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Abstract

In this Master’s thesis, the effect of microwave radiation on the black mass derived from spent lithium-
ion batteries was analysed with an aim of discovering an energy-efficient, and cost-effective route for
recycling lithium-ion battery, and recovering valuable metals. Microwave heating requires less amount
of energy compared to conventional heating while producing larger impact on the cracking of cathodic
structures. Due to the inside-out heating mechanism volumetric and selective heating is possible with
microwave radiation which increases the formation of easily leachable elements from the mixture of
anode and cathode.

Theoretical section of this manuscript described the components of a battery. The chemical composition
of the cathode and anode along with other parts such as electrolyte, current collector, and separator was
being presented. Then the recent scenario of recycling and what are the industries that have already been
taking the initiative was mentioned. After that, different methods of battery recycling were discussed.
After taking their advantages and disadvantages into consideration, a combination of two processes were
analysed. Finally, the theory behind microwave heating, their usage in different material processing
sectors, and their application in battery recycling were discussed.

The results aligned with our objective of the thesis. After thermal treatment of the pre-processed samples
in a microwave, the characterization was done using XRD, and SEM-EDX. On the other hand, to un-
derstand the thermal behaviour of those samples, TGA-DSC-MS was done as well in two different at-
mospheres (air, and inert). Results showed that the burning of the raw samples was better within the air
atmosphere, because of the availability of oxygen. However, in an inert atmosphere, more elements were
found in metallic form rather than in their oxide forms. Meanwhile, microwave radiation can enhance
the breakdown of the cathode’s structure. Therefore, the cathode materials were broken down into sep-
arate metals and metallic oxides just after processing at 400 °C. The increasing temperature made the
formation of metals within the sample easier and at the final stage of processing which was at 1200 °C
metallic elements were dominant in the sample.

Key words: microwave heating, recycling, battery, metal recovery, pyrometallurgy.



Table of contents

1 Introduction
1.1  Objectives
2 Literature Review

2.1 Lithium-lon Batteries
211 Working Principles

2.2 Necessity of Recycling

2.3 Recycling Process
2.31 Second-Life Application
2.3.2 Lithium-lon Battery Recycling Steps
2.3.3 Industrial-Scale Recycling

2.34 Microwave Heating

3 Methods

3.1 Materials
3.1.1 Materials By-Product

3.1.2 Material Preparation

3.2 Analysis Techniques
3.21 X-Ray Diffraction Analysis (XRD)
3.2.2 ICP-OES (Pre-treatment: Microwave-Assisted Acid Digestion)

3.2.3 Scanning Electron Microscopy Coupled with Energy Dispersive X-Ray Spectroscopy

(SEM-EDX)

3.3 Experiments

3.3.1 Differential Scanning Calorimetry — Thermogravimetric Analysis (DSC-TG) & Mass

Spectrometry (MS)

3.3.2 Microwave Heating
4 Results and Discussion

4.1 Material Characterization
4.1.1 Chemical Composition
41.2 Black-mass Phase (Crystal Structure)
41.3 Morphological Structure and Element Distribution (SEM-EDX)

4.2 Effect of Thermal Treatment on The Black-mass Behaviour
4.2.1 DSC-TG-MS Under Air Atmosphere
422 DSC-TG-MS Under Inert Atmosphere

4.3 Microwave Processing of Black Mass

9
10
16
17

24

24
24
24

25
25
28

30

35

35
37

41

41
41
41
42

47
47
56

65



4.3.1 Behaviour of The Black Mass under Microwave Energy 65

4.3.2 Effect of Microwave Radiation on The Cathode/Anode Structure 66
4.3.3 Phase Comparison 93

5 Summary & Conclusion 96
5.1 Limitations and Future Research 97
References 98
Appendices Error! Bookmark not defined.

Appendix 1 Error! Bookmark not defined.



1 Introduction

Technological advances sparked the development of machines driven by electricity. Hence, the
demand for producing electrical energy is on the rise. A shift towards fossil-free energy pro-
duction can be seen worldwide to reduce carbon emissions. However, renewable energy re-
sources such as solar energy, wind energy, and geothermal energy are site-specific as well as
fluctuating. To minimize the seasonal or daily variation, different types of electrical energy
storage systems are being used. Lithium-ion batteries (LIBs) are one of the best options for
short-term energy storage. Another growing sector where LIBs are being extensively used is
transportation. An attempt to reduce the use of fossil fuel in the transport sector has enlarged
the electric vehicle (EV) market. High volumetric and gravimetric energy density makes LIBs
suitable for use in EVs. On top of that, portable devices, for example, laptop computers, mobile
phones, and wearable devices are powered by LIBs. Thus, the demand and production of this

battery have been increasing rapidly.

Despite being useful, LIBs pose a threat to the environment. They have an average lifespan of
around 10-15 years which varies depending on the types and applications. Handling those spent
batteries can be a challenging task due to their construction. The batteries consist of different
organic and inorganic components, bonded tightly in a pack. Some of the materials used in the
batteries can be harmful to the environment unless recycled properly. The cathode of these
batteries is made with metallic oxides, mainly lithium, cobalt, nickel, iron, and manganese efc.
Among them, lithium, cobalt, and nickel are very expensive and classified as critical raw ma-
terials by EU. Recovering them is of great importance both to the industry and to the scientific
community. Proper recycling of spent batteries would bring environmental, social, and eco-

nomic benefits.

The current recycling status is not satisfactory. Only a fraction of the waste is being handled
properly and recovery of valuable metals is not sufficient. Recently, the hydrometallurgical
process of recycling has become popular due to its high recovery rate. Also, the quality of the
recovered materials is very high. However, the solvents required for the process are very ex-
pensive and they need to be handled carefully as they can otherwise be toxic for the environ-
ment. The other recycling method is the pyrometallurgical process, which is energy-intensive,
has a low recovery rate, and recovered metals have inferior quality. Therefore, a combination

of both processes can be implemented where the complex cathodic structure can be broken



down into easily soluble substances by applying high heat, and then leached out by hydromet-

allurgical technique.

The thermal pre-treatment of the black mass derived from the spent lithium-ion batteries can
done using microwave radiation replacing conventional heating systems in the pyrometallurgi-
cal process. Microwave heating is considered rapid, volumetric, and low-cost. Since the pri-
mary energy source in microwave devices is electricity, the process can be realized by electric-
ity from renewable sources as well. Therefore, the whole process of recycling would be cost-

effective, energy-efficient, and environmentally friendly.

In this thesis work, the black mass from spent lithium-ion batteries was thermally treated under
microwave radiation up to several different temperatures. After that, the characterisation of the
treated materials was done to determine the effects of microwave radiation on black mass sam-
ples. The characterisation tools that were used in this work are, X-ray Diffraction (XRD), and
Scanning Electron Microscopy coupled with Energy Dispersive X-ray Spectroscopy (SEM-
EDX). Similarly, the effect of conventional heating has also been studied in different atmos-
pheric conditions, namely, in air and under inert conditions using Thermogravimetric Analysis,
Differential Scanning Calorimetry, and Mass Spectrometry (TGA-DSC-MS) experiments. A

writing-assisted tool called ‘Grammarly’ was used in this report.
1.1 Objectives

1. Study the effects of microwave radiation on the decomposition of complex cathodic

structures.

2. Study the effects of microwave radiation on the phase transformation of the complex

structure of the cathode into simple metal oxides and metal forms.

3. Develop energy-efficient and effective recycling methods to improve the recovery of

valuable metals from spent lithium-ion batteries.



2 Literature Review

Recently, lithium-ion batteries have been used in various applications such as Electric Vehicles
(EVs), Energy Storage Systems and many other small-scale applications, like Cell Phones, Lap-
tops, and wearable products (Figure 1). To counter the effects of pollution and to reduce the
dependence on fossil fuels, EVs are gaining popularity worldwide. By using EVs in urban areas,
air quality can be improved, and noise pollution can be reduced significantly [1]. Thus, the
number of electric vehicles sold during the year 2022 has broken all the records. More than 26
million electric cars were on the road during that period which accounted for 60% more than
the previous year. Although China experienced the highest growth, the same trend is followed
in Europe as well, with 15% higher than in 2021 in 2022, when 2.7 million electric cars are on
the streets [2]. This upward trend is expected to continue since the European Commission has
taken some initiatives like Clean Planet for all and the European Strategy for low-emission
mobility. Their main objective would be to reduce CO; emissions by 60% from the transport

sector in 2050 compared to 1990 [3].
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Figure 1: Different applications of lithium-ion battery. Reprinted from Electrochemical Energy Reviews,
Volume No. 2, Yuanli Ding, Zachari P. Cano, Aiping yu, Jun Lu, Zhongwei Chang, Automotive Li-ion
Batteries: Current Status and Future Perspective, Page no. 3, Copyright (2019), with permission from
Springer Nature.



Another significant sector, where lithium batteries are being used is energy storage systems. In
Europe, during the year 2020, almost 37% of the total electric energy was supplied from renew-
able sources [4]. Most of the renewable energy sources, such as solar, wind, hydropower and
geothermal, are site-specific and unpredictable. Thus, it is important to reduce the power vari-
ation and increase the flexibility of the systems. To mitigate these problems, some kind of stor-
age system is required with renewable energy systems [5]. Using, LIB has some advantages
over other storage systems, for instance, self-discharge rate (8% per month) is very low, batter-
ies have quick response, and their energy to weight ratio is comparatively high, LIBs longer
lifetime, very high cycle efficiency compared to other batteries, and they can be environmen-
tally friendly [6]. Because of these benefits, LIBs are being used in renewable energy storage
systems. Additionally, several other devices have LIBs as a power source. Cell phones, laptops,

wearable devices, and cameras are some of the products where LIBs are used [7].
2.1 Lithium-lon Batteries

After the development of the first lithium-ion battery, extensive research has been done on this
battery technology to increase the capacity, improve safety, and decrease the weight, and cost
etc. Several changes have been made during these 30 years, for example replacing lithium metal
with graphite as anode [8]. Generally, a lithium-ion battery consists of a positive electrode
(cathode), a negative electrode (anode), an electrolyte solution or in some cases solid electro-
lyte, two current collectors (negative and positive) and a separator. A description and the typical

materials used in these components is provided in the later section of the report.
2.1.1 Working Principles

A simple demonstration of the working principle of lithium-ion batteries has been illustrated in
Figure 2. An ion-conducting electrolyte is situated between the electrodes separated by a thin,
porous separator. During discharge, positive ions de-intercalate from the negative electrode,
which can be made from different carbon material, then they pass through the porous membrane
and intercalate into the positive electrode typically made of lithium metal oxides. Meanwhile,
electrons move from the negative electrode to the positive electrode using an external connec-

tion. The flow of electrons and ions is reversed during the charging phase [9].
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Figure 2: Schematic diagram of lithium-ion battery. CC By licence from ref [10]

Reaction at the anode:

LiMO, 2 Li;_ MO, + Li* + xe~

Reaction at the cathode:

C+ Li* +xe™ 2 Li,C

Overall:
LiMO, + C 2 Li;_,MO, + Li,C
2.1.1.1 Anode

Generally, the most popular material for the anode is graphite because of the advantages it
provides. Some of the factors that make graphite a suitable option include, its low cost, availa-
bility, and stability during lithium insertion and low thermal expansion during charging and
discharging. Even then, the researchers are working on developing better materials and combi-
nation to improve the capacity and performance. For graphite the theoretically charge storage
capacity is 372 [mAh/g] [11]. Some materials, such as silicon, aluminium, and antimony, can
have higher theoretical capacity (4200 mAh/g for Li22Sis). Unlike graphite that intercalates lith-
ium ions, these metals store lithium by forming an alloy with lithium [12] However, they expe-

rience more than 300-500% expansion and contraction during charging and discharging respec-



tively, leading to structural instability. To counter this drawback a blended model of the elec-
trode can be studied where graphite can provide the structural stability [13]. Another interesting
field of study could be carbon nanotube (CNT) as a prospective anode material. They can be
used as free-standing electrodes because they are highly conductive. By using CNTs as free-
standing electrodes, the need for additional current collectors can be omitted, which will in-
crease the usable capacity. The fabrication of the electrodes might not require any binders, re-
sulting in a lightweight component which could function at higher temperatures, since most
binders are unstable at temperatures higher than 200 °C. Also, CNT has good electrical con-
ductivity, 5x10° S/m for purified single walled carbon nanotubes (SWCNT). In addition, CNT-
s are very strong materials with high tensile strength (80 to 100 MPa) and Young’s modulus (5-
10 GPa) [14].

2.1.1.2 Cathode

Typically, cathodes of Li-ion batteries are generally made of metal oxides or phosphates able
to intercalate Li* into their lattice, such as LiMnO,, LiCoOz, and LiFePO4. However, their con-
ductivity is poor compared to graphite or metals. This problem is minimized by using conduc-
tive additives such as carbon which are blended with finely powdered active material [11].
Meanwhile, ternary lithium batteries employing mixtures of Ni, Co, and Mn or Ni, Co, and Al
are gaining popularity, as they are safer and cheaper than cobalt oxide based batteries without
compromising the high energy density as with lithium iron phosphate batteries. Having three
different metals (Mn, Ni, and Co) is making their structure and recycling more complex [15].
The choice of binder also affects the electrochemical performance along with other character-
istics of the battery. Polyvinylidene difluoride (PVDF) is being used extensively as binder, as
it has desired properties, for example, high adhesion to electrodes and current collectors and
electrodes. Meanwhile, some studies are being conducted to find better alternatives, to mini-

mize the toxicity and to reduce the cost of binder [16].
2.1.1.3 Electrolyte

Electrolytes can be categorized into two types: liquid electrolytes and semisolid or solid-state
electrolytes. Liquid electrolytes are typically composed of lithium salt dissolved in organic car-
bonates. Popular lithium salts are LiPFs, LiBF4, lithium bis(oxalate)borate, and LiN(CF3S0O3)a,
whereas ethylene carbonate, propylene carbonate, ethyl methyl carbonate, dimethyl carbonate

and their mixtures are used as solvent. On the other hand, lithium-ion polymer batteries utilize



electrolytes of lithium salts dissolved in a solid matrix composed for instance from polyvinyli-
dene fluoride, poly-ethylene oxide, and polyvinylidene fluoride hexafluoropropylene [11].
Apart from those salts and organic solvents, some additives can be added to improve battery
efficiency, reversible capacity, and improved solid electrolyte interphase (SEI) formation which
can ultimately help increase the lifetime and safety of battery [17]. Solid states electrolytes
which include inorganic Li-ion conductors, polymer electrolytes, and organic-inorganic hybrid
composites are becoming popular due to their lower risk of flammability and higher energy
density. However, before it could be used commercially, some improvements would be required
including, decrease grain boundary resistance at the interphase of electrolyte and electrodes,

Li-ion transport into the bulk, and structural stability for long term usability [18].
2.1.1.4 Separator

The preliminary function of the separator was to restrict physical contact between the electrodes
by letting the ions pass through the pores. However, recent advances in batteries and battery
technologies are forcing separators to have additional functionality. For example, if the batteries
which need to operate at high temperatures, the separators must withstand higher temperatures
[19]. Separators can be categorized as microporous membranes, nonwoven-based, gel polymer
electrolyte, and composite membranes [20]. Focus has been given to improving the most used

membranes, which are polyolefins (polypropylene, and polyethylene) [21].
2.1.1.5 Current Collector

The transfer of electrons from the cell to the load or from the external source to the cell is
facilitated by current collectors. Current collectors are required to have high conductivity,
hence, metals, such as stainless steel, copper, aluminium, titanium, and nickel are utilized.
Among them, aluminium and copper are prioritized [22], copper for the anode and aluminium

for the cathode.
2.2 Necessity of Recycling

Substantial growth in lithium-ion battery production and use can have enormous effects on the
environment, and human health. Several elements and chemicals are used in modern lithium-
ion batteries, and some of them can be hazardous as confirmed by several studies. Fluorinated
chemicals that are essential parts of both electrodes, acting as binders, are responsible for emit-
ting persistent organic pollutants (POP). However, the magnitude of the risk posed by them is

still not fully understood [23]. Another toxic element for human and aquatic creatures could be



vinylene carbonate used as an additive in electrolytes [24]. Also, Diethyl carbonate which is
usually mixed with ethyl methyl carbonate comes with its drawbacks. Not only the solvent is
flammable, but also, according to the European Chemical Agency (ECHA), it is also carcino-
genic, and poses threats to the human reproductivity system [25]. Apart from the environmental
issues, material availability has become a major concern, especially for metals such as lithium,
cobalt, manganese, and nickel. In 2011, the ceramic industry was the highest consumer of lith-
tum, consuming 30% of the total. Now 60% of the total consumption is associated with batter-
ies. The demand for lithium is expected to reach 63 million tons by 2050 if the rate follows a
similar trend. This will influence the cost of lithium, which can already be seen as the price of
Li,CO;3 rising 2.3 times in a span of 3 years (from 2015 to 2018) [7]. Correspondingly, the
amount of cobalt usage has also increased, and the principal area of application is again re-
chargeable batteries. Over 50% of the total produced cobalt is being used in batteries, compared
to only 21% in 2005 [26]. Considering the increasing global demand for the years 2030 and
2050 cobalt is assumed to be approaching near-critical level in terms of supply risks. This im-
posing a threat towards the clean energy policy’s short and long-term vision [27]. Recently,
less cobalt containing batteries (NMC and NCA), and cobalt free batteries LFP are being man-
ufactured. According to the British Geological Survey of 2018, 3%-4% of global nickel con-
sumption was used in batteries. This share is expected to increase because of the advancements
in battery technologies [28]. The high cost of nickel, cobalt, and copper, makes recycling eco-
nomically feasible. However, manganese is cheaper, hence a cost-effective recycling method
should be established [29]. Between 2013 and 2014 a total of 65,000 tons of lithium-ion batter-
ies was produced only in Europe while only 9000 tons were recycled. The root cause could be
the inefficient collection system and lack of cost-effective recycling facility [30]. Thus, an im-

minent solution to this problem is required to handle this large amount of waste.
2.3 Recycling Process

Recently, lithium-ion battery recycling has received great attention owing to its importance
regarding financial and environmental aspects. Along with academic participants, several busi-
ness organizations from all over the world, for example, ABT from the USA, Fortum from
Finland, Northvolt from Norway, Guanghua from China, and Envirostream from Australia,
have also shown interest. Currently, recovering lithium and cobalt has been in the focal point,
while studies on recycling other metals such as nickel, manganese, and iron can also be seen
[31]. Considering the complex structure of LIB, their recycling is not straightforward. Starting

from collecting the used batteries to getting the usable products, the whole process involves



several steps. In a recent publication, Qiang Wei et al. described different stages of recycling
batteries used in electric vehicles that include a second life use to utilize the remaining capacity
for other less stressful applications, like, electrical energy storage for renewable energy, smart
grid applications, and low-speed EVs, recycling of materials, and ending with recovery of val-

uable metals [32].
2.3.1 Second-Life Application

Once the battery loses 20% to 30% of its initial energy storage capacity, it is not possible to use
it in electric vehicles since it will not give desired mileage and might cause issues regarding
safety [33]. Echelon utilization (Figure 3) of retired lithium-ion batteries is considered benefi-
cial since the lifespan of batteries can be increased while the cost of recycling can be reduced.
Thus, the upfront cost of EVs can be controlled, and large-scale scrapping of the spent batteries
will be minimized [32]. Conventionally, detecting battery performance deterioration is a cum-
bersome task. However, it is essential to sort them by assessing the internal resistance, residual
life, side reactions, and remaining capacity to understand their current state as well as for safety

purposes [34].
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Traditionally, testing was done by fully charging and discharging each cell separately to deter-
mining the remaining utilization battery capacity, also named state of health. This method re-
quires a long time and is not suitable for larger applications. Hence, methods aiming for faster
and more scalable evaluation of the battery state of health have been developed and they could
be categorized into model-driven and data-driven methods. One model named, Back Propaga-
tion Neural Network (BPNN), has shown higher accuracy for large-scale applications and its
effectiveness in determining small-scale performance is also remarkable [36]. This BPNN ma-
chine learning algorithm provides the state of health of the battery by analysing the input data.
Datasets can be external for example temperature, charging and discharging rates, and depth of
discharge, and internal would be the physical and chemical properties of the LIB such as gen-
eration of solid electrolyte interphase (SEI), self-discharge, and decomposition of the anode
[37]. After sorting, different groups of batteries can be used in different applications. Usually,
batteries with higher internal resistance are used in the recycling process, where valuable ma-

terials are recovered [32].
2.3.2 Lithium-lon Battery Recycling Steps

Since, lithium-ion batteries are made of various components (electrodes, current collectors, sep-
arator, electrolyte), and some of them are made of different materials, it makes their recycling
a very difficult task. Hence, an effective, and efficient recycling method includes different steps

(Figure 4).
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Figure 4: Simplified flow sheet of lithium-ion battery recycling process with combine pyrometallurgy and
hydrometallurgy process.
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2.3.2.1 Full Discharging

First, sorted batteries are fully discharged before performing any other operation, that might
lead to some serious consequences. If dismantling is being done without fully discharging the
battery, an uncontrolled flow of stored electric energy can be released, which would create
overheating and, in the worst-case fire and explosion. A few techniques can be employed for
discharging, such as discharging by solid electrical conductors, immersion in aquas solution,

thermal deactivation, and cryogenic deactivation [38].
2.3.2.2 Pre-Treatment Methods

Treating recyclable materials would increase the effectiveness and efficiency of the recycling
process. Different materials such as aluminium and copper used as current collectors must be
removed at the beginning of the metal recovery process from the battery since it is easy to
remove them by manually dismantling [39]. Also, they can influence the melting ability [40].
Different methods of pre-treatment have a distinct outcome in the recycling process, but they
can also cause some environmental complications. Mechanical separation, dissolution treat-

ment, and thermal treatment are commonly used pre-treatment processes.

2.3.2.2.1 Mechanical Treatment

One of the important aspects of mineral processing is to grind the substance so that it can be
separated from the encapsulated form. Also, its importance has been noticed by the researchers,
and they consider it to be one of the prerequisites for the hydrometallurgical lithium-ion battery
treatment process [41]. Manual disassembly and different types of comminutions such as crush-

ing, and particle size classification can be the part of mechanical treatment process [38].

2.3.2.2.2  Chemical Treatment

Organic solvents can weaken the adhesive properties, hence treating battery materials with sub-
stances such as N, N-dimethylformamide (DMF), N, N-dimethylacetamide (DMAC), N-methyl
pyrrolidone (NMP), dimethylsulfoxide (DMSO) can increase the effectiveness and efficiency
of recycling [42]. The cost of setting up equipment and organic compounds needs to be reduced
before it can be used on an industrial scale [32]. Plastics and foils remaining in the black mass
can be separated by using floatation techniques. The same process can also be used to recover
graphite which is mostly overlooked as a valuable item during the recycling process from the

mixture of anode and cathode [43].
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2.3.2.2.3 Thermal Treatment

Organic materials and binders usually remained in the bulk even after mechanical treatment.
Binding forces can be eliminated by applying heat, which would separate electrode material
from foils which would increase the liberation efficiency and floatation of the electrode mate-
rials. Also, residual electrolytes can be separated by applying pyrolysis technology [44]. Alt-
hough, organic additives and binders will be pyrolyzed at elevated temperatures, producing
such an amount of heat would need extensive power. For example, aluminium and PVDF can
be separated by heating at 650 °C and 400 °C respectively. However, it can release toxic gases
such as fluoride derivatives through exhaust. Thermogravimetric analysis shows a mass loss at
the initial stage at the temperature range of 450 °C to 550 °C, which could be the decomposition
of PVDF [32,45]. Applying heat will separate fluoride from metal-containing substances by
forming hydrogen fluoride [46]. Hence, some expensive arrangements would be needed to

counter the negative effects on the environment.

Pre-treatment stages are employed to remove all the undesired substances such as F, Al, Cu, Si,
and P etc. However, even after careful execution of the pre-processes, some traces of those
impurities can be seen in black mass, which can affect the overall yielding efficiency of the
metal recovery process [47]. For example, at high temperatures, recovered LiCO3 breaks down
into Li20 and CO», but having F inside the system might cause LiF to form at 700 °C. Also, the

incineration process at the same temperature might produce Li>S103(LiF), [48].
2.3.2.3 Metal Extraction

Pre-treated materials are then recycled to extract valuable metals. Most of the metal elements
are separated from batteries after passing through several treatments. At present, conversion of
the metal to soluble substances is done in two ways, pyrometallurgy and hydrometallurgy. In

some cases, these two processes are combined to effectively recover metals [49].

2.3.2.3.1 Pyrometallurgy

This is a process, where materials are smelted using high temperature in dry conditions. Nor-
mally, the pyrometallurgical method includes oxidation, reduction, chlorination, roasting, and
slagging, yet sometimes liquid metals are extracted and separated from the unit [50]. Also, the
furnace used in the pyrometallurgical process plays an important role in efficient recovery. The
high contact area between the active material and reducing agent, homogenous heat supply, and

a shorter passage for the volatile materials are some desirable properties of a furnace [51]. The
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pyrometallurgical process is not as popular as hydrometallurgy among battery recycling indus-
tries. However, the hydrometallurgical process poses some environmental threats and further
handling of those toxic wastes can become expensive, which makes the pyrometallurgical

method for battery recycling an interesting research topic.

Studies suggest that reduction roasting can increase the efficiency of the following hydromet-
allurgical recycling process. Roasting temperature, retention time, and reducing agents such as
lignite can affect the recovery rate. All these parameters have an optimal range and beyond that
range, the effect is very negligible [52]. In one study, lithium carbonate, cobalt, and graphite
were recovered by first applying oxygen-free roasting and then the products were separated
from a solution by magnetic force. More than 90% graphite and 95% metals (Li, and Co) was
recovered while roasting at 1000 °C in a Carbolite STF Tubular Furnace for 30 minutes [53].
Recent analysis from SEM and EDX substantiates the breakdown of the crystal structure of the
cathode materials during thermal treatment [52]. The reduction of ternary cathodes can be
achieved when the substances are heated over 650 °C. At that temperature, initial materials
decompose into LioCOs3, Ni, Co, and MnO. A large quantity of Li>COj3 is not achievable unless
10% of graphite is introduced in the heating process [54]. A laboratory scale recycling process
experiment was conducted to evaluate the possibility of a large-scale application. The process
was assumed to be energy efficient because only 1.08 MWh energy was consumed for every
tonne of electrode material processing while recovering 100% of the metals. Hence, a pilot-
scale experiment was being suggested before implementing large-scale operation [55]. During
the pilot-scale experiment, EAF was used for the heating of the materials. However, more con-
trol and productivity are expected by using DC furnaces that are dedicated to smelt conduction

in industrial operation [56].

Carbothermal reduction also has the potential for lithium recovery from spent lithium-ion bat-
teries. Although lignite and carbon black are economically advantageous, the impurities present
in them can be an obstacle [57]. Hence, recent researchers are focusing on using graphite from
the spent anode. Utilizing spent anode graphite as a reducing agent would reduce the recycling
steps, and energy consumption because separation of anode and cathode is not required, and
environmental impact would also be less since they are often considered as waste [58]. In a
study, where NMC was reduced using graphite from spent anode showed better results. Since
anode graphite passes through several aging reactions, for example formation and decomposi-
tion of solid electrolyte interphase (SEI), and intercalation and deintercalation of lithium-ions,

make some structural changes. As a result, better reactions can be occurred on both the surface
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and inside the material [59]. However, the amount of graphite present in the spent anode can be
higher than the required amount for stoichiometrically equivalent reactions [40]. Hence a sep-
aration technique could be introduced that uses the differences in surface wettability [60]. Stud-
ies suggested that LiCoO; can be decomposed at a temperature higher than 700 °C while the
decomposition of solid Li>O and Co304 might be possible in the range of 813 °C — 938 °C,
further increase in the temperature would produce CoO [61]. Although higher temperature pro-
vides higher yielding, the metallic recovery rate decreases after a certain temperature. A possi-
ble reason for the phenomena could be the reoxidation of CoO and Co to Co304 [62]. Though
increasing graphite dosage would have a positive impact on carbothermic reduction reaction,

after a certain limit, the improvement would not be significant [63].

2.3.2.3.2  Hydrometallurgy

Hydrometallurgy is a wet process where some solution is used to treat metal-containing sub-
stances [50]. Metals from spent lithium-ion batteries can be dissolved into solution by a leach-
ing process and, after that separated and purified [64]. Leaching process can be divided into
three categories: acid, alkali, and bio [32]. Compared to the pyrometallurgical process, hydro-
metallurgy has some advantages, such as lesser energy demand, minimal release of gaseous

pollutants, and higher purity of recovered metals [65].

Inorganic acids are very strong leaching agents. Sulfuric acid being one of the strongest acids
has been used for hydrometallurgical lithium-ion battery recycling [66—68]. The recovery rate
1s enhanced with higher concentration. Similarly, increasing temperature, liquid-to-solid ratio,
and leaching time can impact positively. Also, a reducing agent such as F»S might be necessary
for decomposing the solid pre-treated materials [66]. Other strong acids, for example, HCI,
HNO:s3, and H3PO4 have also been examined as leaching agents [69]. Leaching with HC1 would
produce metal chlorides and chlorine in the product stream. Cl can be considered toxic waste.

So, instead of using HCI, in some cases, H2O> was added as a reducing agent [69].

Among the compounds, Li2CO3 can be leached using water at room temperature because in-
creasing the temperature would decrease the solubility of lithium carbonate [70]. Ammonium
solvent can be used to leach other elements with the assistance of oxygen [71]. Manganese
exhibits good efficiency while low concentration of ammonium citrate was used but Co and Ni
needed to be oxidized first before they could react with ammonia solvent. Similar effects were
realized when ethylenediamine was used as a leaching agent. Increasing leaching time and tem-

perature ensures higher efficiency until a certain point [70]. In addition to water, CO; leaching
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has also been studied to recover lithium. However, CO> concentration does not have a signifi-
cant impact on the recovery [54]. Another important thing to notice is that the fluoride should

be removed from the materials before leaching with supercritical CO> [72].

Using organic acids can mitigate the risks associated with inorganic acids such as soil pollution,
water pollution, health issues of operators, releasing toxic gases (chlorine, sulphur, and nitrogen
oxides) [73]. However, organic acid has low acidity, and solubility in water. Hence leaching
efficiency is also very low [74]. Adding a reducing agent has a positive impact on the process,
as Coz" is more soluble in water than Cos". Also, the H>O» reducing agent can loosen the strong
bond of LiCoO; [75]. Increasing the concentration of the acid provides more H" which improves
the efficiency of the leaching process [74]. Citric acid has chelating properties which make it
suitable as a leaching agent [75]. That chelating property also makes the precipitation process
tedious and chemical-intensive [76]. Some benefits of using this weak organic acid, for exam-
ple, cost effectivity, less industrial arrangements, and reduced toxic emissions drawn the atten-

tion of the researchers [77].

Coordination-enhanced leaching with inorganic acid and organic reductant can solve the prob-
lem of slow leaching kinetics. The inorganic acid-organic reductant system creates a reducing
atmosphere with higher proton availability which improves the kinetics of the reaction [78].
Strong acids H2SO4 and HCI were paired with L-ascorbic and were examined to recover metals
from spent batteries. Although both systems show identical characteristics, HCI-L-ascorbic is
kinetically faster [79]. On the other hand, ascorbic acid has better leaching properties than HCI

because of its ability to act as a reducing agent as well as an acid [80].

Even though hydrometallurgy processes are currently in extensive use, the slow reaction kinet-
ics leads to longer recovery time making it difficult to be used in industrial applications. Also,
large volume processing of materials can be difficult since a huge quantity of leaching agents
as well as reducing agents would be needed. On the other hand, pyrometallurgy looks more
suitable for large-scale industrial applications, yet the recovery rate and purity of the metals

should be improved. Hence, a combination of both procedures can be employed.

Leaching with ascorbic acid was studied by Lie et al. inside a closed vessel under microwave
heating. Higher temperatures increased the leaching efficiency and shortened the time required
for recovery [81]. Microwave can speed up the heating process by the collision of induced ions
in the leaching solution. The process of intensified microwave-assisted extraction has several

benefits over conventional leaching methods. Shorter yielding time, higher yield, and smaller
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amounts of solvent are some of the advantages [82]. Exposing mixed electrode materials to
microwaves makes the valuable metal recovery easier since cathode materials get reduced dur-
ing the process. The active materials get heated so rapidly that in 12 minutes the temperature
rises to 831 °C while losing 30.2% of mass. From the study, they could spot the phases of Co,
Co0, MnO, Li2COs3, Ni, C0304, and C, which suggests the breakdown of Li and O [83].

2.3.3 Industrial-Scale Recycling

Industrial-scale recycling of retired lithium-ion batteries requires a combination of more than
one pre-treatment method. Recupyl Valibat recovered Li2CO3, Li3PO4, Co(OH); or elemental
Co by recycling cobalt-containing cathode material with LiFePOs. First, the shearing of lith-
ium-ion batteries was done in an inert atmosphere, then sheared substances were milled and
finally classified based on size [30]. Another large-scale example can be found in JX Nippon
Milling and Metals. First, the electrolyte was incinerated by burning. The next step was me-
chanical treatment followed by classification. Cathode material having Mn, Co or Ni was fed
into the furnace. Nickel and cobalt were recovered as metals whereas manganese and lithium
were recovered as carbonate compounds [84]. A relatively relaxed approach was taken by Su-
mitomo where only sorting and dismantling methods were applied. The reason behind that
could be lesser complex cathodes that contain only cobalt. Recovery products from the process
are, Steel and Cu from mechanical separation [85]. An advanced recycling technique was
adopted by Duesenfeldt. They begin the process by recovering residual energy from batteries
to be used in the recycling plant or fed into the grid. After that, disassembling of the discharge
batteries is done. Duesenfeldt mechanical process then recovers electrolyte, copper, aluminium,
and black mass. Finally, CoSO4, NiSO4, MnSO4, Li2CO3, and the remaining graphite can be
recovered with the hydrometallurgical recycling process of the black mass [86]. Onto Technol-
ogy is also successful in terms of recovery rate where lithium was recovered at 99% purified
form along with other metals and grapite. After recovering the material, they could also fabri-
cate cell cathode powders from recovered materials [30]. Fortum, a Finland-based company,
recycles retired lithium-ion batteries where the mechanical process is employed to recover 80%
of the components and 95% of the total valuable metals remaining in black mass is being recy-
cled through the hydrometallurgical process [87]. Swedish organisation, Stena got funding
worth SEK 70.7 million for building recycling facilities. They will have a high amount, nearly
10000 tons of initial recycling material handling capacity with a 95% recovering rate [88].
Technology Minerals has got the approval to open a recycling plant in the UK. A successful

implementation of the project would make the country's first battery recycling plant. According
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to the Environmental Agency (EA) permit, 8300 tons per year recycling capacity is allowed.
However, they want to increase its capacity to 22000 tons per year after the completion of the

construction and gradually to 50000 tons per year by constructing five more plants [89].
2.3.4 Microwave Heating

Microwave energy is nonionizing electromagnetic radiation having wavelengths of 1 mm to 1
m [90]. The typical frequency ranges can be categorised as ultra-high (300 MHz to 3 GHz),
super high (3 GHz to 30 GHz), and extremely high (30 GHz to 300 GHz) frequencies [91].
Microwaves have a diverse set of uses, such as power transmission, radar, telecommunication,
medical sectors, and some other scientific applications. Therefore, it is important to have unique
frequencies and wavelengths for domestic and industrial microwave heating, so that they do not
interfere with other applications. The designed frequencies are 900 MHz and 2.4 GHz corre-
sponding to 33.3 cm and 12.2 cm wavelengths respectively [92]. Microwave can be generated
by using electrical energy with relatively good efficiency. An efficiency of 85% can be achieved
for the radiation of 900 MHz while 2.4 GHz has a 50% conversion efficiency [93]. Along with
the efficient conversion, heating with a microwave can be cost-effective as well as environmen-

tally friendly, if renewable sources, such as wind and solar power are used.

Microwave electromagnetic radiation consists of two electric and magnetic fields oscillating
and propagating through space (Figure - 5). Some materials can absorb this radiation, they are
classified as dielectrics. Other materials can either reflect the radiation or the microwave can
pass through them without being absorbed. The materials that are transparent to microwaves
can be considered insulators which can be used to hold and support the substances to be heated.
Reflective materials are used to guide the waves and act as a conductor [94]. Due to the oscil-
lating electromagnetic field, absorption of microwaves by the dielectrics would induce rota-
tional and translational types of molecular motion by species, known as dipolar momentum. An
exothermic effect of heating is generated by breaking and creating new weak intermolecular

bonds because of the dipolar momentum [93].

There is a significant difference between the conventional and microwave modes of heating.
Since. microwave is absorbed by the materials, the core is heated first, followed by the outer
surface. On the contrary, by a conventional method, the outer surface is heated primarily, fol-
lowed by heat transfer inside the material by conduction, convection, or radiation. A noticeable

temperature gradient could be visible where the inside temperature would be less than that of
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the outside temperature of the material subjected to conventional heating. Rapid, volumetric,

noncontracting, and efficient heating can be done by microwave irradiation [95].
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Figure 5: a) Effect of electromagnetic radiation on the dipolar materials. b) Microwave heating profile
and transfer direction. ¢) Conventional heating profile and transfer direction. Reprinted from Renewable
and Sustainable Energy Reviews, Volume No. 124, Sasi Kumar N, Denys Grekov, Pascaline Pré, Mi-
crowave mode of heating in the preparation of porous carbon materials for adsorption and energy stor-
age applications — An overview, Page no. 3, Copyright (2020), with permission from Elsevier.

In the field of oscillating microwaves, dipoles of the sample will align themselves in the electric
field. The alignment will be rotated which will create friction between the atoms leading to heat
generation. This effect can be named as dipolar polarization. Also, charged particles or ions
oscillate with the oscillation of microwaves making them collide with neighbouring atoms or
molecules. The heat generated by this phenomenon can be referred to as ionic conduction. The
ability of a material to be heated by microwave radiation can be estimated by loss tangent which
is denoted by tan é and depends on dielectric loss (¢”) that is a measure of the material’s ability
or efficiency to convert microwave into heat, dielectric constant (¢") determines material’s abil-
ity to be polarized, magnetic loss (i’’), and magnetic permeability (1), as show in equation

[96]. So, materials having less loss tangent values indicate that they cannot absorb microwave
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radiation easily. However, some additives, such as catalysts, ionic and liquids, can be added to
those mediums to heat them under microwave exposure [97].

tand = %
R +eu

We can see that the amount of produced heat is dependent on both the dielectric and magnetic
properties of a material. Hence, heat generated in magnetic materials would be greater than in
non-magnetic materials because the dipole might get coupled with the magnetic field to provide
additional heat. Loss tangent for materials having minimal magnetism could be expressed by
equation [98].

S” 2
tané = po

An advantage of microwave heating is the uniform distribution of heat throughout the material
which can be approximated by two parameters: absorbed power, and depth of penetration. The
material’s internal electric field and magnetic conductivity influence the amount of absorbed
power [99]. Similarly, to loss tangent, the depth of penetration also relies on the electric and
magnetic properties of the material [98]. The microwave absorption ability of a material can be
estimated by measuring the microwave penetration depth. It also indicates the uniformity of the
heating which depends on the dielectric properties of the substance as well as the microwave
frequency. If the depth of penetration is higher than the particle size, there is a positive response
towards microwave exposure [100]. Penetration depth in metallic powders with high surface
area is sufficient for volumetric heating [101]. In the case of non-metallic materials loss tangent
and depth of penetration varies with temperature. The increasing temperature would increase
the loss tangent while the complete opposite happens regarding depth of penetration [96].

Electric field
A = Wavelength

Magnetic
Direction of
propagation

Figure 6: Electromagnetic wave propagation. Reused under CC BY-NC-ND 4.0 from ref [102].
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2.3.4.1 Microwave for Material Processing

The utilization of microwave heating has been studied in many materials processing techniques.
Deposition of 3d polymeric graphene foam (PGF) with Mn3O4 nanocrystals was assessed by
Liu et al., using microwave shock to enable higher heating and cooling rates. The synthesized
materials have higher Mn3O4/graphene while processing time can be only 1.2 seconds at a high
temperature of 1549 K [103]. An attempt to regenerate activated carbon was made using mi-
crowave heating. Irradiation from microwaves can preserve the pore structure, adsorption ca-
pacity, and original active sites in activated carbon. Hence, the efficiency of regeneration using
microwave is higher than that with conventional heating [104]. Since the cost of activated car-
bons is huge, the regeneration of them would reduce the expenses in their applications of
wastewater treatment, metal recovery, and air pollution control [105]. Porous carbon materials
are widely used as adsorbents in environmental applications, and anode in storage devices can
also be prepared using microwave heating. Microwaves can be an alternative source which will
generate very fast heating with renewable energy sources. Also, the production time can be
reduced. Activated carbon materials that are synthesized by microwave irradiation exhibit
higher specific surface area. Hence, they possess higher adsorption, faradic efficiency, and cat-
alytic ability [106]. The use of microwave heating was examined by Kosai et al. in the recycling
of obsolete alkaline batteries. Recovery of ZnO and MnO from the Mn3Oa, ZnO, and graphite
was executed with microwave heating. In their study, two times the stoichiometric amount of
carbon was taken where 92 to 97% zinc was recovered [107]. The utilization of microwaves in
synthesizing manganese-based cathodes has been studied. Research showed that microwave
irradiation can significantly improve the physiochemical properties of the cathodes with a lesser
amount of power and within a short time. Microwave-assisted synthesis would reduce the sec-
ondary impurities and one extra lithium can be inserted in per formula unit. Also, the particle
size that can impact the electrochemical performance of the battery, is reduced in cathodes pro-

cessed with microwave, resulting in better performance [96].

Although the value of graphite in the spent anode is overlooked, recovering that would be eco-
nomically beneficial and better for environmental pollution control. Additionally, several stud-
ies have shown the use of anode graphite as a reducing agent in pyrometallurgical process
[59,83]. The regeneration of graphite can also be done by microwave processing. Organic bind-
ers and electrolytes remaining in the anode would volatilize and lithium ions become Li2CO3
under high heat from microwave exposure in a brief time. Microwave radiation reduces a sig-

nificant amount of fluorine impurities in the graphite, meanwhile, regenerated graphite shows
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commending performance [108]. Regenerated graphite exhibited higher specific capacity than
that of fresh commercially available graphite, this was explained by enlarged interlayer dis-
tances of the recycled graphite as well as removal of both organic and inorganic impurities, that
were blocking the insertion of lithium-ions. The characteristics and performance of the regen-
erated graphite depend on exposure time as well, where exposing longer might not be good for

the products [109].
2.3.4.2 Recovery of Metals from Spent Lithium-ion Battery Using Microwave

Microwave technology is being researched to understand its applicability in battery materials
recycling. The performance of the recovery process depends on the absorbability of the micro-
wave radiation by the substance. Absorbing property can be dependent on materials' apparent
density, temperature, and carbon dosage. Increasing the apparent density would decrease the
gap between the particles that were filled with air having inferior dielectric properties. So, with
higher apparent density, microwave radiation can be absorbed better. However, with very high
apparent density, the effective heating area might get reduced because of penetration of the
radiation occurring easily, reducing the thermal conversion efficiency. Raising temperature also
increases the microwave absorbing capacity. According to a study by Zhao et al., the whole
process can be divided into sections. First, the raw material loses weight gradually till 450 °C
because of the evaporation of the water. Even though the evaporation happens, the transfor-
mation of amorphous MnO; to y- MnO; promotes absorption. Then in the range of 450 °C to
650 °C, due to the volatilization of the polar molecules, less absorbing properties were seen.
Above 650 °C, as the carbothermal reaction progressed the dielectric properties increased,
which suggests that microwave heating can promote carbothermal reduction reaction. The
amount of graphite does not have any significant influence until the start of reduction reactions.
The optimal percentage of graphite was estimated to be 12% to 18%. The improvement in the
absorbing properties after that range is not distinguishable [110]. Measuring the temperature of
different components placed inside the microwave can be used to understand the microwave
absorption of different materials. The factors that determine the attained temperature of the
active materials from under microwave radiation are their dielectric properties, susceptibility,
and polarizability [111]. The recovery is also dependent on a reduction reaction, so reducing
agents can influence the efficiency of the whole process. Thus, a comparison of different re-
ductants in terms of reducibility would be necessary. For example, the reduction of cathode-

active materials from LCO and a mixture of LCO, LMO, and LMNO were studied using char-
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coal and graphite from the anode. In both cases, graphite performed better than the char-
coal[111]. Lin et al. measured the dielectric properties of cathode stripped from LMO batteries
and mixed with moso bamboo as a reducing agent that helped the reduction process to recover
MnO. In the beginning, relative dielectric properties increased. Then, when the moisture con-
tent on the surface of the cathode material was evaporated, dielectric properties were reduced.
After that, a gradual increase in the value can be seen. Finally, at 900 °C, new materials, such
as Mn and Li, started to form which made a rapid change in the relative dielectric level. How-
ever, the addition of biomass decreased the absorption ability of the mixture. The reason could
be the weak dielectric properties of the biomass and 12% of biomass was recommended [112].
Pinder et al. demonstrated a time-temperature plot in their work. There was a significant differ-
ence between the attained temperature of cathode active materials and silicon carbide susceptor

or crucible which means cathode active materials are good microwave absorbers [113].

Since, there are several types of batteries depending on cathodes, a sorting pre-treatment stage
should be employed in the hydrometallurgical recycling process because specific materials
might need to be leached with specific leaching agents and conditions. However, sorting spent
batteries accordingly would be time and energy consuming. A general process to recycle all
types of batteries can make large-scale recycling easier and more profitable. In a study con-
ducted by Fahimi et al., all kinds of mixed batteries were processed by microwave heating,
followed by leaching with L-Malic acid. A hundred times more power would have been needed
if conventional heating arrangements were used instead of microwaves [114]. Theoretical fea-
sibility was checked by Fu et al. before conducting experiments. They calculated the Gibbs free
energy for the transition metals in the roasting process, using HSC Chemistry 6.0 software.
Reduction of C0304 to CoO and Mn203 to MnO was possible at room temperature. Further
increasing the temperature would enhance the process, because the value of Gibbs free energy
will decrease if temperature is increased. Raising the temperature would also be better to pro-
duce Ni and Co from NiO and CoO respectively using graphite as a reductant, however, it is
only possible with a temperature higher than 450 °C. Formation of Co from CoO using CO
would not be possible because Gibbs free energy remains positive and further increases with
increasing temperature. For the same reason, higher temperature would not necessarily increase
Li2COs3 production. However, under the optimized microwave condition, transition metals
transformed into lower valance states from higher valence states. Also, microwave reduction
time has a positive impact on leaching efficiency. Graphite absorbs the radiation and tempera-

ture increases uniformly. However, different metals in the cathode have different dielectric
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properties which means different parts of the heterogeneous cathode would have different ther-
mal effects (Figure 7). Due to that variance inside the structure, thermal stress would be gener-
ated, and material would crack from the inside. Hence, higher yield is possible with lower power

when using a microwave, compared to the traditional acid leaching method [115].
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Figure 7: Mechanism of microwave assisted leaching of black mass from lithium-ion battery. Reprinted
from Journal of Alloys and Compounds, Volume No. 832, Yuanpeng Fu, Yaqun He, Yong Yang, Lili Qu,
Jinlong Li, Rui Zhou, Microwave reduction enhanced leaching of valuable metals from spent lithium-ion
batteries, Page no. 10, Copyright (2020), with permission from Elsevier.
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3 Methods
3.1 Materials
3.1.1  Materials By-Product

Raw materials for this experiment were black mass from spent lithium-ion batteries. Several
pretreatments (Figure 8) were done on the sample before we could process them with micro-
wave. Pretreated samples were then characterized to quantify their chemical composition. Car-
bon content was found to be 33 wt.% analysed via CHNS analyser. The quantity of other ele-
ments was measured by using ICP-OES (Table 1). Among the valuable metals, the presence of
nickel is the highest, and amount of Li, and Co were similar, while amount of manganese is
almost half of the amount of Co or Li. The traces of copper and aluminium can also be found
that might have been remained even after the microwave assisted acid leaching pre-treatment

process. Plenty of other materials were also present in the black mass in small quantities.

Table 1. The composition of black mass attained from microwave microwave-assisted acid leaching pre-
treatment process was determined through ICP-OES.

Element Amount Element Amount
Aluminium (Al) 9.06 (mg/g) Nickel (Ni) 272.11 (mg/g)
Calcium 0.11 (mg/g) Phosphorus (P) 3.92 (mg/g)
Cobalt 38.54 (mg/g) Silicon (Si) 0.18 (mg/g)
Chromium (Cr) 0.01 (mg/g) Titanium (Ti) 0.01 (mg/g)
Copper (Cu) 23.47 (mg/g) Zinc (Zn) 1.11 (mg/g)
Iron (Fe) 0.15 (mg/g) Zirconium (Zr) 0.91 (mg/g)
Potassium (K) 0.07 (mg/g) Barium (Ba) 0.00785 (mg/l)
Lithium (Li) 38.93 (mg/g) Cerium (Ce) <0.007 (mg/qg)
Magnesium (Mg) 0.03 (mg/g) Neodymium (Nd) <0.002 (mg/qg)
Manganese (Mn) 15.55 (mg/qg) Palladium (Pd) <0.004 (mg/qg)
Sodium (Na) 0.97 (mg/g) Strontium (Sr) 0.00259 (mg/l)

3.1.2 Material Preparation

First, the material was dried and divided into several representative samples. Before applying

thermal treatment using microwave radiation as well as after the treatment, the raw materials

were characterized using several techniques such as XRD, SEM-EDX, and ICP-OES.
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Figure 8: Pre-treatment flowsheet of material preparation.

After collecting some representative samples, characterization was done. After that, thermal
behaviour was determined using the TGA-DSC-MS technique followed by sample characteri-
zation. Then a thermal treatment with conventional heating took place. Finally, the black mass
sample (Figure 9) for microwave processes was obtained. Another characterisation stage was
included after the process to determine the chemical composition, morphology, and crystal

phases of the sample.

Figure 9: Black mass attained after the pre-processing stage.

3.2 Analysis Techniques
3.2.1 X-Ray Diffraction Analysis (XRD)

X-ray diffraction (XRD) is one of the most common techniques to determine the composition
and crystal structure of any material. It can be used to determine the structure of the atoms

within the sample when the crystal size is large, for example, macromolecules and inorganic
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materials. Alternatively, with the small crystals, phase purity, crystallinity, and sample compo-
sition can be determined. The wavelength of X-ray beams is similar in size to the spacing be-
tween the atoms. So, the angle of diffraction would be affected by this spacing. Sending x-ray
beams through the sample would make them bounce off of the atom when they hit them which
would change their direction at a different angle known as diffraction angle. Two beams of
similar wavelengths create constructive interference and send a larger signal for a specific angle
of diffraction. Bragg’s law is used to calculate the distance between two atomic planes which
determines the crystallinity, and composition [116]. One problem with this characterisation
technique is amorphous materials cannot be observed by XRD. For this tool to be useful, the

sample needs to be crystalline.

Atomic-scale crystal lattice plane

Figure 10: Visual representation of Brag's law. Reproduced under CC By 4.0 from ref [117].

Brag’s law (Figure 10) describes the relationship among the wavelength (L) of the incident rays
(ABC and A'B’C’), the distance between the crystal lattice plane of the atoms (d), and the angle
of incidence (0), where n is an integer number. Here, the incident angle (0) is equal to the re-

flected angle. Also, XB” and B'Y are equal.

So, nd = 2d sin 8, which is known as the Brag’s law. If the distance between the two paths
ABC and A'B’C’ is by an integer number of wavelengths (1), then constructive interference

will be exhibited by the diffracted x-rays [118].
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Preparation of the sample for XRD analysis begins with a grinding process where Agate Mortar
is used to ground the sample. Then, an appropriate amount of sample was mounted on a flat

glass sample holder (Figure 11).

Figure 11: Sample rested onto the glass sample holder for analysis.

XRD analysis was performed with Rigaku SmartLab 9 kW. The crystalline phase identification
of the sample was done in the scan range of 26 from = 5° to 130°, with the step width of 0.02°.
Scanning of the samples was done at 40 kV and 135 mA conditions. Phase identification from
the diffraction patterns was done using the Rigaku integrated X-ray powder diffraction software

PDXL 2.6 with the help of the ICDD PDF 4 database.
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Figure 12: Rigaku SmartLab 9 kW XRD machine.

3.2.2 ICP-OES (Pre-treatment: Microwave-Assisted Acid Digestion)

Determining the quantity of different elements in the black mass sample was done using the
Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES) technique which was
carried out at the Sustainable Chemistry unit at the University of Oulu. The general principle
behind this method is that according to Bohr’s atomic model [119], electrons can move from
one energy level to another when atoms absorb or release energy. In ICP-OES an argon plasma
is used to supply the energy typically at 1000 K and the released energy is in the form of light.
The wavelength of the emitted light depends on the type of atoms and the movements of their
electrons within the energy levels. The quantity of the atoms or ions in transition decides the
amount of light released at each wavelength. The concentration of each element can be calcu-
lated from the emitted light at each wavelength. A calibration curve needs to be generated by
using a solution containing the same element of an amount which is known beforehand. That
curve helps identify the concentration of elements by determining the relationship between the

intensity of emitted light at a specific wavelength. A nebulizer is used to spray the solution into
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the spray chamber as fine aerosol where a stream of argon gas is used. Larger droplets are
passed through the drain and removed from the chamber while fine particles go towards the
plasma torch. Then another steam of argon gas carries the aerosol of the sample up the centre
of the plasma torch. The heat of the plasma torch evaporates the aerosol, then breaks the mole-
cules into atoms and ions, and finally excites the electrons in the atoms and ions that move them
to a higher energy level. A radio frequency (RF) generator supplies the energy to the plasma.
Controlling the radiofrequency would modulate the energy level of plasma. A lower concen-
trated solution would need to be moved slower while the supply power is kept at a high level
so that all the atoms can emit light and be analysed. Mirrors and other optical components direct
the lights into an optical spectrometer which is used to separate the lights similarly as a prism.

After that, a detector measures the separated lights of specific wavelengths [120].
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Figure 13: ICP-OES instrumental setup. Reprinted from Cement and Concrete Research, Volume No.
92, Francesco Caruso, Sara Mantellato, Marta Palacios, Robert J. Flatt, ICP-OES method for the char-
acterization of cement pore solutions and their modification by polycarboxylate-based superplasticizers,
Page no. 53, Copyright (2017), with permission from Elsevier.

Agilent 5110 VDV (Agilent Technologies, USA) was used with an HF-resistant component for
ICP-OES measurements. Elements that were analysed include Al (237.312 nm (NG, ash),
396.152 nm (Slags)), Ca (315.887 nm), Cr (284.325 nm), Cu (324.754 nm), Fe (234.350 nm),
K (769.897 nm), Mg (383.829 nm), Mn (293.931 nm), Mo (202.032 nm), Na (256.592 nm), P
(213.618 nm), Si (288.158 nm), Ti (334.941 nm), V (292.401 nm), Zn (213.857 nm). Also, the

machine was externally calibrated using a matrix-matching standard solution [121].



30

3.2.3 Scanning Electron Microscopy Coupled with Energy Dispersive X-Ray Spectroscopy
(SEM-EDX)

Scanning Electron Microscopy (SEM) equipped with energy-dispersive X-ray spectroscopy
(EDX) was also used to determine the phases, chemical composition, and elemental mapping.
Minimal sample preparation time, fast data acquisition process, and convenient user interface
make SEM one of the most widely used tools in the field of solid material characterisation
[122]. However, detecting light elements, in our case lithium is practically impossible. There-
fore, the analysis becomes a little cumbersome because one of the key elements that we are
analysing is lithium. The main components of an SEM are an electron gun, electron optical
system, sample holder, vacuum system, secondary electron detector, image display system, and
operating system. An electron gun produces a stable electron beam with a high current as a
thermionic emission. The produced energy should be adjustable while maintaining negligible
energy dispersion and making small-sized spots. Although there are different types of electron
guns available, advanced new SEM contains field emission electron guns for higher resolution.
The Electron beam’s diameter is controlled by the magnetic lenses. Magnetic lenses' focal
points can be altered by changing the intensity of the current passing through the electric wires.
To produce a compact electron beam, double-stage magnetic lenses are placed below the elec-
tron gun that serves as both a condenser lens and an objective lens. A metallic aperture plate is
placed between two lenses to block the maximum electron beam, allowing a small part to reach
the objective lens. Objective lenses are made with careful consideration as their performance
decides the effectiveness of the whole scanning operation. They control the ultimate diameter
of the electron beam and their focus on the sample (Figure 14). A sample holder is used to hold
the sample inside the specimen stage. Apart from moving in three directions, the specimen can
be tilted as well as rotated according to the need. A super high level of vacuum (10 to 10 Pa.)
is required inside the chamber to protect the equipment from contamination and electron beam
from scattering. The electrons that are emitted from the sample surface are detected by the
detector, after amplification they can be viewed from the display unit and can be saved as im-

ages [123].
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Figure 14: Schematical representation of scanning electron microscopy (SEM) working method. Re-
printed from The Textile Institute Book Series, Volume of Characterisation of Polymers and Fibres,
Mukesh Kumar Singh, Annika Singh, Chapter 17: Scanning electron microscope, Page no. 389, Copy-
right (2022), with permission from Elsevier.

Emitted electrons from the electron gun carry a significant amount of kinetic energy. Various
kinds of signals are produced when they interact with the sample (Figure 15) which reveals

information about the sample.
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Figure 15: Different signals emitting from the sample. Reprinted from The Textile Institute Book Series, Vol-
ume of Characterisation of Polymers and Fibres, Mukesh Kumar Singh, Annika Singh, Chapter 17: Scanning elec-
tron microscope, Page no. 402, Copyright (2022), with permission from Elsevier.

The image of the sample is mainly formed by using with the secondary electrons and backscat-
tered electrons. The former is responsible for showing the morphology and topography and the

later illustrates the contrasts to distinguishing different phases within a single sample.



32

Primary secondary Primary Back Scattered Primary Secondary
Electrons  Electrons Electrons Electrons Electrons  Electrons
Characteristic
N-ray
Secondary Electrons  Back Scattered Electrons Characteristic X-ray

Figure 16: Schematical representation of scanning electron microscopy (SEM) working method. Reprinted from
The Textile Institute Book Series, Volume of Characterisation of Polymers and Fibres, Mukesh Kumar Singh, Annika
Singh, Chapter 17: Scanning electron microscope, Page no. 401, Copyright (2022), with permission from Elsevier.

Characteristics X-rays (Figure 16) are produced during an inelastic collision between incident
electrons and the electrons in discrete orbitals of atoms in the sample. The excited electrons
release x-rays when they return to the lower energy states. The yielded x-rays have a fixed
wavelength which depends on the energy levels of electrons of different shells of the given
sample, hence that can be used for elemental mapping. Also, some visible light (cathodolumi-
nescence CL), and heat are released from the interaction. Different signals that are released

from the interaction are detected by different detectors (Figure 17).
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Figure 17: Schematical representation of scanning electron microscopy (SEM) working method. Re-
printed from The Textile Institute Book Series, Volume of Characterisation of Polymers and Fibres,
Mukesh Kumar Singh, Annika Singh, Chapter 17: Scanning electron microscope, Page no. 405, Copy-
right (2022), with permission from Elsevier.

At first, an adequate number of samples was taken from each of the candidates (raw samples
and treated samples at different temperatures). After that, the samples were taken into V-vials,

where they filled two-thirds of them. Then, Epofix resin was inserted into the V-vials by a
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syringe. Epofix is a cold-setting and commercially available resin. The mixing process was
done according to the instructions of the manufacturer [124]. After adding the resin, the mixture
was stirred carefully so that no air bubbles were left in the solution. Finally, the solution was

kept at room temperature for almost 24 hours to make it hardened.

Figure 18: One part of the cut V-vials including a sample mixed with resin.

Once the resin gets hardened, the V-vials are vertically cut from the centre. Struers Secom-50
a commercially available table-top cut-off machine was used in the cutting operation. Since the
size and type of the particles were different, their settling behaviour was also varied. So, they
could end up at the different heights of the vial. Hence, cutting them horizontally would not be
representative of all the particles. Thus, a vertical cut is more suitable than a horizontal one.
One part from each slitted vial was placed into a 2-piece mould. The horizontal cut surface was
facing upward during the process. The prepared resin was then added to the mould inside a

commercially available vacuum impregnation unit, called Struers CitoVac.
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Figure 19: Hardened mould coated with metal ready for analysis.

The hardening process of the mould requires an oven, where the moulds were left for 24 hours
at 40 °C. Next, the hardened moulds were taken out for the polishing steps. Similar to the other
machines, a polishing machine was also commercially available, Struer LaboPol-6 is a grinding
and polishing machine with a variable speed range between 120 to 1200 rpm. The polishing
was done in several steps to get the desired surface for the analysis. The final step was to put a
thin layer of carbon as a coating using a JEE-420 vacuum evaporator. The carbon-coated sam-
ples were analysed using a Zeiss ULTRA Plus field-emission scanning electron microscope
(FE-SEM) equipped with energy-dispersive X-ray spectroscopy (EDX) from the Chemical
Analysis unit of the University of Oulu.
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Figure 20: Zeiss ULTRA Plus SEM-EDX Machine.

3.3 Experiments

3.3.1 Differential Scanning Calorimetry — Thermogravimetric Analysis (DSC-TG) & Mass
Spectrometry (MS)

The effect of conventional thermal treatment on the black mass was studied by DSC-TG cou-
pled with mass spectroscopy (MS). Thermogravimetric analysis (TGA) was done to determine
the mass changes occurring at different temperatures and differential scanning calorimetry
(DSC) was used to examine the heat flow rate. DSC reveals if exothermic and endothermic
chemical reactions take place during the measurement by comparing the heat flux required to
heat the sample to the heat flux required to heat the reference pan. These thermal analysis tech-
niques help determine the chemical properties of desired substances during cooling, heating,
and while being rested at a constant temperature. At least two parameters need to be measured
to conduct the analysis which implies at least two sensors will be needed, for example, a bal-
ance, and thermometer to measure mass and temperature respectively. Again, both would re-
quire some kind of calibration[125]. Simultaneously, to analyse the elemental composition of
the gas leaving the sample, mass spectrometry analysis (MS) was also used. This process re-
quires the ionization of the chemical compounds to generate charged molecules to measure the
mass-to-charge ratio. The measurement can be done in many ways, such as electron ionization

(EI), chemical ionization (CI), electrospray ionization (ESI), atmospheric pressure chemical
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ionization (APCI), atmospheric solid analysis probe ionization (ASAP), atmospheric pressure
photoionization (APPI), and matrix-assisted laser desorption/ionization (MALDI) technique

[126]. In this work electron ionization (EI) measurement technique was used.

Figure 21: NETZSCH QMS 403 D Aeolos machine for DSC-TGA-MS experiment.

Figure 22: Crucibles for reference and sample used in DSC-TGA-MS experiment.
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The experiments for this work were designed in two atmospheric conditions, air and inert (N2
01 99.9995% purity). Aluminium oxide crucibles (Figure 22) were used in the process. Before
making the DSC analysis, calibration was necessary for both atmospheric conditions. Temper-
ature was increased at a rate of 10 °C/min from room temperature to 1200 °C. Primarily,
CO/COy, F, CI, CH4, O, Mn, Li, OH, and Co were the targeted materials to be analysed from
mass spectrometry. NETZSCH QMS 403 D Aeolos machine was used for the experiments.
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Figure 23: Simplified schematic of TGA-DSC experimental setup. Reused under CC BY 4.0 from ref
[142].

3.3.2 Microwave Heating

The thermal pre-treatment of the black mass samples was carried out by a multimode micro-

wave device with a maximum output power of 4kW and frequency of 2.45 GHz.
In general, the main components of the microwave device are:
a) Power source: A magnetron to produce the microwaves.
b) Waveguide: To transport the microwaves
¢) Cavity or reaction area: To manipulate microwaves for a specific purpose.
d) Control system: To regulate the temperature and microwave power.

Samples were placed inside an aluminium oxide crucible having a diameter of 60 mm, and the

height of the crucible was also 60 mm.
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Figure 25: Alumina crucible placed inside the cavity of the microwave device.

To monitor the temperature, a thermocouple was used. The thermocouple provides feedback
information to the control panel, which controls the power of the magnetron enabling control-
ling of the temperature of the sample during the microwave heating process. The vapour from
the crucible was pulled by a pump and trapped in a collector. Basically, the pump was making
the air flow through the crucible. The experiments were performed under ambient air atmos-

phere.

A total of five experiments were conducted where the samples were heated from room temper-

ature to a maximum temperature of 400 °C, 600 °C, 800°C, 1000°C, and 1200 °C.



Table 2. Experimental conditions

Experiment no. | Microwave Power (kW) Temperature (°C) | Duration (min)
1 4 400 10
2 4 600 10
3 4 800 10
4 4 1000 10
5 4 1200 10
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Samples were roasted for 10 minutes under each temperature range. After finishing the roasting

process, samples were cooled to room temperature before taking them out of the furnace. The

weight of each set of samples was measured before and after the roasting experiments.
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Figure 26: Schematic diagram of the microwave setup.



Figure 27: The microwave device used for the experiment.
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4 Results and Discussion
4.1 Material Characterization
4.1.1 Chemical Composition

The chemical composition of the black mass was described in Table 1 of section 3.1.1. The
important metallic elements are nickel (272.11 mg/g), lithium (38.93 mg/g), cobalt (38.54
mg/g), and manganese (15.55 mg/g). Traces of copper and aluminium are also present. The
weight percentage of graphite in the mixture is 33%. Mousa et al. have also worked with black
mass samples with closely related compositions. Their work consists of two types of black mass
samples. The first one had 36% graphite, 17.5% cobalt, 5.1% nickel, 3.0% manganese, and
3.9% lithium along with some other elements. The other black mass sample contained 42.1%
graphite, 5.4% cobalt, 12.5% nickel, 10.9% manganese, and 2.6% lithium. In both cases, the

measurements were done on a weight basis [47].
4.1.2 Black-mass Phase (Crystal Structure)

The XRD results (Figure 28) revealed the crystal structure of the black mass sample. The figure
shows the dominance of electrode materials, such as Lithium Cobalt Manganese Nickel Oxide,
and Carbon. A huge peak of graphite is present in the graph at 26 = 30.9° whereas a small peak
at 64.38° 1s also visible. There are several characteristic peaks for the cathode, with three major
indications at 21.78°, 52.08°, and 42.8° of 26 value. In studies of mixed cathode materials with
graphite, XRD results gave the same results where peaks can be seen in similar 2-theta values

[47,62].
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Figure 28: XRD results of the raw black mass sample.

4.1.3 Morphological Structure and Element Distribution (SEM-EDX)

The morphological structure of the raw sample was analysed using scanning electron micros-
copy. Figure 29 and Figure 31 show the structure in two different magnification levels. At 100
um magnification, we can observe the distribution of cathodic and anodic materials. Dark flacks

are assumed to be graphite and bright spots are Lithium Cobalt Manganese Nickel Oxide cath-

ode.
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Figure 30: Acquired spectra from the SEM image at 100 um magnification.
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Electron Image 6
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Figure 31: SEM image of the raw sample at 10 um magnification.

Also, the acquired spectra from the EDX can be seen. We can observe (Figure 30) the presence
of complex metals used in the manufacturing of cathode, such as cobalt, nickel, and manganese.
Graphite and oxygen are also detected. All of these elements were also noticed in the XRD

analysis.
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Figure 32: EDX layered image of the raw sample.
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Even though lithium was not visible in the spectrum figure, we can notice traces of it in the
elemental mapping along with other elements of the sample (Figure 32. d). Here, the dominance
of nickel is also noticeable (Figure 32. a). Traces of fluorine (Figure 32. 1), copper (Figure 32.
g) and aluminium (Figure 32. h), calcium (Figure 32. j), potassium (Figure 32. k) and phospho-
rus (Figure 32. 1) are found in these images. Carbon (Figure 32. ¢) and oxygen (Figure 32. f)
can be seen simultaneously. Other metals cobalt (Figure 32. b) and manganese (Figure 32. ¢) is

being distributed almost evenly throughout the site.

Ni Kol | CoKal
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Figure 32. a: EDX mapping for nickel. Figure 32. b: EDX mapping for cobalt.
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Figure 32. c: EDX mapping for manganese. Figure 32. d: EDX mapping for lithium.
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Figure 32. e: EDX mapping for carbon.
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Figure 32. g: EDX mapping for copper.
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Figure 32. i: EDX mapping for fluorine.
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Figure 32. f: EDX mapping for oxygen.

Al Kal

10pm

Figure 32. h: EDX mapping for aluminium.
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Figure 32. j: EDX mapping for calcium.
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Figure 32. k: EDX mapping for potassium. Figure 32. I.: EDX mapping for phosphorus.

4.2 Effect of Thermal Treatment on The Black-mass Behaviour

4.2.1 DSC-TG-MS Under Air Atmosphere

The result from the analysis is illustrated in Figure 33. The whole thermal treatment can be
divided into 4 parts according to the diagram. At first (stage 1), with the increasing temperature,
the moisture present in the sample would start to evaporate. This phenomenon can be observed
from the mass-spectrometry results as well. We can see two characteristic peaks, each in Figure
33. c and Figure 33. d which indicates the vaporization of the moisture contents is occurring in
that region. A mass loss of 3.39 % per cent can be seen from the TG curve at this stage. Further,
an increase in the temperature would cause volatile materials to be removed from the sample.
This process (stage 2) starts at 266.19 °C temperature. Another 4.37% of the total loss is seen
at 511.97 °C.
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Figure 33: TGA and DSC curves of the black mass in air atmosphere.

From the mass spectrometry figures (Figure 33. e) it is evident that fluoride compounds are
decomposing in that temperature range. Then, a big exothermic peak in the DSC curve around
600 °C suggests the decomposition of cathode structures and freed oxygen reacting with the
graphite producing CO». From Figure 33. b and 33. g) in the mass spectrometry, peaks of oxy-
gen and carbon dioxide are visible. Breaking down of the cathodic structure helps the metals to

form metallic oxides as well.
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Figure 33. a: Mass spectrometry for lithium.
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Figure 33. c: Mass spectrometry for HO.
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Figure 33. e: Mass spectrometry for fluorine.
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Figure 33. b: Mass spectrometry for oxygen.
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Figure 33. d: Mass spectrometry for H20.
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Figure 33. f: Mass spectrometry for CO.
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Figure 33. g: Mass spectrometry for COx.
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Figure 33. i: Mass spectrometry for Manganese.
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Figure 33. h: Mass spectrometry for Cobalt.

A rapid mass loss happens at 767.88 °C temperature. By the end of this stage (stage 3) total

remaining mass would be 59.33 %. Finally, higher valence oxides would decompose in the air

atmosphere, for example, C020;3 can be formed into CoO due to the higher temperature. for-

mation of metallic values could not be seen from the mass spectrometry data. Possible reason

for that could be the ample amount of oxygen making that difficult to happen at a higher tem-

perature. Possible reactions under the given conditions are:

LiNiXMnyCOZOZ + 02 d leo + C0203 + Mn304 + NiO + 02

C+ 0, - CO,

C+0,-CO
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After the treatment at 1200 °C, 55.52 % of the total mass from the black mass sample remained.
The mass loss was approximately close to the initial graphite content of the sample. A huge
amount of mass loss happens due to the combustion of the graphite present in the sample to
form CO; and a small amount of CO gases. The reason behind this can be related to the avail-

ability of oxygen inside the chamber which promotes the generation of these gases.

XRD analysis was done on the residue from TG analysis. The results (Figure 34) showed that
the peaks confirmed the substances that we mentioned above. The only exception would be the
phase of Li2COs which is missing. A possible reason could be the lower crystallinity of that
phase. Also, the graphite phase is missing, indicating that almost all of them were burned and

released as gases.
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Figure 34: XRD results of the residue from TG analysis in air atmosphere.

SEM image gives us the morphological structure of the residual sample from the TG analysis.
We can observe the breakdown of the cathodic structure into smaller agglomerations. The flake-
like shape of graphite is missing from the image suggesting the release of graphite as gases after

burning. However, from the elemental mapping, some traces of carbon can still be seen. Also,
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the spectra figure contains a graphite peak along with manganese, cobalt, nickel, and oxygen.
All the materials that were present in the raw sample are also present in the mapping diagram.
However, their intensity is different. The same phenomenon with lithium happened here as

well.
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Figure 36: Spectra of TG residue from air atmosphere.
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Figure 37: SEM image of TG residue from air atmosphere at 25 um magnification.
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Figure 38: EDX layered image of the TG residue from air atmosphere.
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Figure 38 a: EDX mapping for nickel. Figure 38 b: EDX mapping for cobalt.

Figure 38 c: EDX mapping for manganese. Figure 38 d: EDX mapping for lithium.

Figure 38 e: EDX mapping for carbon. Figure 38 f: EDX mapping for oxygen.
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Figure 38 g: EDX mapping for aluminium. Figure 38 h: EDX mapping for copper.
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Figure 38 i: EDX mapping for fluorine. Figure 38 j: EDX mapping for chlorine.
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Figure 38 k: EDX mapping for phosphorus. Figure 38 |I: EDX mapping for calcium.
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Li et al. also tried to analyse the thermal behaviour of lithium-ion batteries by TGA-DSC anal-
ysis in the air atmosphere. They used LCO cathode in their analysis with varying amounts of
graphite. One sample, that contains 35.95 wt% of graphite can be compared to our results. The
TG curve from their experiment looks like the graph that we found. The only difference would
be the total mass loss, which is 40% of the total mass, slightly less than that of this work. From
the heat flow curve, a huge exothermic peak is also visible. Another distinction is also realised

here when there are some small endothermic peaks slightly before and after 1200 °C [53].
4.2.2 DSC-TG-MS Under Inert Atmosphere

Thermal treatment on black mass in an inert atmosphere has given some complex results com-
pared to air atmospheric conditions. Figure 39 exhibits the mass change and heat flow rates
during the thermal heating process. Like the air atmospheric conditions, a steady mass reduction
(stage 1) can be seen which can be an indication of the evaporation of moisture in the sample.
The quantity of the mass losses is also alike, as expected In the mass spectrometry graphs (Fig-
ure 39. ¢ and 39. d) during that range of temperature activity of HO" (m/z = 17), and H,O" (m/z

= 18) can be visualised.
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Figure 39: TGA and DSC curves of black mass in an inert atmosphere.
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Again, same as the air atmospheric condition, volatile organic and inorganic materials would
be volatized. From the mass spectrometry diagram (Figure 39. ), we can see that, fluorine starts
to separate from the sample at around 200 °C and continues till around 500 °C. In the air atmos-
phere, only a peak for fluorine in the MS graph is observed at 274 °C. At 614.07 °C total re-
maining mass was 93.07%. An exothermic peak in the DSC curve and mass spectrometry curve
(Figure 39. b and 39. g) indicate some formation of CO». Then, a little mass gain can be ob-
served until 667.12 °C which could be because of the metallic elements forming oxides with
the oxygen released from the cathode. During that time, the amount of CO; and O decreased

according to the mass spectrometry, which could be an indication of forming metal oxides.
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Figure 39. a: Mass spectrometry for lithium. Figure 39. b: Mass spectrometry for oxygen.
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Figure 39. c: Mass spectrometry for HO. Figure 39. d: Mass spectrometry for H20.
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Figure 39. e: Mass spectrometry for fluorine.
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Figure 39. i: Mass spectrometry for cobalt.
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Figure 39. h: Mass spectrometry for manganese.

Starting around 800 °C a series of endothermic peaks were produced in the DSC curve. Before

that, another small exothermic peak can also be seen. At this point (stage 4) rapid mass loss is

visible in the TG curve, implying the breakdown and reduction of the cathode structure and the

formation of different metal oxides and metals along with the formation of COx>. Finally, after
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881.44 °C rate of mass decreases slightly, and another big endothermic peak appears. Possible

reactions under the given conditions are:
LiNiyMn,,Co,0, - Li,0 + CoO + Mn30, + NiO + O,
C+ 0, = CO,

C+0,—>CO

Li,O + CO, — Li,CO5

Mn;0, + C - MnO + CO,

Mn;0, + C - MnO + CO

Mn;0, + CO =» MnO + CO,

MnO + C - Mn + CO,

MnO + C - Mn + CO

MnO + CO — Mn + CO,

CoO + C - Co + CO,

CoO+C—- Co+CO

CoO + CO —» Co + CO,

NiO + C = Ni + CO,

NiO + C — Ni + CO

NiO + CO - Ni + CO,

After the whole process, the total remaining mass was 61.96 %. More remaining mass in the
residue could indicate that all graphite was burning in the presence of sufficient air atmosphere.
More oxygen can significantly increase the burning of graphite present in the black mass mix-
ture. However, in an inert atmosphere, due to insufficient oxygen, more metallic oxides can be
reduced to their metallic form, which will be easier to separate from the mixture. More precision
in the analysis would have been possible, if we could determine the amount of graphite present

in each sample.
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An experiment was conducted by Zhang et al. where they analysed the mass reduction and
reaction peaks at a range of 50 °C to 1000 °C in an inert atmosphere. They worked with two
types of samples, only cathode materials and cathode mixed with spent anode. In their results
for the sample of mixed electrodes, there were also two exothermic peaks (at 670°C and 708
°C) and one endothermic peak (at 969 °C). Even though the reaction peak’s locations differ
from our work, the similarity between the mass reduction can be observed. In both cases, a
steep downward trend can be seen when the temperature is around 700 °C to 800 °C. Total mass

loss after 1000 °C can also be considered alike [127]

From the XRD analysis (Figure 40), we could identify the presence of metallic cobalt, nickel,
and manganese which have overlapping peaks. Also, their oxides remained within the sample
along with lithium oxides. Another compound of lithium, LiF and a peak indicating graphite is

also visible.
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Figure 40: XRD results of the residue from TG analysis in an inert atmosphere.

SEM image (Figure 41) showed that more metallic elements were grouped in an inert atmos-

phere compared to an air atmosphere. Another difference from the residue taken from the air



61

atmosphere could be the presence of graphite. We already mentioned that the burning of graph-
ite is less since not enough oxygen is available. The existence of graphite is also established
from the EDX graph (figure 42). Peaks of nickel, cobalt, and manganese were perceivable from
the spectrum. Other elements such as chlorine, aluminium, phosphorus, and oxygen were de-

tectable as well.

T00pm

Figure 41: SEM image of TG residue from inert atmosphere.
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Figure 42: Spectra of TG residue from inert atmosphere.
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Figure 43: SEM image of TG residue from inert atmosphere at 50 um magnification.
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Figure 44: EDX layered image of the TG residue from the inert atmosphere.
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Although lithium was not apparent in the EDX analysis, we can figure out the evidence of them
being in the sample via elemental mapping (Figure 44. d). Along with lithium, fluorine was also

noticed from the mapping results.

Mi Kal Co Kal
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Figure 44. a: EDX mapping of nickel. Figure 44. b: EDX mapping of cobalt.
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Figure 44. c: EDX mapping of manganese. Figure 44. d: EDX mapping of lithium.
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Figure 44. e: EDX mapping of carbon. Figure 44. f: EDX mapping of oxygen.
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Figure 44. g: EDX mapping of fluorine. Figure 44. h: EDX mapping of bromine.
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Figure 44. i: EDX mapping of chlorine. Figure 44. j: EDX mapping of phosphorus.
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4.3 Microwave Processing of Black Mass
4.3.1 Behaviour of The Black Mass under Microwave Energy

The temperature profile of the black mass sample concerning time is provided (figure 45). To
reach 1200 °C it takes just over five minutes. Hence, the heating is very rapid compared to
conventional heating. The good microwave absorbing properties of the black mass sample is
due to high graphite content, as graphite is classified as excellent microwave absorbers. The
profile looks mostly linear apart from some small curves, which means that the microwave-
absorbing properties of the materials are mostly unchanged within the varied range of temper-
atures. Since high temperatures can be achieved using microwave radiation, the required energy
would be less compared to other pyrometallurgical heating equipment. We already discussed
the microwave heating mechanism and how the materials are heated from the inside to the
outside. Thus, volumetric, and selective materials heating can be done which would make the
thermal breakdown of the compounds easier. Therefore, the formation of low valence metal

oxides and metals from the black mass mixture would be convenient.
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Figure 45: Temperature profile of black mass under microwave radiation at 4 kW.
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4. 3.2 Effect of Microwave Radiation on The Cathode/Anode Structure
4.3.2.1 Microwave Treatment at 400 °C

The remainder of the sample after the treatment has some number of small clusters (Figure 46)
unlike the raw sample which was finer. In the XRD results (Figure 47), the metallic peaks are
distinguishable. The peaks at 52.16°,61°,91.7°, 114,6°, and 122.88° of the 2-theta value indicate
the formation of nickel and cobalt even at that low-temperature treatment as compared to con-
ventional thermal treatment. Also, some metal oxides were formed, such as NiO and Mn30Oa4.

Significant amounts of graphite were present in the sample as well as lithium carbonate.

Figure 46: Sample’s image after microwave treatment at 400 °C.
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Figure 47: XRD graph of the sample after microwave treatment at 400 °C.

From the SEM image (figure 48), we can understand that the flakes-like graphite structure was
also present with bright spots, indicating metallic elements have increased compared to the
untreated sample. EDX results (Figure X) give us the elements present in the sample which is
mostly like the raw sample. From the spectrum, we can see the presence of nickel, cobalt, man-

ganese, graphite, aluminium, phosphorus, calcium, and oxygen.
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Figure 48: SEM image of the sample after microwave treatment at 400 °C.

B spectrum 10

ni o
o N

c

co W

Wn i

Al

Weight % g0

Powered by Tru-Q &

Figure 49: EDX spectra of the sample after microwave treatment at 400 °C.

Mapping also shows the distribution of graphite. Also, we can understand that there are several
metal oxides present in the residue by looking at position of oxygen and metals. We can also

see that some fluorine and chlorine remained after roasting at 400 °C.
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Figure 50: SEM image of the sample after microwave treatment at 400 °C at 50 um magnification.
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Figure 51: EDX layered image of the sample after microwave treatment at 400 °C.
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Figure 51. a: EDX mapping for nickel. Figure 51. b: EDX mapping for cobalt.
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Figure 51. c: EDX mapping for manganese. Figure 51. d: EDX mapping for lithium.
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Figure 51. e: EDX mapping for carbon. Figure 51. f: EDX mapping for oxygen.
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Figure 51. g: EDX mapping for fluorine. Figure 51. h: EDX mapping for aluminium.
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Figure 51. i: EDX mapping for chlorine. Figure 51. j: EDX mapping for phosphorus.

4.3.2.2 Microwave Treatment at 600 °C

The number of agglomerations increased after this stage (figure 52). Similar to the previous
experiment at 400 °C, the metallic phases of nickel and cobalt are visible from the XRD graph
(figure 53), but with higher intensity. No significant shift in the phase of graphite can be ob-
served and the phase of lithium carbonate is present. Along with nickel oxide, the formation of
cobalt oxide happens during this temperature range. Though peaks of Mn3;O4 can be seen, a

transformation to MnQO; also occurred.



Figure 52: Sample’s image after microwave treatment at 600 °C.
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Figure 53: XRD graph of the sample after microwave treatment at 600 °C.
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Again, in the SEM image (Figure 54), we can see the amount of graphite is reducing, suggesting
the formation of carbon dioxide and carbon monoxide gases while the breaking down of the
cathodic structure is going on. Bigger clusters of bright spots are visible from that image, indi-
cating the formation of metallic compounds. The EDX graph (Figure 55) also confirms the
present elements within the treated sample. Other metallic elements, such as Co, Ni, and Mn

could be located. Sulphur, phosphorus, oxygen, and graphite were traced via an EDX graph.
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Figure 54: SEM image of the sample after microwave treatment at 600 °C.
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Figure 55: EDX spectra of the sample after microwave treatment at 600 °C.
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To find out the missing elements, we investigated the elemental mapping again. Here, lithium
could be observed. Some elements that were not noted in the EDX graph was also observed in
the elemental mapping. Hence, aluminium, fluorine, chlorine, and copper were noticeable in

the mapping images which was also present in the raw sample.

Electron Image 3

Figure 56: SEM image of the sample after microwave treatment at 600 °C at 50 um magnification.

EDS Layered Image 1

Figure 57: EDX layered image of the sample after microwave treatment at 600 °C.
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Figure 57. a: EDX mapping for nickel. Figure 57. b: EDX mapping for cobalt.
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Figure 57. c: EDX mapping for manganese. Figure 57. d: EDX mapping for lithium.
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Figure 57. e: EDX mapping for carbon. Figure 57. f: EDX mapping for oxygen.
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Figure 57. g: EDX mapping for copper. Figure 57. h: EDX mapping for aluminium.
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Figure 57. i: EDX mapping for fluorine. Figure 57. j: EDX mapping for chlorine.
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Figure 57. k: EDX mapping for phosphorus.
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4.3.2.3 Microwave Treatment at 800 °C

The sample after the treatment shows increased agglomeration in comparison to lower temper-
ature (Figure 58). So far it signifies that the higher temperature increases the reaction between
the elements and the metallic cluster formation increases because of that phenomenon. The
XRD graph (Figure 59) also depicts similar results as the previous two treatments. Compared
to the samples from 600 °C treatments, here, the intensity of the metal phases is slightly reduced.
Graphite peaks are almost identical and small peaks of lithium carbonate are visible too. The
formation of manganese metal took place while the vanishing of the Mn3;O4 phase was a signif-
icant change. However, two other phases of manganese oxides namely MnO, and MnO, are

available. Apart from metallic nickel, and cobalt, peaks of their oxides also emerged.

Figure 58: XRD graph of the sample after microwave treatment at 800 °C.
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Figure 59: XRD graph of the sample after microwave treatment at 800 °C.

SEM image (Figure 60) shows the scenario after microwave treatment at 800 °C. The area
covering the metals and metallic compounds has increased while the portion of graphite de-
creased slightly. We can also observe this situation from the elemental mapping images (Figure
63. ato 63.j). The EDX graph (Figure 61) shows the peaks of nickel, cobalt, oxygen, graphite,

and manganese.
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Figure 60: SEM image of the sample after microwave treatment at 800 °C.
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Figure 61: EDX spectra of the sample after microwave treatment at 800 °C.
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Electron Image 15

Figure 62: SEM image of the sample after microwave treatment at 800 °C at 50 um magnification.
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Figure 63: EDX layered image of the sample after microwave treatment at 800 °C.

80



— crmm 1 .0 1

Figure 63. a: EDX mapping for nickel. Figure 63. b: EDX mapping for cobalt.
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Figure 63. c: EDX mapping for manganese. Figure 63. d: EDX mapping for lithium.
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Figure 63. e: EDX mapping for carbon. Figure 63. f: EDX mapping for oxygen.
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Figure 63. g: EDX mapping for aluminium. Figure 63. h: EDX mapping for fluorine.
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Figure 63. i: EDX mapping for chlorine. Figure 63. j: EDX mapping for phosphorus.

From the first image, we can see that graphite flakes they were situated around a relatively big
metallic cluster. Lithium is distributed evenly throughout the sample and bright spots of oxygen
can be seen in between the metallic cluster which can be the metallic oxides of cobalt, nickel,
and manganese. Traces of aluminium, fluorine, chlorine, and phosphorus are still present which

may have remained even after being treated at this temperature.
4.3.2.4 Microwave Treatment at 1000 °C

The clump has again increased after this stage of treatment which can be seen from the image
of the sample (Figure 64). Little change can be observed from the XRD graphs (figure 65).
Phases of graphite and lithium carbonate are quite unchanged. Only lower valance metal oxides

have detectable peaks along with their metallic phases.



Figure 64: Sample’s image after microwave treatment at 1000 °C.
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Figure 65: XRD graph of the sample after microwave treatment at 1000 °C.
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SEM image (Figure 66) shows a bigger agglomeration of metallic elements after being treated
at 1000 °C. Like the previous experiment, flakes-shaped graphite particles are resting at the
surroundings of that cluster. However, there are some visible dark spots and boundaries inside
the cluster. The main elements graphite, oxygen, manganese, cobalt, and nickel were detected

from the EDX graph (Figure 67).
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Figure 67: EDX spectra of the sample after microwave treatment at 1000 °C.
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Figure 68: SEM image of the sample after microwave treatment at 1000 °C at 50 um magnification.
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Figure X: EDX layered image of the sample after microwave treatment at 1000 °C.
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Figure 68. a: EDX mapping for nickel. Figure 68. b: EDX mapping for cobalt.
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Figure 68. c: EDX mapping for manganese. Figure 68. d:EDX mapping for lithium.
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Figure 68. e: EDX mapping for carbon. Figure 68. f: EDX mapping for oxygen.
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Figure 68. g: EDX mapping for aluminium. Figure 68. h: EDX mapping for fluorine.
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Figure 68. i: EDX mapping for chlorine. Figure 68. j: EDX mapping for phosphorus.

Records of phosphorus, fluorine, chlorine, and aluminium can be found in the mapping diagram

as well. Expectedly, Ni, Co, and Mn were perceptible from this analysis.
4.3.2.5 Microwave Treatment at 1200 °C

Finally, at 1200 °C more elements in their metallic form were found as shown by the XRD
graph (Figure 70). Cobalt, manganese, and nickel all their phases were visible. A peak at 30.96°
(2-theta value) shows the intensity of the graphite phase. Hence, even after roasting at 1200 °C
in a microwave, some graphite from the sample remained. Also, bigger conglomeration can be

seen within the residue (Figure 69) compared to other experiments.



Figure 69: Sample’s image after microwave treatment at 1200 °C.
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Figure 70: XRD graph of the sample after microwave treatment at 1200 °C.
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The structure of the sample viewed from an SEM image (Figure 71) is almost like the previous
one. However, there are fewer dark spots within the bright region. Probably that could be an
indication of the formation of more metallic materials. A large peak of nickel was visible from
the EDX (Figure 72) spectrum. The elements that we previously encountered are also present

within the treated sample.
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Figure 72: EDX spectra of the sample after microwave treatment at 1200 °C.
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Figure 73: SEM image of the sample after microwave treatment at 1200 °C at 50 um magpnification.
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Figure 74: EDX layered image of the sample after microwave treatment at 1200 °C.
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Figure 74. a: EDX mapping for nickel.
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Figure 74. c: EDX mapping for manganese.
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Figure 74. e: EDX mapping for carbon.
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Figure 74. b: EDX mapping for cobalt.
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Figure 74. d: EDX mapping for lithium.
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Figure 74. f: EDX mapping for oxygen.
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Figure 74. g: EDX mapping for aluminium. Figure 74. h: EDX mapping for copper.
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Figure 74. i: EDX mapping for fluorine. Figure 74. j: EDX mapping for chlorine.
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Figure 74. k: EDX mapping for phosphorus.
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The orientations of graphite and metals were almost alike compared to the previous experiment.
Traces of aluminium and copper can be found along with other impurities that remained in the
raw material after pre-treatment. Since, cobalt, nickel, and lithium can be transformed into their
metallic form, roasting under microwave radiation at 1200 °C could make their recovery by

hydrometallurgical process easier.

A closely related work has been done by Pinder et al. where they managed to find good micro-
wave absorption properties within electrode materials. First, they collected spent batteries from
a registered recycler followed by discharging. Then, they removed the steel sheets manually
and crushed the electrode sheets in a centrifugal mill. Then, sieving was done to separate Cu
and Al (above 53 micron) from electrode materials (below 53 micron). They also reduced the
amount of graphite present in the mixture of electrode material by froth floatation. Finally, after
processing, they concluded that the microwave treatment increased the dissolution of the me-
tallic values, which matches our conclusion. A significant difference their work and our can be
noticed as they compared two kinds of samples, namely ‘as such’ and ‘separated’. In case of
first one the treated the mixture of anode and cathode active materials without separating and
for the later one, the separated them before processing with microwave. After leaching with
sulfuric acid, they recovered 93% Li, 75% Co, 98% Mn, and 79% Ni from separated samples
which seemed to be the better approach. Their results showed the optimum conditions for mag-
netic element formation was 850 °C temperature while roasting under microwave for 10
minutes with 30% graphite. They used SEM and XRD for characterization along with thermo-
gravimetric analysis. Economic analysis of that project revealed a net positive cash flow as well

[113].
4.3.3 Phase Comparison

The peak at 21.78° is not visible after thermal processing (Figure 75). Hence, we can estimate
that the breakdown of the complex cathodic structure is possible with roasting under microwave
radiation, even in low temperatures like 400 °C while higher temperatures would have been
required in the case of conventional heating. After that, the graphite phase at 32.92° remains
visible except for TG residue in the air atmosphere. Then, another smaller peak of Lithium-
Cobalt-Manganese-Nickel-Oxide vanished. However, around that region, one peak in each
sample (TG residue in air atmosphere and microwave treatment at 400 °C) was present and
showed some oxide phases. The next peak at 52.1° and all the larger peaks after that indicate

the occupancy of metals such as nickel, cobalt, manganese, and lithium.
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Fahimi et al. conducted similar kind of experiments with microwave on spent lithium-ion bat-
teries to extract valuable metals. In their work, heat treatment was done at maximum 900 °C on
black mass sample collected from recycling facilities. The facility process spent lithium-ion
batteries with a series of preprocessing methods. First, a dry mechanical process was employed.
Then sorting stage is introduced where the raw materials are sorted according to the chemical
composition and metal content using semiautomatic sorting system. Then a mechanically auto-
mated machine crushes them. After that, another separation process is done either mechanically
or magnetically followed by sieving. Chemical analysis revealed that the mixture contained two
types of lithium-ion batteries, NMC-442 and NMC-532. We can observe similarities in the
XRD pattern of their work (Figure 76) with our work. The intensity of the peaks indicating
cathodic materials and graphite from the black mass reduced with the increasing of the temper-
ature, while the intensities of the metallic oxides, such as Mn304, CoO, and NiO etc. were
increased gradually. Unlike our results, phases of metals, for instance Co, Ni, and Mn are miss-
ing from the XRD pattern, another interesting assumption can be drawn here, which is the for-
mation of pure metallic elements requires even higher temperatures. Their XRD pattern also
shows the presence of graphite even after treatment at 900 °C [114]. This same phenomenon

has been observed in our results.

Overall, there have been several changes occurred within black mass sample after each stage
of microwave processing. Agglomeration of materials formed after each experiment and the
amount of aggregate increased with higher temperature. SEM and EDX results also transformed
where we could see the flakes like shape of graphite decreased and the area covering metallic
elements increased. Traces of impurities that were present within the raw black mass such as
Cu, Al, P, and F also remained in the treated sample. Since, the preprocessing of these black
mass was done by different facilities, it was very difficult to find possible sources of those
materials. However, some of them can come from the battery itself, for instance Al, Cu, and F

since they are essential elements of LIBs.
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5 Summary & Conclusion

The effect of microwave radiation on the decomposition of electrode materials was tested to
find an environmentally friendly, cost-effective, and energy-efficient spent lithium-ion battery
recycling technique. Since higher heating can be achieved within a short period while using less
energy via the microwave route, the whole metal recovery process would become cheaper when

using the microwave as a heating source compared to conventional heating.

Thermogravimetric analysis (TGA), and differential scanning calorimetry (DSC) coupled with
mass spectrometry revealed the thermal behaviour of black mass and possible reactions between
the cathode and graphite anode materials recovered from the spent lithium-ion batteries. TGA
curve showed the mass loss of the mixture in two different atmospheres, where the remaining
mass in the inert atmosphere was greater than in the air atmosphere. Combining the DSC and
MS curves with the TGA curve gave us the possible reactions that happened in the chamber.
Finally, the SEM and XRD analysis from the remainder of the sample showed us the materials
left within the residue. In the air atmosphere, almost no graphite was found, and mostly metallic
oxides were formed. On the other hand, inert atmospheric conditions were better for the trans-
formation into metals. Both can be easily recoverable. in the case of oxides, leaching would be

required, and metals can be magnetically separated.

Microwave radiation can easily break down complex cathodic structures into single metallic
elements like oxides or carbonates in the presence of graphite. Roasting at low temperatures
like 400 °C was enough for the formation of cobalt oxide, nickel oxide, and manganese oxides
etc. However, increasing the temperature was beneficial as it promoted the formation of lower
valance oxides and metals of nickel, cobalt, and manganese. After roasting for 10 minutes at
1200 °C, we could see more metallic peaks from the XRD results. After this process, materials
could be recovered with the application of a hydrometallurgical process. However, the amount
of required solvent would be smaller, and the cost of materials could be saved, making the
process cost-effective. We also evaluated the temperature profile of the black mass sample un-
der microwave radiation. The power setting of the microwave device was at 4 kW, and it took
just over 5 minutes to reach the temperature of 1200 °C. Hence, the process becomes energy
efficient. Since microwave is operated by electrical energy, renewable sources can be equipped

with the device, which would make it environmentally friendly.
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5.1 Limitations and Future Research

Quantifying the number of recovered products was out of the scope of this work. Getting a
value would give a more precise conclusion. Securing the black mass from the crucible after
the treatment was difficult, especially after high-temperature treatment. Even though the alu-
mina crucible can withstand very high temperatures, such as 2000 °C, our crucible broke after
the 1200 °C treatment stage. Also, taking out those materials from the crucible needs to be done
carefully, otherwise, it can get contaminated. Avoiding agglomeration during the microwave
process would increase the leaching efficiency. Hence, that should be taken into consideration.

Furthermore, the lesser the energy consumption during the processing the better.

The characterisation tools that we used have some limitations as well. Light materials, such as
lithium cannot be detected using SEM-EDX. Additionally, identifying amorphous materials is
not possible by XRD. However, our sample does not contain many light materials other than

lithium and showed good crystallinity.

Different thermal treatment times with varying material compositions could be tested. Hence,
there are more opportunities to work with this method. Some other characterisation techniques
could also be used. LECO test could provide us with the amount of graphite that remains within
the sample after each process. Also, an elemental analysis could have been conducted using the

ICP-OES technique.

Finally, our results were compared with two of the previous works [113,114]. The comparison
shows significant similarities. Hence, even though we had some limitations we can be satisfied

with our results.
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