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Abstract: With the increasing number of electric vehicles (EVs) rises the need to recycle their used
lithium-ion batteries (LIBs). During the mechanical process of the recycling of the LIB cells, a
fine fraction, the so-called black mass, is created. This black mass consists mostly of the coatings
originating from the cells’ electrodes and residues from the electrolyte, together with a low amount of
Al and Cu from the crushed current collector foils. The amount of black mass as well as its composition
is influenced by the chosen grid size at the crusher discharge. To reduce solvent emissions during the
recycling process, a thermal pre-treatment can be added before crushing, which also influences the
black mass and its properties due to changes in the adhesion between electrode foils and coating. This
study investigates the influence of the crusher settings as well as the pre-treatment temperatures to
find an optimum between the recovery of the coating and conductive salt, while limiting the amount
of Al and Cu in the black mass.
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1. Introduction

Lithium-ion batteries (LIBs) have become more important with the ongoing change
from internal combustion engine vehicles (ICEVs) to electric vehicles (EVs). In 2019, the
global demand for LIB cells for electromobility was 126 GWh and the VDMA estimates
that it could reach 1 TWh in 2025 [1]. With the rising demand for LIBs, the demand for the
raw materials for cell production increases as well as the number of used batteries that can
be recycled to recover their valuable content. Neef et al. [2] expect, for Europe, the amount
of LIBs and their components for recycling to increase to 230,000 t by 2030 and 1,500,000 t
by 2040. The European legislation is currently discussing new recycling rates. The current
proposal demands recycling efficiencies of 70% for a whole battery by 2030 and material
recovery rates of 80% for Li and 95% for Co, Cu and Ni in 2031 [3].

A LIB cell is a complex composite of different metals, metal compounds, graphite,
binders, plastics and a liquid electrolyte. It consists of two electrodes that are separated
by a porous polymeric membrane, the separator foil. The two electrodes are the negative
(anode) and the positive electrodes (cathode). The negative electrode is made of a copper
foil serving as the current collector coated with graphite, whereas the positive electrode
is made of an aluminium current collector foil coated with a metal oxide, e.g., LiCoO,
(LCO), LiNig gCop.15Alp0502 (NCA), LiNij ;3Mn; ;3C01 /302 (NMC) or metal phosphate,
e.g., LiFePOy4 (LFP) [4]. Both coatings contain additives, like carbon black, to improve the
conductivity and a binder to fix the active material on the current collector foil. For the
negative electrode, either polyvinylidene fluoride (PVDF) or a mixture of carboxymethyl
cellulose (CMC) and styrene-butadiene rubber (SBR) and for the positive electrode PVDF
is used as the binder [5]. The layers of electrode and separator are either stacked or wound
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up to round or flat jelly rolls and contained in a casing made of steel or aluminium [6].
The space in between the jelly roll is filled with a liquid electrolyte consisting of a mixture
of organic solvents, like dimethyl carbonate (DMC) or ethylene carbonate (EC), and a
conductive salt most likely lithium hexafluorophosphate (LiPFg) [5].

To recover the valuable materials from this complex composite, one way of recycling is
mechanical processing in combination with a hydrometallurgical treatment. In this case, the
battery cells are first overdischarged below the cut-off voltage to enable the safe handling
of the cells [7]. Afterwards, they are crushed to open up the cell casings and to liberate
the electrode coating from the current collector foils [8]. In a subsequent drying step, the
solvents from the electrolyte are evaporated [9], before the material is commonly screened
to recover a fine fraction, the so-called black mass [10]. The coarse fraction is further treated,
e.g., by two-step air classification, to recover the separator foil and other plastic foils in a
light fraction, the heavy casing fraction and, as a middle product, the metal foils from the
electrodes [8].

The black mass is a mixture of the coating materials together with some impurities.
These result from the impacts during crushing and can be Cu and Al from the current
collector foils or Al and Fe from the casing or the crusher [11,12]. The graphite from the
negative electrode coating can be recovered by froth flotation [13-15]. The remaining
fraction is treated hydrometallurgically to recover the contained metals from the positive
electrode, i.e., Li, Ni, Mn and Co. Hydrometallurgical treatment includes leaching, solvent
extraction, ion exchange, crystallization and precipitation [12].

2. Black Mass Properties and Their Relevance

The cut size at which the black mass is sieved from the crushed LIB cells varies in dif-
ferent studies, ranging from 200 [11,16] to 500 [10], 1000 [17,18], 2000 [19] and 3000 um [20].
The cut size influences the yield in black mass as does the cell type, the crusher type and
the applied grid size of the crusher. Wang et al. [21] crushed cells of the type 18650 and
achieved a black mass output of 19.5% if sieved at 500 um and 30.3% if sieved at 1000 pum.
Two different prismatic EV cells were crushed with six different grid sizes (6-30 mm) by
Wuschke [8]. Sieving at 1000 pum recovered 20.7-37.5% black mass for one cell type and
28.4-37.9% for the other cell type. The author concluded that the smaller the grid size of the
crusher, the higher the black mass output. Wuschke [8] also crushed negative and positive
electrodes separately with the same grid sizes and showed that 40-68% of the negative
electrode and 6-25% of the positive electrode end up in the size fraction below 1000 pm.
They explained the difference of the breaking behaviour between negative and positive
electrodes by the different adhesive tensile strength of the coating. A similar behaviour of
negative and positive electrodes was observed by Lyon et al. [10]. They investigated the
degree of decoating, i.e., the ratio of the amount of coating in the black mass to the amount
of coating on the foils before crushing, in relation to the crusher grid size (12-40 mm).
The decoating of the negative electrode was in the range of 59-82% and for the positive
electrode of 38-72%. The smaller the crusher grid size, the higher the amount of positive
electrode coating in the black mass, whereas the proportion of impurities (Al and Cu) was
1.2% similar for all grid sizes.

2.1. Black Mass Composition

Several studies have analysed the metal content and its distribution in the black mass
or the total crushing product. Most investigations were conducted with cells from other
applications than EVs, such as mobile phones [22,23], or a black mass from an industrial
recycling plant with undefined feed was used [17-19]. Not every study analysed all
metals and they applied different methods for analysing the metal content, e.g., inductively
coupled plasma—optical emission spectroscopy (ICP-OES) [17,18,20] or mass spectroscopy
(ICP-MS) [22], X-ray fluorescence spectroscopy (XRF) [17,21,23], flame atomic adsorption
spectroscopy (FAAS) [18] and automated mineralogy [14].
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An overview of the content in various black masses with different sizes or sieved into
different size fractions can be found in Table 1. In most cases, the content of metals from
the positive electrode coating is higher, which leads to a smaller size fraction [17,18,23].
Contrarily, Vanderbruggen et al. [14] measured the highest content of lithium metal oxides
(around 60%) in the fraction of 500-1000 pum and the lowest content (around 40%) in the fine
fraction of < 63 um. For different studies, the accumulated content of Ni, Mn and Co ranged
between 28 [19] and 45% [17] for different black mass sizes (from 0-200 to 0-2000 um). The
Li content in different black masses has been reported to be around 3—4% [18-20] and that of
P to be around 0.4-0.7% [23]. Vanderbruggen et al. [14] reported an overall graphite content
of around 50%, whereby the smaller the size fraction, the higher the graphite content [14].

Table 1. Overview of the black mass compositions from the literature for different size fractions.
Values indicated by “~” or by “<” were taken from figures; exact values were taken from tables or
the text. The positive electrode coating for 1 ~° is defined as the sum of the metals Ni, Mn and Co,
whereby not all black masses contained Ni and Mn. The authors of 7 [14] calculated a lithium metal

oxide, including Li and O,. ' [17],2 [18], 3 [19], % [20], ® [22], ® [23], 7 [14].

Black Mass Size (Fraction) in um

0-38/ 0-200/ 200-400/ 400-1250/ 1000-2000/
0-63 0-250 0-1000 0-2000 250-500 500-1000 1000-3000
Constituent Content in %
436
6 2 ~ 1
Positive electrode 36.5° 3 1‘4”345’ 341 4 3 ~40 ) ~351 426
coating ~on0” ~38 37.9 28.1 ~40 ~302 3354
~40-451 ~487 6.0° ~607 ’
4
Li ro4 2 gé ) 373 ~42 ~o4 2 274
P 0.5-0.7 6 0.5° 04° 0.4°
Graphite ~607 ~507 ~357
<11 ~21 ~72
Al 1.65 <12 gg i 283 ~22 ~11! 229'6846
2-24° ’ 10.8 ¢ 2236 :
<11 ~21 ~91
Cu 0.85 <12 é’g i 623 ~32 ~112 3%)2646
0.6-1.4° : 50.2 6 4830 :
0.16 03° 0.3°6
Fe <1! 8'?2 0.7 3 <1! <11 g';:
<12 : <12 ~12 :

The contents of Al and Cu are higher in the larger size fractions [17,18,23]. The overall
Al content varies between less than 1% [17,18,20] and 2.8% [19]; however, in the larger size
fractions above 400 um, it can reach up to 30% [23]. The Cu values are usually higher than
the Al values [18-20]. The Fe content is generally less than 1%, as it comes only from the
wear of the processing machine materials, if no cells with LFP positive electrode chemistry
or steel casing are processed [17-20,23]. Kriiger et al. [11] and Widijatmoko et al. [22]
showed that the impurity content of Al, Cu and Fe in the black mass is higher for used cells
than for new cells.

2.2. Particle Size Distribution and Flotation

According to Schubert [24], the optimum particle size for flotation lies in the range
of 40-150 um. For instance, Zhan et al. [16] used 210 wm, Salces et al. [15] 90 um and
Vanderbruggen et al. [14] 63 pm as the maximum particle size for their black mass flotation
experiments. Therefore, the finer the black mass after crushing becomes, the smaller the
need to regrind it to a suitable size for flotation. Yu et al. [25] investigated the grinding
of the black mass prior to flotation and found out that it improved the flotation as more
binder was removed from the surface of the positive electrode active material, improving
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its hydrophilicity. Also, by black mass grinding, Zhan et al. [16] could improve the product
purity at a constant recovery rate of the positive electrode active material.

Vanderbruggen et al. [14] measured the particle size distribution of a <1000 um black
mass from cells of the type 18650 crushed with a 10 mm grid size. The majority (62%) was
in the size fraction of 125-500 pum and only 25% were with <125 um directly suitable for
flotation. An industrial black mass (0-1000 pm) was sieved by Ruismaeki et al. [17]. In
this case, 30% were below 100 pm and 30% were larger than 400 um. The size fractions of
100-200 um and 200-400 um were about 20% each.

2.3. Influence of Metal Impurities on the Hydrometallurgical Treatment

There are different studies available on how the impurities of Al, Cu and Fe in the
black mass affect the hydrometallurgical treatment. Chernyaev et al. [26] stated that Al
can increase the acid consumption during leaching and it can form gel-like hydroxides,
so that it co-precipitates together with the Co. On the other hand, it can also work as a
reductant and, therefore, improve Co leaching and replace hydrogen peroxide (H,O,) [26].
Several authors reported that dissolved Al can be easily removed downstream, e.g., by
pH control [27], by ion exchange [28] or by alkaline leaching without any major losses of
Co [29]. Porvali et al. [18] found out that, with neutralization using sodium hydroxide, it is
possible to remove 80% of the Al together with the Fe and Cu, but with losses of 10% of Ni
and 2% of Co and Li.

Fe can be removed by changing the pH with sodium hydroxide [27,29] or by ion
exchange [28]. What seems to cause the most problems is Cu. Or et al. [30] stated that
Cu?* ions can co-precipitate with Co, Ni and Mn and that a selective precipitation is only
possible if the Cu concentration is low. According to Peng et al. [31], multistage solvent
extraction is necessary to remove Cu impurities. Chen et al. [29] were able to remove 98.5%
of the Cu by sodium hydroxide precipitation without any major Co losses. Peng et al. [19]
applied selective leaching to the Li and Co without Cu leaching.

2.4. Effects of Metal Impurities in the Cell Resynthesis

Impurities in the positive electrode active material can have an influence on the
production, product quality, cell performance and cell safety [32,33]. Therefore, there are
impurity limits for the positive electrode material itself and their precursors. According
to Nasser et al. [33], the typical limits for commercial precursors are 5-12 ppm for Al,
1-10 ppm for Cu and 5-10 ppm for Fe and, for the NMC positive electrode material,
20-50 ppm for Cu and 50-100 ppm for Fe. However, there is no special specification yet for
recycled materials.

Impurities resulting from material resynthesis or direct positive electrode recycling
can have a positive or negative effect on the cell; small amounts of impurities can even
improve the electrochemical performance [30]. Alis already used in commercial LIBs to
improve capacity retention, thermal stability and rate performance [30]. Zhang et al. [34]
investigated different amounts of Al in an NMC622 positive electrode material and showed
that cells with 0.2% Al in the positive electrode material had the highest rate capacities and
a good cycling stability. High amounts of Al (5%) caused a poor cycling and rate capacity.
Kriiger et al. [11] found out that the Al forms hydroxides that influenced the secondary
particle shape and increased the surface area, which reduced the specific capacity and
caused a lower C-rate performance.

Sa et al. [27] tested cells with up to 5% Cu in the positive electrode coating, which
improved the cycle stability, but reduced the specific rate performance. The improved
cycling stability was also shown by Zhang et al. [35] together with an improved Li-ion
transfer and an increased charge/discharge capacity, but only for low amounts of Cu up to
0.34%. A total of 1.22% of Cu had negative effects and the performance was lower than
for the Cu-free positive electrode material. If, however, Cu is added in metallic instead of
ionic form, e.g., by direct positive electrode recycling, it can cause short circuits. Fe can also
improve the cycling stability as well as the rate performance and the discharge capacity if it
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makes up 0.25% or less of the positive electrode material. Tests with 1% Fe showed a lower
performance and a reduced thermal stability [36].

As the impurities have an effect on the processing of the black mass as well as on
the cell performance and safety, it is important to keep them in the black mass creation as
low as possible. Also, to achieve the required recycling rates of 95% [3], it is of advantage
to keep the Cu content in the black mass as low as possible, so that it can be recovered
together with the Cu foils from the coarse fraction. Therefore, this work investigates in
detail the influence of the crusher grid size on the black mass properties as well as the
influence of the pre-treatment temperature. The crusher grid size has been investigated in
several works [8,10], but they mostly focused on the coarse part of the crushing product
and the amount of black mass created, but not on the properties of the black mass in detail.
A thermal pre-treatment is important to reduce the risk origination from the evaporating
solvents [9], but it can also influence the cell properties and the behaviour during crushing.
Wuschke [8] showed that the adhesive strength of the coatings rises with the pre-treatment
temperature, and how it affects the properties of the black mass is yet to be analysed.

3. Materials, Methods and Calculations

The data behind the figures and additional data can be found in the Supplementary
Materials [37].

3.1. Materials

The cell type, from which the black masses were created, was a prismatic cell from
Samsung SDI (Yongin-si, Republic of Korea) with a mass of around 2 kg and a capacity of
94 Ah. The cells originated from a used EV. The negative electrode had a graphite coating
with an aluminium oxide layer on top. The binders used were CMC and SBR. On the
positive electrode, an NMC111 was coated with PVDE. The total negative electrode coating
made up 17.9% of the cell mass and the total positive electrode coating 34%. The Cu foil
of the negative electrode accounted for 7.2% of the cell mass. As conductive salt, LiPFg
was applied with a 2.6% share. More detailed information about the cell can be found in
Werner et al. [9].

3.2. Methods

The LIBs were processed according to the process scheme of the TU Bergakademie
Freiberg [8]. The process steps for the comparison of the different crusher grid sizes can be
seen in Figure 1a, and the steps for the comparison of the influence of the pre-treatment
temperature in Figure 1b. A more detailed description can also be found in Werner et al. [9].
All experiments were repeated three times, and the error bars in the diagrams show the
minimum and maximum values of the experiments.

All cells were overdischarged below 0% SoC (state of charge) to ensure safe crushing.
The cells for the different grid sizes were overdischarged with a positive thermal coefficient
resistance, whereas the cells with different thermal pre-treatment were discharged into
pole reversal, as described by Kaas et al. [38]. For the comparison of the crusher grid
size, the cells were directly placed in the pre-crusher without further pre-treatment. Pre-
crushing was conducted with a rotary ripper and a rotary shear (TU Bergakademie Freiberg;
Freiberg, Germany), followed by the final crushing with a fast rotating, single-shaft rotary
shear (Universal Granulator UG300, Andritz MeWa GmbH; Gechingen, Germany). At
the final crusher, four different grid sizes were applied, 10, 20, 30 and 40 mm. After
crushing, the material was dried for 120 h at room temperature or at 80 °C in an oven
(t6420, Heraeus GmbH; Hanau, Germany). The dry material was then sieved and the black
mass recovered at 500 and 1000 um using an EML 450 sieve machine (Haver & Boecker
OHG; Oelde, Germany).
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Figure 1. Process scheme with (a) different crusher grid sizes and (b) different pre-treatment temperatures.

For the comparison of the pre-treatment temperatures, the burst membrane of the cells
was opened and the cells were dried for 120 h at room temperature or in an oven (t6420,
Heraeus GmbH; Hanau, Germany and UF110, Memmert GmbH + Co. KG; Schwabach,
Germany) at 80 and 120 °C. Afterwards, they were as crushed well by a rotary ripper, rotary
shear and granulator with a 30 mm grid size and dried again at 80 °C. From the dried
material, two black masses were sieved, in the ranges of 0-500 and a 500-1000 pum.

For the particle size distribution analysis of the black mass, the 0-500 pm was sieved
at 315 um and the 500-1000 um at 630 and 800 pm with an AS200 control (Retsch GmbH;
Haan, Germany) to determine the particle size distribution. The fraction of < 315 pm was af-
terwards analysed by laser diffraction with HELOS (Sympatec GmbH; Clausthal-Zellerfeld,
Germany) with 3 bar pressure and the R5 lens. Of the samples crushed with different grid
sizes and dried at 80 °C, only the grid sizes of 20 and 40 mm were analysed exemplarily.

The contents of Al, Co, Cu, Fe, Li, Mn, Ni and P (threefold determination) were
analysed of the fractions of 0-315 pm, 315-500 um and 500-1000 pm by ICP-OES (iCAP
6300, Thermo Fisher Scientific Inc.; Waltham, MA, USA) after digestion with invers aqua
regia in a Mars6 microwave digestion system (CEM Corporation; Matthews, NC, USA). Due
to the intense sample preparation required and the availability of the ICP measurement
device, only the samples crushed with different grid sizes and dried at 22 °C and the
thermal pre-treated samples were analysed by ICP-OES. Some samples were also analysed
by a scanning electron microscope (SEM, FEI Quanta 600 F, Thermo Fisher Scientific Inc.;
Waltham, MA, USA) equipped with a field emission source (FEG) and an SSD-EDS X-ray
spectrometer (Bruker Quantax X-Flash 5030 EDS-Detectors; Bruker Corporation; Billerica,
MA, USA).

Two LIB coating raw materials were also analysed by laser diffraction with the same
settings as the black mass samples. As the original raw materials for the investigated cells
were unknown, two standard materials were bought, a natural graphite from ProGraphite
(Spherical Graphite 17 micron 99.95% C, ProGraphite GmbH; Untergriesbach, Germany)
and an NMC622 from BASF (HEDTM NCM-622 ET011; BASF SE; Ludwigshafen, Germany).

3.3. Calculations

The yield of the black mass (Ypy) gained by the processing of the LIB was calculated
using Equation (1). It relates the mass of the created fraction of <1000 pm (mpy) to the
original cell mass (1 ¢.y).

m
Yeu = —24 1
Mcell
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The materials that are aimed to end up in the black mass are the coatings of the two
electrodes together with the conductive salt. To evaluate the different process settings,
the recovery of the coatings together with the conductive salt (Rc,s) was calculated using
Equation (2). The mass of the coating and the conductive salt, which is defined as the
black mass without the impurities Al, Cu and Fe taken into account in the equation by
their concentration in the black mass (cgas a1, cBM,cx and cpay re, respectively), was related
to the mass of the coating and the conductive salt in the original cell. The latter was
calculated from the concentrations of the two coatings (cc. ) and the conductive salt
(ccencs) presented in Section 3.1, which amounted to 54.5% of the cell. Simplifying, it was
assumed that the impurities all have a metallic and no oxidic form.

mpp-(100 — cpar, A1 — CBM,Cu — CBM,Fe)
Meelr-(Ccelt, ¢ + Ceell, CS)

Reys = @
For the metal recovery, only the recovery of Cu was calculated as for the other metals
the original share in the cell is not fully known. Equation (3) states the calculation of the
recovery of Cu (R¢y,) in the black mass. The mass of Cu in the black mass was placed in
relation to the mass of Cu in the cell, whereby the mass of Cu in the black mass is the
product of the mass of the black mass (1mps) with the Cu concentration (cppsc;,) and the
mass of Cu in the cell is the product of the mass of the cell (1¢,;) and the concentration of
Cu in the cell (ccyy cy) 0f 7.2%, as presented in Section 3.1.
Re, = MBM CBM,Cu 3)

Meel1*CCell,Cu

The NMC content was defined as the sum of the elements Ni, Mn and Co together
with O,, which was added mathematically in the stoichiometric ratio 1:1. Li was not taken
into account as this was measured separately. For the conductive salt, the PF4 content
was calculated based on the measured P content. As for the NMC, Li was not taken into
account, but stated separately together with the Li from the NMC, as it could not be clearly
assigned to one of the two, NMC and LiPF4. The fraction that could not be analysed by
ICP-OES and is therefore undetermined was labelled as the “other” fraction. It contains
mostly graphite, but also the binders, the additives and comminuted plastics.

4. Results
4.1. Black Mass Yield

The yield of the black mass (<1000 pm) decreased with the increase in the crusher
grid size. The highest yield (42%) of black mass was obtained with the 10 mm grid and
the lowest (29-32%) with the 40 mm grid, as can be seen in Figure 2a. This corresponds to
the findings of Wuschke [8] and Lyon [10]. The drying temperature after crushing had no
influence on the black mass output; the values for 22 and 80 °C were similar (Figure 2a).
The temperature of 80 °C is too low to decompose the binder [14] and, as there is no further
stress applied, a weakening or strengthening of the binding does not have an effect on the
black mass yield. Differently, the pre-treatment temperature had an influence on the yield
(Figure 2b). Compared to no thermal pre-treatment, the drying at 22 °C caused a small
increase in the black mass, which is still within the limits of the error bars. A reason for
this could be a loss in strength or a lower adhesion of the coating to the electrode foils due
to missing moisture. With the increase in the pre-treatment temperature, the amount of
black mass decreased. For 120 °C, only a third of the amount was created compared to
22 °C. The reason for this is the increase in the tensile adhesive strength of the electrode
foils, as reported by Wuschke [8]. This increase in strength leads to a lower decoating of
the electrode foils. Differently to the findings of Kaas et al. [38], the different discharge
method had an influence on the yield of black mass. The cells that were overdischarged
only by the resistance and crushed with 30 mm grid showed a 31-32% black mass output.
From the pre-treatment temperature comparison, the cell with no thermal pre-treatment
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was processed with the same settings, but overdischarged into pole reversal. This increased
the black mass output to 39%. In comparison to Kaas et al., the same cell type and the
same process was applied. The difference is that the overdischarge into pole reversal in this
study for the thermal pre-treated cells was conducted with complete modules and not with
single cells. The higher voltage could have led to a stronger effect on the coating adhesion
and, therefore, the black mass yield.
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Figure 2. Yield of the black mass (<1000 um) in relation to the original cell mass based on (a) different
grid sizes (1040 mm) and drying temperatures after crushing (22/80 °C) and (b) different pre-
treatment temperatures (none-120 °C). The data points at no °C represent the non-thermal-pre-treated
cells. The results are the average values of three experiments; the error bars show the minimum and
maximum values.

4.2. Particle Size Distribution

The particle size distribution (PSD) of the black mass was not influenced neither by
the grid size (Figure 3a) nor by the drying temperature (Figure 3b). Only the PSD of the
black mass of the cells that were thermally pre-treated at 22 °C was a little bit coarser, and
the reason for this is unknown. The difference is still in the precision of measurement. The
mass share of particles <315 um is 44%, whereas for the other thermally pre-treated black
masses, it lies in the range of 49-53%. Again, there is a difference caused by the discharge
methods. The cells overdischarged by a resistance had a lower proportion of particles
<315 pum (44-46%) compared to the cells overdischarged into pole reversal (49-53%), except
the cells pre-treated with 22 °C (44%). The x50 3 for the sieve analysis of the different
grid sizes lie in the range of 355-370 um. For the experiments focusing on different pre-
treatment temperatures, the x50 3 could not be determined for all experiments as the amount
of <315 um was above 50% for some black masses.
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Figure 3. Particle size distributions obtained by sieve analysis for (a) different grid sizes (10-40 mm)
and drying temperatures after crushing (22/80 °C) and (b) different pre-treatment temperatures
(none-120 °C); obtained by laser diffraction for (c) different grid sizes (1040 mm) and drying
temperatures after crushing (22/80 °C) and (d) different pre-treatment temperatures (none-120 °C).
The data points at no °C represent the non-thermal-pre-treated cells. The results are the average
values of three experiments, and the error bars show the minimum and maximum values.

The results for the laser diffraction analysis of the <315 um also show no difference of
the PSD between the different grid sizes (Figure 3c) and drying temperatures (Figure 3d).
In this case, the PSD of the cells pre-treated with 22 °C were similar to the others. The x50 3
values lie in the range of 93-110 um for the cells crushed with different grid sizes and in
the range of 70-86 pum for the cells with different thermal pre-treatments.

If the PSD is plotted as the density distribution (see Supplementary Material [37]), it
shows two modes, one at 10 pm and one at 150 um. The mode at 10 um corresponds to
the PSD of the analysed raw materials. The analysis of graphite showed a mode of 14 um
and, for NMC622, a mode of 7 um, as it can be seen in Figure 4. This fits with the literature
values, e.g., Wurm et al. [39] stated the typical particle size for graphite was 20 um and
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Rothermel et al. [40] measured a 10-30 um particle size. For NMC111, Sa et al. [27] stated
the particle size to be 10-15 um and Vanderbruggen et al. [13] reported a x99 of 15.9 um.

N W R~ 00 O N

-

Density distribution gs(x) in %/pum

o
o

10 20 30 40 50
Particle size in ym

—&— Graphite NMC622

Figure 4. Laser diffraction analysis of the LIB electrode coating raw materials before electrode production.

The second and smaller mode at 150 um could be related to the electrode thickness.
Wuschke [8] measured the electrode thickness of the predecessor of the cell type used
for this study. The positive electrode had a thickness of around 130 pm and the negative
electrode of around 140 pm. The scanning electron microscope with energy dispersive
X-ray spectroscopy (SEM-EDX) analysis of black mass samples with and without thermal
pre-treatment by Vanderbruggen et al. [14] showed that there can still be Al foil pieces with
coating on both sides that were not fully liberated. However, those were far more frequent
in the pyrolyzed than in the non-pre-treated black mass.

In the area between the two modes (10-150 um) are the coating materials that are still
bound together by the binder or partially coated foils. The gradation for 120 °C is a little
bit coarser in this area, indicating the stronger binding due thermal pre-treatment leading
to larger agglomerates.

4.3. Recovery of Coating and Conductive Salt vs. Al, Cu and Fe Impurities

The recovery of the coating and conductive salt increases with the decrease in the grid
size (Figure 5a), e.g., for the 0-1000 pm black mass, the recovery increases from 57% for
the 40 mm grid to 75% for the 10 mm grid. At the same time, the content of impurities,
defined as the sum of Al, Cu and Fe, in the black mass is a relative constant with values in
the range of 2.4-3.3%. Regarding the black mass, it is therefore advisable to operate with
the smallest grid size. If comparing the different cut sizes of the sieving step, the recovery
decreases with the decrease in the cut size, e.g., for the 10 mm grid size, it decreases from
75% for a 0-1000 pm to 48% for a 0-500 pm and 33% for a 0-315 pm black mass. Again, the
impurity content is relatively stable, with values in the range of 2.4-3.7%. Therefore, the
largest cut size should be used to optimize the recovery.
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For the different pre-treatment temperatures, the highest recovery can be achieved
at 22 °C, while also having the lowest impurity content, as it can be seen in Figure 5b. In
comparison to no thermal pre-treatment, the recovery at 22 °C increases due to the higher
black mass output, which seems to be caused by an increased decoating and not by a
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weakening of the foils, which explains the decreased impurity content. With the increase
in the pre-treatment temperatures, the recovery decreases due to the poorer decoating.
For 120 °C, the recovery is only a third of the recovery at 22 °C. The impurity content, on
the other hand, is twice as high for a high temperature. The mass of the impurities in the
black mass decreases; however, due to the lower amount of coating materials in the black
mass, the proportional share of the impurities in the black mass increases. The increase in
impurities is, therefore, not caused by a higher comminution of the electrode foils. For the
black mass cut size, the trend is similar as for the different grid sizes; the recovery decreases
with the decrease in the cut size, whereas the impurity content stays more or less the same.

4.4. Elemental Composition

The NMC content, calculated from the measured content of Ni, Mn and Co and by
the stochiometric addition of O,, decreases with the increase in the grid size, whereas
the content of the undetermined fraction (labelled as “other”), consisting of graphite,
binder, comminuted plastics and additives like carbon black, increases, as it can be seen
in Figure 6a. This corresponds to the findings of Lyon et al. [10], who also observed an
increase in positive electrode decoating for smaller grid sizes. The explanation for this
is the higher adhesive tensile strength of the positive electrode coating in comparison to
that of the negative electrode coating [8]. The negative electrode, whose graphite coating
makes up most of the “other” fraction, becomes, due to the lower strength, decoated quite
considerably using the 40 mm grid. Therefore, with the decrease in the grid size, more
positive electrode coating than negative electrode coating becomes additionally transferred
to the black mass. For the different pre-treatment temperatures (Figure 6b), the NMC
content decreases with the increase in the temperature, which can again be explained by
the adhesive tensile strength. Wuschke [8] observed an increase in strength for both the
positive electrode and negative electrode. However, for the negative electrode, the strength
did not increase beyond a temperature of 90 °C, which explains why the NMC and the
“other” components differ considerably at 120 °C. The increase for the “other” fraction is,
therefore, not caused by a better decoating of the negative electrode, but rather by a lower
decoating of the positive electrode. There is a small increase in the NMC and decrease in
the “other” fraction between no thermal pre-treatment and drying at 22 °C, indicating that
there might be a small increase in decoating for the positive electrode by the pre-treatment.

The behaviour of the Li content is similar to that of the NMC content, as most of the
Li in the cell is related to the metal oxide and only a low amount to the conductive salt.
This is also caused by the discharge of the cells, because the Li-ions become transferred to
the positive electrode during discharge. The PF¢ content, calculated from the measured P
content, shows a slight peak for the crusher grid sizes of 20 and 30 mm, as it can be seen in
Figure 6¢. The reason for this is unknown. However, as the variation between experiments
with the same settings is also quite high, as it can be seen from the error bars, it might
just be caused by a variation in the distribution of the conductive salt inside the cell. For
the different thermal pre-treatments (Figure 6d), there is a peak at 80 °C that cannot be
explained as well. For 120 °C, the values are similar to those for 22 °C and no thermal
pre-treatment, which indicates that no LiPFs became decomposed by the high temperature
and no P was lost as POF; or PF5 in the gas phase [41]. However, a decomposition cannot
be completely excluded, if it is similar for all temperatures, as it would not be visible from
the graph. In conclusion, there are no discernible influences of the crusher grid sizes and
the pre-treatment temperatures on the PF¢ content and, therefore, on the conductive salt
content in the black mass.
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Figure 6. Composition of the black masses of 0-1000 um for (a) different grid sizes (10-40 mm) and
(b) different pre-treatment temperatures (none-120 °C). (c) displays a close-up of the bottom 8%
of (a,d) of the bottom 8% of (b). The data points at 0 °C represent the non-pre-treated cells. The

results are the average values of three experiments, and the error bars show the minimum and
maximum values.

The content of Al and Cu impurities is influenced by the crusher grid size and the
thermal pre-treatment. The concentration of both metals decreases slightly with the increase
in the grid size apart for the grid size of 40 mm, which shows an increase in Al content, so
that in sum, the impurity content is relatively stable, as described in Section 4.3. For the
different thermal pre-treatment conditions, the content of Cu increases already at 80 °C,
whereas the Al content increases only for 120 °C. The increase is most likely caused by
a decrease in the total amount of black mass and not because of a higher comminution
of the foils, as already described in Section 4.3. The black mass of the experiments with
different pre-treatment temperatures shows a Cu content of more than twice as high as the
black mass from the experiments using different grid sizes. The reason for this comes from
an additional effect, which is the discharge method. Overdischarging into pole reversal
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causes the plating of Cu on the coating of the positive electrode and, therefore, Cu ends
up in the black mass [38]. It is expected that the influence of the grid size and the pre-
treatment temperature on the cells is the same for both discharge types, and it is therefore
not absolutely necessary to investigate the different grid sizes with pole reversed cells. The
recovery of Cu in the black mass ranges from 5.1% for a grid size of 10 mm to 2.4% at a
grid size of 40 mm. For the black mass of the cells overdischarged into pole reversal, the
values lie in the range of 7.2-22.6%. To achieve the recovery rate of 95% required by the
EU legislation [3], it will therefore be necessary for the 10 mm grid size and for the pole
reversed cells to reclaim the Cu hydrometallurgically from the black mass. However, a
hydrometallurgical removal of Cu can lead to a removal of Co and Ni as well, which then
would be lost [30]. Therefore, larger grid sizes should be applied to keep the Cu content
as low as possible. The Fe content stays relative constant, but its value is low as there
is only a low amount of Fe in the Al casing [8] and, in addition, Fe originates only from
the processing machines. The ratio between the impurities and the NMC content is, for
all settings, rather high compared to the required impurity limits for positive electrode
materials and precursors (Section 2.4). It will therefore be necessary to remove them from
the black mass in further processes, regardless of which settings are applied.

To evaluate and to define the cut size in the sieving of the black mass, Figures 7 and 8
show the content in relation to the particle size fraction of the black mass. Table 2 shows
the mass share of the size fractions in the black mass to be able to better evaluate the values
of Figures 7 and 8. For the different grid sizes, the distribution is quite similar, as it could
already be seen in Figure 3a. For the different pre-treatment temperatures, the black mass
of the cell dried at 22 °C shows a higher content of the coarse fractions (315-500 pm and
500-1000 pm) and a lower content of the fine fraction (0-315 um), whereas the sample
dried at 120 °C has the lowest 315-500 um content. The size fraction of 0-315 um has
the highest share (43.6-52.5%) and, therefore, the highest influence on the composition of
the total black mass (0-1000 pm). From Figures 7a and 8a, it can be seen that the NMC
content is the highest in the coarse fraction of 500-1000 pm and becomes lower with the
decrease in the particle size. The “other” fraction, and therefore the graphite, behave
contrarily (Figures 7b and 8b). In this case, the highest content is in the smallest fraction of
0-315 pum. The reason is the different binder; the binding is much stronger for the positive
electrode coating compared to the negative electrode coating [8] and, therefore, coarser
particles are produced from the positive electrode. In relation to the grid sizes and the
drying temperatures, all size fractions behave similarly. The lithium content in the different
particle size fractions (Figures 7c and 8c) correlates again to the NMC. The conductive
salt content, indicated by PFg, is similar for the different size fractions for the experiments
with the different grid sizes, as it can be seen in Figure 7d. The peak at 20 and 30 mm in
the total black mass is not visible in the individual size fractions; there is rather a peak
for the fraction of 315-500 um for the 30 mm grid size, whereas for the 20 mm grid size,
all size classes accumulated at the peak in the total black mass. For the different thermal
pre-treatments (Figure 8d), there is a more apparent deviation: the content is higher in
the smallest size fraction than in the coarsest fraction. The peak that was visible for the
total black mass at 80 °C was caused by the finest size fraction, and the reason why the
conductive salt accumulated here is unknown.
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Figure 7. Content in the black mass particle size fractions depending on crusher grid size for (a) NMC,
(b) “other”, (c) Li, (d) PFg, (e) Al and (f) Cu. The results are the average values of three experiments,
and the error bars show the minimum and maximum values. The datasets of 0-1000 pm correspond

to the sets plotted in Figure 6.
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in Figure 6.
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Table 2. Mass share of the size fractions in the black mass based on different grid sizes (top) and
pre-treatment temperatures (bottom). The results are the average values of three experiments.

Black Mass Size Fraction in pm

0-315 315-500 5001000
Mass Share in %
c 10 436 20.5 35.9
S 20 45.6 19.6 349
wn
= g 30 452 188 36.0
O 40 457 18.8 355
2 g no 51.2 18.2 30.7
g5
E5u 2 44.0 20.1 36.0
5g°
g %'5 80 49.1 18.1 32.8
[}
o 120 52.5 15.5 32.0

To a certain extent, Al and Cu behave contrarily to each other. The highest content of
Al can be found in the fine fraction of 0-315 um (Figure 7e), whereas for Cu, the highest
content is in the coarse fraction (Figure 7f). The Al content in the fine fraction is partially
caused by the Al,O3 coating of the graphite of the negative electrode, which ends up in
the black mass together with the decoated graphite. The Al,O3 coating on the graphite
in the black mass was visualized by SEM-EDX, as shown in Figure 9. The Cu content, on
the other hand, is only caused by the crushed Cu foil from the negative electrode, from
which small pieces end up mostly in the coarse fraction of 500-1000 um. The overall Al
content was more than twice as high as the Cu content, whereas the content in the coarse
fraction, caused by crushed foils, was similar for both metals. In the literature, the Cu
content is usually higher than the Al content, e.g., [18,20], as the cells investigated most
likely do not have an Al,O3 coating on the negative electrode layer. However, cells with
Aly,O3-coated negative electrode are commercially available [42] and can therefore end up
in the recycling process together with cells with no Al,O3 coating. Based on the assumption
of a 2.5% share of Al in the negative electrode coating and the simplified assumption that
all “other” content is made of negative electrode coating, the Al from the Al,O3 makes up
around 50% of the Al content in the black mass. However, it should be investigated further
how the relation of Al to Cu and the distribution of the Al content over the particle size is
different for cells without an Al,O3 coating.

The Al content in the individual size fractions follows the trend of the Al content in the
total black mass over the different grid sizes, whereas the Cu content in the size fractions of
0-315 um and 315-500 um is relatively similar between the different grid sizes and only the
content in the coarse fraction decreases with the increase in grid size. A smaller grid size
does therefore not cause a further comminution of the fine Cu pieces, but only generates an
increase in the number of Cu foil pieces entering to the black mass.

For the different thermal pre-treatments, the Al content (Figure 8e) in the coarser
fraction increases a bit more with the increase in the temperature, so that, for 120 °C, the
Al content in the coarse fraction is higher than that in the fine fraction. Due to the poorer
decoating of the negative electrode, less Al,Os ends up in the black mass and therefore in
the fine fraction. The Cu content (Figure 8f) shows a decrease at 120 °C for the fractions of
0-315 um and 315-500 um, whereas the content in the fraction of 500-1000 um increases.
The higher content of Al and Cu in the coarse fraction could be caused by the stronger
binding of the coating due to the increased adhesive tensile strength, leading either to a
lower comminution of the foil pieces or to a larger size of the foil coating compound.
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Figure 9. SEM-EDX image of a graphite particle with Al,O3 coating.

5. Conclusions

The crusher grid size does not affect the particle size distribution of the black mass.
However, it does change the amount of black mass created and the recovery of the coating
and the conductive salt in the black mass, while the overall content of impurities (Al, Cu
and Fe) remains similar. Only the relation between Al and Cu is changed with the increase
in the share of Al and with the increase in the grid size. Therefore, from the black mass
point of view, it is recommended to use the finest grid size to achieve the highest recovery
of 75% with an impurity content of 3.3%, even though it has a slightly higher Cu content,
which is more difficult to remove hydrometallurgically than Al. To achieve the required
limits for impurities in positive electrode materials and precursors, both Al and Cu need to
be removed from the black mass in further processes.

A high pre-treatment temperature has a negative effect on the amount of black mass
created, the recovery of the coating and the conductive salt as well as on the impurity
content. To achieve a high recovery and to limit the amount of impurities, a thermal
treatment should either be conducted at low temperatures or after comminution.

A smaller cut size, i.e., 315 or 500 um, instead of 1000 um, does not provide an
advantage, as it does not decrease the impurity content, but rather the coating recovery. For
this particular cell, the Al content is mostly in the fine fraction, as in this case, in addition
to the crushed foil pieces, it derives from the Al,O;3 coating of the negative electrode. For
the other cells that do not have an Al,O3 coating and where the Al impurities are caused
mostly by the positive electrode current collector foil, a smaller cut size might be feasible.
This needs to be investigated further with a different cell type that does not have an Al,O3
coating of the negative electrode.

The recovery of Co and Ni could not be calculated, as their share in the positive
electrode coating is unknown. However, as with optimum settings, only 75% of the overall
coating could be recovered and the decoating of the positive electrode is poorer than that of
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the negative electrode, it can be concluded that the EU requirement of 95% element-specific
recovery rate cannot be achieved and that it is therefore necessary to process the fraction
of >1000 um further to liberate the remaining coating. The Cu content in the black mass
for the grid sizes of 20-40 mm is sufficiently low, so that the 95% Cu recovery requirement
could be achieved by recycling only the Cu from the fraction of >1000 pm if this can be
performed without major losses. For the 10 mm grid, already 5.1% of Cu ends up in the
black mass; therefore, Cu needs to be reclaimed hydrometallurgically or a smaller black cut
size needs to be chosen. Cu recovery is furthermore influenced by the discharging process,
since pole reversal leads to a higher Cu content in the black mass.
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