scenario. Panel (E–H)
medium production scenario. Panel (I–L) high production scenario.
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4.1. Low Production Scenario

In the low production scenario, the calculated amount of LCE contained in batteries
increases from 0.4 Mt/a (million tons/annum) in 2024 up to 2.7 Mt/a in 2050. In the low
production scenario (Figure 6A) the median total scrap volumes plus EoL batteries in terms
of Mt of lithium carbonate equivalent (LCE) per year increases from less than 0.1 Mt/a in
2024 up to 1.8 Mt/a in 2050. The 95% C.I. of the median total scrap volume and the EoL
battery amount ranges between 0.07 and 0.09 Mt/a in the year 2024 and between 1.4 and
2.2 Mt/a in the year 2050. Uncertainties are already substantial for EoL batteries plus scrap
rates (Figure 6A). This reflects the uncertainties in the lifetime distribution parameters since
there are no other uncertainties that affect the estimated total amounts of EoL batteries in
these simulations.

The median of the total return flows is expected to grow from 18% in 2024 (95% C.I.:
16–20%) to 64% in 2050 (95% C.I.: 49–77%), as a fraction of battery production. Based on
our model assumptions, new scrap production will contribute around a third of these total
return flows (5–9% of production, 95% C.I.) until 2030 (Figure 6B). After 2030, new scrap
rates are expected to decrease, down to a contribution to the total return flow of 3 to 5%
(95% C.I.) by 2035. These assumptions were made for the global and European markets,
resulting in the same values, and will not be mentioned again in the description of the
European results.

The total material volume available for recycling (collected EoL batteries and new
scrap) is expected to increase from 12% (95% C.I.: 8–15%) in 2024 to 13% (C.I.: 9–17%) in
2030, 14% (C.I.: 8–25%) in 2035, and 39% (19–69%) in 2050 (Figure 6C). The median con-
tribution of lithium recycling to total battery production is expected to be 0.7% (95% C.I.:
0.3–1.3%) in 2025. In 2050, recycling production is expected to grow to a median of 17.7%,
with a comparatively wide 95% confidence interval of 6.1–44.0% (Figure 6D).

4.2. Medium Production Scenario

In the medium production scenario, battery production in 2024 is expected to amount
to an equivalent of 0.6 Mt/a LCE, going up to 5.4 Mt/a LCE in 2050. Based on this, the
median total scrap volumes plus EoL batteries increase from less than 0.1 Mt/a LCE in
2024 up to 2.8 Mt/a LCE in 2050 (Figure 6E), with 95% C.I.s of 0.08–0.11 Mt/a in 2024,
and 2.2–3.4 Mt/a in 2050. Uncertainties for these figures are similarly substantial as in
the low production scenario, reflecting again the uncertainties in the lifetime distribution
parameters.

New scrap production might contribute 0.04 Mt/a LCE in 2024 as part of the total
scrap volumes, with a 95% C.I. of 0.03–0.06 Mt/a LCE. In 2050, the new scrap volume
might increase to 0.22 Mt/a LCE (95% C.I.: 0.17–0.27 Mt/a LCE) (Figure 6E).

In percentage terms, the median total return flow of EoL batteries and new scrap is
expected to grow from 15% of total battery production in 2024 (95% C.I.: 13–16%) to 51% in
2050 (95% C.I.: 40–50%) (Figure 6F). Collected batteries plus new scrap will amount to
10% in 2024, expected to grow to 32% in 2050 (95% C.I.: 16–54%) in 2050 (Figure 6G). Finally,
recycling could contribute a median of 14% of total battery production in 2050, with a
95% C.I. ranging from 5 to 35% (Figure 6H).

4.3. High Production Scenario

In the high production scenario, LCE consumption for batteries is projected to grow
from 0.9 Mt/a LCE in 2024 to 10.7 Mt/a LCE in 2050 (Figure 6I). In this scenario, the median
total return flow of batteries (new scrap and EoL) would amount to 12% of overall battery
production in 2024 (with a 95% C.I. of 10–14%), and would grow to 50% in 2050 (95% C.I.
of 39–61%) (Figure 6J). Collected EoL batteries and new scrap would be 9% (6–11%) of total
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battery production in 2024, reaching 32% (15–54%) in 2050 (Figure 6K). Lithium recycling
would be expected to contribute 0.5% to total LCE use in batteries in 2025, and 14% in 2050,
with 95% C.I.s of 0.2–0.9% and 5–35%, respectively (Figure 6L).

5. EU Results

Similar to the global results, the estimates done at the EU level (Figure 7) show
comparable patterns in each scenario for the total percentages of new scrap plus EoL
batteries as a fraction of total production/consumption. The median estimates for collected
batteries reach between 50–60% by 2050 in all scenarios. A decrease in this proportion
from 2020 to 2025 was also noted. This is largely due to the shift from portable batteries to
EV batteries as the main constituents of EoL battery flow. In contrast to the global results,
overall recycling contributions are expected to be higher, reaching around 50% by 2050 in
the low-production scenario. In the medium and high production scenario recycling might
contribute ~40% of the lithium demand for battery production by the year 2050. These
higher proportions largely reflect the effects of the planned regulatory framework in the
EU (cf. methods section).

Figure 7. EU results of the statistical analysis. Panel (A–D) low production scenario. Panel (E–H)
medium production scenario. Panel (I–L) high production scenario.

5.1. Low Production Scenario

For the EU, the median usage of LCE in batteries is expected to increase from 0.1 Mt/a
in 2024 up to 0.7 Mt/a in 2050 (Figure 7A) in the low-production scenario. Thus, the median
total scrap volumes plus EoL batteries in terms of contained LCE per year are expected
to increase from 0.02 Mt/a (0.016–0.022 Mt/a) in 2024 up to 0.44 Mt/a (0.31–0.61 Mt/a)
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in 2050. Again, the uncertainties are already substantial for these flows (Figure 7A). The
95% confidence interval of the percentage of collected material and new scrap is 11–16%
(median: 14%) in 2024. This range grows wider in the future years to 16–29% in 2035,
and 49–76% in 2050 (Figure 7C). The probable recycling contribution of lithium in 2025
amounts to 1.3% (1.1–1.6%) of total lithium use in batteries. In 2050, this could increase to
51% (39–61%) (Figure 7D).

5.2. Medium Production Scenario

In the medium production scenario, the median LCE use in batteries for the EU
amounts to 0.15 Mt/a LCE in 2024, increasing to 1.35 Mt/a LCE in 2050 (Figure 7E). The
median total return flow would grow from 14% in 2024 (95% C.I.: 12–17%) to 51% in 2050
(95% C.I.: 40–60%) (Figure 7F). The total proportion of collected material plus new scrap
would be 12% (95% CI: 9–14%) in 2024 and 50% (95% C.I.: 40–60%) in 2050 (Figure 7G).
The contribution of lithium from recycling would then amount to 1.1% of total battery
consumption in 2025 (95% C.I.: 0.9–1.3%), reaching 40% (32–48%) in 2050 (Figure 7H).

5.3. High Production Scenario

In the high production scenario, 0.23 Mt/a LCE are consumed by battery production
for the EU in 2024 (95% C.I.: 0.19–0.28 Mt/a LCE), increasing to 2.68 (2.17–3.17) Mt/a LCE
in 2050 (Figure 7I). The total return flows in this scenario are expected to reach 11% of
consumption in 2024 (95% C.I.: 9–14%) and 50% in 2050 (95% C.I.: 39–61%) (Figure 7J).
Collected EoL batteries plus new scrap are expected to reach 10% of total consumption
in 2024 (95% C.I.: 8–12%), and 50% in 2050 (95% C.I.: 39–60%) (Figure 7K). The recycling
contribution of lithium to battery consumption would be expected to be 0.9% (0.7–1.1%) in
2025 and should increase to 40% (31–48%) in 2050 40% (Figure 7L). This is 10% less than in
the low-production scenario, but essentially the same as in the medium-production one.

6. Discussion

In the following subsections, we first consider the limitations of our estimates due to
unavailable data (producing uncertainties) and factors that we could not consider. The
likely effects of these limitations on our results are discussed and summarized. We then
consider the policy implications of our results at both the global and EU level.

6.1. Major Sources of Uncertainty

Major sources of uncertainty in the factors we considered in this study include fu-
ture battery production, battery lifetime distributions and their likely evolution in the
future, collection rates, and lithium recovery rates in the recycling processes. These are
discussed below.

i. Battery production: Future battery production scenarios are highly uncertain. This
is why we used three cases in this study, without specifying the relative probabilities
of each of these cases. Globally, battery cell production capacities for LIBs have
been between 700 and 800 GWh for the EV sector in 2024 [48]. Current battery cell
production for the EV sector in Europe amounts to around 190 GWh/a [48]. Both
figures, global and EU, approximately correspond to the production capacities in
the low production scenario (Figures 7 and 8). Comparing actual tracked capacities
in the literature with simulated production capacities in each scenario globally and
on the EU level, the low production scenario is probably most realistic to happen
in the short- to mid-term future. Especially the recent slowdown in EV sales and
cancellations of battery cell factories in the EU underpin this assumption [49,50]. The
uncertainty in the production scenarios naturally increases the further projections
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are made into the future. However, we note that the final results of expected
recycling rates by 2050 do not differ substantially between scenarios and are only
slightly higher in the low-production scenario compared to the medium- and high-
production scenarios. Therefore, the substantial uncertainty in future production
growth does not translate to similar uncertainties for expected recycling rates.

ii. Battery lifetime: Uncertainties in the distributions of battery lifetimes are much
more important as a source of uncertainty in our estimates. An increasing lifetime
of a maximum 15-year warranty-relevant period in 2030 was assumed, remaining
constant afterwards. The current development and rapid dynamics in battery
research indicate that the average lifespan of batteries tends to lengthen. However,
it is not clear whether this trend will continue indefinitely. It is not clear at what
level further improvements will not be economic. Either way, improvements in
battery lifetimes beyond those assumed in our simulations would imply that the
return flows of EoL batteries would be smaller in the future than we estimated.
Furthermore, batteries may remain in use beyond their currently expected lifetime
distributions, depending on customer needs or their repurposing for secondary
purposes. These factors greatly influence the available EoL material that should
ultimately be available for recycling. Assuming lifespans of over 20 years [51]
with a subsequent secondary use phase of 5–30 years [52,53], the availability of
substantial amounts of EoL material, and consequently its contribution to new
battery production as recycled lithium, could be delayed well beyond 2050.

iii. Collection rates: the rates for globally collected batteries plus scrap volumes avail-
able for recycling, range approximately between 20% and 60 to 70% of battery
production in the medium and high production scenario. The median is below 40%
in all the scenarios. The lower limits of these estimates result from the assumed
range of collection rates between 0% and EU rates in non-EU countries, where only
production scrap is collected and contributes to recycling. The general increasing
trend of collected batteries and scrap volumes results mostly from regulated in-
creases in the EU (see methods) and increasing return flows relative to production
volumes over time, which are in turn due to the expected slowdown in the relative
growth rates of battery production by 2050 (Figure 4). The contribution to the total
amounts to maximum values between 60 to 70% in each of the scenarios, which
results from the assumed global collection rate of EoL batteries of 100% by 2050,
is the ideal case. However, this final rate is highly uncertain. Comparing global
and EU results, it is noticeable that the collection rates are higher in the EU due
to implemented targets set on a national level and in the EU battery regulation
(cf. methods). The significant increase at the end is most probably due to the high
volumes of EoL batteries. The little bump between the years 2030 and 2035 (for the
proportion of collected EoL batteries plus scrap) is mostly due to the little kink at the
beginning of the production time series (2023–2024), where we go from real data to
interpolated future production. For collected batteries plus scrap as a proportion of
total production, we note an actual decrease in proportion from 2020 to 2022. This is
due to the transition from portable to EV batteries being the dominant EoL battery
type (longer average battery lifetimes decrease return rates initially). Overall, we
believe that our assumptions for global (non-EU) collection rates, which we took to
be 45–50% on average, provide a reasonable intermediate scenario. The raw materi-
als contained in LIBs already make their recycling economically attractive, which
may incentivize higher rates in the future. However, this may change if battery
compositions become dominated by low-value components such as in LFP batteries.
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iv. Recovery rates: The contribution of recycled lithium to battery production also
depends greatly on the recovery rates of lithium in recycling processes. Effective
recovery rates for lithium on the global and European scales are currently unknown.
Lithium is currently only recovered by hydrometallurgical processes. In our simula-
tions, the expected contribution of recycled lithium in 2050 ranges between ~40 and
50% in Europe, across all scenarios (Figure 8). These large quantities are a result
of the high recovery rates that the EU sets in the EU battery regulation. In case
these rates should be revised due to the uneconomic conditions they may induce
for the recycling industry, recovery rates could be reduced and recycled lithium
would not be available in the estimated amounts. On a global scale, the median
recycled lithium contribution to the total production does not exceed 20% by 2050
in any of the scenarios (Figure 8), even though expected total return flows (medians)
generally reach around 50–60% by 2050. However, the ranges are quite narrow in
the beginning and will get wider in the future years. Besides, the second use of
EV LIBs is gaining traction, with numerous real-world projects e.g., Nissan [54],
Vattenfall [55] and Mercedes Benz [56], and projects indicating a significant role
for repurposed batteries especially in energy storage systems. The parameters of
the second life were not taken into account in this study, mainly because there is a
lack of reliable and publicly available data. However, it is certain that in case of a
large-scale implementation of second-use applications, the return volume of EoL
batteries will be delayed by several years and therefore less recycled lithium will
be available.

Figure 8. Median recycled lithium volumes as a %-contribution to the total production globally and
European level in years 2025, 2035 and 2050. (A) Low production scenario; (B) Medium production
scenario; (C) High production scenario.

Global recoveries of lithium from spent batteries are likely to remain smaller as long
as recovery is neither economic nor mandatory. The EU regulations are unlikely to have
a global impact. In case the recycling capacities will not be installed as announced due
to the economic conditions and financial incentives for mining, the global contribution of
secondary lithium could only reach about the 10% mark in the year 2050.

In summary, uncertainties in future production scenarios do not appear to have a
major impact on estimated future recycling rates, as long as the future follows a more or
less steady growth scenario. Major uncertainties are due to battery lifetime distributions,
collection rates of batteries, and recycling recovery rates for lithium. While we used a
relatively conservative assumption for lifetime distributions, longer lifetimes and second-
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use of EV batteries in the future may significantly decrease the amounts of EoL batteries
available for recycling compared to our simulations.

For recovery and collection rates, the future evolution probably depends on the
decisions made in countries outside the EU and technological developments, since lithium is
not currently economically recyclable from LIBs. However, we believe that the uncertainties
associated with collection and recovery rates are well-captured in our current simulations,
and therefore, would not expect reality to diverge substantially from the 95% confidence
intervals of our predictions.

6.2. Factors Not Considered in This Study

The quantities of secondary lithium supply simulated in this study represent a case
where installed recycling capacities do not constitute a limiting factor for recycling rates.
However, detailed market dynamics in the recycling sector do impact installed capacities
and thus recycling rates. Furthermore, the sales figures of EVs have impacts on the number
of spent LIBs available for recycling in the future, and our study did not consider potential
deviations from projected, largely policy-driven scenarios for future EV sales. Finally,
global trade in EoL battery materials would likely affect lithium recycling rates, if there is a
net outflow (or inflow) of material from the EU, where assumed recycling rates are higher
due to regulatory frameworks.

Our battery production scenarios do not take into account actual declining EV sales
in Europe but these will have a significant impact on the new scrap volumes and return
quantities of EoL material. As of 2024, the market is in a difficult situation. Many companies
have become cautious about investments in the areas of e-mobility, battery and cathode
production, as well as recycling. Lower capacity utilization in battery cell production has a
direct impact on the availability of production scrap, and also EoL batteries in the future.

There are increasing reports of cancellations, delays and postponements in the con-
struction of recycling plants. In case recycling capacities will not be installed in the mid- to
long-term future, the material cannot be processed. A subsidy landscape that is currently
attracting investors to the US is making it even more difficult for the European players to
be competitive.

According to Rho Motion [57], 15.2 million EVs have been sold globally so far in 2024,
growing by 25% year-to-date. The EV market of the region of the EU & EFTA and the
UK remains down, total EV sales dropped by 3% in November, compared to the same
period. The region had 280,000 units sold in November, thus reaching 2.7 million units sold
year-to-date. All these factors will ultimately have an impact on the secondary amount of
lithium available, as all of them play a crucial part in the value chain. Declining EV sales
lead to lower demand for battery cells produced and deployed, which leads to less new
scrap volumes, and subsequently less EoL material available for recycling. This represents
a clear investment uncertainty, as constant input for recycling plants is necessary for them
to operate profitably.

The price instability of primary raw materials and battery cells naturally has an effect
on the availability of recycled lithium. Lithium prices have fallen sharply since January
2023. The actual price for battery-grade lithium carbonate amounts to approximately
10,650 US$/t (58). Prices for nickel and cobalt are also at low levels. Since July 2022, the
LME prices for cobalt metal declined to 25,000 US$/t (August 2024), and the LME nickel
metal price is currently at 16,246 US$/t (August 2024) [58]. The cost of production of
lithium-ion batteries has also fallen drastically and will most likely continue to fall in
the next few years. According to Wood et al. [59], the estimated cost for NMC111 cells
produced in the United States in the year 2015 was around $271 kWh−1, due to the high
costs of electrode materials, current collectors, separator and electrode processing. Recent
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cost models put cell production costs at $106 kWh−1 (NMC622) and $98 kWh−1 (NMC811)
in Europe and the United States [60,61]. Due to these declines, the recycling of LIBs can
only progress slowly, as it is not economically viable (at least for lithium) for the industry
yet, lowering the amount of recycled lithium available in the end. Recycling costs play a
major role. There are no minimum price figures per raw material for when recycling is
worthwhile, only prices for production costs of primary cells are described. It would be
an important addition if recycling prices of the raw materials were available. However,
lithium recycling can be made mandatory by regulation.

In addition to these considerations, the collection infrastructure for EoL batteries
presents significant challenges due to the lack of a uniform, globally standardized process.
The absence of consistent guidelines complicates the safe and efficient collection and
transportation of EoL batteries. Addressing this issue requires international agreements to
establish an extensive collection infrastructure, a costly and complex process.

The international trade in lithium-ion batteries and recycled raw materials, especially
black mass, is becoming increasingly important. Black mass is a valuable globally traded
raw material. It is possible to store black mass in order to secure raw materials, but only
under strict conditions in accordance with waste legislation. For European companies,
however, the storage of black mass does not currently represent a profitable business
model. For this reason, it is usually sold off in order to capitalize on the contained values
immediately. Copper, nickel, cobalt and lithium are the most profitable raw materials here.
From a global perspective, exports and imports have no influence on the available quantity
of recycled lithium. At the European level, however, when the valuable black mass is
exported to Asia or the US, it is no longer available for the production of new battery-grade
material in Europe. Unfortunately, the trade in black mass cannot be tracked at the moment.
Black mass is a non-standardized “waste” material, which complicates the definition in
HS codes. However, the classification of black mass as hazardous waste is currently being
discussed by the European Commission as part of an amendment to the European list
of waste to address waste batteries and wastes from treating them [62,63]. If significant
amounts of black mass leave the EU and are processed in countries where lithium recycling
is not legally mandated, then the contained lithium would be lost, and global recycling
rates may drop below those projected in our simulations.

Research on new cathode and anode material developments and the development
of new recycling technologies will also affect the secondary supply in the long term. The
development of new systems such as other metal anodes, e.g., sodium-ion or vanadium-
flow batteries, and gaseous or liquid cathode systems have the potential to displace at
least some of the existing LIB types in certain applications. Those battery systems based
on other ions will actually reduce the overall demand for lithium by displacement, even
if only a small proportion. If the demand for lithium shrinks in the long-term future,
recycling of LIBs potentially could cover a small part of secondary material contents as
it depends on previous LIBs production. However, a commercial market penetration of
alternative battery systems and thus the potential replacement of lithium is not expected
in the next 10 to 15 years. Recently, solid-state batteries have attracted interest as energy
stores for electric vehicles. This type requires higher lithium contents, assumingly between
0.26 and 0.52 kg/kWh as mentioned earlier, which would mean a huge increase in demand
for lithium in LIBs. Based on electric vehicle manufacturers’ technology roadmaps and
technological advances, possible commercial viability of solid-state batteries must be
awaited within the next 5 years [64,65]. In the case of commercial deployment, it would
also imply a high recycling potential due to the high lithium content. It remains to be
seen whether the recycling processes will be efficient enough to recover the material in
solid-state batteries.
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LFP and LMFP battery types increase their market shares on a global scale [19,34].
Both do not require any cobalt and nickel, which is advantageous in terms of a resilient
supply chain, but recycling does not deliver a value-creating black mass. Instead, the main
valuable materials would be lithium and graphite. Whether the recycling of these two types
is a business case remains to be seen, as there is an increasing interest in direct recycling
of the cathode and anode materials. At the moment, this process route is still in the early
stages without any deployment at an industrial scale but could be promising in terms of
efficiency, especially for LFP/LMFP. In case these two battery types increase their market
shares drastically, but recycling would not be economic, especially in Europe, as it would
impact the supply of secondary lithium.

6.3. Policy Implications

The EU Battery Regulation has been in effect for Europe since August 2023. The
regulation specifies labelling rules, information obligations, e.g., CO2-footprint, and supply-
chain due diligence standards. It also mandates metal-specific recycling recovery rates, and
the use of recycled content in batteries with a capacity above 2 kWh, most of which are
used in EVs. The amended proposal of the battery regulation from June 2023 states that
LIBs have to contain a minimum percentage share of 6% recycled lithium from 08/2031,
recovered from battery manufacturing waste or postconsumer waste, and 12% recycled
lithium from 08/2036.

Our simulations suggest that the EU goals of recovery rates and minimum recycled
lithium content should technically be achievable, yet the economic feasibility of the required
recycling plants is questionable. Nevertheless, the results of the present study indicate that
sufficient recycled lithium in each of the production scenarios (on a European scale), would
be available in the years 2031 and 2036 to meet the targets.

Taking the current market developments into consideration, recycling plants will have
to process accumulated new scrap volumes ranging between 5 and 9% until the larger
return flow of EoL material arrives. These production scraps are highly sought after as
material available for recycling will subsequently impact recycling plants. Without enough
feedstock, they cannot operate at full capacity. The international trade in LIBs and recycled
raw materials, especially black mass, is becoming increasingly important. Black mass is
a valuable, globally traded raw material. It is possible to store black mass in order to
secure raw materials, but only under strict conditions in accordance with waste legislation.
For European companies, the storage of black mass is currently not a profitable business
model. For this reason and due to the fact that there is no comprehensive large-scale
processing of black mass in Europe, European recycling companies generally export black
mass in order to monetise the resources immediately. Black mass is exported as a product
or hazardous waste to Asia. It is becoming clear that a regulated and harmonised trading
system for this kind of material is missing. Export controls could counteract here but would
require the processing capacities for black mass in Europe as well as downstream buyers of
recycled materials, ideally pCAM or CAM producers. In addition, lithium recycling is not
economical, but battery recycling, in general, is very economical though, otherwise, there
would not be international competition for the black mass. It would need an enormous
political effort to work against the principles of companies in a market economy.

6.4. Future Work

The results of this study highlight the multiple influences on current and future
lithium recycling flows on a global scale, as well as the uncertainties associated with
them. The study also addresses general issues with respect to forecasts of future battery
production and return quantities of EoL material available for recycling. The distribution of
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battery lifetimes is one of the most critical inputs in the simulations since it is an important
determinant of the amount of EoL batteries available each year for recycling. Battery
lifespans not only become longer by optimising the battery itself but also through the
increasing secondary use of batteries in other application sectors. The highly dynamic and
immature market of battery cell production and battery recycling is driven by political,
regulatory and economic factors. As long as lithium recycling from LIBs is not economically
viable, mining will be the first choice to meet demand.

To address further gaps in the methodology, additional factors could be considered,
e.g., (1) lithium contents in other newly developed battery types and the probable de-
ployment of these types, (2) the probability of installed recycling plants and their actual
capacities to recycle LIBs and refine the valuable black mass, (3) marginal costs of adding
lithium extraction to existing recycling facilities would need to be balanced against lithium
prices to determine whether extraction is likely.
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Abstract: Battery disassembly forms a central jumping-off point for recycling in the context
of a sustainable closure of the battery loop. The main objective for economic realization
in line with European recycling regulations is therefore a transformation of the battery
disassembly from a manual to an automated process. Product-related influences such
as design variations and process-side constraints including the selection of disassembly
technologies require large amounts of data for implementation in an automated system.
This article examines accessible data sources in the literature and the upcoming battery
passport to build a basis for a multi-layered methodical analysis of the data required for the
automation of battery disassembly. For this purpose, the disassembly sequence and depth
of an Audi e-tron battery pack are first identified using a priority matrix and converted
into a product and process structure. Definitions for product- and process-related elements
are established, and a generalized process model is developed, which is finally converted
into a data structure model approach. The result shows that much of the required data
to automate the disassembly of used batteries are currently not yet available. Further
efforts must be made to establish data structures and standards regarding product- and
process-related disassembly data.

Keywords: lithium-ion battery; electric vehicles; automated battery disassembly;
dismantling challenges; battery recycling; battery product structure; battery process
structure; battery passport

1. Introduction

Electromobility has achieved a considerable market share in the passenger vehicle
sector in Europe over the last decade. This development has not yet reached its peak,
resulting in further growth in electrically powered vehicles in the coming years. An
important challenge associated with such a trend is not only the further development of
existing battery technologies but also the creation of a sustainable and economical use
of the required raw materials [1]. Closing the battery loop therefore requires a seamless
process chain, especially after the battery’s first phase of use in the vehicle [2].

During the charging and discharging cycles of traction batteries, various chemical and
environmental effects cause the amount of stored energy to slowly decrease over the period
of use [3]. This ratio of initial nominal capacity to current nominal capacity is defined as
the state of health (SoH). Currently traction batteries in electrically powered vehicles will
be retired from their first life in EV applications after they fall below an SoH of 70–80% [4].
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153



Recycling 2025, 10, 25

The average statistics for reaching this state vary, but current estimations range around
12–15 years [5,6].

Combined, the rapidly growing market share of electrically powered vehicles and
the estimated average life expectancy of a traction battery of more than ten years result
in a significant increase in the number of battery returns over the next years from the
current very moderate levels and will pose challenges for existing structures in the areas of
battery logistics, second life, disassembly and recycling [7]. New scalable process chains
must be developed for the further use and recovery of battery materials, which means
large-scale automation of the process chains in order to ensure cost-effectiveness, especially
for high-wage regions such as Europe [8,9]. In order to achieve this, framework conditions
and standardized data transfers are necessary, which are currently not available or available
only to a limited extent and should be addressed more extensively in the future [10,11].

2. State-of-the-Art Battery Disassembly

When looking at the battery life cycle, disassembly plays a central supporting role
in the second phase during and after the use of the battery in the vehicle. Dismantling
batteries is a fundamental step in repair processes in which the battery pack is opened and
modules or peripherals are replaced. Disassembly can also contribute to the conversion
of battery packs or the removal of modules for stationary applications as part of a second
life approach [12]. For battery recycling, disassembly as an upstream or associated step
of mechanical pre-processing forms a central jumping-off point and makes a significant
contribution to achieving the quality targets of the black mass and the output material
streams by pre-separating components into defined factions [13].

Due to the previously mentioned moderate return quantities today, battery disassem-
bly is currently still largely carried out manually [14]. This means that, typically, at least
two high-voltage (HV) trained workers separate the individual components of the battery
pack from each other and divide them into predefined factions, which go into different
recycling streams depending on the underlying material compositions [15]. At present,
the batteries are generally dismantled down to the module level. These battery modules
then move on to mechanical pre-processing, where they are fed into a shredding process
depending on the process route and sometimes with thermal pre-treatment [16]. Due to the
described process approach, this paper focuses on the area of pack-to-module disassembly
and its data, as this must be seen as a first step towards automation.

The manual dismantling process also poses safety risks for workers. Battery systems
in passenger vehicles generally operate at voltage levels of 400 to 800 volts [17]. Depending
on the condition of the battery pack, there may also be an increased hazard from leaking
toxic electrolytes [18]. In addition, there is always a risk of thermal runaway, particularly
in the case of damaged batteries [19,20].

The major challenge for future automation in the field of battery dismantling is the
complex product structure of battery packs along with the large number of variants on the
market and the corresponding process structure for the disassembly. In general, battery
systems combine functionally equivalent component groups within their underlying sub-
levels [21]. For example, battery systems usually have interconnected stacks of cells. In
the case of non-cell-to-pack approaches, these are interconnected to form modules, which
are brought together in a housing for functional or safety reasons and are monitored with
corresponding sensors and controllers [22]. A similar principle is also followed at the pack
level, where the previously interconnected modules are in turn combined via busbars or
high-voltage (HV) cables to be able to meet the respective capacity and performance re-
quirements of the vehicle. In addition, there are battery management controllers, structural
components and corresponding peripherals for the cooling circuit [23]. With a housing
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cover and corresponding interfaces to the vehicle, the battery is integrated into the vehicle
design. Figure 1 illustrates the common component groups mentioned and the conditional
states for battery pack disassembly.

Figure 1. Overview of different states of a battery pack’s disassembly depth as well as the relevant
components and joint connections.

Despite the functionally similar structures, there are major differences in product
topologies. These are based partly on the different shapes, sizes and design characteristics
of individual components and secondly on the joints used and the resulting connections
between different components as well as the associated disassembly sequences derived
from accessibility [24]. Finally, the condition of the components and the joint connections
also play a role in the disassembly strategy. There are, for example, different types of
joints such as welded, adhesive, plug and screw connections, which need to be handled
adequately [25].

Altogether, this means that a huge number of decision criteria and large amounts of
data have to be processed for the disassembly of battery packs in general but especially
for automation approaches, which in turn require a flexible system with an adaptable
yet robustly functioning process chain. However, the problem does not start with the
consideration of numerous parameters for a disassembly operation, but rather, with the
provision of such information and the standardization of basic battery parameters and data
for disassembly [26].

An examination of the existing literature on product- and process-relevant information
for battery disassembly in Table 1 reveals that on both the product and process side, the
specification of certain types of data is very common, while very important sub-aspects are
only considered in a very fundamental way.
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Although the literature frequently addresses specific approaches and concepts in
detail and in some cases also illustrates these using specific battery systems, the general
product- and process-related data are very diverse and only available in a great variety
of detail. At the battery pack level, information on the components and their quantity
in the battery pack is available in most of the battery disassembly-related publications
analyzed, although the joint connections are only considered and quantified in detail in
very few cases. Position data usually cannot be derived in detail from this information
either. When considering the module and cell levels, the information provided in relation
to the components is increasingly reduced. Another important point is the differentiation
between component types and parts in the context of the disassembly view. While in some
cases, one category of components is mentioned, in other cases, the specific number of
parts is mentioned.

Similar findings were obtained for the process-related information. A wide variety
of approaches were developed and applied to derive the disassembly sequence. While
the level of detail for process steps in relation to components was considered extensively
in detail or type-based, the level of information in relation to activities for loosening and
separating joints and rudimentary operations such as the use and switching of tools varied
greatly. The same applies to the identification of tools and their specifications. Information
on access directions, angles or vectors, which are essential for automated execution, is only
fundamentally illuminated in a few publications.

In conclusion, the scope and level of detail of the information available in the literature
is not sufficient and is too diverse to be fully utilized as a basis for automated process
design in battery disassembly. These findings support the underlying thesis of this article:
generally valid and standardized definitions are required for the product- and process-
related information in battery disassembly in order to build a database for automation.

EU Battery Directive and Battery Passport

The need for more battery-related information and the importance of realizing those
data along the entire value chain for a more sustainable circular battery life cycle have
also been recognized by legislators. The current proposal of the Battery Directive of the
European Union (EU) implements the mandatory introduction of a battery passport for
batteries from electric vehicles, light means of transport (LMT) such as electric scooters and
industrial batteries over 2 kWh starting at the beginning of 2027 [51]. The fundamental
objective of this new battery regulation is to encourage sustainability in the design and
production of batteries and to reduce their environmental impact throughout their life
cycle. Part of this includes promoting the circular economy of batteries by providing data
that enable second life approaches and improves the quality and quantity of recycling [52].
Building on this legislative initiative, a research and industry collaboration is developing
framework conditions and a concept for the implementation of such a battery passport, as
specified by the EU for 2027 [53]. At present, there are minimum requirements for battery
disassembly, which are being supplemented by extensions and will certainly be expanded
in the future. These requirements include the part numbers of the components as well as
exploded diagrams of the battery system/pack showing the location of the battery cells,
disassembly sequences and type and number of fastening techniques. In addition, the
battery passport should specify the tools required for disassembly and safety warnings in
the event of the risk of damage due to process operation and the quantity and layout of
the cells [51,53]. All in all, the accessibility of the different levels of information will vary
depending on the type of data, ranging from generally accessible manufacturer data to
specific information such as the exact material composition that can only be accessed by
persons with a legitimate interest or authorities [54].

159



Recycling 2025, 10, 25

The current specifications of the data basis for the disassembly process within the
battery passport are a first step in the right direction but will not be sufficient for compre-
hensive automation of the disassembly process. The extent to which the battery passport
facilitates disassembly will depend largely on the quality and detail of the data provided.
This includes product-related data on all relevant subcomponents and joints, as well as
process-related information such as the disassembly sequence. These data must be precise
in order to accurately schedule and execute individual operations on a granular level. In
the following methodological approach, an initial proposal regarding possible relevant
data and parameters for automated battery disassembly will be developed. This approach
will be generated by analyzing the disassembly process of a relevant reference battery pack.

3. Methodological Approach and Results

To implement standardized parameter definitions, it is not only necessary to work
out all the relevant data points, but it is also essential to classify these data in a structured
form that can be applied to a wide variety of battery systems in the same manner. This
objective results in a four-stage methodical approach, which is subdivided into the areas of
disassembly depth evaluation, product and process data structure analysis and the set-up
of an integrated data model approach. The disassembly depth is based on the disassembly
sequence and differs from it in the sense that it can be used to identify components that
have no dependencies on each other, which in turn opens parallelization potential for
the execution of the disassembly. It also forms one of the links between the downstream
product and process structure. As part of the design of the product and process structure,
we first introduce general applicable definitions that will be used to derive the layouts
of the structures. The layouts resulting from this step are then examined to derive all
relevant disassembly data definitions. In the final stage, these data are combined in a model
approach and prepared with regard to a possible integration into the battery passport or a
local collection in the decentralized disassembly system. The individual stages are applied
using an Audi e-tron 50 battery system (71 kWh).

3.1. Disassembly Priority Matrix and Depth Derivation

To derive the disassembly depth of the individual components of the battery system,
the disassembly priority matrix approach introduced by Wegener et al. [27] was initially
applied, with which the sum of the downstream components for each individual component
was initially obtained using an evaluation scheme consisting of −1, 0 and 1. A classification
of 0 indicates no dependencies between the two components. A value of −1 indicates that
the compared component needs to be removed before the considered component. The
sum of positive entries in a row results in a value that is in turn classified as a rank in the
disassembly sequence. The complete disassembly priority matrix is shown in Figure 2.
There are 17 different component types for the Audi e-tron battery system, whereby the
busbars were divided into six separate types as they were present in different shapes. This
in turn must be considered in any sensor-based vision approach in process automation.
The combination of the module management controller (MMC) and holder was also found
in two different configurations.

The existing approach has then been extended by incorporating the influence of inde-
pendent components (marked with 0) on the sequence, whereby individual components
have been moved to one level depending on the rank and independence. In addition, for
the special case of the MMC together with its holders, it was considered that these can
be removed together in one step. Once sequence-adjusted, this results in the disassembly
depth of the individual components, which was then transferred to the product and process
data structures.
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Figure 2. Disassembly priority matrix for the battery system of an Audi e-tron 50 (71 kWh) with
extended disassembly depth derivation.

3.2. Disassembly-Related Product Definitions and Data Structure

To ensure a uniform understanding and a clear categorization within the overall
assessment, the elements relevant to the product-related data structure, such as the battery
system, its components and joints, are first defined with reference to dismantling and then
transferred to an illustration of the product data structure in Figure 3.

A product system (PS) in the context of disassembly describes the accumulation of
individual components that are arranged via the connection of their joints and thus form
an overall system. For battery disassembly, the battery pack forms such an overall system.

A product component (PC), or simply component in the context of dismantling battery
systems, is a clearly identifiable and functionally definable part within the overall system.
It represents an independent unit that fulfills specific functions and can be assembled and
disassembled as a whole. A component is connected to other components of the overall
system by one or more joint connections. The battery module or the busbar used to connect
the battery modules can be mentioned as an example of a component.

A joint connection (JC) is a physical or chemical connection that permanently or
reversibly detaches two or more components of a system. In the context of disassembly, the
joint refers to the various mechanisms used to hold the individual components of an overall
system in place. Examples of joints include screws, plugs, rivets, adhesive or welded joints.

Following these definitions, the product data structure for the components connected
to each other via joint connections can now be considered along the previously derived
disassembly depth for the special case of the Audi e-tron 50 battery pack. The component
links shown in Figure 3 illustrate the complex and multi-layered structure of a battery
system at the pack level. The specific objective of disassembly is to remove the product
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components from the product system efficiently, which in turn involves separating the joint
connections and subsequently removing the component. This procedure is now followed
along the dismantling depths, whereby the potential for parallelization can already be
identified from the illustration. The type and quantity of components and joints processed
in the product data structure for the Audi e-tron are summarized in the subsequent Table 2
extended by weight shares and main materials. While the material can be a decision
criterion for the faction to be assigned, the weight is also relevant for the end effector and
robot selection in automated disassembly.

Figure 3. Product data structure of the Audi e-tron 50 battery system consisting of the components
and their connections characterized by joints, arranged along the disassembly depth levels.
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Table 2. Overview of the components and joints and their quantitative links at the product level for
the Audi e-tron battery pack.

Component QTY Joint Connection
Joint

Quantity 1 Share in kg
Materials (Main

Share)
Linked Subsequent

Components 2

Battery Junction Box 1
Screw connection 16

12.9
Aluminum/ Housing Cover

Plug connection 1 Others HV Connector
Cable

Communication
Interface Cover 1

Screw connection 4
0.2 Plastics

Housing Cover
Plug connection 1 Wire Harness

Housing Cover 1
Screw connection 96

14.3 Aluminum Housing Tray
Adhesive connection 1

Wire Harness 1 Plug connection 0.7
MMC A/B

24 Battery Module
Housing Tray

Module Management
Controller A (MMC) 6 Plug connection 1 0.6 Plastics/

Others MMC Holder A

Module Management
Controller B (MMC) 3 Plug connection 1 0.3 Plastics/

Others MMC Holder B

MMC Holder A 3 Plug connection 2 0.5 Plastics Housing Tray

MMC Holder B 3 Plug connection 1 0.2 Plastics Housing Tray

HV Connector Cable 1
Screw connection 4

1.5 Copper/
Others

Battery Module
Plug connection 4 Housing Tray

Busbar
(Types A to F) 26 Screw connection 4 3.8 Copper/

Plastics Battery Module

Battery Module 27
Screw connection 4

364.5 Housing Tray
Adhesive connection 1

Housing Tray 3 1 - - ~130.2 Aluminum/Metal -

1 Quantity of joint connections per component; 2 Subsequent in relation to the disassembly depth/sequence of
disassembly; 3 Scope up to the tray (subsequent cooling system and housing components were not considered).

In the case of the Audi e-tron, the majority of the joint connections are screw and
plug connections, while adhesive connections in the form of the thermal interface material
and the sealing are also present, particularly in the context of module removal and when
removing the housing cover. To remove the cover of the pack, it is necessary to first remove
the battery junction box and the communication interface cover. This is necessary because
the cable connections would otherwise prevent the cover from being removed. The cover
itself is attached to the housing with 96 screws and has a sealing that adheres quite firmly.
Once the screw and adhesive connections have been separated, the component housing
cover can be removed.

In addition to the type and quantity, the position of the components and joints must
also be known for the actual execution. Furthermore, tool information and tool specifica-
tions are required to separate the joints, which then can be used in combination with access
vectors for the specific process sequence in the case of an automated procedure.

3.3. Disassembly-Related Process Definitions and Data Structure

Similar to the product analysis, the elements of the process were also defined in a
uniform manner and linked to the respective product data. A distinction was made between
process step, disassembly activity and disassembly operation.

A process step in the context of disassembly (DPS) refers to the detachment and
removal of a specific component to be separated and removed from the overall product
system. Each process step therefore represents a clearly defined, self-contained sequence
that comprises one or more disassembly activities.

A disassembly activity (DA) refers to the separation of one or more specific joint
connections of the component focused on the respective process step or the removal of the
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component itself. The separation can be either destructive and therefore irreversible or
non-destructive.

The disassembly operation (DO) forms the third level in the process structure and
describes primitive actions, all of which add up to a process activity. Examples of this type
of primitive action can be physical movements (e.g., moving the robot from A to B), the use
of tools (e.g., gripping, unscrewing) and the opening and closing of a quick-change system
for changing tools.

Based on these definitions, and in conjunction with the existing product data, an
overall process sequence is achieved along the disassembly depth as shown in Figure 4,
whereby process steps on one level can also be swapped in their sequence. Level III forms
an exception due to the multi-sided links.

For the removal of the housing cover, this means that the process consists of the
sum of the disassembly activities of loosening the screws, which is repeated 96 times, the
separation of the connection between the housing and cover in the form of the sealing
compound and the removal of the cover itself. Using the same analogy, a disassembly
activity could be represented as the sum of the disassembly operations. For the screw
connection, in an automated approach, this would be, for example, (1) the movement from
the initial position to the end effector exchange station (which in turn can be expressed as a
chain of movements); (2) the application of the screwdriving tool; (3) the movement to the
screw position (whereby a delta position must be approached here depending on the tool);
(4) the execution of the unscrewing operation; (5) the removal or picking up of the screw;
(6) the movement to a target position within a faction; and (7) the depositing of the screw
within the faction.

Similar to the product data structure, dependencies, data and information can also be
derived for the process view, which are required for automated execution, particularly at
the level of a disassembly operation. In addition to the positions and access vectors already
mentioned in the product structure for components and some types of joints, a target
position, e.g., derivable via an assigned fraction or the material of the component/joint,
is also required to remove it cleanly from the product system and, based on the overall
goal of disassembly, to provide homogeneous material flows for recycling. In addition,
each component and joint must be assigned a tool and the specifications required for the
utilization of the tool.

Using the information and data structures derived from the example of the Audi
e-tron battery pack, the subsequent objective is to establish a generalized data flow within
the process representation for automated disassembly. Due to the fact that an interaction
of hardware and software systems takes place within the automated disassembly, and it
can therefore be referred to as a cyber-physical system (CPS), the hardware-side resources
or mechanisms as well as any control instances and data flows must also be taken into
account alongside the input and output data flows in the modeling. These inputs, outputs,
controls and mechanisms (ICOMs) are therefore transferred into a modeling approach in
Figure 5 using the Integration Definition for Process Modeling (IDEF) approach for the
general process consideration in the automated disassembly of battery systems.

Part A of Figure 5 references the process step level. On the left-hand side are the input
data derived from the components, which are necessary to execute the process step. In
addition to the position data already discussed (component position and target/deposit
position) and a suitable access vector, the joint connections also flow into the process
together with their respective referenced data points and the current progress state. While
the joint data are used in the detailed view B of Figure 5 for the different activities as an
input, the progress state is required for every step to ensure the correct sequence according
to the sequence plan (controls). Depending on the system design and procedure, reference
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data also flow into the process, which are used as a control instance in the context of, e.g.,
sensor recordings (e.g., 2D or 3D recordings of a vision sensor). The type and scope of these
data vary, which is why it is generally described here as reference data. Various types of
mechanisms are required to ensure the process execution of the CPS. In addition to any
sensors, one or more tools and their process-related specifications are used. Depending on
the automation approach, robots can be used for execution, for example. These and other
approaches are generally summarized under the term automation system. The output of
the process step is the respective component and, depending on the type, the individual
joint connections and the new progress state.

Figure 4. Process data structure for the disassembly of the Audi e-tron 50 battery system consisting
of the sequence of process steps and their respective assigned process activities, arranged along the
disassembly depth levels.
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Figure 5. Generalized process flow diagram according to IDEF0 with all basic inputs, controls,
mechanisms and outputs (ICOMs) that are required to carry out an automated battery disassembly
step derived from the product and process data structure.

Part B of Figure 5 is structured in the same way, whereby the respective disassembly
activities are executed here, each of which references the data of the joints as inputs
before the component itself is removed from the product system in a final step. The
progress state depends on the previous activity. The type of joint determines whether
or not it will be carried out as a physical output from the activity step. Adhesive and
welded joints are usually separated and then remain as part of the respective component
for removal from the product system. This can also apply in part to plug connections,
depending on the disassembly technology selected. Depending on the hardware and
software structures within the disassembly system, the ICOMs must be expanded to
include additional elements. The approach therefore serves as a generalized basis. For
combined tools that process several joint connections simultaneously, the sequencing would
have to be parallelized.

3.4. Product and Process Data Model Approach

In conclusion, a data model approach can be developed from the cooperations of
the product and process data structure, the respective definitions and the general process
approach derived from the specific example of the Audi e-tron. On the product side, this is
made up of the JC, PC and the battery pack as a PS and is supplemented on the process
side by the DO, DA and DPS. The two interlinked data hierarchies can be brought together
in a higher-level battery model, which describes, for the example of the Audi pack, the
e-tron battery model as it exists for a vehicle generation or time period, whereas a specific
installed Audi e-tron battery would represent the battery pack.

The structure described is visualized in Figure 6 as a data structure model approach
and contains the data properties identified in the previous stages.

The data type designations of the respective data properties required for a software-
side implementation are also part of the structure as well as a categorization of possible data
sources for the implementation based on the initial consideration of the battery passport.
Based on the current state of discussion for the battery passport, the data that will be
provided in the prototype application of the passport are highlighted (green). There are
also data that are partially available or where the level of detail could not yet be fully
derived (blue) and where there are no verified data sources present (white) [53]. Some
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data properties can also be generated via the disassembly plant (DP) and its structure (e.g.,
during the process via sensors). These are mostly located at the lower hierarchical levels. At
present, this means that the upcoming battery passport will not provide sufficient data for
the automation of battery disassembly. The more data points listed that are integrated into
the battery passport in the future, the greater the potential is for implementing automated
battery disassembly for a variety of different battery pack designs. For independent use
without external sources such as the battery passport, there is also the possibility of an
integrated teach-in strategy for new battery models, which would require systematic
recording of the data during a manual disassembly procedure.

Figure 6. Derived data structure model approach for automated battery disassembly based on the
integration of product and process structure with the boundary conditions of automation and the
battery passport as a partial data source.

The data model approach shown includes further data properties at the battery model
level and in parts for the subsequent levels, which are relevant for the selection of disman-
tling technologies and the related interface processes. Capacity, c-rates, state of charge (SoC)
and voltage level, for example, are important parameters for executing the discharging of
the battery pack. The cell chemistry, the charge and discharge cycles already performed, the
state of health (SoH) and the condition of the battery pack (e.g., mechanical deformation
in the case of crash batteries) can be used to derive decisions regarding reuse strategies
and subsequently the use of destructive or non-destructive disassembly methods, for ex-
ample. The condition also influences the disassembly sequence, the tools required and the
fundamental assessment of the successful automated execution of a disassembly step. De-
pending on the respective type, the disassembly operation either requires a target position
in addition to the current position (e.g., movement operations) or a type of execution (e.g.,
unscrewing, gripping, end effector release, etc.). Depending on the information required,
associated classes may be needed as inputs. Extensions to this structure are conceivable for
both the product-side and the process-side class structure.

4. Conclusions

This article focused on the identification and accessibility of product- and process-
related data in the context of the automated disassembly of battery systems. For this
purpose, the current status and scope of battery disassembly-specific data in the literature
were first analyzed and discussed. The result showed a very diverse level of information
depth, which also varied in the type and scope of its structures depending on the respective
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disassembly topic being discussed. This led to the conclusion that such data were not
widely applicable for a general utilization in connection with automated disassembly
processes. The battery passport, which was also considered, is also not yet a sufficient
data source at the current planning stage for the specific implementation of automated
disassembly steps.

Based on these findings, a methodical approach was first applied to establish a product
and process data structure by deriving the disassembly sequence and depth for the specific
case of an Audi e-tron battery pack. Product-related elements and relationships were identi-
fied and defined along the disassembly depth. Based on this, the process-side level was also
analyzed according to the same principle. With the identified data, structures, relationships
and definitions, a generalized process model was designed and then transferred into a
holistic data structure model approach.

On the product side, this approach comprises the joints, components and the battery
pack as a product system and is extended by the process step associated with the component,
the disassembly activity referencing the joint and the level of rudimentary disassembly
operations. This hierarchical structure is complemented at the top by the battery model.
Data properties that are relevant for the implementation in the context of automated
disassembly and any interfaces have been assigned to all the elements mentioned.

While this model approach forms a basis for the planning of an automated disassembly
system and has largely been applied within a research project for individual automated
disassembly steps, an overall validation and the further development of the approach into
a fully comprehensive CPS are still required. Furthermore, the battery passport should
be further developed as a source of information and data, especially in the context of the
challenges of automated battery disassembly as an important step towards establishing
homogeneous material flows for recycling. The interaction of a detached teach-in strategy
for recording the relevant data together with the current structural design of the model
approach must also be further investigated to ensure that the automation of battery dis-
assembly required in the future can be used economically and comprehensively. For the
future further development of the approach presented here, special attention should be
paid to data deviations in the case of damaged batteries, deformations, external influences
or changes due to repairs, as these circumstances have so far only been included in the data
via the items’ condition and possible reference images and data. On the process side, there
need to be process alternatives or fallback approaches for these cases.
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Abstract: The global shift towards sustainability is driving the electrification of transportation and
the adoption of clean energy storage solutions, moving away from internal combustion engines. This
transition significantly impacts lithium-ion battery production in the electric vehicle (EV) market.
This paper summarizes specialized topics to highlight regional differences and specific challenges
related to electric batteries, focusing on how pollution from gas consumption, distribution, usage,
and lithium production affects society. EV batteries offer promising opportunities for a sustainable
future, considering their economic and environmental impacts and the importance of understanding
their lifecycle. This analysis delves into the recovery of materials and various methods for extracting
lithium and manufacturing EV batteries. Efficient lithium recovery is crucial and globally significant,
with liquid extraction presenting a more environmentally friendly option. By addressing these
challenges, this paper provides an overview of the rationale behind supporting the future of EVs.

Keywords: circular economy; Li-ion battery; recovery; recycling; reuse

1. Introduction

1.1. Overview of Electric Vehicles and Battery Technology

Electric vehicle (EV) batteries are rapidly becoming one of the most significant products
of our time. As the climate crisis intensifies, it is imperative to find solutions that reduce
greenhouse gas emissions. Traditional vehicles with internal combustion engines are major
contributors to these emissions. In contrast, EVs are seen as a viable alternative since
they emit no greenhouse gases during operation. The key to enabling EVs to function
without internal combustion engines lies in the battery. The lithium-ion battery is the most
popular choice for EVs due to its compact size, lightweight nature, and extremely high
energy density [1]. Optimizing lithium-ion battery technology is crucial for enhancing the
efficiency and performance of EVs, paving the way for a sustainable future.

1.1.1. Growth of the Electric Vehicle Market

The demand for EVs is rapidly increasing and is projected to soar in the coming
decades, as illustrated in Figure 1. The global electric vehicle market is expected to grow
significantly over the next decade. According to the International Energy Agency (IEA),
the number of electric vehicles on the road is projected to reach 145 million by 2030 under
current policy scenarios, with the potential to reach 230 million in an accelerated scenario.
This growth is driven by government policies, declining battery costs, and increased con-
sumer demand for cleaner transportation options [2]. Several factors contribute to this
trend, with financial incentives being a major driving force. Initially, EVs were prohibitively
expensive, but as technology has advanced and manufacturing processes have become
more efficient, costs have steadily decreased. Additionally, the unreliability and rising
costs of gasoline make EVs an increasingly attractive option, despite their higher upfront
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cost [3,4]. Moreover, societal trends are shifting towards greater environmental conscious-
ness. Many people are becoming more aware of their contributions to climate change and
feel good about driving vehicles with a reduced carbon footprint [5]. Many countries are
aiming to reduce or eliminate the production of traditional vehicles while encouraging
the manufacturing and adoption of EVs. The UK, France, Germany, the Netherlands, and
several other countries have committed to the objectives of the Paris Agreement and are
developing strategies to phase out the production of internal combustion engine vehicles
(ICEVs) by 2040 [6]. Governments are also introducing supportive measures, such as
purchase incentives and electricity subsidies, to encourage consumers to choose electric
vehicles (EVs) in countries like Japan, Germany, Finland, France, and Austria [7,8]. These
factors collectively suggest that the demand for EVs will continue to grow, reinforcing the
positive outlook for the EV market [9].

 
Figure 1. Global sales growth and demand for EVs (reproduced with permission from [10]).

1.1.2. Importance of Batteries in Electric Vehicles

An EV relies entirely on its battery to operate, allowing it to charge and run without an
internal combustion engine. While gas-powered vehicles use fuel combustion to generate
power, EVs use batteries that convert stored chemical energy into a continuous flow of
electrical energy to drive the vehicle [11]. Consequently, the rising demand for EVs directly
translates to an increased demand for batteries. The growth in lithium battery demand
has been remarkable. In 2010, the demand was approximately 0.5 gigawatt-hours, which
surged to 526 gigawatt-hours by 2020 and is projected to reach 9300 gigawatt-hours by
2030 [12]. Lithium batteries are highly appealing due to their ability to store and discharge
large amounts of energy over extended periods with relatively low maintenance. These
batteries are the cornerstone of EV functionality, necessitating ongoing research to enhance
efficiency and optimize their production, usage, and end-of-life management.

1.2. End-of-Life Challenges for Electric Vehicle Batteries

One of the main challenges with large-scale battery use is managing their end-of-life
phase. Although this issue has been relatively minor so far owing to the long lifespan of
lithium-ion batteries and the recent surge in production over the past decade, it is expected
to become significant around 2030 [13]. This is when many of the batteries produced in the
last 5–10 years will start to reach the end of their useful life [14]. Fortunately, advances in
battery recycling technology are being developed to address this impending challenge. The
key will be integrating various recycling systems to ensure a smooth transition through the
different stages of a battery’s lifecycle, from production to end-of-life management.
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1.2.1. Environmental Impact of Disposal

The demand for disposing of EV batteries has surged, attracting significant interest
from companies. EV batteries contain rare minerals and materials that are difficult to source,
making the recycling process complex. While recycling is essential for nonfunctional or
broken batteries, lithium-ion batteries can also be repurposed for other powerful applica-
tions, such as solar panels or power generators. These practices are more environmentally
friendly than extracting new materials [15]. Although old EV batteries may no longer be
suitable for vehicle use, they can still be repurposed in other fields, extending their lifespan
and providing additional value.

1.2.2. Resource Recovery Opportunities

The need to conserve and recover valuable minerals from old EV batteries is increas-
ing, helping to minimize environmental impact and promote a more sustainable future.
Understanding the lifecycle of EVs and the process of mineral recovery is crucial, as it
influences recycling practices and recovery methods. By optimizing these processes, we
can reduce waste, minimize resource extraction, and lower carbon emissions [16]. This not
only creates economic opportunities but also aligns global interests towards the production
of cleaner energy.

1.3. Circular Economy Principles and Their Application

The concept of a circular economy focuses on reusing existing materials and products
for as long as possible to reduce the need for raw materials and minimize environmental
impact. Figure 2 illustrates the ideal lifecycle of a material within this framework. This
approach can be applied across all economic sectors, primarily through recycling or re-
purposing materials. The benefits are significant: less waste production, reduced raw
material extraction, and long-term cost savings. However, the widespread implementa-
tion of a circular economy is limited by current technological constraints and the lack of
established processes for effectively recycling or repurposing many products. Developing
these technologies and systems is crucial for expanding the circular economy across all
sectors [17].

Figure 2. Circular economy model [18].
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1.3.1. Circular Economy in the Context of EV Batteries

EV batteries exemplify how products can fit into a circular economy, primarily due to
the valuable materials used in their construction. The lifecycle of EV batteries begins with
the mining of rare raw materials such as lithium, cobalt, and nickel [19]. These materials
are then used in the manufacturing process to create the batteries. With an average lifespan
of 10–15 years, the critical question is what happens to these batteries at the end of their
life [20]. By applying the principles of a circular economy, the materials from spent batteries
can be stripped down and recovered. These reclaimed materials can then be used to
manufacture new batteries, reducing the need for fresh raw material extraction. This
process not only cuts down costs but also enhances efficiency and sustainability [21].

1.3.2. Objectives and Scope of the Review

The primary objective of this review is to explore pathways to a circular economy
for EV batteries. This involves examining the properties and lifecycle of the batteries to
understand their societal and environmental impacts and the importance of alternative end-
of-life solutions. The review will then analyze how to implement circular economy practices
within the lifecycle of EV batteries, including the necessary technologies. Additionally,
it will discuss the potential environmental and societal impacts, existing challenges, and
barriers that must be addressed. Finally, the review will outline what is needed for this
approach to shape the future.

2. Lifecycle of Electric Vehicle Batteries

2.1. Battery Composition and Materials

When discussing EVs, it is important to recognize that various battery types are used,
depending on manufacturer preference. The four main battery types used in EVs are
lithium-ion, nickel-metal hydride, lead-acid, and ultracapacitor batteries [22]. For this
paper, the focus will specifically be on lithium-ion batteries, as they are the most commonly
used in the EV industry today. Lithium-ion batteries are preferred in the EV industry
due to their long service life, manageable temperature range, and high energy efficiency
relative to their physical size [23]. These characteristics make them ideal for a circular
economy, as their longevity reduces the need for frequent replacements, thereby decreasing
long-term material demand. However, the increasing prevalence of EVs, driven by a
global shift towards reducing carbon footprints and enhancing sustainability, has led to a
corresponding rise in lithium-ion battery production [24]. This increased production can
counteract the reduced material demand benefits typically associated with the batteries’
long lifespan [25]. Understanding the detailed properties and lifecycle of lithium-ion
batteries is crucial for integrating them into a circular economy model. This knowledge
allows for the development of more efficient recycling and repurposing practices, ultimately
supporting sustainability goals.

2.1.1. Overview of Battery Components

Lithium-ion batteries consist of four main components: the anode, cathode, electrolyte,
and separator. The anode is the negative electrode, and the cathode is the positive electrode.
These electrodes work together, with the anode releasing excess electrons into the external
circuit while the cathode draws them in. The electrolyte serves as the medium through
which electrons are transferred between the anode and cathode. Finally, the separator keeps
the anode and cathode apart, preventing short circuits and helping regulate the strength of
the electric current [25]. A schematic view of the battery is shown in Figure 3.
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Figure 3. A schematic diagram shows the lithium−ion battery’s components and working [26].

2.1.2. Identification of Critical Materials

When discussing the role of EV batteries in a circular economy, the first stage focuses
on materials. The raw materials required to make a lithium-ion battery typically include
metals such as lithium (with variations in alloys), manganese, copper, graphite, cobalt,
nickel, and iron [27]. Figure 4 illustrates the composition of these materials within the
overall battery [28]. These metals are chosen for their efficient properties, like conductivity
and availability. However, not all materials required for these batteries are economically
advantageous to obtain. For instance, cobalt can be expensive because it often needs to
be sourced from unstable regions. Despite the cost, cobalt’s properties are crucial for
better temperature management within the battery, making it difficult to find suitable
alternatives [29].

Figure 4. Schematic diagram showing the various components of a lithium-ion battery (reproduced
with permission from [30]).
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2.2. Manufacturing and Use Phase

The manufacturing process for lithium-ion batteries begins with the selection of their
cell type, which can be cylindrical, pouch, or prismatic. In the EV industry, cylindrical
cells are typically used. The manufacturing process consists of three main stages: electrode
preparation, cell assembly, and battery electrochemistry activation [31]. During the elec-
trode preparation stage, a slurry is created from an active material, a conductive additive,
and a binder. The active material, which facilitates chemical reactions that release electrons,
can include lithium cobalt for lithium-ion batteries [32]. The conductive additive, often
graphite, enhances electron flow between the cathode and anode [33]. The binder, usually
a type of polymer, holds the active material and conductive additive together, functioning
like glue [34]. The cell assembly stage involves assembling all the battery components into
the final cell structure, ensuring it is ready for installation. The final stage, battery electro-
chemistry activation, involves cycling the battery to establish electrical flow throughout its
components, effectively jump-starting its service life [35].

2.2.1. Environmental Impact during Production

The prevalence of EVs has surged in recent years. In an effort to reduce emissions
and promote sustainable living practices, transportation has become a key area for im-
plementing these standards, both on individual and governmental levels. However, this
growth in EVs brings forth discussions about the environmental impact of their production,
particularly the production of the lithium-ion batteries they require. This raises questions
about the potential contradictions between the goal of creating a cleaner environment and
the environmental footprint of battery production.

An important aspect to consider in the production stages of lithium-ion batteries is the
environmental impact of raw material extraction. As previously mentioned, the materials
used in lithium-ion batteries include various metals and alloys, which are natural resources.
Extracting these materials requires a significant amount of energy, contributing substantially
to the environmental impact of lithium-ion battery production [36]. The primary concern
with this energy consumption is the associated carbon dioxide emissions. There is a positive
correlation between the extraction of natural resources, carbon dioxide emissions, and the
ecological footprint. This means that as the mining of natural resources increases, so too
do carbon dioxide emissions and the ecological footprint [36]. The ecological footprint
measures the amount of land required to sustain the demand for these resources. In
summary, increased extraction of natural resources, such as the metals and alloys needed
for lithium-ion batteries, leads to greater negative environmental impacts.

Another significant environmental impact of lithium-ion battery production comes
from material preparation. After raw materials are extracted, they must undergo various
processes before being incorporated into the final battery structure. These processes include
sintering, grinding, spraying, coating, drying, and sieving. Each of these steps consumes
a substantial amount of energy and resources, such as natural gas, to be carried out
effectively [37].

Lastly, the electrode preparation stage in the production of lithium-ion batteries
also significantly impacts the environment. During this stage, a slurry is created from
active material, a conductive additive, and a binder. This process inevitably releases
toxic vapors into the air through chemical reactions. Due to the known toxicity of these
vapors, regulations are in place to contain them and prevent their release into the external
environment [38].

Overall, the production of lithium-ion batteries for EVs has several negative environmen-
tal impacts. These include increased extraction of natural resources, higher carbon dioxide
emissions, elevated energy consumption, and the creation of toxic vapors. While EVs are
often seen as environmentally beneficial, the environmental effects of battery production can
counteract this perception. It is crucial to consider these impacts across the different stages of
production to fully understand the environmental footprint of EV batteries.
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2.2.2. Considerations during the Operational Life of EV Batteries

Following the production stage, the next phase in the lifecycle of EV lithium-ion
batteries is their operational life. This stage involves the actual use of the batteries within
EVs. Key considerations during this phase include temperature degradation of the battery,
charging practices, and the habits of EV users. From the standpoint of an EV manufacturer,
producing a high-quality product is paramount. For EVs, this means ensuring that the
lithium-ion battery, the vehicle’s power source, has a long service life. Many aspects of the
operational phase are directly related to maximizing this lifespan. Therefore, the following
considerations will focus on how various factors can impact the longevity of lithium-ion
batteries in EVs.

The first consideration is temperature degradation of the battery. EVs are used wher-
ever consumers are, meaning that these batteries can be exposed to a wide range of
environments depending on the user’s location and the local climate. Seasonal varia-
tions pose a challenge to the longevity of lithium-ion batteries, as they may experience
overheating in high temperatures or damage from exposure to low temperatures. This
cycling of extreme temperatures can significantly reduce the battery’s expected service life.
Lithium-ion batteries perform best at moderate temperatures, typically when they are in
a state of storage. For example, in EVs, the battery is at an ideal temperature when the
vehicle is not in operation [39]. However, this is impractical, as the primary purpose of the
vehicle is transportation, not storage.

The second consideration is the consumer’s charging practices. EVs require regu-
lar charging, but the frequency and manner of charging can impact the degradation of
lithium-ion batteries. A common charging routine among EV users is to fully charge
the battery overnight, drive until the battery is nearly or completely depleted, and then
repeat this cycle. This practice is harmful to lithium-ion batteries. Charging the battery for
extended periods, such as overnight, can cause overheating, which contributes to battery
degradation [40]. As mentioned previously, extreme temperature variations can negatively
affect the battery’s lifespan. To promote a healthier charging cycle, EV users should aim to
maintain a 20% charge at all times and avoid charging beyond an additional 50% at any
given time. This balanced approach helps mitigate the thermal stress on the battery and
extends its operational life.

The third consideration in the operational life of a lithium-ion battery is the driving
habits of the EV user. Just as charging practices can influence battery health, the manner in
which the vehicle is driven also plays a significant role. Battery degradation can vary based
on the user’s routine driving patterns. For example, one user might commute to work
five days a week, spending a significant amount of time on the highway at high speeds.
In contrast, another user with a similar work schedule might have a shorter commute
that only involves driving on smaller streets at lower speeds. These variations in driving
conditions between users significantly impact the battery’s lifespan [41]. The user with the
longer, high-speed commute is likely to experience faster battery degradation, whereas the
user with the shorter, lower-speed commute imposes less strain on the battery, resulting in
a longer lifespan.

Overall, the operational stage has a significant impact on the service life of EV batteries.
Factors such as environmental conditions, charging practices, and driving routines all
influence battery longevity. By understanding and optimizing these factors, users can
enhance the efficiency and extend the lifespan of their EV batteries.

2.3. End-of-Life Phase

Following the operational stage, the end-of-life phase is concerned with the final
disposition of the EV’s lithium-ion battery. Several options are available for battery disposal,
including complete disposal, material recovery and reuse, or various recycling methods,
which will be explored in detail later. However, each option comes with its own set of
challenges, including potential inefficiencies and costs, which may impact the sustainability
of the chosen method for the battery’s end-of-life phase.
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2.3.1. Challenges in Battery Disposal

Before selecting a disposal method, it is crucial to consider the inherent challenges
associated with battery disposal. These challenges include additional costs, limited oppor-
tunities for secondary applications, and the competitive market for new batteries.

One significant challenge is the additional expense involved in partial recycling of
battery components. Specifically, the valuable metals within batteries, such as lithium
and cobalt, are highly sought after. However, the cost of extracting these metals from
used batteries is often higher compared to sourcing them through traditional mining. This
disparity arises because the process of recovering metals from spent batteries is more
complex and resource-intensive than mining new materials. Another challenge is the
limited potential for second-life applications of used batteries. Second-life applications
involve repurposing a used battery for a different function, such as using an EV’s battery
to power industrial machinery. However, the chemical composition of lithium-ion batteries
changes significantly over time, making it difficult to effectively repurpose them for new
uses. The rapid growth in EV production has led to a competitive market for new batteries.
As demand for new batteries increases, manufacturers compete by lowering prices to attract
customers. This price competition reduces the incentive to seek out and reuse old batteries,
making new batteries more attractive despite their lower cost [29].

2.3.2. Opportunities for Circular Practices

Despite the challenges associated with lithium-ion battery disposal, there are sig-
nificant opportunities to integrate these batteries into a circular economy. The circular
economic model envisions a cycle where end-of-life stages connect back to the beginning
life stages, promoting sustainability and resource efficiency. While there are hurdles to
effective disposal, they do not preclude the potential for reusing and recycling these batter-
ies within a circular framework. Recycling methods, which will be discussed in detail in
subsequent sections, offer a pathway to align with circular practices. Additionally, the EV
industry is expanding rapidly, driven by increasing efforts to address climate change and
enhance sustainability [42]. As the industry grows, so too will the regulatory frameworks
designed to mitigate environmental impacts and promote the efficient disposal of EV batter-
ies [43]. Government regulations and industry standards are likely to evolve, reducing the
challenges associated with battery disposal and fostering more effective circular economy
practices. Current strategies for integrating lithium-ion batteries into a circular economy
are already in place and will be explored further in the following sections.

3. Circular Economy Strategies for End-of-Life EV Batteries

3.1. Battery Recycling Technologies

Battery recycling is crucial for sustainability, as it facilitates the recovery of valuable
materials and reduces energy consumption. Recycling could potentially lower the primary
demand by 25–64% between 2040 and 2050, according to projected demand figures. This
suggests that waste streams might significantly contribute to meeting future raw material
needs [44]. The battery recycling market is also projected to expand, with estimates suggest-
ing that it could grow from USD 17.2 billion in 2021 to USD 23.2 billion by 2025, at a CAGR
of 6.1%. This growth is fueled by the increasing adoption of EVs, stringent environmental
regulations, and the rising value of recycled battery materials such as lithium, cobalt,
and nickel [45]. In line with government policies that promote green initiatives, efforts
such as those in Storey County, Nevada—where American Battery Technology Company
(ABTC) has received over USD 70 million in U.S. DOE grants—are advancing the recycling
and commercialization of battery metals to create a domestically-sourced circular supply
chain [46]. Li-Cycle Corp., Toronto, ON, Canada, is a leading lithium-ion battery resource
recovery company that operates several recycling facilities across North America, including
Ontario, Canada. The company uses a proprietary hydrometallurgical process to recover
up to 95% of all constituent materials found in lithium-ion batteries, including lithium,
cobalt, and nickel. Li-Cycle’s approach not only helps mitigate the environmental impact
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associated with battery disposal but also ensures that valuable materials are efficiently
reintroduced into the supply chain, supporting sustainability goals [47]. Northvolt, a
Swedish battery manufacturer, is developing a comprehensive recycling program called
Revolt, which focuses on recovering metals such as lithium, cobalt, and nickel from old
EV batteries. Northvolt’s recycling facility in Vasteras, Sweden, uses a combination of
mechanical and hydrometallurgical processes to achieve high recovery rates for valuable
battery materials. The company aims to produce batteries with up to 50% recycled material
by 2030, aligning with broader sustainability and circular economy goals [48]. The bat-
tery recycling employs different methods such as pyrometallurgical, hydrometallurgical,
bioleaching, and direct recycling processes to efficiently extract and repurpose materials
for new battery production. A flow chart of the conventional treatment processes of spent
Li-batteries (LIBs) is given in Figure 5.

 
Figure 5. Conventional flow chart of treatment processes of spent LIBs (reproduced with permission
from [49]).

Pyrometallurgical processes involve high-temperature smelting to recover valuable
metals, while hydrometallurgical methods use aqueous solutions to leach out metals,
offering lower energy consumption. Bioleaching utilizes microorganisms to extract metals
from spent batteries, presenting a potentially eco-friendly alternative. Direct recycling
aims to preserve battery materials’ original structure, facilitating their reuse with minimal
processing. Each method offers distinct advantages and limitations, and their combined
use can optimize resource recovery and reduce environmental impact [50]. Table 1 provides
a comparison of these recycling methods. These advanced technologies not only enhance
the effectiveness of battery disposal but also contribute to the development of a more
robust circular economy. By refining these recycling methods, we can improve resource
recovery and reduce environmental impact, paving the way for more sustainable practices
in battery management.

180



Recycling 2024, 9, 76

Table 1. Comparison of recycling methods [51–54].

Recycle Method Highlights Advantages Disadvantages

Pyrometallurgical

• Involvement of
high-temperature for
smelting of batteries.

• Frequently used for
extraction of Co and Ni

• Simple process
• High productivity
• Industrial scale-capacity

• Requirement of high energy
• Emission of hazardous gases
• Limited number of

materials reclaimed

Hydrometallurgical

• Involves the use of acids
and reductants

• Most of battery components
are recovered as metals (Cu,
Al) or salts (Li, Ni, Mn, etc.)

• Low energy consumption
• Ease of operation
• Low emission of toxic gases
• Low cost
• Higher energy efficiency

• Complexity in the selection
of chemicals

• Waste water management problem
• Higher consumption of reagents

Bioleaching
• Microorganisms such as

bacteria or archaea are used
to extract metals.

• Environmentally
competitive

• Low cost
• The addition of a proper

catalyst can increase the rate
of reaction and
leaching yield

• Higher processing cost and
environmental impact

• Slow process kinetics
• Susceptible to contamination

Direct recycling
• Preserves cathode

morphology with
minimal processing

• Low pollution
• Low energy consumption
• Less greenhouse

gas emission

• Still needs time to develop
and mature

3.1.1. Overview of Existing Recycling Methods

EV batteries comprise cells that include a cathode, anode, electrolyte, and separator,
arranged in series or parallel configurations. These batteries typically have a lifespan of
around 10 years; however, factors such as overcharging and excessive discharging can
accelerate their degradation [39]. As EV batteries approach the end of their useful life, they
are often discarded or replaced with newer models. Repurposing or reusing these batteries
for alternative storage applications presents an opportunity to extract additional value.
The growing demand for materials used in EV batteries highlights their significance. This
increasing demand underscores the importance of efficient recycling methods to manage
the supply and sustainability of these critical materials.

3.1.2. Innovations in Battery Recycling Technologies

The rapid evolution of EV battery technology has significantly impacted both the
transportation and production sectors. Advances in charging capabilities and vehicle
design have not only improved performance and affordability but have also enhanced the
safety and efficiency of discharging and recycling EV batteries. Companies like Li-Cycle,
Redwood Materials, and American Battery Technology Company are developing propri-
etary recycling technologies to maximize material recovery and reduce environmental
impact [55]. Innovations in battery recycling technologies are influenced by several factors,
including advancements in processing techniques, supply-chain stability, decarbonization
efforts, and regulatory pressures and incentives [56]. Research-driven improvements in
these areas are helping to ensure the quality and efficiency of battery recycling processes.
These developments support the goal of making recycling more effective and economi-
cally viable, while also securing local raw materials at competitive prices. Innovations
in battery recycling technologies are also addressing the challenge of handling emerg-
ing battery chemistries, such as solid-state and lithium–sulfur batteries, which require
specialized recycling methods. Efforts are underway to develop scalable processes for
these new types of batteries to ensure they can be efficiently recycled as their use becomes
more widespread [57,58]. Furthermore, advancements in machine learning and artificial
intelligence are being integrated into recycling systems to optimize sorting, identify mate-
rials with greater precision, and improve overall recovery rates [59]. These technological
advancements not only enhance the effectiveness of recycling but also contribute to the
long-term sustainability and economic viability of battery recycling initiatives.
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3.2. Second-Life Applications

EV batteries have a finite lifespan, but their repurposing and reuse offer valuable
opportunities for creating alternative energy solutions. For instance, these batteries are
increasingly being utilized in solar panel systems to store energy for use when sunlight or
wind is unavailable [60]. Additionally, they are being employed in electric fast-charging
stations that store alternative energy, fostering innovation in transportation infrastructure.
Although EV batteries contain harmful minerals, their recycling could act as a catalyst for
improving the environmental practices of the mining industry [61]. This not only helps
reduce the carbon footprint but also promotes the growth of renewable energy sources.
A utilization chain of an EV battery throughout its lifecycle is shown in Figure 6.

Figure 6. EV battery utilization chain throughout its lifecycle [62].

When an EV battery reaches the end of its life, there are several options for its man-
agement. One option is disposal, typically used when the battery is severely damaged or
destroyed beyond repair, rendering it unsuitable for reuse. Another option is recycling, par-
ticularly valuable when the battery contains metals that can be recovered and repurposed
for new applications. Additionally, reusing batteries can offer significant market value.
Batteries with reduced capacity or remaining energy can be utilized in secondary applica-
tions that require lower energy levels [62]. As EV technology and battery storage continue
to advance, the demand for raw materials for these second-life applications is growing,
highlighting the importance of effective battery management. With the advancement of EV
technology and battery storage solutions, innovations in battery diagnostics, predictive
analytics, and automated processing are improving the management of end-of-life batteries.
These developments enhance the accuracy of battery health assessments, increase recycling
efficiency, and facilitate the adaptation of batteries for new applications. The growing de-
mand for raw materials for second-life applications underscores the importance of effective
and sustainable battery management strategies.
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3.2.1. Reuse of EV Batteries for Stationary Energy Storage

Reusing and recycling EV batteries offers valuable opportunities to extend the life
of newer batteries and support sustainability. Many EV batteries find a second life in
stationary energy storage systems, such as power grids or backup power sources. These
batteries can be repurposed for applications requiring lower energy levels or integrated
into other energy storage systems [63]. Several companies disassemble old EV batteries,
recover and recycle valuable components, and supply them to industries in need of these
materials. Additionally, many independent companies are investing in recycling facilities,
boosting the demand for cathode materials and increasing profitability. While battery
recycling is not yet a critical issue, its importance is expected to grow significantly in the
future as technology advances and secondary applications expand. For instance, companies
like B2U are repurposing old EV batteries to create solar panels, which can maintain grid
operations cleanly for over five years before being recycled into new batteries [64]. The
recycling process for EV batteries typically involves four main steps. First, the batteries are
collected and sorted based on their type and condition. Second, they are disassembled and
discharged to safely remove any residual energy. Third, the batteries undergo pretreatment,
which involves shredding them into smaller pieces to facilitate further processing. Finally,
the materials are recovered using chemical processes [65,66]. To extract and purify the
valuable materials, such as nickel, cobalt, and lithium-ion phosphate, different methods
like pyrometallurgy, hydrometallurgy, and direct recycling methods are employed. Due to
the complex nature of these materials, specialized techniques and equipment are required
to effectively dismantle and process them [51].

3.2.2. Repurposing Batteries for Nonvehicular Applications

EV batteries, which convert and store chemical energy as electricity, inevitably experi-
ence degradation over time, leading to reduced capacity and performance. Factors such as
temperature exposure and usage conditions can accelerate this degradation. When these
batteries reach the end of their useful life, proper disposal is crucial to prevent environ-
mental harm while maximizing societal benefits. While recycling is an option, it poses
challenges, including potential contamination of wildlife and the high costs associated
with extracting valuable materials like lithium, cobalt, and nickel through smelting. Re-
purposing offers a promising alternative to recycling. By finding new uses for degraded
batteries, we can extend their value beyond vehicular applications. For example, Nissan
has repurposed batteries to power streetlights in Japan, Renault has used them to back up
elevators in Paris, and GM has employed repurposed Chevy Bolt batteries to support its
data center in Michigan [67]. The Nissan Leaf Energy Storage Project is a notable example
of repurposing end-of-life EV batteries for stationary energy storage. Launched in 2016
in collaboration with Eaton and a local utility, the project involves selecting and testing
used batteries from Nissan Leaf vehicles based on their remaining capacity. These batteries
are integrated into modular energy storage systems that are connected to the grid. The
systems store excess renewable energy and provide backup power during peak demand,
thus extending battery life and reducing waste while enhancing grid stability and sup-
porting renewable energy integration [68]. BMW’s Second-Life Battery Systems represent
another successful approach to repurposing EV batteries. The company utilizes batteries
from its i3 and i8 models to create energy storage solutions for commercial and residential
use. These repurposed batteries store energy generated from solar panels and release it
during high-demand periods, demonstrating how extending battery life can contribute
to energy efficiency and support the adoption of renewable energy sources [69]. As EV
battery technology evolves and cathode materials become more complex, repurposing and
recycling processes may face increased difficulty, particularly with newer, heavier batteries.
However, advancements in technology present opportunities to streamline these processes.
By focusing on direct recycling and repurposing, costs can be minimized and handling
techniques standardized, potentially improving regulatory practices and fostering inno-
vative partnerships within the industry [65]. Despite the challenges, there are significant
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opportunities for companies to develop technologies and strategies that enhance battery
repurposing and recycling in the future.

3.3. Material Recovery and Resource Conservation

The transportation sector is undergoing a rapid transformation as automotive man-
ufacturers shift from gas-powered vehicles to EVs. This shift has intensified the demand
for key materials used in EV batteries, such as lithium, cobalt, and nickel, leading to
significant advancements in extraction and processing technologies [70]. For instance,
improvements in lithium retrieval methods have increased efficiency by over 80%, making
the costs comparable to newly produced materials [21]. By the end of 2021, a total of at
least nineteen critical materials recovery plants were set up across nine countries, including
China, the United States, and Canada, with a combined capacity of around 322,500 tons
annually [50]. As EV batteries approach the end of their lifecycle, the critical question arises:
Should they be discarded, or can they be recycled? Proper disposal is essential to minimize
environmental impact and maximize resource recovery. This is where Total Manufacturing
Recovery (TMR) initiatives come into play [71]. A notable example is B2U, a company
specializing in repurposing used EV battery components. B2U integrates these components
into their solar panel systems, allowing them to store energy when sunlight is insufficient.
When solar panels are not producing enough power, the repurposed batteries discharge
energy back into the grid, functioning similarly to a generator [72]. This approach not
only enhances the efficiency of renewable energy systems but also helps reduce the carbon
footprint by providing a sustainable source of electricity for homes and businesses. By fo-
cusing on material recovery and resource conservation, companies like B2U are pioneering
solutions that address the environmental challenges associated with EV battery disposal
and contribute to a more sustainable energy future.

3.3.1. Recovery of Valuable Materials from Spent Batteries

Recovering valuable materials from spent batteries is crucial for environmental sus-
tainability but presents several challenges. Spent batteries, once used in various settings
such as households, offices, and schools, must be sorted and processed to extract reusable
materials. The recovery process often begins with acid leaching, a technique that uses acids
to dissolve metals and convert them into more soluble forms [73]. While this method is
effective in extracting valuable metals, it can produce acid residues that may pose envi-
ronmental risks. To address these challenges, both physical and chemical methods are
employed. Physical methods, such as crushing and heating, facilitate the disassembly of
battery components and increase the efficiency of recycling. Chemical methods, including
hydrometallurgical and pyrometallurgical processes, are used to recover metals like lithium
at high temperatures. These techniques enable the effective extraction of metals while
minimizing environmental impact [74]. As demand for raw materials continues to rise,
advancements in these recovery processes are essential to ensure sustainable management
of battery waste and reduce the ecological footprint of battery disposal.

3.3.2. Strategies for Minimizing Waste and Environmental Impact

Processing plants that handle resources and raw minerals depend heavily on trucking
for transportation and waste removal. This reliance results in significant pollution and
substantial waste generation [50]. As populations grow and operational costs increase, the
distances traveled by trucks lengthen, leading to higher CO2 emissions and further envi-
ronmental degradation [75]. Despite discussions about the potential for newer technologies
to address these issues, tangible progress in reducing the environmental impact of trucking
in the industry has been minimal.

Figure 7 illustrates the challenges associated with Environmental Policy Stringency
(EPS) and its impact on adhering to environmental policies. While EPS is designed to
address and mitigate pollution in various areas, including air quality and greenhouse gas
emissions, it often has limited influence on the mining industry. Instead, these policies are
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more focused on controlling broader environmental issues rather than directly regulating
the specific practices of mining operations [76].

Figure 7. Environmental policy stringency (EPS) index showing advantages of environmental
policies [76].

EV batteries have been shown to reduce gas consumption and waste, promoting
cleaner and safer transportation. However, focusing solely on enhancing EV battery
recycling without considering its environmental impact and energy lifespan could lead to
significant consequences [77]. Effective long-distance travel requires a balance between
reducing the carbon footprint of transport operations, minimizing fuel consumption, and
transitioning to EVs. This shift results in increased distances for transporting raw minerals
and materials [76]. While these changes contribute to energy efficiency and improved
infrastructure, they also underscore the need for sustainable practices in both battery
recycling and mineral transportation to ensure long-term environmental benefits.

4. Environmental and Social Impacts

4.1. Environmental Benefits of Circular EV Batteries

In a circular economy, the aim is not merely to recycle products at the end of their
lifecycle but to extend the overall useful life of the products [78]. Although maintaining and
repurposing these old products requires fresh raw materials, the environmental benefits
of a circular economy are not solely derived from reducing raw material consumption.
Instead, the primary advantage lies in decreasing the number of new EV batteries that need
to be produced. This reduction results from a slower decline in the number of units in use,
as these units are frequently refurbished or repurposed. Consequently, fewer batteries end
up in landfills, and the cost of production decreases, leading to significant environmental
and economic benefits.

4.1.1. Reduction in Environmental Pollution and Resource Depletion

The lithium industry significantly impacts the environment, from ecosystem destruc-
tion during mining to pollution during refinement, production, and disposal. Disposing of
lithium batteries in landfills poses unique risks, including heavy metal contamination and
the potential for fires [79]. A comprehensive cradle-to-grave lifecycle analysis by Bawankar
et al. [80] utilized data from the Ecoinvent and BatPaC databases for NMC811 Lithium-Ion
Batteries. They identified 15 areas where environmental impacts could occur, providing
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insights into the total lifecycle environmental impact, normalized results, weighted results,
and the environmental impact during the use stage. Their findings revealed that, while
unnormalized data highlighted resource use in energy carriers, land use, and fossil fuels
as the top contributors to environmental effects, the normalized and weighted data in-
dicated fossil fuels, energy carriers, and ionizing radiation as the primary contributors.
The study emphasized that these findings were heavily influenced by the energy sources
of the electrical grid at the production site. Therefore, a significant way to reduce the
environmental impact of lithium-ion batteries is to manufacture them using an electrical
grid powered by renewable energy. Additionally, the authors noted the substantial water
usage required by the lithium industry. This issue has been highlighted by The New York
Times, which reported significant water use as a point of contention between the lithium
industry, environmental activists, and indigenous groups [81].

4.1.2. Contribution to a Sustainable Materials Lifecycle

To understand how EV batteries can contribute to a sustainable economy, it is essential
to first identify their composition. The materials within these batteries can be reused or
recycled into various products, depending on their nature. A typical lithium-ion battery
comprises four main components: a positive cathode made of lithium and other metals, an
anode made of graphite, a barrier that separates the two while allowing electron flow, and
an electrolytic solution [82]. However, it is important to note that chemical changes occur in
these materials over the battery’s lifespan, which contribute to the battery’s eventual failure.
As electrons travel between the anode and cathode, a solid electrolyte film begins to form
on the anode [83]. To make the graphite useful again, it must also go through the recycling
process. Understanding these chemical changes is crucial for recovering and repurposing
these materials effectively. While knowing how to recover materials is one step, applying
them to create new products in a manner that supports a sustainable lifecycle presents a
different challenge. Identifying potential new products that can be made from each of the
spent components is essential for advancing towards a circular economy. For example, the
cathode, due to its valuable metal content, is often directly recycled into new cathodes.
This process varies depending on the recycling method. An emerging technique, known as
“cathode-to-cathode” recycling, is being employed on a small scale by certain companies.
This method involves extracting the cathode first to preserve it before processing the rest
of the battery [84]. The preserved cathode can then be incorporated into a new battery.
However, the majority of cathode material is typically shredded along with the rest of the
battery, mixing with the electrolytic solution and the anode to form a material industrially
referred to as “black mass” [84]. The goal during further processing of this black mass
is to extract individual metals, as discussed in Section 3.3. In addition to lithium, these
metals can include nickel, cobalt, and manganese [85]. Each of these metals has applications
beyond being turned back into cathodes. For instance, nickel can be used to plate other
metals, making them corrosion-resistant or serving as catalysts for chemical reactions. It is
also crucial in desalination plants when combined with copper into an alloy [86]. Similarly,
cobalt has various uses outside of batteries, such as in the production of airbags, hard
metals, and diamond tools. Like nickel, cobalt can also be used for corrosion resistance
and as a catalyst for chemical reactions [87]. The spent graphite anode offers several
recycling options. Traditionally, graphite is used in products like writing implements, solid
lubricants, and nuclear core stabilizers, or converted into graphene [88]. It can also be
recycled into new anodes for lithium-ion batteries. Innovative recycling methods have
emerged, allowing spent anodes to be transformed into cathodes for dual-ion batteries [89].
This versatility makes graphite a highly sustainable material, given the various ways it can
be processed and repurposed. In fact, the recycling process for graphite is very competitive
with the production of new graphite [90]. Additionally, beyond its conventional uses, pencil
lead can be synthesized into a graphite–silica composite anode that performs comparably
to standard lithium-ion battery anodes [91].
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4.2. Social Considerations and Stakeholder Engagement

In society, the pervasive attitude of consumerism needs to be addressed to reduce the
demand for raw materials, production, and prevent losses in the recycling cycle. This re-
quires decreasing consumer demand and promoting the longevity of functional technology.
For instance, cellphones are typically replaced every 12 to 18 months [61]. Shockingly, as
of 2022, less than 5% of lithium-ion batteries are recycled globally, according to a division
of the American Chemical Society [92]. This section will explore the current state of com-
munity involvement in recycling, societal attitudes, and external factors that both aid and
hinder public participation in recycling efforts.

4.2.1. Community Involvement in Circular Battery Initiatives

To effect meaningful change, the environmental impact of lithium-ion batteries re-
quires action on multiple levels, especially in policy, which will become increasingly
relevant in the coming years. However, significant steps can also be taken at the local
and business levels. Companies like Apple and Samsung offer trade-ins for their devices,
providing credit toward new purchases or ensuring responsible recycling of old devices.
Encouraging consumers to make fewer frivolous phone purchases could significantly re-
duce the number of discarded lithium-ion batteries. While trade-in policies are a good
start, they do not necessarily mobilize communities toward broader action. It is crucial for
governments to disseminate easily accessible information about which products contain
lithium-ion batteries and their detrimental environmental effects. Additionally, providing
convenient recycling options is essential to encourage responsible disposal and recycling of
these batteries.

To create effective recycling policies, the United States could look to successful exam-
ples from Europe and other regions. For instance, Germany enforces a deposit scheme for
plastic bottles and cans: consumers pay a deposit when purchasing these items and receive
a refund upon returning them to the vendor [93]. This system contrasts with the American
approach, where financial compensation is provided at the point of recycling, creating an
incentive rather than an economic obligation. Germany’s approach effectively ensures a
higher degree of participation in recycling, reflected in their leading global recycling rate
of 69.1% as of 2022 [94]. In the United States, a significant issue is the contamination of
recycling streams with nonrecyclable items—one in four items sent for recycling cannot
be processed [95]. This discrepancy between public support for recycling and actual re-
cycling behavior highlights the need for better public education and policy enforcement.
Germany’s deposit system effectively educates consumers about what can be recycled by
associating deposits with recyclable items. Even if consumers cannot return their recy-
clable items, they are more likely to recognize that these items should be recycled and take
appropriate action. The United States could also consider policies from other countries,
such as South Korea’s phase-out of single-use items like disposable cups [93]. This strategy
increases recycling rates by reducing the total amount of recyclable material in circulation,
thus improving the recycling percentage. These policy frameworks could be adapted
to address the recycling of EV batteries, ensuring that valuable materials are recovered
efficiently and environmental impacts are minimized.

4.2.2. Social Acceptance and Ethical Considerations in End-of-Life Practices

Current end-of-life practices for lithium-ion batteries are generally not socially ac-
cepted, despite strong public support for recycling. A qualitative survey conducted by the
World Economic Forum found that 94% of Americans favor recycling, but only 35% actively
participate due to a lack of convenient access [96]. This gap highlights the need for more
public infrastructure to facilitate the recycling of waste, especially batteries, which require
specialized processes. Many states with recycling initiatives have specific rules about what
can and cannot be recycled, with processes in place to measure and manage the materials
collected. An evaluation matrix by Ball Corporation identified Maine as having the best
recycling performance in the United States, based on metrics for recycling cardboard boxes,
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PET bottles, various metals, glasses, and general packaging [97]. However, this evaluation
did not include electronics recycling, underscoring a critical area that needs attention. Elec-
tronics recycling remains largely inaccessible to the public. Given the ubiquity of electronic
devices in modern life, it is essential to make electronics recycling equally pervasive. One
potential solution is to implement dedicated electronic recycling dumpsters in neighbor-
hoods, allowing residents to dispose of their electronics conveniently. These dumpsters
could be serviced on a regular schedule, integrating electronic waste management into the
routine waste collection system and significantly improving recycling rates for lithium-ion
batteries and other electronic components.

Aside from social considerations, there are significant ethical improvements to the
lithium lifecycle as unit recycling becomes more viable. Strip mining in the lithium industry
consumes excessive amounts of water and land, often at the expense of native tribes. This
has led to protests from environmental and indigenous advocacy groups against further
land development projects for lithium mines, including acts of civil disobedience such as
setting up encampments on planned development sites [81]. In addition to encroaching
on native cultural lands and disturbing local wildlife, lithium mining can have severe
impacts on farming and agriculture. There are concerns that the water usage required for
lithium mining operations could negatively affect local farmers by diverting water away
from their livestock and crops [98]. By increasing the recycling of lithium-ion batteries,
the need for new lithium mining could be reduced, thereby lessening the environmental
and social impacts associated with mining. Theoretically, if more recycled units are used
in manufacturing, lithium-ion battery production could rely less on mining, reducing the
overall output demands on new lithium extraction. This shift towards recycling could
help mitigate the negative effects on indigenous lands, local ecosystems, and agricultural
activities, promoting a more sustainable and ethical lifecycle for lithium batteries.

5. Challenges and Barriers

5.1. Technological Challenges

The concept of a circular economy is still emerging within the EV battery industry.
While EVs have gained popularity only in recent years, strategies for managing EV batteries
at the end of their lifecycle are even less developed. As the number of batteries approaching
the end of their useful life increases, it becomes crucial to address these challenges now. By
doing so, we can ensure that valuable materials are not wasted or improperly disposed
of. Proactively developing and implementing effective recycling and reuse strategies will
be essential for managing the growing volume of end-of-life batteries and advancing the
sustainability of the industry.

5.1.1. Limitations in Current Recycling Technologies

As lithium battery technology evolves rapidly, keeping pace with recycling advance-
ments becomes increasingly challenging [51]. The EV industry, still in its formative years, is
undergoing frequent trials of new battery designs to determine the most effective solutions.
Ongoing modifications aimed at enhancing battery efficiency and vehicle performance con-
tinually alter the materials used, complicating the recycling process. Perfecting recycling
methods will be difficult until the industry stabilizes and a well-established standard for
effective battery design emerges over time.

5.1.2. Technical Obstacles in Repurposing and Second-Life Applications

Repurposing lithium batteries for applications such as home energy storage, grid
integration, or low-speed EVs presents significant technical challenges [99]. One major
hurdle is assessing the state of health (SoH) of the battery, as different applications have
varying regulatory standards and performance requirements. Currently, the technology
for accurately evaluating SoH is not advanced enough to facilitate the timely and efficient
repurposing of lithium batteries [100]. Advances in research and development are essential
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to overcoming these obstacles and expanding the viable options for utilizing spent lithium
batteries beyond their initial lifecycle.

5.2. Regulatory and Policy Challenges

Even with the ideal technology for recycling and repurposing batteries, its effectiveness
would be limited without the appropriate regulations and policies to guide funding and
define target applications. Given the rapid advancements in the industry, it is anticipated
that growing interest will lead to more opportunities for refining these technologies and
establishing the necessary frameworks to support their optimal use [50].

5.2.1. Evaluation of Existing Regulations and Policies

Currently, governmental legislation regarding battery recycling remains underdevel-
oped, reflecting the industry’s relative novelty [56]. Among the major markets, China
leads with stringent regulations, and it is projected to have recycled 2.312 million tons
of spent lithium batteries by 2026 [101]. In contrast, the U.S. lags behind, with only 1%
of spent lithium batteries currently being recycled [102]. Recent advancements, such as
the Infrastructure Investment and Jobs Act of 2021, have initiated funding for battery
recycling programs [103]. Given the rapid growth of the industry, it is anticipated that
new regulations and policies will emerge in the coming years to address technological
advancements and ensure effective recycling practices, provided continued investment
and development in this area.

5.2.2. Recommendations for Policy Improvements to Support Circular Practices

To establish a circular economy for lithium batteries, increased funding and support
for battery recycling technologies are crucial. In the U.S., both national and local efforts
must be intensified. Although some legislation related to battery recycling has been
enacted, these measures need to be expanded to unlock the full economic potential of this
burgeoning industry [104]. Enhanced funding and robust regulations would encourage
more companies to innovate and develop safer, more sustainable recycling technologies,
driving significant advancements in the sector.

6. Future Directions and Research Needs

6.1. Research Gaps and Opportunities
6.1.1. Areas Requiring Further Investigation and Development

Recycling presents a significant challenge in establishing a circular economy for EV
batteries. For a truly circular economy, effective recycling is essential. The concept involves
not only reusing old batteries to create new ones but also repurposing them for less
demanding applications, such as energy storage in solar power systems, which can extend
their operational life [105]. Achieving a nearly perfect cycle of resource use hinges on
overcoming current recycling hurdles. One major obstacle in recycling EV batteries is the
complexity of their disassembly. EV batteries are highly intricate and packed with a variety
of cells arranged differently by vehicle brand and model. This complexity, combined with
the diverse materials used in each battery type, makes disassembly and material extraction
challenging. The urgent need is for new technology or solutions that address the challenge
of separate extraction processes for various elements [106]. Batteries are often assembled
with various methods such as adhesive bonding, welding, and other connectors, which
complicates the separation of materials. Additionally, battery degradation over time affects
recyclability by altering the battery’s form, which can pose health risks to those handling
the recycling process [107]. This degradation contributes to the uncertainty in the recycling
process, making it difficult to develop effective recycling solutions.
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6.1.2. Potential for Interdisciplinary Collaboration and Knowledge Transfer

In the business world, battery knowledge is often closely guarded to maintain com-
petitive advantage. While this secrecy serves business interests, it poses challenges for the
engineering community, which relies on detailed data to understand battery lifecycles and
improve technologies. Access to comprehensive battery information could lead to signifi-
cant advancements in several areas. For instance, tracking the state of a battery throughout
its life could enable the development of preventative maintenance measures. Additionally,
understanding the battery’s condition at the end of its life would facilitate the creation of
more sophisticated disassembly robots. An example is the robot Daisy, which uses −176 ◦F
freezing air to detach batteries from iPhone bodies [107]. To enhance recycling and battery
technology, there needs to be greater knowledge sharing among companies. Tesla, for
example, has embraced the open-source movement to advance EV technology, making
valuable insights publicly available [108]. Embracing similar collaborative approaches,
including integrating robotics and AI, could lead to more efficient and effective battery
management and recycling solutions.

6.2. Roadmap for Future Circular EV Battery Initiatives
6.2.1. Key Steps toward Widespread Adoption of Circular Practices

The discussion of circular practices for EV batteries encompasses two key aspects: the
technology enabling these practices and the businesses or policies that support them. In
Europe, for instance, the concept of European Conformity (CE) embodies a comprehensive
approach to circularity. CE involves both forward processes—such as production, material
use, assembly, distribution, and consumption—and reverse processes—like repair, recondi-
tioning, remanufacturing, recycling, and disposal [44]. This system evaluates products at
the end of their lifecycle to determine which circular practices they qualify for, ensuring
that materials are effectively managed and reused. However, the effectiveness of these
circular practices is also heavily dependent on the technology available. Advanced tech-
nologies are crucial for efficient recycling and repurposing, and without them, the potential
benefits of circular practices may be limited. Thus, while policies like CE play a vital role
in promoting circularity, they must be supported by technological advancements to fully
realize their potential.

6.2.2. Collaborative Efforts and Partnerships for Industry Transformation

From a business standpoint, maintaining secrecy and competitiveness is often seen as
a strategic advantage. However, this approach can hinder the advancement of a circular
economy for EV batteries. Managers and executives within the EV battery sector should
consider adopting circular business models (CBMs) as an innovative means to extend
product lifecycles and unlock new value propositions. Such models could foster cross-
company and sector-wide collaborations, which are crucial for advancing recycling and
repurposing technologies [109]. Recycling technology must be highly sophisticated to
efficiently extract all valuable materials from EV batteries. Developing unique recycling
processes for each individual EV design is impractical. Instead, focusing on creating a few
versatile recycling processes for common battery designs would be more efficient and cost-
effective. Some organizations are already pioneering this approach. For instance, South
Korea has initiated a groundbreaking public-private partnership to establish a sustainable
EV battery ecosystem through a memorandum of understanding (MOU) [110]. Such
collaborations demonstrate the potential economic benefits of forming a circular economy.
Research indicates that partnerships between manufacturers and retailers can achieve
higher collection rates and overall welfare benefits [111].

This study highlights that willing collaboration, rather than stringent policies, is more
effective in promoting recycling while minimizing adverse effects on welfare.
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6.3. Trends towards a Circular Economy
6.3.1. Future Scientific Breakthroughs in EV Battery Recycling

There are numerous untapped breakthroughs in EV battery recycling that remain
unexplored. While various methods are being investigated, the effects of thermal treatment
in an oxidative atmosphere on the microstructure and composition of cathode and anode
materials remain largely unstudied [112]. As noted, degradation of batteries can produce
harmful substances, but promising advancements are on the horizon. Recent developments
offer hope: new recycling processes are being researched that do not require the use
of expensive or harmful chemicals [113]. Previously, battery recycling was considered
hazardous due to the use of toxic chemicals, but this perception is shifting with these
innovations. As the industry evolves, particularly with the growing prominence of EVs
over internal combustion engines, a diverse range of facilities, capabilities, and approaches
will emerge as more companies enter the battery recycling space [114]. Given the rapid
pace of technological innovation, the transition from ICE to EVs holds significant potential
for establishing a sustainable circular economy for EV batteries.

6.3.2. Increased Interest in EV Battery Research

In an era of rapid technological advancement, it is crucial to keep the future in focus.
Developing a circular economy for EV batteries involves two main aspects: engineering
innovations and incentive structures. Research into EV technology is supported by various
sources, including government grants (e.g., National Science Foundation, National Insti-
tutes of Health), corporate R&D, and nonprofit foundations [115]. While these stakeholders
are invested in research, their motivations can vary significantly. A key challenge to achiev-
ing a circular economy is overcoming planned obsolescence—the practice where products
are intentionally designed to have a limited lifespan, encouraging repeat purchases. Ad-
dressing this issue is crucial for promoting recycling. The EV battery recycling market is
projected to reach USD 15.8 billion by 2030, growing at a compound annual growth rate
(CAGR) of 32.1% from 2023 to 2030 [116]. This indicates that a circular economy is not
only feasible but also economically promising. However, obstacles like corporate greed
can impede progress. For instance, a study suggests that if consumer demand were strong
enough, EV manufacturers would recycle all batteries without additional incentives [117].
Despite this, EVs face social challenges, including skepticism about their environmental
benefits and perceptions of their “coolness”. If consumer pressure alone is not enough to
drive a circular economy, government intervention becomes essential. Policies must be en-
acted to encourage collaboration and innovation in recycling. Suggested strategies include
increasing funding for both incremental innovations and breakthroughs in recycling tech-
nology, supporting pilot projects that foster collaboration across the recycling value chain,
and implementing market-pull measures to create a favorable economic and regulatory
environment for large-scale EV battery recycling [27]. By aligning private sector interests
with regulatory measures, we can foster a thriving, sustainable recycling ecosystem in this
rapidly evolving technological landscape.

7. Conclusions

This review has explored various facets of the EV battery lifecycle, with a particular
focus on achieving a circular economy. The crucial factor in this effort is managing the
product’s end-of-life effectively. Implementing processes that enable the recycling or
repurposing of all EV batteries once they are no longer usable is essential for closing the
loop of a circular economy. Such practices would not only reduce costs and enhance
efficiency but also significantly improve environmental and societal outcomes. Despite the
current challenges in scaling these processes, it is evident that the future holds promising
advancements. As the demand for EV batteries grows, technological innovations will likely
address these emerging issues. With ongoing research and development, the solutions
needed to establish a robust circular economy for EV batteries are within reach.
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The lifecycle of an EV battery remains a significant unknown, which contributes to
consumer skepticism about purchasing EVs. One of the primary obstacles facing the EV in-
dustry is the limited transparency regarding battery lifespan. Addressing this issue requires
both corporate initiatives and government regulations to drive meaningful change. For
example, Cox Automotive’s ALFRED system and health score aim to enhance transparency
and build consumer confidence in EV transactions, akin to the trusted vehicle valuations
provided by Kelley Blue Book for nearly a century [118]. While battery health is a critical
concern for consumers, particularly those increasingly focused on environmental issues,
there is also a demand for broader information beyond just battery life. To address this, the
Global Battery Alliance (GBA) has introduced a novel approach to increase transparency.
Their “battery passport” functions as a digital twin of the physical battery, capturing and
storing vital information—such as provenance, composition, material flows, and manufac-
turing history—in a QR code [119]. This concept of maintaining a comprehensive record
throughout a product’s lifecycle could revolutionize how we manage and perceive product
histories. Although the initial focus on batteries may seem niche, the principles of this
approach have the potential to drive significant changes across various industries and
even influence broader economic behaviors. The rise of EVs is undeniable, but achieving a
full transition from internal combustion engines (ICEs) to EVs requires substantial effort
and ambition. As stated, “Making the 2020s the decade of transition to EVs requires more
ambition and action among both market leaders and followers” [120]. While EVs are
gaining traction, they are not yet dominating the market. They remain more expensive than
ICE vehicles, and their environmental benefits are somewhat tempered by the current state
of power grids. This transition is a complex and labor-intensive process. Replacing the
established ICE infrastructure with a clean, efficient EV ecosystem demands comprehensive
changes, including local community preparations for this shift. For example, in Michigan,
state and local leaders are actively preparing for the growth of EV and battery production
facilities by creating programs to equip the workforce with necessary skills [121]. Just a few
decades ago, the concept of EVs was virtually nonexistent in the minds of most consumers
and workers. The rapid development of the EV industry aims to replace the ICE sector
in a relatively short time, but the pace of this transition is slower than many would like,
given the environmental urgency. President Biden’s goal of achieving a 50% market share
for EVs in the U.S. by 2030 underscores the high level of commitment needed [122]. While
many countries have committed to this transition, the path to a circular economy for EV
batteries is still in its early stages. Progress is being made at various levels, and while
significant work remains, there is a clear and accelerating momentum towards a more
sustainable future.
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Abstract: The increasing adoption of electric vehicles (EVs) has led to a surge in end-of-life
(EOL) lithium-ion batteries (LIBs), necessitating efficient recycling strategies to mitigate
environmental risks and recover critical materials. This study compares the EV battery
recycling frameworks in China and the United States, focusing on policy effectiveness,
technological advancements, and material recovery efficiencies. China’s extended pro-
ducer responsibility (EPR) policies and 14th Five-Year Plan mandate strict recycling targets,
achieving a 40% battery recycling rate with 90% material recovery efficiency. Hydromet-
allurgical methods dominate, reducing energy consumption by 50% compared to virgin
material extraction. The US, leveraging incentive-based mechanisms and private sector
innovations, has a 35% recycling rate but a higher 95% resource recovery efficiency, mainly
due to direct recycling and AI-based sorting technologies. Despite these advancements,
challenges remain, including high recycling costs, inconsistent global regulations, and
supply chain inefficiencies. To enhance sustainability, this study recommends harmonized
international policies, investment in next-generation recycling technologies, and second-life
battery applications. Emerging innovations, such as AI-driven sorting and direct cathode
regeneration, could increase recovery efficiency by 20–30%, further reducing lifecycle costs.
By integrating synergistic policies and advanced recycling infrastructures, China and the
US can set a global precedent for sustainable EV battery management, driving the transition
toward a circular economy. Future research should explore life cycle cost analysis and
battery reuse strategies to optimize long-term sustainability.

Keywords: electric vehicle; battery; battery waste; battery waste recycling; battery waste
recycling policies and regulation

1. Introduction

In today’s world, batteries are indispensable, powering everything from massive indus-
trial machinery to tiny consumer electronics. Over the past few decades, the global battery
market has experienced unprecedented growth, driven by technological advancements
by the increasing adoption of electric vehicles (EVs), and the proliferation of consumer
electronics. As shown in Figure 1 [1], the global battery market is poised for substantial
growth from 0.3 terawatt-hours (TWh) in 2020 to 1.8 TWh in 2024. With the accelerating en-
ergy transition and the push towards decarbonization by countries and consumers, global
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battery demand could surge exponentially, potentially reaching nearly nine terawatt-hours
by 2030, five times the levels seen in 2024. Therefore, for stakeholders hoping to take
advantage of the opportunities provided by this quickly changing market, knowing the
fundamental drivers of this demand and the ramification of diverse businesses is vital.
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Figure 1. The expansion of batteries worldwide.

The global usage of batteries is extensive and varied, reflecting their importance across
multiple aspects of modern life. Various types of batteries cater to specific applications,
each offering distinct benefits. Batteries are essential for numerous technological advance-
ments, from improving the convenience of consumer electronics to facilitating switching to
electric vehicles.

According to Figure 2 [2], Lithium-ion (Li-ion) batteries dominate the market, account-
ing for approximately 75 to 80 percent of usage in various applications. Their high energy
density, long life cycle, and efficiency account for this widespread use. The characteristics
of (Li-ion) batteries make them ideal for (EVs), and a wide range of other applications.

 

Figure 2. Percentage usage of batteries in various fields.

In the transportation sector, batteries are revolutionizing the use of (EVs) in various
forms. (Li-ion) batteries are critical in replacing traditional gasoline-powered vehicles with
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electric models. Figure 3 [3] shows that (Li-ion) batteries are primarily used in five crucial
applications, with the largest share going to passenger electric vehicles. The demand for
these batteries used in (EVs) has increased dramatically, from nearly 12 GWh in 2015 to
an anticipated 1400 GWh by 2030. Overall, the need for (Li-ion) batteries has surged from
20 GWh in 2010 to 290 GWh in 2019, with forecasts suggesting it will reach 2000 GWh by
2030, accounting for roughly 10% of the global energy supply.
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Figure 3. Global applications of lithium-ion batteries across various sectors.

The widespread adoption of Li-ion batteries is fueled by their high energy density,
long life cycle, and decreasing costs, making them the preferred choice across various in-
dustries. These batteries are vital for the growth of EVs, portable electronics, and industrial
applications. Li-ion batteries excel in these fields due to three key advantages: they provide
more energy per unit weight, ensuring efficiency in portable and space-constrained appli-
cations; they have a long life cycle, allowing for repeated charging and discharging with
minimal capacity loss, ensuring longevity and reliability; and they have a low self-discharge
rate, making them ideal for devices requiring long standby times [4,5]. Understanding
the diverse applications and increasing demand for Li-ion batteries is crucial for stake-
holders navigating this evolving industry. Ongoing advancements in battery technology
continue to improve performance, safety, and environmental impact, further accelerating
their adoption.

Governments and regulatory organizations are implementing policies to control bat-
tery lifecycles more frequently, such as mandated recycling, financial incentives for re-
cycling infrastructure, and safe disposal guidelines. As illustrated in Figure 4 [6], the
percentage of EOL batteries, particularly from EVs, is projected to grow from 52% in 2020 to
94% by 2040, addressing environmental pollution concerns due to the rise in EOL batteries—
technological advancements in recycling aim to improve efficiency and cost-effectiveness
while fostering sustainable growth. Global efforts are essential to maximizing the benefits
of Li-ion batteries while minimizing their environmental and economic impacts.
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Figure 4. The global supply of EV batteries for recycling.

As shown in Figure 5, the number of electric vehicles (EVs) in use was substantial in 2023
and is expected to increase. China holds the largest share with 6.2 million EVs, while the U.K.
has the lowest among the mentioned countries, with 370,000 EVs. Driven by goals to reduce
fuel demand and lower pollution from car emissions, China and the US have implemented
stringent rules and regulations to advance EVs development. The US encourages EV adoption
through federal tax credits, state-level mandates, and emissions standards, with policies like
the Clean Vehicle Tax Credit and California’s ZEV program. China’s 14th Five-Year Plan
includes significant investments in charging infrastructure, NEV mandates, and incentives
like purchase subsidies and tax exemptions. These initiatives aim to reduce carbon emissions,
enhance transportation sustainability, and improve grid flexibility.
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Figure 5. Leading countries in electric vehicle adoption.

This paper investigates the increasing need for energy storage in various applications,
especially in EVs, highlighting the extensive application of Li-ion batteries because of their
efficiency, long life cycle, and high energy density. Significant environmental issues arise
from handling EOL waste and sourcing raw materials like cobalt and lithium.
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This paper assesses the financial and technical obstacles to Li-ion battery recycling and
explores recent technological advancements designed to enhance recycling profitability
and efficiency. It also scrutinizes international laws and regulations governing the life
cycle of Li-ion batteries used in EVs, such as mandatory recycling programs and financial
incentives. The focus is on the measures adopted by the US and China to mitigate adverse
environmental and economic impacts, instilling a sense of optimism about the future of
battery recycling.

2. Literature Review

In managing EOL EV battery waste, the recent literature reveals a growing body of
research addressing various aspects of waste recycling. EV batteries is a multi-step process
that typically involves pre-processing (disassembly and materials separation) followed by
one of three main metallurgical approaches. Key recycling methods include:

• Pyrometallurgical recycling (smelting): a high-temperature process where battery
modules or cells are melted in a furnace. Pyrometallurgy can efficiently recover
valuable metals like nickel, cobalt, and copper by incorporating them into an alloy or
slag, but it burns off lighter components, notably lithium, electrolytes, plastics, and
aluminum, which are lost or end up in waste slag.

• Hydrometallurgical recycling (chemical leaching): a wet chemical process that has
become the state-of-the-art in battery recycling due to its high recovery efficiencies.
After mechanical pre-processing (disassembling packs and shredding cells to produce
a concentrated “black mass” rich in battery metals), hydrometallurgy uses aqueous
chemistry to dissolve metals into solution via acid or base leaching. Subsequent
purification and precipitation steps then selectively recover metals as salts or oxides
(e.g., lithium carbonate, nickel, and cobalt sulfates). Modern hydrometallurgical
processes can recover 90–99% of critical metals like cobalt, nickel, and lithium.

• Direct recycling (cathode-to-cathode): an emerging technique that seeks to recover the
battery’s cathode material intact for direct re-use, rather than breaking it down into el-
emental constituents. In direct recycling, the electrode (especially the cathode coating,
such as lithium nickel manganese cobalt oxide or lithium iron phosphate) is physically
separated and treated to restore its performance—for example, by removing degrada-
tion products and re-lithiating the cathode to replenish lost lithium. This preserved
cathode powder can potentially be reintroduced into new battery production without
the intensive energy or chemical processes of smelting or leaching. The promise of
direct recycling is a lower energy, lower emission route which avoids the multiple
conversion steps of other methods, and thus can be the most environmentally benign.

However, direct recycling also faces several challenges, including the complexity of
separating and identifying different cathode chemistries from mixed battery waste streams.
It requires battery designs that allow for easier disassembly, and standardized cell formats
to be more effective. In addition, the quality and performance of the recycled cathode
material may vary depending on the degree of degradation, which can affect its reuse
potential in high-performance applications. These technical and logistical limitations may
restrict the scalability of this method.

Over the past five years, from 2019 to 2024, approximately 1440 papers have been
published on EV battery waste recycling, highlighting this issue’s global relevance and
importance. These papers encompass diverse topics, including technological advancements
in recycling processes, strategies for improving recycling efficiency, and comprehensive
reviews of international trends and future perspectives.

As shown in Figure 6, the distribution of research papers over time demonstrates the
growing emphasis on EV battery waste management. However, it also highlights a substan-
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tial gap in understanding regulatory regimes. This gap is further underscored in Table 1,
which contains fourteen significant articles that address laws and regulations related to EV
batteries’ (EOL) management. A more concentrated study demonstrates the urgent need for
thorough policy analysis and development. Such efforts could have a revolutionary impact,
promoting sustainable EV battery waste management methods and aiding countries like
the Middle East region, which is increasingly adopting electric vehicles.
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Figure 6. Research articles published on EV battery waste recycling in different areas (2019–2024).

Table 1. Research articles published on EV battery EOL waste recycling policies and regulations
(2019–2024).

S No. Paper Title Journal Year of Publication

1
Life cycle assessment of secondary use and
physical recycling of lithium-ion batteries
retired from electric vehicles in China [1]

Waste
Management 2024

2
A Comprehensive Review of Lithium-Ion
Battery (LiB) Recycling Technologies and

Industrial Market Trend Insights [2]
Recycling 2024

3
Study on the impact of government policies
on power battery recycling under different

recycling models [3]

Journal of Cleaner
Production 2023

4 Recycling technologies, policies, prospects,
and challenges for spent batteries [4] i-Science 2023

5 A review on comprehensive recycling of
spent power lithium-ion battery in China [5] e-Transportation 2022

6
Challenges and Recent Developments in

Supply and Value Chains of Electric Vehicle
batteries: a Sustainability Perspective [6]

Conservation and Recycling 2022

7 Treatment of electric vehicle battery waste in
China: A review of existing policies [7]

Journal of Environmental
Engineering and Landscape

Management
2021

8

Implication viability assessment of electric
vehicles for different regions: An approach of

life cycle assessment considering exergy
analysis and battery degradation [8]

Energy Conversion and
Management 2021
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Table 1. Cont.

S No. Paper Title Journal Year of Publication

9
Recycling and environmental issues of

lithium-ion batteries: Advances, challenges
and opportunities [9]

Energy Storage Materials 2021

10
Recycling of mixed cathode lithium-ion

batteries for electric vehicles: Current status
and future outlook [10]

Carbon Energy 2020

11 Recycling lithium-ion Batteries from Electric
Vehicles [11] Nature 2019

12 Life Cycle Analysis of Lithium-Ion Batteries
for Automotive Applications [12] Batteries 2019

3. Research Methodology

3.1. Research Design

This study employs a comparative analysis of policy frameworks governing end-of-life
(EOL) electric vehicle (EV) battery recycling in China and the United States. The primary
objective is to extract valuable insights and best practices that could serve as guiding
principles for other nations aiming to refine their own EOL battery management strategies
in line with broader environmental, economic, and societal goals.

3.2. Data Collection

The investigation draws upon both primary and secondary sources. The primary sources
encompass legal texts, national recycling mandates, and technical standards relevant to
battery disposal and reuse in the selected countries. Secondary information was gathered
from peer-reviewed literature, technical reviews, industrial reports, and prior policy analyses
that document the practical outcomes of these regulations within the EV context.

3.3. Analytical Framework

A qualitative content analysis technique was applied to systematically review and
contrast the essential features of the recycling policies in both nations. The examination
concentrated on core elements such as legal structures, roles and duties of key stakeholders,
compliance systems, and technical procedures for battery recovery and disposal.

3.4. Criteria for Analysis

The assessment of the regulatory schemes was based on four principal dimensions
critical to effective EOL battery recycling:

• Regulatory scope: the extent to which each framework addresses the full battery
lifecycle—from collection to recycling and disposal.

• Stakeholder participation: the degree of involvement and responsibility shared among
producers, consumers, recyclers, and government agencies.

• Compliance mechanisms: the availability and rigor of systems that monitor and
enforce adherence to the policies.

• Sustainability outcomes: the environmental and economic performance of the recy-
cling practices encouraged by the respective frameworks.

3.5. Link to Objective and Research Questions

This methodology is directly aligned with the study’s aim of understanding how
leading EV markets handle battery recycling at the policy level. By evaluating real-world
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approaches and results, the study seeks to propose informed strategies that can be adapted
globally. Specifically, the research aims to answer the following questions:

• What are the most effective policy-driven practices in EOL battery recycling among
leading nations?

• What types of legislative and regulatory instruments are in place in China and the USA?
• What operational procedures are being used in both countries for managing used

EV batteries?

This structured approach allows for a well-rounded assessment of international expe-
riences in EV battery recycling and supports the formulation of context-sensitive recom-
mendations for improved regulatory implementation. A summary of the research process
is depicted in Figure 7.

Figure 7. Research methodology flowchart.

4. EV Batteries Waste at End-of-Life Waste Recycling and Its
Environmental Impacts

EV batteries have emerged as a cornerstone of the global shift toward cleaner and
more sustainable transportation, offering a promising solution to reducing greenhouse
gas emissions and dependence on fossil fuels [13]. As the adoption of electric vehicles
continues to surge, the production and eventual disposal of EV batteries are becoming
increasingly significant issues. While instrumental in the transition to electric mobility,
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these batteries present unique challenges at the end of their lifecycle, particularly in waste
management and environmental stewardship [14,15].

The growing reliance on EV batteries has intensified concerns about effectively manag-
ing the waste they generate once they reach the end of their useful life. Unlike conventional
vehicle batteries, EV batteries are complex, containing various valuable but challenging-to-
recycle materials, such as lithium, cobalt, nickel, and graphite. These materials are critical to
the batteries’ functioning and are also finite resources, making their recovery and recycling
a priority for economic and environmental reasons. Therefore, the potential environmental
impacts associated with EV battery waste include:

Composition of EV Battery Waste

EV battery waste comprises a complex mix of materials, including metals, plastics,
and electrolytes. As shown in Figure 8, research indicates that a typical Li-ion EV battery
primarily consists of 40% cathode materials, which include 10–20% nickel, 5–15% cobalt,
10–20% manganese, and 5–10% lithium. The anode materials, mainly graphite, account
for 15% of the battery. The electrolyte, which includes lithium salts and solvents, makes
up 10–15%, while separators (usually polyethylene or polypropylene) contribute another
5–10%. Additionally, 5–10% of the battery consists of aluminum and 10–20% of copper, both
of which are used as current collectors, with 10–15% comprising steel and other structural
materials. The remaining 5% consists of plastics and other components used for encasing
and insulation. It is important to note that these compositions can vary depending on the
battery type and manufacture.

 
Figure 8. Weight percentage (wt%) composition of EV battery waste by material type.

1. Challenges in Recycling EV Battery Waste

The improper handling of EV battery waste contributes significantly to environmental
hazards. Issues such as limited recycling infrastructure, technological barriers, and incon-
sistent regulations hinder efficient recycling. These challenges result in batteries ending
up in landfills or being processed inefficiently, increasing pollution, and reducing resource
recovery rates.

Furthermore, recycling (EV) battery waste presents several significant challenges
that complicate the recovery of valuable materials and the safe disposal of hazardous
components:
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(a) Technological and Economic Barriers

The recycling of (EV) batteries is technologically complex due to their intricate design
and composition, including various metals like lithium, cobalt, nickel, manganese, plastics,
and electrolytes. Separating and recovering these materials requires advanced recycling
technologies that are still in development and have yet to become widely available or
economically feasible. The high costs associated with establishing and operating specialized
recycling plants capable of processing (EV) batteries can significantly deter investment in
the necessary infrastructure.

(b) Regulatory and Logistical Issues

There needs to be more consistent regulatory frameworks across different regions
regarding the disposal and recycling of (EV) batteries. This inconsistency leads to vari-
ations in recycling practices and standards, complicating global efforts to manage (EV)
battery waste effectively. Additionally, the logistics of collecting, transporting, and storing
(EOL) batteries pose significant challenges, particularly in areas where dedicated recycling
facilities are limited or nonexistent. These logistical hurdles add to the overall complexity
and cost of (EV) battery recycling, further hindering progress in this critical area.

2. Potential Environmental Impacts

The environmental impacts of (EV) battery waste are primarily categorized into
resource depletion, pollution, and health and safety risks:

(a) Resource Depletion

Producing (EV) batteries requires substantial raw materials such as lithium, cobalt,
nickel, and graphite. These materials are critical for battery manufacturing and other
high-tech industries, making their recovery from (EOL) batteries crucial. The extraction
and processing of these materials can lead to resource depletion, particularly given their
limited availability. Without effective recycling, the depletion of these resources could be
exacerbated, potentially leading to scarcity, higher costs, and negative impacts on other
industries that rely on these materials. According to various studies, the limited supply
of these critical materials underscores the importance of developing efficient recycling
processes to ensure their sustainable use.

(b) Pollution

Improper disposal of electric vehicle (EV) batteries can lead to significant environmen-
tal pollution. These batteries contain hazardous materials such as heavy metals (e.g., cobalt,
nickel, and manganese) and toxic electrolytes, which can leach into the soil and water if not
managed properly. This contamination poses risks to ecosystems and human health, as
these poisonous substances can accumulate in the environment and cause long-term dam-
age. Additionally, the breakdown of battery components can release harmful substances
into the air, soil, and water, leading to widespread pollution.

Furthermore, incinerating EV batteries, especially those containing hazardous materials,
can result in air pollution. The incineration process can release toxic gases and particles,
including dioxins and heavy metals, which harm human health and degrade air quality.
These pollutants can have severe environmental and public health consequences, highlighting
the importance of developing safe and effective recycling and disposal methods for EV
batteries.

Another environmental concern is the presence of per- and polyfluoroalkyl substances
(PFAS) in lithium-ion batteries. PFAS, often referred to as “forever chemicals” due to their
persistence, are used in battery components to enhance safety and performance. However,
improper disposal or recycling of these batteries can lead to PFAS contamination in air, soil,
and water. Studies have detected PFAS pollution near battery manufacturing plants and in
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landfill leachates, indicating that these substances can enter the environment during both
production and disposal processes. Given their resistance to degradation and potential
health risks, the release of PFAS from EV batteries underscores the need for stringent waste
management practices and the development of PFAS-free battery technologies.

5. Policies and Regulations in China and the USA

Effective reuse and recycling of end-of-life (EOL) electric vehicle (EV) batteries are
critical components of sustainable battery lifecycle management. Both China and the
United States have implemented comprehensive regulatory frameworks aimed at address-
ing the growing volume of battery waste. These policies emphasize material recovery,
environmental protection, and circular economy practices. China’s 14th Five-Year Plan and
related recycling mandates, as well as the USA’s incentive-based approaches and extended
producer responsibility (EPR) programs, illustrate contrasting, yet complementary, strate-
gies to manage EOL batteries. This section focuses specifically on the policy mechanisms,
regulatory initiatives, and enforcement practices in these two leading markets that directly
relate to the reuse and recycling of EV batteries [16,17].

5.1. China

China has rapidly emerged as the global leader in electric vehicle (EV) adoption,
driven by supportive policies and infrastructure development. As illustrated in Figure 9,
nearly 9 million new EVs were sold in China in 2023, representing 34% of the global
EV market and marking a 37% increase from the previous year [18]. This surge in EV
deployment, while commendable for decarbonization, is directly contributing to a growing
volume of end-of-life (EOL) batteries, necessitating urgent and efficient recycling solutions.
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Figure 9. The growth of EVs in China.

To address this challenge, China has implemented a series of regulatory measures
targeting the reuse, recycling, and traceability of EV batteries. According to projections,
battery waste is expected to reach nearly 360,000 metric tons by 2030, over three times the
estimated level in 2025 Figure 10. This alarming trend has prompted the government to
enforce new national standards effective from December 2023, requiring EV manufacturers
and battery suppliers to adopt robust recycling and traceability mechanisms [19,20].
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Figure 10. Battery waste in China.

China’s evolving framework now mandates closed-loop systems where used batteries
are disassembled and processed to recover critical materials such as lithium, cobalt, and
nickel. These recovered resources are then reintegrated into the production cycle, support-
ing a circular economy model. Policies also require digital tracking of battery lifecycles,
enabling better monitoring of EOL batteries and improving compliance.

By embedding reuse and recycling strategies into its broader new energy and envi-
ronmental policies, China demonstrates a proactive approach toward sustainable battery
lifecycle management. These efforts not only support environmental protection and re-
source efficiency, but also position China as a regulatory leader in EV battery circularity.

5.1.1. Policies

China has revised its policies on energy storage batteries to support the NEV market
and technological advancements. Early policies, like the 2016 subsidy notice [Caijian (2021)
No. 466], boosted NEV adoption and battery tech. These are being replaced by newer
frameworks, such as the 14th Five-Year Plan (2021–2025), which targets a 30% reduction
in battery costs by 2025 and 100 GW of new storage capacity by 2030. The 2021 Guidance
on New-Type Energy Storage plans large-scale energy storage development, and the
2023 Policies for Power Battery Industry Management [Caishui [2023] No. 13] focus on
industry optimization and safety, as shown in Table 2. The 2024 Draft Regulations on the
Lithium Battery Industry aim for sustainable development with stringent standards and
significant R&D investment.

Table 2. Recycling methods with their advantages and disadvantages.

Old Policy/Plan New Policy/Plan Year of Effective

13th Five-Year Plan 14th Five-Year Plan 2021

Caijian (2021) No. 466 Caishui (2023) No. 13 2023

In Beijing and Shanghai, national policies are implemented with enhancements
through local partnerships and projects. Beijing collaborates with recycling firms, while
Shanghai has projects like the BYD recycling plant and partnerships with Volvo and CATL
for closed-loop recycling. In Shenzhen and Guangdong, national guidelines are followed,
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with local initiatives like partnerships with BYD and major recycling facilities by Guang-
dong Brunp and CATL. These policies underscore China’s commitment to advancing energy
storage capabilities aligned with technological progress and market needs. The following
sections provide detailed insights into China’s evolving energy storage battery policies.

• China’s Five-Year Development Plans

China’s five-year development plans focus on successfully developing and deploying
renewable energy technologies, including waste recycling and management, as shown
in Table 3. The main goals of these plans are centered around promoting a cleaner, more
efficient, and sustainable energy system. The 13th Five-Year Plan for Energy Development
(2016–2020) aimed to reduce coal consumption, increase the share of renewable energy,
improve energy efficiency, and promote technological innovation in the energy sector [21].
Building on this, the 14th Five-Year Plan for New Energy Storage Development Implemen-
tation Plan (2021–2025) outlines China’s strategy to enhance its energy storage capabilities,
which is crucial for integrating renewable energy sources like solar and wind into the
grid [22]. This plan emphasizes the development of advanced energy storage technologies,
establishing a supportive regulatory framework, and creating robust infrastructure to
ensure a stable and resilient energy supply system. These plans reflect China’s commit-
ment to transitioning towards a low-carbon economy and addressing the challenges of
climate change.

Table 3. Thirteenth and fourteenth five-year development plans primary goals related to energy
storage and waste recycling.

Key Points Description

Energy Storage Technologies

Emphasizes the development of advanced energy storage technologies, including
batteries, to support the integration of renewable energy and enhance grid stability.
This article highlights the need to improve the performance and reduce the costs of
battery storage systems.

Support for Electric Vehicles (EVs)

Addresses the need for extensive electric vehicle charging infrastructure, which
indirectly supports the development and utilization of battery technologies. This
includes constructing a national network of fast-charging stations and
decentralized charging piles.

Enhance Resource Recycling Establish a comprehensive power battery recycling and utilization system to
manage retired power batteries effectively by 2025.

Promote Circular Economy Develop a resource recycling industrial system with an output value reaching
RMB 5 trillion (approximately USD 773 billion) by 2025.

Increase Utilization of Recycled Materials Produce 20 million tonnes of recycled non-ferrous metals and utilize 320 million
tonnes of scrap steel annually by 2025.

• 13th Five-Year Plan for Energy Development (2016–2020) [Old]:

The “13th Five-Year Plan for Energy Development (2016–2020)” aimed to enhance
energy efficiency, increase the use of non-fossil energy, and reduce carbon emissions, laying
the groundwork for future advancements in the energy sector. The key objectives included
improving energy efficiency, promoting energy-saving technologies, expanding renewable
energy sources like wind, solar, and hydroelectric power, setting specific capacity targets,
reducing carbon emissions through clean energy technologies, and fostering technological
innovation in advanced coal, nuclear power, and energy storage [21], and these are summa-
rized in Table 4. The plan succeeded in significantly boosting renewable energy capacity
and efficiency.
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Table 4. Some of the 13th Five Year Plan’s primary goals.

Article No. Description

8

Enhance Energy Storage Capacity: Sets an ambitious target of achieving 30 GW of new energy
storage capacity by 2025, with a long-term goal of 100 GW by 2030. This is crucial for balancing
supply and demand fluctuations, especially with increased use of intermittent renewable energy
sources like wind and solar power.

11

Support for Renewable Energy Integration: Focuses on enhancing the role of energy storage in
balancing the grid and supporting the integration of intermittent renewable energy sources. This
involves developing independent battery storage facilities to store excess energy generated during
peak production periods and release it during high-demand periods.

14

Technological Advancements and Innovation: Emphasizes the importance of supporting research
and development (R&D) in new energy storage technologies. The goal is to improve performance,
reduce costs, and enhance the safety of energy storage systems. This includes promoting pilot
projects and demonstrations of advanced energy storage systems.

17
Policy and Regulatory Support: Aims to develop market-oriented policies that encourage investment
in energy storage technologies. Establishes pricing mechanisms and financial incentives to make
energy storage projects economically viable and attractive to private investors.

18

Environmental and Economic Impact: Contributes to China’s carbon neutrality goals by 2060 by
enhancing the role of clean energy storage solutions. This article addresses reducing reliance on fossil
fuels, supporting renewable energy integration, lowering carbon emissions, and improving air
quality. Additionally, it highlights the economic benefits, such as stimulating growth, creating jobs,
and enhancing energy security.

14th Five-Year Plan for New Energy Storage Development Implementation Plan
(2021–2025) [New]

The “14th Five-Year Plan for New Energy Storage Development Implementation Plan
(2021–2025)” is a strategic initiative by the Chinese government to significantly advance
the country’s energy storage capabilities. This plan is essential for integrating renewable
energy sources and ensuring the stability of the national grid [23,24]. It builds upon the
foundations of previous Five-Year Plans, setting more ambitious targets and focusing on
technological innovations to achieve these goals.

Implementation Details

• Official Name: 14th Five-Year Plan for New Energy Storage Development Implemen-
tation Plan (2021–2025).

• Policy reference: Part of China’s broader 14th Five-Year Plan framework.
• Effective Date: 1 January 2021 to 31 December 2025.

Description of the policy

(a) Energy Storage Technologies:

The plan focuses on various energy storage technologies, including lithium-ion,
sodium-ion, lead–carbon, and redox flow batteries. Emphasis is placed on developing
long-duration energy storage systems capable of providing backup power and stabilizing
the grid during peak demand. This technological diversity ensures that multiple storage
solutions can be created and optimized for different applications and conditions.

(b) Infrastructure Development:

Expanding the infrastructure for energy storage systems is a critical plan component.
This includes constructing large-scale storage facilities and integrating energy storage with
existing power plants and renewable energy installations. By enhancing the infrastructure,
the plan aims to optimize the operation and efficiency of the entire energy system, ensuring
reliable and cost-effective energy delivery.

(c) Research and Development (R&D):
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Increased funding for R&D is allocated to develop advanced energy storage materials
and technologies. The plan encourages collaboration with international partners to accel-
erate technological advancements and share best practices. This collaborative approach
ensures that China remains at the forefront of energy storage innovation and can adopt the
latest and most effective solutions.

(d) Regulatory Framework:

Establishing clear regulatory guidelines for deploying and operating energy storage
systems is essential for the plan’s success. These guidelines ensure compliance with safety
and performance standards, protecting consumers and the environment. The regulatory
framework provides the necessary oversight and governance to support the sustainable
development of the energy storage sector.

(e) Impact and Future Directions:

The plan is expected to drive substantial market growth in the energy storage sector,
fostering innovation and attracting significant investment. By supporting R&D and pi-
lot projects, the plan encourages technological breakthroughs that can reduce costs and
improve the efficiency and safety of energy storage systems. Enhanced energy storage
capabilities support integrating renewable energy and contributing to carbon emission re-
duction goals. Additionally, the development of the energy storage industry is anticipated
to create new jobs, stimulate economic growth, and enhance energy security, positioning
China as a global leader in clean energy technologies.

The comparative differences between the 13th and 14th Five Year Plans are given
in Table 5.

Table 5. Comparing China’s 13th and 14th Five-Year Plans reveals a significant escalation in targets
related to resource productivity, recycling, and the circular economy.

Metric 13th Five-Year Plan 14th Five-Year Plan

Resource Productivity Increase (%) Increase by 15% from 2015 levels [25]. Increase by 20% compared to 2020
levels [26].

Recycled Non-Ferrous Metals
Production (Million Tons)

Recycled non-ferrous metals reached
approximately 14.5 million tons [25]. Achieve 20 million tons [26].

Resource Recycling Industry
Output (RMB Trillion)

Recycling industry achieved an output value of
RMB 2.8 trillion (approximately USD 406 billion)

in 2020 [25].

Reach a value of RMB 5 trillion
(approximately USD 773 billion) [26].

Battery Swapping Stations Around 555 battery swapping stations were built
in 2020 [27].

Plan to build over 1000 battery
swapping stations by 2025 [28].

Policies Implemented from These Plans

The “Notice on the Promotion and Application of Financial Subsidy Policy for New
Energy Vehicles (2022)” [Caijian (2021) No. 466] aimed to support the NEV industry’s
growth by gradually reducing subsidies while maintaining high technical standards to
encourage innovation, and was effective from 1 January 2022. Key provisions included
a 30% subsidy reduction for 2022, stringent performance and technical standards, and
support for battery technology advancements and infrastructure development. This policy
contributed to market growth, technological advancements, and environmental benefits.
Replacing this, the “Notice on Extending and Adjusting the Purchase Tax Exemption Policy
for New Energy Vehicles (2023)” [Caishui [2023] No. 13], effective from 1 January 2024
to 31 December 2027, shifts the focus to tax exemptions, providing up to RMB 30,000 per
vehicle for 2024–2025 and RMB 15,000 for 2026–2027. This new policy aims to promote
NEV adoption, support technological advancements, and expand charging infrastructure,
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contributing to China’s carbon neutrality goals by reducing greenhouse gas emissions and
improving air quality. The key feature points of Caijian (2021) No. 466 and Caishui [2023]
No. 13 are given in Table 6.

Table 6. The criteria of each policy in China.

Caijian (2021) No. 466 [Old] Caishui (2023) No. 13 [New]

Reducing subsidies by 30% in 2022.
The transport sector received a 20% reduction.
High technical standards.
Support development for charging stations.
Battery recycling regulations
Environmental impact.

Provide tax exemption to lower the upfront cost of NEV.
Invest in research and development on batteries and NEV technologies.
Support for battery swap models.
Supporting the growth of the NEV market
Reducing greenhouse gas emission.
NEV must perform at a high standard.

Notice on the Promotion and Application of Financial Subsidy Policy for New Energy
Vehicles (NEVs) (2022) [OLD]

The “Notice on the Promotion and Application of Financial Subsidy Policy for New
Energy Vehicles (2022)” [Caijian (2021) No. 466] aims to support the NEV industry’s growth
by gradually reducing subsidies while maintaining high technical standards to encourage
innovation [29]. Issued by the Ministry of Finance, MIIT, MOST, and NDRC, it became
effective on 1 January 2022. Key provisions include a 30% subsidy reduction for 2022,
with more minor cuts for public service vehicles and stringent performance and technical
standards for eligibility. The policy promotes advancements in battery technology, supports
infrastructure development for charging stations, and integrates renewable energy. It also
emphasizes battery recycling and includes mechanisms for monitoring and evaluation.
Public awareness campaigns and industry collaboration are encouraged to foster innovation.
This policy has significantly contributed to market growth, technological advancements,
and environmental benefits, helping to position China as a global leader in the NEV sector.

Notice on Extending and Adjusting the Purchase Tax Exemption Policy Foe New Energy
Vehicles (2023) [NEW]

The “Notice on Extending and Adjusting the Purchase Tax Exemption Policy for New
Energy Vehicles (2023)” [Caishui [2023] No. 13] is an updated policy aimed at promoting
the growth and technological advancement of the new energy vehicle (NEV) market
through tax exemptions, replacing direct subsidies with tax incentives [30]. This approach
is intended to sustain market momentum while encouraging innovation in NEV technology
and infrastructure.

Implementation Details

• Official Name: Notice on Extending and Adjusting the Purchase Tax Exemption Policy
for New Energy Vehicles (2023).

• Policy reference: [Caishui [2023] No. 13].
• Effective Date: 1 January 2024 to 31 December 2027.

Description of the policy

(a) Tax Exemptions:

There are two tax exemption plans, one from 2024 to 2025. NEV owners will receive
a purchase tax exemption of up to RMB 30,000 per car, providing significant financial
relief and encouraging NEV purchases [31]. This is projected to drive significant sales
growth and aid the industry’s recovery following COVID-19. From 2026 to 2027, the second
plan will cut the tax exemption to RMB 15,000 per car to gradually phase out tax breaks
while providing continuous market support, preserving momentum while the industry
transitions to a future with fewer government incentives.
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(b) Eligibility Criteria:

NEVs must meet specific performance standards, such as a minimum driving range
of 200 km for pure electric vehicles and a battery energy density of at least 125 Wh/kg, to
ensure that only high-performance vehicles receive tax breaks, encouraging manufacturers
to produce technologically advanced and efficient vehicles [32]. Furthermore, vehicles
must conform to tight battery performance and safety criteria, ensuring high levels of safety
and efficiency in the NEV industry and boost consumer confidence and market stability. To
ensure compliance, vehicles must undergo a rigorous certification procedure that validates
their eligibility for tax breaks and protects policy integrity by ensuring that only compliant
vehicles receive benefits.

(c) Support for Battery Swap Models:

Vehicles that feature battery swap technology receive significant tax breaks. The goal
is to promote the battery swap model to minimize range anxiety and increase convenience.
This project encourages the use of novel battery technology and the development of related
infrastructure, helping to advance the NEV industry.

(d) Impact and Future Directions:

The strategy is intended to sustain the NEV market’s rapid growth by encouraging
both domestic and foreign sales and maintaining market momentum through financial
incentives that make NEVs more accessible and appealing to customers. By establishing
rigorous technical criteria, the policy promotes breakthroughs in battery technology and
overall vehicle performance, pushing manufacturers to develop and improve the quality
and efficiency of their NEVs. In addition, the regulation improves the environment by
lowering greenhouse gas emissions and increasing air quality, which is consistent with
China’s overall environmental, and sustainability aims. It encourages using NEVs as
part of the transition to greener transportation options, thereby mitigating the effects of
climate change.

Lithium-Ion Battery Policies

China has implemented a national policy to promote the development, use, safety,
and recycling of Li-ion batteries in EVs. This policy aims to ensure the sustainable growth
of the EV industry while minimizing environmental impacts and enhancing technological
advancements. Below is a critical national policy:

Policies for Power Battery Industry Management (2023):
The Policies for Power Battery Industry Management (2023) include comprehensive

measures explicitly targeting the end-of-life management and recycling of lithium-ion (Li-
ion) batteries used in electric vehicles (EVs) [33]. This policy ensures environmental safety
and resource recovery through a structured regulatory framework, financial incentives, and
extended producer responsibility (EPR). Below is an expanded and detailed description of
each aspect of the recycling policy concerning EVs.

Implementation Details

• Regulatory Framework: MIIT’s Technical Standards for Li-ion Batteries.
• National Standard: GB/T 31574-2015
• Effective Date: 1 January 2023

Description of the policy
End-of-Life Battery Management and Recycling Policy

(a) Regulatory Framework for Recycling:

The goal is to provide a comprehensive regulatory framework that oversees the
recycling and disposal of (EOL) EV batteries while ensuring environmental safety and
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resource recovery. To do this, the policy imposes strict rules on all EV battery recycling
phases, including collecting, transportation, storage, and dismantling. Standards like GB/T
31574-2015 [34] define safe, efficient, and environmentally friendly recycling procedures,
including how to handle and process batteries to maximize material recovery. Further-
more, recycling facilities must obtain permission and certifications and follow government
rules to ensure that their operations are responsible and sustainable. The End-of-Life
Battery Management and Recycling Policy’s key metrics align with the targets set in the
14th Five-Year Plan, as tabulated in Table 7.

Table 7. End-of-Life Battery Management and Recycling Policy’s key metrics align with the targets
set in the 14th Five-Year Plan.

Metric Value (End of 2024)

Market Size Approximately RMB 40 billion (approximately USD 5.8 billion) [35]

Decommissioned Batteries Estimated at 52.29 GWh in 2022; projected to reach 134.49 GWh by 2025 [36]

Recycling Capacity Approx. 337.5 GWh (75% of global battery recycling capacity) [37]

Recycling Enterprises 162,000 enterprises [38]

Circular Economy Leadership Release of 2024 Edition of Battery Recycling Regulations [39]

(b) Incentives for Recycling and Reuse:

The objective is to encourage recycling and reuse of battery materials through financial
incentives and support. To implement this, the legislation provides subsidies and tax
breaks to EV battery recycling companies, which help to offset recycling costs and increase
participation. These financial incentives include financing for constructing or upgrading
recycling facilities to improve efficiency and environmental compliance, making recycling
infrastructure investments more economically viable for enterprises [35]. Furthermore,
the policy supports R&D projects to improve recycling technology and increase material
recovery efficiency.

(c) Extended Producer Responsibility (EPR):

The goal is to hold EV producers responsible for their products’ whole lifecycle,
including end-of-life (EOL) management. To accomplish this, manufacturers must provide
take-back procedures for spent EV batteries, assuring proper collection, recycling, and
responsible disposal. Companies such as BYD and NIO have set up collecting points and
recycling programs to keep batteries out of landfill sites. Producers must also disclose
their collection and recycling rates regularly, and authorities will monitor compliance with
extended producer responsibility (EPR) requirements. This involves presenting annual
reports specifying the number of batteries collected and recycled and the percentage of
material recovered, ensuring transparency and accountability in recycling.

In addition to support for China’s national policies, different provinces have formu-
lated and implemented their policies, as shown in Table 8.

Table 8. Some of the provincial policies in China.

Province Policy

Beijing [40]

• Adherence to National Policies: Beijing follows MIIT regulations for Li-ion battery recycling,
ensuring environmental and safety standards., e.g., “Draft Regulations on the Lithium Battery
Industry (2024)” and “Policies for Power Battery Industry Management (2023)”.

• Local Implementations: Beijing enhances national policies through public–private partnerships,
collaborations with recycling firms, and pilot programs., e.g., initiatives involving government,
private companies, and research institutions to manage used batteries, streamline processes,
and test new recycling technologies.
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Table 8. Cont.

Province Policy

Shanghai [41]

• Adherence to National Policies: Shanghai follows MIIT regulations for Li-ion battery recycling,
ensuring compliance with national environmental and safety standards., e.g., policies like the
“Draft Regulations on the Lithium Battery Industry (2024)” and “Policies for Power Battery
Industry Management (2023)” guide Shanghai’s recycling processes.

• Local Projects: Shanghai’s battery recycling efforts include the BYD recycling plant for efficient
Li-ion battery recycling and material recovery, partnerships with Volvo Cars and CATL for
closed-loop recycling, and sustainability initiatives using renewable energy and energy-efficient
technologies.

Shenzhen [42]

• Local Implementation of National Policies: Shenzhen follows MIIT guidelines for Li-ion battery
recycling, ensuring strict environmental and safety standards. For example, enhanced local
execution through partnerships and advanced recycling facilities to address the city’s rapid
urbanization and high volume of EVs.

• Strategic Collaborations: Shenzhen partners with companies like BYD for efficient battery
recycling, setting up collection points and advanced facilities., e.g., BYD and local authorities
have citywide collection points and a recycling plant that uses automated systems to recover
materials and dispose of hazardous components.

Guangdong Province [43]

• Guangdong Brunp Recycling Technology: A CATL subsidiary with major facilities in Foshan
and Changsha, Brunp uses advanced technology to recover valuable materials from used
batteries., e.g., the Foshan facility processes thousands of tons annually, highlighting
Guangdong’s commitment to sustainable recycling.

• CATL Investments: CATL has invested significantly in Guangdong to develop advanced battery
recycling plants., e.g., a new lithium battery production and recycling base in Zhaoqing aims to
boost capacity, support sustainable battery life cycles, and maximize material recovery with
minimal environmental impact.

5.2. The United States of America

The increasing adoption of electric vehicles (EVs) in the United States has raised critical
concerns regarding the management of end-of-life (EOL) lithium-ion (Li-ion) batteries. As
shown in Figure 11, the number of EVs grew from 360,000 in 2020 to nearly 900,000 by
2023, with market share rising from under 2% in 2018 to over 6% in 2023 [44,45]. This rapid
expansion, while beneficial for reducing emissions and boosting technological innovation,
also contributes to a growing volume of battery waste.
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Figure 11. The growth of EVs in the US.
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To address this, the US has shifted policy efforts toward sustainable battery lifecycle
management, emphasizing recycling, reuse, and safe disposal. Regulatory frameworks are
being developed at both federal and state levels to ensure environmentally sound practices
in battery collection, material recovery, and reuse. Programs are also promoting advanced
recycling technologies to extract critical materials like lithium, cobalt, and nickel from
spent batteries.

These initiatives aim to close the loop in the battery supply chain, reduce dependence
on raw material imports, and enhance environmental performance. As the EV market
continues to grow, these targeted actions are essential for building a sustainable and resilient
recycling ecosystem within the broader EV policy landscape [46].

As the adoption of electric vehicles (EVs) in the United States accelerates, the issue
of end-of-life (EOL) battery waste is becoming a significant environmental and logistical
challenge. As shown in Figure 12, EV battery waste in 2022 was approximately 55.35 K
tons, with projections indicating a sharp increase to over 360 K tons by 2030. This surge is
primarily driven by the widespread adoption of EVs and the finite lifespan of lithium-ion
(Li-ion) batteries, which typically require replacement after 8 to 10 years of use.
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Figure 12. The battery waste in the US.

Effectively managing this growing volume of waste is essential to ensuring the sus-
tainability of the EV industry. To that end, US policymakers are increasingly focused
on developing comprehensive recycling systems that facilitate the recovery of valuable
materials such as lithium, cobalt, and nickel. These efforts aim to reduce reliance on virgin
material extraction, lower environmental impact, and strengthen the domestic supply chain.

Tackling this challenge requires a combination of policy support, technological inno-
vation, and infrastructure development. Regulations and incentives are being introduced
to promote battery recycling, safe disposal, and the establishment of advanced processing
facilities. Simultaneously, investments in battery design improvements—such as longer
lifespan and enhanced recyclability—are being pursued to support a more circular economy
for EV batteries [47,48].
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5.2.1. Policies

The United States has implemented policies to advance vehicle technologies, enhance
energy efficiency, and ensure responsible battery recycling. The Advanced Technology
Vehicles Manufacturing (ATVM) Loan Program, established in 2007, provides loans to
automotive manufacturers for developing fuel-efficient technologies. Expanded under the
Bipartisan Infrastructure Law of 2021 [49], it now supports advanced battery technologies
and the entire supply chain, aiming to create jobs, stimulate growth, and reduce foreign
dependency. The Federal Energy Management Program (FEMP) was revitalized under
Executive Order 14008 and the Infrastructure Investment and Jobs Act of 2021, as shown in
Table 9. These initiatives enhance energy resilience and reduce greenhouse gas emissions in
federal facilities by deploying advanced battery storage systems. FEMP provides technical
assistance, funding, and guidance to support the US government’s sustainability and
climate goals [50].

Table 9. Comparison of old and new policies in the US.

Public Law 110-140 [Old] Public Law 117-58 [New]
Public Law 95-619 and

109-58 [Old]
Executive Order 14008 and
Public Law 117-58 [New]

The program targeted
light-duty vehicles.
Provides direct loans to
automotive and
component
manufacturers.
Focuses on increasing
fuel efficiency and
reducing emissions.
Targets the
development of
vehicles that meet
specific fuel economy
and emissions
standards.
Supports
manufacturing facilities
to produce advanced
technology vehicles
and components.
Creating high-paying
jobs in the auto
industry.

Broader support for
advanced battery
technologies.
Expands funding for
EV infrastructure,
including charging
stations.
Aims to reduce carbon
emissions and support
the transition to electric
vehicles.
Reduce reliance on
foreign supply chains.
Achieving a net-zero
emissions economy by
2050.
EVs constitute half of
all new light-duty
vehicle sales by 2030.

Aim to improve energy
efficiency and reduce
energy consumption
within federal agencies.
Reduce greenhouse gas
emissions.
Ensure energy resilience
in federal operations.
Optimizing building
performance.
Enhancing lighting and
HVAC systems.
Implementing
renewable energy
projects.

Focus on battery storage
projects.
Enhance energy resilience.
Assessing the feasibility of
battery storage systems.
Manage peak energy
demand and reduce
electricity costs.
The Infrastructure
Investment and Jobs Act
allocates substantial
federal funding for
infrastructure projects.
Executive Order 14008
directs agencies to
integrate climate priorities
into their operations and
investments.

Furthermore, several state regulations ensure (Li-ion) batteries’ safe handling, recy-
cling, and disposal as given in Table 10. In California, the DTSC regulations under Title
22, Division 4.5 establish guidelines for collecting, storing, and recycling hazardous waste
batteries, promoting material recovery and a circular economy. New York’s Environmental
Conservation Law, Article 27, Title 18, requires manufacturers to implement recycling
programs and provide convenient consumer options, including mandatory retailer par-
ticipation and public education campaigns. Washington State’s RCW Chapter 70A.500
legislation supports effective battery recycling and sustainability, with the E-Cycle Wash-
ington program offering numerous drop-off locations for electronic waste, ensuring safe
management and material recovery.
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Table 10. Some of the provincial policies in the US.

Metrix Economic Data

California

Policy Reference: California Code of Regulations (CCR), Title 22, Division 4.5 [51].
Collection and Storage (Universal Waste Regulations): A store sets up a drop-off point, stores batteries
properly, and sends them to a recycling facility on time.
Recycling (Facility Standards): A facility uses advanced technology to dismantle and process batteries,
recovers valuable materials, and submits regular compliance reports to the DTSC.
Compliance (Safety Standards): A warehouse labels batteries correctly, stores them in secure containers,
and ensures staff are trained in handling and emergency response.
Compliance (Environmental Standards): A recycling plant uses filtration systems to neutralize emissions
and properly disposes of hazardous waste by regulations.
Implementation and Impact: The Responsible Battery Recycling Act of 2022 (AB 2440) requires
producers to establish stewardship programs for battery collection and recycling, ensuring compliance
and sustainability. This Act holds manufacturers accountable for end-of-life management, promoting
higher recycling rates and environmental protection.

New York

Policy Reference: New York Environmental Conservation Law, Article 27, Title 18 [52].
Recycling Programs: Submit plans within 90 days. Retailers must accept used batteries, provide
collection boxes, and post signs about the recycling program. For example, posting signs and accepting
used batteries for recycling.
Public Awareness: Manufacturers submit annual reports to the DEC detailing batteries collected,
recycled, and associated costs to track campaign effectiveness.
Implementation and Impact: The Responsible Battery Recycling Act of 2022 (AB 2440) builds on these
regulations, detailing manufacturer responsibilities and enhancing recycling infrastructure, ensuring
compliance and continuous improvement in recycling practices.

Washington

Policy Reference: Revised Code of Washington (RCW) Chapter 70A.500 [53].
Manufacturer Responsibilities: Panasonic might establish collection points in retail stores and service
centers where consumers can drop off used batteries, which are then transported to
manufacturer-funded recycling facilities.
Compliance: Manufacturers must submit detailed plans to the Department of Ecology before launching
their recycling programs, demonstrating their methods for collecting, transporting, and
recycling batteries.
Programs (E-Cycle Washington): Consumers can drop off used batteries at Best Buy or Staples. The
program ensures safe management and recycling of hazardous materials at approved facilities following
strict environmental standards. It recovers valuable materials like lithium, cobalt, and nickel, supporting
the circular economy by using these materials to produce new batteries or other products.

Vermont

Policy Reference: Vermont Primary Battery and Rechargeable Battery Product Stewardship Law Act 152
(2024) [54].
Manufacturer Responsibilities: A manufacturer ensures consumers can drop off used batteries at service
centers, dealerships, or recycling centers, which are then transported to specialized facilities for
safe processing.
Compliance: ANR reviews manufacturers’ plans to ensure adequate collection points, effective
transportation, and environmentally sound recycling processes, ensuring strict adherence to standards.
Programs (Call2Recycle Partnership): The program ensures safe recycling of hazardous materials at
regulated facilities and recovers valuable materials like lithium, cobalt, and nickel for new battery
production, supporting a circular economy and reducing the environmental impact.

ATVM Loan Program [Public Law 110-140, Energy Independence and Security Act of 2007,
Title XIII, Section 136] [Old]

The ATVM Loan Program, established under the Energy Independence and Security
Act (EISA) of 2007 [55], aimed to reduce US oil dependence, increase energy security, and
cut greenhouse gas emissions by supporting the development of advanced technology
vehicles. The program targeted light-duty cars and components that significantly improve
fuel economy compared to conventional vehicles. It provided direct loans to automotive
manufacturers and component suppliers to re-equip, expand, and establish manufacturing
facilities in the US, with an initial funding allocation of USD 25 billion for retooling factories
to produce fuel-efficient vehicles.
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Expansion Under the Bipartisan Infrastructure Law [Public Law 117-58, Infrastructure
Investment and Jobs Act of 2021, Title IX, Subtitle B, Section 90002] [New]

The ATVM Loan Program was expanded under the Bipartisan Infrastructure Law
(BIL) [Public Law 117-58, Infrastructure Investment and Jobs Act of 2021, Title IX, Subtitle
B, Section 90002] to enhance its scope and impact, reflecting current technological and
economic priorities [56]. The fundamental changes include broader support for advanced
battery technologies and the entire supply chain, not just light-duty vehicles. The expansion
emphasizes developing a domestic supply chain for battery materials, components, and
manufacturing, including battery-grade critical minerals, precursor materials, and battery
cell and pack production. Additional funding has been allocated to support these goals,
ensuring significant investment in production facilities and infrastructure. The program
aims to create well-paying manufacturing jobs, stimulate economic growth by supporting
domestic production, and reduce reliance on foreign supply chains [57]. It aligns with
broader environmental goals, including achieving a net-zero emissions economy by 2050
and having electric vehicles constitute half of all new light-duty vehicle sales by 2030.

Implementation Details

• Official name: Infrastructure Investment and Jobs Act.
• Public law number: Public Law 117-58
• Effective date: 15 November 2021

Description of the Policy

(a) Supply Chain Investment

The policy guarantees that the United States builds a competitive industry for process-
ing crucial minerals required for battery production, focusing on increasing local capacity
for mining, refining, and recycling these minerals to reduce reliance on foreign sources.
To achieve this, investments are being aimed at growing domestic mining activities for
essential minerals such as lithium, cobalt, nickel, and rare earth elements by exploring new
mining sites and improving current ones to ensure a stable supply of raw materials. The
program also encourages the creation of refining facilities in the United States to convert
raw minerals into battery-grade materials, which are critical for manufacturing the high-
purity materials required for new battery technologies [58]. Furthermore, investments are
being made in advanced recycling technology to recover essential minerals from used bat-
teries and electronic debris, reducing waste while increasing the supply of crucial materials.
The Department of Energy (DOE) has provided subsidies to efforts to develop a domestic
lithium battery supply chain and recycling programs.

(b) National Security:

The goal is to increase domestic manufacturing of battery components to improve
national security by lowering reliance on foreign organizations and minimizing potential
supply chain interruptions and geopolitical threats. To do this, the program encourages
establishing and growing manufacturing facilities in the United States for essential battery
components such as cathodes, anodes, separators, and electrolytes. This emphasis on
self-sufficiency is intended to increase resilience and stability in the face of international
market changes and geopolitical concerns by establishing a robust domestic supply chain.
Companies such as Tesla, GM, and Ford have made significant investments in projects
such as building advanced battery manufacturing plants in several states, contributing to
national security by localizing the manufacture of essential battery components.

(c) Environmental Impact:

The purpose is to promote the research and deployment of advanced battery technolo-
gies, which are critical for the clean energy transition, allowing for the storage of renewable
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energy and contributing to the 100% clean electricity target by 2035. The policy promotes
technologies that allow for efficient energy storage from renewable sources like solar and
wind to ensure a steady and predictable energy supply [59]. The policy also intends to
lower the carbon footprint of the transportation and energy sectors by developing battery
technology for electric vehicles (EVs) and energy storage systems. Significant investments
have been made in initiatives such as large-scale battery storage systems and expanding
EV charging infrastructure, both critical components of the clean energy transition.

General FEMP Energy Efficiency Initiatives [Public Law 110-140, Title IV, Subtitle C,
Section 432, Public Law 95-619, Amended Multiple Times, and Public Law 109-58, Title I,
Subtitle B, Section 103] [Old]

The Federal Energy Management Program (FEMP) initially focused on broad energy
efficiency initiatives across federal facilities. These initiatives were guided by various
Department of Energy (DOE) directives and guidance documents [Public Law 110-140,
Title IV, Subtitle C, Section 432, Public Law 95-619, amended multiple times, and Public
Law 109-58, Title I, Subtitle B, Section 103]. The program aimed to improve energy and
water efficiency, reduce greenhouse gas emissions, and ensure energy resilience in federal
operations [55,60]. Key strategies included optimizing building performance, enhancing
lighting and HVAC systems, and implementing renewable energy projects.

Executive Order 14008 and the Infrastructure Investment and Jobs Act [Executive Order
14008, and Public Law 117-58, Title IX, Subtitle B] [New]

The Federal Energy Management Program (FEMP) has expanded its focus to include
battery storage projects as part of broader initiatives under [Executive Order 14008], “Tack-
ling the Climate Crisis at Home and Abroad”, and the Infrastructure Investment and
Jobs Act [Public Law 117-58, Title IX, Subtitle B]. These initiatives aim to enhance energy
resilience, integrate renewable energy sources, and reduce greenhouse gas emissions across
federal facilities [56,61]. By providing technical assistance, funding, and guidance for
deploying advanced battery storage systems, FEMP supports the US government’s sus-
tainability and climate goals, ensuring that federal operations lead by example in adopting
clean energy technologies.

Implementation Details

• Official name: Executive Order 14008: Tackling the Climate Crisis at Home and Abroad.
• Reference number: Executive Order 14008
• Date effective: 27 January 2021
• Official name: Infrastructure Investment and Jobs Act.
• Reference number: Public Law 117-58, Title IX, Subtitle B
• Date effective: 15 November 2021

Description of the Policy

(a) Executive Order 14008:

The goal of President Biden’s executive order, issued on 27 January 2021, is to prioritize
addressing the climate crisis through a whole-of-government approach, directing federal
agencies to focus on clean energy technologies, including energy storage, to reduce carbon
emissions and improve resilience. The directive focuses on establishing innovative energy
storage systems across government sites to help integrate renewable energy sources and
increase grid stability. To carry out this instruction, federal agencies, including the De-
partment of Energy (DOE), are responsible for identifying opportunities for implementing
battery storage and incorporating these systems into their energy management programs.
For instance, the United States Department of Defense has implemented battery storage
initiatives at military stations such as the Marine Corps Air Station Miramar in California,
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where a microgrid with battery storage improves energy security and promotes the use of
renewable energy.

(b) Infrastructure Investment and Jobs Act (IIJA):

The Infrastructure Investment and Jobs Act (IIJA), passed on 15 November 2021, seeks
to update the nation’s infrastructure, particularly energy infrastructure [62]. The act encour-
ages the development and implementation of renewable energy technology, particularly
improvements to energy storage capacity. To do this, the IIJA provides significant money
for energy storage projects, such as grants and technical help installing battery storage
systems at federal sites. For example, the IIJA provided funding for building a large-scale
battery storage system at Fort Carson Army Base in Colorado, improving energy resilience
and promoting renewable energy integration. The act requires examining and implement-
ing energy storage options to increase the strength and efficiency of the federal energy
systems. The Department of Energy (DOE), through the Federal Energy Management Pro-
gram (FEMP), provides technical help, funding possibilities, and project advice. The DOE,
for example, has provided grants to NASA Johnson Space Center to deploy a lithium-ion
battery system, improving energy reliability and sustaining mission-critical operations.

(c) Technical Assistance and Evaluation:

The Federal Energy Management Program (FEMP) aims to provide technical help to
federal agencies in evaluating and executing energy storage projects. This service includes
determining the viability of battery storage systems, designing and installing them, and
optimizing their performance. FEMP’s services include conducting site surveys, generating
project specifications, performing financial analysis, and verifying compliance with federal
energy regulations. For example, FEMP conducted a site evaluation for the United States
Postal Service’s facility in Los Angeles, California, to determine the viability of adding a
battery storage system to manage peak energy demand and save electricity costs. Several
government locations, including military bases and national labs, are being assessed for
prospective energy storage installations as part of efforts to cut energy costs, improve
energy security, and promote federal sustainability objectives. One example is the Oak
Ridge National Laboratory in Tennessee, which developed a battery storage system to
enable grid integration and energy storage research, lowering energy costs and increasing
research capacities.

(d) Coordination and Collaboration:

FEMP actively works with other federal agencies, including the Department of Defense
(DoD) and the General Services Administration (GSA), to encourage the use of energy
storage technologies. For example, FEMP and the DoD collaborated to establish a battery
storage system at the United States Army’s Fort Hood in Texas, increasing the base’s energy
resilience and supporting its sustainability objectives. Furthermore, FEMP promotes public–
private partnerships to utilize private sector expertise and money to deploy sophisticated
energy storage technologies. The GSA and a commercial energy business collaborated to
install a battery storage system at the Ronald Reagan Building and International Trade
Center in Washington, D.C., resulting in lower energy costs and better grid stability.

Lithium–Ion Battery Policies

The US has established comprehensive policies to develop a robust domestic supply
chain for lithium batteries and ensure efficient recycling of critical minerals. The Na-
tional Blueprint for Lithium Batteries 2021–2030, published by the Federal Consortium
for Advanced Batteries (FCAB), aims to cover the entire lifecycle of batteries, from raw
material extraction to end-of-life recycling and reuse. It emphasizes the development
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of technologies and processes for efficient recycling, infrastructure development, public–
private partnerships, and international collaboration to promote a circular economy for
battery materials.

The Battery and Critical Mineral Recycling Act of 2021, introduced as S.1918, supports
research, development, and demonstration projects to improve battery recycling tech-
nologies and critical mineral recovery. The Act establishes grant programs to incentivize
recycling and reuse and funds research initiatives to enhance recycling efficiency. It man-
dates the Department of Energy (DOE) to oversee the implementation of these initiatives.

The major points of the Federal Consortium for Advanced Batteries (FCAB) and
Battery and Critical Mineral Recycling Act are encapsulated in Table 11.

Table 11. The main points between [FCAB] and [S.1918] policies in lithium-ion batteries.

Federal Consortium for Advanced Batteries (FCAB) Battery and Critical Mineral Recycling [S.1918]

Develop a robust domestic supply chain for lithium batteries.
Recycle the (EOL) batteries and reuse the valuable materials in
the production of new ones.
Invest in R&D to improve the efficiency and cost-effectiveness of
lithium-ion battery recycling processes.
Implement policies and regulations that incentivize battery
recycling and ensure environmentally sound disposal practices.
Encourage battery manufacturers to design batteries with
recycling in mind.
Develop markets for recycled battery materials by ensuring that
they meet the quality standards required for new battery
production.

Support the research, development, and demonstration of
advanced battery recycling and critical mineral recovery.
Provide financial assistance to companies and research
institutions working on innovative recycling technologies.
Enhancing the efficiency and cost-effectiveness of
battery recycling.
Implement programs aim to lower the costs associated with
recycling and increase the recovery rates of valuable materials
such as lithium.
Improving the processes for separating and purifying critical
minerals from used batteries.
The Act aims to ensure that valuable materials are not wasted,
and environmental harm is minimized.

(a) National Blueprint for Lithium Batteries 2021–2030 [Federal Consortium for Advanced
Batteries (FCAB)]

The Federal Consortium for Advanced Batteries (FCAB) released the National
Blueprint for Lithium Batteries 2021–2030, which attempts to address every stage of the
battery lifetime, from extraction of raw materials to recycling and re-use at the end of
life [63]. To support a circular economy for battery materials, it strongly emphasizes the
creation of technologies and procedures for effective recycling, infrastructure development,
public–private partnerships, and international cooperation. The primary objective of the
National Blueprint for Lithium Batteries 2021–2030 is to develop a robust domestic supply
chain for lithium batteries. This includes the entire lifecycle of batteries from raw material
extraction through production, utilization, and (EOL) recycling and reuse.

Implementation Details

• Official name: National Blueprint for Lithium Batteries 2021–2030.
• Reference number: It is a strategic framework published by the Federal Consortium

for Advanced Batteries (FCAB), which includes various federal agencies.
• Date effective: June 2021

Description of the Policy

(a) Recycling and Reuse:

The goal is to promote the development of technology and procedures for efficiently
recycling lithium-ion batteries, ensuring that valuable materials may be recovered and
reused to make new batteries. To accomplish this, investments are made in research and
development (R&D) to improve the efficiency and cost-effectiveness of lithium-ion battery
recycling processes, focusing on advanced separation and extraction technologies for
recovering critical materials like lithium, cobalt, and nickel. Furthermore, the policy
prioritizes creating and growing the infrastructure required for large-scale battery recycling,

223



Recycling 2025, 10, 68

such as recycling facilities and logistics networks for collecting and transporting end-of-
life batteries.

To assist these efforts, legislation, and regulations are in place to encourage battery
recycling and ensure environmentally sound disposal procedures. This includes extended
producer responsibility (EPR) schemes, which hold manufacturers accountable for man-
aging their products at the end of life. Furthermore, public–private partnerships are
encouraged to speed up the development and deployment of recycling technologies by
leveraging government and industry’s necessary money and knowledge. Consumer aware-
ness and education campaigns are also encouraged to educate consumers and companies
on the need for battery recycling and the availability of recycling schemes.

(b) Circular Economy:

The goal is to create a circular economy for battery materials, reducing environmental
impact and dependency on new raw materials by reintegrating spent battery materials
into supply chains. To facilitate this, battery makers are encouraged to design goods with
recycling in mind, making them easier to disassemble and utilizing components that can
be quickly recovered and reused. Comprehensive lifecycle evaluations are undertaken
to examine the environmental and economic implications of battery production, usage,
and disposal, assisting in identifying potential for enhancing sustainability throughout the
battery’s lifecycle.

Setting targets for material recovery and reuse from end-of-life batteries is critical for
stimulating innovation and investment in recycling technology. Furthermore, promoting
second-life applications for retired EV batteries, such as stationary energy storage devices,
increases battery life and delays disposal. To further promote the circular economy, markets
for recovered battery materials are being formed, guaranteeing they fulfill the quality
criteria necessary for manufacturing new batteries. This results in stable demand and
makes recycling economically viable.

International collaboration is crucial in harmonizing standards and practices for
battery recycling and material recovery. This global approach is essential in addressing
the environmental impact of battery production and disposal worldwide. Working with
international partners enhances the efficiency and effectiveness of recycling efforts, helping
to reduce the environmental impact of battery production and disposal worldwide. The
key economic data and funding allocations under the Federal Consortium for Advanced
Batteries (FCAB) are summarized in Table 12.

Table 12. The key economic data and funding allocations under the Federal Consortium for Advanced
Batteries (FCAB).

Matrix Economic Data

Battery Recycling and Second-Life
Applications Program (2021–2026)

• Authorized under the Bipartisan Infrastructure Law, this program allocates
USD 200 million over five years to support research, development, and
demonstration projects focused on EV battery recycling and second-use
applications [64].

Advanced Battery Research and
Development Consortium (2023)

• The US Department of Energy announced more than USD 192 million in new
funding for recycling batteries from consumer products [65].

DOE Funding for Battery Manufacturing and
Recycling (2022)

• USD 2.8 billion for domestic manufacturing of batteries for electric vehicles
(EVs) and the electrical grid [66].
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Table 12. Cont.

Matrix Economic Data

Projected US Battery Market Growth • Expected to reach USD 100 billion in the coming decades [67].

Recent DOE Investment in Battery Supply
Chain (2024)

• Over USD 3 billion allocated to 25 projects across 14 states, creating
approximately 12,000 jobs [68].

Loan for EV Battery Factories (2024) • USD 7.54 billion loan to Stellantis and Samsung SDI for two EV battery
factories in Indiana [69].

Battery and Critical Mineral Recycling Act of 2021 [S.1918]

The Battery and Critical Mineral Recycling Act of 2021 supports the research, develop-
ment, and demonstration of advanced battery recycling and critical mineral recovery [70].
This aims to ensure that the United States develops a sustainable and efficient approach to
managing the EOL of Li-ion batteries, which are crucial for electric vehicles.

Implementation Details

• Official name: Battery and Critical Mineral Recycling Act of 2021.
• Reference number: S.1918
• Date effective: introduced on 27 May 2021

Description of the Policy

(a) Grants and Funding:

The Act provides substantial funding for projects that improve battery recycling tech-
nologies and processes. It establishes three grant programs to incentivize the reuse and
recycling of batteries and their critical minerals. These grants aim to enhance the overall
efficiency of recycling operations and support the creation of a robust recycling infrastruc-
ture. For instance, one of the key initiatives is the establishment of grant programs that
provide financial assistance to companies and research institutions working on innovative
recycling technologies. These programs aim to lower the costs associated with recycling
and increase the recovery rates of valuable materials such as lithium, cobalt, and nickel.

(b) Research and Development:

The Act supports various R&D initiatives aimed at enhancing the efficiency and cost-
effectiveness of battery recycling. It encourages the development of new technologies
and methods that can make the recycling process more sustainable and economically
viable. This includes improving the processes for separating and purifying critical minerals
from used batteries. For instance, continuing the Lithium-Ion Battery Recycling Prize
competition is a significant component of this Act. This competition incentivizes innovation
by awarding prizes to individuals or teams that develop breakthroughs solving problems
in collecting, storing, and recycling Li-ion batteries. The goal is to stimulate the creation of
scalable and commercially viable recycling methods.

Implementation and Impact:
The Act is designed to steer the Department of Energy (DOE) towards funding pro-

grams that foster the development of battery recycling infrastructure and technology. This
forward-thinking strategy promotes a circular economy by recovering and reusing ma-
terials from end-of-life batteries, reducing the environmental impact and the need for
additional raw materials. For instance, the DOE’s Lithium-Ion Battery Recycling Prize is a
testament to this, as it encourages innovative disassembly and material recovery options,
thereby accelerating recycling efforts.

This legislation is critical for resolving the developing issues with lithium-ion batteries
in electric vehicles. The Act aims to reduce waste and pollution by improving recycling
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technologies and infrastructure. Notably, DOE support enabled the American Battery Tech-
nology Company (ABTC) to develop a Nevada recycling facility to recover and recombine
essential elements, minimizing the demand for new raw materials.

Key matrix and data points for the Battery and Critical Mineral Recycling Act (S.1918)
are tabulated in Table 13.

Table 13. The key economic data and initiatives under the Battery and Critical Mineral Recycling Act
(S.1918) [70].

Metrix Economic Data

Lithium-Ion Battery Recycling Prize
• The Department of Energy (DOE) is authorized to continue this competition,

with an additional USD 10 million appropriated for fiscal year 2021 to
support Phase III, focusing on innovative solutions for battery recycling.

State and Local Battery Collection Programs
• The Act establishes a grant program for states and local governments to

develop or enhance battery collection, recycling, and reprocessing programs.
The non-federal cost share for these projects is 50% of the total cost.

Retailer Battery Collection Systems

• Grants are available for retailer’s selling batteries or battery-containing
products to implement systems for accepting and collecting used batteries for
reuse, recycling, or proper disposal. These systems must offer take-back
services at no cost to consumers.

Voluntary Labeling Program

• The Act directs the DOE and the Environmental Protection Agency (EPA) to
establish a voluntary labeling program to improve battery collection and
reduce waste, facilitating consumer awareness and participation in
recycling efforts.

Recycling Steps

(a) Collection:

Manufacturers, dealerships, and recycling companies set up EV battery collecting
locations, which are administered in collaboration with automakers and third-party recy-
clers such as Redwood Materials and Li-Cycle [71,72]. Ads, social media, and events boost
consumer awareness, while collection stations stress safety by training staff and utilizing
appropriate containers to prevent spills or fires.

(b) Transportation:

Transportation companies adhere to federal safety laws such as DOT guidelines [73],
using fireproof containers and real-time tracking to ensure safe battery shipments to recycling
sites. They also document each shipment, including the battery’s origin, condition, and
destination, to guarantee correct handling and environmental compliance during transit.

Storage
Recyclers and waste management facilities create secure, climate-controlled storage

chambers for incoming batteries, ensuring stability and safety until processing. Advanced
inventory systems monitor each battery’s progress from collecting to dismantling, optimiz-
ing timing and procedures. Furthermore, regulators such as the Environmental Protection
Agency (EPA) regularly audit these locations to guarantee compliance with environmen-
tal standards [74].

Dismantling
Batteries are dismantled manually or automatically to separate components such

as modules and cells, and businesses like Tesla and Redwood Materials are develop-
ing automated procedures to improve material recovery efficiency. The main goal is to
extract valuable metals such as lithium, cobalt, nickel, and graphite. Recycling compa-
nies established in the United States, such as Li-Cycle and Ascend Elements [75], use
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patented technology to increase recovery rates for these critical minerals. Hazardous waste
management standards closely adhere to adequately handling and neutralizing harmful
components such as electrolytes to prevent environmental contamination [76].

Recycling and Processing
Depending on the battery chemistry, recovered components are chemically processed

using procedures such as hydrometallurgy or pyrometallurgy to make them suitable for
reuse. Recycling facilities follow EPA rules and state requirements to reduce emissions and
waste during recycling, assuring environmental compliance. Furthermore, the recycled
materials are subjected to rigorous quality control testing before being reintroduced into
the supply chain to manufacture new batteries.

Reporting and Compliance
Companies regularly submit detailed reports to regulatory bodies like the EPA, out-

lining the amount of material recovered and recycled. Internal and external audits are
conducted to ensure that recycling programs comply with current safety and environmental
regulations. Additionally, companies maintain transparency by sharing progress reports
and collaborating with stakeholders to improve recycling practices continuously.

6. Empirical Data: Effectiveness of Recycling Technologies and Policies

6.1. Case Studies on Recycling Success
6.1.1. China

CATL’s Recycling Initiatives: Contemporary Amperex Technology Co., Limited, which
is by far the leading battery manufacturer, has constructed state-of-the-art facilities in
Guangdong province in which over 90% of lithium and cobalt can be recovered from
used batteries. This facility is hydrometallurgical in modes of modern application and
focused on minimal environmental impact in the process of achieving high recovery rates.
Recycled material is chained into production cycles again for making new batteries, thereby
limiting the reliance on raw virgin materials. Further, the company invests in research and
development to optimize recycling efficiency. Policies such as the 14th Five-Year Plan have
played an important role in formulating recycling legislatures, propelling infrastructure
development, and setting ambitious sustainability targets [77–84].

Empirical Evidence: According to the Ministry of Industry and Information Technol-
ogy (MIIT), China’s recycling rate for EV batteries is now 40% in 2023, compared to just
25% in 2020 [85–88]. This phenomenal growth is because of adopting extended producer
responsibility (EPR), which holds manufacturers accountable to ensure the collection and
recycling of used batteries. Furthermore, the new policy encourages innovation and creates
a need for companies to give more than the cost of collection manufacturing recycling target
incentives through grants and tax breaks. A nationwide battery tracking infrastructure has
significantly improved the capabilities of collection and recycling operations and ensured
that a higher percentage of EOL batteries are disposed of well.

6.1.2. United States

(a) Redwood Materials, based in Nevada, United States, is a pioneering company in the
domestic recovery of critical metals such as nickel, cobalt, and lithium from end-of-life
EV batteries. With advanced hydrometallurgical processes, Redwood can achieve re-
covery efficiencies of over 95% for its key metals. Its processes enable environmentally
friendly and economically viable extraction with minimal reliance on energy-intensive
mining operations. The company also introduces innovations in battery disassembly
through automated sorting and separation technologies, enhancing material recovery
and streamlining the recycling process. By returning recovered materials to the EV
battery supply chain, Redwood contributes to building a circular economy within
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the US and improves the overall sustainability of domestic EV production [89–93].
While several international companies have established large-scale battery recycling
operations, Redwood Materials represents a leading example of such efforts within
the United States context.

(b) Policy Impact: S.1918, Battery and Critical Mineral Recycling Act of the US, allocates
a large part of funds to the construction of facilities such as Redwood Materials.
The grant from Greentech between 2021 and 2024 is aimed at funding infrastructure
development and new technology that will reduce virgin raw materials dependency
by 30 percent. Redwood has, for example, used federal dollars to scale up its opera-
tions, increasing its recycling capacity by 50 percent while introducing its gram-scale
advanced processing units capable of handling higher volumes of spent batteries.
Such policy also enables the cooperation between their own battery manufacturers
and recycling facilities towards enabling a circular economy of EV batteries in the
United States [94,95].

7. Technological Innovations in Recycling

7.1. Advanced Recycling Techniques
7.1.1. China

(a) Hydrometallurgy

Recycling lithium, cobalt, and other critical metals from old EV batteries using aqueous
solutions is called hydrometallurgy. Plants in China largely use this process because it
yields high recovery rates with a minimal environmental footprint. In this procedure,
special leaching agents select these metals, and combined with advances in filtration
systems, recycling will ensure that over 90% of metals are recovered in pure form, and
ready for use in new batteries. For example, hydrometallurgical research is gaining traction
so that recycling facilities in Guangdong can raise their cobalt and lithium recovery rates
over 90% and even further, with the figure now being much higher than that [96–99].

(b) Automation in Recycling

This integration of robotic and AI-based systems in recycling has brought about
amazing strides in efficiency and precision. Robotic arms with highly sensitive equipment
for detecting items will be used in Shanghai installations to disassemble components in
EV batteries such as cathode, anode, and casing. Furthermore, AI algorithms improve
the sorting process of materials, thereby reducing human error while operating by much
more than 40% throughput. The whole automation has been able to achieve a labor cost
reduction and lesser material contamination, resulting in higher recovery yields.

7.1.2. United States

(a) Direct Recycling:

Direct recycling aims at ensuring that the cathode materials remain unchanged and
that there will be minimum chemical processing in their use in new batteries. Such methods
are energy-efficient, saving up to thirty percent of the energy consumed by normal methods
like pyrometallurgy. Redwood Materials was the first company to directly recycle EV
batteries, recovering important properties like nickel and cobalt and preserving their
electrochemical properties. Such innovation greatly reduces the carbon footprint associated
with battery recycling [100–103].

(b) AI-Driven Sorting:

Advanced AI algorithms are increasingly used for the sorting of EV battery com-
ponents. These systems can detect precious material from waste by analyzing material
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properties in real-time. US startups have cited recovery improvements of up to 25%, thanks
to the precision offered by AI-driven sorting technologies [104,105].

Commercialization Gap between China and the US:
While both China and the United States are advancing in EV battery recycling tech-

nologies, there remains a clear gap in commercialization maturity. Chinese companies
such as BRUNP, GEM, and Huayou Cobalt have fully commercialized recycling systems
capable of producing battery grade materials like nickel sulfate and cobalt sulfate, which
are sold directly to cathode manufacturers. In contrast, most US-based recyclers, including
Redwood Materials and Li-Cycle, are currently focused on producing black mass, an inter-
mediate product containing a mix of critical metals. The refining infrastructure to convert
black mass into battery-grade materials is still under development in the United States.
However, ongoing federal support and private sector investments are rapidly closing this
gap, with several US recyclers planning to operationalize full refining capabilities in the
near future see Table 14 for comparison.

Table 14. Comparative overview of battery recycling companies in China and the United States.

Company Country Processing Capacity and Focus Commercialization Level

BRUNP Recycling

China

• Processes approximately 120,000 tons
of battery waste annually, achieving a
metal recovery rate of 99.3% for
nickel, cobalt, and manganese.

• Engages in comprehensive recycling,
producing battery-grade materials.

Fully commercialized
operations, supplying refined
materials directly to battery
manufacturers.

GEM Co., Ltd.

• Has production capacity of 100,000
tons/year of battery-grade
nickel–cobalt salt crystals.

• Includes 33,000 tons of nickel sulfate.

Established commercial
operations, produces and
supplies nickel sulfate, cobalt
sulfate, and ternary precursors
to battery producers.

Redwood Materials USA

• Processes about 20 GWh of
lithium-ion batteries annually,
equivalent to over 250,000
electric vehicles.

• Currently produces black mass.
• Refining facilities for battery-grade

materials are under development.

Partially commercialized.
Focused on black mass
production.
Currently developing refining
processes; aims to supply
battery materials domestically
in the near future.

8. Evaluation of Recycling Efficiency (Quantitative Metrics)

In contrast, China, with its upgraded EPR policies, has increased the collection rates of
batteries to attain resource recovery efficiencies of 90%, and an impressive drop in energy
consumption level, as the collection now uses up to 50% less energy than that of traditional
mining. In addition, advanced hydrometallurgy processes have significantly contributed
to these achievements and provide an economically viable and environmentally friendly
alternative to raw material extraction. Facilities such as Redwood Materials in the USA
provide a remarkable 95% material recovery, as well as considerable energy savings and
CO2 improvement, as shown in Table 15. Direct recycling and AI-driven sorting are some
of the innovations that further boost the performance and environmentally friendly nature
of recycling operations.
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Table 15. Highlights the key differences in policy impacts between China and the US.

Country Recycling Rate (%)
Resource Recovery

Efficiency (%)
Emission Reduction

(Tons CO2)

China 40% 90% 2.5 million

United States 35% 95% 1.8 million

9. Observation

China has developed a comprehensive and strategic policy framework for managing
the lifespan of (EV) batteries, from manufacturing to (EOL) recycling. These regulations are
closely aligned with the nation’s overarching aims of encouraging the use of new energy
vehicles (NEVs) and decreasing environmental impact. The country’s Five-Year Plans,
particularly the 13th and 14th, prioritize the development of energy storage and battery
recycling technologies. These plans set lofty aims for lowering battery costs and improving
recycling efficiency, establishing China as a global leader in the EV market. In addition
to these broad goals, the Chinese government has adopted several incentives, such as
subsidies and tax breaks, to encourage recycling (EOL) batteries. These incentives are
supplemented by solid regulatory requirements that compel battery recycling programs
and manufacturers to adopt take-back systems, ensuring that battery waste is effectively
managed. Furthermore, municipal initiatives in key cities such as Beijing, Shanghai, and
Shenzhen reinforce national policy by strengthening China’s battery recycling capacity
through partnerships with private enterprises and investments in recycling infrastructure.

The United States’ approach to end-of-life EV battery recycling is characterized by
a blend of federal and state-level programs, emphasizing public–private partnerships.
At the federal level, programs like the Advanced Technology Vehicles Manufacturing
(ATVM) Loan Program and the Bipartisan Infrastructure Law (BIL) aim to promote the
development of innovative battery technologies and establish a domestic supply chain for
crucial battery materials. These programs are supplemented by state-specific regulations
in California, New York, and Washington that govern the proper handling, recycling,
and disposal of lithium-ion batteries. These state regulations safeguard the environment
and encourage a circular economy within their jurisdictions. US rules also promote the
recycling and recovery of essential minerals required for lithium-ion battery production.
Strategic frameworks such as the National Blueprint for Lithium Batteries 2021–2030
and the Battery and Critical Mineral Recycling Act of 2021 aim to improve recycling
technology and reduce reliance on international supply chains. Furthermore, the United
States government aggressively promotes public–private partnerships to enhance battery
recycling technology, recognizing the vital role of private industry in expanding recycling
operations and ensuring that recovered materials fulfill the quality standards needed to
manufacture new batteries.

When comparing the two countries, both China and the United States understand
the crucial need to have solid policies for recycling (EOL) electric vehicle batteries. How-
ever, their methodologies are fundamentally different. China’s policy is more centralized,
with specific directives embedded in national development goals. At the same time, the
United States strategy is more decentralized, with state governments and private-sector
partnerships playing an important role. Furthermore, China’s rules are more stringent,
with mandated recycling requirements and direct government intervention. In contrast, US
policies prioritize incentives, technological innovation, and the creation of a sustainable
supply chain for crucial minerals. These distinctions reflect each country’s larger policy en-
vironment and industrial strategy, influencing their methods to control EV battery lifecycle
are encapsulated in Table 16.
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Table 16. Comparison of recycling policy aspects between China and the United States.

Aspect China USA

Policy Structure Centralized, with clear directives integrated into national
Five-Year Plans.

Decentralized, with significant autonomy given to state
governments and private sector partnerships.

Regulatory
Approach

Prescriptive, with mandatory recycling
requirements and direct government intervention.

Emphasizes incentives, technological innovation, and
voluntary measures to encourage compliance.

Government
Involvement

Strong government role in setting and enforcing recycling
standards.

Federal government sets broad guidelines, but state
governments significantly influence specifics.

Economics
Incentives

Limited economic incentives for recycling, focusing more on
regulatory compliance.

Focuses on providing incentives, such as subsidies and tax
credits, to encourage recycling and innovation.

Technological
Development

Faces challenges due to a lack of advanced recycling
technologies.

Emphasis on research and development to advance recycling
technologies and processes.

Implementation National policies reinforced by local initiatives in major cities. Implementation varies widely by state, leading to
inconsistencies in recycling practices.

Supply Chain
Focus

Less emphasis on developing a sustainable supply chain for
critical minerals.

Strong focus on building a domestic supply chain for critical
minerals essential for battery production.

Stakeholder
Engagement

Limited focus on public awareness and industry
collaboration.

Encourages public–private partnerships and industry
engagement to foster innovation and compliance.

Overall Strategy Centralized control with mandatory compliance measures. Decentralized, incentive-based approach with a focus on
innovation and state-level customization

10. Conclusions

The exponential growth of electric vehicle (EV) adoption presents a pressing challenge
in managing end-of-life (EOL) EV battery waste. Without effective policies and recycling
strategies, the environmental, economic, and social impacts of EOL batteries could be
substantial. This study provides a comprehensive evaluation of the regulatory frameworks
for EV battery recycling in China and the United States, analyzing their effectiveness in
mitigating waste and recovering critical materials.

Our analysis highlights that China has achieved a battery recycling rate of 40% with
a material recovery efficiency of 90%, primarily through state-mandated policies and
centralized regulations. In contrast, the US reports a slightly lower recycling rate of 35%,
but exhibits a higher recovery efficiency of 95%, attributed to advanced technological
innovations and private-sector involvement. Both countries emphasize the importance
of extended producer responsibility (EPR) schemes, financial incentives, and stringent
recycling mandates to ensure sustainable battery lifecycle management.

Despite these advancements, several critical gaps persist. Many nations lack standard-
ized policies for battery collection, transportation, and disposal, leading to inefficiencies
and environmental risks. Moreover, current recycling processes remain energy-intensive,
with hydrometallurgical and pyrometallurgical methods still requiring optimization to
reduce emissions and improve cost-effectiveness. The study also underscores the need
for cross-border collaboration in material supply chains, particularly in securing lithium,
cobalt, and nickel, which are essential for battery manufacturing.

To address these challenges, the study proposes the following recommendations:

1. Policy harmonization and global collaboration: establish a standardized international
regulatory framework to enhance material traceability and ensure the responsible
management of EOL EV batteries.

2. Technological innovation: increase research investment in direct recycling and AI-driven
sorting systems, which have demonstrated up to 25% improvement in recovery efficiency.

3. Economic incentives: expand financial mechanisms such as tax credits, subsidies, and
recycling grants to promote industry-wide adoption of sustainable practices.

4. Stakeholder engagement: foster public–private partnerships to streamline collection
systems and integrate circular economy models into EV battery supply chains.
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In conclusion, this study underscores the urgency of adopting a multi-faceted approach
to EV battery waste management, incorporating regulatory frameworks, technological
advancements, and economic incentives. By leveraging best practices from leading nations,
policymakers can develop sustainable and scalable recycling models that not only mitigate
environmental harm, but also support the growing EV industry. Future research should
focus on life cycle cost analysis, second-life battery applications, and advanced material
recovery techniques to further optimize battery circularity.
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