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Abstract: Recycling processes of lithium-ion batteries used in electric and hybrid vehicles are widely
studied today. To perform such recycling routes, it is necessary to know the composition of these
batteries and their components. In this work, three pouch and three cylindrical LIBs were discharged,
dismantled, and characterized, having their compositions known and quantified. The dismantling
was performed using scissors, pliers, and a precision cutter equipment. The organic liquid electrolyte
was quantified via mass loss after it evaporated at 60 ◦C for 24 h. The separators were analyzed
using Fourier-transform infrared spectroscopy (FTIR), and the cathode and anode active materials
were analyzed using a scanning electronic microscope coupled to an energy-dispersive spectroscope
(SEM-EDS), X-ray diffraction (XDR), and energy-dispersive X-ray fluorescence spectrometry (EDXRF).
All LIBs were identified by type (NCA, NMC 442, NMC 811, LCO, and two LFP batteries), and a
preliminary economic evaluation was conducted to understand their potential economic value (in
USD/t). Both results (characterization and preliminary economic evaluation) were considered to
discuss the perspective of recycling towards a circular economy for end-of-life LIBs.

Keywords: electric vehicles; hydrometallurgy; economic evaluation; end-of-life battery; urban mining

1. Introduction

Lithium-ion batteries (LIBs) have greater energy storage in smaller volumes due to
their high energy density. Consequently, electronic equipment and electric cars have gained
better operational conditions [1,2]. There are different types of LIBs, according to their
geometry, such as cylindrical, in which the electrodes are wound, and prismatic and pouch,
which have flat electrodes [3]. A typical pouch-type battery, for instance, is often used
in portable electronic devices, such as cellphones, ultrathin computers, and tablets [4].
Pouch batteries have an important safety factor, since, in situations of overheating, the
internal pressure does not generate harmful fragments during the rupture. The flexibility
allows expansion of the battery avoiding rupture, being the safest type to be used in electric
cars [5]. Prismatic cells are big cells and are subjected to far higher pressure than pouch or
cylindrical cells, making them hazardous to open if the contents have degassed. To remove
the contents of a prismatic cell, specific instruments are required [3,6].

Cylindrical batteries are tightly coiled and frequently joined into modules using
epoxy glue (which is difficult to remove or recycle). Discharging this type of cell may be
problematic due to the fuses at either end, which may be blown. In addition, the cell shape
may be difficult to deconstruct for direct recycling, posing additional obstacles to separate
the electrodes for recycling procedures [3,7].

The CO2 net-zero initiatives motivated several countries to adopt sustainability poli-
cies, such as the incentive for purchasing electric vehicles. For instance, the USA has
438 government incentives to achieve this goal, such as tax incentives and subsidies for the
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infrastructure needed to recharge electric cars [8]. Consequently, the increase in the use of
electric vehicles will generate a proportional increase in battery production, raw materials
extraction, and LIBs waste generation.

As a consequence, the number of vehicles worldwide has been increasing [9]. In
2021, around 71% of global lithium production was used in the lithium-ion battery market.
This percentage rose to 80% in 2022 [10]. On the other hand, the lack of raw material
to supply future demand, also known as critical raw materials, has caused international
concerns [11,12]. The European Union added lithium to the list of critical raw materials in
2023 due to its risk of supply interruption. Co was already on the list, while Ni and Mn
have been added as well, all of them being widely used for the production of LIBs [11].

Consequently, several countries, such as the ones in the European Union, have pro-
moted an action plan to create a circular economy and increase the use of secondary raw
materials. Regarding this, the recycling of spent batteries of electric vehicles is important
for circular economy promotion towards supply–demand of critical metals such as lithium,
cobalt, nickel, and manganese [11]. In order to establish a recycling process, it is important
to understand what components a LIB presents.

One cell of the LIB has components such as electrodes (anode and cathode), and
two current collector metallic foils that are attached by a binder to the electrodes. One
current collector is made of metallic Al, which is attached to the cathode, and the other
one is made of metallic Cu and is attached to the anode [13]. The binder is often made by
polyvinylidene fluoride (PVDF). In addition, a cell also contains lithium hexafluorophos-
phate (LiPF6) dissolved in an organic solvent, such as the electrolyte [7,13]. The cathode
is responsible for receiving the electrons and cationic ions during operation as a battery,
whereas the anode is responsible for donating electrons and cationic ions to the cathode. A
singular cell presents a polymeric separator, and an external structure that is usually made
by steel, aluminum alloy or plastic [13–15].

However, despite the fact that the literature presents knowledge about the main
characteristics of LIBs, focusing mainly on the cathode and its treatment (the recovery of
the metals in the cathode’s active material), little is detailed about the characterization of
those batteries prior to recycling [6,7,16,17]. This step is responsible for qualifying and to
quantifying all the components of those batteries, and it fundamentally helps the next steps
during the recycling process. Furthermore, the economic evaluations of each component of
the battery are not thoroughly considered, and an economic study of the potential use of
these materials is needed.

This present work aimed to characterize pouch and cylindrical-type LIBs and compare
them to other configurations, providing detailed information. The LIBs were discharged by
wires and opened for gravimetric analysis. Chemical analysis was carried out for cathode
and anode to determine the critical metals content. After that, a preliminary economic
evaluation was performed to observe the market trend among the types of the batteries
studied. The results were compared with the literature. A preliminary economic and
recycling techniques analysis were carried out in light of circular economy processes.

2. Materials and Methods

This work studied the characterization of LIBs and a preliminary technical and eco-
nomic analysis of recycling to obtain critical raw materials. Figure 1 shows the flowsheet
of the methodology used in this work, which was proposed by the literature [7]. In this
study, three pouch cell LIBs from different manufacturers were studied, as shown in
Figures 2 and 3. The batteries were identified as P1, P2, and P3. Three cylindrical batteries
were also characterized—named as C1, C2, and C3—and further compared with pouch
batteries. These commercial samples were supplied by a research center in battery develop-
ment after use, without chemical or structural damage. In this study, the cells were first
discharged and then manually dismantled to separate all fractions of the cells. The or-
ganic electrolyte (solvent) was evaporated at room temperature as previously reported and
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determined [7,17–19], and the fractions were characterized by chemical and physical tech-
niques. Then, a preliminary economic analysis was carried out, as well as a literature analysis.
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battery cell.

2.1. Discharging and Dismantling the Batteries

The batteries were discharged using a Ni-Cr wire with 4 Ω resistance connected across
their positive and negative terminals, using the methodology we previously proposed [7,20–22].
This procedure was adopted to avoid losses of material and emission of harmful gases
by corrosion in the discharging process using alkali (as NaOH), salts solutions (as NaCl,
NaSO4, FeSO4, and ZnSO4), or thermal reactions [23–25].

After completely discharged (from 3.7–4.0 V to 0 V after around 24 h), the external
structures of the batteries were removed manually using scissors (pouch LIBs) or using the
Buehler IsoMet 1000 precision cutter (Buehler, Lake Bluff, IL, USA) at a speed of 875 rpm
(cylindrical LIBs). The batteries were then dismantled and separated into an external
structure, cathode (for this study, the cathode will be considered as active material + Al
foil), anode (for this study, the anode will be considered as active material + Cu foil), and
separator. The cathode, anode, and separator were named in this study by adding a C, A,
or S, respectively, in front of the names of the batteries. Figure 4 shows a schematic of the
components, separated from cell into fractions.

Minerals 2024, 14, 878 4 of 22 
 

 

 
Figure 3. Scheme of the separated components from a (a) pouch battery cell and from a (b) 
cylindrical battery cell. 

2.1. Discharging and Dismantling the Batteries 
The batteries were discharged using a Ni-Cr wire with 4 Ω resistance connected 

across their positive and negative terminals, using the methodology we previously 
proposed [7,20–22]. This procedure was adopted to avoid losses of material and emission 
of harmful gases by corrosion in the discharging process using alkali (as NaOH), salts 
solutions (as NaCl, NaSO4, FeSO4, and ZnSO4), or thermal reactions [23–25]. 

After completely discharged (from 3.7–4.0 V to 0 V after around 24 h), the external 
structures of the batteries were removed manually using scissors (pouch LIBs) or using 
the Buehler IsoMet 1000 precision cutter (Buehler, Lake Bluff, IL, USA) at a speed of 875 
rpm (cylindrical LIBs). The batteries were then dismantled and separated into an external 
structure, cathode (for this study, the cathode will be considered as active material + Al 
foil), anode (for this study, the anode will be considered as active material + Cu foil), and 
separator. The cathode, anode, and separator were named in this study by adding a C, A, 
or S, respectively, in front of the names of the batteries. Figure 4 shows a schematic of the 
components, separated from cell into fractions. 

 
Figure 4. Battery discharge by connecting the electrodes with a resistance wire: (a) a pouch cell and 
(b) a cylindrical cell. 

Figure 4. Battery discharge by connecting the electrodes with a resistance wire: (a) a pouch cell and
(b) a cylindrical cell.



Minerals 2024, 14, 878 5 of 21

2.2. Sampling and Preparation

After manual dismantling, all components were separated and dried at 60 ◦C for 24 h.
Active material samples were obtained using a spatula to scrape them from the current
collector. A mass equivalent of 1 g of this material was then digested in a 250 mL beaker
using 100 mL of aqua regia (HNO3:HCl = 1:3, v/v) for 24 h at 60 ◦C, under constant stirring.
After acid digestion, the mixture was filtered, and the liquor and the residue generated
were analyzed. The Al and Cu foils were quantified after acid treatment (4% HNO3) under
ultrasound for 0.25 h (15 min) and washed with ethanol 99.5% under ultrasound for 0.17 h
(10 min) at room temperature.

2.3. Analytical Procedures

The solid samples were dried at 60 ◦C for 24 h before the analysis. The mineralogical
assessment of the active materials from the cathode and the anode was performed in
X-ray diffraction equipment with incident CuKα radiation and equipped with a graphite
monochromator and nickel filter at a 2θ angular range from 15◦ to 85◦ (XRD Rigaku
Miniflex300 (Rigaku, Mumbai, India)). The morphology and the semiquantitative ele-
mentary analysis of the samples was carried out in scanning electron microscopy coupled
with energy-dispersive X-ray spectroscopy (SEM-EDS PhenomWorld ProX (Thermo Fisher
Scientific, Waltham, MA, USA)). The concentration of metals was analyzed by an energy-
dispersive X-ray fluorescence spectrometer (EDXRF Epsilon 3-XL (Malvern Panalytical,
Malvern, Worcestershire, UK)) and by an inductively coupled plasma optical emission
spectrometer (ICP-OES 700 Series (Agilent Technologies, Santa Clara, CA, USA). Lithium
quantities were analyzed by flame photometer (Model 910 (Analyser, Sao Paulo, Sao Paulo,
Brazil)). Separator analyses were carried out by Fourier-transform infrared spectroscopy
(FTIR Tensor 27 (Bruker, Billerica, MA, USA)) from 4000 cm−1 to 400 cm−1.

2.4. Preliminary Economic Analysis

After the characterization analysis, a preliminary economic evaluation was carried
out in order to know which of the pouch batteries had the highest market trend, according
to their composition. Hence, the battery with the highest value of USD/t of battery was
considered as the one with the highest trend in the market. The prices of each element
or product, in USD/t, for each battery were obtained from the London Metal Exchange
(LME), the SMM, and the Trading Economics websites. The values of the batteries were
obtained using the prices from those websites (December/2023) and further compared
with the literature.

A literature analysis was carried out to evaluate recycling approaches for these batter-
ies in light of the circular economy; that is, techniques that can make possible the recovery
of most of the materials, including plastics and organic electrolytes. Efficiencies and cost-
effective analyses were performed using these two types of batteries and experimental
examples from the literature.

3. Results and Discussions
3.1. Discharging and Dismantling the Batteries

Spent batteries can have residual energy stored. If the batteries are incorrectly han-
dled, this energy can be released quickly causing explosions due to the presence of energy
and organic compounds (electrolytes) [26]. Batteries can be discharged by promoting
a controlled short circuit using saline solutions or resistors. In the case of saline so-
lutions such as NaCl, it is a low-energy, high-discharge efficiency method. However,
saline impurities and undesired ions can be generated during this discharging process,
which can contaminate the inner materials and complicate the subsequent characterization
stage [23–25].

In addition, this discharging method can cause galvanic corrosions on the surface of
the battery, allowing for organic electrolyte loss from the battery into the saline solution,
which can also generate toxic gases such as HF [23,24]. Therefore, in the present study, the
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discharging method using resistors was chosen to avoid those problems. Figure 5 shows
one pouch battery with its electrode’s extremities connected with a Ni-Cr wire that operates
as a resistor with 4 Ω resistance. Therefore, the circuit was closed, and the battery was
discharged. This same type of resistor was used to discharge the other two pouch batteries.
The voltage reached after 12 h of discharging was 0 V.
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The pouch-type batteries used in the present study have planar electrodes. Each
battery consists of an external structure that holds together the cathode, the anode, the
electrolyte, and the separator (Figure 5). Their structures and internal configurations are the
same: both the anode and the cathode have several electrode sheets, and a single separator
sheet separates the cathode from the anode in each pouch battery (Figure 3).

The internal arrangement between the electrodes and the separator in a cylindrical
LIB, however, is different. Each electrode has only one long sheet, and the separator (also
a single long sheet) remains between the anode and cathode sheets. Figure 6 shows the
internal arrangement of cylindrical LIB, as found in the literature [7]. The percentages of
each component of the batteries were determined and compared with the literature (Table 1).
The weight of the electrolyte was calculated after removing all the organic solvents by the
drying process.

The results obtained in this study were compared with the literature data. Cylindrical
batteries exhibited similar values to pouch batteries, such as the percentage values for
the separators, electrolytes, the cathodes, and anodes (Table 1). The main difference can
be observed in the values for the external structure. Table 2 shows the masses for the
batteries studied in this work and the comparison to the literature. Despite the fact that the
cylindrical batteries present lighter external structures compared to the pouch batteries,
their total mass is significantly smaller than the total mass of the pouch batteries. This
difference can explain the considerable variation in the weight percentages of external
structures across different works.
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Table 1. Percentage by weight of pouch battery components evaluated in the present work and
comparison with those reported in the literature [7,13,27].

Percentages (wt%)

Present Study (Pouch Batteries) He et al.
(2015) [27]

Velázquez-
Martínez et al.

(2019) [13]
Guimarães et al. (2023) [7]

P1 P2 P3 LCO C1 C2 C3

Cathode 44.2 45.9 46.5 32.4 35.5 42.4 41.5 39.9
Anode 36.7 35.3 35.3 22.6 25.5 26.9 26.5 30.1

Separator 3.9 4.2 4.5 3.6 4.0 3.0 1.1 5.0
External
structure 4.4 5.0 2.7 30.3 25.0 17.5 15.1 13.3

Electrolyte 10.8 9.7 11.0 11.2 10.0 10.2 15.8 11.7

Table 2. Mass of each battery component (g).

Mass (g)

Components P1 P2 P3 C1 C2 C3

Cathode 189.0 222.4 142.6 19.9 16.7 29.5
Anode 157.2 171.1 108.3 12.6 10.6 22.2

Separator 16.5 20.3 13.8 1.4 1.0 3.7
External structure 18.8 24.0 8.4 8.2 6.0 9.8

Electrolyte 46.4 46.8 33.8 4.8 6.2 8.7
Battery cell (total) 427.9 484.6 306.9 46.9 40.5 73.9

The literature did not show whether the battery they studied was cylindrical, pouch,
or prismatic [23–25]. Considering the most notable difference between the percentage
values for their external structure and the present work’s values for that same component,
it is assumed that they have obtained those values from a cylindrical or a prismatic LIB. The
cathode and anode weight percentages were close, about 45 wt% and 35 wt%, respectively.
Even though the amounts of cathode and anode might be considered similar, the weight
percentages for the electrodes reported in the literature are consequently lower than those
determined in the present study, since the external structures of their batteries appear to
be heavier.
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The external structure of the pouch battery is a flexible bag of Al foil and plastic film.
The plastic film is composed of thin layers of two polymers (3–14 mils) bonded by a binder.
Polymers are a polyolefin, generally low-density polyethylene, and a polar polymer, such
as polyethylene vinyl alcohol copolymer (EVOH), polyamide, or polyurethane. In the
middle of the polymeric layer, a thin aluminum film is added. The external structure is
closed by a heat-sealing process, forming a fusion bond between the polyolefin layers.
These external structures protect the battery from moisture and have the advantage of
being cheaper, lighter, and more flexible compared to cylindrical and prismatic batteries.
For the cylindrical batteries studied, the external structures are all made of stainless steel.

3.2. Characterization of the Separator

The separator is a polymeric sheet that is located between the electrodes, allowing ionic
conductivity and avoiding short circuits. The most widely used types of separators in LIBs
are polyethylene (PE) and polypropylene (PP), which can also be found as a combination of
PE and PP (bilayer PE/PP or multilayer PP/PE/PP), which is called polymer blends [28].
The characterization of the separators was carried out by FTIR (Figure 7). The separators,
named SP1, SP2, and SP3, correspond to the batteries P1, P2, and P3, respectively. Similarly,
SC1, SC2, and SC3 correspond to the separators of batteries C1, C2, and C3, respectively.

The FTIR analyses for all the batteries showed the main bands at 2840 and 2920 cm−1

of C-H stretching, 1475 cm−1 of C-H bending, and 732 cm−1 of C-H rocking. For all the
batteries studied, both pouch and cylindrical, the FTIR spectra of the separators in the
batteries were characteristic of polyethylene (PE).

In addition, these polymers are produced from petroleum extraction, and losses by
thermal reaction (pyrometallurgy) or landfilling result in CO2 emissions. Recycling them
promotes the circularity of the carbon material and reduces the need for new separator
production which, consequently, leads to a decline in CO2 emissions and mitigates climate
change [29,30]. Furthermore, depending on the conditions the plastic is exposed to during
the recycling process (such as heat), the plastic can be degraded and lose its properties. A
polymer with a degraded chain makes mechanical recycling unfeasible, requiring chemical
recycling [29]. Table 3 shows a comparison between the separator materials. The batteries
studied here use PE separators, which have improved cyclic stability in comparison with
PP separators.

Table 3. Comparison between the types of separators in pouch and cylindrical cells.

P1 P2 P3 C1 C2 C3

Separator material PE PE PE PE PE PE

PE: polyethylene
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Figure 7. Analyses of the separators of the batteries identified by FTIR.

3.3. Characterization of the Electrodes—Cathode and Anode

The Al and Cu foils and the graphite were determined by gravimetric analysis, while
the metallic content was determined by chemical analysis (Table 4).

Table 4. Percentage of metals present in the cathode and in the anode of the samples.

Pouch Batteries Cylindrical Batteries

Percentages in the Cathode
(wt%)

Percentages in the Anode
(wt%)

Percentages in the Cathode
(wt%)

Percentages in the Anode
(wt%)

Elements CP1 CP2 CP3 AP1 AP2 AP3 CC1 CC2 CC3 AC1 AC2 AC3

Al 12.5 17.9 9.2 - - - 9.2 10.0 19.6 - - -
Cu - - - 17.0 38.7 37.3 - - - 24.5 44.6 47.5
C 5.1 5.3 3.8 53.0 44.0 45.0 5.3 8.8 6.0 61.0 42.4 46.3

Co 7.4 - 45.5 - - - 6.5 6.4 - - - -
Ni 17.6 - - - - - 45.7 35.3 - - - -
Mn 20.1 - - - - - - 6.8 - - - -
Li 6.0 3.0 5.6 0.18 0.19 0.44 5.7 4.3 2.4 0.5 0.9 0.3
Fe - 23.3 - - - - - - 26.4 - - -
P - 12.9 - - - - - - 14.6 - - -

The active materials of the electrodes were also characterized by XRD determining
their respective crystalline structures. As shown in Figure 8, CP1, CP2, and CP3 stand for
the cathodes, and AP1, AP2, and AP3 represent the anodes for the batteries P1, P2, and P3,
respectively. In Figure 9, the cathodes for the batteries C1, C2, and C3 are named CC1, CC2,
and CC3, respectively; and the anodes are named AC1, AC2, and AC3, respectively.
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According to Figures 8 and 9 and to Table 4, the anodes of these batteries were formed
by carbon as graphite, which is the most common anode active material used in commercial
LIBs. There are other materials also used as anode material, such as lithium titanate
(Li4Ti5O12) and graphene. However, graphite stands out in LIB applications because of
its high electrical conductivity, low cost, mature manufacturing method, and abundant
supplies [3].

Cathode CP1 contains lithium-nickel-cobalt-manganese oxide (LiNixCoyMnzO2,
x + y + z = 1). Based on the chemical analysis and the XRD spectrum, it was determined
that the cathode of the battery was composed of LiNi0.4Mn0.4Co0.2O2, which classifies the
P1 battery as an NMC 442 type. This type of battery combines the high specific energy of
nickel, the good thermal stability of manganese, and the good energy density of cobalt. It is
the one chosen for use in electric vehicles such as the Nissan Leaf, Chevy Volt, and BMW
i3 [28,31].

Battery P2 contains a cathode composed of iron and lithium phosphate, being classified
as an LFP battery (LiFePO4). This type is very safe due to high thermal stability, high dura-
bility, and high power/weight ratio, but has lower performance. The LFP batteries are used
in motorhomes such as the Iridium E Mobil [31]. The analysis of battery C3 demonstrates
that, similar to battery P2, there is a lithium-iron phosphate in the cathode (LiFePO4).

Battery P3 contains a cathode composed of lithium and cobalt oxide, classifying it as an
LCO-type battery (LiCoO2). These batteries, used in the Tesla Roadster car and electronic
equipment, have high energy density because of the presence of Co [28].

For battery C1, the cathode is composed of Li, Ni, Co, and Al in the form of a lithium-
nickel-cobalt-aluminum oxide, classifying it as an NCA-type battery (LiNiCoAlO2). This
type of battery has high power and energy densities, as well as good service life, making it
a good option for EVs [28,31].

Battery C2 contains a cathode composed of lithium-nickel-manganese-cobalt oxide
(LiNiMnCoO2). This indicates that the battery is classified as an NMC-type battery. Further-
more, it was determined that the molar ratio between Ni, Mn, and Co was 8:1:1 (Table 4),
which indicates that the battery is NMC 811. The morphology of each active material car-
ried out by SEM-EDS and the semiquantitative elementary analysis for the pouch batteries
are shown in Figure 10, and those for the cylindrical batteries are shown in Figure 11.

These results confirm the composition of the electrodes, such as Al, C, Co, Ni, and Mn
present in CP1 (NMC battery). CP2 contains Fe and P (LFP battery), while CP3 contains Co
and C (LCO battery). The anodes AP1, AP2, and AP3 contain C in the form of graphite, as
confirmed by previous XRD analysis. The presence of C in the cathode might be used to
improve electrical conductivity [7].

The SEM-EDS analysis showed the existence of other elements, such as fluorine and
oxygen. Fluorine was present due to the binder PVDF or residual electrolyte (LiPF6). The
oxygen identified can be explained by the cathode oxide, while in the anode, it might
originate from the formation of the SEI, which is an oxidation product of metallic lithium
by the liquid electrolyte [32].

Based on the data previously shown, weight percentages of the battery materials are
shown in Figure 12. Oxygen was calculated from the molecular formula of the crystalline
structure of the cathode material and from the concentration obtained of other metals of
the structure. The binder was calculated based by mass balance.
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3.4. Discussions and Preliminary Economic Evaluation
3.4.1. Availability of LIBs and Composition Variation

In this work, three pouch LIBs, P1, P2, and P3, of different compositions, were charac-
terized as NMC 442, LFP, and LCO, respectively. In addition, three cylindrical LIBs, C1,
C2, and C3, were characterized as NCA, NMC 811, and LFP, respectively. Batteries with
LCO cathodes emerged in the 1980s as one of the first cathodes developed, dominating
more than 55% of the LIB total market until 2015. This battery’s market share has declined
due to the introduction of newer cathodes and may come to an end in the next few years,
since it offers low thermal stability and is thus becoming unsuitable for energy-intense
applications such as EVs and energy storage devices [2]. According to the data provided
by Statista, LCO batteries are no longer in the market for EVs, being only used in some
electronic equipment [33].

NMC-type batteries are constantly being developed to reduce the cobalt content.
There are several compositions, including 333, 422, 532, 622, and 811 (proportion of Ni,
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Mn, and Co, respectively). This battery has begun to dominate the LIBs market since
2020, and it is estimated that the NMC battery market will continue to grow in the coming
years, especially for variants with a lower amount of cobalt. In addition, there are currently
studies in the literature on the synthesis and use of LIB cathodes with LiNi0.9Mn0.05Co0.05O2
chemistry (which would be considered a NMC 9½½-type battery) in devices with optimal
electrochemical properties [34].

The LFP battery was the most recently developed cathode that attracted attention due
to the aforementioned properties, including low cost and high stability. In addition, the
increasing scarcity of Co in the world’s reserves has also led to the increase in the use of
batteries without this metal in their composition, such as LFP. In 2022, China had the largest
electric car market, which led to a substantial waste generation from LFP used batteries
alone, confirming that this type of LIB is still a trend [35].

NCA batteries account for 8% of the market. This battery type is utilized for particular
applications because it has a high specific energy, good specific power, and a long service
life when compared to other types of LIBs. However, the downsides are connected to safety
and production costs. NCA cathodes are an appealing alternative for EV and HEV due to
their high energy and power densities, as well as their long service life. Nevertheless, the
literature lacks recycling research and pathways to a cost-effective recycling procedure for
this type of battery [6].

The interest in recycling LIBs is valid, owing to the number of batteries produced and
disposed of every year, as well as the growth of the electric car market. In 2021, 6.61 million
battery-powered and plug-in hybrid electric vehicles were sold worldwide. In 2022, the
number rose to 10.25 million, representing an increase of 55% in just one year. It is predicted
to have 17.07 million sales of these vehicles around the world in 2028 [33,36].

LIBs have a lifetime of approximately 10 years, meaning that LIB waste has already
started to be produced. It is estimated that approximately 11 million LIBs will reach the
end of their life by 2030, and the production of this waste will continue to grow, as will the
use of electric vehicles, which is expected to reach 140 million by 2030 [8,33].

3.4.2. Urban Mining Throughout Battery Recycling

The percentage of metals present in the battery electrodes studied shows the feasibility
of using them as a secondary source of mineral resources, as the percentage of certain
metals is higher than in primary sources, as in the case of cobalt, which is present in 45.5%
of the P3 cathode (LCO batteries). This represents a much higher percentage than many
common minerals that contain cobalt, such as cobaltite (35.52%) [34]. The nickel present
in the NMC 442, in the NMC 811, and in the NCA batteries studied has a content of 8.9%,
16.9%, and 23.7%, respectively.

Comparing the amounts of Li present in the batteries in question with those in the
mineral sources containing this element, the NCA, NMC 442, NMC 811 and LCO batteries
studied contain amounts equal to or greater than the amounts of Li found in minerals
such as lepidolite (3%–4%), petalite (3%–4.5%), spodumene (1.5%–7%), and zinnwalite
(2%–5%). The mineral jacobsite, which contains around 24% Mn, has only slightly more
of this element compared to the cathode of the NMC 442 battery studied, which contains
20.1% Mn [35].

Therefore, this demonstrates how the recycling of LIBs can be significantly important
in order to represent another source of critical metals and avoid obtaining them directly
from the global reserves.

3.4.3. Preliminary Potential Economic Evaluation

From the values shown in Figure 12 and the market prices, it was possible to calculate
an approximate potential economic value to be recovered from the batteries (Table 5 and
Figure 13). Here, our goal was the analysis of the material present in a ton of each Li-ion
battery cell we characterized. We did not consider recycling costs, only the values of the
cells themselves according to physical and chemical composition.
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Table 5. Prices of the products and the final value of each battery, in USD/t.

Products Prices (USD/t)

Li2CO3 14,093.70
FePO4 1510.72

Al 2313.00
Cu 8528.00
Ni 16,400.00
Mn 1752.03
Co 28,205.00

Graphite 28,800.00
Polyethylene 1109.66

Batteries Final price (USD/t)

P1 (NMC 442) 9856.38
P2 (LFP) 1708.43
P3 (LCO) 12,718.57
C1 (NCA) 7541.06

C2 (NMC 811) 9113.47
C3 (LFP) 6719.10
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The prices (USD/t) for Al, Cu, Co, and Ni were obtained from the London Metal
Exchange website; the prices of FePO4 and Mn were extracted from the Shanghai Met-
als Market (SMM) website; the price of Li2CO3 and polyethylene were obtained from
the Trading Economics website; and the price of graphite was obtained from the Lab
Alley website.

Table 5 shows the prices of the metals and products, as well as the final total value of
each battery studied, in USD/t. The value of lithium was expressed in the form of lithium
carbonate (Li2CO3), as it is the commercialized form. Furthermore, the price of FePO4 was
considered instead of the separate prices of Fe and P. Ni, Co, Mn, Cu, and Al prices were
obtained considering their metallic form.

Polyethylene has a lower economic value (USD 1109.66/t as of December 2023, by
Trading Economics) compared to the critical metals in the batteries. For this reason, many
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companies do not properly separate them during battery recycling in addition to low battery
content (about 4%). However, in line with a circular economy, recycling this polymer is
also important [13].

In the case of the P1 battery, which has a cathode of NMC 442, its value is USD
37,836.5/t of cells. Approximately 69% of the value of the battery is in the cathode, more
specifically in Co (14.9%), Ni (17.3%) and Li2CO3 (37.2%). The value of Cu (the anode
current collector) is also quite significant in the composition of the value of this battery
(22.5%). It is important to mention that the final value of the battery was determined
considering the adjustments on the prices of Ni, Mn, and Co according to the ratio among
them (4:4:2).

The P2 battery—LFP cathode—has a value of USD 26,445.4 /t. Over 59% of the
value is in the cathode, specifically in Li2CO3 (53.3%) and in FePO4 (5.7%), and 32.2% is
concentrated in the Cu present in the anode. The P3 battery (LCO cathode) has a value
of USD 53,139.7/t. Almost 80% of the value is in the cathode, being 53.1% Co and 26.5%
Li2CO3. The Cu in the anode represents 16% of the value of the battery.

In all the batteries, the active material from the cathode is primarily responsible for
the value of the batteries, being the focus for recycling processes. Battery P2 has the lowest
cathode value among the three pouch batteries. This can be due to the low value of iron
phosphate in the market (1510.72 USD/t). Battery P3 is the most valuable pouch battery
evaluated in this work, due to the large amount of cobalt. It is the most valuable element
due to its unstable supply, as its reserves are concentrated in the Democratic Republic of
Congo, a country with great political instability. In addition, among the metals present, Co
is the one with the biggest global scarcity [3,36].

Among the cylindrical batteries studied, battery C2 (with an NMC 811 cathode) had
the highest price, making it the most valuable and in the highest market demand in
December 2023. This might be due to the high amount of Ni in the battery (15.6% in the
whole battery cell), which is one of the critical metals, with a high price in the market
(16,400 USD/t). Cylindrical battery C3 (LFP cathode) was the one with the lowest value
among the cylindrical LIBs studied. Again, this can be due to the low value of FePO4.

3.4.4. Recycling Technologies towards Circular Economy

There are some widely used technologies for urban waste recycling and metal recovery,
which are also consolidated LIB recycling techniques. Focusing on the extraction of the
metals found in the cathode, the most common technologies are pyrometallurgy and
hydrometallurgy. Pyrometallurgical procedures are widely used to treat high-grade ores,
such as iron ore, whereas hydrometallurgical processes are generally used to extract low-
grade ores, such as copper [37]. The oldest one, pyrometallurgy, is a thermal extraction
technique, in which the use of extreme temperatures is responsible for the extraction
of metals [26,38]. Some of the popular pyrometallurgical processes include smelting,
incineration, pyrolysis, and molten salt processing [39].

However, even though the energy usage and carbon footprint are lower in pyrometal-
lurgy than those used in the primary production of the metals of interest in the recovery
process, the high energy demand and the production and discharge of hazardous gases
(such as CO2) into the environment are the key restrictions related to this technology.
Furthermore, only Ni and Co from the cathode’s active material and Cu from the current
collector are recovered in pyrometallurgical routes. On the other hand, Li, Al, and other
materials, such as polymers, graphite are not recovered [39].

Hydrometallurgy is a technology used for performing the extraction of the metals
from aqueous media. It involves processes such as leaching, dissolving the metallic fraction
for further separation, and recovery. This technology has become a promising because of
its favorable recovery rate and excellent purity of the product. In addition, even though it
involves a long recovery process and has a high chemical reagent consumption, it features
low energy usage, high metal recovery rates, and low emissions [3,38]. Table 6 summarizes
and highlights some comparisons between those two metallurgical processes.
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Table 6. Some comparisons between pyrometallurgy and hydrometallurgy processes [3].

Pyrometallurgy Hydrometallurgy

Initial Capital Investments High Low
Primary Waste Product Air and solids Liquids and solids
Energy Consumption High Low
Level of Separations Low High

Rate of Chemical Reaction High Low
Production Costs Low Intermediate

A LIB cell also contains other components that should not be ignored during a recycling
process. Since the separator (polymer), the current collector foils (metallics Al and Cu),
the electrolyte, and the external structure are made of materials that are common in all
LIBs, their recovery can be performed during the pretreatment step of the LIB recycling
process, prior to the leaching step, if a hydrometallurgical route is considered. This can
involve dismantling, separation, surface modification or a combination of at least two of
those methods. This physical separation treatment is thus important because it allows the
recovery of these typical materials in a single pretreatment process [40].

Following the pretreatment in a hydrometallurgy recycling route, the leaching process
is responsible for dissolving the cathode materials in chemicals (also called leaching agents),
such as HCl, HNO3, and H2SO4 (leaching with inorganic acids), citric, malic, and oxalic
acids (leaching with organic acids), and even alkaline chemicals such as NaOH and ammo-
nia (alkaline leaching). Later, during the same process of leaching, the cathode materials
are separated and extracted. The literature also reports the addition of reducing agents
such as H2O2 to the solution in order to optimize the efficiency of extraction of the metals
of interest [41,42].

The leaching experiments are conducted by studying parameters such as the leaching
and reducing agents’ concentrations, temperature, reaction time, and solid/liquid ratio,
which is a ratio between the mass of the solid sample and the volume of the leaching
agent. After the leaching experiment, the solution is filtered, and a leaching liquor is
generated. Equation (1) shows an example of the chemical reaction between the cathode’s
active material of an NMC 811 battery and H2SO4 [41]. In contrary, in Equation (2), the
chemical reaction occurs between the cathode’s active material of a LCO battery and citric
acid. Neither equation includes H2O2 in the reaction.

20LiNi0.8Mn0.1Co0.1O2(s) + 30H2SO4(aq) ⇋ 16NiSO4(aq) + 2CoSO4(aq) + 2MnSO4 + 10Li2SO4(aq)+
30H2O(l) + 5O2(g)

(1)

12LiCoO2(s) + 12C6H8O7(aq) ⇋ 3LiC6H5O7(aq) + 4Co3(C6H5O7)2(aq) + 18H2O(l) + 3O2(g) (2)

The leaching process is followed by a purification step, in which techniques such
as selective precipitation, solvent extraction, and ion exchange resins are used. This step
is necessary and responsible for obtaining high-purity products that already have great
commercial value for the industries. For the precipitation, the objective is to add some
reagent (also called precipitating agent) into the leaching liquor in order to selectively
extract the desired compound, with the metal of interest in the solid form [43]. The
solution’s composition determines the precipitating agent that will be used.

Solvent extraction is a liquid–liquid separation process in which the target metal is
transported from the aqueous phase (the solution studied) to an organic phase, which is
an organic extractant. This extractant is diluted in kerosene or related organic substances,
and its concentration is one parameter studied, along with temperature, time, the pH of the
solution, and the aqueous/organic ratio [44]. The use of an organic extractant will depend
on what metal is targeted to be extracted.

The ion exchange technique uses resins with specific functional groups, responsible
for selectively adsorbing the metal of interest and extracting it. Similarly to the precipi-
tation and the solvent extraction techniques, the choice of the resin used is related to the
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composition of the solution and to what metal will be extracted. In addition, this technique
can be performed by batch or continuously, in columns [45–50].

All these technologies and techniques used in hydrometallurgical processes are funda-
mental to developing a secondary source of critical materials present in LIBs, since they can
recover over 95% of these materials. In other words, they contribute to the development
of a circular economy, since it is possible to reuse the materials and compounds in the
production of new LIBs, preserving global reserves and avoiding e-waste disposal. More-
over, hydrometallurgy, applied from a circular economy perspective, allows low energy
consumption and low emissions of CO2.

4. Conclusions

The complete characterization and economic evaluation of lithium-ion batteries with
different compositions are crucial for assessing the economic viability of recycling, and
they are fundamental for stablishing strategies for their treatment from a circular economy
perspective. This approach transforms battery waste into a secondary source of (critical)
raw materials.

This work has characterized three pouch LIBs, including NMC 442, LFP, and LCO,
and three cylindrical LIBs, including NCA, NMC 811, and LFP. The characteristics between
pouch and cylindrical batteries have been punctuated with regard to their different external
structures (Al with plastic for pouch cells and stainless steel for cylindrical cells), the differ-
ent internal arrangement of their components, and their similarities, such as polyethylene
and graphite, which are used as materials in all their separators and anodes, respectively. In
addition, a preliminary economic evaluation has been performed to determine the materials
with the highest market trend (December/2023) based on their compositions: LCO and
NMC 811. It has also been determined that different compositions of the cathodes change
the value of the battery.

Therefore, the following conclusions have been drawn based on theoretical and exper-
imental studies:

• The characterization step of the LIBs shows fundamental importance during the
treatment of this e-waste since it helps to develop the next recovery strategies during
the recycling process. Therefore, this step should be detailed more in the literature.

• The batteries discharged with a resistor do not generate toxic gases, losses of materials,
or subproducts, and a resistor must be used in industrial processes to
improve sustainability.

• An electrolyte is a toxic component and must be recovered by evaporation in recy-
cling processes.

• The cathode is the most valuable component in the LIBs depending on the battery
type, which is different for LFPs.

• Cobalt is the most valuable metal present in some of the LIBs studied.
• Metals, such as Co and Ni, are more concentrated in battery waste compared to their

primary sources. For this reason, the recycling process represents a valuable and
green approach.

• A recycling process based on a circular economic perspective brings benefits to the en-
vironment, such as the preservation of the global reserves of critical raw materials used
in LIBs, as well as low emissions of hazardous gases such as CO2 into the environment.
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