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Abstract

It is challenging to efficiently and economically recycle many lithium-ion
batteries (LIBs) because of the low valuation of commodity metals and materials,
such as LiFePO,. There are millions of tons of spent LIBs where the barrier to
recycling is economical, and to make recycling more feasible, it is required that
the value of the processed recycled material exceeds the value of raw commodity
materials. The presented research illustrates improved profitability and econom-
ics for recycling spent LIBs by utilizing the surplus energy in lithiated graphite to
drive the preparation of organolithiums to add value to the recycled lithium
materials. This study methodology demonstrates that the surplus energy of
lithiated graphite obtained from spent LIBs can be utilized to prepare high-value
organolithiums, thereby significantly improving the economic profitability of LIB
recycling. Organolithiums (R—O-Li and R-Li) were prepared using alkyl alcohol
(R-OH) and alkyl bromide (R-Br) as substrates, where R includes varying
hindered alkyl hydrocarbons. The organolithiums extracted from per kilogram of
recycled LIBs can increase the economic value between $29.5 and $226.5kg™"
cell. The value of the organolithiums is at least 5.4 times the total theoretical
value of spent materials, improving the profitability of recycling LIBs over
traditional pyrometallurgical ($0.86kg™" cell), hydrometallurgical ($1.00kg™"
cell), and physical direct recycling methods ($5.40 kg™ cell).
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1 | INTRODUCTION

Lithium-ion batteries (LIBs) are essential in electric
vehicles, energy storage, and consumer electronics.!?
Unfortunately, humanity's modern dependence on LIBs
with a 6-12-year service life has dramatically increased
the number of retired LIBs annually.>"® The traditional
LIBs extraction method generally discharges and
pulverizes the spent LIBs and recovers the valuable
metal elements from the crushed batteries through
pyrometallurgical (Pyro), hydrometallurgical (Hydro),
and direct physical methodologies.””® These strategies
generally involve extracting the most profitable materi-
als, and the surplus energy remaining in the spent LIBs
is ignored. As a result, most LIBs recycling plants are
currently operating at a financial loss. Hence, novel
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economic and efficient battery recycling methodologies
are urgently needed.'*"”

The LIBs' materials primarily determine the eco-
nomic value of traditional recycling methods for spent
LIBs. The LiFePO, cell, as an example, consists of five
components: a shell, an anode, a separator, a cathode,
and electrolyte(s) (as shown in Figure 1A). The economic
value of each component, that is, shell (4.1 wt%,
$2.00kg™"), Al foil (6.5wt%, $2.80kg™'), separator
(6.2 wt%, $0.57kg™"), Cu foil (12.3 wt%, $7.00 kg™"), and
electrolyte (15.8 wt%, $0.15 kg_l), is fixed; thus, the total
theoretical value of the spent LIBs materials remains
constant. After recycling, the value of the material tends
to depreciate, and the recycling process extracts a
fraction of the crude materials from spent LIBs. Because
of this, the most advanced industrial recycling method
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FIGURE 1 A schematic diagram representative of the ideas about surplus energy utilization in spent LIBs. (A) Comparison of the

economic value of each material component in spent LIBs. The use of active lithium from a charged cell dramatically increases the value of

the recycled material. (B,C) The phase states of the cathode and anode materials for a LiFePO, cell in the discharged and charged states,

respectively. (D) The preparation of organic lithium alkoxides (R-O-Li) and organic lithium (R-Li) with lithium metal using a traditional

method. (E) The preparation of organolithiums using lithiated graphite proposed in this study. LIB, lithium-ion battery.
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can achieve a revenue of $5.40 kg™" cell at the expense of
generating waste and gas emissions; the profitability still
needs to be improved to overcome economic barriers to
recycling.

The surplus energy of spent LIBs can be viewed as a
missed opportunity from a financial perspective as it
has the potential to provide the energy required to
drive chemical reactions. It is well established in fully
discharged LiFePO, cells that the cathode and the
anode are LiFePO, and graphite, respectively
(Figure 1B). In the charged state, the Li ions are
extracted from LiFePO, material and intercalated into
graphite, and the cathode and anode are transformed
into FePO, and lithiated graphite, respectively
(Figure 1C). Once the battery charges, the electrical
energy is converted into chemical energy and stored in
the lithiated graphite, where lithium is very reactive.
In theory, the active lithium in the lithiated graphite
(anode) of the spent battery can be utilized as a
potential energy source. Ultimately, the residual
energy of the spent LIBs can be optimized, adding
economic value to the recovered spent LIBs materials,
which lack high concentrations of precious metals or
are comprised of inexpensive materials (e.g., LiFePO,)
(Figure 1A).'6

Organolithium compounds are excellent nucleophiles
in asymmetric carbon-carbon and carbon-heteroatom
bond formations and required for the synthesis of many
pharmaceutical intermediates and novel drug candidates
with increasing complexity and multiple chiral centers.
They can be used to facilitate lithium-halogen exchange
reactions or as strong bases synthesizing new molecular
entities, making them highly valuable to pharmaceutical
chemistry.'” Here, the surplus energy of spent LIBs is
used to synthesize organolithium compounds. The
synthesis of organolithium and its derivatives is per-
formed traditionally by reacting lithium metal with
corresponding alkyl alcohol (R-OH) or halogenated
hydrocarbon (R-Br) (e.g., bromoalkene) (Figure 1D)."®
This approach uses spent LIBs to prepare organolithium
(R-O-Li and R-Li) compounds for potential broad use in
organic synthesis and pharmaceutical applications
(Figure 1E), resulting in the great economic improve-
ment of LIBs recycling.

Using C,HsOH as a model substrate, reactions with
active lithium in lithiated graphite were explored to
generate lithium ethoxide (C,HsOLi). The samples of
lithium ethoxide prepared from lithiated graphite were
indistinguishable from those prepared from lithium
metal. Subsequently, the structure of the recycled
graphite in this method is preserved and maintains a
specific capacity of 321.5mAhg™" after 100 cycles at
0.1 C. This recycling method has excellent feasibility,

CARBON ENERGY-WI LEY—L2

broad applicability, and high economic importance
reinforced by environmental and economic analyses.

2 | EXPERIMENTAL

2.1 | Materials

The spent lithium iron phosphate batteries were pro-
vided by Guangdong Canrd New Energy Technology Co.,
Ltd. Methanol (CH;0H), ethanol (CH;CH,OH),
n-butanol (CH3(CH,);0H), 1-pentanol (CH3(CH,),OH),
bromobutane (CH3(CH,);Br), dimethyl carbonate
(DMC), and tetrahydrofuran were purchased from
Shanghai Aladdin Biochemical Technology Co., Ltd.
The electrolyte (1 M LiPFg in ethylene carbonate (EC),
DMC, and ethyl methyl carbonate (EMC) (vol:vol:vol =
1:1:1) was purchased from Guangdong Canrd New
Energy Technology Co., Ltd. All reagents were utilized
in their unadulterated form directly without purification.

2.2 | Characterization

An inductively coupled plasma (ICP) analyzer (Arcos II
MV; SPECTRO) was used to determine the lithium
content in the samples. The phases of the materials were
characterized using an X-ray diffractometer (XRD, D8
Advance; Bruker). Due to the volatility of lithiated
graphite in air, a coat of polyimide film was applied to
the surface of the lithiated graphite samples in a glovebox
under an argon atmosphere before XRD testing. The
following methodology evaluated the lithiated graphite
reaction with ethanol on the basis of ex situ XRD
patterns with varying the exposure times to the ethanol
(C,HsOH). First, small pieces of lithiated graphite
electrodes were soaked in ethanol with varying reaction
times (0, 0.5, 1, 1.5, 2, and 3min). The electrodes were
removed from the ethanol and dried in a glovebox under
argon gas. The sample's surface was coated with a
polyimide film and transferred outside the glovebox for
immediate XRD testing. The infrared spectra of the
samples were measured using a Fourier-transform
infrared spectrometer (FT-IR; MDTC-EQ-M13-01). A
scanning electron microscope (SEM, SU-8010; Hitachi)
and a high-resolution transmission electron microscope
(TEM,; Tecnai G2 F30; FEI) were utilized to characterize
the morphology and structure of the graphite. Nuclear
magnetic resonance (NMR) spectroscopy (Bruker/
AVANCEIII400) was performed on the prepared samples
by dissolving the collected samples in deuterated
methanol (methanol-d4) and the corresponding proton
NMR spectra were recorded ("H-NMR).
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2.3 | Recycling and reaction details
According to our previous research, the lithiated
graphite anode was procured by disassembling the
spent LiFePO, batteries."” 10 Ah LiFePO, pouch cells
were charged to 3.65V at a current density of 10 A. The
cell was then charged at a constant voltage of 3.65 V and
a current of 0.1 A. The charged spent batteries were
disassembled in an inert argon atmosphere. The shell,
cathode, anode, and separator were separated. As proof
of concept, ethanol was used as a model organic
compound to react with lithiated graphite (see
Video S1). The lithiated graphite (anode) was cleaned
three times with DMC and reacted by immersing the
lithiated graphite in ethanol. After 10 min, the reaction
was allowed to complete and the black electrode sheet
was removed from the ethanol. The reaction solution
was filtered and dried at 60°C for 6 h in the glovebox
under argon gas and the white powder product (lithium
ethoxide) was collected. The reacted black graphite
electrode was sonicated in water for 30 min until the
graphite completely fell off. The graphite was centri-
fuged, and the black precipitate was collected and
washed with water and ethanol. The precipitate was
dried overnight at 60°C to obtain the recycled graphite
powder.

24 | Electrochemical characterization
The electrochemical performance of the recovered
graphite powder was evaluated using half-cells. The
recovered graphite, Super P carbon black powder, and
poly(vinylidene fluoride) with a mass ratio of 8:1:1 were
mixed in N-methylpyrrolidone to form a slurry. The
copper current collector was coated with the slurry and
the obtained electrode was dried overnight at 80°C. The
electrolyte blend was 1 mol of LiPFs in EC/DMC/EMC
(vol:vol:vol = 1:1:1). The assembled half-cells were tested
for cycling stability at a current density of 0.1C
(1C=372mAhg™).

2.5 | Environmental and economic
analyses

The environmental and economic analyses were per-
formed using the Everbatt model, and the set parameters
were entered as described previously.”® The prices of
organolithium are obtained from Energy Chemical
(reagent company).

3 | RESULTS AND DISCUSSION

The battery's cathode, anode, separator, and shell were
obtained by manually disassembling the battery cells
from the spent LIBs in the charged state. This method
separates the various components of the battery cell
avoiding the tedious discharge and pulverization steps
of traditional methods, which is beneficial to improv-
ing the material separation efficiency and effect. The
lithiated graphite anode sheet was golden yellow
(Figure 2A), which is the normal color of lithiated
graphite. The feasibility that lithiated graphite can be
used as a lithium source to prepare valuable organo-
lithium was explored using ethanol (C,HsOH) as a
model solvent to react with the lithiated graphite
substrate. It was observed that when the golden-yellow
lithiated graphite electrode was immersed in ethanol,
tiny bubbles were generated on the surface of the
lithiated graphite and the lithiated graphite electrode
changed color from golden yellow to black (Figure 2B
and Video S1). The observed color change is due to the
intercalated lithium extraction from the graphite
during the reaction and the ethanol (C,HsOH) reaction
with the lithium to generate C,HsOLi and hydrogen
gas. The equation for this reaction can be expressed in
the following form:

2CH;CH,0H + 2LiCs = 2CH;CH,OLi + 12C + H,.

The reaction gradually stopped after approximately
10 min with the ceasing of bubble formation, and the
color of the electrode turned completely black
(Figure 2C). After removal of the black electrode, the
reaction solution was allowed to rest and filtered to
collect the C,HsOLi solution. Since C,HsOLi is soluble in
ethanol, while the remaining recovered material is
insoluble, this method effectively collects C,HsOLi to
the solubility limit of the solvent. The heating of the
reacted solution to 60°C facilitates solvent evaporation,
leaving a dry white powder of C,HsOLi (as shown in
Figure 2D,E). FT-IR and proton NMR spectroscopy
characterize the collected C,HsOLi product. The infrared
spectrum of Figure 2F shows that ethanol (C,HsOH) has
a broad absorption peak at the wavenumber between
3500 and 3200 cm ™}, corresponding to the bond stretch-
ing vibration of O-H.*' In contrast to the reaction
products (Li-C,HsOLi and LiC¢-C,HsOLi), the charac-
teristic broad absorption peaks of O-H have all
disappeared, indicating that C,HsOLi is successfully
achieved. The C,HsOLi product (LiCs-C,HsOLi)
obtained by the reaction of lithiated graphite and
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FIGURE 2 Procured lithiated graphite from the battery disassembly and reaction with ethanol (C,HsOH). (A) Golden-yellow lithiated
graphite anode obtained by disassembling spent LIBs. (B) Lithiated graphite electrode reacted in ethanol (C,HsOH). (C) Reacted lithiated
graphite in ethanol. (D) The filtrate product of the C,HsOLi solution after filtration and ethanol evaporation. (E) The obtained C,HsOLi

powder. (F) The infrared spectrum of C,HsOLi prepared by the reaction of lithiated graphite or lithium metal with C,HsOH. (G) The *H-
NMR spectrum of the C,HsOLi product from the reaction of lithiated graphite and lithium metal with C,HsOH. (H) The lithium content of
graphite before and after the reaction by ICP. ICP, inductively coupled plasma; LIBs, lithium-ion battery; NMR, nuclear magnetic resonance.

C,HsOH aligned with the peak position of the infrared
spectrum of the C,HsOLi product (Li-C,HsOLi) obtained
by the reaction of lithium metal and C,HsOH. The peaks
at 1055 and 2974 cm ™! correspond to the absorption peak
of the C-O bond and the stretching vibration of
the C-H bond, respectively.”> The 'H NMR spectra of
LiCs—-C,HsOLi and Li-C,HsOLi products (Figure 2G)
confirm that both are C,HsOLi. The "H-NMR spectra of
the samples were measured by dissolving the prepared
white C,HsOLi powder (shown in the inset) in deuter-
ated methanol (methanol-d;). From the proton NMR
spectrum, the peak positions of the two samples are
indistinguishable, with four apparent signal peaks, of
which the signal peaks at a chemical shift of 3.31 ppm
correspond to the residual solvent peak and 5.03 ppm
correspond to the water peak. The two peaks with
chemical shifts at 1.19 and 3.60 ppm correlate to the

triplet of CH; and the quartet of CH,, respectively.”***

The proton NMR spectrum reveals no additional peaks
that could result from impurities, confirming that the
C,HsOLi sample has a high purity.

To explore the feasibility of this reaction, other alkyl
alcohols  (e.g., methanol [CH;OH], n-butanol
[CH5(CH,);0H], 1-pentanol [CH5(CH,),OH]), and alkyl
bromides (e.g., bromo n-butane [CH;(CH,);Br]) were
used to evaluate their reaction with lithiated graphite.
Figure S1 shows that lithiated graphite and alkyl alcohol
in solution readily react, with rapid gas evolution and the
formation of tiny bubbles on the surface of lithiated
graphite during the reaction. Although the reaction of
lithiated graphite with alkyl bromides (CH3(CH,);Br) is
slower than that of alkyl alcohols, the color of lithiated
graphite turned completely black after 2h. The color
change of the lithiated graphite indicates the extraction
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of lithium from graphite, proving the occurrence of a
chemical reaction. This study shows that the spent
lithiated graphite can be an excellent substitute for
lithium metal for preparing valuable organolithiums.

Next, the reaction process and reaction products of
lithiated graphite and ethanol (C,HsOH) were charac-
terized. Figure 2B,C and Video S1 show that the
golden-yellow lithiated graphite gradually turned black
during the reaction, indicating the extraction of active
lithium in the lithiated graphite. From the ICP test
results of lithium in graphite after the reaction,
448 ppm of Li was detected in the recovered graphite.
An ICP comparison of the lithium content in graphite
before and after the reaction proved that more than
99% of the lithium in the lithiated graphite was
extracted and reacted with C,HsOH to form lithium
organic alkoxides (Figure 2H), which indicates that the
recovery method has an excellent lithium extraction
rate. The XRD pattern in Figure 3A shows that the
anode material transforms from lithiated graphite into
graphite after the reaction.

The phase change process during the reaction of
lithiated graphite with ethanol was further explored
through ex situ XRD, which characterized the phase of
the lithiated graphite after various reaction times
(Figure 3B). Before any reaction (0 min), there are two
sharp XRD peaks for LiCs (PDF #34-1320) and LiC,,

(PDF #35-1046) in the lithiated graphite, where the
relative content of LiCg is lower (~83%-86%) compared to
a new fully charged battery.”® During the progression of
the reaction between lithiated graphite and ethanol, both
peaks of LiCq and LiC,, are gradually weakened until no
peaks are discernible. The LiCq peak is more readily
weakens and disappears after 3 min compared to the
LiC,, peak, which disappears after 5 min in the lithiated
graphite. In contrast, the (002) and (004) peaks of
graphite (PDF #25-284) increase in intensity after the
reaction with C,H;OH.

Finally, most of the lithium in the lithiated graphite is
extracted, transforming the lithiated graphite into
graphite. The results of ex situ XRD support the ability
of the lithium to escape the lithiated graphite anode
during the reaction with ethanol. The lithium continu-
ously diffuses to the surface of the lithiated graphite layer
driven by the chemical potential, in contrast to the
lithium extraction process driven by the electric field.?® A
schematic diagram representing the delithiation process
of lithiated graphite is shown in Figure 3C.*” The data
confirm that the lithium inside the lithiated graphite can
react effectively with the organic solvent ethanol
indicating that the method is highly efficient for
extracting lithium from a lithiated source.

SEM was used to observe the morphology changes
of lithiated graphite (Figure 4A,B) and recovered
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FIGURE 3 The reaction of lithiated graphite with ethanol. (A) XRD patterns of lithiated graphite before and after the reaction with
ethanol (C,HsOH). (B) Ex situ XRD of lithiated graphite with varying exposure times to ethanol (C,HsOH). (C) The schematic
representation of the delithiation process for extracting lithium with an organic solvent from lithiated graphite. XRD, X-ray diffraction.
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graphite (Figure 4C,D). The overall morphology of the
recovered graphite indicated no apparent changes
relative to the pristine graphite. From the TEM images
of the recovered graphite, it is clear that the graphite
showed no apparent structural damage from the
extraction of lithium, and its lattice fringes are
prominent at 0.346 nm, corresponding to the (002)
crystal plane of the graphite comparable to the crystal
plane spacing of pristine graphite at 0.34 nm. The
Raman spectrum of the recovered graphite (Figure S2)
presented Raman peaks at 1343 and 158lcm™*
wavenumbers corresponding to the D-band and the
G-band of carbon, respectively. The calculated inten-
sity ratio of the D-band and the G-band for the Raman
peaks (Ip/Ig) was 0.39, indicating fewer defects of the
recovered graphite.*®
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The recycled graphite was evaluated for lithium
storage performance and maintained a specific charge
capacity of 321.5mAhg™' after 100 cycles at 0.1C,
demonstrating excellent cycling stability (Figure 4F,G).
The use of ethanol (C,HsOH) to extract the lithium from
intercalated lithium graphite preserved the structure of
graphite, and the recovered graphite's high specific
capacity and stability were well preserved in the half-
cells. As previously reported, the delithiated FePO,
cathode can be recycled to generate iron and phosphorus
salts using a solution of sodium hydroxide (NaOH) as the
leaching agent.'® Thus, this study focused on a method
that achieves life cycle sustainability for the graphited
electrode materials in the charged spent LiFePO, LIBs.

Effective utilization of lithium in spent LIBs can
improve the value of the recycled material of the spent
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FIGURE 4 Structure, performance, and characterization of the recovered graphite. (A,B) The SEM images of pristine intercalated

lithium graphite. (C,D) The SEM images of recovered graphite reacted with ethanol (C,HsOH). (E) The HRTEM image of recovered graphite
reacted with ethanol (C,HsOH) and the corresponding interplanar spacing. (F) The cycling performance of the recycled graphite at 0.1 C.
(G) The corresponding charge-discharge curves of the recycled graphite. HRTEM, high-resolution transmission electron microscopy; SEM,

scanning electron microscopy.
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LIBs and eliminate the need to discharge the battery while
minimizing the environmental impact from the energy-
intensive mechanical processing extraction steps of
traditional recycling to achieve substantial profitabil-
ity.'>**2° The traditional battery recycling strategy targets
the highest valued materials and ignores the recovery of
other inexpensive materials, resulting in a large amount of
slag waste and emission pollutants after the recycling
process. The traditional process requires the complete
discharge of the spent LIBs, pulverization into powder,
and extraction of valuable materials through Pyro, Hydro,
and physical separation (as shown in Figure 5A).>°>* The
recycling method presented in this study can effectively
separate the components of the battery (shell, cathode,
separator, and anode) from spent LIBs and recover the
electrolyte (Figure 5B). Therefore, the spent LIBs can
achieve material recovery and reuse close to the theoreti-
cal value during the dismantling process. The EverBatt
model developed by Argonne National Laboratory eval-
uated this battery recycling method's environmental and

economic benefits.>* The total recycling efficiencies of the
three traditional methods are Pyro at 12.3%, Hydro at
37.5%, and Direct at 65.1%, while Figure 5C shows that the
total recycling efficiency of this study separation method
can reach 98.7%. This study method is the only one that
exceeds the U.S. Department of Energy's aggressive target
of 90% recovery efficiency.** By contrast, the most efficient
traditional method is the Direct method at 65.1% and only
exceeds the European Battery Alliance's target of 50%
efficiency.”

The most important aspect of utilizing the lithium
anode materials in spent LIBs to prepare organolithiums
is that it resolves the poor total recycling efficiency while
improving the profitability of recycling by extracting the
lithium from spent anode materials. The traditional Pyro
and Hydro methods mainly recover Cu foil from spent
LiFePO, cells, with about $0.86 kg_1 cell value. Accord-
ing to previous reports, the traditional method of
recycling LiFePO, cells costs about $2.00-$3.00 kg™" cell,
resulting in an overall recycling profit loss. Although the

e’ [l o
Pyro method ‘ '
= E Cu scraps and valuable
s metal salts
Hydro method I I
Spent charged cell Spent discharged cell Crushed cell Physical method Anode Cathode
materials materials
(B) \
Shell
Separator Cu foil . ’/j\\
Anode electrode ‘ ithi
Electrolyte Organolithium
Spent charged cell Anode
Cathode electrode materials
(C) (D) Oranolithium| (E)
LiOH ;
Pyrojm Pyro Ellec(rolyle n-C,HLi
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Graphite C2HSOLI
| I Al foil
Hydro Hydrow Cufol n-CH, Li
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FIGURE 5 A comparative analysis evaluating this recycling method's environmental and economic effects on traditional recycling
methods. (A) A schematic diagram representative of the traditional methodology for LIBs' recycling. The battery is discharged and
pulverized, and the material is recovered through pyrometallurgical (Pyro), hydrometallurgical (Hydro), or physical methods. (B) A

schematic diagram representing the precise recovery of spent LIBs proposed in this study. (C) The total recycling efficiency. (D) The total

economic benefit. (E) The economic value of various organolithiums. LIB, lithium-ion battery.
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total theoretical value of all battery materials is
$6.50kg™" cell, the cathode material is worth $4.80kg™"
cell. Xu et al.*® demonstrated that if the cathode material
is restored to a pristine condition, the profit for recycling
LiFePO, batteries is $1.10 kg™" cell. This profit does not
yield enough economic benefits to promote the recycling
of LiFePO, batteries.

Fortunately, the recovery method proposed in this
study efficiently extracts and utilizes the active lithium in
the lithiated graphite anode to prepare organolithiums,
which are intensively used in organic synthesis and
pharmaceutical intermediates, thus maximizing the
revenue for LiFePO, cell recovery. This method increases
the total revenue of spent LiFePO, cell recycling at least
to $29.50kg™" cell, 5.4 times the theoretical fixed
material value for the spent LiFePO, cell (Figure 5D).
The economics and profitability of recycling spent
LiFePO, LIBs are greatly enhanced when the lithium
in spent cells is converted into organolithiums
(Figure 5E). For example, converting lithium from the
spent LiFePO, cells into C,HsOLi increases the recycling
revenue up to $335.00kg " cell, improving the revenue
by 51.5-fold over the fixed value of the spent LiFePO,
material.

4 | CONCLUSION

Making full use of the surplus energy of spent LIBs is
expected to improve the economics of the recycling
process. The precise separation of charged LIBs cells
dramatically improves the utilization of spent LIB's
surplus energy by eliminating the discharging step
required in traditional recycling methods. This study
demonstrated that lithium could be efficiently extracted
from the lithiated graphite in a nondestructive manner
and utilized as a source of lithium to synthesize
organolithiums by reacting with organic solvents con-
taining hydroxyl or bromine groups. Generation of
organolithium increases profitability while maintaining
one of the highest total recycling efficiencies that exceeds
the most rigorous targets of the U.S. Department of
Energy and the European Battery Alliance. This study
foreshadows a promising recycling methodology antici-
pated to improve life cycle sustainability in LIBs and
green chemistry for the entire industry.
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