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Abstract: Lithium-ion batteries (LIBs) are dangerous to recycle, as they pose a fire hazard when
cut and contain various chemical hazards. If recycled safely, LIBs provide a rich secondary source
for metals such as lithium and cobalt, while reducing the environmental impact of end-of-life LIBs.
Discharging the spent LIBs in a 5 wt.% NaCl electrolyte at room temperature enables their safe
dismantling. A sludge was observed to form during the LIB discharging, with a composition of
34.9 wt.% Fe, 35 wt.% O, 17.7 wt.% Al, 6.2 wt.% C, and 4.2 wt.% Na. The average electrolytic solution
composition after the first discharge cycle contained only 12.6 mg/L Fe, 4.5 mg/L Li, 2.5 mg/L Mn,
and trace amounts of Ni and Co. Separating the active cathode powder from the aluminum cathode
with a 10 wt.% NaOH leach produced an aqueous filtrate with an Al metal purity of 99.7%. The leach
composition consisted of 9558 mg/L Al, 13 mg/L Li, 8.7 mg/L Co, and trace amounts of Mn and Ni.
The hydrometallurgical sample preparation processes in this study enables the production of a pure
black mass with less than 0.05 wt.% Co, 0.2 wt.% Li, 0.02 wt.% Mn, and 0.02 wt.% Ni losses from the
active cathode material.

Keywords: lithium-ion batteries; recycling; hydrometallurgy; black mass; alkaline leach

1. Introduction

Since the commercialisation of lithium-ion batteries (LIBs) in the 1990s for portable
electronic devices such as cellular phones and laptops, their increasing energy density and
decreasing cost has led to a surge in their popularity [1]. Due to the cost effectiveness and
favourable properties of LIBs, such as high energy density and low weight to volume ratio [2],
their adoption for hybrid and electric vehicles (EVs) has further accelerated the growth of
the LIB market. The global lithium-ion battery market is projected to increase from $41.1
billion to $116.6 billion by 2030, with a compound annual growth rate of 12.3% from 2021 to
2030 [3,4]. The large volumes of LIBs will lead to significant waste streams after the LIBs reach
their end-of-life, as predictions indicate 11 million tonnes of LIBs will have been discarded
worldwide by 2023 [5], with 464,000 tonnes discarded annually by 2025 [6].

LIBs contain components that are classified as hazardous and toxic for human health as
well as the environment. LIBs can therefore not be disposed of in general waste to landfill
sites, as this may lead to the contamination of underground water with heavy metals,
such as cobalt, copper, and nickel, which are the main contributors to the total hazard
potential of LIBs [7]. Improper disposal of LIBs can also lead to the production of gases
such as HF, Cl, CO,, and CO from the electrolyte and polyvinylidene fluoride (PVDF)
or poly-tetra-fluor-ethylene (PTFE) binders, which are highly toxic [4]. The significant
dangers posed by the hazardous organic and inorganic materials, especially the fluoride
compounds used in the electrolyte and binders, are of major concern to LIB recycling
processes’ safety [8]. Recycling scrap LIBs therefore provides two main benefits: reducing
the impact of waste LIBs on the environment and providing a secondary source for the
metals they contain. It has been estimated that recycling LIBs reduces the life cycle impact
of LIBs by up to 51% [9].
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The continued growth of EVs has led to gradual increases in prices for cobalt, lithium,
nickel, and manganese, which are all important metals in the active cathode material. The
active cathode material greatly contributes towards the economic feasibility of LIB recycling
processes [10] and is recovered to the so-called black mass in the second stage of recycling,
following dismantling. The black mass may also contain graphite, organic binders, and
parts of the electrodes depending on the dismantling and processing steps of the recycling
process [11]. In recent years, the price of lithium carbonate has risen significantly from
4000 USD per metric ton ($/MT) in 2009 [12] to 68,000 $/MT in 2022 [13], with other
metals increasing to $75,000 $/MT cobalt [14], $27,000 $/MT nickel [15], and $2300 $/MT
manganese in 2022 [16].

1.1. Waste LIB Discharging and Dismantling

The main safety hazard of opening LIBs in air is the exothermic reaction of lithium
ions with oxygen, while the safety hazard of opening in water is the generation of explosive
hydrogen gas [17]. The use of a NaCl solution to discharge spent LIBs for recycling is the
most commonly used conductive solution due to its cost effectiveness, availability, and
non-toxicity [18]. Studies have also indicated that increasing the NaCl concentration can
increase the discharge rate to allow for faster processing [19].

Discharging LIBs prior to recycling has the added benefit of the intercalation of the Li
ions from the anode to the cathode, where Li is thermodynamically stable and does not
react violently with water or air [20]. The transfer of the Li ions to the cathode material
allows for the maximum recovery of Li to the active cathode powder, leaving the copper
anode coated with graphite relatively pure and safe. Most of the lithium is thus recovered
with the other high value metals such as cobalt and nickel from the cathode to the black
mass. Lithium ions are present in much smaller amounts in the electrolyte and solid
electrolyte interface (SEI), which do not pose a safety concern when discharging LIBs, as
Li is present as carbonates or fluorides in the SEI and as lithium organic polymers in the
electrolyte [21,22].

Punctured and damaged LIB cells can, however, have large deposits of Li in the anode,
which, when exposed to air or water, are very reactive [23], and therefore, pyrometallurgical
processes that use incineration or complex hydrometallurgical processes that use liquid
nitrogen and inert atmospheres are required for safe recycling [11].

The electrolyte poses safety hazards when opening LIBs, as the organic solvent contains
lithium salt, typically LiPFg, which hydrolyses in water according to reaction 1 to produce
toxic HF gas [24]. The organic solvent typically consists of a mixture of ethylene carbonate
and propylene carbonate. Ethylene carbonate is flammable and an irritant of the skin but is
classified as non-hazardous for inhalation, while propylene carbonate is flammable and an
irritant of the skin, eyes, and lungs [17]. LIBs must therefore be opened in a well-ventilated
area, even when fully discharged, to avoid the flammability and toxicity hazards posed by
the electrolyte.

LiPFq + H,O — LiF + POF; + 2HF 1)

LIBs can vent flammable and toxic gases in the case of overheating, even when ther-
mal runaway is prevented by the deformation of the plastic separator [25,26]. The main
safety hazards are due to the possible formation of HF [27] and POFj3 [28] through the
decomposition of the LiPFy salt dissolved in the electrolyte. The fluorine compounds
primarily originate from the battery electrolyte but may also originate from the polyvinyli-
dene fluoride (PVDF) or poly-tetra-fluor-ethylene (PTFE) binders in the active electrode
materials. LiPFg decomposes as described in reaction 2 when heated in a dry and inert
atmosphere, producing LiF, which is a solid component at temperatures below 845 °C and
PF5 gas [29]. The contact between PF5 and water will lead to the production of toxic HF
and POF;3 according to reaction 3 [29]. Furthermore, contacting POF; with water could also
lead to the formation of toxic HF with POF,(OH) according to reaction 4 as suggested by
Kawamura et al. [30].

LIPF6 — LiF + PF5 (2)
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PF5 + HyO — POF; + 2HF )
POF; + H,O — POF,(OH) + HF @)

Safely discharging the scrap LIBs in a NaCl solution prevents the fire hazard created
when LIB cells short-circuit during cutting or shredding as well as the production of toxic
HF gas [31].The internal components of the LIBs can then be sorted to separate the differ-
ent components, such as the plastic separator, copper anode (coated with carbonaceous ma-
terial such as graphite), and cathode (coated with active cathode material such as LiCoO,,
LiNi; ;3Mn; /3C01 /303, and LiFePOy). The high value metals of the active cathode material can
be further separated prior to recycling by dissolving the Al electrode with an alkaline leach.

The discharging of LIBs in water also poses a safety hazard, as the initial voltage
of the LIB cells will be above the electrolysis voltage of water, leading to the production
of explosive oxygen and hydrogen gas. To avoid any potential explosive hazards, the
discharging process must therefore be performed in a ventilated area such as a fume hood.
Discharging batteries to voltages as low as 0 V can lead to irreversible crystal changes of the
cathode material, as LIBs are not designed to be operated at such a low voltage [32], leading
to significant performance decreases. This is not of concern for LIB recycling processes
but may influence processes that aim to regenerate and reuse the cathode material. It has
further been illustrated that the energy recovered from scrap LIBs during discharging could
provide 7 MJ per ton of batteries, with a 195 Wh/kg energy density and residual charge of
3.0 V [17]. In the case of discharging LIBs with a resistor, the current must be maintained
low enough to prevent the batteries from overheating, as the SEI will decompose if the
battery temperature exceeds 90 °C [33]. This will lead to the LIB cell shutting down battery
function as the plastic separator deforms to prevent the movement of Li ions between the
electrodes [26].

1.2. Alkaline Leach of Cathode Electrode

The NaOH alkaline leach selectively targets the aluminium metal present as the
cathode current collector, leaving the active cathode powder behind to be recovered as the
solid product. The leaching mechanisms of the aluminium current collector and protective
layer are illustrated in reaction 5 and 6, respectively [34]. The alkaline leaching of the
cathode current collector is a simple and low-cost operation that makes it convenient for
large-scale processes. The main consideration with the alkaline leach is the production
of hydrogen gas during the leaching of the solid Al metal, as illustrated in reaction 5,
and therefore the alkaline leach must be performed in a well-ventilated area to avoid any
explosion dangers. A weakness of the NaOH leach is that only the Al current collector
will be leached, and therefore, some binders may remain partially attached to the residual
active cathode powder.

2Al + 2NaOH + 2H,0 — 2NaAlO, + 3H, (5)

AL O3 + 2NaOH + 3H,0 — 2NaAl(OH), (6)

Ferreira et al. investigated different NaOH concentrations and observed that increasing
the alkali concentration from 1 wt.% to 10 wt.% significantly increased the leaching rate
of the current collector [34]. Increasing the concentration of NaOH any further would,
however, lead to the formation of a white precipitate with which substantial amounts of Li
is lost from the cathode with the Al. The optimum conditions for alkaline leaching of the
cathode have been determined to be with a 10 wt.% NaOH solution at 100 g/L for 2 h [4].
The Al-rich leachate produced from the NaOH leach will provide a source of Al, which will
aid the economic feasibility of the process; however, the complexities currently faced with
alkaline wastewater treatment requires significant considerations for future studies [31].

The recycling of LIBs thus provides notable economic and health benefits but must be
performed in the most economically feasible manner that ensures the maximum amount of
valuable materials are extracted using a safe process that does not produce large waste streams.
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1.Discharge
Sludge

The safety of the discharging and alkaline leach processes to dismantle and recycle
LIBs are well-documented throughout literature [11,18,31,34]. These processes enable the
safe production of black mass, which is typically the focus of LIB recycling research due to
the high economic value presented by the metals such as Co, Ni, Mn, and Li in the active
cathode powder [35]. Limited data is, however, available in current literature regarding
the efficiency of these processes, specifically the associated metal losses and side streams
produced through these processes. In the present study, the LIB discharging and alkaline
leach process efficiencies were evaluated. The study focussed on the Al, Co, Li, Mn, and Ni
losses from the LIBs throughout these processes and investigates the composition of side
streams generated, as illustrated in Figure 1. This will not only aid in better understanding
the processes, but also provide insightful data on the potential harmful effects and toxicity
of the process streams produced.

LIB
Cells

Discharging

5 wt.% NaCl

Black
Cutting + Cathodes | \p. OH leach mass Drying + 5.Black mass
H> > | Filter » g
Dismantling 10 wt.% NaOH (wet) Pulverize product

l

solution

2.Electrolytic l l Others l
4.Filtrate

Casings

3.Anodes

Figure 1. Black mass sample preparation process block flow diagram.

2. Materials and Methods
2.1. Experimental Materials and Reagents

Different types of waste laptop battery packs containing 18,650 cells were used for this
study. The LIB discharging was performed with 99 wt.% NaCl supplied by ScienceWorld.
The cathodes were leached using 98 wt.% NaOH supplied by Kimix Chemicals and Lab
Supplies cc. Aqua regia digestions of the black mass were performed with 60 wt.% HNO3
and 32.2 wt.% HCl supplied by Kimix Chemicals and Lab Supplies cc. Citric acid leaching
was performed with 99.8 wt.% anhydrous citric acid powder and 50 wt.% H,O, supplied
by Kimix Chemicals and Lab Supplies cc. Demineralised water was used for the dilution of
all reagents in this study.

2.2. Equipment

The laptop battery packs were dismantled manually with pliers and a screwdriver to
obtain the individual cells. The LIB cells were discharged in an open glass beaker placed in a
fume hood after which the LIB cells were air dried on paper towels. The discharge sludge
was separated from the electrolytic solution using a vacuum filter. The dried cells were tested
with a multimeter to determine their voltage, and the casings were cut with a bandsaw. The
casings were bent open with a screwdriver and the cathode strips were then treated with
NaOH in an open 5 L vessel fitted with an overhead stirrer, inside a fume hood.

2.3. Experimental Procedure

Each LIB cell was measured with a digital multimeter after dismantling to determine
if the cells contained any residual charge, which may pose a threat during cutting. All the
LIBs with a voltage of under 0.5 V were deemed safe for cutting; however, the LIBs with
a residual charge greater than 0.5 V were deemed unsafe to cut open and were therefore
treated prior to cutting.

The LIBs with a residual charge greater than 0.5 V were discharged in a 5 wt.% NaCl
solution, prepared with demineralised water, for 48 h at 22 &+ 3 °C to allow them to be cut
open safely [36]. After the 48 h discharging, the LIB cells were allowed to air dry, and the
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electrolytic solution was separated from the discharge sludge formed by using a vacuum
filter. The batteries were then again checked with a multimeter to ensure that their voltage
was below 0.5 V before cutting them open with a bandsaw to recover the electrode coil.

The electrode coils were then unravelled, and the LIB components were manually
dismantled and sorted into groups. The cathode electrodes were cut into smaller 2 cm by
2 cm pieces using a pair of scissors and sent for further treatment. The aluminium cathode
electrode was leached with 10 wt.% NaOH, using a pulp density of 100 g/L for 2 h at room
temperature in a fume hood, allowing the separation of the protective layer (Al,O3) and
active cathode powder from the aluminium solution by filtration [37]. After the black mass
was air dried, it was pulverised into a fine powder for leaching. Five aqua regia digestions
were completed to characterise the metal composition of the black mass at 60 °C and pulp
density of 50 g/L for 48 h.

All liquid samples were analysed with a Perkin Elmer Avio 500 ICP-OES. The solid
samples were analysed with a Carl Zeiss Merlin Field Emission Scanning Electron Mi-
croscope (FESEM) with an Energy Dispersive Spectroscopy (EDS) attachment. The metal
phases were analysed with a PANalytical Aeris benchtop diffractometer (Malvern Panalyti-
cal, Malvern, UK) with a PIXcel1D detector (Malvern Panalytical, Malvern, UK) and fixed
slits with iron filtered Co-K« radiation. The phases were identified using X'Pert Highscore
plus software version 4.8, and the relative phase amounts in the black mass were quantified
by weight percentage using the Rietveld method.

3. Results and Discussion
3.1. Discharging

The LIBs with a residual charge greater than 0.5 V were discharged in a 5 wt.% NaCl
solution, where 250 g LIB cells could be successfully discharged in a 1 L working volume
within 48 h. During the first 12 h of the discharging, it was observed that a sludge formed
on top of the electrolytic solution in the beaker as the LIB cells produced small bubbles
while they discharged. This sludge is referred to as the discharge sludge throughout this
study. These bubbles have previously been reported to be a combination of hydrogen
and oxygen as the initial voltage of the cells exceeds the electrolysis voltage of water [17].
The discharging was thus performed in a fume hood to avoid any potential flammable or
explosion dangers.

The discharge sludge was separated by vacuum filtration after the discharging process
and was allowed to air dry before a FESEM-EDS analysis. Typical results are illustrated in
Figure 2. It was observed that the discharge sludge composition consisted of a mixture of
34.9 wt.% Fe, 17.7 wt.% Al, 6.2 wt.% C, 4.2 wt.% Na, and 35.0 wt.% O. The blue particles
were identified as NaCl, and small yellow spots on the discharge spots were determined to
consist of 55 wt.% Fe, 8 wt.% Al, 4 wt.% Na, 3.6 wt.% C, and 28 wt.% O.

Table 1 summarises the metal fraction reporting to the discharge sludge and electrolytic
solution, respectively, from the LIBs during the discharging process. The most significant
losses were observed to be 89.4% Fe, 3.0% Cu, and 1.9% Al, which all report to the discharge
sludge. It is theorised that this is due to the electrochemical cell created in the electrolytic
solution with the residual electric potential in the LIBs, which corroded the cell casings, as
the cell casings were observed to be heavily corroded during the discharging process.

Table 1 further illustrates the limited amount of metals reporting to the electrolytic
solution, indicating that the electrolytic solution can potentially be reused for multiple
cycles. The amount of cathode metals reporting to the discharging side streams from the
LIBs in Table 1 was greatly limited to 0.01% Co, 0.01% Li, 0.01% Mn, and 0.02% Ni. The
discharging process thus shows great promise, as these metals will be targeted by recycling
the black mass downstream, which typically drives the economic feasibility of the recycling
process due to the high value metals.
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Figure 2. Field Emission Scanning Electron Microscope with Energy Dispersive Spectroscopy
(FESEM-EDS) layered map for discharge residue.

Table 1. Percentage of metals in the feed reporting to the LIB discharging side streams.

Discharge Stream Stream Al Co Cu Fe Li Mn Ni
Discharge sludge 1 1.93% 0.01% 2.98% 89.37% - 0.01% 0.02%
Electrolytic solution 2 0.00% 0.00% 0.00% 0.34% 0.01% 0.00% 0.00%

Table 2 summarises the average metal composition of the discharge sludge and the
electrolytic solution and confirms the limited amount of cathodic metals reporting to the
LIB discharging process side streams. The electrolytic solution contains 12.6 mg/L Fe,
45mg/L Li, 2.5 mg/L Mn, 1 mg/L Ni, and trace amounts of Co. Due to the dilute metals
present in this stream, the electrolytic solution could potentially be reused for subsequent
discharging cycles before being treated to recover the metals it contains.

Table 2. Average discharge sludge and electrolytic solution metal composition.

Discharge Stream Stream Al Co Cu Fe Li Mn Ni
Discharge sludge (wt.%) 1 17.99% 0.21% 0.11% 39.09% - 0.12% 0.35%
Electrolytic solution (mg/L) 2 0.0000 0.7177 0.0000 12.62 4504 2.554 1.012

The small quantities of lithium in the electrolytic solution originate from either the
anode, where Li ions are stored when charged, or from the electrolyte, which contains
LiPF;. It is, however, known that LiPFs decomposes in water to form LiF, which is solid
at temperatures under 845 °C and has a low solubility in water [38]. The low solubility of
LiF in water could be responsible for the dilute quantities of Li reporting to the electrolytic
solution. The presence of Li could not be detected with the SEM-EDS analysis due to its
low energy of characteristic radiation, but no fluoride was detected within the discharge
sludge residue. It is therefore theorised that no Li reports to the discharge sludge as LiF.

The average composition of the discharge sludge in Table 2 clearly illustrates that the
main components of the sludge are 39.1 wt.% Fe and 18.0 wt.% Al. The other major compo-
nents of the sludge were quantified with the SEM-EDS analysis and include 30.1 wt.% O,
6.6 wt.% Na, and 4.4 wt.% C. The discharge sludge could thus provide a secondary source
for Fe and Al once dried to be reused in a circular economy.
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After the batteries were all discharged to under 0.5 V, they were deemed to be safe and
were manually cut open using a bandsaw. As illustrated in Table 3, the cathode accounted
for nearly 29.75% of the LIBs by weight, while the anode accounted for 19.58% and the
casings 21.56%. The plastic separators, plastic wrapping, centre pins, vent disks, and other
materials not part of the electrodes accounted for 29.11% and were labelled as others.

Table 3. LIB component weight fractions.

Component Cathode Anode Others ! Casings
Weight % 29.75% 19.58% 29.11% 21.56%

1 Plastic separator and all materials inside the LIBs, which are not part of the electrodes.

3.2. NaOH Leaching of Cathode Material

The separation of the active cathode material was targeted next, by selectively leaching
the aluminium cathode electrode with an alkaline leach, to produce a relatively pure black
mass. The black mass residue containing active cathode powder can then subsequently be
used to recover the desired high value metals. It was thus required to minimise the losses
of cathode metals to the NaOH leach filtrate to ensure high metal recoveries to the black
mass product.

Table 4 summarises the metals reporting to the process streams investigated in this
study. It was observed in Table 4 that more than 90% of the Al was recovered to the NaOH
leach filtrate. It was also observed that 3.2% of the Cu was recovered to the NaOH leach
filtrate, which originates from the anode electrode, indicating some slight contamination
of the anode in the black mass due to imperfect sorting. It was further observed that
nearly 94% of the Cu was recovered to the solid anodes during the LIB component sorting.
The NaOH leach filtrate was highly selective for the aluminium electrode over the active
cathode material, as only 0.04% Co, 0.19% Li, and 0.01% Mn reported to the NaOH leach
filtrate from the active cathode material. The balance of all the metals reported to the black
mass product.

Table 4. Percentage of the metals reporting to the process streams from the LIB feed.

Process Stream Stream Al Co Cu Fe Li Mn Ni
Discharging side streams 1+2 1.93% 0.01% 2.98% 89.71% 0.01% 0.01% 0.02%
NaOH leach filtrate 4 90.54% 0.04% 3.16% 0.00% 0.19% 0.01% 0.00%
Anodes 3 0.00% 0.00% 93.86% 0.00% 0.00% 0.00% 0.00%
Black mass product 5 7.53% 99.95% 0.00% 10.29% 99.80% 99.98% 99.98%

Ferreira et al. suggested that the leaching of lithium observed during the NaOH
leaching could originate from the lithium metal oxide phases (active cathode material) or
the electrolyte [34]. The lithium metal oxide phases could be dissolved to some extent
when the lithium is extracted, as it is known that metals such as cobalt can form stable
solid complexes in the form of Co304 and Co(OH);. The lithium ions would then react
exothermically with the water to produce hydrogen gas and LiOH, which is very soluble in
water [39]. The lithium could also originate from the dissolution of the LiPFg electrolyte. It
is, however, unlikely that the lithium originated from the decomposition or hydrolysis of
the LiPFg electrolyte, as this would lead to the decomposition of the LiPFg, as illustrated in
reactions 1 to 4, and no fluoride compounds were detected in the discharge residue.

Table 4 illustrates that the discharging and NaOH leach processes performed favourably,
resulting in high metal recoveries to the black mass product. The limited amounts of Co, Li,
Mn, and Ni, which all originate from the active cathode powder, reporting to the discharge
and NaOH leach streams confirm the effectiveness of the processes to produce a highly
pure black mass containing mostly active cathode material with minimal losses of high
value metals.
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Table 5 summarises the composition of the NaOH leach filtrate, and it is clear that the
leach stream is rich in Al, with a concentration of roughly 9558 mg/L Al It is thus highly
recommended that future studies investigate the recovery of Al from the NaOH leach
filtrate through further processing, as this could provide a significant secondary source of
Al. The filtrate also contains dilute quantities of the valuable active cathode materials, with
around 13.2 mg/L Li, 8.7 mg/L Co, 1.6 mg/L Mn, and 0.5 mg/L Ni. The dilute quantity of
Ni detected with ICP-OES in the NaOH leach in Table 5 is not reflected in Table 4, as the
minor amount of Ni reporting to the NaOH leach filtrate accounts for 0.003% of the total
Ni in the LIB feed. Furthermore, the Cu concentration in the NaOH leach filtrate is very
low in comparison to Co, even though it had a higher leaching recovery. This is due to Cu
being present in smaller quantities in the NaOH leach feed compared to the metals such as
Co, Li, Mn, and Ni, which are more concentrated in the cathode.

Table 5. NaOH leach filtrate metal composition.

Process Stream

Al Co Cu Fe Li Mn Ni

NaOH leach filtrate (mg/L)

9558 8.665 1.802 0.000 13.15 1.594 0.5153

The solid residue separated during the filtering of the NaOH leach filtrate was washed
with demineralised water and allowed to air dry, after which the residue was pulverised
into a fine powder. This powder, also known as black mass, contains the high value metals
in the form of the active cathode powder. The black mass was thus characterised with
various different analytical techniques to gain further knowledge into the effectiveness of
the discharging and NaOH leach processes, as well as the composition and structure of the
black mass.

3.3. Black Mass Characterisation

The crystalline phases of the black mass powder were characterised with X-ray pow-
der diffraction (XRD) analysis, and it was determined that the metal phase consists of
15.8% LiCoO; (LCO) and 84.2% LiNixMnyCo,0O, (NMC), as illustrated in Figure 3. Any
amorphous phases were not considered during quantification, and the phase names may
not reflect the actual compositions of phases identified, but the phase group. A few small
peaks could not be matched, and trace amounts of additional phases may thus be present,
as phases below 3 wt.% were below the detection limit and not included.

Counts

STU_Tiaan_Cathode Samp|e
hLithium Nickel Manganese Cobalt Oxide (1/0.45/0.4/0.15/2) 84.2 %
Lithium Cobalt Oxide (§/1/2) 15.8 %

40,000

20,000

1 T N T 1
10 20 30 40 50 60 70
Position [*28] (Cobalt (Co))

Peak List
Co0.15 Li1 Mn0.4 Ni0.45 1}2; R-3m

Figure 3. XRD analysis of the black mass powder.

The FESEM-EDS analysis of the black mass illustrated in Figure 4 shows definitive
phase segregation between the different cathodic materials originating from the different
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waste LIBs. The distinctly different phases were analysed at the chosen spectrums illus-
trated in Figure A1. The weight percentages of each metal in the spectrums were measured,
as summarised in Table A1, and converted to molar fractions in Table A2 to determine
the metal content for each phase, which led to the identification of three distinct cathodic
phases:

1.  Large blue particles—CoO, (LCO);
2. Fine light-yellow particles—NixMnyCo,O, (NMC);
3. Fine dark-yellow particles—Mn,O4 (LMO)

Figure 4. FESEM-EDS layered image of black mass powder sample.

The LMO was not detected during the XRD analysis due to the small fraction of LMO
material present in the black mass being lower than the detection limit of the XRD analysis
(3 wt.%). It was further observed that a green barrier phase was present in multiple samples
near the LCO phase, which was identified as the protective aluminium oxide layer (Al,O3)
located between the aluminium cathode film and the active cathodic material [4]. It is
unclear why the Al,Oj3 layer is only associated with the LCO phases investigated, and not
the NMC or LMO phases observed, but might be due to manufacturing specifications and
specific organic binder selections. It is recommended that future studies investigate the
removal of the Al,O3 layer with higher NaOH concentrations and higher leach tempera-
tures, as the Eh-pH diagrams for the Al-Na-H,O system indicates increased stability of the
aqueous Na[Al(OH),] complex when these variables are increased [34].

No fluoride components were identified in the FESEM-EDS analysis of the black mass,
indicating that the organic binders (PVDEF, PTFE) and electrolyte salts (LiPF5) were not
present in the black mass produced. It is therefore theorised that the binders and electrolyte
were dissolved or broken down in the discharging process or strong alkaline leach.

The average metal composition of the black mass was determined with aqua regia
digestions and is summarised in Table 6. It was observed that Co, Ni, and Mn are the major
metals present in the black mass. Trace amounts of Al were also detected, which originate
from the Al,Oj3 layer identified in the FESEM-EDS analysis. The mass fraction of lithium is
comparatively low compared with the other metals because it has a much smaller molar
mass; however, lithium accounts for 48% of the molar fraction of the cathode powder and
remains the essential element for LIB performance due to its high charge to weight ratio
and high specific heat capacity [3].
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Table 6. The average metal content and standard error of LIB black mass powder.

Process Stream

Al Co Li Mn Ni

Black mass (wt.%)

1.2% +0.0%  354%  £14% 102%  +£04%  234%  +£09% 297%  +1.2%

The black mass produced in this study provides a highly pure stream of active cathode
material through a process that uses easily accessible chemicals, no heating, and safe
operating conditions. The black mass is used as feed material for recycling processes
that typically focus on the separation and recovery of Co, Li, Ni, and Mn due to the
significant economic benefit they provide. The high purity black mass is an ideal feed
for hydrometallurgical processes, which are considered to be the most promising method
for LIB recycling due to their high metal extraction, metal product purity, low energy
consumption, and reduced gas emissions [40]. The effective separation of the active
cathode material during sample preparation reduces the number of metals in the feed
material, producing a simpler lixiviant with less potential for variation, which is desired, as
hydrometallurgical processes are sensitive to changes in the process input [41].

Hydrometallurgical LIB recycling processes have been researched extensively, espe-
cially for processes using HySO, [42-46] and HCI [47-52] as lixiviants. Recent research has
further investigated the potential use of citric acid as lixiviant [53,54], which has shown
high leaching performance [35,51,55-57] and unique metal separation opportunities due
to the chelating properties of citric acid [58,59]. Metal separation and recovery processes
typically make use of solvent extraction and precipitation techniques, depending on the
metal content of the leach solution, to produce metal products that can be reused for battery
manufacturing if the product is of sufficient quality [60].

4. Conclusions

Discharging of the LIBs in a 5 wt.% NaCl solution produced a sludge containing
metals originating from the cell casings, metal electrodes, and NaCl from the electrolytic
solution. It was concluded that the electrolytic solution contained trace amounts of metals,
where 0.3% Fe from the LIBs reported to the electrolytic solution with <0.01% of all the
other metals. The electrolytic solution could thus be reused for further discharging cycles
before being treated or purged. The composition of the electrolytic solution comprised of
12.6 mg/L Fe, 4.5 mg/L Li, 2.6 mg/L Mn, 1.0 mg/L Ni, and 0.7 mg/L Co.

The discharge sludge contained aluminium, iron, and oxygen with traces of carbon.
An analysis illustrated that 1.9% Al, 3.0% Cu, and 89.4% Fe reported to the discharge sludge
from the waste LIBs and that the composition of the discharge sludge consisted of 39.1 wt.%
Fe, 30.1 wt.% O, 18.0 wt.% Al, 6.6 wt.% Na, and 4.4 wt.% C. Limited metals from the active
cathode material reported to the discharge sludge, as 0.01% Co, 0.01% Mn, and 0.02% Ni
reported to the sludge from the LIBs.

The cathode electrodes sorted from the cut LIBs accounted for 29.75% of the LIB weight
and was recovered after the LIB discharging. A 10 wt.% NaOH leach successfully dissolved
the aluminium electrode, enabling the separation of the active cathode material. This study
concluded that 90.5% Al and 3.2% Cu is recovered to the NaOH leach filtrate with 0.04%
Co, 0.19% Li, and 0.01% Mn. The NaOH leach filtrate provides a rich secondary source of
Al, as the filtrate contained 9 558 mg/L Al with trace amounts of other metals, including;:
13.2mg/L Li, 8.7 mg/L Co, 1.8 mg/L Cu, 1.6 mg/L Mn, and 0.5 mg/L Ni.

Characterisation of the black mass produced through discharging, dismantling, sorting,
and alkaline leach processes confirmed the high active cathode material purity of the
black mass. XRD analysis confirmed the crystalline phases as 84.2 wt.% LiNixMnyCo,O,
and 15.8 wt.% LiCoO;. A SEM-EDS analysis confirmed the crystalline phases, with trace
amounts of MnO; also identified. The presence of an Al,O; layer was also observed around
some LCO phases, indicating the inability of the alkaline leach to completely remove the
protective layer (Al,O3) located between the cathode electrode and active material. The
organic binders were not detected in the characterisation of the black mass, and therefore,
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the alkaline leach may have dissolved or broken down the binders during the alkaline
leach process.

The sample preparation process effectively produced a highly pure black mass, with
minimal Co, Li, Mn, and Ni losses from the high value active cathode material to the
discharging and NaOH leach streams. The ability of these processes to operate at room
temperature with simple operating conditions, and readily available chemicals makes
them an ideal candidate for preparing black mass from spent LIBs for hydrometallurgical
recycling processes.
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Appendix A

Figure A1. Spectrum locations identified for phase composition analysis.
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Table A1l. Metal weight percentage of identified spectrums.

Spectrum C (o) Na Al Mn Fe Co Ni Cu Total
Spectrum 7 2.0% 37.2% 0.2% 0.1% 59.2% 0.0% 0.7% 0.5% 0.1% 100.0%
Spectrum 8 1.8% 29.8% 0.2% 0.1% 18.6% 0.2% 15.5% 33.7% 0.2% 100.0%
Spectrum 9 1.5% 33.0% 0.0% 0.0% 0.4% 0.0% 65.0% 0.1% 0.0% 100.0%
Spectrum 11 14.8% 41.9% 0.0% 20.6% 0.5% 0.2% 21.7% 0.4% 0.1% 100.0%

Table A2. Metal molar fractions of identified spectrums.

Spectrum C (@) Na Al Mn Fe Co Ni Cu Total
Spectrum 7 4.5% 64.6% 0.2% 0.1% 30.0% 0.0% 0.3% 0.3% 0.0% 100.0%
Spectrum 8 4.7% 58.0% 0.3% 0.1% 10.6% 0.1% 8.2% 17.9% 0.1% 100.0%
Spectrum 9 3.8% 62.5% 0.0% 0.0% 0.2% 0.0% 33.4% 0.1% 0.0% 100.0%
Spectrum 11 24.6% 52.4% 0.0% 15.2% 0.2% 0.1% 7.4% 0.1% 0.0% 100.0%
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