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In this study, we have investigated the potential use of post-consumer primary lithium metal batteries
(LMBs) commonly used in portable electronic devices to recover lithium and manganese in the form of
industrially important materials. A direct reaction of lithium-containing electronic waste with a naturally
sourced ester, methyl salicylate, combined with a wide range of aliphatic alcohols has been used as a general
method for recovering lithium in the form of lithium aryloxides of different nuclearities [Li(OAr)(HOMe),] (1),
[Li(QAr(HOAN)] (2), [Li(QAN(HOER], (3), [LiI(OAN(H,O), (4), [Lis(OAr4(EGME),] (5), [Lig(OAre] (6—8) for ArOH =
methyl salicylate (1, 2, 4, 6), ethyl salicylate (3, 7), 2-methoxyethyl salicylate (5, 8), and EGME = 2-methoxyetha-
nol. The hydrolysis of 7 was then used to synthesize lithium salicylate [Li(Sal)(H,O)],, (10), which is an important
antioxidant in the production of oils and grease. The discharged cathode material of Li-MnO, batteries was
investigated as a source from which LiClOg4, Li,COs, LiMN,O4, and Mn,Os can be recovered by means of
water—alcohol extraction or calcination. Particular emphasis was placed on the detailed characterization of all
battery components and their decomposition products. LMBs were completely recycled for the first time, and
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Introduction

Lithium has played a vital role in energy production and the
development of new green technologies over the past few
years. As much as 80% of the lithium produced worldwide is
used in battery manufacturing, particularly electric cars, which
need around 20-30 kg of lithium for vehicle batteries and have
caused the demand to surge. Lithium is also essential for the
industrial production of ceramics, glasses, lubricants, grease,
polymers, and aluminum alloys. In 2022, lithium production
reached 130000 tons, while global consumption rose to
134 000 tons. During this time, the prices of battery-grade
Li,CO; increased from USD 12 600 to USD 37 000 per metric
ton. It is estimated that by 2040, the demand for lithium will
increase 40 times."
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materials were recovered from the cathode and the anode.

Lithium reserves are limited to 98 million metric tons glob-
ally, 66% of which is cumulated in brines, 25% is present in
minerals, and 8% in sedimentary rocks. Of these, economical
extraction is possible only for brines, spodumene, and lepido-
lite. Brines are found mainly in Bolivia, Chile, Argentina, the
United States, and China. The largest spodumene and lepido-
lite reserves are located in Australia, China, and Canada,
among others.> The uneven distribution of worldwide lithium
deposits, difficult accessibility, and low Li content make sec-
ondary resources, such as spent lithium batteries, attractive for
large-scale metal recovery.® Lithium battery recycling processes
are performed mainly for lithium-ion batteries by means of
applying pyrometallurgical or hydrometallurgical methods.*
The primary materials recycled are components containing
nickel, cobalt, copper, aluminum, and steel while recycling
lithium is currently expensive and, in many cases, not profit-
able. In general, pyrometallurgy is used in large-scale recovery
of nickel and cobalt from the cathode when lithium is left in
the final slag. Hydrometallurgical methods include leaching,
separating metals from the solution, and recovering metals as
salts, that is NiSO4, CoSQ,, or Li,CO;. Usually, Li" is the last
metal cation to be recovered from the stream by being precipi-
tated with Na,CO;, where the efficiency and purity depend to a
very high degree on the concentration of lithium ions in the
solution.” The above example shows that recycling lithium
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from end-of-life products must be enhanced in order to
recover large amounts of precursor materials for battery pro-
duction, which would lower the need for primary raw materials
and create an economic cycle.

In this study, we decided to develop a new method for re-
cycling primary lithium batteries (LMBs) to recover industrially
important materials. This type of battery includes many sub-
types that use lithium as the negative electrode, comprising
various cathodes and electrolytes. The compounds usually
employed as the cathode material include MnO,, FeS,, FeS,
S0,, (CF),, SOCl,, SOCL/BrCl, SO,Cl,, I,, Ag,CrO,, CuO,
FePO,, Ag,V,04;, Cu,0(PO,),, and Bi,Pb,0s, which are electro-
active liquid or solid components that undergo reduction and
lithiation during discharge. LMBs can produce voltages of 1.5
to 3.8 V depending on the type and chemical composition.
Some of them, such as Li-Ag,CrO,, Li-Ag,V,0;4, or Li-I,, have
advanced medical applications, i.e., in implantable defibrilla-
tors, neurostimulators, and drug infusion systems. Others,
such as Li-(CF), or high-current Li-SOCl,, have aerospace or
military applications. The most commonly used is Li-MnO,,
accounting for about 80% of the non-rechargeable lithium
battery market. It is suitable for low-drain, long-life, and low-
cost applications in portable consumer electronic devices, tele-
communication, metering, instrumentation, safety/security
systems, automotive, automation, office, and other equipment.
These cells offer a long operating life (10 to 20 years), superior
shelf life (self-discharge less than 1% per year), high cell
voltage (operating voltage of 2.8-3.2 V), high energy density
(up to 400 W h kg™"), excellent safety and a wide operating
temperature range (from —30 °C to +75 °C). Another example
is cylindrical Li-FeS, batteries, mainly used in digital cameras
as a replacement for alkaline batteries with a nominal voltage
of 1.5V.

The main challenge in recycling LMBs is the high reactivity
of metallic lithium with water, forming LiOH and H, (1.6 dm?
of H, per kg Li) with high energy release (~32 MJ per kg Li).
Therefore, special safety precautions should be taken to de-
activate metallic lithium, such as cryogenic treatment,
mechanical crushing under an inert atmosphere, or thermal
oxidation of Li, before separating battery components.®

The method for recycling various lithium batteries patented
by TOXCO involves crushing cryogenically cooled batteries fol-
lowed by hydrolysis in an alkaline solution. Separated lithium
salts (Li,SO3, LiCl, Li,CO3) are refined by means of subsequent
dissolution in H,SO, and passed through an electrolytic mem-
brane to form LiOH. The resulting LiOH is then dried or con-
verted to Li,CO; by adding CO,.” Another patent suggests that
before the reaction with H,O and CO,, lithium batteries
should be crushed in an Ar and CO, atmosphere.8 The reaction
of spent batteries with H,O followed by the addition of
Na,CO; was also investigated with the objective of isolating
Li,CO;.° In yet another solution, it is claimed that LiOH and
LiBF, can be recovered by means of cutting cylindrical lithium
batteries with ultra-high pressure water in the presence/
absence of fluorine inert organic solvents. Next, LiOH is
obtained by precipitation from methanol and filtrate distilla-
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tion. The recovered LiOH is purified with HCI to form LiCl,
which is then dehydrated and dried.'® Water is also used as a
reagent for recovering the lithium battery anode material in
the form of slurry."* Another known solution involves heating
post-consumer lithium batteries under an Ar atmosphere at a
temperature of 300-600 °C for 2 hours to obtain a powder con-
taining 3-5% lithium."? Scrosati et al. reported the recycling of
the anode in the form of Li,CO; by reacting it with
H,0/i-BuOH, and then CO,, as well as the recycling of the
cathode material in the form of MnSO, by reacting it with
H,S0,."* Another technology reports the synthesis of lithium
C4-C6 alcoholates that are further hydrolyzed and reacted with
Na,COj3, leading to Li,CO3.**

Developing safe, inexpensive, and efficient methods for re-
cycling metallic lithium-containing batteries with a maximum
recovery of all components, ensuring their conversion into
value-added compounds, is particularly important for future
industrial applications.

The direct reaction of LMBs with methyl salicylate in an
alcohol solution has been used as a general method for redu-
cing the thermal effect and the risk of explosion in lithium-
containing waste disposal, leading to the recovery of lithium in
the form of lithium aryloxides. Lithium aryloxides have numer-
ous practical applications in organic, polymer, and materials
chemistries. They have been used as precursors for lithium-
containing layers,'®> oxide materials,'® or glass-ceramics,"” as
catalysts or reagents in organic synthesis,"®>' and as initiators
in the polymerizations of lactones**® and acrylamides.>® In
the electroluminescence application, lithium aryloxo deriva-
tives have been investigated as a promising emitter® or inter-
facial material for the electron-transporting®® and electron-
injecting layers®*7* in organic light-emitting diodes.

This paper provides a report on the synthesis of lithium
aryloxides with different nuclearities [Li(OAr)(HOMe),] (1),
[Li(OAr)(HOAN)] (2), [Li(OAT)(HOEY], (3), [Li(OAr)(H,0)], (4),
[Liy(OAr),(EGME),] (5), and [Lis(OAr)s] (6-8) where ArOH =
methyl salicylate (1, 2, 4, 6), ethyl salicylate (3, 7), 2-methoxy-
ethyl salicylate (5, 8), and EGME = 2-methoxyethanol using
lithium residues from spent LMBs. The hydrolysis of 7 was
then used to synthesize lithium salicylate [Li(Sal)(H,O)], (10),
which is a luminescent material or an antioxidant of grease. A
method for recovering industrially important lithium and
manganese from the discharged cathode material in the form
of LiClO,, Li,COj3, LiMn,0,4, and Mn,0; was developed. For
the first time, spectroscopic, PXRD, and TEM identification of
all components of LMBs and their decomposition products
was performed.

Results and discussion

Synthesis of Li aryloxides by chemical recycling of primary
lithium batteries

The direct reaction of lithium batteries with methyl salicylate
(ArOH) in an alcohol solution has been used as a general
method for disposing of metallic lithium residues in post-con-
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sumer electronic waste. The use of liquid, high-boiling, and
natural-origin aromatic ligands, such as methyl salicylate, for
the purpose of recovering lithium anode materials in the form
of lithium aryloxides was necessary to separate lithium com-
pounds from other battery components effectively. Methyl sali-
cylate is the main component of wintergreen oil and occurs in
small amounts in essential oils and fruits. It is used as a
fragrance or flavoring agent in food, beverages, and liniments,
or as a mild antiseptic in oral hygiene products.*® The high
boiling point of 220 °C of methyl salicylate prevents metallic
lithium from reacting with hydrophilic reagents in a violent,
spontaneous, and uncontrolled manner.

We started our experiments with the most common lithium
battery type, Li-MnO,, derived from an electronic waste collec-
tion point (Fig. 1a). This type of lithium battery uses metallic
Li as the anode (Fig. 1b), MnO, as the cathode, and LiClO, dis-
solved in an organic solvent (dimethoxyethane and propylene
carbonate) as the electrolyte. Commercial products have
different initial Li contents depending on the battery cell size.
For example, according to the product data sheet, a CR2430
battery contains 0.075-0.09 g, CR2032 0.057-0.07 g, CR2025
0.048 g, and CR2016 0.023-0.03 g of Li.

In addition, the obtained lithium aryloxides show excellent
solubility in conventional alcohols, which allows them to be
separated from steel/plastic elements, electrolyte solvents, and
cathode materials (Fig. 1c-f). In a typical reaction, 16 to 26
lithium batteries of four different types CR-2430, 2032, 2025,
and 2016 were opened, and their caps with anode were placed
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in a round bottom flask under an atmosphere of N, and
reacted with an excess of ArOH (Fig. 1a-d). The resulting oily
liquids were dissolved in an excess of an alcohol selected from
MeOH, EtOH (anhydrous or hydrous), and 2-methoxyethanol
(EGME), then filtered and allowed to crystallize at —20 to 2 °C.
EGME is industrially used as a solvent for resins, dyes, and
quick-drying varnishes, but its applications should be avoided
because it is a possible human teratogen.’® In this work,
EGME was used as an 0,0-bidentate ligand because of the
easy crystallization of EGME-solvated aryloxides. The general
route for synthesizing metal aryloxides by means of recycling
lithium batteries is summarized in Scheme 1.

The residues of lithium anodes from Li-MnO, batteries
have been used as an attractive reagent to synthesize a wide
range of molecular materials in the form of lithium aryloxide
aggregates of varying nuclearities solvated by alcohol or water
molecules. Post-consumer Li-MnO, batteries, apart from
metallic lithium residues, also contain varying amounts of
Li,CO3, which is formed during long-term storage due to the
reaction of Li with CO, and atmospheric moisture and the
decomposition of the ether or carbonate-based electrolytes.
Since the batteries have different levels of wear, the yield of the
synthesized lithium aryloxides strongly depends on the metal-
lic lithium content in the e-waste used. The yield of the iso-
lated products was calculated on the initial Li content in the
batteries declared in the product technical data sheet.?”

The type of alcohol used to solubilize lithium aryloxides
derived from battery anodes is an important parameter that

Fig. 1 Post-consumer Li—-MnO, batteries used for synthesizing lithium aryloxides (a); coin cell cap with the lithium anode (b); reaction mixture (c);
anode caps after the reaction (d); stainless steel, plastic, and cathode material recovered from the reaction (e); and isolated crystalline lithium arylox-

ide [Lig(OAr)g] (f).
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+ ArOH + ROH

Li-MnO,
battery anode

RO
o
ArOH =

OH

R = CHj, CyHs, CH30(CHy),
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[L(OAN(HOR),], + LiCO;3

andy = 1 for CH;0H
andy = 1 for ArOH
and y = 2 for CoHsOH and H,0

-m ROH | vacuum drying

[Li(OAN)]s

Scheme 1 The general route for the synthesis of metal aryloxides from lithium batteries.

controls the nuclearity of the resulting compounds. For
example, the use of MeOH led to monomeric [Li(OAr)
(HOMe),] (1, from 7.3 to 41.4%). The same structural motif
was also observed in [Li(OAr)(HOAr)] (2, 20.4%), which was
synthesized using an excess of ArOH over the lithium anode
material. Solid-state 1 exists in two polymorphic forms, which
crystallize in the orthorhombic or monoclinic system. We have
previously published orthorhombic polymorph 1 and monocli-
nic polymorph 2; however, since much better structures were
determined for both, they are included in this paper.*® The
reaction carried out with anhydrous EtOH at —30 °C resulted
in dinuclear [Li(OAr)(HOEt)], (3, 26.5%). When 3 was exposed
to air moisture, the quantitative formation of [Li(OAr)(H,0)],
(4) was observed by replacing EtOH coordinated to Li centers
with H,O molecules. Compound 4 was received in the form of
monoclinic and triclinic polymorphs. Using alcohol other than
MeOH to solubilize lithium aryloxides usually produces
lithium compounds that contain fully or partially esterified
ligands. During heating and vacuum drying of [Li(OAr)
(ROH),],, the methyl salicylate ligand is transesterified to ethyl
salicylate or 2-methoxyethyl salicylate. The reaction carried out
with EGME gave tetranuclear [Li,(OAr),(EGME),] (5, 31.7%).
The molecular structures of 1-5 are shown in Fig. 2-6.

Usually, lithium aryloxides occur as various aggregates
whose structures result from the coordination ability and
steric or electronic effects of ligands, as well as the donor
solvent basicity and solvation effects.

Compounds 1 and 2 are based on the same structural
motif, in which the Lil atom coordinated by the chelating
methyl salicylate ligand is solvated by two oxygen donor atoms
of two MeOH or one ArOH molecule (Fig. 2 and 3). In Li,(p-O),
diamond core complexes 3 and 4, Li centers bridged by two
aryloxy oxygen atoms are additionally coordinated by carbonyl
oxygen atoms and EtOH or H,O oxygen atoms (Fig. 4 and 5).
The formation of low aggregated, solvated mono- or dinuclear
lithium aryloxides [Li(OAr)(solv),] is relatively limited.
Monomeric lithium aryloxides are obtained when steric mono-
or poly-phenolato ligands are used in the presence of strong
donor solvents (ethers, amines, alcohols).**™** Dinuclear
lithium aryloxides are usually formed using bulk phenolato

This journal is © The Royal Society of Chemistry 2024

Fig. 2 The molecular structure of [Li(OAr)(HOMe),] (1) (for ArOH =
methyl salicylate). The displacement ellipsoids are drawn at the 25%
probability level.

Fig. 3 The molecular structure of [Li(OAr)(HOAr)] (2) (for ArOH =
methyl salicylate). The displacement ellipsoids are drawn at the 30%
probability level.

ligands, i.e., [Liy(OAr),X,] where ArO™ = 2,6-di-t-butyl-4-methyl-
phenolato,*®*” 2 6-di-t-butylphenolato,*®*° 2,6-dibenzylpheno-
lato,”® 2,6-di-t-butylphenolato,>" 3,6-di-t-butyl-1-(isoquinolin-1-
yl)-2-naphtholato-N,0,0,>> and 1,1,7,7-tetraethyl-3,3,5,5-tetra-
methyl-1,2,3,5,6,7-hexahydro-s-indacen-4-olato,>® and X = Et,0,
THF, DME, and DMSO; or Mannich,>*® and Schiff base
ligands.”’° Only three lithium phenolate dimers
[Liy(OAr),(H,0),] (Where ArO™ = 2-bromophenolato and x = 4;

Dalton Trans., 2024, 53, 7450-7469 | 7453
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Fig. 4 The molecular structure of [Li(OAr)(HOEt), (3) (for ArOH =
methyl salicylate). The displacement ellipsoids are drawn at the 25%
probability level. Hydrogen atoms have been omitted for the sake of
clarity.

Fig. 5 The molecular structure of [Li(OAr)(H,O)l, (4) (for ArOH =
methyl salicylate). The displacement ellipsoids are drawn at the 25%
probability level [symmetry code: () —x + 1, -y + 1, =z + 1].

2,4,6-trinitrophenolato and x = 2),°“®" and [Li,(OAr),(H,0),],
(where ArO~ = 1-oxo-1H-phenalen-9-olato),** containing Li co-
ordinated with H,O in a similar manner to that in 4 have been
reported. The cyclic tetranuclear Liy(p-O), core structure of 5 is
uncommon (Fig. 6), and so far, it was observed only in
[Li4(OAr),(H,0),] (for ArO™ = 1,1,1-trifluoro-4-oxo-4-( pyridin-4-
yl)but-2-en-2-olato).*? Continuous-shape measurements
(CShM)®* of the coordination environment around lithium
centers in 1-5 revealed the presence of the lowest departure
from the ideal tetrahedral geometry for 1 then in 4 and 5 with

7454 | Dalton Trans., 2024, 53, 7450-7469
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Fig. 6 The molecular structure of [Lis(OAr)4(EGME),] (5) (for ArOH =
2-methoxyethyl salicylate). The displacement ellipsoids are drawn at the
25% probability level. Hydrogen atoms are omitted for clarity [symmetry
code: (i) —x+1, -y +1, -z +1].

the shape parameters S(T-4) = 0.774-0.945 (1), 1.216-1293 (4),
and 1.349-1.539 (5). For the LiO, tetrahedra in 2 and 3, the
corresponding metric parameters of 3.116 for 2 and
2.520-2.616 for 3 suggest the presence of more significant geo-
metric distortions (ESI, Table S21).

The alcohol molecules in crystalline 1, 3, and 5 are very
weakly coordinated to lithium ions and dissociate in solution
with the generation of hexanuclear [Lig(OAr)s] (ArOH = methyl
salicylate (6), ethyl salicylate (7), and 2-methoxyethyl salicylate
(8)), and free MeOH, EtOH or EGME (Fig. 7, 8 and ESI,
Fig. S1t). Due to the similar structures, compounds 6-8 can
co-crystallize together to form cocrystals. For example, com-
pound [Lig(OAr)s] (7a, ArOH = methyl salicylate (0.5), ethyl sali-
cylate (0.5)), is formed by means of cocrystallization of 6 with 7
(ESI, Fig. S21).

We were unable to obtain crystals of compound 8 for X-ray
studies; however, compound [Lis(OAr)s(EGME),] (9) is a mole-
cular model that illustrates the structure of compound 8 in the
form of an EMG solvate (Fig. 8). Formally, 9 can be considered
a cocrystal of {6-8}-2EMG, (for ArOH = methyl salicylate (0.73),
2-methoxyethyl salicylate (0.27), Fig. 8). Compound 9 was iso-
lated with a yield of several crystals during the synthesis of 5.
The crystal structure of 9 can also be used to visualize the
initial stage of the transesterification reaction that occurs in
the reaction mixture after the addition of EMG.

The coordination of C=O groups of methyl salicylate
ligands to Li centers in 6 increases the positive charge on the
carbonyl carbon and facilitates the attack by the oxygen atom
of EMG to give a tetrahedral intermediate. This form is then
deprotonated and protonated in alcoholic oxygen atoms,
resulting in the elimination of MeOH and the formation of
2-methoxyethyl salicylate ligands. The presence of two EMG

This journal is © The Royal Society of Chemistry 2024
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Fig. 7 The molecular structure of [Lig(OAr)g] (7) (for ArOH = ethyl sali-
cylate). The displacement ellipsoids are drawn at the 25% probability
level. Hydrogen atoms are omitted for the sake of clarity [symmetry
code: (i) —x+1, -y+1 -z +1l

molecules in 9 also suggests that the Li centers mediate the
nucleophilic attack of EMG on the C=O group.

Compounds 6-9 were based on a hexagonal-prismatic
Lig(p3-O)s core structure comprising two LizO; units (Fig. 7, 8
and ESI, Fig. S1, S21). This is a common structural motif in
lithium coordination chemistry and has been found in
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[Lig(OR)¢] (RO~ = t-butyl 3-oxobutanoato,®® diphenylmethano-
lato,*® 2-(isopropylamino)troponato,®” 2-methyl-1-phenylpro-
pen-1-olato,®® 1,1-dicyclopropylethanolato,®® (25)-1-methyl-2-
(oxymethyl)pyrrolidine,”® 1,1-dimethylprop-2-yn-oxo,”" bis((di-
methylphosphino)methyl)methanolato),” 2-methyl-1-(2-
thienyl)propanolato,”® dimethylbenzyloxo,”* 2-(pyrrolidin-1-yl)
ethanolato,”®> methyl 3-aminobutanoato,”® 1-t-butyletheno-
lato””) or [Lig(OAr)e] (ArO~ = 2,6-dimethoxyphenolato,”® 2-(di-
methylamino)phenolato,”® 2-methyl-8-quinolinolato®’).

In 6-9, Li atoms surrounded by four oxygen donor atoms
adopt an axially vacant trigonal bipyramidal (6) or tetrahedral
coordination environment (6-9). The CShM analysis of hexa-
nuclear 6-7a revealed a similar deformation in the coordi-
nation geometry around the Li atoms with shape parameters
S(VIBPY-4) or S(T-4) within the range of 2.326-2.570. Due to
the absence of two interplanar Li-Ogayioxo) bOnds between
LizO; rings and the formation of two additional Li-O bonds
with EMG, compound 9 shows less stress within the hexagonal
core and lower deformation of the tetrahedral geometry than
6-7a (S(T-4) = 1.085-1.766) (ESI, Table S27).

Compounds 1-8 have been characterized by means of 'H,
3¢, and “Li NMR, FTIR-ATR spectroscopies and elemental
analysis (ESI, Fig. S3-S267). The diffusion-ordered NMR spec-
troscopy measurements confirmed the occurrence of hexanuc-
lear compounds 6-8 and free MeOH, EtOH, EGME or H,O in a
THF-d; solution of 1, 3, 4 and 5 (ESI, Fig. S27-S33; Table S37).
The solid-state structure of 2 was preserved in solution (ESI,
Fig. S28; Table S37).

The performed reaction revealed that the type of alcohol
used in combination with methyl salicylate for the reaction
with battery anodes determines the nuclearity of lithium aryl-
oxides, their solubility, and crystallization properties. Among
the tested alcohols, MeOH and EtOH allowed the highest

Fig. 8 The molecular structure of [Lig(OAr)s(EGME),] (9) for ArOH = methyl salicylate (0.73) and 2-methoxyethyl salicylate (0.27). The displacement
ellipsoids are drawn at the 20% probability level. Hydrogen atoms are omitted for the sake of clarity [symmetry code: (i) —x + 1, =y + 1, =z + 1]. The
second disordered counterparts of aryloxo ligands are shown with dashed line bonds and highlighted atoms.

This journal is © The Royal Society of Chemistry 2024
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Table 1 Recovery of lithium from primary lithium battery anodes by reaction with methyl salicylate (ArOH) and alcohols, or H,O (ESI, Tables S4—
S127)?

Weight of Yield of Recovery Amount of recovery
No. ROH battery (g) Li content” (g) recovery Li (%) compound? compound (g)
1 MeOH 78.46 1.686 14.9 6 5.73
2 MeOH 46.21 1.100 41.4 6 10.36
3 MeOH 108.5 2.085 7.3 6 3.46
40.2 Li,CO; 4.46
4 EtOH (anhydrous) 74.22 1.840 26.5 7 12.1
30.4 Li,CO3 2.98
5 ArOH 69.66 1.604 20.4 2 14.64
6 EGME 58.66 1.431 33.7 5 16.71
7¢ H,O 70.50 1.947 18.3 LiOH-H,O 2.15
19.4 Li,CO3 2.01
8 ArOH 61.37 2.04 12.3 2 11.2
9/ EtOH hydrous) 120.38 8.0 38.7 4 78.60
EtOH (hydrous) 120.38 8.0 32.7 7 64.80

“General conditions: lithium anodes from the post-consumer Li-MnO, or Li-FeS, batteries, methyl salicylate (ArOH), Li: ArOH = 2: 1; excess
ROH = MeOH, EtOH, EGME, and ArOH; round-bottom flask with a capacity of 100-500 mL; N, atmosphere; reactions performed using anodes
from Li-MnO, batteries (entries 1-8) or FeS, batteries (entry 9). ?Initial lithium content in batteries estimated using the product safety data
sheet. “ The yield of lithium recovery from discharged batteries is calculated based on the initial lithium content in the LMBs. ¢ Li,CO; was recov-
ered from the anode and cathode material. ® Reaction was performed only in H,O without using ArOH. / Lithium was initially recovered in the

form of 4; next, by means of heating and vacuum drying from EtOH solution, 4 was transformed into 7.

recovery efficiencies to be achieved due to the easy crystalliza-
tion of the obtained lithium aryloxides at low temperatures
(Table 1). The amount of isolated 1-9 together with Li,CO3
should be considered for the quantitative recovery of lithium
from LMBs (ESI, Tables S4-S10%). Significant amounts of
Li,CO; are found in the cathode material, from which it is
extracted using an H,O/MeOH mixture. The recovery of
lithium from LMBs in the form of lithium aryloxides (2 and
4-7) and Li,CO;3; or LiOH-H,O is summarized in Table 1. For
example, when the yield of 6 was 7.3%, the amount of Li,CO;
isolated was up to 40.2% (Table 1, entry 3; ESI, Table S67).
When the yield of 7 was 26.5%, the corresponding yield of
Li,CO; was 30.4% (Table 1, entry 4; ESI, Table S8%). To
compare the efficiency of the above results, we also exposed
the anode material to H,O at low temperatures, recovering
18.3% lithium as LiOH-H,O and 19.4% as Li,CO; (Table 1,
entry 7; ESI, Table S10%). The results presented in Table 1
show that Li recovery in the form of lithium aryloxides/
LiOH-H,0 and Li,CO; ranges from 37.7 to 56.9% (Table 1,
entries 3, 4, and 7). These products result from the decompo-
sition of the anode material by reaction with CO, or electrolyte
solvents during prolonged storage or by reacting with ArOH/
H,O0. At this point, it is worth highlighting that in the form of
1-9, we can recover only lithium that has not undergone an
electrochemical reaction with MnO, through the developed re-
cycling method. Most lithium batteries left at the electronic
waste collection point were discharged in the 43 to 62% range.
Analyzing the results of the recovery efficiency of Li only in the
form of lithium aryloxides, we noticed that the amount of
metallic Li in the anodes ranges from 7.3 to 41.4% (Table 1,
entries 1-6).

The information provided above indicates the danger of
storing post-consumer Li-MnO, batteries due to the high
content of still reactive metallic lithium.

7456 | Dalton Trans., 2024, 53, 7450-7469

However, the high content of metallic lithium in batteries,
for which an industrial recycling method has not yet been
developed, can be easily used to produce drugs on the black
market. The reduction of ephedrine and pseudoephedrine
extracted from pharmaceutical cold and allergy products to
methamphetamine requires the use of anhydrous ammonia
and metallic lithium from primary batteries.®'

The high metallic lithium content in primary Li batteries
can also be explained by their long service life, which can be
up to several years in low-power devices. The very low electro-
chemical wear of batteries may be due to their lifetime being,
in many cases, much longer than that of the devices they
power. Analyzing the batteries used in our reaction in terms of
their manufacturers, we noticed that the cheapest batteries
have the lowest discharge and contain the most lithium. These
findings support our suggestion that battery life is longer than
that of devices powered by these batteries.

As a source of lithium for the reaction, we have also tested
Li-MnO, CR2 or CR123A photo batteries; however, due to their
high discharge, the recovery yield of lithium in the form of
compound 2 was only 12.3% (Table 1, entry 8). Nevertheless, it
should be noted that as much as 11.2 g of compound 2 was
obtained from three post-consumer photocells.

Another attractive source of lithium is cylindrical Li-FeS,
batteries (Fig. 9a). In this type of battery, the anode is lithium
foil, the cathode is a mixture of FeS, with graphite and carbon
black, and the electrolyte is LiCF;SO; dissolved in a mixture of
dimethoxyethane and ethylene/propylene carbonate. In our
research on Li-FeS, battery recycling, we focus exclusively on
recovering lithium from the anode material. When the anode
material derived from 16 R03/AAA batteries (Fig. 9b) with a
total weight of 2.96 g was reacted with ArOH and hydrous
EtOH, a mixture of 4 and its partially esterified derivative 4a
was obtained in an amount of 78.6 g (38.7%, Fig. 9c and

This journal is © The Royal Society of Chemistry 2024
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Fig. 9 Cylindrical Li—FeS; batteries (a), isolated lithium anode (b), and 4
and 7 isolated in the crystalline form (c and d).

Fig. S341). By means of recrystallizing the product obtained
from hydrous EtOH, followed by vacuum drying and heating,
H,O molecules were removed from the Li* coordination

View Article Online
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sphere, and the methyl salicylate ligand was transesterified,
leading to the formation of compound 7 (32.7%) as shown in
Fig. 9d (Table 1, entry 9).

An attractive alternative for converting 7 to industrially
important chemicals is direct hydrolysis to lithium salicylate,
an important antioxidant of lubricating oils and grease.®?
Lithium salicylate is a neuroactive lithium salt with a
smoother absorption rate than Li,CO5.%® It is also a promising
luminescent material useful for detecting thermal neutrons.®*
The reaction of 7 with H,O led to the isolation of a one-dimen-
sional coordination polymer [Li(Sal)(H,O)], (10, 73%; Fig. 10;
ESI, Fig. S351). Compound 10 was previously synthesized by
reacting equimolar amounts of salicylic acid and LiOH in
water.®® In 10, Li* ions and water molecules form {Li(H,O0)},
helices, which link the carboxylate groups of the Sal ligands.
The comparison of the powder diffraction pattern of 10 simu-
lated from the crystal structure with the resulting crystalline
material confirmed quantitative hydrolysis of 7 (Fig. 10).

Powder X-ray diffraction, IR, Raman and NMR spectroscopy,
and TEM microscopy analysis of cathode material of Li-MnO,
batteries

The PXRD study of the material isolated from the cathode caps
of Li-MnO, batteries showed that it consists of crystalline
graphite and Li,CO; phases and poorly crystalline MnO,,
carbon black, and Li,Mn,0, (Fig. 11a). The technical data
sheet of the batteries used in this study revealed that they

[LiC,H,0,], AMINEP

o4V«

Lit
Lit"

o4

Normalized Intensity (arb.units)

[Li(Sal)(H,0)], 10

10 20

20 (degree) 30 40

Fig. 10 Comparison of PXRD patterns of 10 with reference standards of [Li(Sal)(H,O)], simulated from crystal structure deposited in CCDC with
refcode AMINEP. Symmetry codes (i) 1 — x, -y, 2 — z; (ii) x, 0.5 -y, 0.5 + z; (i) 1 - x, -05+y, 25 -z (iv1-x,-1-y,2 -2 (V) x, 0.5 -y, 0.5 + z;
(vi)1-x,05+y, 15—z (vi)1-x,0.5+y, 1.5 -z (vii) x, 0.5 -y, =05+ 2z (ix) x,1 +y,z; and (x) 1 - x, -0.5 + y, 1.5 — z.
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Fig. 11 PXRD patterns of the crude cathode material (a); Li,COs/LiClO4-3H,0O mixture extracted with H,O and MeOH treatment (b); Li,COs after
purification with MeOH (c); and oxide materials received by means of calcination of cathode residues at 900 °C (d).

contain between 12 and 42 wt% of MnO, and between 1 and
5 wt% of graphite or its mixture with carbon black. The carbon
material in the battery acts as a highly conductive or disper-
sing agent of MnO,. The influence of the carbon ratio or
carbon types on the structure, morphology, specific surface
area, and electrochemical properties of the MnO,/C electrodes
is well known and has been previously reported for the MnO,
composite with carbon, CNTs, or graphene.®® Due to its rela-
tively high discharge voltage, heat-treated electrolytic y-MnO,
is usually used as a positive electrode material in Li-MnO,
cells. The y-MnO, structure consists of an intergrowth of tetra-
gonal pyrolusite f-MnO, in an orthogonal ramsdellite phase
with varying degrees of microtwinning.*” In battery pro-
duction, heat treatment of y-MnO, at 350 to 400 °C removes
high moisture content and increases the concentration of
f-MnO, in the solid material. Therefore, the p-MnO, poly-
morph is a major phase that undergoes lithiation in non-
aqueous primary Li batteries.®® The discharge process of Li-
MnO, batteries can be considered a solid solution reaction
described by the equation MnO, + xLi" + xé — Li,MnO,, which
results in the formation of partially lithiated MnO, (Li,MnO,).
During battery discharge, the structure of the cathode material
changes as a result of the reduction of Mn(w) to larger Mn ()
ions and the incorporation of Li" into B-MnO,, which leads to
the expansion of the lattice. During the initial discharge, Li*

7458 | Dalton Trans., 2024, 53, 7450-7469

ions are randomly incorporated into f-MnO, without changing
the crystal structure of the pyrolusite-type phase. Then, as the
reduction proceeds by lithiation, the expanded $-MnO, under-
goes a phase transition to Li,Mn,0, (0 < x < 2). The crystal
structure of the cathode material after complete discharge has
not been definitively determined. However, based on the
experimental results that involved the chemical lithiation of
f-MnO, using "BulLi, the formation of spinel-related phase iso-
structural to cubic LiMn,O, or tetragonal Li,Mn,0, was pro-
posed.®’® The characteristic peak at 26 values of 26.6° was
assigned to hexagonal graphite. The analysis of the PXRD
pattern shows that, except for graphite, there are wide diffrac-
tion peaks between 26 = 20-30° and 40-45°, corresponding to
the crystal planes (002) and (101) of amorphous carbon. The
presence of the p-MnO, phase was confirmed based on the
characteristic peaks at 26 values of 36.9°, 41.3°, 42.9°, 56.8°,
and 66.1° (Fig. 11a). The diffraction peaks at 26 values of 19.2°
and 52.7° in Fig. 11a were a particular characteristic of the
intermediate spinel phase.”® The same diffraction peaks were
also observed in the Liy9,Mn,0, superstructure generated by
thermal-pressure heating of LiMn,0,.°' The presence of
different carbon types and the chemical change of electrode
materials during battery discharge finally give a mixture of
carbon with p-MnO, and spinel Li,Mn,04.°> The presence of
Mn(m) oxide phases of hausmannite Mn;O, and o-, y-Mn,03

This journal is © The Royal Society of Chemistry 2024
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was excluded by the lack of agreement with the reference
patterns.

The discharged cathode material generally contains
between 0.01813 and 0.03128 g of Li and between 0.41026 and
0.4554 g of Mn per 1 g of solids (ESI, Tables S4-S107). Treating
the cathode material with excess cold demineralized water led
to the extraction of Li,CO; and LiClO, into the liquid phase.
Following the evaporation of water, MeOH was added to the
obtained solid, separating the mixture of LiClO4-3H,O and
Li,CO; (Fig. 11b). The insoluble phase in MeOH consists of
Li,CO; (Fig. 11c). The experimental path for recovering lithium
salts from the cathode material of Li-MnO, batteries is shown
in Scheme 2.

FTIR-ATR and Raman spectroscopy were employed as
useful techniques for determining the phase composition of
the recovered lithium salts. The IR spectrum of Li,CO;
(Fig. 12a) shows a band at 476 cm™" attributed to quasilattice
vibrations and four bands corresponding to the internal

Li-MnO, H,0
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vibrations of isolated CO;*>~ at 1412 cm™' from asymmetric
stretching vibrations, at 1087 cm™" from symmetric stretching
vibrations, at 859 cm™" from out-of-plane bending vibrations,
and at 739 and 712 cm™" from bending vibrations. The bands
at 1459, 1090, 746, and 712 cm™' are present also in the
Raman spectrum, together with external lattice vibrational
bands at 274, 194, 157, 128, and 97 cm™ ' (Fig. 13a).”> The
appearance of the asymmetric stretching and rocking bands of
Clo,~ at 1071 and 623 cm™" in the IR spectrum and the sym-
metric stretching of ClO,~ at 936 cm™" in the Raman spectrum
of LiClO4-3H,O allows it to be distinguished from Li,CO;
(Fig. 12b and 13b).°* A spectroscopy analysis was also carried
out on the Li,CO;3/LiClO4-3H,0O/LiOH/LiIOH-H,O mixture
obtained by reacting the lithium battery anode and the
cathode with distilled water. The presence of the HO™ stretch-
ing band at 3675 cm™" in the FTIR spectrum is characteristic
of anhydrous LiOH, while the band at 3566 cm™" is typical of
asymmetric stretching of H,O in LiClO4-3H,0 or LiOH-H,O

liquid phase + solid phase
battery cathode (Li,CO3 LiCIOy) (B-MnO,, Li,Mn,0, graphite, carbon black)
-H,0
CH;0H -CO, | 900°C
LiCIO,
. Mn203 + LiMn204
LIzCOs (s)

Scheme 2 Recovery of lithium salt (LiClO4-3H,0, Li,COs) and industrially important LiMn,O4 and Mn,O3 oxides from the cathode material of Li—

MnO, batteries.
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Fig. 12 FTIR-ATR spectra of lithium salts recovered from Li—-MnO, batteries: Li,COs (a); Li,CO3/LiClO4-3H,0O (b); and Li,CO3/LiClO4-3H,O/LiOH/

LiOH-H,O (c).
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Fig. 13 Raman spectra of lithium salts recovered from Li—-MnO, batteries: Li,COs3 (a); Li,CO3/LiClO4-3H,0O (b); and Li,CO3/LiClO4-3H,O/LiOH/
LiOH-H,0 (c).

(Fig. 13c).”> The LiClO43H,O phase was elucidated using lattice translations at 299, 288, 214, 157, and 118 cm™' are

Raman spectroscopy based on the presence of symmetric typical of LiOH. The low-intensity bands at 520, 368, and
stretching and scissoring bands of ClO,~ at 936 and 464 cm™" 251 cm™ " arise from LiOH-H,O (Fig. 13¢)." %'

(Fig. 13c). The band at 619 cm™" and 331 ecm ™" was assigned to Li NMR studies in D,O of three before-investigated lithium
the translational vibration and A;; mode of LiOH.”” salt compositions revealed only one chemical shift at 2.86 ppm
However, they are observed only in the spectra of LiOH con- for solvent-separated ions (ESI, Fig. S361). The 'H NMR ana-
taminated by Li,CO; or other lithium salts.’®°® The HO™ or lysis of organic fractions in D,O obtained after the separation
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Fig. 14 H NMR spectrum in D,O of electrolyte solvents decomposition products: HCOOLi, CHsCOOLI, 1,2-propanediol and triethylene glycol
dimethyl ether.
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of LiClO,-3H,0 and Li,CO; contains decomposition products
of electrolyte solvents, i.e., 1,2-propanediol, triethylene glycol
dimethyl ether, and lithium carboxylates.

The presence of HCOOLi and CH3;COOLi was confirmed
based on the characteristic resonance signal of the HCO or
CH,;CO groups at 8.42 ppm and 1.88 ppm (Fig. 14). Propylene
glycol was identified by resonance signals from the CH, CH,,
and CH; groups at 3.85, 3.46, and 1.11 ppm, respectively.

100 rli
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Small intensity peaks at 3.63 and 3.32 ppm arise from the CH,
and CH; groups belonging to triethylene glycol dimethyl ether
(Fig. 14 and ESI, Fig. S36t). At 4.94 ppm, OCH, groups of di-
methylene glycol were observed, formed by the oxidation of
MeOH and then hydrolysis of HCOH.'®> When the spectra of
the electrolyte solvent residues were measured in CD;0D, pro-
pylene glycol, and lithium carboxylates were identified as the
main phases (ESI, Fig. S361). The identified compounds were

Fig. 15 TEM analysis of the discharged cathode material containing carbon black, graphite, p-MnO, and Li,Mn,0O,4 phases (a—l).
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consistent with the discharge products of nonaqueous
rechargeable Li-O, batteries containing ether and carbonate-
based electrolytes.'**1

The morphology and composition of the carbon composite
with f-MnO, and Li,Mn,0, were investigated by means of
transmission electron microscopy (TEM). The investigated
material consists of a large number of irregularly shaped
aggregates, two-dimensional sheet-like structures, and a small
number of plate or rod-shaped nanocrystals, which are
clumped together in a disordered manner (Fig. 15a-1). An EDS
analysis of the cathode material confirms the presence of
aggregates with different C:Mn:O contents, which agrees well
with the mixture of phases observed by the PXRD study (ESI,
Fig. S37 and S381). An HRTEM analysis reveals the presence of
a highly ordered crystalline graphite structure mixed with a
small amount of amorphous carbon (Fig. 15g and h). The esti-
mated value of the interplanar d spacing of 0.34 nm corres-
ponds to the (002) planes of the hexagonal graphite structure
(Fig. 15g). The graphite and amorphous carbon flakes can
occur separately in the analyzed material (Fig. 15g-h, j-1) or
form crystalline or partially crystalline aggregates with manga-
nese-rich oxide phases (Fig. 15¢—f). The selected area electron
diffraction (SAED) pattern collected from the cathode material

View Article Online
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revealed that the sample consists of two different metal oxide
phases (ESI, Fig. S39%). The first one is f-MnO, identified
based on diffraction rings corresponding to the (110), (101),
and (200) planes with estimated d-spacings of 0.31, 0.24, and
0.22 nm, respectively. The representative TEM micrographs of
the f-MnO,/C composite are presented in Fig. 15c—f, showing
pyrolusite aggregates on the amorphous carbon sheet. A trait
characteristic of f-MnO,, is the formation of rod-shaped nano-
crystals, several examples of which have been observed during
the TEM analysis (ESI, Fig. S407). The second metal oxide
phase was initially identified as one of the components of mul-
tiphase aggregates; later, we also found that it forms plate
nanocrystals with interplanar distances of 0.49 nm (Fig. 15i
and ESI, Fig. S40%). According to the PXRD study, this crys-
talline product can be described as an intermediate
Li,Mn,0, spinel. Comparable d spacing distances were
observed for cubic Liy¢3Mn,0, (0.46 nm for (111)), LiMn,0,
(0.48 nm for (111)) or tetragonal Lis goMn,O3 g4 (0.47 nm for
(101)) oxides.'® %" The high-angle annular dark-field scan-
ning transmission electron microscopy (HAADF-STEM) and
EDS maps show plate and rod nanocrystals that are built
with Mn and O elements (Fig. 16a-h). We have also found
that the surface of the metal oxide particles (Fig. 16a-h) or

§ C) d)
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100 nm
—
; & 9) h)
« Mn
20 nm
—
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Fig. 16 HAADF-STEM and EDS maps of discharged cathode material containing carbon black, graphite, f-MnO, and Li,Mn,O,4 phases (a—1).

This journal is © The Royal Society of Chemistry 2024


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4dt00648h

Open Access Article. Published on 26 March 2024. Downloaded on 7/30/2025 2:18:29 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Dalton Transactions

crystalline graphite (Fig. 16i-1) is covered with amorphous
carbon shells.

The residual cathode material was then calcined at 900 °C
to remove carbon components. The weight loss caused by
graphite and carbon black decomposition ranged from 11.3%
to 14.3%, producing a mixture of spinel LiMn,0, and Mn,0;
(bixbyite C) with small amounts of Li,CO;. These findings
revealed that -MnO, and Li,Mn,0, discharged products trans-
form into mixed-valence Mn(m)-Mn(wv) phases of LiMn,0, and
Mn,0; by means of applying heat treatment at 900 °C. An
additional 1.1 to 2.9% by weight of Li,CO; was removed from
the obtained solids using cold water extraction.

These values indicate that 82.8 to 87.6% by weight of the
discharged cathode material can be recovered in the form of
industrially important LiMn,O, and Mn,0; oxides (Fig. 11d).
The general route for recovering lithium and manganese as
LiMn,0, and Mn,0O; oxides from the cathode material of Li-
MnO, batteries is shown in Scheme 2.

Conclusion

In this study, we have developed a simple and efficient method
for recovering lithium and manganese from spent primary
lithium metal batteries (LMBs) in the form of industrially
important lithium salts or homo- and heterometallic oxide
materials. Compared to state-of-the-art systems, our approach
provides affordable technological solutions that reduce the
thermal effect and explosion hazard during the disposal of
lithium-containing waste, leading to the recovery of lithium in
the form of lithium aryloxides [Li(OAr)(HOMe),] (1), [Li(OAr)
(HOAD] (2), [Li(OA(HOEY], (3), [Li(CAN(H,0)L, (4)
[Liy(OAr),(EGME),] (5), and [Lig(OAr)s] (6-8) where ArOH =
methyl salicylate (1, 2, 4, 6), ethyl salicylate (3, 7), and 2-meth-
oxyethyl salicylate (5, 8), and EGME = 2-methoxyethanol. These
are attractive molecular materials with numerous potential
applications in organic synthesis, polymerization of cyclic
monomers, and preparation of lithium-containing oxide
materials, ceramics, or glass ceramics. The yield of the syn-
thesized lithium aryloxide strongly depends on the metallic
lithium content in the e-waste used. Direct hydrolysis of 1-8
enables the synthesis of lithium salicylate [Li(Sal)(H,O)], (10),
which is an important antioxidant in the production of oils
and grease. We have shown that the type of alcohol used in
combination with methyl salicylate determines the nuclearity
of lithium aryloxides, their solubility, and crystallization pro-
perties. Among those tested, methanol and ethanol provided
the highest recovery efficiencies due to the easy crystallization
of the obtained lithium aryloxides at low temperatures; the
choice of these cost-effective reagents contributes to overall
operational savings.

We have also shown that most of the spent LMBs were dis-
charged in the 43 to 62% range and contained a considerable
amount of metallic lithium that must be neutralized before re-
cycling. We have also established that the cathode material of
spent Li-MnO, batteries is an attractive e-waste source for
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recovering LiClO,, Li,CO;, LiMn,0,4, and Mn,0O; by means of
water-alcohol extraction or calcination. This study is the first
in which particular emphasis is placed on the detailed charac-
terization of all battery components and their decomposition
products. In view of the sustainable management of natural
resources, we propose the recovery of all valuables contained
in spent LMBs. We believe that these results represent an
important advance in recycling LMBs as a multistep process
using safe and environmentally compatible operation.

Experimental section

All syntheses were performed under a dry N, atmosphere
using standard Schlenk techniques. All chemical reagents were
purchased from commercial sources: methyl salicylate,
2-methoxyethanol (Sigma Aldrich, St. Louis, MO, USA); THF-
dg, DMSO-dg (Deutero GmbH), MeOH, and EtOH (Carl Roth).
MeOH and EtOH were distilled over Mg, and THF-dg was dis-
tilled over Na. Li-MnO, and Li-FeS, batteries were derived
from an electronic waste collection point at the Wroclaw
University of Science and Technology. 'H, “Li, and "*C NMR
spectra were recorded at room temperature with a JEOL
JNM-ECZ 400 MHz spectrometer. Chemical shifts were
reported in parts per million and referenced to the residual
protons in deuterated solvents. The "Li spectra were referenced
to a 0.1 M solution of LiNO; in D,0O. FTIR-ATR spectra were
recorded with a Bruker Vertex 70 vacuum spectrometer, with a
resolution of 2 cm™. The Raman spectra were measured on a
MultiRAM Bruker FT-Raman spectrometer equipped with an
Nd:YAG (1064 nm) laser, with a resolution of 4 cm™
Elemental analyses were performed with a PerkinElmer 2400
CHN elemental analyzer. The thermal decomposition of the
cathode material was performed in atmospheric air using an
NT 1313 furnace (Neotherm) equipped with a KXP4 thermo-
stat. Battery components and their decomposition products
were investigated by powder XRD using an Empyrean,
PANalytical diffractometer, and the powder diffraction data-
base COD. The morphology of cathode materials was examined
using an FEI Tecnai G* 20 X-Twin TEM microscope equipped
with a field-emission gun and an integrated energy-dispersive
spectrometer (EDAX) and a FEI (S)TEM Titan® G* 60-300 with
four EDS Super-X detectors. For (S)TEM observations,
200-mesh copper grids with lacey carbon films were used.
Signals from both copper and carbon (from the grids) were
observed in the TEM-EDX spectra. Single-crystal XRD data were
collected using Xcalibur Ruby (1_m, 4_m, 7, 7a), Xcalibur (3,
4_t, 9), or XtaLAB Synergy R (1_o, 2, 4a, 5) diffractometers at
100 K.'*® The experimental details and crystal data are given in
Table S1.7 The structures were solved by direct methods and
refined by the full-matrix least-squares method on F, using
the SHELXTL package.'®® Non-hydrogen atoms were refined
with anisotropic thermal parameters. All hydrogen atoms were
positioned geometrically and added to structure factor calcu-
lations but were not refined. Molecular graphics for the result-
ing structures were created using Diamond (version 3.1e).'*°

Dalton Trans., 2024, 53, 7450-7469 | 7463


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4dt00648h

Open Access Article. Published on 26 March 2024. Downloaded on 7/30/2025 2:18:29 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

CCDC 2288230-2288240 contain the supplementary crystallo-
graphic data for this paper.}

Li-MnO, battery recycling procedure

The procedure applied for recycling LMBs using methyl salicy-
late and aliphatic alcohols was as follows. Typically, 16 to 26
batteries with a weight ranging from 46.21 to 108.5 g were
used in the reaction. First, Li-MnO, batteries were opened and
separated into anode and cathode parts. Detailed information
regarding the reactions performed and the type of batteries
used is included in Tables S3-S10.} In the standard procedure,
elements of post-consumer lithium batteries containing
lithium anodes were placed into a round-bottom flask with a
capacity of 500-1000 cm®. Then, 10 to 15 cm® of methyl salicy-
late was introduced under a nitrogen atmosphere, and the
reaction was carried out at 0 °C for 0.5-3 h. The obtained oily
product was dissolved in 60 cm?® of MeOH or EtOH, 30 cm?® of
EGME, and left for another 2-3 hours. The resulting reaction
mixture was filtered to separate battery components and solid
impurities, e.g., Li,COj3, and left for crystallization at —20 to
3 °C. The isolated crystals of compounds 1-5 were selected for
X-ray and spectroscopy measurements and then vacuum-dried
to obtain compounds 6-8. The synthesis of LIOH-H,O was per-
formed by means of a direct reaction of battery anodes with
60 cm® of H,0. The yield of the lithium recovery from the dis-
charged batteries is calculated based on the initial lithium
content in the LMBs.

The cathode material of Li-MnO, batteries is generally
introduced into a 1000 cm?® beaker; 100 to 500 cm? of distilled
water is then added, and the mixture is stirred vigorously for
2-24 hours. The obtained composition is filtered and washed
with an additional 500-1500 cm® of H,0O and 50 cm® of MeOH.
The filtrate after evaporation to dryness consists of Li,CO; and
LiClO4-:3H,0. Next, LiClO4:3H,0 is removed from the resulting
mixture by extraction with CH;OH. The resulting black precipi-
tate of the weight from 20 to 50 g is a mixture of carbon black,
graphite, MnO,, and Li,Mn,0,, with a carbon content of 10 to
15% by weight. Then, carbon black and graphite are removed
from the obtained material by heating it to a temperature of
900 °C, producing a mixture of LiMn,0, and Mn,0Os;.

Li-FeS, battery recycling procedure

16 post-consumer R03/AAA lithium batteries weighing 120.38 g
were opened, and their parts containing the anode with a total
weight of 2.96 g were placed in a 1000 cm® round-bottom
flask. Then, 70 cm® of methyl salicylate was introduced under
a nitrogen atmosphere, and the reaction was left for
30 minutes. To the reaction mixture cooled with an ice/NaCl
bath, 150 cm® of EtOH was added and left for 2 h. After this
time, 200 cm® of EtOH was added to dissolve the resulting
lithium aryloxide. The mixture was filtered and left to crystal-
lize at —28 °C. After 24 hours, 78.6 g of crystals of compound 4
were obtained with a yield of 38.7%. The crystals were filtered
off and dried under vacuum to obtain 64.8 g of 7 with a yield
of 32.7%. A Li concentration in 1 g of the cathode material was
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0.07485 g. Detailed information regarding the reaction is
included in Table S11.F

[Li(OAr)(HOMe),] (1)

Spectroscopic characteristics were included in the previously
published study.?®

[Li(OAr)(HOAY)] (2)

Spectroscopic characteristics were included in the previously
published study.*®

[Li(OAr)(HOE)], (3)

Anal. calcd for C,,H;,05Li,: C, 60.56; H, 6.93. Found: C, 60.60;
H, 6.95. "H NMR (400 MHz, THF-dg): 6 7.70 (2H, dd, J = 8.0,
1.7 Hz, ArH), 7.06 (2H, m, ArH), 6.65 (2H, d, J = 8.5 Hz, ArH),
6.21 (2H, m, ArH), 4.23 (4H, q,J = 7.1 Hz, CH,°""), 3.51 (4H, q,
J = 7.0 Hz, CH,**™), 3.37 (2H, s, OH™°"), 1.30 (6H, t, J = 7.1
Hz, CH;°"), 1.09 (6H, t, J = 7.0 Hz, CH;"°"), *C NMR (NMR
(101 MHz, THF-dg): § 173.99 (2C, C=0), 170.74 (2C, C-0O),
134.75 (2C, ArH), 132.15 (2C, ArH), 124.72 (2C, ArH), 115.50
(2C, Ar), 111.68 (2C, ArH), 60.25 (2C, CH,°*"), 57.80 (2C,
CH,"°"), 19.03 (2C, CH;*°"), 14.76 (2C, CH;°")). "Li NMR
(155 MHz, THF-dg): § 3.95 (2Li). FTIR-ATR (cm™%): 3321 (m),
2973 (m), 2928 (w), 2893 (w), 1926 (vw), 1674 (s), 1598 (w),
1542 (w), 1466 (m), 1445 (m), 1370 (w), 1317 (m), 1258 (m),
1216 (vs), 1156 (s), 1083 (s), 1046 (vs), 949 (vw), 880 (m), 825
(vw), 799 (vw), 758 (m), 709 (m), 659 (W), 583 (W), 535 (vw), 428

(w).
[Li(OAr)(H,0)], (4)

Anal. calcd for C;cH;503Li,: C, 54.56; H, 5.15. Found: C, 54.57;
H, 5.16. 'H NMR (400 MHz, THF-dg): § 7.67 (2H, dd, J = 8.1,
2.0 Hz, ArH), 7.07 (2H, ddd, J = 8.7, 6.8, 2.0 Hz, ArH), 6.60 (2H,
dd, J = 8.6, 0.9 Hz, ArH), 6.20 (2H, m, ArH), 3.76 (6H, s, CHj;),
2.75 (4H, s, H,0). "*C NMR (NMR (101 MHz, THF-dg): § 173.98
(2C, C=0), 171.18 (2C, C-0), 134.90 (2C, ArH), 132.14 (2C,
ArH), 124.56 (2C, ArH), 114.98 (2C, Ar), 111.59 (2C, ArH), 51.21
(2C, CH3)). “Li NMR (155 MHz, THF-dg): § 3.96 (2Li). FTIR-ATR
(em™): 3561 (m), 3335 (W), 3155 (W), 3092 (vw), 3031 (vw), 3002
(vw), 2953 (w), 2851 (vw), 2788 (vw), 2667 (vw), 1756 (w), 1643
(s), 1598 (m), 1541 (s), 1465 (m), 1438 (vs), 1323 (vs), 1261 (m),
1219 (vs), 1195 (vs), 1154 (s), 1142 (s), 1087 (s), 1037 (m), 980
(vw), 963 (vw), 948 (w), 863 (m), 817 (m), 800 (w), 758 (s), 708
(m), 656 (m), 581 (w), 552 (W), 485 (vw), 447 (w).

[Li4(OAr),(EGME),] (5)

Anal. caled for Cu¢HgoOs0Lis: C, 57.51; H, 6.29. Found: C,
57.54; H, 6.31. "H NMR (400 MHz, THF-dg): § 7.73 (4H, dd, J =
8.1, 1.9 Hz, ArH), 7.08 (4H, ddd, J = 8.7, 6.9, 1.9 Hz, ArH), 6.63
(4H, m, ArH), 6.23 (4H, m, ArH), 4.31 (8H, m, CH,°*), 3.75
(2H, s, OH"MF) 3,62 (8H, m, CH,°""), 3.54 (4H, t, J = 5.1 Hz,
CH,"™F) 3.36 (4H, t, J = 5.1 Hz, CH,"™F), 3.32 (12H, s,
CH;°), 3.28 (6H, s, CH;"°™F). *C NMR (NMR (101 MHz,
THF-dg): § 173.97 (4C, C=0), 170.62 (4C, C-0), 134.93 (4C,
ArH), 132.31 (4C, ArH), 124.62 (4C, ArH), 115.25 (4C, Ar),
111.80 (4C, ArH), 75.39 (2C, CH,*™F), 71.50 (4C, CH,°*"),
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63.73 (4C, CH,°""), 62.00 (2C, CH,"M"), 58.94 (4C, CH;°""),
58.84 (2C, CH;F°™F)). 7Li NMR (155 MHz, THF-dg): § 3.94
(4Li). FTIR-ATR (cm™"): 3414 (w), 3048 (w), 3027 (w), 2943 (w),
2878 (w), 2840 (w), 1645 (vs), 1601 (m), 1537 (m), 1512 (w),
1467 (s), 1454 (s), 1407 (w), 1391 (w), 1373 (m), 1359 (m), 1323
(m), 1257 (m), 1240 (m), 1216 (s), 1198 (m), 1156 (s), 1148 (s),
1129 (m), 1080 (vs), 1029 (m), 973 (m), 951 (w), 899 (m), 889
(m), 857 (m), 842 (m), 830 (m), 813 (m), 795 (w), 762 (m), 709
(m), 660 (m), 598 (m), 578 (m), 535 (W), 489 (W), 462 (w).

[Lig(OAr)c] (6)
Spectroscopic characteristics were included in the previously
published study.*®

[Lis(0Ar)s] (7)

Anal. caled for Cs5,Hs5,0,5Lis: C, 62.81; H, 5.27. Found: C,
62.83; H, 5.28. "H NMR (400 MHz, THF-dg): 6 7.74 (6H, dd, J =
8.1, 2.0 Hz, ArH), 7.10 (6H, ddd, J = 8.7, 6.8, 2.0 Hz, ArH), 6.70
(6H, dd, J = 8.5, 0.8 Hz, ArH), 6.27 (6H, ddd, J = 8.0, 6.9, 1.1
Hz, ArH), 4.24 (12H, q, J = 7.1 Hz, CH,), 1.32 (18H, t, J = 7.1
Hz, CH;). >C NMR (NMR (101 MHz, THF-dg): § 173.62 (6C,
C=0), 170.68 (6C, C-0), 134.82 (6C, ArH), 132.11 (6C, ArH),
124.69 (6C, ArH), 115.66 (6C, Ar), 112.13 (6C, ArH), 60.39 (6C,
CH,), 14.76 (6C, CH3)). 'Li NMR (155 MHz, THF-dg): & 4.03
(6Li). FTIR-ATR (cm™): 3057 (vw), 2986 (w), 2906 (W), 2775 (w),
2649 (vw), 1674 (vs), 1598 (m), 1545 (m), 1471 (s), 1444 (s),
1399 (w), 1369 (m), 1332 (s), 1314 (s), 1262 (m), 1222 (vs), 1163
(m), 1149 (m), 1114 (w), 1084 (s), 1042 (w), 1028 (W), 973 (vw),
952 (w), 893 (m), 875 (vw), 861 (m), 820 (m), 796 (w), 760 (vs),
707 (s), 660 (m), 588 (vs), 542 (m), 528 (m), 476 (m), 441 (m),
425 (w).

[Lis(OAr)] (8)

Anal. caled for CgoHggOn4Lig: C, 59.42; H, 5.49. Found: C,
59.45; H, 5.50. "H NMR (400 MHz, THF-dg): § 7.74 (6H, dd, J =
8.1, 2.0 Hz, ArH), 7.09 (6H, ddd, J = 8.7, 6.8, 2.0 Hz, ArH), 6.65
(6H, dd, J = 8.5, 0.8 Hz, ArH), 6.24 (6H, ddd, J = 8.0, 6.9, 1.1
Hz, ArH), 4.31 (12H, m, CH,°*), 3.62 (12H, m, CH,°*"), 3.32
(18H, s, CH;°*"). "*C NMR (NMR (101 MHz, THF-dg): § 173.83
(6C, C=0), 170.58 (6C, C-0), 134.95 (6C, ArH), 132.30 (6C,
ArH), 124.60 (6C, ArH), 115.31 (6C, Ar), 111.95 (6C, ArH), 71.48
(6C, CH,®*"), 63.77 (6C, CH,™), 58.94 (6C, CH;°""); EGME
traces: 75.38 (CH,"™¥), 61.99 (CH,"*™¥), 58.85 (CH;"MF)).
’Li NMR (155 MHz, THF-dg): § 3.95 (6Li). FTIR-ATR (cm™"):
3325 (w), 3054 (vw), 3028 (vw), 2994 (vw), 2944 (m), 2878 (w),
2840 (w), 2767 (vw), 2734 (vw), 2685 (vw), 2578 (vw), 1953 (vw),
1929 (vw), 1900 (vw), 1834 (vw), 1808 (vw), 1645 (vs), 1601 (m),
1537 (m), 1512 (vw), 1467 (vs), 1453 (s), 1407 (vw), 1391 (w),
1373 (m), 1359 (m), 1323 (m), 1257 (m), 1216 (vs), 1199 (m),
1156 (vs), 1148 (s), 1130 (m), 1081 (vs), 1030 (m), 972 (w), 951
(vw), 899 (w), 890 (m), 858 (m), 843 (vw), 813 (w), 795 (vw), 762
(vs), 709 (s), 660 (m), 599 (s), 581 (8), 549 (W), 535 (W), 489 (W),
436 (w).
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[Lis(OAr)s(EGME),] (8-2EGME)

Anal. caled for CgeHgyOsgLis: C, 58.07; H, 6.06. Found: C,
58.11; H, 6.09. "H NMR (400 MHz, THF-dg): § 7.72 (6H, dd, J =
8.1, 1.8 Hz, ArH), 7.07 (6H, ddd, J = 8.6, 6.9, 1.9 Hz, ArH), 6.64
(6H, m, ArH), 6.22 (6H, m, ArH), 4.30 (12H, m, CH,°*"), 3.66
(2H, s, OH"™F), 3,61 (12H, m, CH,°*"), 3.55 (4H, t, J = 5.1 Hz,
CH,"*™®) 3.36 (4H, t, J = 5.1 Hz, CH,"™M¥), 3.32 (18H, s,
CH;°"), 3.28 (6H, s, CH;"“™F), »*C NMR (101 MHz, THF-dg): 6
174.03 (6C, C=0), 170.63 (6C, C-0), 134.91 (6C, ArH), 132.30
(6C, ArH), 124.70 (6C, ArH), 115.31 (6C, Ar), 111.77 (6C, ArH),
75.39 (2C, CH,"M®), 71,51 (6C, CH,*), 63.73 (6C, CH,*"),
62.01 (2C, CH,*™¥), 58.94 (6C, CH;°*"), 58.85 (2C, CH,"M¥),
7Li NMR (155 MHz, THF-dg): § 3.97 (6Li). FTIR-ATR (cm™"):
3373 (w), 3049 (W), 3027 (w), 2943 (W), 2878 (W), 2840 (w), 1645
(vs), 1601 (m), 1537 (m), 1512 (w), 1483 (m), 1467 (m), 1453
(m), 1407 (w), 1391 (w), 1373 (m), 1359 (m), 1323 (m), 1257
(m), 1239 (m), 1216 (s), 1198 (m), 1157 (s), 1148 (s), 1129 (m),
1081 (vs), 1029 (m), 972 (m), 951 (w), 899 (m), 890 (m), 857
(m), 843 (m), 830 (m), 813 (m), 795 (w), 762 (s), 709 (m), 660
(m), 598 (m), 581 (m), 535 (m), 490 (W), 462 ().
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