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Summary

A large number of Li-ion batteries used today will reach their end-of-life (EOL) in a few years.
After their EOL, the recovery of their precious elements is required. By applying physical
separation, a fraction with fine particle size is left behind which is known as black mass (BM). BM is
rich in LIB precious materials, including Li metal oxides and graphite. In this study,
pyrometallurgical recycling of BM is investigated. In the first step, the BM high-temperature
transformations are being studied, focusing on reducing Li metal oxides, Li evaporation, and F
removal. In the second step, Fe and Cu oxides are added to the BM to investigate how the graphite
remaining in the BM can be used as a reducing agent and form alloys with Co and Ni. The use of
mechanical activation as a mean to improve the kinetics of the reactions and the efficiency of the
reduction reaction was also studied. To model the experiments in this study, thermodynamic

softwares (FactSage and HSC) were also employed.



Abstract

When Li-ion batteries (LIBs) reach their end-of-life, they are collected, discharged, and
mechanically disintegrated. Plastic and metallic streams are separated after this process, and finally, a
small particle size fraction called black mass (BM) is obtained. BM is normally composed of
graphite, Li metal oxide, Al, Cu, and some polymeric materials like binders. Pyrometallurgical
recycling of BM, which is the focus of this study, is an available method for recovering the BM
valuable elements. BM samples from two types of LIBs were used to investigate the high-
temperature transformations occurring in the BM. Thermal analyses alongside mineralogical and
morphological analyses demonstrate that the decomposition of binders is done up to a temperature
of 500 °C, which leads to the volatilization of hydrocarbons (not F) from BM. At a temperature of
~600 °C, Li metal oxide transforms to simpler metal oxides and by increasing the temperature to
1100 °C, Co and Ni oxides completely reduce to their metallic forms, and Li forms LiAlO; and
LiF.

After studying the high-temperature behaviour of BM as the basics of a pyrometallurgical method,
some of this method’s downsides were taken into account, i.e., graphite loss and high energy
consumption. A solution is proposed in this study by the addition of external metal oxides (Fe2O3
and CuO) to consume the graphite in the BM during the reduction, which results in the
production of Fe/Cu-based alloys, containing Co and Ni (in the BM) as alloying elements.
Regarding high energy input in pyrometallurgy methods, mechanical activation is applied in both
BM reduction and alloying processes to improve the kinetics of the reaction and shift the reduction
to a lower temperature range. This shift in the reduction temperature makes changes in the ratio of
reduction products, i.e., the ratio of CO:CO; decreases by decreasing the temperature. Thus, in the
reduction of metal oxides, the consumption of C becomes lower and consequently, more metal

oxides can be added to be reduced.

The study improves our knowledge of high-temperature transformations and F behavior during
medium-temperature treatments of BM from LIBs. It proposes a solution to efficiently use excess
graphite and overcome the downsides of pyrometallurgy methods by utilizing external metal oxides

and applying mechanical activation for in-situ reduction and alloy-making.

Keywords: Li-ion battery, black mass, recycling, pyrometallurgy, thermal analysis, fluorine, mechanical

activation, alloying, graphite.
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1 Introduction

In recent years, attention has been drawn to a future low-carbon economy, where renewable
energies play a critical role (1). The attempt is to reduce the consumption of fossil fuels and
subsequently the amount of greenhouse gases emitted to the atmosphere (2). In this regard, electric
vehicles have been introduced, which are completely dependent on the functionality of
rechargeable batteries (3). Besides electric vehicles, rechargeable batteries are also required in the

development of portable electronic devices, e.g., mobile phones, tablets, and laptops (4).

A variety of rechargeable batteries, such as Pb-acid, Ni-Cd, Ni-metal hydride, and Li-ion batteries
(LIBs), have been introduced so far (4,5). Among them, LIBs with their incomparable properties,
i.e., high energy density and voltage, low self-discharge, simple operation, light weight, and long
lifetime, has become the most popular type of rechargeable batteries that are utilized nowadays. In
1991, Sony Corporation commercialized LIBs for the first time, when their properties were
introduced in portable electronic devices. The specific energy of these batteries is twice that of

standard Ni-Cd batteries and the voltage is three times that of regular Ni-based batteries (4,6).

With the drastic increase in using electric cars, it is expected that it will be required to recycle 850
thousand LIBs by 2025. As a consequence of the European commission regulation (2020), by 2025,
65 % of portable batteries should be collected, the efficiency of recycling should reach 65 %, and it
will be mandatory to have a minimum recovery rate of 90, 90, 35, and 90 % for Co, Ni, Li, and
Cu, respectively. All recyclers will also be obligated to declare the C footprint of the recycling

process (7,8).
2 Background
2.1 Composition of LIBs

Different types of LIBs have been introduced so far, offering different properties. The intended
application of the LIB determines the property that should be provided, for example if it is required
to have a high energy or power density, if it matters to have a moderate cost, or if it is needed to
have a long lifetime. To acquire the required properties, various LIBs have been designed by
changing their main components, which are cathode, anode, electrolyte, separator, current

collectors, binder, and casing. These components are briefly described below (9):



e Cathode

Cathode active materials can be classified into intercalation and conversion cathode active materials,
among which the intercalation materials are the most popular ones, because of their higher
operating voltage that leads to higher energy storage. In this type, the cathode active material is a
solid network where the ions (Li ions in these batteries) can enter and leave this structure reversibly.
The network structure can be layered, spinel, olivine, or tavorite (2). LiCoO; (LCO) with a layered
structure is the first commercialized material. LiNiyCoyMnjyO> (NMC), LiNiO,, LiMnOy,
LiFePOy, and Li(NiCoAl)O; are also popular materials used in the cathodes. The advantageous
properties of NMC (i.e., structure stability, relatively low cost, high discharge capacity, and good
performance in the cyclic properties) make this material a superior candidate for cathodes, especially

in electric vehicles (10).

e Anode
The main anodes that are utilized today are graphitic and LisTisO1» (2). The first commercialized
anode material, and still the most popular one, is graphite, with its good electrochemical and
physical properties, availability, and moderate price, although it lacks a proper volumetric capacity.
Si is the common additive to graphite for solving this issue. The design of anodes usually varies
based on its structure, not the material (9,11). LiyTisO12 is a costly anode material, although popular

yet due to its outstanding properties, like high thermal stability, volumetric capacity, and cycle life
(2).

o Electrolyte
The electrolyte mainly consists of solvents and solutes. Electrolyte’s role is to facilitates transferring
of ions between the cathode and anode. Different combinations can be used in electrolytes: LiClO,,
LiBF,, and more popularly LiPFs are used as solutes, while solvents can be a mixture of cyclic and

linear carbonate esters, e.g., a mixture of propylene carbonate and diethyl carbonate (10,12).

e Separator
The separator is a polymeric material, which works as a selective barrier; it lets the Li ions pass
while inhibiting the electrons and accordingly preventing short-circuit between the cathode and

anode. Polyethylene and polypropylene are the most popular materials used for this matter (10,13).



o Current collectors
Current collectors are bridges connecting the electrodes to the external circuits, properties of which
affect the performance of LIBs, such as capacity and stability. The conventional materials that are
commercially used are Al and Cu in the cathode and anode, respectively, although other materials,
like Ni, Ti, and carbonaceous materials, have been introduced for the next generation of these

batteries (14).

o Conductive agent
Acetylene black is one of the popular agents that is added to the cathode/anode to enhance its

conductivity (6,13,15).

o Binder
Binder maintains a bond between the cathode/anode active material, current collectors, and
acetylene black. Polyvinylidene fluoride (PVDF, the most commonly utilized binder) and

polytetrafluoroethylene are two polymeric materials used as binders (6,10,16,17).

o Casing
The batteries are packed in a casing to protect the inside (especially electrolyte as a reactive material
in an oxidative atmosphere) from the surrounding atmosphere. The material used should be inert to

avoid interaction with any chemical reactions occurring in the battery (13).

2.2 Recycling of LIBs

The cost breakdown of the LIBs shows that most of the cost in their manufacturing is primarily
related to the cathode active materials and secondly to the anode materials (mainly graphite) (9). Co
as one of the main components in the cathodes plays a crucial role in the LIBs’ production costs.
Furthermore, the increase in demand for the LIBs and the limitation in the Li resources on the
earth’s crust indicate that there will be a depletion in the Li resources, and an inclining price for this

material is expected in the future (2).

After discharging and dismantling the LIBs, the casing and the majority of current collectors will be
separated from the battery components, employing different techniques like comminution,
classification, magnetic/electrostatic/gravity separation, and froth flotation (10,18-20). This process

produces a material, rich in cathode and anode materials, which is called black mass (BM) (21,22).



The BM is commonly the input stream in the recovery of precious elements from LIBs, which can
be done by hydrometallurgical, or pyrometallurgical techniques, or a combination of these two

(10).

2.21 Hydrometallurgy

Hydrometallurgy includes a variety of processes, i.c., leaching, separation, solvent extraction (SX),
precipitation, and electrowinning. The combination of these methods will lead to different
procedures. Many studies have been done in this area (23-31). For instance, Li and other metals in
the cathode active material were extracted from spent LIBs by Chen et al. (23), using two steps of
leaching followed by carbonation. Yang et al. (24) employed leaching and SX to produce MnO,
Li2COs, Co, and NiSOq, in four steps of acid-leaching, co-extraction of Mn and Co, Ni/Li
separation, and Co/Mn separation. It is essential when using a hydrometallurgical method to
separate the anode from the cathode material since the anode interferes with the recovery of
cathode elements during the leaching steps (32). Recupyl process is an example of a commercial
application of hydrometallurgical method, including hydrolysis, three leaching steps, and
electrolysis, which leads to the recovery of Li, Co, and Cu (21). In another hydrometallurgy
recycling process, Batrec, after pretreatment and passivation steps, acid leaching, followed by SX and

precipitation steps will result in the recovery of metallic elements from cathode active material (33).

2.2.2 Pyrometallurgy

Pyrometallurgy includes the processes that deal with heating the BM to extract the valuable metals.
These processes can be divided into two groups: medium-temperature and high-temperature
processes. The first group represents the methods where the materials will remain in the solid state,
e.g., pyrolysis, incineration, and roasting. The second group consists of the methods that smelt the

BM, and subsequently metallics are collected in the melt (32).

e Medium-temperature pyrometallurgy
Roasting of the cathode active material (650-1000 °C) with graphite in the anode is one of the
most popular ways for reducing the cathode active material, which leads to the production of
Co/Ni, Li,CO3, while part of the graphite remains unreacted (34,35). In some cases, salt is added in
the roasting process to produce materials with better leachability, e.g., sulfation, nitration, and

chlorination roasting (32). For instance, in a study, water leaching has been done after chlorination



roasting where over 98 % recovery of Li, Ni, and Co, and 97% of Mn were reached (36). These
approaches aim at recovering all precious elements in the battery, including Li, with lower
consumption of energy, acid, and alkaline. In some cases, like sulfation roasting, the process

generates corrosive gases, which is still a challenge in the commercialization of these methods (37).

« High-temperature pyrometallurgy
X. Hu et al. (38,39) did a high-temperature process (at 1600 °C) on BM in laboratory- and pilot-
scale (electric arc furnace) to obtain a Co-Ni-Mn melt. In their study, Li reacted with the existing
Al and formed LiAlO> in the slag and the rest formed Li;CO; and LiF that were collected in dust.
In this method, all C was lost during oxidation in the air atmosphere. In these processes, by the
addition of slag formers, Li can be accumulated in the slag. R. Guoxing et al. (40) reached a Li
content of 2.63 wt.% in slag, by controlling the MnO/SiO; ratio and Al,Os content. 64.1-82.4 %
of Li recovery yield by addition of SiO» (in form of Li aluminosilicate) is reported in another study,
with Li content of 5.18-7.40 wt.% in the slag (41). In another study, the melting was done to
collect Li in the slag and extract it from the slag by acid leaching. In this study, although a slag with
2.83 wt.% of Li>O was obtained, only 50.28 % of that could be recovered in the following leaching
step (42). In Inmetco, as a LIB recycling plant, batteries are smelted and Co, Ni, and Fe are collected
in the melt, while slag (containing Li) is disposed (43). On a commercial scale, recovering Li from

slag by hydrometallurgy processes after smelting is being done in Uniicore (44,45).

Some studies have been done so far to investigate the high-temperature behaviour of BM. Kwon
and Sohn (46) investigated the thermos-kinetic behaviour of LCO and C mixture. They proposed
thermodynamically feasible reactions at different temperatures. Based on their observations, it is
possible to find Co3O;4 in the BM, because of the probable changes in the LIB chemistry during
charging and discharging. At 810 °C, CoO, and LizCOs are the abundant phases in the sample.
Furthermore, they recommended the temperature range of 880-1200 °C as the optimal range for
recovering Co and Li. Li et al. (47) focused on the pyrolysis of LCO and C mixture and proposed

Eq. 1 as the overall reaction in the temperature range of 500-800 °C.

4LiCo0, +3C - 2Li,CO; +4Co+ CO,

Eq.1

Wang et al. (48) studied the high-temperature behaviour of NMC cathodes (without anode). This

study demonstrated the transformation of NMC to CoO, NiO, and LiAlO; during an exothermic
5



thermite reaction at 557.7 °C.

There are few studies that focus on emission of hazardous F-containing gases in pyrometallurgical
recycling of LIBs. Liu et al. (49) studied the high-temperature of LIBs with LiFePOy as the cathode
material during pyrolysis at 450-650 °C. They demonstrated that the main sources of F in these
batteries were electrolyte and PVDF. They stated that the F content in the battery reached 0.067
wt.% after pyrolysis. In another study, it is suggested to add CaO in order to capture F during
decomposition of PVDF and form CaF,. By applying this method, the emission of F-containing
gases can be avoided (50).

2.2.3 A comparison between pyro- and hydrometallurgy

These two major routes of LIBs recycling were explained in two previous sections. The question is
how to select a proper method to recycle these batteries. To answer this question, a comparison
between the pyro- and hydrometallurgy-based recycling methods is listed in Table 1.
Pyrometallurgy, regardless of high capital cost, is an easier process compared to hydrometallurgy,
since it 1s not necessary to apply a pretreatment method, and it is compatible with a variety of LIB
types. Besides, the existing plants can be used, and it is not required to establish a plant for that
purpose. Having these advantages in mind, the big problem with this process is the loss of Li to the
slag, which is not easy to recover by hydrometallurgical processes and is reported to be disposed in
some of the commercial processes. And, although the oxidation of graphite (in electric arc furnace)
is an energy source for the reduction reaction, it is not an adequate reason for consuming graphite.
The oxidation of graphite (and thus production of CO/CQy) and emission of F-containing gases is
another issue that makes this method environmentally unfavorable. By employing
hydrometallurgical methods, these issues can be solved, since it does not deal with the production of
large amount of off-gases, possesses a high recovery rate of Li, and does not need a high energy
input since it is feasible at room temperature. Although the hydrometallurgical routes have many
advantages, it bears some downsides; The process necessitates a pretreatment step to prepare it for

leaching and even though, it does not produce off-gas, it produces large amounts of wastewater

(32,37,51).



Table 1. Advantages and disadvantages of pyro- and hydrometallurgical processes in the recycling of
LIBs (37,51)

Process Advantages Disadvantages

Pyrometallurgy Easy process Li loss in slag
Easy to scale up High energy input
Acid/Alkaline-free Off-gas emission
Easy (or no essential) pretreatment High capital cost

Optimized ready technology
Generating energy (input) during exothermic

reactions

Hydrometallurgy Li recovery Complicated process
Room temperature Pretreatment required
High purity Producing wastewater

No off-gas emission

2.3 Aims and Objectives
o Investigation of the high-temperature behaviour of BM

As stated in the previous section, several studies have been conducted to investigate the high-
temperature behaviour of BM. In most of these studies, the heat treatment was done on selective
parts of the LIB, i.e., cathode and anode active materials that are separated manually and heated
under different atmospheres, which would not be feasible at a commercial scale. Studies done on
industrial BM are limited and hence, in the current research, BM pretreated at Stena Recycling AB
has been employed. Furthermore, the BM composition is not fixed and can easily vary by changing
the input LIBs. Thus, the LCO and NMC BM were investigated separately to follow if the cathode

active material type can affect the employed pyrometallurgical process.

Furthermore, an element that is critical in high-temperature processes is F, which is assumed to be
removed during medium-temperature heat treatments, by dissociation of electrolyte and PVDF. To
examine the validity of this assumption, some trials have been designed and carried out in this study

to follow the F presence in the BM after medium-temperature treatments.

o Utilization of graphite in the BM to produce Fe/Cu-based alloys
When heating the BM, graphite can act either as a source of energy (by oxidation in an exothermic
reaction) or a reducing agent (for the reduction of the cathode active material), depending on the
existing atmosphere. In the first condition, graphite burns out, while in the second condition, most
of it remains unreacted and will thus need to be separated in the following recovery steps. In this
study, external metal oxides (MeOs) (Fe;O3 and CuO) are added to the BM, to investigate if it is
possible to benefit from the graphite in the BM in reducing MeOs, and if it is feasible to produce a

Fe/Cu-based alloy, containing Co and/or Ni as alloying elements.



o Investigation of the effect of mechanical activation on the BM reduction and the
alloying process

As mentioned in section 2.2.3, one of the main disadvantages of pyrometallurgical processes is the
high energy input that is required to trigger the reactions. Hence, mechanical activation is
employed in this study to investigate if it lowers the required energy by improving the reactions’

kinetics.



3 Materials and Method

3.1 Materials

Two types of LIBs have been considered in this study: LIBs from small portable batteries (cathode
active material: LCO) and LIBs from car batteries (cathode active material: LilNio33Mno.33C003302
(NMC111)"). The original cells are shown in Fig. 1. After mechanical treatment, physical
separation, and low-temperature heat treatment (250-300 °C), BM has been obtained from these
spent LIBs.” Two particle size ranges, the first consisting of particles smaller than 150 pm and the

second of particles between 150 and 700 pm were studied separately.

Fig. 1. The original batteries used as the source of BM: (a) mobile batteries, and (b) car batteries.

Pure synthetic materials, LCO (99.8 %, Aldrich), graphite (-300 mesh, 99 %, Alfa Aesar, and APS
7-11 micron, 99%, Alfa Aesar), Al (+325 mesh, 99.5 %, Alfa Aesar), and PVDF (HSV 900,
Arkema) were utilized in order to conduct some complementary experiments concerning LCO
transformation. Fe;O3 (-325 mesh, 98 %, Alfa Aesar) and CuO (97.5 %, AnalaR NORMAPUR)

pure materials were also utilized to form Fe- and Cu-based master alloys, respectively.

' NMC111 is the only NMC-type battery that has been used in this research. Hence, the abbreviation NMC will
be used instead of NMC111 hereafter.

2 The BM samples were prepared at Stena Recycling AB.



3.2 Method
3.2.1 Characterization of BM

¢ Chemical analysis
Inductively coupled plasma—mass spectrometry (ICP-MS) was the main method employed in the
chemical analysis of BM, performed according to SS EN ISO 17294-2:2016 and EPA method
200.8:1994. C content was measured by LECO CS230, a combustion analyzer, and EA3000, a
CHNS-O elemental analyzer. The ion selective electrode (ISE) method was the approach to

analyze the F content of samples, applying EPA method 9214.

o Morphological and mineralogical analysis

The morphology of the as-received BM samples was observed under a Zeiss Merlin field emission
gun scanning electron microscope (SEM) equipped with an Oxford Instruments X-Max energy
dispersive X-ray spectroscopy (EDS) detector with Aztec software. Particle Size Distribution (PSD)
was done by Retsch Camsizer XT. X-Ray Diffraction (XRD) (using PANalytical Empyrean X-ray
diffractometer) was the method employed for the mineral characterization in this study (details can
be found in paper I). The same XRD instrument, equipped with an Anton Paar HTK 1200 N
high-temperature chamber, was used to identify the developed phases upon heating up to a
temperature of 1000 °C at a heating rate of 10 °C/min in He atmosphere. To achieve an accurate
sample temperature, the sample was held at the set temperature for 1 min before the scan started.
The obtained diffractograms were evaluated by HighScore Plus (v4.7, PANalytical B.V., Almelo,
The Netherlands) software, and FIZ-NIST Inorganic Crystal Structure Database (ICSD) and
Crystallography Open Database (COD) databases.

3.2.2 High-temperature behaviour of BM

A Netzsch STA 409, a thermogravimetric/differential thermal analyzer (TGA/DTA), was
employed to investigate the high-temperature behaviour of BM in inert atmosphere (Ar), with a
heating rate of 10 °C/min. The evolved gases in the experiments were continuously monitored
using a quadrupole mass spectrometer (QMS) for qualitative analysis. During these trials, two

phenomena were investigated more deeply in parallel which are listed below:

e LCO transformation

To identify the influential element(s) in the transformation of cathode active material, the BM
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composition was simulated by synthetic materials, listed in Table 2. The ratios were set based on the
LCO BM composition. The same heating profile, as applied for the industrial prepare BM, was
applied to these synthetic mixtures to run TGA and DTA.

Table 2. The chemical composition used in the complementary experiments: LCO transformation

Sample (2) (wt.%)

LCO Graphite Al PVDF LCO Graphite Al PVDF
LCO 55.9 - - - 100.0 - - -
LCO+Gr 559 354 - - 61.2 38.8 - -
LCO+Gr+Al 55.9 354 0.9 - 60.6 38.4 1.0 -
LCO+Gr+AHPVDF3 559 354 0.9 4.42 57.9 36.6 0.9 4.6

« Fluorine behaviour
Since the presence of F at high temperatures is an important influencing factor, to investigate the
effect of medium-temperature treatment on F removal, the F content in the NMC BM was studied

in four different parts of the recycling process:
(i) NMC BM before heating at 250-300 °C (see “Materials” section);
(i) the as-received NMC BM (heated at 250-300 °C);
(i) NMC BM after pyrolysis for 1 h at 700 °C (in an Ar atmosphere); and
(iv) NMC BM after incineration for 1 h at 700 °C (in a synthetic air atmosphere).

The F content after each treatment was analyzed following the ISE method.

3.2.3 Alloying

Two types of MeOs (Fe2O; and CuO) were added to the BM to consume graphite in the BM as a
reducing agent. High-temperature treatment of these mixtures produced a Fe/Cu-based alloy.
Reaching a net C/O molar ratio of one in the MeO-BM mixture was considered in the addition of

MeO to the BM (Eq. 2).

CeMm

Ocathode active materialtOMe0

C
0

Eq. 2

3 Due to the experimental limitations at that time, this experiment (LCO+Gr+Al+PVDF) was done using graphite
with the particle size of 7-11 pm, while the graphite used in the other experiments was -300 mesh.
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3.2.4 Mechanical activation

Mechanical activation is known as a method for improving energy consumption in high-
temperature processes (52—60). In this regard, the BM and MeO-BM mixtures were mechanically
activated by using a Fritsch Pulverisette 7 Planetary micro mill. The number of hardened balls,
sample-to-ball ratio, and rotating speed was fixed, while the milling period was varied in these tests.

Details can be found in paper II.

3.2.5 Alloying trials
The same TGA (Netzsch STA 409) as employed earlier was used to produce Fe/Cu-based alloys.
The samples were heated at a rate of 10 °C/min up to 1450 and held at that temperature for 1 h.

Afterward, they were cooled to 200 °C at a rate of 20 °C/min.

3.3 Thermodynamic Investigation
Thermodynamic calculations were applied as a supporting tool in this study. The softwares used

were FactSage 8.0 and HSC chemustry v. 10.0.7.

¢ FactSage
This software was used to predict the thermodynamically stable phases at elevated temperatures, and
following that, to study the possible occurring reactions (61). To achieve this goal, the Equilib
module was used, employing FactPS, FToxid, and FTmisc databases. Ideal gas, pure solids, and the
following solution phases were considered as the species in this modeling: FToxid-SLAGA, FToxid-
SPINA, FToxid-MeO_A, FToxid-NAShB, FToxid-NASIB. In the simulation of the alloying
process, FTmisc-FeLQ and FTmisc-CuLQ were added for Fe- and Cu-based alloyed, respectively.

o HSC chemistry
As explained before, energy consumption is one of the important factors that affect the efficiency of
pyrometallurgical processes. Accordingly, HSC chemistry software has been used to perform the
mass and energy balance calculations in the alloying processes to have an estimation of the carbon
footprint and energy consumption. The input and output flows were designed as demonstrated in
Fig. 2. The compounds in the output flows were set based on the XRD data and the FactSage

modeling.
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Fig. 2. Input and output flows used in mass and energy balance (62).
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4 Results and Discussion

4.1 Characterization of BM

4.1.1 Chemical analysis

Table 3 lists the chemical compositions of LCO and NMC BM in the two particle size fractions. It
can be observed that the composition of the two fractions is almost similar in the LCO BM, while
in the NMC BM, the C content of the coarse fraction, compared to the fine fraction, is higher. Li,
Co, Ni, and Mn (in the NMC BM) originate from the cathode active material, and C mainly
represents the graphite existing in the anode material. As mentioned in section 2.1, Al and Cu are
the materials that were used as current collectors in the electrodes. Si, P, and F are the additives

employed in the anode to improve its performance. Beside the F presence in the anode and

electrolyte, the main source of F in the BM is the binder, PVDF (2,63).

Table 3. Chemical compositions of LCO and NMC BM in two fractions of < 150 and 150—700 pm (wt.%)
C

Element Li Co Ni Mn Al Cu Si P F

(wt. %)

LCO 3.8 31.4 0.0 0.0 0.4 0.4 1.6 0.4 2.1 43.8
<150 um

LCO 4.0 32.3 0.0 0.0 0.9 0.6 1.6 0.5 2.6 35.4
150—700 pm

NMC 6.3 17.3 15.5 15.1 0.0 0.8 1.3 0.4 4.9 12.8
<150 pm

NMC 3.6 8.0 7.3 7.6 0.2 1.6 1.0 0.6 6.5 43.2

150—700 um

4.1.2 Mineralogical and morphological investigation
Diffractograms from XRD measurements are presented in Fig. 3. Based on these data, the main

phases in both types of BM originate from the cathode and anode materials.

-150 pm 150-700 pm
@) 5 ®)
;
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Fig. 3. XRD patterns of (a) LCO and (b) NMC BM (64).

The morphology of LCO BM is shown in Fig. 4. There are irregular and sheet-like particles in a
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wide range of sizes, and large particles which are agglomerates of smaller particles. The
agglomeration could possibly be caused by the residual binder or be a consequence of the physical
properties of the particles, i.e., size and surface. The chemical analysis by EDS showed that the
sheet-like particles mainly consist of C, hence graphite from the anode material (al and b3 spectra),
while the other types of particles had a mixed composition rich in Co, which could be derived

from the cathode active material (a2, a3, b1, and b2).

Fig. 4. SEM(SE)-EDS images of two fractions of the as-received LCO BM: (a) < 150 pm and (b) 150-700
pm (64).

The SEM images of the NMC BM in Fig. 5 show a large number of small spheres with the size of
~3-7 um, which were made of smaller particles (a2 and a3). The EDS analysis showed that the
material contained Co, Ni and Mn and thus originated from the cathode active material. EDS
spectra from bl and b4 also show the same composition. The EDS analysis demonstrated that the
matrix is rich in C, e.g., al, b2, and b3, that probably originated from the anode. F was another
element detected with EDS in both LCO and NMC BM samples (Fig. 4 and Fig. 5), which was in
line with the chemical analysis of BM. F was detected in some particles, but not all, originating both

from the cathode and anode materials.
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100 pm

Fig. 5. SEM(SE)-EDS images of two fractions of the as-received NMC BM: (a) < 150 pum and (b) 150-700
um (64).

4.2 High-temperature Behaviour of BM

421 BM from LCO LIBs

The high-temperature behaviour of LCO BM was studied by TGA, DTA, and QMS. The results
are plotted in Fig. 6. In the fine fraction, mass loss begins at ~200-300 °C and is followed by the
emission of hydrocarbons (CHy) together with H2O and CO: (in the QMS graph). The mass loss
slope changes at ~600 °C, where an exothermic reaction takes place (DTA graph). No mass change
is observed connected to that reaction, although sharp peaks of HoO and CO; arise immediately
thereafter. This emission synchronizes with a steeper slope in the weight curve which continues
until ~900 °C. The endothermic peak at ~900 °C in the DTA graph is accompanied by a CO;
peak.

16



(a) (b)

100 1
3
7
Q
|
B
=
50 7
0 50 100 0 50 100
BE-10 e — - 0
y { ey
< L > o
Z2E104 _
2 32
o
o <
= 1E-10 < =
_D D
. - -0
+ Q. - g
0E700 Time (min) Time (min) A
H2 CxHy ——CO2 H20

Fig. 6. TGA/DTA/QMS graphs of two fractions of the LCO BM: (a) < 150 pm and (b) 150—700 pm.
The XRD patterns from the as-received and reduced LCO BM are presented in Fig. 7. In Fig. 8,
the high-temperature XRD patterns of LCO BM is shown. Fig. 7 demonstrates that the main
phases in the LCO BM are LCO and graphite, and that the products of the reduction at 1100 °C
are Co and graphite. Studying the phase transformations at elevated temperatures (Fig. 8) shows that
at 550 °C, CoO peaks appear and LCO disappears at 700 °C, where LiAlO, and Co phases form.
At 800 °C, all CoO peaks disappear. After cooling, the observed peaks in the XRD pattern are
graphite, Co, SiO3, and LiAlO..

17



As-received Reduced
(¢}
o 6
&) [=} =]
L2 <
)
£
2
o
Z 8 o}
s n o
o e LCO -~
o d - I
L n_] A A A ;
10 30 50 70 90

260 (Degrees)
Fig. 7. XRD patterns of LCO BM before and after heat treatment at 1100 °C (64).
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Fig. 8. XRD patterns during heating of the LCO BM to a temperature of 1000 °C (64).
The TGA curves from fine and coarse fractions in Fig. 6 show that the thermal behaviours of the

two fractions are similar, hence, the following discussion is valid for both of them. By raising the
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temperature and dissociation of organic materials in the BM (binders, like PVDF, and/or residual
solvents), CyHy, CO;, and H>O emits from the sample. By ~600 °C, the transformation of LCO, in
a reaction with graphite, gets complete and forms CoO (see Fig. 8), CO, and H-O (QMS curves).
The Li-containing compounds are not trackable in the XRD patterns, however, based on a study, it
can be in form of Li,COj3 (65). In the regarded study, an exothermic reaction was proposed for this
transformation (Eq. 3), which is an exothermic reaction that attributes no mass change, similar to

what is observed in TGA curves.

2LiCo0, + C - Li,CO3 + Co + Co0O

Eq. 3

To identify the influencing factors in the LCO transformation, some trials have been designed that
were explained in the Method section (LCO transformation). The results of these experiments are
presented in Fig. 9.* In these trials, LCO was first placed in Ar atmosphere and heated to 1100 °C.
It did not decompose up to ~1100 °C. With the addition of graphite, the decomposition began at
630-670 °C, which is indicated by the associated exothermic reaction. The addition of Al and
PVDF to this mix did not affect the transformation temperature. Based on these observations, it can
be deduced that the transformation of LCO to its components is feasible in the presence of graphite.

Plus, this transformation is required for the following mass loss in the BM.

4 It should be mentioned that the temperature difference (~40 °C) of the exothermic reaction in the
LCO+Gr+Al+PVDF sample is due to the smaller graphite particle size, which improves the kinetics of the
reaction.
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Fig. 9. TGA/DTA graphs of three different chemical grade LCO compositions heated to 1100 °C (64).

Getting back to the actual LCO BM, after LCO transformation, CoO reduction begins at a
temperature of 700 °C and is accompanied by CO, emission. Considering the TGA/DTA and
QMS graphs, the temperature of 800 °C can be attributed to the decomposition of Li>COj3 to Li,O

and COz. These statements are elaborated more in paper L.

Regarding the endothermic reaction at ~900 °C (Fig. 6), there are two possible explanations:
gasification of C (Boudouard reaction) (66) or volatilization of LixO (67). According to the FactSage
calculations, Li>O percentage in the emitted gas should be very low and QMS data presented an

emission of CO,. Hence, the gasification of C seems to be a more probable explanation.

¢ Thermodynamic modeling
Fig. 10 shows the results from thermodynamic calculations by FactSage. After reduction at 1100 °C,
the sample mainly consists of Co (in solid state), graphite, and gas. The least abundant phase is the

slag phase®, which mainly consists of Li>O (not detected by XRD). LiAlO;, LiF, and SiO; are also

3 referred to liquid/glass solution in FactSage

20



thermodynamically probable at this temperature.

 Sios 14 %

Li2O 57 %

Fig. 10. LCO BM heat treated at 1100 °C, calculated by FactSage: Phase distribution and the slag
calculated components (64).

The reduction of the cathode active material can be simplified to Eq. 4, assuming graphite is the
only reductant in the BM. The ratio of CO to CO, was set based on the Boudouard reaction at a
temperature of 600-900 °C. Based on this equation, the mass loss was ~23 wt.%, which is in

agreement with the experimental mass loss deduced from the TGA curves.

LiCo0, +1.2C - 0.5Li,0 + Co+ 0.9 C0 + 0.3 €0,

Eq. 4

4.2.2 BM from NMC LIBs

The TGA, DTA, and QMS results from the NMC BM are illustrated in Fig. 11. At ~300 °C,
PVDF decomposes and CiHy gases form. By heating the BM, four exothermic reactions can be
observed at ~300, ~400, ~600, and ~800 °C. The two latter reactions are followed by intense CO»
and H>O peaks in the QMS graphs.

¢ To compare the theoretical and experimental results, the mass loss ratio was calculated after reaching a temperature
of 500 °C because the mass loss before that is related to PVDF decomposition, which is not included in the
equation.
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Fig. 11. TGA/DTA/QMS graphs of two fractions of the NMC BM: (a) < 150 pm and (b) 150-700 pm.
Fig. 12 illustrates the diffractograms of NMC BM, before and after reduction. The diffractograms
show that the as-received BM consists of NMC and graphite and the reduced BM consists of LiF,
graphite, metallic Co, and Ni. The high-temperature XRD patterns in Fig. 13 show SiO» beside
cathode and anode active material. By increasing the temperature to 700 °C, the NMC peaks were
replaced by the Co/Ni and MnO peaks, and the patterns remain almost constant up to 1000 °C.
After cooling from 1000 °C to room temperature, the phases that appeared are SiO,, Co/Nij,

graphite, MnO, LiF, and Cu.
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Fig. 13. XRD patterns during heating of the NMC BM to a temperature of 1000 °C (64).

23



It can be comprehended from the results presented in Table 3 that, unlike the LCO BM,
fractionation has a significant effect on the composition in the NMC BM, and the C content is
higher in the coarse fraction. This difference leads to different mass losses in the fine and coarse
fractions (Fig. 11). The total mass loss amounts were ~33 and ~25 wt.% in the fine and coarse
fractions, respectively. Similar to LCO BM, during the exothermic reaction at ~600 °C, NMC
transforms to its components and results in emission of CO; and H,O. After the transformation, the
rate of the mass decrease is the highest. The reaction between 700 and 800 °C (a bump in the DTA
curve) can be attributed to the decomposition of LiCOs into LiO and CO», similar to the
discussion in the LCO BM section. After reduction, a Co/Ni phase forms, while part of the
graphite remains unreacted. Moreover, the presence of LiF can be attributed to the higher content

of F in the NMC BM (compared to LCO BM) (Table 3).

o Thermodynamic modeling
Fig. 14 presents the phases that formed according to FactSage after the reduction of NMC BM. The
FactSage results are in agreement with the experimental results. Compared to LCO BM, it shows
the formation of more F-containing compounds (LiF, MnF,, and SiFy) that is related to the higher

F content in the NMC BM.

SiO2 8%

Ni(s) Gas

8% 22%
99.3 mol% CO

Slag

16%
- MnO LiF 42%
37%
MnF: 6%
SiF: 12 %

Fig. 14. NMC BM heat treated at 1100 °C, calculated by FactSage: Phase distribution and the slag
calculated components (64).

By assuming C as the main reductant and a production of CO and CO, with the molar ratio of 3:1

(as explained before), the following reactions can be considered to calculate the mass loss during the
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carbothermic reduction:’

LiNig33Mny33C00330, +1.6C - 033 Ni+033Mn+033Co+Li+12C0+04CO0,
Eq.5
LiNiy33Mn 33004330, + 1.2 C

- 0.33Ni + 0.33 Mn + 0.33 Co + 0.5 Li,0 + 0.9 CO + 0.3 €O,

Eq. 6
- 0.33Ni+ 0.33MnO + 0.33 Co +0.5Li,0 +0.7C0 + 0.2 CO,

Eq.7
The calculated mass losses in Eq. 5, Eq. 6, and Eq. 7 are 28.2, 21.1, and 15.6 wt.%, respectively. To
compare them with the experimental mass losses, the experimental mass loss was calculated after
500 °C, the temperature at which PVDF decomposes completely. 20.4 wt.% and 29.5 wt.% of mass
loss were observed for the coarse and fine fractions of NMC BM, respectively. From the

comparison, it can be deduced that
- Niand Co oxides are completely reduced to metallic form; and

- Part of the LiO and MnO lose O. It does not necessarily mean that they are reduced,

since they can form Li and Mn fluorides and remain in the BM after heat treatment.

Regarding the fine fraction, the high mass loss can be attributed to the late devolatilization of

organic materials (binders).

4.2.3 Effect of medium-temperature treatment on fluorine removal

Since the F content of NMC BM was higher than that of LCO BM, NMC BM was chosen for this
section. The F content in four different stages is presented in Fig. 15. The primary NMC BM had
only 2.91 wt.% F. By thermal treatment at 250-300 °C, the F content increased to 6.46 wt.%, and
by increasing the temperature to 700 °C in Ar and air atmosphere, the F reached 7.19 wt.% and

12.30 wt.%, respectively.

7 Since the total mass loss is the concern of this calculation, the formation of Mn/Li fluorides are considered as
reduced Mn and Li in the equations.
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Fig. 15. F content after various heat treatment conditions (64).

It was stated in sections 4.2.14.2.2 and 4.2.2 that PVDF decomposes at temperatures lower than
500 °C and produces CiHy. Fig. 15 indicates that although PVDF decomposes, F does not
evaporate even by heating up to 700 °C. After normalizing the F content at 700 °C (pyrolysis and
incineration), the absolute F amounts that evaporated from 100 g of BM are approximately 0.63
and 0.56 g in Ar and air atmospheres, respectively. This implies that only 9.7 wt.% of the existing F
is removed in the Ar atmosphere and 8.7 wt.% in the air atmosphere, and the rest will remain in the

sample.

o Thermodynamic modeling
The FactSage results also concur that, after heating to 700 °C, F does not go into the gas phase.
Table 4 shows the resemblance of experimental and modelled data. Based on FactSage, after
pyrolysis, F forms LiF, and after incineration 70 wt.% of F is found in the form of LiF and the rest is
in the form of Li,SiO3(LiF)s.

Table 4. Calculated thermodynamic data regarding the F behaviour at 700 °C

Heat treatment/Atmosphere F content (s) F content (s) F-containing phases
Experimental Calculated Calculated

Pyrolysis/Ar 7.19 8.31 LiF

Incineration/Air 12.30 13.21 LiF, Li>SiO3(LiF)-

4.3 Alloying
4.3.1 Fe-based alloys

As mentioned in section 3.2.3, Fe;O3 was added to the BM to reach a C:O molar ratio of 1:1. The

new mixtures are presented in Table 5.
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Table 5. Description of utilized Fe-0;-BM mixtures

Mixture Fe203 (g) : BM (g)
MixFeLCO 55.0:45.0 Fe.03:LCO
MixFeNMC 60.5:39.5 Fe.03:NMC

The mass losses of MixFeLCO and MixFeNMC during heating, which are 44 wt.% and 43 wt.%,

respectively, are plotted in Fig. 16. The mass loss begins at 150-200 °C and continues until 1450 °C
for both BMs.
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Fig. 16. Mass loss as a function of temperature during reduction of (a) MixFeLCO, and (b) MixFeNMC
(62).

Reduction of FexOs occurs in multiple steps by reducing to first Fe;Os, then FeO, and finally, Fe
(68,69). 1f a reducing agent is available, it is possible to completely reduce Fe:Oj to metallic Fe at

and below 1200 °C (68). Hence, the mass loss at higher temperatures can be attributed to:

- the late reduction of some oxides, which were not in contact with the reducing agent

at lower temperature; or

- the reaction of irreducible oxides like Li,O and MnO with F, which causes mass loss

when CO is emitted (Eq. 8 and Eq. 9).

Li,0+2F+C - 2LiF+CO

Eq. 8

MnO + 2F + C -» MnF, + CO

Eq.9

The XRD patterns of the mixtures after heating at 1450 °C (Fig. 17) show the complete reduction

of Fe, Co, and Ni oxides, with graphite remaining.
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Fig. 17. XRD patterns of reduced (a) MixFeLCO, and (b) MixFeNMC (62).
C analysis of reduced mixtures also demonstrates that the reduced MixFeLCO and MixFeNMC
have 3.2 wt.% and 3.5 wt.% C, respectively, meaning that 88.8 wt.% and 88.3 wt.% of the C in the

BM was consumed when Fe,O3; was added.

¢ Thermodynamic modeling
Thermodynamic calculation for MixFeLCO and MixFeNMC (Fig. 18) demonstrates that at
1450 °C, a FeCo and FeCoNi alloy forms, respectively. In contrast to the experimental results, C is
not found in the model. This can be explained by the fact that the modeling was done at 1450 °C
and that the CO:CO; ratio at 1450 °C is difterent from the actual CO:CO:; ratio in the experiment.
During the experiment, reduction occurred gradually from lower temperatures, which result in
lower CO:CO:s ratios and consequently lower C consumption. Experimentally, when all the oxides
present in the sample are consumed, part of the graphite will remain unreacted. According to
FactSage, almost all Li remains in the slag phase (in form of oxide and fluoride) and Mn remains

mainly in the oxide form, and the rest forms fluoride.
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Fig. 18. (a) MixFeLCO, and (b) MixFeNMC reduced at 1450 °C, calculated by FactSage:
Phase distribution and slag calculated components (62).

4.3.2 Cu-based alloys
Cu-based alloys were made applying the same strategy as explained for the Fe-based alloys. The
CuO-BM mixtures are presented in Table 6.

Table 6. Description of utilized CuO-BM mixtures

Mixture CuO (g) : BM (g)
MixCuLCO 59.5:40.5 CuO:LCO
MixCuNMC 67.0:33.0 CuO:NMC

The reduction of MixCuLCO and MixCuNMC is presented in Fig. 19, with a total mass loss of
33 wt.% and 30 wt.%, respectively, in the temperature range of 250-1450 °C. The beginning of the
mass loss is related to the PVDF decomposition and reduction of CuQO. Reduction of CuO to Cu
in presence of C is thermodynamically feasible at room temperature (according to thermodynamic
modeling), and it also has been seen by Kirakosyan et al. that CuO reduction begins at 440 °C
(61,70). In general, since CuO reduction is thermodynamically possible, the kinetics factors like the
heating rate, the particle size, and the contact between the reducing agent and the CuO will affect
at what temperature reduction will become noticeable (~300 °C in the current study). The slope
change in the mass loss curve at ~600 °C is related to the transformation and following reduction of
the cathode active material. The continuation of the mass loss at higher temperatures can be the
consequence of i) the late reduction of remaining oxides or i) the reaction of the irreducible oxides

with F, as explained in the Fe-based alloys section.

29



(a) (b)
100 1 100 1

Mass Loss (wt.%)
Mass Loss (wt.%)

50 T r 50 T r
0 500 1000 1500 0 500 1000 1500

Temperature (°C) Temperature (°C)

Fig. 19. Mass loss as a function of temperature during reduction of (a) MixCuLCO, and (b) MixCuNMC
(62).

The XRD measurement (Fig. 20) revealed that metallic Cu, Co, and Ni (particularly in
MixCuNMC) formed after reduction, and part of the graphite remained. The amount of graphite,
that remained was determined and corresponded to 0.9 wt.% and 2.0 wt.% in reduced MixFeLCO
and MixCuNMC, respectively. It means that 95.8 wt.% and 90.2 wt.% of the C in the BM was

consumed to reduce the added CuO.
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Fig. 20. XRD patterns of reduced (a) MixCuLCO, and (b) MixCuNMC (62).
¢ Thermodynamic modeling
FactSage calculations at 1450 °C (Fig. 21) show a complete reduction of MeOs in the mixture and

consumption of graphite. The calculation also showed that Li was found in the form of Li;O,

LiAIO», and LiF.
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Fig. 21. (a) MixCuLCO, and (b) MixCuNMC reduced at 1450 °C, calculated by FactSage:
Phase distribution and slag calculated components (62).

4.4 Effect of Mechanical Activation

441 Effect of mechanical activation on reduction of BM

Fig. 22 presents the PSD of the BM, before and after milling, from LCO and NMC BM, including
d10, d50, and d90 values. The results show that 1 h of milling was the most effective and longer

milling periods eftect did not improve the particle size significantly.
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Fig. 22. Cumulative PSD of (a) LCO, and (b) NMC BM in four conditions (unmilled, milled for 1 h, milled
for 3 h, and milled for 5 h) (62).

The effect of mechanical activation on the thermal reactivity of BM was further studied using TGA.
The mass loss curves of BM after different milling periods are plotted in Fig. 23. Up to a
temperature of ~600 °C, the curves overlap, while after this temperature, they do not follow the
same rate, so different mass losses can be observed when increasing the temperature. By increasing
the milling time, the reduction shift to a lower temperature range, although the effect of milling for

3 and 5 h is not as significant as milling for 1 h. 600 °C is the temperature where the cathode active
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material transforms to simpler oxides, and the reduction of the metal oxides occurs at higher
temperature. A higher rate of reduction in the milled BM shifts the reduction to lower

temp eratures.
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Fig. 23. Mass loss as a function of temperature during reduction of (a) LCO, and (b) NMC BM, before and
after milling for 1, 3, and 5 h (62).

4.4.2 Effect of mechanical activation on alloying

In section 4.4.1, it was seen that milling for 1 h has the most significant effect. By comparing the
effect of milling for 3 and 5 h on BM particle size and thermal reactivity, it was deduced that
milling for 5 h in the LCO BM is not beneficial, and in the NMC BM, its effect is very
insignificant hence further milling (5 h) is unnecessary, in particular from an energy point of view.
Accordingly, 5 h milling was omitted for the Fe;O3-BM mixture. Instead, the condition with 3 h of

milling was kept to see if it influences the thermal behaviour of Fe;O3-BM mixture or not.

o Fe-based alloys
The effect of milling on the thermal reactivity of MixFeLCO and MixFeNMC is illustrated in Fig.
24. Similar to the effect of mechanical activation on BM thermal reactivity, the significant eftect on
the reduction rate is observed on the material milled for 1 h, while longer milling times (3 h) does

not have any significant effect on the reduction rate and thus, the eftect of milling for 3 h compared

to 1 h is negligible.
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Fig. 24. Mass loss as a function of temperature during reduction of (a) MixFeLCO, and (b) MixFeNMC,
before and after milling for 1 and 3 h (62).

The chemical composition of unmilled and milled mixtures after reduction is listed in Table 7.
With milling, the C content of the reduced mixture is increased. It must be mentioned that the C
content in samples that were milled for 1 and 3 h are almost equal.

Table 7. Chemical composition of unmilled and milled Fe-0;-BM mixtures after reduction at 1450 °C

Mixture Milling time Chemical composition
Fe Co Mn Ni C Li Other
MixFeLCO unmilled 63.4 26.9 0.0 0.0 3.2 2.3 4.2
1h 62.7 26.3 0.0 0.0 6.0 1.5 3.4
3h 61.1 26.1 0.0 0.0 6.8 2.5 3.5
MixFeNMC unmilled 68.9 8.2 6.5 7.5 3.5 2.5 2.9
1h 70.5 6.2 5.2 6.0 7.6 2.3 2.3
3h 69.5 6.4 5.4 6.1 7.7 2.9 2.0

The effect of mechanical activation on the reduction of these mixtures was observed from ~600 °C
(cathode active material transformation) up to ~1100 °C (1147 °C reported as the temperature that

is required for complete reduction of FeO to Fe (68)).

The remaining C in the mixtures after reduction reveals that C can be added by a C:O ratio of
more than one. The increase in the remaining C by increasing milling time is related to Boudouard
reaction. According to this reaction, by increasing the reduction temperature, the CO:CO; ratio
increases, which results in higher consumption of C. Since mechanical activation decreases the

temperature at which the reduction is occurring, less C is consumed in the reduction, and
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accordingly, higher amount of C is left at the end of the reaction.

o Cu-based alloys

It was shown that mechanical activation for 3 h, compared to the 1 h, does not have an extra eftect

in the Fe-based alloys. Hence, the use of 3 h of milling was ignored in the Cu-based alloys.

The mass loss curves of MixCuLCO and MixCuNMC are depicted in Fig. 25. the eftect of milling
is mainly distinguishable from 300 °C to 900 °C.
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Fig. 25. Mass loss as a function of temperature during reduction of (a) MixCuLCO, and (b) MixCuNMC,
before and after milling for 1 h (62).

1500

The chemical composition of reduced mixtures (Table 8) shows that mechanical activation can save

a significant amount of C.

Table 8. Chemical composition of unmilled and milled CuO-BM mixtures after reduction at 1450 °C

Mixture Milling time Chemical composition
Cu Co Mn Ni C Li Other
MixCuLCO unmilled 70.5 25.0 0.1 0.1 0.9 1.4 2.0
1h 70.5 17.0 0.0 0.0 8.9 1.9 1.8
MixCuNMC unmilled 84.9 4.4 3.2 3.5 2.0 1.3 0.7
1h 76.4 3.7 3.2 3.4 10.5 1.6 0.9

In the CuO-BM mixtures, the effect of mechanical activation is observable before the
transformation of cathode active material (~600 °C), at ~200-300 °C, when reduction of CuO
begins. This effect continues up to ~1000 °C in MixCuLCO and ~800 °C in MixCuNMC. As
simulated by FactSage, these mentioned temperatures are where Cu begins to melt. Since the role

of mechanical activation is to affect the surface properties of solid particles, after the melting of the
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main components in the system, this effect will disappear.

4.4.3 Thermodynamic investigation on the effect of mechanical activation
o Fe-based alloys

HSC chemistry was the tool that was employed in this part of the study for the mass and energy

balance calculations. A summary of the input and output streams is listed in Table 9 and Table 10.

These tables present the streams of the unmilled mixtures. The highlighted numbers show the

numbers that were changing in modelling of different milling periods.

Table 9. Input/output streams in the mass and energy balance of MixFeLCO

Input streams Flow rate Output streams Flow rate
@ 25°C @ 1450 °C
LCO BM 45 kg/h Li-O 4.44 kg/h
64.6 wt.% LiCoO- 100 wt.% Li-O
35.4 wt.% C
Fe:03 55 kg/h FeCo 55.97 kg/h
100 wt.% Fe.03 68.73 wt.% Fe(l)

31.27 wt.% Co(1)
Ar 10 Nms3/h Off-gas 36.35 Nms3/h
100 vol.% Ar 27.51 vol.% Ar(g)

52.57 vol.% CO(g)

19.92 vol.% CO-(g)
Heat flow 96.23 kw Excess C 2 kg/h
Electricity flow 0 kw 100 wt.% C

Table 10. Input/output streams in the mass and energy balance of MixFeNMC

Input streams Flow rate Output streams Flow rate

@ 25 °C @ 1450 °C

NMC BM 39.5 kg/h Li-O, MnO 8.97 kg/h
56.8 wt.% 38.96 wt.% Li.O

LiNio.33Mno.33C00.3302 61.04 wt.% MnO

43.2wt.% C

Fe20; 60.5 kg/h FeCoNi 51.40 kg/h
100 wt.% Fe203 82.33 wt.% Fe(l)

8.85 wt.% Co(l)
8.82 wt.% Ni(1)

Ar 10 Nms/h Off-gas 38.13 Nms/h
100 vol.% Ar 26.23 vol.% Ar(g)

63.53 vol.% CO(g)

10.24 vol.% CO:(g)
Heat flow 100.46 kw Excess C 2.19 kg/h
Electricity flow 0 kw 100 wt.% C
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The energy input needed for different milling periods was calculated and presented in Fig. 26. The
emission of CO and CO; was also considered in the calculations. The x-axis represents the final C
content. It is indicated that increasing the milling time decreases the input energy requirement and
increases the CO»:CO ratio. The modeling results are similar to the experimental results (Fig. 16).
By increasing the reduction rate, the reduction occurs in a lower temperature range, and

consequently requires lower energy input.
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Fig. 26. Energy consumption and CO/CO: production during reduction of (a) MixFeLCO, and (b)
MixFeNMC at 1450 °C, calculated by HSC chemistry.

o Cu-based alloys

A summary of input and output streams in the copper system is presented in Table 11 and Table 12.
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Table 11. Input/output streams in the mass and energy balance of MixCuLCO

Input streams Flow rate Output streams Flow rate
@25°C @ 1450 °C
LCO BM 40.5 kg/h Li-O 3.99 kg/h
64.6 wt.% LiCoO- 100 wt.% Li-O
35.4 wt.% C
CuO 59.5 kg/h CuCo 63.29 kg/h
100 wt.% CuO 75.11 wt.% Cu(l)

24.89 wt.% Co(1)
Ar Nms3/h Off-gas 35.95 Nm3/h
100 vol.% Ar 27.81 vol.% Ar(g)

71.80 vol.% CO(g)

0.39 vol.% CO-(g)
Heat flow 65.04 kw Excess C 0.61 kg/h
Electricity flow 0 kw 100 wt.% C

Table 12. Input/output streams in the mass and energy balance of MixCuNMC

Input streams Flow rate Output streams Flow rate
@ 25°C @ 1450 °C
NMC BM 33.5 kg/h Li-O, MnO 7.61 kg/h
56.8 wt.% 38.96 wt.% Li-.O
LiNio.33Mno.33C00.3302 61.04 wt.% MnO
43.2wt.% C
CuO 66.5 kg/h CuCoNi 60.83 kg/h
100 wt.% CuO 87.34 wt.% Cu(l)

6.34 wt.% Co(l)

6.32 wt.% Ni(l)
Ar 10 Nms/h Off-gas 34.25 Nms/h
100 vol.% Ar 29.20 vol.% Ar(g)

70.78 vol.% CO(g)

0.03 vol.% CO-(g)
Heat flow 58.42 kw Excess C 1.65 kg/h
Electricity flow (0] kw 100 wt.% C

Fig. 27 demonstrates the results from mass and energy balance calculations. Similar to what was
discussed in the previous section, milling of CuO-BM mixtures results in higher reaction rates,
which makes the reduction occur in a lower temperature range thus requiring less energy input.

This also results in a lower CO:CO ratio that leads to a lower C consumption.
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Fig. 27. Energy consumption and CO/CO: production during reduction of (a) MixCuLCO, and (b)
MixCuNMC at 1450 °C, calculated by HSC chemistry.

In accordance with the Fe-based alloys, a similar effect on energy requirement connected to milling

time and C content after reduction can be observed in the Cu-based alloys.
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5 Conclusion

In this study, two types of Black Mass (BM) were thoroughly characterized, focusing on their high-
temperature behaviour. Li and F were tracked during reduction and their behaviour was modelled
thermodynamically. From the findings, one can deduce that i) a characterization routine was
developed, including chemical, morphological, mineralogical, and thermal analyses; ii) the
combination of ICP, ISE, and combustion methods seem to be appropriate to quantify the main
elements in the BM: Co, Ni, Mn, Li, F, and C; iii) the mass loss in the temperature range of
200-500 °C was associated to the loss of hydrocarbons from BM and acetylene black, which was 5-
10 wt.% of the BM. The transformation of cathode active material, in presence of C, to the
constituting metal oxides occurred at ~600 °C and is associated with a heat release. The reduction
of these oxides was enabled only after the transformation of cathode active material. After heating to
1100 °C, the majority of Li is found in some compounds, like LiAlO5 and LiF; and iv) methods like

pyrolysis and incineration do not help with the removal of F from BM.

Since it was shown that only part of the graphite was consumed during the reduction of cathode
active material, Fe203 and CuO were added to benefit from the remaining C. It was shown that it
is feasible to employ this method to produce Fe/Cu-based alloys containing Co (and Ni) as alloying

elements.

To make this method more efficient, mechanical activation was further employed to improve the
reduction kinetics, reduce the external metal oxides in a lower temperature range, and consequently
consume less energy/carbon. Based on the results, it can be inferred that mechanical activation
lowers the C consumption, and consequently decreases the CO» emission. It also lowers the energy

required for producing an alloy and increases the Fe/Cu oxides that can be reduced.
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Abstract

The increased demand for Li-ion batteries has prompted the scientific community to improve recycling routes in order to
reuse the valuable materials in batteries. After their end-of-life, the batteries are collected, discharged, and mechanically
disintegrated, generating plastic and metallic streams that are recycled directly; this leaves behind a small particle size frac-
tion known as black mass (BM). BM is composed mainly of graphite and Li-metal complex oxides. Pyrometallurgy is a route
known for recycling of BM, in which identifying the BM’s behavior at high temperatures is essential. In this study, two types
of BM are characterized in two fractions of 150-700 pm and smaller than 150 pm. The thermal behavior of the BM is studied
with thermal analysis techniques. The analyses demonstrate that the mineralogical and morphological properties of the two
fractions do not significantly differ, while the amounts of C and organic materials might vary. When the BM was thermally
treated, the binders decomposed until a temperature of 500 “C was reached, where the volatilization of hydrocarbons was
observed, although F mostly persisted in the BM. The Li-metal oxide was partially reduced to lower oxides and Li carbonate
at ~ 600 C, and the main mass loss was caused by carbothermic reduction immediately thereafter. As the products of this
process, metallic Co and Ni phases were formed, and part of the graphite remained unreacted. Regarding the Li behavior, it
was observed that in the presence of Al, AILiO, is the most likely composition to form, and it changes to LiF by increasing
the F concentration in the composition.
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Introduction

Since the beginning of the 1990s, Li-ion batteries (LIBs)
have been regarded as the most promising energy storage
solution for various applications due to their high energy
density, low memory effect, low self-discharge, and long
lifespan. Due to the increasing demand in fossil-free energy,
a large amount of LIBs is produced today. It is predicted
that the number of electric vehicles will increase from 4
million in 2018 to 900 million in 2048 [1-4]. By 2025, it
is expected that ~ 850,000 tons of LIBs will need to be
recycled globally. In the regulatory proposal concerning bat-
teries and waste batteries published by the European Com-
mission, special attention should be given to recycling of
end-of-life (EOL) batteries and closing the material loops.
The regulation states that the recycling efficiency of LIBs
should exceed 65% by 2025 [5]. The use of eco-friendly

and resource-efficient methods for handling LIB components
after EOL relieves environmental contamination pressure,
generates remarkable economic and social benefits, and
reduces the dependency on primary materials [6, 7].

After their EOL, LIBs are mechanically collected, dis-
charged, and disintegrated. This generates plastic and metal-
lic streams, which can be recycled directly by physical sepa-
ration, leaving behind a small particle size fraction, known
as black mass (BM) [8, 9]. The BM contains anode materials
(mainly graphite), cathode materials (e.g., LiMeO,), bind-
ers (usually polyvinylidene fluoride (PVDF)), conductive
additives (acetylene black), traces of electrolyte (typically Li
salt dissolved in an organic solvent), and electrode current
collector residuals (Cu and Al) [1, 10, 11].

The process for recycling of BM typically starts with a
pretreatment process, to liberate the battery components,
and enhance the efficiency of target elements recovery.
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According to the literature, thermal pretreatment at 500-600
°C can be used to evaporate organic materials in BM (e.g.,
electrolyte, separator, and PVDF residuals) that contain F,
which is known as a hazardous and corrosive element [10,
12—14]. Chemical and thermal procedures can be employed
separately to remove binders and facilitate BM particle sepa-
ration. Flotation, which is a physical pretreatment method,
is used to separate the graphite particles in the BM based
on their wettability properties [10, 15]. Pyro- and hydro-
metallurgical processes, as the main methods for extracting
metals, usually follow the pretreatment step. In pyrometal-
lurgy, valuable metals are recovered at high temperatures
based on their physical and chemical properties [4], while in
hydrometallurgy, the process of metal recovery is performed
based on aqueous chemistry at low temperatures, in which a
combination of different techniques, e.g., leaching, solvent
extraction, and precipitation, are performed [16-20]. These
two major methods have pros and cons, such as the emission
of hazardous gas in pyrometallurgy and the production of
wastewater in hydrometallurgy processes. The higher effi-
ciency of the hydrometallurgical routes makes them more
popular for the recycling of LIBs. This effect stands out in
particular in the recovery of Li, of which most is lost in the
slag in almost all commercial pyrometallurgical processes,
such as Umicore and Inmetco. However, in hydrometallur-
gical recycling processes, LIB pretreatment, such as pas-
sivation, is often a prerequisite to facilitate processes like
leaching [9]. The main advantage of the pyrometallurgical
methods is their industrial simplicity, e.g., the technology is
currently ready, and there is no obligation to apply passiva-
tion steps [9-11, 17]. The use of pyrometallurgical meth-
ods, under efficient conditions, would be an easier option
for the recycling of LIBs. To develop such a method, the
initial stage is to determine the high-temperature properties
and behavior of the material—in this case, BM. There are
various battery types that generates different BM composi-
tions. In this regard, some studies have been performed to
investigate the effect of high-temperature treatment on dif-
ferent battery compositions both on the cathode/anode active
material, a mix of them, or unaltered BM.

In 2019, Wang et al. roasted the cathodes of LCO bat-
teries (cathode material: LiCoO,—anode material: graph-
ite) that consisted of Al foil, PVDF, acetylene black, and
LiCoO,. Roasting was performed under an Ar atmosphere,
where the formation of Li,O, AILiO,, and CoO plus incom-
plete degradation of PVDF was observed after reaching a
temperature of 600 °C. This study revealed that Al acts as the
primary reductant of LiCoO, to CoO [21]. Lombardo et al.
showed that pyrolysis of BM from NMC batteries (cathode
material: LiNi,Mn,Co,O,—anode material: graphite) at 600
and 700 “C completely decomposed the cathode active mate-
rial via a carbothermic reaction to its constituents, including
Co, Ni, and Mn;0,, and Al remained unreacted. In analyzing

@ Springer

the released gas from the samples, no F-containing com-
pounds were detected [22]. Incineration of these batteries
was also investigated by these authors, where F was detected
in the gaseous products and byproducts after thermal treat-
ment [23]. Kwon and Sohn studied the thermokinetics of
LiCoO, and graphite up to 1500 °C in an Ar atmosphere and
reported a temperature range of 880-1200 C as the optimal
temperature for the recovery of Li and Co. They stated that
part of LiCo0, is reduced to Co;0, at 500 C and that the
total transformation to CoO and Li,COj; occurs at 607-689
°C. Li,CO; decomposes to Li,O and CO, at 689-882 C, and
Co forms as the product of CoO reduction at 882—-1128 C.
The mass loss at higher temperatures was assigned to the
Boudouard reaction toward producing CO in this study [24].
The literature mentions that heating the LFP cathode mate-
rial (LiFePQ,) at 450-650 “C would remove PVDF (up to
96.85 wt%), in which the F content decreases from 8.51 wt%
(before pyrolysis) to 1.67% (collected oil after pyrolysis).
In this study, the decrease in F content was attributed to the
evaporation of HF [13].

To develop a sustainable pyrometallurgical method that
enables efficient BM recycling, a thorough understanding of
its behavior at high temperatures is needed. In terms of cath-
ode material decomposition, there are some contradictory
comprehensions of the reactions that occur, and the follow-
ing work aims to clarify these reactions. Moreover, an ele-
ment of importance at high temperature is F and its behavior,
which is poorly understood. Special attention is devoted to
this aspect in the current work, mainly by tracking F in the
solid-state. In this study, two types of BM obtained from
commercial spent LIBs via mechanical separation routes
were characterized with focus on their thermal behavior.

Experimental
Materials

The BM from the following two types of LIBs were
considered in this study: LCO batteries from portable
mobile phones and NMC batteries from car batteries
(LiNij 33Mn 33Co0( 330, as the cathode active material in
this study). The as-received BM samples were produced,
mechanically separated, and heat treated at 250-300 °C (to
remove the electrolyte) by Stena Recycling International
AB, Sweden. The samples were in two particle size ranges:
particles smaller than 150 pm and particles between 150
and 700 pum.

To more deeply investigate the LiCoO, transformation,
LiCoO, (99.8%, Aldrich) together with graphite (— 300
mesh, 99%, Alfa Aesar, and APS 7—-11 micron, 99%, Alfa
Aesar), Al (+325 mesh, 99.5%, Alfa Aesar), and PVDF
(HSV 900, Arkema) were used to investigate the effect of
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some elements, i.e., C, Al, and F, in the BM on the decom-
position of LiCo0O,.

Characterization

A variety of methods were employed to chemically, mineral-
ogically, and morphologically characterize BM at both room
and high temperatures. For chemical analysis, inductively
coupled plasma—mass spectrometry (ICP-MS) was used to
analyze most of the elements. The procedure was performed
according to SS EN ISO 17294-2:2016 and EPA method
200.8:1994. In addition, measurement of the C content was
conducted by combustion analysis using a LECO CS230.
The ion selective electrode (ISE) method was utilized to ana-
lyze the amount of F in the samples, applying EPA method
9214. To employ this method in analyzing the solid samples,
0.5 g of the sample was mixed with ~ 2 g Na,O, in a Ni
crucible and covered with ~ 1 g Na,O,. The mixture was
subsequently melted at 800 °C for 8 min and after cooling
in room temperature for 10 min, 20 mL of deionized water
was added to entirely dissolve the solid sample. The solu-
tion was thereafter adjusted to 1000 mL with the addition of
deionized water. 20 mL of the new solution was transferred
to another beaker and the pH of the solution was regulated
to neutral with acetic acid using phenolphthalein as an indi-
cator, and then 20 mL of TISAB buffer solution was added.
The titration was performed using a Metrohm 888 Titrando.

Mineralogical characterization was performed by particle
size distribution (PSD) (Retsch Camsizer XT) and X-ray dif-
fraction (XRD). A PANalytical Empyrean X-ray diffractome-
ter in -0 geometry with Cu-Ka radiation (1=0.154184 nm),
a beam current of 40 mA, and a beam voltage of 45 kV was
used for the measurement. The XRD pattern was measured
in the 26 range of 20°-90° with a step size of 0.026°/s. A
curved graphite crystal monochromator mounted in front of
a PIXcel 3D detector was used to remove the fluorescence
due to the presence of Fe in the samples. The measured data
were evaluated for phase identification using HighScore Plus
(v4.7, PANalytical B.V., Almelo, The Netherlands) software,
and FIZ-NIST Inorganic Crystal Structure Database (ICSD)
and Crystallography Open Database (COD) databases. The
morphology of the as-received BM samples was investigated
under a Zeiss Merlin field emission gun scanning electron
microscope (SEM) equipped with an Oxford Instruments

X-Max energy dispersive X-ray spectroscopy (EDS) detector
with AZtec software.

Thermal Analysis

To detect the high-temperature behavior of BM in a reduc-
tive atmosphere, a Netzsch STA 409 instrument with a
detection limit of 1 pug was utilized to conduct thermogravi-
metric/differential thermal analysis (TGA/DTA) under an Ar
atmosphere (flow rate of 100 mL/min) and with a heating
rate of 10 ‘C/min. The gases that evolved during the experi-
ments were continuously monitored using a quadrupole
mass spectrometer (QMS) for qualitative analysis.

Additionally, the phases that developed upon heating
were identified by the same XRD instrument used for the
mineralogical characterization, which was equipped with an
Anton Paar HTK 1200 N high-temperature chamber that was
used to heat the sample to 1000 °C at a heating rate of 10 °C/
min and He flow rate of 10 mL/min. To analyze the sample
at the desired temperature, the sample was held at the set
temperature for 1 min before acquiring the XRD pattern,
which was measured in the 26 range of 15°-65° with a step
size of 0.083°s.

LiCoO, Reduction

The transformation of LCO BM to its components was simu-
lated by the synthetic materials as listed in Table 1. The
proportions were set based on the LCO BM composition.
The heating trial, which was applied to the LCO BM, was
repeated in these experiments to perform TGA/DTA. For the
last experiment with LCO + Gr + Al4+PVDF, the graphite
that was used had the particle size of 7-11 pum.

F Behavior

To monitor whether F evaporates during heating in the pre-
treatment step, the BM was analyzed by the ISE method
on the following occasions: (i) before heating at 250-300
°C (see “Materials” section); (ii) the as-received BM; (iii)
BM after pyrolysis at 700 ‘C in an Ar atmosphere for 1 h;
and (iv) BM after incineration at 700 °C (in a synthetic air
atmosphere) for 1 h.

Table 1 Chemical composition

i Sample (2) (Wt%)
used in the complementary
experiments LiCoO,  Graphite Al PVDF  LiCoO, Graphite Al PVDF
LCO 55.9 - - - 100.0 - - -
LCO+Gr 55.9 354 - - 61.2 38.8 - -
LCO+Gr+Al 559 354 0.9 - 60.6 38.4 1.0 -
LCO+Gr+AlI+PVDF 559 354 09 442 579 36.6 09 46
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Thermodynamic Modeling

To identify the reaction mechanisms and evaluate/support
the experimental results, a set of calculations using the
Equilib module in the thermodynamic software FactSage
8.0 were conducted [25]. The FactPS and FToxid databases
were used in the present calculations. When using FactSage,
the low-concentration elements were omitted. The FToxid-
SLAGA, FToxid-SPINA, FToxid-MeO_A, FToxid-NAShB,
and FToxid-NASIB solution phases were selected together
with the ideal gas phase and pure solids species. To simulate
the synthetic air atmosphere, the O, activity was set to 0.2.

Results and Discussion
Chemical Analysis

The chemical compositions of both BM types in the coarse
and fine fractions are listed in Table 2. The data reveal that
for the LCO BM, the composition of the fine and coarse
fractions is approximately the same. In addition to Li, Co,
and C, some traces of Al, Cu, P, and F are detected. In con-
trast, a difference in the compositions of the two fractions
is observed for the NMC BM. The main difference is the
amount of C, which is much higher in the coarse fraction,
while there is a lower amount of the other main elements—
e.g., Li, Co, and Ni. The amounts of the other elements are
approximately the same in both fractions.

The Li-to-Co ratio in the LCO case (both fractions)
is the same as the Li-to-Co ratio in LiCoO,, the cathode
material in the LCO batteries. In the NMC BM, the ratio
between the Li, Co, Ni, and Mn amounts is equivalent to the
LiNi( 33Mn, 53Co, 330, phase. The high amount of C in the
compositions of both types of BM is attributed to the graph-
ite in the anode. In the NMC case, the C content is much
higher in the coarse fraction, leading to a lower proportion
of cathode material (Li, Co, Ni, and Mn). In other words,
for NMC, C accumulates in the coarse fraction, while the
LiNij 33Mn, 33Co, 330, ratio in the fine fraction is higher.
The Al and Cu traces likely originate from current collector
residuals in the BM. Si and P are from the additive materials

in the anode, and F is the corrosive element that exists
mainly in PVDF, but there are also some other F sources,
such as electrolyte and anode additives [17, 26].

Mineralogical and Morphological Investigation

The PSD results of the LCO BM show d10, d50, and d90
values of 0.02, 0.06, and 0.14 mm in the fine fraction and
0.15,0.31, and 0.71 mm in the coarse fraction, respectively.
In the NMC BM, the results were <0.01, 0.04, and 0.13 mm
for d10, d50, and d90 in the fine fraction, and 0.15, 0.34, and
0.71 mm in the coarse fraction, respectively. The analysis
indicates that in each fraction, the d10, d50, and d90 values
are almost equal in the LCO and NMC BM. The main dif-
ference might stem from the d10 of the fine fractions, which
has a much smaller particle size in the NMC BM.

XRD measurements were conducted on the two fractions
of LCO and NMC BM provided. The XRD data obtained
from the LCO BM (Fig. 1a) reveal that the active cathode
material is mainly LiCoO, and that the anode material pri-
marily consists of graphite (shown as Gr in the figures).
LiNi 33Mny 33Co( 330, (denoted by NMC* in the figures)
is the primary active cathode material detected in the NMC
BM (Fig. 1b). The XRD results from the different fractions
(coarse and fine) are similar in terms of the phase types,
while they exhibit a slight difference in the intensity of
detected peaks in the BM fractions.

As shown in Fig. 2, the SEM images from the as-received
LCO BM show irregular and sheet-like particles in a wide
size range. The SEM images also show that larger particles
are actually agglomerates of smaller particles. The agglom-
eration could be caused by the residual binder or could be
connected to the material’s physical properties (size and
surface). EDS analyses show that the sheet-like particles
mainly consisted of C (al and b3 spectra), while the other
types of particles were rich in Co (a2, a3, bl, and b2). Li
was not detectable by EDS but based on XRD data it can
be assumed that the particles rich in Co could represent the
LiCoO, phase.

The SEM images of the BM samples from NMC batteries
(Fig. 3) show a large number of small spheres in the range of
~ 3-7 um. Higher magnification revealed that each sphere

Table 2 Chemical compositions

q Sample (Wt%) Li Co
of LCO and NMC BM in two

Ni Mn Al Cu Si P F C

fractions of < 150 and

LCO 3.8 31.4
150-700 pm (wt%) <150 pm

LCO 4.0 32.3

150-700 um

NMC 6.3 17.3

<150 pm

NMC 3.6 8.0

150-700 pm

0.0 0.0 0.4 0.4 1.6 0.4 2.1 43.8

0.0 0.0 0.9 0.6 1.6 0.5 2.6 354

15.5 15.1 0.0 0.8 1.3 0.4 49 12.8

73 7.6 0.2 1.6 1.0 0.6 6.5 43.2
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Fig. 1 XRD pattern of a LCO and b NMC BM

were comprised of much smaller particles (a2 and a3). This
assembly possibly originated from the cathode materials as
these particles are rich in cathode material elements, i.e., Co,
Ni, and Mn. A similar cathode composition is also observed
in bl and b4 in the NMC coarse fraction (see Fig. 3). Irregu-
larly shaped particles were found in all samples with a wide
range of sizes from a few microns up to a 100 um or slightly
more. The small particles were aggregated into irregular
agglomerates with a size range of several hundred microns.
According to the EDS results, the matrix is rich in C, e.g.,
al, b2, and b3. In addition, F was detected with EDS both
in LCO and NMC (Fig. 2 and Fig. 3) supporting the results
from the chemical analysis showing the presence of F-con-
taining compounds (e.g., PVDF) in the as-received BM.

Fig.2 SEM(SE)-EDS images of two fractions of the as-received
LCO BM: a< 150 um and b 150-700 pm
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Fig.3 SEM(SE)-EDS images of two fractions of the as-received
NMC BM: a< 150 um and b 150-700 pm
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Thermal Analysis
BM from LCO Batteries

The TGA, DTA, and QMS results of the BM from LCO bat-
teries are plotted in Fig. 4. To explain the behavior during
heating, the heating profile was divided into three sections
according to the mass loss slope and the occurring reactions.
In section I, the mass loss, in the fine fraction, begins at
~200-300 °C and continues until 5 wt% of the original mass
is lost, while in the coarse fraction, it continues even further
to approximately 10 wt% mass loss. Section I is associated
with the production of hydrocarbons (C,H,), together with
H,0 and CO,, as depicted in the QMS graph. In the middle
of this section, a breakpoint (for both fractions) is observed,
which synchronizes with a slight bump in the DTA graph
that is even more apparent in the coarse fraction. Section
I is followed by a gentle slope in section II, where an exo-
thermic reaction takes place at ~600 ‘C. This reaction is not
accompanied by any mass loss at that temperature, while
sharp peaks of H,O and CO, arise immediately thereafter
(at slightly higher temperature) which synchronizes with a
steeper slope in section III and continues until ~ 900 “C. The
main mass loss, which is approximately 15-20 wt%, occurs
in section III. At ~ 900 ‘C, an endothermic peak appears in
the DTA graph accompanied by a CO, peak in the QMS
graph.

In Fig. 5, XRD patterns obtained before and after reduc-
tion are shown. The as-received LCO BM mainly consists of
LiCo0O, and graphite, while the main phases in the reduced
BM were Co and graphite. High-temperature XRD was
also conducted to better comprehend the exo/endothermic
reactions noticed in the DTA graphs (Fig. 6). Similar to the
as-received LCO BM in Fig. 5, the pattern at 25 ‘C shows
LiCoO, and graphite as the main phases, along with the
less intense peaks of SiO, and Al,O;. When increasing the
temperature to 550 ‘C, CoO peaks arise, and when a tem-
perature of 700 ‘C is reached the LiCoO, peaks disappear
entirely and AILiO, and Co phases appear. At 800 C, all
CoO peaks disappear. When a temperature of 1000 C is
reached, a shift to the left in the peaks can be observed, an
affect that could be attributed to lattice parameter changes
by increasing temperature [27, 28]. After cooling the LCO
BM from 1000 C, graphite, Co, SiO,, and AILiO, are the
peaks recognized in the XRD pattern.

The TGA curves in Fig. 4b show that the mass reduc-
tion of the coarse fraction is slightly higher than that of the
fine fraction (Fig. 4a). Even so, the thermal behaviors of the
two fractions are almost similar in the two fractions; subse-
quently, the following explanations apply to both (fine and
coarse LCO BM).

The chemical composition (Table 2) gives an indication
that the amount of LiCoO, is the same in the fine and coarse



Journal of Sustainable Metallurgy (2022) 8:566-581 573
(a) As-received Reduced
O @ © (], 5 s
100 4 f i i ] O o o
| — s LS S
» <
5| ¢ g
= g Q 2 o
3 3¢
! ]
30 r —— ! 7 ‘ - 5
0 3 510 3 IQO i ]
3E-10 L . 0 ;
r 10 90
—_ 20 (Degrees)
NS 2~
Z 2E-10 By
g -3 § Fig.5 XRD patterns of LCO BM before and after heat treatment at
3 4 B 1100 C
=
S 1E-10 =
a
6 fractions of LCO BM, while more C was present in the fine
OE+00 5 fraction. Moreover, the XRD results (Fig. 5) demonstrate
that graphite remains in the reduced coarse fraction, which
has a lower amount of C. This implies that more C was pre-
sent than what was needed to ultimately reduce LiCoO,.
(b) In conclusion, more C in the fine fraction would result in
0 more remaining C after the reduction and finally a lower
total mass reduction.
100 -l In Fig. 4 section I, the evolved gases (CXH)., CO,, and
: 2 ’CEB H,0) indicate dissociation or decomposition of an organic
E F -3 § compound, which could be the binder and/or residual sol-
S 4 & vents. PVDF, as a binder, is spread on the particles to main-
4 L 5 P tain a bond between the cathode/anode active material,
= A current collectors, and acetylene black [29, 30]. With the
6 decomposition of PVDF, it is possible for the acetylene black
50 -7 to oxidize. Since compared to graphite, acetylene black oxi-
dizes at a lower temperature [31], the breakpoint in the TGA
3E-10 fp—————————— 0 curve (section I) can be addressed to the reduction reaction
_ - -1 of LCO in the presence of acetylene black. This reaction
< L 2w reduces the cathode active material metals from a higher
E 2E-10 1 | §E oxidation state to a lower oxidation state [32], followed by
g = the formation of H,O and CO, in the QMS results. This
5 LE-10 | \ -4 g can also be verified by the high—temperatuore XRD patterns
- e (Fig. 6), where CoO peaks appear at 550 'C while LiCoO,
3 ; L 6 is still present. This implies that LiCoO, has been partially
OE+00 A _1- ‘L 5 alter'ed to its components. .
Time (min) Figure 4 section II shows a plateau in the mass loss curve
and an exothermic peak at approximately 600 ‘C in the DTA
H2 CiHy ——CO2 H0 graph. The XRD patterns at 550 and 700 ‘C (Fig. 6) are lit-

Fig.4 TGA/DTA/QMS graphs of two fractions of the LCO
a< 150 pm and b 150-700 pm

BM:

erally measured before and after this reaction. Given these
patterns, LiCoO, has totally transformed to its components,
of which one is CoO, and according to the QMS data CO,
and H,O also release. Consequently, the exothermic reac-
tion at ~ 600 C (Fig. 4) can be interpreted as a LiCoO,
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Fig.6 XRD patterns during heating of the LCO BM to a temperature
of 1000 'C

transformation to simpler components. In addition, an H,
peak is observed in the QMS data that can be interpreted
as the product of the secondary devolatilization of organic
materials/binder or residual plastics [33]. The diffractogram
at 700 °C shows the beginning of CoO reduction where a Co
phase forms.

To determine the nature of this reaction, chemical-grade
LiCoO, reduction trials were performed as explained in the
Experimental “LiCoO, Reduction” section. The results are
plotted in Fig. 7. It should be mentioned that the tempera-
ture difference (~ 40 ‘C) of the exothermic reaction in the
LCO+Gr+ Al+PVDF sample is due to the smaller graphite
particle size, which improves the kinetics of the reaction.

First of all, LiCoO, was placed in an inert atmosphere
and heated to 1100 “C and the figure shows that it did not

@ Springer

decompose until the temperature reached almost 1100 C;
however, when graphite was added, the decomposition began
at a much lower temperature (630-670 °C). The same sce-
nario is observed by the addition of Al and PVDF. The DTA
graphs show that an exothermic reaction occurs at 630-670
°C. The notable point is that the TGA graph shows no mass
loss, implying that the reduction has not started at this point.
S. Kuzuhara et al. (2020) reported that this exothermic reac-
tion can be due to Eq. 1, which has no accompanying mass
loss and is thermodynamically feasible at temperatures
higher than 488 C [34].

2LiCo0, + C — Li,CO; + Co + CoO )

Increasing the temperature to ~ 680 “C, the mass loss
begins. It can be concluded that the reaction occurring at
630-670 C (Eq. 1) facilitates reduction at higher tempera-
tures (680 °C). It is worth mentioning that the difference in
reaction temperature between the synthetic LiCoO, mixture
and LCO BM may be related to kinetic reasons such as the
surface area and size of particles. The LiCoO, phase trans-
formation is followed by the main mass loss. Considering
Fig. 6 with the high-temperature XRD patterns (Fig. 6), it
can be concluded that the reduction of Co oxides to metallic
Co begins after the LiCoO, phase transformation.

The endothermic peak observed at ~ 800 °C is synchro-
nized with a slope change in the mass loss. This reaction can
be addressed to the decomposition of Li,COj5 to Li,O and
CO,. This reaction can also be expected in the LCO BM,
where CO, peaks are rising at this temperature (Fig. 4); how-
ever, Li,CO; peaks were not detected by high-temperature
XRD (Fig. 6). This may be because during LCO BM reduc-
tion, Li,CO; forms at a temperature that is close to its melt-
ing point (733 C [35]). Accordingly, the loss of the crystal
structure at that temperature range might be the reason that
Li,CO; peaks are not identified in the XRD pattern.

The endothermic reaction detected at ~ 900 C is attrib-
uted to the gasification of C (Boudouard reaction) [14] or
Li,O volatilization [21]. According to the FactSage calcu-
lations performed in this study, the emitted gas phase has
a very low content of Li,O, while the CO, peak after this
reaction can be seen in the QMS graphs (Fig. 4). Hence, the
gasification of C seems to be more feasible.

Total mass loss values of ~ 23 and ~ 29 wt% were
observed in the case of fine and coarse fractions, respec-
tively. To conclude, heating the LCO BM to 1100 °C in an
inert atmosphere results in the production of Co as a metallic
part, leaving behind excess unreacted graphite.

The equilibrium was calculated with FactSage (Fig. 8),
which shows that the most abundant stable phases at 1100 “C
would be the Co(s), graphite, and gas phases. The slag phase
(referred to liquid/glass solution in FactSage) would mainly
consists of Li,O, which was not detected by XRD. AILiO,,
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Fig.7 TGA/DTA graphs of
three different chemical-grade
LCO compositions heated to

- LCO+Gr

....... LCO+Gr+Al ~ — — = LCO+Gr+Al+PVDF

1100 C 120 110

Mass Loss (%)

DTA (mW/mg)

Fig.8 LCO BM heat treated at 1100 ‘C, calculated by FactSage:
Phase distribution and the slag calculated components

LiF, and SiO, are also thermodynamically probable at this
temperature. The thermodynamically estimated behavior of
BM upon heating in an inert atmosphere is in line with the
experimental results, except for Li-containing compounds.
It seems that the Al content in the high-temperature XRD
sample was higher than the average chemical composition,
which made the AILiO, the abundant Li-containing phase
during heating. This difference might be due to the inhomo-
geneity of BM that commonly contains large current col-
lector particles (Al and Cu), which might change the local
chemical composition and make it difficult to obtain a rep-
resentative sample.

To calculate the mass reduction by theoretical stoichiom-
etry equations, the amount of O in the LCO BM should be
considered. Theoretically, 32.7 wt% O exists in the LiCoO,.
To eliminate O, the C amount needed depends on the gas
produced, i.e., CO or CO,, which can be studied by the

%CO

100

50 1

Mole Fraction (%)

0 500 1000
Temperature (°C)

Fig. 9 Equilibrium mole fraction of CO and CO, with C based on the
Boudouard reaction

Boudouard reaction (Fig. 9). Therefore, it can be deduced
that the CO:CO, ratio in the temperature range of LCO BM
carbothermic reactions (600-900 “C) is approximately 3:1.
The total reduction of the cathode material by graphite (as
the main reductant in the BM), considering the thermody-
namics calculations, can be simplified to Eq. 2. In this case,
the mass loss was ~ 23 wt%, which agrees with the total
mass loss in the TGA curves. It is worth mentioning that in
comparing the theoretical and experimental results, the mass
loss ratio should be calculated after reaching a temperature
of 500 ‘C because the mass loss before that is related to
PVDF decomposition, which is not included in Eq. 2.
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LiCoO, + 1.2C - 0.5Li,0 + Co + 0.9CO + 0.3CO,  (2)

BM from NMC Batteries

Figure 10 depicts the TGA, DTA, and QMS results from the
NMC BM during heating. Similar to the LCO BM, the mass
loss trend has been divided into the following three sections:
the mass loss begins in section I, slope plateaus form in sec-
tion II, and section III begins with a steeper slope. Prior to
section I and at its beginning, C,H, peaks arise at ~300 C
most likely attributed to the decomposition of PVDF. Fine
and coarse fractions of NMC BM show four exothermic
reactions at ~ 300, ~ 400, ~ 600, and ~ 800 °C. The two
latter reactions are followed by intense CO, and H,O peaks
in the QMS graphs.

The XRD patterns of the NMC BM before and after heat-
ing are illustrated in Fig. 11. The main phases in the as-
received BM are LiNi, 33Mn, 33Co0, 330, and graphite with a
weak peak. The intensity of the graphite peak does not match
the C content analyzed by combustion analysis. Hence, part
of the C amount can be accounted for by acetylene black,
whose main XRD peak is in the same 26 as graphite, while,
compared to graphite, its main peak is weak and broad [36].
This assumption will be discussed later in this section. The
XRD pattern indicates that LiF and metallic Co and Ni are
formed in addition to graphite after reduction.

The high-temperature XRD patterns in this case (Fig. 12)
include a broad hump that is more discernible at room tem-
perature and disappears gradually with increasing tempera-
ture. This bump might be related to an amorphous phase
such as PVDF [22]. The phases detected at 25 °C were previ-
ously identified (Fig. 11) in the as-received BM XRD pat-
tern (Fig. 11). There were also Cu peaks originating from
the current collector residuals in the BM. At 550 C, SiO,
was identified alongside LiNi, 33Mn 33Co, 330,, graphite,
and Cu. At 700 C, the Co/Ni and MnO peaks replaced the
LiNi( 33Mn, 33Co, 330, peaks. The pattern remained almost
constant at 900 and 1000 “C. After cooling from 1000 C to
room temperature, the final phases can be summarized as
Si0,, Co/Ni, graphite, MnO, LiF, and Cu.

Unlike the BM from LCO, the NMC BM fractions
showed significant variations in their compositions with
fractionation (Table 2). This difference is distinguishable
in the mass loss curves in Fig. 10, where the coarse fraction
with the higher amount of C has a lower total mass reduc-
tion. The limited amount of reducible oxygen can explain
the lower mass loss in the coarse fraction compared to the
fine fraction. The total mass loss amounts were found to be
~ 33 and ~ 25 wt% for the fine and coarse fractions, respec-
tively. The same TGA trend as for the LCO BM is observed
in section I of the TGA curve for NMC BM, where PVDF
decomposition (~ 300 ‘C) and acetylene black oxidation
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Fig. 11 XRD patterns of NMC BM before and after heat treatment at
1100 C

(~ 400 C) occurred. The mass loss in section II contin-
ues with a different slope, and QMS peaks corresponding
to CO, and H,O are observed immediately after the exo-
thermic reaction at ~ 600 ‘C (Fig. 10). The XRD patterns at
550 and 700 °C in Fig. 12 show that LiNi; 3;Mny 53C0; 330,
transformed to metallic Co and Ni and MnO in that tem-
perature interval. Accordingly, at ~ 600 ‘C, the transfor-
mation of LiNi; 33Mn, 33Co, 330, in the BM occurs, which
has also been reported by Vishvakarma and Dhawan [14].
Unlike in the LCO BM, mass loss can also be observed at
~ 600 °C for NMC BM, where the main transformation of
LiNi 33Mn, 33Coy 330, occurs. Moreover, as discussed, it
seems that a significant part of the C in the BM is acety-
lene black, whose oxidation was detectable (because of its
content) at ~ 400 °C in the DTA graph. Therefore, it can be
concluded that part of the transformation and reduction of
the NMC cathode material begins at ~ 400 “C, where acety-
lene black acts as the reductant.

Section III, including the highest mass loss rate, begins
immediately after phase transformation at ~ 600 ‘C. A bump
between 700 and 800 C is observed in the DTA curve, which
is more obvious in the fine fraction (Fig. 10a). Similar to the
discussion in the LCO BM section, it can be accounted for
by the decomposition of Li,COj; into Li,O and CO,. After
reduction, the Co/Ni phase forms, while part of the graphite
remains unreacted. MnO and SiO, remain in the sample,
which agrees with the FactSage calculations (Fig. 13), and
part of the MnO remains unreacted even at 1100 “C. Moreo-
ver, there are LiF peaks that do not exist in the LCO XRD
pattern. In Table 2, the F amounts are reported as 2.6 and
6.5 wt% in the LCO and NMC BM, respectively. Hence, the
higher concentration of F in the NMC BM might lead to the
formation of a detectable amount of LiF in the XRD pattern.

The experimental data obtained were compared to the
FactSage modeling results (Fig. 13). FactSage shows that
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Fig. 12 XRD patterns during heating of the NMC BM to a tempera-
ture of 1000 C

a higher amount of F in NMC resulted in the formation of
some fluorides—e.g., LiF, MnF,, and SiF,. In the other
words, the thermodynamic calculations demonstrated that
MnO and Li,O partially react with F and form Mn and Li
fluorides.

In the mass balance calculations, the reduction was
assumed to be performed with C as the main reductant. In
that regard, a CO:CO, ratio of 3:1 was selected as the com-
position of the produced gas, as previously explained. Since
the total mass loss is the concern of this calculation, the
formation of Mn/Li fluorides are considered as reduced Mn

@ Springer



578

Journal of Sustainable Metallurgy (2022) 8:566-581

and Li in the equations. Accordingly, three types of equa-
tions can be considered based on their products, as follows:

- Co, Ni, Mn, and Li (Eq. 3);
- Co, Ni, Mn, and Li,0 (Eq. 4); and
- Co, Ni, MnO, and Li,O (Eq. 5).

LiNig 33Mng 3,C0y 350, + 1.6C — 0.33Ni

+ 0.33Mn + 0.33Co + Li + 1.2CO + 0.4CO, ®

LiNig 33Mng 3,C0p 3,0, + 1.2 = 0.33Ni + 0.33Mn
+0.33Co + 0.5Li,0 + 0.9CO + 0.3CO,

LiNig 33Mng 3,C00 350, + 0.9C — 0.33Ni
+0.33MnO + 0.33Co + 0.5Li,O + 0.7CO + 0.2CO,
5)

The experimental mass loss percentages were calculated
after a temperature of 500 ‘C (PVDF decomposition) was
reached and they were 20.4 wt% in the coarse fraction and
29.5 wt% in the fine fraction. The calculated mass loss per-
centages in Egs. 3, 4, and 5 were 28.2 wt%, 21.1 wt%, and
15.6 wt%, respectively. Then, it can be speculated that in
the coarse fraction, Ni and Co were fully reduced; however,
Li and Mn oxides partially reacted with F. Regarding the
fine fraction, the high mass loss can be attributed to the late
devolatilization of organic materials (binders).

F Behavior

NMC had a larger amount of F than LCO, and based on
that, it was selected as the primary sample in this part of the

/' Si02 8%
MnO 5%
Ni(s) Gas
8% 22%
99.3 mol% CO
Slag
16%
o MnO LiF 42 %
37%
MnF2 6%
_ SiF2 12 %

Fig. 13 NMC BM heat treated at 1100 ‘C, calculated by FactSage:
Phase distribution and the slag calculated components
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Fig. 14 F content after various heat treatment conditions

study. The F content after four different thermal treatments is
listed in Fig. 14. The primary NMC BM had only 2.91 wt%
F, while it increased to 6.46 wt% by removal of electrolyte at
250-300 °C. After pyrolysis at 700 °C, there was 7.19 wt% F
in the BM, whereas it increased to 12.30 wt% after incinera-
tion at the same temperature.

As explained before, after transformation of the cathode
material, Li,CO; forms, decomposing into Li,O and CO, at
higher temperatures. The possible reactions that might occur
with F and the oxides can be summarized as Eqs. 6 and 7, as
simulated by FactSage:

2Li,CO, + 4F — 4LiF + 2CO, + O, ®)

2Li,0 + 4F — 4LiF + O, @)

The QMS results in Fig. 10 show that hydrocarbons
(C,H,) were released in section I—i.e., at temperatures lower
than 500 ‘C—which is a sign of PVDF decomposition in
the BM. Comparing those data with the variation in F con-
tent in Fig. 14 indicates that heat treatment, even at 700 C,
might produce hydrocarbons but does not remove F at that
temperature. In addition, it seems that incineration results
in a higher final F content than pyrolysis. It should be taken
into account that in an oxidative atmosphere (incineration),
graphite reacts with oxygen in the atmosphere and produces
CO/CO,. Thus, the BM mass loss in the air (~ 52 wt%) is
higher than that in the Ar atmosphere (~ 19 wt%). Normal-
izing the F content after heating at 700 ‘C based on the mass
loss in both the pyrolysis and incineration processes dem-
onstrates that the F amount removed from 100 g of BM are
approximately 0.63 and 0.56 g in Ar and air atmospheres,
respectively. This reveals that there might be some emission
of C H,, but it does not significantly affect the absolute F
content.

The FactSage calculations, in line with the experimental
results, show that F accumulated in the solid-state and did
not evaporate in this range of working temperatures. It can
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Table 3 Calculated

X . Heat treatment/atmosphere
thermodynamic data regarding

F content (s) F content (s) F-containing phases

N o Experimental Calculated Calculated
the F behavior at 700 'C
Pyrolysis/Ar 7.19 8.31 LiF
Incineration/air 12.30 13.21 LiF, Li,SiO5(LiF),

be observed in Table 3 that the experimental and calculated
data agree. Based on these thermodynamic calculations,
F accumulates in the solid-state in the form of LiF after
pyrolysis, and after incineration, LiF and Li,SiO5(LiF), are
supposed to form. According to thermodynamic modeling,
79% of F in the solid-state is in the form of LiF, and the rest
is in the Li,SiO;(LiF), phase.

In this study, it was shown that regardless of the BM par-
ticle size, the morphological and mineralogical properties
of the BM were almost the same. The main difference was
in the amount of binders and graphite, which had a direct
effect on the mass loss. The amounts of Li and F in the solid-
state were also analyzed and tracked in the XRD measure-
ments and the thermodynamic calculations. During thermal
treatment of the BM, 600 “C was found to be a critical tem-
perature for breaking the complex structure of the cathode
material, which was followed by carbothermic reduction of
the metallic oxides in the BM to obtain metallic Co and Ni
(in the case of the NMC BM). Li was found in the form
of AILiO, after heat treatment at a low concentration of F,
while the Li-containing phase changed to LiF at a high F
content in the BM. F persisted in the BM, even after PVDF
decomposition and the emission of hydrocarbons, regardless
of whether the heat treatment was conducted in an inert or
an oxidative atmosphere.

Conclusion

A characterization routine including the BM thermal behav-
ior was investigated based on chemical, morphological, min-
eralogical, and thermal analyses. ICP seems to be the most
appropriate tool to quantify the main elements in the BM,
such as Co, Ni, Mn, and Li. The ISE method was found to
be a reliable technique to quantify F. The volatile content in
the BM was determined utilizing TGA coupled with QMS.
Although the total volatile content can be quantified, it was
not possible to obtain detailed information on the volatile
composition using the existing analytical tools. The presence
of residual binder was identified in the SEM images, and
its quantity along with acetylene black was further deter-
mined by TGA in the temperature range of 200-500 °C. It
was found that 5-10 wt% of the BM consisted of residual
binders (mainly PVDF) and acetylene black. During ther-
mal analysis, an exothermic peak at ~ 600 ‘C in both BM
types was attributed to the transformation of LiCoO, and

LiNi 33Mn, 33C0y 330, to their constituting metal oxides/
lower oxides. Transformation in both BM types was fol-
lowed by the main mass loss, which indicated that reduction
was possible only after the transformation of complex oxides
to simpler oxides. The XRD results confirmed this observa-
tion at high temperatures. In the BM from NMC batteries,
where F is higher in concentration than in the BM from LCO
batteries, LiF formation was also observed. All observations
were thermodynamically calculated and confirmed through
FactSage software.

By following the F behavior during heating as a pretreat-
ment and employing the ISE method for the analysis of F in
the solid sample, it was proven that although hydrocarbons
were emitted from binder decomposition, F remained in the
sample even after heat treatment at 700 °C in both oxidative
and inert atmospheres.

Based on this study, it can be stated that a considerable
amount of graphite in the BM can be utilized as a reducing
agent, and Co-based alloys can be successfully produced
through simple pyrometallurgical treatment of BM. A study
on the addition of external oxygen to the BM to efficiently
utilize excess graphite will be performed later.
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Abstract

Pyrometallurgy is a popular industrial method that is employed in the recovery of valuable elements from black mass (BM),
which is produced by pretreatment of Li-ion batteries. This method struggles with some downsides, such as the incinera-
tion of graphite and high energy consumption. In this study, the goal is to utilize graphite in the BM to produce a master
alloy in an attempt to decrease the energy input requirement. To achieve this, metal oxides (Fe,05 and CuO) are added to
the BM to produce an Fe/Cu-based alloy containing Co/Ni as alloying elements. Mechanical activation is also employed to
decrease the energy requirement and to increase the amount of metal oxide that can be reduced by the graphite in the BM.
The results revealed that it is possible to produce the aforementioned alloys, the efficiency of which can be improved by
applying mechanical activation. After 1 h of milling, the required heat flow for producing Fe- and Cu-based alloys is lowered
for ~10 and ~25 kWh, respectively. Plus, the direct CO, emission decreases for 13—17% in the iron system and 43-46% in
the copper system.
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Abbreviations

LIB Li-ion battery

EU European Union

BM Black mass

MeO Metal oxide

LiMeO, Li metal oxide

LCO A type of battery consisting of LiCoO, as the
cathode material and graphite as the anode
material

NMC A type of battery consisting of LiNi,Mn,Co,0,
(in this study: x =y =2z=0.33) as the cathode
material and graphite as the anode material

TGA Thermogravimetric analysis

PSD Particle size distribution

XRD X-ray diffraction

Introduction

“Lithium-ion batteries have indeed become the critical pillar
for building a fossil fuel-free economy” [1]. The consump-
tion of fossil fuels has led to global warming. This issue drag
the public attention to renewable energies, which are not
applicable unless by using rechargeable batteries, especially
LIBs [2]. The production technologies for manufacturing
batteries have been developed significantly in the recent
years; New battery chemistries have been introduced, new
manufacturing methods have been developed, and scale of
manufacturing has increased. These have led to a price drop
(almost 90% since 2010) in the LIBs for electric vehicles
[3]. This drop in the manufacturing costs make the recycling
seem costly. Moreover, the global recycling rate of LIBs is
already low today, with less than 5% of LIBs being recy-
cled in 2020 [1]. Hence, if efficient and economical recy-
cling methods are developed, the recovery of LIB elements
would replace the extraction of these elements from primary
resources. It will have a direct effect on the economic and
resource issues in this sector. The importance of recycling
and its positive outcome has also been asserted by the EU
Battery Directive (2006/66/EC) [4]. Co, graphite, and Li
(key elements in a broad range of portable batteries and elec-
tric vehicles) are known as critical raw materials in the EU
due to limitations in their geological availability, geopolitics,
and market [5, 6].

The recycling methods mostly begin with a pretreatment
step that can be mechanical, chemical, or thermal. During
pretreatment step, the LIB particles are liberated and the
critical and precious elements are concentrated in a fine
fraction, called black mass (BM) [7, 8]. The main process
to recover valuable metals from BM is either hydrometal-
lurgical, pyrometallurgical, or a combination of these two.
In stand-alone hydrometallurgical processes, such as Recu-
pyl and Batrec, special attention is given to pretreatment to

@ Springer

prepare the BM for subsequent leaching and solvent extrac-
tion. While in the pyrometallurgical process, e.g., Inmetco
and Glencore, an alloy consisting of Ni, Co, Cu and Fe is
produced with Al and Li accumulated in a slag phase. There-
after, the produced alloy can be refined in a hydrometallurgi-
cal procedure, as is done in Umicore [9-11].

Compared to hydrometallurgical, the advantages of the
pyrometallurgical methods can be listed as follows: (i) it
is more flexible since the technology does not need to be
specified for different LIB types and some of the current
technologies are capable of recycling all types of batteries,
e.g., Valdi, Glencore, and Dowa; (ii) there are high capacity
available technologies; and (iii) the passivation step is not
necessarily required [7, 12]. However, high energy demand
plus CO, emission limits the implementation of pyromet-
allurgical processes [12, 13]. Since the pyrometallurgical
process is done at elevated temperatures, in an oxidative
atmosphere, graphite can burns out, like what occurs during
incineration [14—16]. If the process would be in a reduc-
tive atmosphere, graphite can be used as a reducing agent,
although the graphite in the BM is more than the required
C for the reduction of LiMeO, in the BM. It can thus be
expected that part of the graphite remains unreacted after
reduction [17-20].

A decrease in working temperature of a pyrometallurgy
process would lower the energy consumption in this method.
To achieve this, mechanical activation can be employed.
Mechanical activation of minerals and mixed oxides through
milling decreases the particle size and increases their energy
state, which leads to an increase in the thermal reactivity
and subsequently a decrease in the required working tem-
perature. Mechanical activation of, for example, hematite
concentrate, galena, and pyrite has been investigated, and
their thermal behaviour was compared to that of nonacti-
vated minerals. The reduction temperature of hematite as
well as thermal decomposition of galena and pyrite was
lowered significantly [21-26]. It has been reported that the
mechanical activation of carbon-containing mixed oxide
systems enhances the carbothermic reduction kinetics [27].
BM is also a material containing C and MeOs, however, the
effect of mechanical activation on its thermal behaviour has
not been studied thus far.

In the known pyrometallurgical recovery methods, the
graphite in the BM is mostly incinerated before or during
melting, which is not a proper method for its utilization.
On the other hand, the process is energy-intensive, where
mechanical activation can be a method for lowering energy
consumption during recovery. In the current study, a pyro-
metallurgy-based method is proposed for recycling of LIB
components. This study aims at taking advantage of the
graphite present in the BM. Two different MeOs (Fe,04
and CuO) were added to the BM to utilize its graphite as a
reducing agent. The feasibility of producing a master alloy
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containing Co/Ni (in the BM) as alloying elements was
assessed. Additionally, mechanical activation was employed
as a process for creating disorder and defects in the lattice
structure and increasing the active surface area to increase
the reduction efficiency of the BM or BM/MeO mixture by
changing the required energy and C consumption.

Experimental
Materials

The BMs from LCO and NMC LIBs were provided by Stena
Recycling International AB, Sweden. Samples with a parti-
cle size of 150-700 um were the focus of the present inves-
tigation, and their detailed description was given in an ear-
lier publication [28]. Their composition is listed in Table 1.
Fe,03 (=325 mesh, 98%, Alfa Aesar) and CuO (97.5%,
AnalaR NORMAPUR) were utilized in the alloying trials.

Characterization

A PSD analyzer (Retsch Camsizer XT) was utilized in this
study to determine the size of the BM particles. A PANa-
lytical Empyrean X-ray diffractometer using CuKa radiation
(A=0.154184 nm) was used in a 26 range of 10-90° with
a step size of 0.026°/s. Phase identification was performed
using HighScore Plus software (v4.7, PANalytical B.V.,
Almelo, The Netherlands). To analyze the C content in the
BM, an EA3000 CHNS-O elemental analyzer from Eurovec-
tor Srl was employed (DIN 51,732). Inductively Coupled
Plasma—Mass Spectrometry (ICP-MS) was used to analyze
the chemical composition. The analysis was done according
to SS EN ISO 17294-2:2016 and EPA method 200.8:1994.

Reduction-Alloying Trials

Initially, Fe/Cu oxides were added to the BM to utilize its
excess graphite and to produce Fe/Cu-based alloys. The
MeOs were mixed with BM in such a way that the net C/O
molar ratio was equal to unity. The C content of the BM
was accounted for in this C/O molar ratio. O in the cathode
active material plus O in the added MeO (Fe,O; or CuO)
were considered as the reducible O in the C/O molar ratio.
In this regard, the ratio of added MeOs to the BM is listed
in Table 2. In the following parts of this paper, the prepared
mixtures will be addressed as noted in this table.

Table 2 Description of utilized mixtures

Mixture MeO (g):BM (g)
MixFeLCO 55.0:45.0 Fe,0,:LCO
MixFeNMC 60.5:39.5 Fe,0;:NMC
MixCuLCO 59.5:40.5 CuO:LCO
MixCuNMC 67.0:33.0 CuO:NMC

Second, a Fritsch Pulverisette 7 Planetary micromill
was used to mechanically activate the BM and MeO-BM
mixtures. The 80 ml cups in this ball mill consisted of 10
hardened steel balls with a diameter of 15 mm. To avoid
excessive heat during milling, each 30 min of milling was
followed by 15 min of cooling. The sample-to-balls ratio
and rotating speed were fixed to 20 g of sample and 10 balls
and 700 rpm, respectively, for the predetermined periods.

The prepared BM and MeO-BM mixtures underwent
reduction-alloying experiments utilizing TGA (Netzsch STA
409) with a detection limit of 1 ug and an Ar flow rate of
100 ml/min. ~1 g sample was used in each experiment. In
the trials applied on the BM, the temperature was increased
linearly at a heating rate of 10 °C/min up to 1100 °C. The
heating was followed by linear cooling to 200 °C at a rate of
20 °C/min. In the MeO-BM mixture trials, the samples were
heated linearly up to 1450 °C at a heating rate of 10 °C/min,
held at that temperature for 1 h, and then cooled to 200 °C
at a rate of 20 °C/min.

Thermodynamic Modeling

FactSage 8.0™ software has been utilized as a thermo-
dynamic calculation tool to study the reactions occurring
at high temperature [29]. The Equilib module, employing
FactPS, FToxid, and FTmisc databases, was used in these
calculations. The ideal gas and pure solids as the main spe-
cies along with the solution phases, as listed below, were
considered:

— FToxid-SLAGA;

— FToxid-SPINA;

— FToxid-MeO_A;

— FToxid-NAShB;

— FToxid-NASIB;

—  FTmisc-FeLQ; and

—  FTmisc-CuLQ (since Co is not included in this solution
phase, Co(lig) was added as an ideal solution).

Table 1 The chemical

.. Sample (wt.%) Li Co
compositions of LCO and NMC
BM (wt. %) [28] LCO BM 4.0 323
NMC BM 3.6 8.0

Ni Mn Al Cu Si P F C
0.0 0.0 0.9 0.6 1.6 0.5 2.6 354
7.3 7.6 0.2 1.6 1.0 0.6 6.5 432
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Fig. 1 Input and output flows used in the mass and energy balance

Mass and energy balances were made to estimate the
energy requirements, the exergy loss, as well as CO, emis-
sions of different cases and they were made by means of
HSC Chemistry v. 10.0.7 and the regarded databases. The
key elements during reduction were considered in these cal-
culations, i.e., Co, Ni, Mn, C, Fe, O, and Li. The input and
output flows were designed as demonstrated in Fig. 1. The
output components were selected based on the results from
XRD and FactSage modeling, which will be discussed later
in this manuscript.

Results and Discussion
Effect of Mechanical Activation on BM Reduction

The PSD of the BM before and after milling from the LCO
and NMC is given in Fig. 2. The d10, d50, and d90 val-
ues are also listed in Fig. 2. d10 decreases by 10 times in
both BM types after 1 h of milling, and a further decrease is
not distinguishable with the utilized equipment. The aver-
age particle size (d50) for the LCO BM is 0.29 mm in the
unmilled sample, which decreases drastically to 0.08, 0.05,
and 0.02 mm after 1, 3, and 5 h of milling, respectively. The
lowest effect is on the d90 value, which decreases by 40%
after 1 h of milling and ~60% after 3 and 5 h. In the NMC
BM, d50 and d90 decrease by 96 and 90%, respectively, after
1 h of milling, while longer milling periods do not influence
the particle size considerably.

The effect of milling on thermal reactivity was further
studied using TGA. Figure 3 shows the mass loss as a
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Fig.2 Cumulative PSD of a LCO BM and b NMC BM under four
conditions: unmilled, milled for 1 h, milled for 3 h, and milled for 5 h

function of temperature at different milling times. Mass loss
begins at ~200-300 °C and continues until ~600 °C in both
types of BM. The curves of the mixtures with different mill-
ing times overlap in this period, while after ~600 °C, they do
not follow the same rate, and at a fixed temperature, different
mass losses are observed in these samples. As an example,
in the LCO BM at 800 °C, a mass loss of 16% occurs in the
unmilled samples, which increases to 23% in the samples
milled for 1 and 3 h. The mass loss decreases to 19% after
milling for 5 h. The change in the NMC BM mass loss,
caused by mechanical activation, can be better observed at
~650 °C, where the mass loss is 10% in the unmilled sample
and 13, 13, and 17% in the samples milled for 1, 3, and 5 h,
respectively. Generally, it can be stated that after 1 h of mill-
ing, an increase in the mass loss rate is observed, while 3 h
of milling does not cause any changes to the BM compared
with the BM milled for 1 h. After 5 h of milling, the mass
loss rate in the LCO BM decreases, and in the NMC BM, it
increases slightly.
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Fig.3 Mass loss as a function of temperature during the reduction of
a LCO BM and b NMC BM before and after milling for 1, 3, and 5 h

The TGA graphs reveal that the main effect of mechani-
cal activation on the reaction kinetics of BM is after 600 °C,
which is the temperature at which the cathode material
(LiCoO, in LCO BM and LiNi 33Mn, 33C0, 330, in NMC
BM) transforms to simpler oxides [28]. Since the reactions
were triggered when the temperature was not constant and
it was gradually increasing, the reduction reaction shifted
to a lower temperature range. In other words, the increase
in the reduction rate, after 600 °C, lowers the temperature
of the subsequent reduction of produced oxides (Co and Ni
oxides).

Generally, the reduction behaviour of BM with different
periods of mechanical activation shows that milling affects
the reduction temperature of BM after transformation of
the cathode material to its constituent oxides. Regarding
the milling periods, it was seen that milling for 1 and 3 h
has almost the same effect and shift the reduction to a lower
temperature range. Milling for 5 h had an opposite effect in
the LCO BM and a negligible effect in the NMC BM.
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Fig.4 Mass loss as a function of temperature during the reduction of
a MixFeLCO and b MixFeNMC

Reduction Behaviour of MeO-BM Mixture

To maximize the utilization of graphite and produce Fe/Cu-
based alloys, Fe,0; and CuO were added as described in
Table 2.

Iron System

The mass loss during heating of the Fe,0;-BM mixture is
plotted in Fig. 4. Mass losses of 44 and 43% for MixFeLCO
and MixFeNMC are recorded until 1450 °C, respectively.
The mass loss begins at 150-200 °C and continues until
1450 °C for both BMs.

The reduction of Fe,O; occurs in multiple steps by reduc-
tion to Fe;0,4, FeO, and finally Fe, which has been explained
thoroughly in the literature [30, 31]. All these occurring
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reduction reactions result in different slopes in the mass
loss trend; since this is not the concern of this study, the
details will not be investigated in this article. According to
the literature, the reduction of Fe,O; to Fe is complete after
reaching a temperature of ~ 1150 °C [30]. The continuation
of mass loss at temperatures higher than 1200 °C (with a
different mass loss rate) can be attributed to the late reduc-
tion of some oxides. This can also be due to the reaction of
irreducible oxides (by carbon under the present experimental
conditions) such as Li,O and MnO with F, which produces
Li/Mn fluorides and O. O can then react with graphite and
produce CO.

FactSage predicts the phases that are thermodynami-
cally stable at 1450 °C. The results are presented in Fig. 5.
All Fe, 05 is reduced to Fe alloys together with Co (and Ni
in MixFeNMC) in the BM. Almost all Li remains in the
slag phase (in the form of oxide and fluoride), Mn remains
mainly in the oxide form, and the rest forms fluoride. Fur-
thermore, no graphite remains after reduction, which is
mainly related to the fact that thermodynamically CO is
the only gaseous product of reduction of metal oxides at
1450 °C [28]. However, during the experiment, the reduc-
tion begins at lower temperatures where both CO and CO,
are produced. Compared to CO as a reduction product, CO,
production consumes less C. Hence, the C analysis indicates
that graphite remains in the sample after reduction, which is
not in line with the FactSage calculations at 1450 °C.

Copper System

Figure 6 presents the mass loss of the CuO-BM mixture
as a function of temperature during heating in a reductive

LiAlO2
LiF

‘ LiFeO2
Sio2

FeO

Slag

®

FeCoNT'

51% LiAlO2
LiF

MnF2

4_ Slag MnO v SiF4
Si0o2

Fig.5 a MixFeLCO and b MixFeNMC reduced at 1450 °C, calcu-
lated by FactSage: Phase distribution and slag calculated components
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Fig.6 Mass loss as a function of temperature during the reduction of
a MixCuLCO and b MixCuNMC

atmosphere. 33 and 30% mass losses occur in MixCuLCO
and MixCuNMC, respectively. The mass loss starts at
~250 °C and continues until 1450 °C.

Based on FactSage calculations, in the presence of CuO
and C, Cu is thermodynamically stable at room tempera-
ture. It has been reported that practically, reduction begins
at higher temperatures; for instance, 440 °C was reported in
a study as the starting point of CuO carbothermic reduction
[32]. In general, the reduction starting temperature depends
on kinetic factors, such as the heating rate, the particle
size, and the contact between the reducing agent and CuO.
In the current study, CuO reduction begins at ~300 °C.
The change in the mass loss at ~600 °C can be related to
the transformation of LiCoO,/LiNij 33Mn 53Co, 330, that
has been discussed previously. Thermodynamic modeling
reveals that Cu begins to melt at ~1000 and ~800 °C in
MixCuLCO and MixCuNMC, respectively. The continua-
tion of the mass loss at higher temperatures, as explained
in the iron system, can be due to (i) the late reduction of
the remaining oxides or (ii) the reaction of the irreducible
oxides with F.
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According to the results obtained from FactSage calcu-
lations at 1450 °C (Fig. 7), Cu-based alloys are the main
products of the reduction. It seems that part of the excess
graphite in MixCuNMC forms Mn carbide. Generally, in
both systems, the slag compositions demonstrate that Li,0,
LiAlO,, and LiF are thermodynamically the Li-containing
compounds at that temperature.

Effect of Mechanical Activation on the Reduction
of MeO-BM Mixture

TGA of the BM in Sect. “Effect of Mechanical Activation
on BM Reduction” showed that milling for 5 h in the LCO
BM is not beneficial, and in the NMC BM, is very insig-
nificant, which makes further milling (5 h) unnecessary
from an energy point of view. On the other hand, it has been
observed that milling for 1 and 3 h has the same effect on the
reduction of BM. Accordingly, 5 h of milling was omitted
for the mixture of Fe,O; and BM, while the condition of 3 h
of milling was kept examining whether it has any significant
influence with the addition of MeO.

Iron System

Figure 8 illustrates the mass loss profile of Fe,0;-BM mix-
tures with different periods of milling. The curves show the
different behaviours in general. To observe this more specifi-
cally, the mass loss of the Fe,0;-LCO mixture at 900 °C is
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S
z
g
s
3
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50

0 500 1000
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Fig.8 Mass loss as a function of temperature during the reduction of
a MixFeLCO and b MixFeNMC before and after milling for 1 and
3h

taken into account. A mass loss of 12% is recorded at that
temperature for the unmilled sample, which increases to 18%
after milling for 1 h, and the mass loss difference between
the mixture milled for 1 h and the one milled for 3 h is only
2%. Considering the same temperature in the Fe,O;-NMC
mixture, the mass loss increases from 14% in the unmilled
mixture to 20 and 22% in the mixtures milled for 1 h and 3 h,
respectively. Generally, a significant effect is observed after
1 h of milling, while the effect of milling for 3 h compared
to 1 his negligible.

XRD measurements were performed on several sam-
ples with the same composition but different mechanical
activation periods. For simplicity, only one measurement
for each composition is presented. The reduced samples
of mixtures milled for 1 h were selected for XRD meas-
urements. Figure 9 demonstrates the XRD patterns of the
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reduced Fe,05-BM mixtures milled for 1 h. Peaks attributed
to graphite (represented as Gr in the graphs) and metallics
such as Fe, Co, and Ni are detected in these patterns. The
interaction of the Fe matrix with Cu-tube radiation should
also be taken into consideration. This interaction leads to
fluorescence that increases the background level; hence, it
is not reliable to compare the peak intensities in the pattern
[33].

The chemical composition of unmilled and milled mix-
tures after reduction is listed in Table 3. The main elements

in the BM plus Fe in the added MeO are considered as the
main elements, and the rest are reported as other. The main
effect can be observed for the amount of C remaining in the
reduced mixture, which increases with increasing milling
time. The remaining C is almost constant after 1 and 3 h of
milling.

The results in Fig. 8 show that mechanical activation
affects the reduction rate after ~600 °C, and this effect
continues to the temperature of ~1100 °C. Jung and Yi
[30] stated that the reduction of FeO to Fe is completed at
1147 °C, the temperature at which the milling effect ends
based on Fig. 8 [30].

The XRD patterns in Fig. 9 show that Fe-based alloy and
graphite are both present in the sample. The chemical analy-
sis of unmilled reduced mixtures (Table 3) also shows that
C remains after reduction. It can be perceived that although
Fe, 03 was added based on the C:O molar ratio of one, the
graphite in the BM is capable of reducing more oxide. By
increasing the milling time (especially after 1 h) and conse-
quently decreasing the temperature range in which the reduc-
tion takes place, the amount of excess C (remained after
reduction) increases. To explain this matter, the Boudouard
reaction should be taken into account, which discusses the
partial pressure of CO/CO, by changing the temperature in
Eq. 1. Based on this reaction, by decreasing the temperature,
the partial pressure of CO, increases. The production of CO,
in a reduction reaction consumes less C compared to a reac-
tion with CO as a product.

C+CO, =2CO )

To investigate this further, mass and energy calculations
were performed to study the effect of a longer milling time
on the required heat input for the system. Furthermore, the
CO and CO, contents in the off-gas were calculated using
the final excess carbon as a variable. The calculation results
are shown in Fig. 10. The modeling indicates that by increas-
ing the milling time, there is a decrease in the required input
heat flow, which is accompanied by a decrease in CO and
an increase in CO, content in the off-gas. This is what was
expected from the TGA results (Fig. 4), i.e., by increas-
ing the reduction rate, the reduction takes place in a lower

Table 3 Chemical composition

X . Mixture Milling time  Chemical composition
of unmilled and milled
Fe,0;-BM mixtures after Fe Co Mn Ni C Li Other
reduction at 1450 °C
MixFeLCO  Unmilled 63.4+02 269+0.0 0.0 0.0 32+0.0 23+05 42
1h 62.7+0.3 263+0.0 0.0 0.0 6.0+£02 15+03 34
3h 61.1+1.0 26.1+04 0.0 0.0 6.8+0.1 25+05 35
MixFeNMC  Unmilled 689+00 82+00 65+00 7.5+0.0 35+00 25+05 29
1h 70.5+05 62+0.1 52+00 6.0+0.1 7.6+04 23+05 23
3h 69.5+09 64+0.1 54+0.1 6.1+0.1 7.7+03 29+0.6 2.0
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Fig. 10 Energy consumption and CO/CO, production during the »
reduction of a MixFeLCO and b MixFeNMC at 1450 °C, calculated
by HSC chemistry

temperature range, which requires lower energy input.
In addition, both the experimental and modeling results
show that by increasing the milling time the CO/CO, ratio
decreases and the final excess C increases.

Mass and energy balance simulations were also used to
estimate the effect of milling on the CO, emissions of the
process. The results of this estimation for MixFeLCO and
MixFeNMC systems are presented in Fig. 11, in which the
emissions are shown separately for direct emissions from the
process (i.e., Scope I) and for indirect emissions from the
energy production (i.e., Scope II). For Scope II emissions,
specific CO, emissions of 0.820 kg/kWh, 0.030 kg/kWh and
0.012 kg/kWh were used for energy produced from fossil,
renewable and nuclear sources, respectively [34]. The per-
centage values shown in the Fig. 13 indicate the reduction of
CO, emissions due to milling in different cases.

The calculated exergy balances are depicted in Fig. 12.
During the reduction of unmilled MixFeLCO, exergy emis-
sion is 2.27 x 10° kJ, which decreases to 2.09 x 10° and
2.04x 10° kJ after 1 and 3 h of milling, respectively. This
change in the reduction of MixFeNMC is from 2.40 x 10° kJ
in the unmilled mixture to 2.15% 10° and 2.14 x 10° kJ after
1 and 3 h of milling, respectively.

Copper System

As observed in the previous sections, milling for 3 h, com-
pared to 1 h, does not significantly change the mass loss rate
of the BM and Fe,0;-BM mixture. Therefore, the condition
of 3 h of milling is omitted for the CuO-BM mixtures.

Figure 13 depicts the mass loss of the CuO-BM mixture
during heating until 1450 °C. It can be seen that mass loss
occurs with a higher rate after milling for 1 h. The effect of
mechanical activation is mainly observable in the tempera-
ture range of 300-900 °C. For instance, at 700 °C, the mass
loss increases by 4% and 11% after 1 h of milling in the
LCO-CuO and NMC-CuO mixtures, respectively.

The XRD patterns of the reduced mixtures are presented
in Fig. 14. Similar to what was observed in the iron sys-
tem, in addition to graphite peaks, they are peaks of metal-
lic phases, including Cu, Co, and Ni (particularly in Mix-
CuNMC). The peak intensities in the iron and copper system
are not comparable, because of different components, dif-
ferent grindability of materials and the fluorescence effect
(even by using monochromator for suppressing the fluores-
cence) [33].

The chemical composition of the Cu-containing mix-
tures after reduction is listed in Table 4. The results of
the unmilled and milled samples show that mechanical
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Fig. 11 Specific CO, emissions during reduction of a MixFeLCO,
and b MixFeNMC at 1450 °C, calculated by HSC chemistry

activation significantly increases the final C that remains in
the sample after reduction.

By comparing the TGA graphs in Fig. 13, it is seen
that the mechanical activation affects the system from
~200-300 °C (beginning of CuO reduction) to ~1000 °C
(MixCuLCO) and ~800 °C (MixCuNMC), where Cu
begins to melt according to FactSage calculations. There

@ Springer

250
@

. 240 A

230 4

. 220 A
© 210 A
200 1 : . — |

Exergy (10°4)

unmilled 1 h milled 3 hmilled
250
©)
240 A
r’é 230 ]
& h
= 220
&
o . l
200 - T r
unmilled 1 h milled 3 hmilled
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is almost no change after mechanical activation at higher
temperatures. Generally, mechanical activation changes
the surface properties of solid particles. When the system’s
main component melts, there is no other solid surface, and
thus mechanical activation no longer affects the reaction
kinetics.

Figure 15 demonstrates the results from mass and
energy balance calculations. Similar to what was dis-
cussed in Iron system, milling of the CuO-BM mixture
leads to higher reaction rates, which shifts the reduction
occur to a lower temperature range; thus, less energy
input is required. This also results in a lower CO/CO,
ratio that increases the final amount of excess C after
reduction.

According to what has been discussed for the MeO-
BM mixtures, it can be stated that by applying mechanical
activation and increasing the reduction rate, the efficiency
of the reduction process can be increased. The C in the
BM can be used to reduce more MeO, and then a lower
temperature is required for the reduction.
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Fig. 13 Mass loss as a function of temperature during reduction of a
MixCuLCO and b MixCuNMC before and after milling for 1 h

Mass and energy balance simulations were also used to
estimate the effect of milling on the CO, emissions of the
process. The results of this estimation for MixCuLCO and
MixCuNMC systems are presented in Fig. 16, in which the
emissions are shown separately for direct emissions from
the process (i.e. Scope I) and for indirect emissions from
the energy production (i.e. Scope II). For Scope II emis-
sions, specific CO, emissions of 0.820 kg/kWh, 0.030 kg/
kWh and 0.012 kg/kWh were used for energy produced
from fossil, renewable and nuclear sources, respectively
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Fig. 14 XRD patterns of reduced a MixCuLCO and b MixCuNMC
milled for I h

[34]. The percentage values shown in the Fig. 16 indicate
the reduction of CO, emissions due to milling in different
cases.

Exergy balance has been calculated in the Cu mixtures.
As shown in Fig. 17, the exergy emission is 1.23 x 10° kJ
for the reduction of unmilled MixCuLCO, which
decreases to 0.67 x 10° kJ after an hour of milling. In the

Tqble 4A Chemical Acomposition Mixture Milling time Chemical composition
of unmilled and milled
CuO-BM mixtures after Cu Co Mn Ni C Li Other
reduction at 1450 °C
MixCuLCO  Unmilled 70.5+£02 25.0+0.0 0.1+0.0 0.1+£00 09+0.1 14+04 20
lh 70.5+0.1 17.0+0.1 0.0 0.0 89+0.0 19+06 1.8
MixCuNMC  Unmilled 84.9+0.8 44400 32+00 35+00 20+07 13+04 07
1h 764+03 3.7+00 32400 34+00 105+03 1.6+05 09
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Fig. 15 Energy consumption and CO/CO, production during the » (a)
reduction of a MixCuLCO and b MixCuNMC at 1450 °C, calculated
by HSC chemistry 70 10

MixCuNMC, an hour of milling changes the exergy loss
from 1.06x 10° to 0.46 x 10° kJ.

Comparing to the iron system (Fig. 10), it has been
seen in the copper system that mechanical activation has
a more significant effect on lowering the required input
energy. To explain, thermodynamics and kinetics of the
reactions should be both taken into account. From the
thermodynamic point of view, the reduction of CuO to ~—
metallic Cu is feasible at room temperature, while reduc- unmilled 1 h milled
tion of Fe,O; requires elevated temperatures. Hence, the
only factor that postpones the reduction of CuO to higher
temperatures is kinetics of the reaction. Because of that,
changing the kinetic parameters (decreasing the particle
size) has a more significant effect on the copper system
comparing to the iron system. By increasing the reduc-
tion rate, reduction shifts to a lower temperature range,
which increases the CO,/CO ratio. This results in con-
sumption of a lower amount of C that equals to consump-

tion of lower chemical energy, and consequently saving -
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Conclusions (b)

In this research, it was attempted to address some of the
major downsides of pyrometallurgical methods in recov-
ering metallic elements from LIB BM: graphite loss, high
energy consumption, and CO, emission. To avoid graph-
ite loss, the feasibility of alloy making using BM was
investigated by the addition of Fe,0; and CuO to two
types of BM (LCO and NMC). Regarding high energy
consumption and CO, emission, mechanical activation
was proposed as a solution. The experimental work
showed that by adding MeO to BM (with a total C/O
ratio of one), the added MeO was completely reduced to
the metallic form, where Co (and Ni in NMC BM) would
also be reduced. It was observed that mechanical activa-
tion increases the reduction rate; accordingly, the reduc-
tion reactions shift to a lower temperature range, and
consequently, less energy is required for the reduction
of BM and MeO-BM mixture. Another consequence of
mechanical activation is that by lowering the temperature
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Fig. 16 Specific CO, emissions during reduction of a MixCuLCO,
and b MixCuNMC at 1450 °C, calculated by HSC chemistry

range that reduction takes place, the ratio of CO,/CO (as
reduction products) increases, which leads to consump-
tion of lower amount of C and lower total CO, emission.
This effect increases the C remaining in the system. In
general, mechanical activation enables the reduction of
more MeO by the BM and decreases the energy consump-
tion and CO, emission.
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Fig. 17 Calculated exergy balance of a MixCuLCO, and b Mix-
CuNMC reduction at 1450 °C
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